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Preface
T h i s book began life as a set of hastily scrawled lecture notes, later to be neatly transcribed into a

series of notebooks for exam revision. Theleap to publication was provoked byan innocent comment froma friend, who borrowed the notes to refreshher understanding of some missed lectures,
and suggestedthey were useful enough to be publishedas a revision aid.
The purposeof the book has evolved sincethat time, and the aim of the following chapters is to provide a concise overview of important subject areas in molecular biology, but at a level that is suitable for advanced undergraduates, postgraduates and beyond.In writing this book, Ihave attempted to combat the frustration Iand many others have felt when reading papers, reviews and other
books, in finding that essential points are often spread over many pages
of text and embellished to
such an extent that the salient information is difficult to extract. In accordance with these aims, I
have presented 30 molecular biology topics in what Ihope is a clear and logical fashion, limiting
coverage of individual topics to 10-20 pages of text, and dividing each topic into manageable sections. To provide a detailed discussion of each topic in the restricted space available means it has
been necessary to assume the reader has a basic understanding of genetics and molecular biology.
This book is therefore not intended to bea beginners guide to molecular biologynor a substitute for
lectures, reviews and the established text books. It is meant to complement them and assist the
reader to extract key information. Throughout the book, there is an emphasis on definitions, with
key terms printed in bold and defined when first encountered. Figures are included where necessary for clarity,but their style has been kept deliberately simple so that they can be rememberedand
reproduced with ease. There is extensive cross-referencing between sections and chapters, which
hopefully stresses the point that while the book may be divided into discrete topics (Transcription,
Development, Cell Cycle, Signal Transduction, etc.), all these processes
are fundamentally interlinked at the molecular level.A list of references is provided at the end of each chapter,but limited
mostly to recent reviews and a few classic papers where appropriate. Ihope the reader finds
Advanced Molecular SioZogy both enjoyable and useful, butanycomments or suggestions for
improvements in future editions would be gratefully received.
Iwould like to thank the many people without whosehelp or influence this book would not have
been possible.Thanks to Alison Morris,who first suggested thatthose hastily scrawled lecture notes
should be published. Thanks to Stuart Glover, Liz Jones, Bob Old, Steve Hunt and John O'Brien,
who have, in different ways, encouraged the project from its early stages. Many thanks to Steve
Hunt, Mary-AnneStarkey,NigelUnwin
and Richard Henderson at the MRC Laboratory of
Molecular Biology who have supported this project towards the end. Special thanks to those of
greater wisdom than myself who have taken time to read and comment on individual chapters:
Derek Gatherer,Gavin Craig, Dylan Sweetman, Phil Gardner,
James Palmer, Chris Hodgson, Sarah
Lummis, Alison Morris, James Drummond, Roz Friday and especially to Bill Wisden whose comments and advice have been invaluable. Finally, thanks to those whose help in the production of the
book has been indispensable: Annette Lenton at the MRC Laboratory of Molecular Biology, and
Rachel Offord, Lisa Mansell, Andrea Bosher
and JonathanRay at BIOS.

Richard M. Twyman

Chapter 1

Biological Heredity and Variation
Fundamental concepts and definitions

In genetics, a character or characteristic is any biological property
of a living organism which can
be described or measured. Within a given population
of organisms, characters display two
important properties: heredity and variation. These properties may be simple or complex. The
nature of most characters is determined by the combinedof genes
influence
and the environment.
Simple characters display discontinuous variation,
i.e. phenotypes canbe placed into discrete
categories, termed traits. Such characters are inherited according to simple, predictable rules
because genotype can be inferred from phenotype, either directly or by analysis
of crosses or
pedigrees (seeTable 1.1 for definitionsof commonly used terms in transmission genetics).
For
the simplest characters, the phenotype depends upon the genotype at a single gene locus. Suc
characters are not solely controlled by that locus, but different genotypes generate discrete,
contrasting phenotypes in a particular genetic background and normal environment. When
associated with the nuclear genome of sexually reproducing eukaryotes, such characters are
described as Mendelian -they follow distinctive patterns
of inheritance first studied systematicallybyGregorMendel.Notall
simple characters are Mendelian. In eukaryotes, nonMendelian characters are controlled by organelle genes and follow different (although no less
simple) rules of inheritance (see Organelle Genomes). The characters of, for example, bacteria
and viruses are also nonMendelian because these organisms are not diploid and
do not
reproduce sexually.
Complex characters often display continuous variation, i.e. phenotypes vary smoothly between
two extremes and are determined quantitatively. The inheritance
of such characters is not p=
dictable in Mendelian terms and is studied using statistical methods (biometrics). Complex
characters may be controlled by many loci (polygenic theory), but the fact which distinguishes
them from the simple characters is usually not simply the number of interacting genes, but the
influence of the environment upon phenotypic variance, which blurs the distinction between
different phenotypic trait categories and makes it impossible
to infer genotypefrom phenotype.
1.1 Mendelianinheritance
Princip/es of Mendelian inheritance. For genetically amenable organisms (i.e. those which can be

kept and bred easily in large numbers), the principles of inheritance can be studied by setting up
large-scale crosses (directed matings) and scoring (determining the phenotype of)many progeny.
Mendel derived his rules of heredity and variation from the results of crosses between pure
breeding, contrasting varieties of the garden pea Pisum savitum and crosses involving hybrid plants.
Although he worked exclusively with one plant species, his conclusions are applicable to all sexually reproducing eukaryotes, including those (e.g. humans) which cannot be studied in the same
manner. For these unamenable organisms, heredity and variation are studied by the analysis of
pedigrees (Box 1.1).Mendel's principles of inheritance can be summarized as follows.
(1) The heredity and variation of characters are controlled by factors, now called genes, which
Formbildungelementen (form-building elements).
occur in pairs. Mendel called these factors
(2) Contrasting traits are specified by different forms of each gene (different alleles).
(3) When two dissimilar alleles arepresent in the same individual(i.e. in a heterozygote), one trait
displays dominance over the other: the phenotype associated with one allele (the dominant
allele) is expressed at the expense of that of the other (the recessive allele).
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Table 1.1: Definitions of some common terms usedin transmission genetics

Term

Definition

Allele

Broadly,
variant
a
form
gene
specifying
a ofparticular
a trait.
At
the
molecular level, a sequence variant
of a gene(9.v. wild-type allele,
mutant allele, polymorphism)
biological property oforganism
an
which can be detected or
measured
A general type of character, e.g. eye color
A specific type of character, e.g. blue eye color
Broadly, a hereditary factorcontrolling or contributing to the control of a
particular character. At the molecular level, a segment of DNA (or
RNA in some viruses) whichis expressed, i.e. used to synthesize one
or more products with particular functions in the cell (q.v. gene,
cistron, gene expression)
(or
other
marker
landmark)
or
chromosome
on
a
The position of a gene
or physical or genetic map. A useful term becauseit allows
discussion of genes irrespective of genotype or zygosity
to characters,
genes.
Of heredity
variation
andarising
from
the nucleotide sequenceof the gene (c.f. epigenetic, environmental)
anof
individual, often used to refer to the particular
combination of alleles at a givenlocus
in a diploid cell,
often
used
to refer to sex-linked
genes (q.v.)
to offspring.
wider
Has
scope
a than
the term
genetic: includes genetic inheritance (inheritance nucleotide
of
sequence) as well as epigenetic inheritance (the inheritance of
information in DNA structure) andthe inheritance of cytoplasmic or
membrane components ofthe cell at division

Character
A
Character mode
Character trait, trait, variant
Gene

(Gene) locus
Genetic
Pertaining
Genotype
The
genetic
nature
Hemizygous
Containing
one
allele
Hereditary
Passed
from
parent

Heterozygous
Containing
particular
locus
a
different
alleles
at
Homozygous
Containing
identical
alleles
Phenotype
character
simultaneously
one
Pleiotropic
than
Affecting
more
Variation
particular
diversity
The
a of
character
Zygosity

particular
at locus
a
The outward
nature individual,
an
of
often
used
particular characters

to refer to the nature of

given
inpopulation.
a
Variation
can be continuous or discontinuous
The nature of
locus
alleles
a at
- homozygous,
heterozygous
or
hemizygous

For a more precisestructural and functionaldefinition of genes and alleles, see The Gene,and Mutation
and Selection.

(4) Genes d o n o tblend, but remain discrete (particulate) as they are transmitted.
(5) During meiosis, pairs of alleles segregate equally so that equivalent numbers of

gametes

carrying each allele are formed.
(6) The segregation of each pair ofalleles is independent from that
of any other pair.

1.2 Segregation at one locus
Cmsses at one locus. Five ofMendel’s principles can be inferred from the one-point
cross (onefactor cross), where a single gene locus is isolated for
study. A cross between contrasting pure lines
produces hybrid progeny and establishes the principle of dominance (Figure 2.2). A pure line

breeds true fora particular trait when
self-crossed or inbred, and from this
it can beestablished that
the pure line contains only
one type ofallele, i.e. all individualsare homozygous at the locus of intera generation of uniform hybrids, where
est. A cross between contrasting pure lines thus produces
each individual is heterozygous, carrying one allele from each pure line. This is the first filial
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Parental Genotype
Parental
Phenotype
Violet

white

1

Meiosis

1

Gametes
homozyKoi

Violet

Figure 1.1: A cross between pure lines. This generates hybrid
a
F1 generation and establishesthe principle
of dominance. Here the A allele, which in homozygous form specifies violet-colored flowers,is dominant to
the a allele, which in homozygous form specifies white-colored flowers.The flower color locusis found on
chromosome 1 of the pea plant and is thought to encode an enzyme involved in pigment production; thea
allele is thought to be null.

generation (F1generation). In each of his crosses, Mendel showed that the phenotype of the F1
hybrids was identical to one of the parents, i.e. one of the traits was dominant to the other.
A backcross (a cross involving a filialgeneration and one of its parents), can confirmthat theF1
generation is heterozygous. If the F1 generation is crossed to the homozygous parent carrying the
recessive allele, the 1:l ratio of phenotypes in the first backcross generation confirms the F1 genotype (Figure 2.2).This type of analysis demonstrates the power of genetic crosses involving a test
stock (which carries recessive allelesat all lociunder study)to determine unknowngenotypes, and
a similarprinciple can be usedin genetic mapping (q.v.). The reappearance of the recessive phenotype
(i.e. white flowers) in the F2 generation confirms that pairs of alleles remain particulate during transmission and areneither displaced nor blended in the hybrid to generate the phenotype.
An F1 self-cross (self-fertilization) or, where this is not possible, an intercross between F1 individuals can betermed a monohybrid cross because the participants are heterozygous at one particular locus. Such a cross
demonstrates the principle of equal segregation, which hasbecome known
as Mendel's First Law. The ratio of phenotypes in the subsequent second filial generation (F2
generation) is 3:l (Figure 2.3). This is known as the monohybrid ratio, and would be expected to

Parental Genotype

F1 Genotype

Violet
Phenotype
white
Parental
Meiosis
The pnrant pmduceson1
one type of gam-, &e
hybrid produces two
k a u s e it is heremzygous.

F1 Phenotype

1

A

1

1

Gametes

Backcross generation
Genotype
Violet

white
ratio

Phenotype
Backcross

Figure 1.2 A backcross between theF1 hybrid and its recessive parent. Because the recessive phenotype
reappears in the progeny, this cross proves that theF1 generation is heterozygous, i.e. that the recessive
allele is still present as a discrete unit.
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E
l

F1 Genotype

F, Phenotype

Violet

Violet

A

A

Meiosis

Gametes
Thirtime,eJchparentcm
form two types of gnmete
because they are
hetemzygour

Violet

Violet

Violet

white

U
Monohybrid ratio

3

1

Figure 1.3 A monohybrid cross. The 3:l monohybrid ratio demonstrates that alleles segregate equally
at meiosis. A mating diagram is used in this figure to show all possible combinationsof gametes
at fertilization.
arise only if there was equal segregation of allelesat meiosis (generating equal numbers of gametes
carrying each of the two possible alleles).

Deviation from the monohybridratio. Many characters follow broadly Mendelian inheritance
patterns but showspecific deviations from the monohybrid segregation ratio discussed above. The
analysis of such characters has demonstrated that all but one of Mendel’s six principles may be
broken, a factthat suggests that Mendel enjoyed adegree of luck in his choice of seven characters
which did not suffer from any of the complications discussed below. The rule that is never broken
is the principle of particulate inheritance -genes do notblend, but remain as discrete units when
they are transmitted.

Parental nonequivalence.One of the fundamental conclusions from Mendel’sexperiments was that
for every locus, one allele is derived from each parent, i.e. their contribution to the zygote is equal.
Hence the results of reciprocal crosses (pairs of crosses where males of genotype A are crossed to
females of genotype B and vice versa) are equivalent, and this is the basis of autosomal inheritance
patterns in pedigrees (Box 1.1). Parental equivalence reflects the fact that diploid eukaryotic cells
carry two sets of chromosomes, one derived from each
parent. In most cases,
both parents contribute
the same numberof chromosomes and each is equally active. There are two important exceptions:
sex-linkedinheritance
(due to structural hemizygosity), and monoallelicexpression (due to
functional hemizygosity).

Sex-linked inheritance.The sex chromosomes (q.v.) control sex determination (q.v.) in animals and are
asymmetrically distributed between the sexes (c.f. autosomes). There is a homogametic sex, which
possesses a pair of identical sex-chromosomes and thus produces one type of gamete, and a
heterogametic sex, which possesses either a pair of nonidentical sex chromosomes or a single,
unpaired sex-chromosome and thus producestwo types of gamete.
In mammals, females are homogametic: they carry two copies of the X-chromosome whereas
males carry one X-chromosomeand one Y-chromosome,and are therefore heterogametic. Thereare
two short regions of homologybetweenthe
X- and Y-chromosomes, the majorandminor
pseudoautosomal regions, which facilitate pairing during meiosis. The major pseudoautosomal
region is the site of an obligatory cross-over,and geneslocated there are inherited in a normal autosomal fashion (pseudoautosomal inheritance). Other genes are described as sex-linked because
their expression depends uponhow the sex chromosomesare distributed.
In crosses, X-linkedgenes can be identified becausethe results of reciprocal monohybrid crosses are not the same (Figure 1.4). If the dominant allele is carried by the female, normal Mendelian
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Q
d
Q
d
m
m
m1"1

ParentalGenotype

Red

Parental Phenotype

Red

White

White

1

A

1

Red

Red

Red

white

9

d

9

d

1

1

Meiosis

A

Gametes

F1 Genotype

F1 type

Parental cross ratio

Q

d

9

d

Red

Red

Red

White

A

A

A

A

FI Genotype
FI Phenotyp

F~Phenotype

Monohybridratio

Red

Red

Red

9

d

9

3

white

,dl
1

Red

Red white
white

9

d,,9
1

d
1

Figure 1.4: X-linked inheritance. Because the maleis hemizygous, the resultsof reciprocal crosses arenot
equivalent. The segregation ratios are linked to the sex-ratios, resulting in sex-specific phenotypes,and the
male always transmitshis X-linked allele to his daughters.

ratios are observed, but if the dominant allele is carried by the male, specific deviations in both the

F1 and F2 generations occur because the male is hemizygous. In either case, X-linked genes show
phenotypic sex-specificity, whereas for autosomallytransmitted traits, the segregation ratios are sexindependent. Furthermore, because malesinherit their X-chromosome only from their mothers and
transmit it only to their daughters, the sex-phenotype relationship alternates in each generation, a
phenomenon termed criss-cross inheritance. This is the major characteristic used to distinguish
X-linked inheritance patterns in human pedigrees (Box 1.1).
In crosses and pedigrees, Y-linked genes can be identified because the characters they control
are expressed only in males
and passedsolely through the male line(holandric). Few Y-linkedtraits
have been identified in humans.
Monoallelic expression. Some autosomal genesare inherited from both parents, but only one allele

is active. This is termed monoallelic expression, and the locus is functionally,but not structurally,
hemizygous. There are two types of monoallelic expression: parental imprinting, where the gene
inherited from one parent is specifically repressed, and random inactivation, where the parental
allele to be repressedis chosen randomly. Thereare two forms of random inactivation in mammals
- X-chromosome inactivationandallelicexclusion
of immunoglobulingene expression.
Monoallelicexpression is not discussed further in this chapter - see DNA Methylation and
Epigenetic Regulation for further discussion of parental imprinting and X-chromosome inactivation, and Recombination fordiscussion of allelic exclusion.
Maternal effect and maternal inheritance.
Reciprocal crossesare nonequivalent underseveral other

circumstances. One example is the maternal effect, where the phenotype of an individual depends
entirely on the genotype of the mother, and the paternal genotype is irrelevant. The maternaleffect
is observed forgenes which function early in
development, andreflects the fact that the products of
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these genes are placed into the egg by the mother, having been synthesized in her cells, using her
genome. Geneswhich display a maternal effect are actually inherited in a normal Mendelianfashion, but the phenotype is not observed until the following generation (see Figure 6.1) and thus
depends on the(equivalent) contributions of the embryo's maternal grandparents. Reciprocal
crosses carried out in the grandparental generation would thus be equivalent with respect to the
from maternal inheritance (q.v.), a form
embryonic phenotype.In this way, the maternal effect differs
of non-Mendelian inheritance where genes aretransmitted solely through the female line because
they are located in organelle genomes in the cytoplasm, rather than in the nuclear genome.
Maternally inherited genes are not specifically linked to development (i.e. they are expressed
throughout the life of the individual) and there is no male contribution in any generation. Thus
reciprocal crosses in all generations would be nonequivalent. For further discussion of maternal
inheritance and other forms of non-Mendelian inheritance see Organelle Genomes.
Allelic variation and interaction. The characters described by Mendel occurred in two forms, i.e.

they were diallelic. For many characters, however,a greater degree of allelic variation is apparent.
The human AB0 blood group locus, for instance, has three physiologically distinct alleles, and in
the extreme exampleof the self-incompatibility lociof clover and tobacco, over 200 different alleles
may be detected in a given population. The observedallelic variation also depends upon the level
at which the phenotype is determined. At themolecular level, there is often more diversity than is
apparent atthe morphological level because manyof the alleles identified as sequence variants or
protein polymorphisms (see Mutation and Selection) are neutral with respect to their effect on the
morphological phenotype; these are termed isoalleles. N o matter how many alleles can be distinguished for a particular locus in a population, only two are present in the same diploid individual
at any onetime. Morphologicallydistinct alleles can often be
arranged in order of dominance, asocalled allelic series.
In each of Mendel's crosses, the trait associated with one allele was fully dominant over the
other, so that the phenotype of the heterozygote was identical to that of the dominant homozygote.
At the biochemical level, such complete dominanceoften reflects the presence of a (recessive) null
allele (q.v.), which is totally compensated by the presence of a (dominant) normalfunctional allele;
this often occurs where the locus encodes an enzyme, because most enzymes are active at low
concentrations - the enzyme for violet petal pigmentation in the pea is one example, but in other
plants this is not necessarily the case, leading to incomplete dominance. Thereare a number of alternative dominance relationships and other allelic interactions, each with a specific biochemical
basis; these are discussed in Table 1.2.
The concept of dominance is often applied to alleles, but dominanceis a property of characters
themselves, not the alleles that control them (only in the case of paramutation (q.v.) does a heritable
change occur in the allele itself). Dominance also depends on the level at which the phenotype is
observed: sickle-cell trait is a partially dominant disease because the effect of the allele is manifest
in heterozygotes for normal and sickle-cell variant @-globinproduction (albeit under extreme circumstances), but when observed at the protein level as bands migrating on an electrophoretic gel,
the variant form of P-globin is codominant withthe normal protein (i.e. both 'traits' can beobserved
at the same time).
Distortion of segregation ratios. The principle of equal segregation is one of the more robust of

Mendel's rules and is inferred from the observation that contributing alleles are represented equally in the progeny of a monohybrid cross. However,there are several ways in whichequal representation can be prevented, resulting in distortion of the Mendelian ratios - i.e. a bias in therecovery
of a particular allele in the offspring. Such mechanisms fall into two major classes: those acting
before and those acting after fertilization.
Segregation distortion occurs before fertilization (i.e.so that there is a disproportionate repre-
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Table 1.2 Dominance relationships and other allelic interactions (interactions at a single with
locus),
biochemical basis and examples

criptioneraction
Allelic
CompletedominanceThedominantallelefullymasks
the effect of the recessiveallele.The
phenotype of the heterozygote is identical to that of one of the
homozygotes, andthe monohybrid ratio is 3:l. This is the classical
dominance effectdescribed by Mendel, and often occurs wherethe
recessive alleleis null. Examples include violet color pigmentin the pea
plant, and cystic fibrosis in mammals.Loss of one allele encodingthe
pigmentation enzyme or transmembrane receptor
is compensated by a
second, wild-type allele. Alternatively, the dominant allele may be null
(4.v. dominant negative), e.g. in Hirschsprung’s disease, which is caused
by dominant negative loss of c-RET tyrosine kinase activity- the
mutant form of the enzyme sequestersthe wild-type enzyme into an
inactive heterodimer
Neither alleleis fully dominant overthe other. The phenotypeof the
No dominance and
heterozygote is somewhere in between those ofthe homozygotes, and
partial dominance
the monohybrid ratio is 1:2:1. If the heterozygous phenotype is exactly
intermediate betweenthe two homozygotes, there is no dominance. If
the phenotype is closerto one homozygote thanthe other, there is partial
dominance. These dominance relationshipsoccur where thereis
competition between the products of two alleles (e.g. in sickle-cell trait,
where different formsof P-globin react differentlyto low
oxygen tension), orif a gene locusis haploinsufficient (e.g. in type I
Waardenburg syndrome, whichis due to 50% reduction in the synthesis
of PAX3 protein)
The phenotypeof the heterozygote lies outsidethe range delineatedby
Overdominance and
those of the homozygotes. Ifthe heterozygous phenotypeis greater than
underdominance
either homozygous phenotype,the locus shows overdominance; if less, it
shows underdominance. The monohybridratio is 1:2:1. These
relationships occur where there
is synergy or antagonism betweenthe
products of particular alleles. Overdominance
is often observed when
considering the combined effectsof multiple loci, leadingto hybrid vigor
(heterosis), an increase in fitness dueto heterozygosity at manyloci or
inbreeding depression, a decrease in fitness dueto homozygosity for
many deleterious alleles
The phenotype associatedwith each allele is expressed independently of
Codominance
that of the other. Codominance occurs when there
is no competition
between alleles, e.g. in the AB0 blood group system, where allelesA and
8 specify different glycoproteins presented
on the surfaceof red blood
cells. Both A and 8 are dominant over0 as the latter is a null allele (i.e.
the protein remains unglycosylated). However, if an individual carries
both A and 8 alleles, both molecules are presented andthe resulting
blood group is AB. The monohybridratio is 1:2:1
Pseudodominance
An allele appears dominant becausethe locus is hemizygous. Thisis
applicable to sex-linked loci in the heterogametic sex, e.g. in male
mammals (q.v. sex-linkage) andto individuals with chromosome deletions
or chromosomeloss (see Chromosome Mutation)
Paramutation
An allelic interaction occurringin the heterozygous state where one allele
causes a transiently heritable
but epigenetic change in the other, a
process often involving methylationof repetitive DNA. This is the only
example of an allelic interaction where the
DNA itself is the target. For
further discussion, seeDNA Methylation
Allelic complementation
A phenomenon wheretwo loss-of-function, recessiveto wild-type alleles
can generate a functional geneproduct in combination, because they
compensate for each other’s defects. The principle example of allelic
Continued
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Trans-sensing

complementation is a-complementation in the expression of E. co/i
P-galactosidase (q.v. recombinant selection)
An interaction between alleles which is synapsis-dependent and occurs
only in organisms where homologous chromosomes are associated even
in mitotic cells (e.g.Drosophila), or where such association occurs by
chance. Examples include transvection(q.v.). For further discussion,see
Gene Exoression and Reaulation

sentation of gametes carrying each allele)and is termed meiotic drive. There are two types of drive
mechanism, which occurpredominantly in the different sexes. Genic driveusually occurs in males
and involves selective inactivationof sperm of a particular haplotype. Two lociare involved inthis
type of system, a trans-acting driver or distorter and a cis-acting target. In the SD (segregation
distorter) system of Drosophila, the target allele is a repetitive DNA element whose copy number
correlates to the distortion ratio. The drive locus encodes a product which is thought act at the
target allele to perturb chromatin structure, leading togameticdysfunction. Heterochromatin
elements are thoughtto be involvedin many of the characterized genic drive systems, so modulation of DNA structure could be usedas a universal mechanism of gamete inactivation. Genicdrive
is uncommon in females because, as they produce far fewer gametes than males, they would be
placed at a selective disadvantage bylarge-scale gamete inactivation. Drivein females oftenoccurs
earlier than in males by a process termed chromosomal drive, where the property of a given bivalent at meiosis causes itto adopt a particular orientation in the spindle and thus undergopreferential segregation into either the egg or the polar body (the latter being discarded). Chromosomal
drive would not work in males becauseof the equality of the meiotic products.
Where distortion occurs after fertilization,
it reflects differing viabilities
of zygotes with alternative
genotypes. In its most extreme form,distortion results in the total absence of a particular genotype,
indicating the presence of lethal alleles (which causedeath when they are expressed) whose effects
are manifest earlyin development. The presenceof a dominant lethal resultsin the recovery of only
one genotype,the homozygous recessive. The presenceof a recessive lethalgenerates a characteristic
2 1 segregation ratioof dominant homozygotes to heterozygotes, becausethe homozygous recessive
class isnot represented. Lethal alleles usually represent theloss offinction (q.v.) of an essential gene
product; thus leaky lethal alleles may be
sublethal (q.v. penetrance, expressivify, leaky mutation).
Penetrance andexpmssivity. Penetrance and expressivity are terms often used to describe the non-

specific effects of genetic background, environment and noise on the expression of simple characters (Box 2.2).Penetrance describes the proportion of individuals of a particular genotype who displaythecorrespondingphenotype.Completepenetrance
occurs when there is a 100%
correspondence between genotype and phenotype.
Expressivity reflects the degree to which a particular genotype is expressed, i.e. where the phenotype can be measured in terms of severity, the
strongest effects have the greatest expressivity. Incomplete penetrance and variable expressivity
often complicatethe interpretation of human pedigrees because of the small number of individuals
involved. Where incomplete penetrance and variable expressivity affect a character to the degree
where it is no longer possible to reliably determine genotype from phenotype, the character can
effectively be describedas complex (see below).
1.3 Segregation at two loci
Crosses at two loci. Mendel’s final postulate, which is expressed as the principle of independent

assortment, can be inferred froma two-factor cross (a crosswhere two loci are studied simultaneously). Two lines which breed true for two contrasting traits are crossed to produce an F1 generation of uniform dihybrids (heterozygous at two loci). If these are self-crossed or intercrossed (a
dihybrid cross) the F2 generation shows a 9:3:3:1 ratio of the four possible phenotypes. This is termed
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Figure 1.5 The principle of independent assortment. Two parental lines are chosen which breed true fortwo

contrasting character traits(in this case yellow vs green and smoothvs wrinkled seeds, which are thought to
be encoded by the I locus on chromosome 1 and the R locus on chromosome 7 of the pea, respectively).
The parental cross produces a generationof uniform dihybrids displaying the dominant trait at each locus (in
this case smooth yellow seeds). EachF1 individual produces four typesof gamete, which can combine to
form nine different genotypes and four different phenotypes in the F2 generation. The observed9:3:3:1 ratio
would only arise if each pair of alleles segregated independently from each other. The grid shown above to
plot the mating information in the dihybrid cross is known as a Punnet square, and is more useful than a
mating diagram for the simultaneous analysisof two loci.
the dihybrid ratio, and is derived as shown in Figure 1.5. The dihybrid ratio could only arise if the
segregation of one pair of alleles had no effect on that of the other, i.e.the two allele pairs showindependent assortment at meiosis. The principle of independent assortment has become known as
Mendel's Second Law.
However, where two gene loci are found close together on the same chromosome, coupled
alleles tendto segregate together. The9:3:3:1 dihybrid ratio is thus replaced by a ratio in which two
phenotypic classes are common and two are rare. The common classrepresents the parental combination of alleles, i.e. the alleles coupled together on each chromosome, whilst the rare class represents a recombinant combination of alleles generated by crossing-overbetween paired chromosomes
at meiosis. Thisphenomenon is termed linkage, and can be exploited tomap eukaryotic genomes:
see Recombination, and Genomes and Mapping.
Nonallelic interactions. Linkage disrupts the dihybrid ratio because independent segregation is

prevented. The dihybrid ratio may alsobe modified in the absence of linkage if the two loci are functionally interdependent, i.e. if both loci contribute to the control of the same character. Varioustypes
of nonallelic interactions occur whichgenerate specific deviations from the normal 9:3:3:1 dihybrid
ratio (Table 1.3, Figure 1.6).
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Table 1.3 Some differenttypes of nonallelic interactionswhich generate modified dihybrid ratios. Such interactions arethe basis of ‘genetic background’
~ ~ ~ _ _ _

Interaction
None

Two segregating loci which
unlinked
areand
control distinct characters.
Dihybrid ratio 9:3:3:1
Additive
effects
Two segregating loci contribute to the same
character in an
additive
fashion. Alleles are generally regarded as positive or neutralin effect and
the resulting phenotypeis determined by the net contribution of all
additive loci. Thedihybrid ratio would be 9:3:3:1 if two loci were
considered in isolation (q.v. quantitative inheritance)
Complementary action
A situation where specific alleles attwo gene loci are required to generate a
of genes
particular phenotype. Thus,if either locus lacks a suitable allele, the
phenotype would notbe generated. The dihybrid ratio would be 9:7 if
dominant alleles were required atboth loci, 1 :l 5 if recessive alleles were
required, and 4:12 if dominant alleles were required at one
locus and
recessive alleles atthe other
Epistasis
The situation where an allele at one
locus prevents or masksthe effect of
gene expression at a second locus, whichis said to be hypostatic.
Epistasis maybe dominant or recessive,i.e. one ortwo specific alleles
may be required at
the epistatic locus for the effect to occur. The
dihybrid ratios wouldbe 12:3:1 and 9:3:4,respectively. Epistasis is often
observed in genetic pathways or hierarchies where there
is an order of
gene action, early-acting genes being epistaticto later-acting ones.
Phenotypic modification is similar to epistasis except that the
modifying allele alters ratherthan masks the phenotype ofthe
downstream genes
Alleles of identical genes which have arisen
by duplication may interact
Redundancyldosage
with each other in a mannerwhich superficially appears allelic. However,
they may be separatedby recombination, showing that they occupy
discrete loci, and suchinteraction is termed pseudoallelic. The dihybrid
ratio would be 15:l. Multiple redundancyis often seen in transgenic
organisms (q.v.) where many copies of a transgene have integrated.
Transgenic animals may showcopy-number-dependent gene
expression (i.e. levels of geneproduct correspond to copy number), or
there may be interaction between repetitive copies resulting
in homology
dependent gene silencing
(9.v.)
An allele at one locus (the
suppressor allele) prevents the expression of a
Suppression
specific (and usually deleterious) allele at a second locus
by
compensating in some way for its effect. The termis usually usedto
describe an interaction where a mutation compensates for a second
mutation found at a different locus and restores the wild-type phenotype
(q.v. second-site mutations). Suppression may be dominant or recessive,
depending upon whether one ortwo alleles are required atthe
suppressor locus. The dihybrid ratios would be 12:3:1 and 9:3:4,
respectively. Epistasis differsfrom suppression in that the former is genespecific but not allele-specific(i.e. epistasis preventsthe expression of all
alleles at a particular locus), whereas the latter
is gene-specific and
allele-specific (i.e. suppression compensates forthe effect of a particular
allele atthe second locus)
Synergism,enhancementSimilar
to the suppressionmechanismexceptthat the enhancer allele
specifically increasesthe effect of a second mutation, instead of
suppressing it. As with suppressor alleles, enhancer alleles may be
dominant or recessive. Synergic enhancement differs from additive
effects because the enhancer locus alone does not
contribute to the
phenotype associatedwith the target (enhanced) locus,i.e. if the target
allele is not present,the enhancer locus has no effecton the phenotype.
Enhancer alleles should notbe confused with enhancer regulatory
elements (q.v.)
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Figure 1.6 The effects of nonallelic interaction on Mendelian dihybrid ratios. Two hypothetical loci, A and B,
each comprise a pair of alleles, oneof which, denoted by the capital letter, is fully dominant over the other.
For normal independent assortment, four phenotypes would be generated corresponding to the generic
genotypes A-B, A-bb, aaB- and aabb in the ratio (9:3:3:1).The effects of different types of nonallelic
interaction are shown by the modulation of the ratio by changing the phenotypes associated with
particular alleles.

1.4 Quantitative inheritance
Types of complex character.Many characters show continuous variation, i.e. phenotypes are measured in quantitative terms and cannot be placed into discrete traits. The phenotypes often show a
normal distribution about a mean value. Such quantitative characters are inherited in a complex
manner: genotype cannot be deduced from phenotype and nosimple rules of heredity can be used
to predict the outcome of a cross. Theinheritance of such characters is studied using statistical methods (biometrics). However, some characters which appear superficially Mendelian are also inherited quantitatively. The discipline of quantitative inheritance thusembraces three types of character
(Figure 2.7). Continuous characters demonstrate true continuous phenotypic variation (i.e. no
boundaries between different phenotypes). Meristic characters vary in a similar manner to continuous characters, but the intrinsic nature of the character itself demands thatphenotypes are placed
into discrete categories, usually because the value of the phenotype is determined by counting
(hence such characters may also be termed countable characters). Finally, threshold (dichotomous)
characters have two phenotypes - a certain condition can be either present or absent. Such
characters thus appear very much like Mendelian diallelic traits, but in this case, an underlying
quantitative mechanism controls liability to display the phenotype, which is manifest once some
triggering level has been exceeded.
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True continuous characten display a smooth
continuum of phenotypicvalues between two
extremes. usuallv with
normal
a
distribution. ’

I

Example of continuouschamten include
height and weight.

Metistic charactcm fall into discrete
categoriesbecause measurement of the
phenotype involves counting. The
underlying trend in variation is, however,
mtinuous.

Examples of meristic characten include
litter size, the number petals on a flower, or
the number of fruit on a tree.
Threshold characten show up as discrete
t r a i t s but there is an underlyingcontinuous
variationin liability. Once a certain
threshold value is exceeded, the phenotype
changes.

Examples of threshold characters include
cleft lip and cleft palate in humans.
Figure 1.7: Classes of quantitative character

Figure 1.7: Classes of quantitative character.

The po/ygenic theory of quantitative inheritance. Since quantitative characters are unsuitable for
Mendelian analysis, they were originally considered to be controlled by factors which were fundamentally different fromthe genes thatcontrol Mendelian characters.
The polygenic theory of Fisher established a common basis for the transmission of Mendelian
and quantitative characters. Thetheory proposed that quantitative characters may be controlled by
a large number of segregating loci (polygenes), each of which contributes to the character in a small
but additive manner. In the simplest form of the model, eachcontributing locus is diallelic, and one
allele contributes to the phenotype whilst the other has noeffect. Thevalue of each alleleis the same,
and the phenotype thus depends upon
the number of contributing alleles, i.e.the phenotype is specified by a totting up procedure. As the number of segregating loci increases, so does the number of
phenotypes, and the distribution approaches that of a normal curve(Figure 1.8). This is because, in
the middle rangeof phenotypic values, many different genotypes will generate the same phenotype
(locus heterogeneity).
Whilst this provides a very simple model
for quantitative inheritance, real populations would be
expected to encounter someof the complications discussed in the previous sections. Thus observed
patterns of inheritance might be more complex for someof the following reasons:
(1) the relative contribution of each gene to the phenotype wouldbe different -some loci would
have strong effects and others only weak effects (these are termed major genes and minor
genes, respectively);
(2) the nature of segregation wouldbe complicated by linkage, whichwould increase the
frequency of combinations of alleles found on the same chromosome;
(3) there would be more than two alleles at some of the contributing loci and these would have
differing strengths;
(4) there would be dominance relationships between alleles;
(5) there would be nonallelic interactions other than additive effects between contributing loci;
(6) in natural populations, different alleles would be present at different frequencies, so some
genotypes wouldbe relatively commonand others rare.
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Figure 1.8 The polygenic model of quantitative inheritance.As the number of additiveloci affecting a given
character increases,the number of phenotypes in the F2 generation also increases. Eachlocus can
contribute a maximum of two additive allelesto the phenotype, so that for n loci there are 2n +l phenotypes.
In the middle range, many different genotypes generatethe same phenotype. The distribution thus
approaches that of a normal curve and phenotypic variation appears continuous.

Environmental influence and the
n o m of reaction. Despite the attractive simplicity and widespread

use of the polygenic model, therenoisconclusive proofthat quantitative characters are controlled by
polygenes. Where the genes which control
quantitative characters have beensought systematically, a
small number of major genes and a variable number of minor genes have often been identified,
suggesting that a few loci maybe sufficient. Forhuman diseases inherited in a complex manner, the
major genes are termed major susceptibility loci (q.v. quantitative trait loci, QTL mapping).
In fact, a large number of gene loci is not necessary for continuous variation because all biological characters are influenced to some degree by the environment as well as by genotype. The
environment in which an organismlives will interactwith the genotype to produce the phenotype.
Thus, if a single genotype is exposed to a range of environments,a range of phenotypes is observed
which is described as the norm of reaction. This explains much of the phenotypic variance in
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(a) One segregating locus
Small norms of reaction

(b) One segregatinglocus
blge norms of reaction

(c) Many Segregatingloci
Small n o m s ofreaction

Moqenic
Momenic

w~th
major l o c i

Quantitative
Polnenic

Environmental

Figure 1.9 The effect of environment on the phenotypic varianceof a character. A single segregating
will fall into discrete traitsif the norm of
heterozygous locus generates three genotypes. (a) The phenotypes
reaction is small, but (b) variation will appear continuous if the norm of reaction is large. (c)If many

segregating loci are involved, the polygenic model predicts that the distinctions between genotypes will be
small; thus even small norms of reaction smooth the distinctions between individual phenotypes, resulting in
continuous variation. (d) Few characters aretruly Mendelian, truly polygenic or completely determined by the
environment. Most lie between these extremes, somewherewithin the triangle. Increasing both the number
of genes and the effectof the environment makes a character less Mendelian and more quantitative.
isogenic populations (populations where each individual has the same genotype)as all individuals
are not exposed to identicalenvironments. [Other, nonenvironmental ways in which
isogenic individuals may differ include the presence of somatic mutations (and in vertebrates, the manner in
which somatic recombination has rearranged the germline immunoglobulin and T-cell receptor
genes), and infemale mammals,the distribution of active and inactive X-chromosomes.] Thedegree
to which a phenotype can beshaped bythe environment is described as its phenotypic plasticity.
Simple charactersthus exist becausethe differences between the mean phenotypicvalues of each
genotype are larger than the norm of reaction for each genotype (put another way, the variance
between genotypes is greater than the variance within genotypes). For continuous characters, the
opposite is true: the differences between the mean phenotypic value of each genotype is smaller
than the normof reaction for eachgenotype, so that the latter overlap. This overlap means that the
genotype cannotbe predicted from phenotype and Mendelian analysis is impossible - the character is quantitative. This effect can occur even if the character is controlled by one segregating
locus, but for a polygenic character, as the number of loci increases, the number of genotypes
becomes larger and the distinction between them becomes smaller, thus less environmental influence is required to blur the boundaries completely (Figure 2.9). By controlling the environment so
that the norms of reaction are small, continuous characters controlled by few loci can be resolved
into discrete traits and their transmission can be dissected in terms Mendelianinheritance.
Characters which do not respond to such experimentsare likely to be truly polygenic.
There are relatively few characters which are truly Mendelian, truly polygenic or totally determined by the environment. Most lie somewhere betweenthose three extremes. Mendelian charac-
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ters can b e regarded as the peak of
a triangle, suffering theeffects of neithergenetic background nor
the environment. As the contributionof other genes and the environmentincreases, the character
wil begin to show incomplete
penetrance and/or variable expressivity and
w
i
l eventually become
quantitative (Figure 2.9).

Box 1.1: Pedigree patterns for Mendeliantraits
Mendelian pedigree patterns forhuman traits. In pedigree patternsfor human traits: autosomal domorganisms, such ashumans,wherelarge-scale mat- inant,recessiveandcodominant,X-linkeddomiings are not possible, modes of inheritance cannot nant, recessive and codominant, and Y-linked, The
beestablished by offspringratios.Instead,Pedi-pedigreepatternsareshownbelowand
their major
Qrees are used, and the mode of inheritance must characteristic features are listed in the table, Loci on
be assessed by statistical analysis (because Of the the region of homology shared
by the x- and Y-chrosmall size of most human families, it is sometimes mOSOmeS are inherited in a normal autosomal fashdifficult to establish an unambiguous inheritance
ion because an allele is inherited from each parent
pattern, especially when comparing autosomal and
X-linkeddominanttraits).Therearesevenbasic
-this isknownas pseudoautosomal inheritance.
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Mode of inheritanceEssentialfeatures
Autosomal dominant

Transmission and manifestationby either sex
Affected individuals usually have at least one affected parent
Autosomal recessive
Transmission and manifestationby either sex
Affected individuals usually have unaffected parents who
are carriers
(asymptomatic individuals carrying recessive
alleles)
Increased incidenceif there is consanguinity between parents
Autosomal codominant Transmission and manifestation by
either sex
Individuals inherit one allele
from each parent
X-linked dominant
Transmission and manifestationby either sex, but more common in females
Affected males transmit trait to all daughters
Affected females usually transmittrait to 50% of sons and daughters
X-linked recessive
Transmission and manifestationin either sex, but much more commonin males
due to hemizygosity
Affected males usually haveunaffected parents, but the mother is a carrier
Affected females usually have anaffected father and a carrier mother,but
occasionally the mother is also affected (i.e. homozygous)
X-linked codominant
Transmission and manifestation by either sex
Paternal X-linked allele is always passedto daughters, never sons
Maternal alleles maybe inherited by daughters or sons
Transmission and manifestationin males only (holandric)
Y-linked
Affected males have affected fathers and affected sons

preted falsely. Some of these complications reflect
purelygeneticmechanisms
(e.g. randomclonal
X-chromosome inactivation, imprinting,the appearance of new mutations, X-linked male lethality and
germline mosaicism), while others may be due
to
Complications to basicinheritancepatterns.
both genetic and environmental factors (i.e. genetic
Even if the mode of inheritance for a particular trait background, environmental influence and developis unambiguous, the interpretation ofpedigree
mental noise).Oneof the most puzzling pedigree
patterns is complicatedbysmallsample
sizes. complications is anticipation - the tendency for
Further complications arise through factors which some traits to increaseinseverityand/orshow
reduce the penetrance or vary the expressivity of a reducedage of onset in successivegenerations.
given trait. Thesecan often be tolerated in large- Recently, a molecular basis for anticipation in sevscale crosses,but present a serious limitation
to the eral human diseases has been described, reflecting
the behavior of pathogenic intergenictriplet repeats
usefulnessofmanypedigreesbecauseasingle
1 casemaycause the entirepedigree to beinter(Box75.2).
Note that in pedigrees, the generations are labeled
with roman numerals andthe individualswithin each
generation arenumbered
from the left.Thisis
shown only forthe first pedigree.
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Box 1.2 Causal components of genetic and environmental variance
Geneticbackground.Geneticbackground
is a
The
breakdown
of phenotypic
variance.
Phenotypicvariance (Vp) is the total observed term used to describe nonspecific genetic effects
variance for a given biological character in a given whichalter the expressionofagivengene.The
population. It can be broken down into its two major effects of genetic background on simple characters
causal components, genetic variance (VG), which lead to variablepenetranceandexpressivity,and
is the variance contributed by different genotypes include nonallelic interactions (Table 7.3)as well as
position effects, which frequently affectthe expres(i.e. variationbetweengenotypes),andenvironsion of integrated transgenes and genes involved
in
mentalvariance (Vd, which reflectsallexternal
effects and generatesthe norm of reactionfor each large-scale genomic rearrangements. Any variation
backgenotype (i.e. variation within genotypes). A further in a quantitative character caused by genetic
ground would be described bythe component VI.
component,gene-environmentinteractivevariance (VQFJ,reflects the proportion of variancewhich Environmentalvariance. Like geneticvariance,
remains when both genetic and environmental vari- environmentalvariancecanalsobe
divided into
anceshavebeen calculatedandsubtracted from several subcomponents.
the total phenotypic variance. VGEcan be thought of (1) V E ( ~is) generalenvironmentalvariance,and
as resulting from interaction between the two other
reflects factors to which all members of a given
components, but in practice it is difficult to measure
population are exposed.
directly and is often ignored. This relationship can
(2)
special
is environmental
variance,
and
be expressed by the following equation:
reflects factorsto which only specific groups of

vp = VGVE

(+ VGd

individuals are exposed, e.g. the maternal environment during pregnancyin mammals andthe
Both geneticandenvironmentalvariancecan
be
common family environment. It is the special
broken down into several subcomponents.
environmentalvariance which makesfamilial
andheritablecharacters difficult to discrimiGenetic variance. Genetic variance (VG) is the part
nate
(see below).
of phenotypic variance which arises from differences
A further component, which may be considered
in genotype between individuals. It can be divided
partoftheenvironmentor
as aseparatesource
into three further components.
of variance in itself is developmental noise. This
(1) VA is additive variance (also known as genic
at molevariance or the breeding value). This reflects reflects purely stochastic events which, the
cular level, may influence gene expression in differthe effectsof substituting differentallelesat
ent cells. It is often difficult to discriminate between
loci contributing additivelytowardsagiven
by the
character.Additivevariance
is the principle developmental noise and variance caused
environment, but if a character can be scored on
component of phenotypicvarianceexploited
each side of the body, both genetic and environfor selective breeding.
(2) VD isdominancevariance.Thisreflects
the mental variance are cancelled and noise is all that
remains. Thepartition of environmental variance can
effects caused by allelic interactions ateach
thus be expressed using the formula
locus.
(3) VI isinteractivevariance.Thisreflects
the
VE =
+
+ Developmental
noise
effects caused by nonallelic interactions other
The
effects
of
the
environment
and
noise,
as well as
than additive effects (e.g. epistasis, suppresgenetic background, influence the penetrance and
sion, enhancement).
expressivity of simple characters.
Thelast two components are usuallygrouped
together as ‘nonadditive variance’ because they
are
Phenocopies. Aphenocopyisatraitgenerated
difficult to isolate with any accuracy. The relative
amounts of additive and nonadditive variancefor a purely by modifying the environment. For example,
the sonic hedgehog knockout
given character are of particular interest to animal thephenotypeof
loss
of
head
and midline structures. A phemouse
is
and plant breeders who want to choose the most
successful form of artificial selection. The partition nocopy can be made by starving pregnant rodents of
cholesterol, which is normally conjugated
to Shh proof genetic variance can thus
be expressed using
tein and is required for its function. In this example,
the formula
the effect of mutating thegene can be mimicked by
removing a component from the environment which
VG = VA + VD + VI
is essential for the function of
the gene product.

Continued
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Familiali andheritability.Thetermheritability
different environments. This is easy for a repeatable
iNas coined to express the genetic contribution to character (e.g. fleece weight in sheep, milk producDhenotypic variance.In experimentalorganisms, the tion in cattle), but is more difficult for a character
heritability of a given quantitative character is which is expressed only once (e.g. yield in a cereal
simple to demonstrate. Individuals are taken from
crop, human intelligence), and such tests must be
theextremesof
a population so that the mean carried out on highly related individuals. This
is often
phenotypic value forthe character in each subpop- not possible in humans; thus the genetic basis of
ulation is far removed from the population mean. human quantitative traits has been difficult to
Each subpopulation is then interbred and the demonstrate. However,twin adoption studies(where
progeny are scored. Ifthe character is heritable,the identical twins separated at
birth and raisedin differmeans ofthe progenywill be similarto those of their
ent environments are studied) have been useful.
parents (i.e. at the extremes of the source populaTheterm heritability is commonlyused in two
tion), whilst if the observed variance in the source
senses. Heritability inthe broad sense (designatpopulation was entirely environmentalin nature, the
ed /? ) is also known as the heritability index (Hmean phenotypicvalueof
the newpopulations
would be the same as each other, and the same as statistic) or the degree of genetic determination,
and is expressed as # V$+. Broad heritability
that of the source population.
A way to determine heritability without breeding is thus measures the ratio of genetic variance to total
by looking for resemblance between relatives. phenotypic variancein a given environment. It does
Relatives share more genes than random individualsnot measurethe overall importance ofgenes to the
development of a particular character, and assumpin a population, and phenotypic covariance should
tions that it does have led to great misuse of the
reflectunderlyinggeneticsimilarity. However,relaterm,
especially in its application to human social
tives tendto share a common environment
as well as
common genes, so it isimportant to determine issues. Heritability in the narrow sense (designatand thus meawhether the environment contributes significantlyto ed h*) is expressed as h2 - V,/Vp,
sures the ratio of additive genetic variance to total
theobservedvariance. A trait which is shared by
phenotypic variance. This estimates the degree to
relatives is described a familial, but not all familial
traits are heritable, e.g. children tend to speak the which observed phenotypic variance can be influenced by selective breeding. Artificial selection is
samelanguageas theirrelativesandlanguageis
therefore a trait that runs
in families, but it is not carried out in defined populations in defined enviheritable: a child born to English parents but raised ronments to improve commercially valuable characin a French family would speak French. The way to ters, so the limitations of broad heritability values,
discriminate between heritability and familiality isto i.e. that they cannotbe extrapolated across populations, are not important for the purpose of breeding.
observephenotypicperformance in a numberof

-
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Chapter 2

The Cell Cycle
Fundamental concepts and definitions
The cell cycle is the sequence of events between successive cell divisions.
Many different processes must be coordinated during the cell cycle, some
of which occur continuously (e.g. cell growth) and some discontinuously,as events or landmarks (e.g. cell division). Cell division must be coordinated with growth
DNA
andreplication so that cell size and
DNA content remain constant.
The cell cycle comprises nuclear
a
or chromosomal cycle(DNA replication and partition) and
a cytoplasmic or cell division cycle (doubling and division
of cytoplasmic components, which
in eukaryotes includes the organelles). The DNA is considered separately from other cell contents because it is usually present in onlyorone
two copies per vegetative cell, and its replication and segregation must therefore be precisely controlled. Most
of the remainder of the cell
contents are synthesized continuously and in sufficient quantity to be distributed equally into
the daughter cells when the parental cell is big enough to divide. An exception centrois the
some, an organelle that is pivotal in the process of chromosome segregation itself, which is
duplicated prior to mitosis and segregated into the daughter cells with the chromosomes (the
centrosome cycle).
In eukaryotes, thetwo major eventsof the chromosomal cycle, replication and mitosis, are controlled so that they can never occur simultaneously. Conversely, in bacteria the analogous
processes, replication and partition, are coordinatedso that partially replicated chromosomes
can segregate during rapid growth. The eukaryotic cell cycle is divided into discrete phases
which proceed in a particular order, whereas the stages
of the bacterial cell cycle may overlap.
The progressof the eukaryotic cell cycle is controlled
at checkpoints where regulatory proteins
receive input from monitorsof the cell cycle itself (intrinsic information) and monitors
of the
environment (extrinsic information). Intrinsic monitoring insures that the stages of the cell
cycle proceed in the correct order and that one stage
is completed before the next begins.
Extrinsic monitoring coordinates cell division with cell growth and arrests the cell ifcycle
the
environment is unsuitable.
The cell cycleis controlledby protein kinases. Cell cycle transitions involve positive feedback
loopswhichcause sudden bursts of kinaseactivity,allowingswitchesinthestatesof
phosphorylation of batteries of effector proteins. Cell cycle checkpoints are regulatory systems
which inhibit those kinasesif the internal or external environmentis unsuitable. The alternation of DNA replication and mitosis is controlled by negative feedback
- mitosis is inhibited
byunfinishedDNAreplication,andDNAreplication
is prevented during mitosis by the
phosphorylation and inactivation of a protein required for replication. The cell cycle is the
result of a complex networkof information, in which kinases are controlled by the integration
of multiple positive and negative signals.

2.1 The bacterial cell cycle

+ C + D model)
divides the bacterial chromosome cycle into three phases, the interval phase, the chromosome
C and D, respectively.
replication phase and thedivision phase, represented by the letters I,
DNA replication occurs during the C phase; its duration is fixed (about 40 min inE. coli), reflecting the timetaken to replicate the wholechromosome (see Replication). The D phase begins

DNA mp/icationand growth coordination. The Helmstetter-Cooper model (or I
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when replication is complete, and culminates in cell division. The duration of the D phase is also
fixed (about 20 min in E. col$ and can be regarded as the time required to synthesize thecellular
components required for cell division. The minimum duration of the chromosome cycle in E. coli is
thus 1h.
Because C + D is fixed, any change in thecell doubling time must reflect a change in the duration of I,the interval betweensuccessive initiations of replication. The doubling time of E. coli can
be aslong as 3 h or as shortas 20 min. During slow growth, 1 > C + D and replication is completed
before cell division. During rapidgrowth, however, the doublingtime is shorter than the
time taken
to complete a round of replication and cell division. The only way thecell can accommodate its fixed
chromosome cycle into the accelerated cell division cycle is to make 1 c C + D, i.e. new rounds of
replication must begin before the previous round is complete. Therefore, during rapid growth,
daughter cells inherit chromosomes which are already partially replicated (multiforked
osomes) SO that replication can be completed before the next round of celldivision.
The frequency of initiation is thought tocontrolled
be
by a positive regulator which must bepresent at a certain critical concentration per origin of replication (q.v.) for initiation to be successful.
During rapid growth, the regulator accumulates more quickly, allowing more frequent initiation.
Once initiation has occurred, the numberof origins in the cell doubles and the effective
concentration of the regulator is halved so that it must accumulate again for another round of initiation to
occur. The existence of a positive regulator ispredicted because de n m protein synthesis is required
for initiation; however, the nature of this putative molecule is unknown. The replication initiator
protein DnaA is a possible candidate, and factors which control methylation at oriC (and thed n d
promoter) could also be involved (q.v. origin ofreplication, Dum methylation).
Partition and cytokinesis. The partition of the replicated chromosome marks theculmination of the
chromosome cycle and is followed by cell division. A septum forms at the midpointof the parental
cell, which is identified by a periseptal annulus,a region of modified cell envelope where the inner
and outer membranes are joined together around the circumference of the cell. Additional annuli
form by duplication and migrate to positions equivalent to one-quarter and three-quarter cell
lengths, and these are the sitesof septation in daughtercells during thenext round of cell division.
Once the septum hasformed, the cell undergoes cytokinesis -it dividesby binary fission.
The identification of mutants which disrupt cell division or partitioning has shown that two
the
processes can be unhitched, and such mutantsfall into severalcategories. fts mutants are deficient
in septum formation and thus formfilaments that are temperature sensitive
(hence the name). The
filaments often contain regularly spaced nucleoids, indicating that replication and partitioning
mechanisms are still functioning normally. min mutants generate septa toofrequently, resulting in
the formation of minicells, which are small cells which contain no chromosomal DNA (although
they may contain plasmids). Finally, pur mutants form normal sized cells but fail to partition the
chromosomes properly, so that diploid and anucleate cells arise withhigh frequency.
The pathway controlling cell division and partition hasyet to be determined infull, but several
key players have been identified. A good candidate for the initiator of cell division is FtsZ. This
protein is structurally andfunctionally similar to tubulin, which forms the contractile ring in eukaryotic cells. It is distributed ubiquitously during most of the cell cycle, but is localized around the
correlate exactly with
annulus at the beginning
of the D phase asa Z ring. Its abundance appears to
the frequency of cell division, thusftsz mutants fail to form septa (and generatefilaments) whereas
overexpression causes the productionof too many septa, and hence minicells. The
ZipA protein may
be important for the localization of FtsZ because its N terminus is membrane-associated and its C
terminus interacts with FtsZ. It is unclear how the septum is positioned in thecell, although nucleation sites probably exist because filaments resulting from temperature-sensitive ftsZ mutations
rapidly form contractile rings at regular intervals when shifted to thepermissive temperature. Genes
of the minB locus limit septation to the central annulus and suppress the process at the terminal

The Cell Cycle

23

RNA
Protein

DNA

Figure 21: The standard eukaryotic cell cycle. The chromosome cycle
is divided into four stages: GI, S and
G2 which constitute the interphase (I), and M which is mitosis. The left panel shows typical relative

durations of the cell cycle stages, although this varies in different species and depending on cell type and
growth conditions. Animal cells can withdraw to the quiescentstate, Go, if growth factors are withdrawn in
early GI,but once the cellpasses the restriction point(R)it becomes committed to a further round of DNA
replication and division. The graph compares the accumulation
of 'continuous' components with the
discontinuous synthesis of DNA. The quantity of all cell components is halved at the end of the M phase
when cell division occurs.
annuli remaining from previous cell divisions. MinC and MinD are septation inhibitors, whereas
MinE antagonizes MinCD activity. The correct balance of all three products thus inhibits terminal
septation but protects the central annulus from inhibition.
The partition of bacterial chromosomesproceeds similarly to pZasmid partition (q.v.). Partitioning
may involve the association of the chromosome with the cell membrane, and may be regulated by
replication: the origin and terminusof replication, as well as active replication forks,are membraneassociated. Bacterial mutants which affect partition fall into two categories: those which interfere
with the separation of interlocked replicated chromosomes (these include topoisomerase and Xer
site-specific recombinase mutants) and those which affect the partition process itself. In the latter
category no cis-acting sites have been found on the chromosome, but several trans-acting factors
have been identified (e.g. the membrane protein MukA and the microtubule-associated protein
MukB; mutations in both genesgenerate anucleate cells).

2.2 The eukaryotic cell cycle
The standard eukaryotic cell cycle.
The standard eukaryotic cell cycleis divided intofour nonover-

lapping phases. The discrete events of the chromosome cycle (DNA synthesis and mitosis) occur
during the S phase and the M phase, respectively, and in most cell cycles these landmarks are
separated by G1 and G2 gap phases, during whichmRNAs and proteins accumulate continuously
(Figure 2.1). The process of crossing from one phaseof the cell cycle to the next is a cell cycle transition. Whereas mitosis isa dramatic event that involves visible reorganization of cell structure, the
rest of the cell cycle isunremarkable to the eye and is termed the interphase.
Variations on the theme (Table 2.2) include cell cycleswhere oneor both gap phasesare omitted,
or where either the S phase or the M phaseis omitted, leading to halving or doubling of the DNA
content, respectively. In addition, a cell may be arrested (indefinitely or permanently delayed) at
any stage of the cell cycle, as occurs during oocyte maturation and in postmitotic cells such as
neurons. Animal cells may withdraw from the cell cycle altogether, entering a quiescent state
termed GO,where both growth anddivision are repressed. This reflects a continuing requirement
for growth factors and other signaling molecules in the environment, and imposes anextra levelof
regulation on the cell cycleso that the growth anddivision of individual cells canbe coordinated in
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Table 2.1: Variations on the theme
of the four-stage eukaryotic cell
cycle

stancesModification
Stages omitted
No gapphasesRapidalternationbetweenMand
S phases is characteristic
of
early
development in animals with large eggs because there
is enough material in
the egg for rapid cleavage divisions without cell growth.
Many organisms miss out one or other of the gap phases: Dictyosteliwn
GI),
discoideurn replicates its DNA immediately following mitosis (no
whereas S. cerevisiae undergoes mitosis directly after DNA replicationG2)
(no
No S phase
Two
rounds
of
division
without
intervening
DNA
synthesis
occur
during
meiosis (q.v.)
No
M
phase
Multiple
rounds
of
DNA
synthesis
without
cell
division
occur
in
Drosophila
secretory tissues to produce polytene chromosomes (q.v.)
Stages extended
IndefinitearrestatOocytesandeggsmay
be arrestedat GI,G2 orMdependingonspecies.
GI,G2 or M
Fertilization
releases
the
block
and
allows
the
cycle to
resume
WithdrawalfromtheManyanimalcellscanwithdrawfromthecell
cycle at G1 andenteraquiescent
cellcycleat G1 (GO)
state,oftentermed Go,whichmaylastmonthsoryears.Thisoccursif
essential growth factors are withheld during early
G1 and involves the
disassembly of the cell
cycle control mechanism. Quiescent cells can
be
persuaded to re-enter the
cycle if growth factors are made available, but
there is a long delay before the initiation of S
the
phase while regulatory
Go after a
components are resynthesized. Normal somatic cells often enter
characteristic number of divisions (the
Hayflick limit), a phenomenon termed
senescence which may be related to telomere length (q.v.) in some animals,
and can also be induced by certain plasmids in fungi. Some cells withdraw
entirely from the cell cycle
as part of their differentiation and become
postmitotic, e.g. neurons and muscle cells
the context of
a multicellular organism. The abnormal cell proliferation seen incancer is caused by
the failure of this regulatory mechanism (see Oncogenes and Cancer).

Cell wcle c h e ~ k ~ i n tThe
s . primary functionof thecell cycle is to duplicate the genome precisely
and
divide it equally between two daughter cells.For this reason, i t is important that the events of cell
the
cycle proceedinthe correct order,
and that each stage ofthe cell cycle is complete before the next com
mences. DNA content remains constant only if DNA replication alternates with mitosis, if mitosis
occurs after the
completion of DNA replication, and replicationcommences aftermitosis has precisely
divided the DNA.The cell meets thesecriteria by organizing thecell cycle as a dependent series of
events. Thus, if mitosis is blocked, thecell cycle arrests at the M phase u
n
t
l
ithe block is removed it does not go ahead and replicate the
DNA anyway (i.e. DNA replicationis dependent upon the completion of mitosis). Similarly, if DNA replication is prevented, thecell does not attempt toundergo
mitosis, becausemitosis is dependent upon the completionof DNA replication.
A further function of the cell cycle is to coordinate the chromosome
cycle with cell growth, so
there is no progressive loss or gain of cytoplasm, and nocell proliferation in an unsuitable environment. Progressthrough the cell cycle is thus also dependentupon cell size and is regulated by
nutrient availability, the presence of mating pheromones (in yeast), and the presence of growth
factors and hormones (in animals).
The cell possesses anumber of regulatory systems which can sense the progress
of the cell cycle
and can inhibit subsequent stagesin the event of failure. Theseregulatory mechanisms are termed
cell cycle checkpoints, and representintrinsic signaling systems of cell cycle control. The checkpoint
mechanisms alsorespond to externalsignals so that arrestmay occur in cases of nutrient deprivation or growth factor withdrawal. There are numerous checkpoints in the cell cycle, which are
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Figure 2.2 Known checkpoints in the eukaryotic cell cycle. These represent the points at which specific

protein kinases are activatedhnactivated.
clustered in two major groups - those occurring at G1 and regulating entry into the S phase, and
those occurring at G2 and regulating entry into the M phase (Figure 2.2). This clustering suggests that
intrinsic and extrinsic signals may funnel into common components of cellcycleregulation.
Additional checkpoints insure the orderly and dependentseries of events which comprisemitosis.
Different organisms attach varying degrees of significance to the G1 and G2 checkpoints, reflecting the stage at which the cell receives input from the environment. TheG1 checkpoint is predominant in the budding yeast Saccharomyces cereuisiae (where it is called START) and in animal cells
(where it is called the restriction point or commitment point). The yeast assesses nutrient availability and the presence of mating pheromones during GI, whereas animal cells respond to the
presence of growth factors. Cellsof both kingdomswill arrest at this checkpoint if the environment
is unsuitable for growth, but once past it, they are committed to a round of DNA replication and
mitosis regardless of their environment. Conversely, in the fission yeast Schizosaccharomyces pombe,
the environment is monitored at the G2 checkpoint, and under satisfactory conditions the cell will
undergo mitosis, division and the next round of DNA replication before checking
again. The advantage of pausing at G2 rather than G1 for the haploid yeast cells reflectsthe presence of two copies of
the genome at GP, allowing any damageto DNA to be repaired by recombination.
Stuwing cell cycle regulation.
Two complementary approaches have been used
to characterize and

isolate the regulatory components of the cell cycle. Inthe heterokaryon approach, nuclei at different
stages of the chromosome cycle are joined in a common cytoplasm and their behavior observed.
Cultured mammalian cells and amphibian eggs have been used for these experiments. The results
of fusing cultured fibroblasts synchronized at different cell cyclestages are shown in Table 2.2. The
ability of M-phase cellsto induce mitosis in any interphase nucleus provided early evidence for the
existence of an M-phase promoting factor.Similar results were obtained in Xenopus nuclear
Table 2.2 Heterokaryon experiments to investigate regulatoryfactors controlling the cell cycle

Fusion

Result

replicate
nuclei
Both

S X G1
S X G2

M x G,, S or G2
G1

Dresent
v

x G2
are

mitosis

S-phase cellcompletesreplication,
Gp-phase nucleus waits for S-phase
nucleus to complete replication and
then both cells enter the M phase
Interphase
nucleus
enters
precocious
mitosis
(regardless
of state of
chromosome replication)
Neither
nucleus
undergoes
replication
Both
or

Conclusion

S nucleus
contains
an

S-phase
promoting factor
G2 nucleuscannotrespond
to
S-phase activator (a re-replication
block), S-phase activator is also
an inhibitor of mitosis
M nucleus
contains
an
M-phase
promoting
factor
S-phase and
M-phase
activators
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transplantation studies -interphase nuclei formed spindles when injected into eggs arrested at the
metaphase of meiosis I, and cytoplasmfrom these eggs could inducemeiosis in oocytes arrested at
G2. The large size of the eggs wasexploited to purify the substance responsible, which was called
maturation promotingfactor. Further studies showed that maturation promoting
factor could also
induce mitosis in somatic cells,and wasin fact identical to M-phase promoting factor, which shared
the same acronym(MPF).
The second approach has been to exploit the versatility of yeast genetics to isolate conditional
mutants for cell cycle functions. Numerous cdc mutants (cell division cycle) have been identified
which areblocked at various stages of the cell cycle, yetcontinue to grow. A second classof so-called
wee mutants allows precocious transition of cell size checkpoints, and are smaller than wild-type
cells. Many of the genes identified from cdc mutants are not specific cell cycle regulators, but
control processes such as DNA replication, repair and mating, upon which the progress of the cell
cycle depends. However, a number of cdc genes appearto play a direct role in the regulation of the
cell cycle, as discussed in the following section. Satisfyingly,the biochemical analysis of MPF has
shown that both approaches have converged
theon
same small group of molecules.

2.3 The molecular basisof cell cycle regulation
Qc/ins and cyclin-dependent kinases. The sequential stages of the cell cycle reflect alternative

states of phosphorylation for key proteins which mediate the different cell cycle events. The cell
cycle transitions represent switches in those phosphorylation states. The GI-S transition involves
the phosphorylation of proteins required for DNA replication,whilst the G r M transition involves
the phosphorylation of proteins required for mitosis. Thebasis of cell cycleregulation is a family of
protein kinases which phosphorylate these target proteins and hence coordinate the differentactivities required for eachtransition.
The involvement of protein kinases in cell cycle control was revealed when analysis of S. cerevisiue cdc mutants blocked at START identified the product of the CDC28 gene, a 34 kD protein
kinase, as the principal regulator of the GI-S transition. The cdc2 gene, which played an equally
important role in the GYM transition in S. pombe, was found to encode a homologous protein
kinase. Genes encoding similar kinases were subsequently isolated from vertebrates, and these
could restore wild-type cell cycle function to yeast cdc mutants. Significantly, the Xenopus homolog
of CDC28/Cdc2 was foundto be a component of MPF.
The kinaseswere foundto be present constitutively in the nucleus, but tocontrol cell cycletransitions their activity would have to oscillate. An explanation for their periodic activity came from
the study of sea urchin eggs, wherein were discovered a family of molecules whose synthesis and
activity oscillated with the cell cycle. These molecules were termed cyclins and they were subsequently found in many other eukaryotes including yeast and vertebrates. The secondcomponent of
MPF was foundto be a B-type cyclin.
The activity of MPF resides in the catalytic kinase subunit but it is dependent upon the cyclin
subunit, which introduces a conformational change in its partner to stimulate kinase activity. The
cell cycle kinases are thus described as cyclin-dependent kinases (CDKs) and function as CDKcyclin holoenzymes. This strategy of cell cycle regulation appears to be conserved throughout
the eukaryotes.
CDK-cyclin diversity in the yeast and animal cellcycles. A number of potential CD& have been
isolated from yeast, but only CDC28 in S. cerevisiue and Cdc2 in S. pombe appear to be directly
involved in the cell cycle,and are required for the GI-S and the GYM transitions in both species. In
animal cells, there is agreater diversity of CDKs. The first tobe discovered, the p34CDC28/Cdc2 component of MPF, appears to function specifically at the G2-M transition. Ten or more further CDKs
are present in animal cells; five of these are involved specifically in the early stages of the cell cycle.
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Figure 2.3 Domain structureof cyclins. (1) Cyclins which possess a PESTmotif are targeted for proteolytic
degradation andare very unstable. This classincludes the S. cemvisiae CLN cyclins and vertebrate cyclins
of
classes C, D, E and F. Most of these are G1/S cyclins. (2)Mitotic cyclins tend to be stable throughout
interphase, but contain a destruction box required for their ubiquitin-dependent degradation during
M phase.
The first cyclins were isolated on the basis
of their oscillating activity,but several are knownto be synthesized
constitutively andare defined on the basis of cyclin box homology rather than expression parameters.
The diversity of cyclins is greater than that of CDKs, as different cyclins are synthesized at
different stages of the cell cycle in both animals and yeast. There are at least eight families of
vertebrate cyclins (designated A-H). Since CDKs phosphorylate differenttargets at each cell cycle
transition, cyclins are required not only for kinase activity, but also for substrate specificity. In
animals, alternative cyclins may be differentially expressed in different cell types, which would
facilitate the uniqueaspects of cellcycle control in distinct differentiatedcells. There are generally
three types of cyclin in all organisms: the G1 cyclins which regulate the
GI-S transition, the S-phase
cyclins which are required for DNA replication, and the M-phase cyclins which are required for
mitosis. M-phase cyclins include the
S. cerevisiae CLB cyclins, the vertebrate A- a n d B t y p ecyclins
and theS. pombe cyclin Cigl3. They
are stable proteins but share a conserved motif called a destruct i o n box, which is required fortargeted ubiquitination (q.v.) resulting in degradation during mitosis.
Other cyclins are inherently unstablebecause they carry a PEST domain (q.v.), and their levelsare
determined primarily by the transcriptional activity of theirgenes. All cyclins carry a conserved
motif, the cyclinbox, which is required for
CDK binding (Figure 2.3). The yeast and animalCD&
in cell cycle regulation are summarized in Tab2e 2.3.
and cyclins involved

Regulation of CDK-cyclin activity. Cell cycle transitions are characterized by bursts ofCDK activity
which cause sudden switches in the phosphorylationstates of target proteins responsible for cell
cycle events. Sudden spikes of kinase activity
are not regulatedby cyclin synthesis and degradation
in the cell and only the mitotic cyclins
are degraded by rapid,
alone, as cyclins accumulate gradually
targeted proteolysis.
of the yeast and mammaliancell cycles
Table 2.3 Principle CDKs and cyclins active at each stage
Stage
G1

S-phase

S. cerevisiae

CDK:CDK CDC28
Cig2
Cyclins:
CLN1-3
Cyclins:

CDK CDC28
Cyclins:
CLN5,
CLN6
Cyclins:
Cig2

8CDK:
G2/”phase
Cyclins: CLB14

Mammals

S. pombe

Cdc2

CDK: CDK2.4,5,6
Cyclins: D l 4

CDK Cdc2

CDK2

?
Cdc2
Cyclins: Cdcl3

CDK CDK2
Cyclins: E Class
CDK:
Cyclins: A Class
CDK: CDKl (CDC2)
Cyclins: A
B and

Two CDK-cyclin systems are activein G1 of the mammalian cell cycle. The CDK2-cyclin E complexis
required for the GI-S transition. The other CDKs andthe D cyclinsare responsible for interpreting growth
factor signals for the environment, and act atthe restriction point to channel the cell into either late G1 or Go.
The mammalianCDKl-cyclin B complex is MPF -the vertebrate homologof yeast Cdc2/CDC28 may be
termed Cdc2 or CDKl. CDK7//Kcyclin, which is CAK, the mammalian CDK Thr-l61 kinase, is thought to be
expressed constitutively.
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CDKs phosphorylate target proteins, but are themselves also regulated by phosphorylation(see
Signal Transduction). Theyeast CDC28 and Cdc2 CDKs are phosphorylated on two key residues,
Tyr-15 and Thr-161. Phosphorylated Thr-161 is required for kinase activity,
whereas phosphorylated
Tyr-15 is inhibitory and dominantto Thr-161 phosphorylation. The principle determinant of CDKcyclin activity in yeast is thus the state of phosphorylation of TV-15, and some of the upstream
regulatory components havebeen identified.In S. pornbe, Weel is a tyrosine kinase which phosphorylates CdcZ at Tyr-15 and thus inactivates it. Weel activity is antagonized byCdc25 phosphatase,
which removes phosphate groups from the same substrate. Both Weel and Cdc25 are themselves
regulated by intrinsic and extrinsic signals, and this is believed to be the basis of the G2-M checkpoint in this species. The decisionto proceed with mitosis or arrest in G2 thus reflects the relative
levels of these opposing activities, and the regulatory networks which feed into this checkpoint are
considered below.
Homologs of wee2 and cdc25 have been identified in mammals, although the situation is more
complex than in yeast because thereare multiple isoforms which may demonstratespecificities for
particular CDK-cyclin complexes. Additionally, there
are three phosphorylation sites on mammalian
CDC2 (CDKl),Thr-l4 and Tyr-15, both of which are dominant inhibitors when phosphorylated, and
Thr-161, whose phosphorylation is required for kinase activity. An enzyme has been identified in
mammals which is responsible for Thr-161 phosphorylation. Remarkably, this turns out to be yet
another CDK-cyclin complex comprising CDK7
and cyclin H; it is known as CDK-activating kinase
(CAK) (q.v. TFIIH). The enzyme responsible for Thr-14phosophorylation hasnot been identified.
CDK-cyclin complexes are also regulated by inhibitory proteins. This third level of control is
used for both intrinsic and extrinsic regulation purposes. As discussed below, the S. pornbe Rum1
protein is a specificinhibitor of the mitotic CDK-cyclin complex,and is synthesized throughout the
G1 and S phases, thus preventing the cycle skipping DNA replication and entering mitosis prematurely. TheFAR1 protein is activated in response to signaling by mating-type pheromonesin S. cerevisiue and inhibits the START CDK-cyclin complex, thus arresting the cell at G1 in readiness for
mating. Two families of CDK-cyclin inhibitors (CKIs) are found in animals. One blocksall
CDK-cyclin activities and the other specifically inhibits D-cyclin complexes containing CDK4 and
CDK6 (whose major substrate is the retinoblastoma protein). These regulatory mechanisms are
discussed in more detail below.
2.4 Progress through thecell cycle
Tmnsition of the START checkpoint in yeast.START is the predominant checkpoint in the S. cereuisiue cell cycleand is well characterizedin this species (Figure 2.4). In GI, the CDC28 CDKcan assoc-

iate with anyof three cyclins (CLN1, CLN2, CLN3) which
are functionally redundant, at least under
laboratory conditions (the genes can be deleted singlyor in pairs with no effect on phenotype, but
mutation in all three arrests the cell cycle at GI). The highly unstable CLN3 is expressed constitutively and acts as an indicator of cell growth. When the concentration of CDC28-CLN3 reaches a
critical level,the kinase activates two transcription factors, SBF and MBF, which contain a common
component, SWI6. SBFinitiates transcription of the genes for the other G1 cyclins, CLNl andCLN2.
These cyclins associatewith CDC28 to form CDK-cyclin complexes with several functions related
to the activation of the six CLB cyclins (the mitotic cyclins CLB1, CLBZ, CLB3 and CLB4, and the
S-phase cyclins CLB5 and CLBG), which share a conserved destruction box. Firstly, they reduce the
rate of proteolysis of the CLB cyclins, and secondly, they increase the rate of hydrolysis of a
CDK-CLB cyclin inhibitor, SIC1.
The second transcription factor, MBF, initiates transcription of the CLBS and CLB6 genes. Thus,
by stimulating the transcription of Sphase cyclins and increasing their stability, the G1-specific
CDK-cyclin complexes induce the onset of the S phase whencell growth is sufficient. The S-phasespecificCDK-cyclincomplexes
stimulate the transcription or activity of replication proteins,
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Figure 2.4 Summary of the molecular regulation of START S
in. cemvisiae. Accumulation of CLN3 actsas
is induced and
an indicator of cell size (dashed line). At a critical concentration, the kinase activity of CDC28
activates two transcription factors. SBF promotes CLN7-3 transcription, thus generating a positive feedback
loop, although proteolytic degradationof CLN2 due to starvation can delay entry intoS the
phase. MBF
activates the genes for CLN5 and CLNG whilst activated CDC28 kinase inhibits destruction box-targeted
cyclin degradation and promotes degradation of the inhibitor
SIC1. CLN5 and CLNG form complexes with
CDC28 which activate the expression of replication genes.

perhaps including those found at the constitutive origin recognition complexes on yeast ARS
elements (see Replication).
The cell cannot pass START until mitosis is complete and in S. pombe this is achieved by a
simple negative feedback mechanism in which the mitotic CDK-cyclin complexinhibits a protein
required for the initiation of DNA replication,Cdcl8. In the absence of active Cdcl8, DNA replication is blocked, and this repression is lifted when the mitotic kinase is destroyed (see below).
Entry Into the S phase in mammalian cells. In mammals, four CDKs (CDK2, CDK3, CDK4 and

CDK6) act in early GI. All four associate with the D cyclins, which are synthesized early in G1 in a
growth-factordependent manner (growth factor regulation of the cell cycle is discussed below).
CDK4 and CDK6 play the principle roles in the regulation of downstream events. The only known
target of these early CDK-cyclin complexes isthe retinoblastoma protein RB-1, which is a negative
regulator of the cell cycle. RB-1 in its unphosphorylated form binds transcription factors ofthe E2F
family which normally activate genes required for entry into Sphase. RB-1 inhibits the expression
of these genes in two ways: by sequestering the E2F activation domain, and direct repression by
chromatin remodeling. Phosphorylation of RB-1 by the early G1 CDK-D cyclin complexes releases
the repression. An important downstream effect of CDK-D cyclin activation is the synthesis of E
cyclins, which are required for the GI-S transition itself. TheE cyclins form complexes with CD=,
and these activate CDC25A phosphatase, which may in turn activate the Sphase-specific complex
CDK2/A cyclin. This complex is required for the initiation of replication, and has beenlocalized at
PCNA (q.v.), a component of the major
replication origins where it can be immunoprecipitated with
eukaryotic DNA polymerase.Its specific targets in the initiation complex remain to be characterized,
but both cyclin A and cyclin E complexes are known to phosphorylate and regulate the activity of
severaltranscription
factors includingthe
E2F family,p53,
B-Myb andtheinhibitory
helix-loop-helix protein Id2.
The restriction of mplication to once per cell cyde. The cell fusion studies described above show

that the S-phase nucleus can induce the G1 nucleus to replicate but not the G2 or M nuclei, which
needto complete mitosisbeforebecoming competent forreplicationonce again. Inallcases,
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replication occurs only once.A model proposed to explain these data involves a replication licensing factor displaying the following properties:
it interacts with DNA origins in the latter stages of mitosis;
it is essential for initiation of replication, but is inactivated or destroyed once initiation has
taken place;
it is unable to cross the nuclear envelope.
The model proposes that a cytoplasmic licensing factor interacts with DNA origins before
reassembly of the nuclear envelope at the telophase. This factor is a target for regulation by S-phasepromoting CDK-cyclin complexes and initiates replication at each origin at the beginning of the
S phase, becoming inactivein the process. During the remainder of the cell cycle, the new licensing
factor is unable to enter the nucleus, and the precocious initiation of replication is prevented. The
factor enters the nucleus at the start of mitosis, but is inactive or prevented from interacting with
DNA because of the condensed state of the chromatin. Thefactor interacts with origins as the
matin decondenses,but remains inactive, awaiting the S-phase signal. Thenuclear envelope closes,
preventing entry by further licensing factor, and any uncomplexed factor in the nucleus, and
perhaps also in the cytoplasm, is targeted for degradation.
Proteins which display many of the properties of the licensing factor have been identified in
Xenopus, mammals and yeast. In S. cerevisiae, the product of the CDC46 gene is thought to be the
licensing factor, or a component of it, although in yeast the nuclear envelope doesnot break down
during mitosis and the licensing factor istransported into the nucleus bytranslocation.
Contfd of entry into mitosis, In yeast, entry into mitosis is controlled by the same cyclin dependent
kinase that regulates START (CdQ, CDC28), but in combination with specific mitotic cyclins. In
S. cerevisiae, these are encoded by the CLB1, CLB2, CLB3 and CLB4 genes, and in S. pombe by the cdc13
gene. In vertebrates, the CDKl(CDC2) kinase associateswith A- and B-type cyclins which, like their
yeast counterparts, contain mitotic destruction boxes. Much of the regulatory pathway of the G2-M
checkpoint has been determined in S. pombe, and similar components are found in other eukaryotes.
Essentially, mitosis is initiated bya burst of Cdc2 activity generated by a posttranslational positive
feedback mechanism(this differs fromentry into the S phase in S. cerevisiae, which is governed by a
transcriptional feedback loop). The mechanism
is broadly conserved throughout the eukaryotes, but
the checkpoints forentry into mitosis are regulated in different ways, as discussed below.
In S. pombe, Cdc2 cyclin-dependent kinase appears to be regulated predominantly by phosphorylation of the Tyr-15 residue (Figure 2.5). It is activated by dephosphorylation, carried out by Cdc25
and another phosphatase termed Pyp3, and inactivated by redundant kinases termed Weel and
Mikl. The G2-M transition coincides with a burst of Cdc2 kinase activity which is controlled by a
positive feedback loop in which the Cdc2/Cdcl3 kinase phosphorylates and activates Cdc25,which
in turn dephosphorylates andactivates Cdc2 (Cdc2 may also inactivate Weel). This sudden exponential rise in kinase activity simultaneously changes the phosphorylation states of many target
proteins and effectively throws a switch which initiates mitosis (Table 2.4). Weel and Cdc25 process
intrinsic signals and integrate signals from the environment, and are probably the main checkpoint
regulators. Weel activation is regulated by a kinase Niml, which is responsive to the nutritional
status of the cell. Checks forcompletion of DNA replication or the presence of damaged DNA are
mediated through a group of genes, including cdcl8, cdtl and cut5, whose productsare thought to
form a recognition complexwhich is monitored by Radl,Rad3, Rad9, Radl7, Rad26 and Husl.The
downstream targets for thesesignals may be Cdc25 or Weel or both. Rad3has recently been shown
to phosphorylate Chkl, which in turn phosphorylates Cdc25 and causes it to be sequestered in a
complex with 14-3-3 protein. In animals, there may also be a mechanism which regulates CDC2
kinase activity independently of phosphorylation on Tyr-15.
The checkpoints for DNA
damage andDNA replication are different in S. cerevisiae, which lacks
a definite G2 phase. In this species, the cell forms a spindle and arrests in metaphase in response to
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Figure 2.5 Control of entryinto mitosis in S. pombe. Entry into mitosis requires active CdcPICdcl3 kinase
which phosphorylates and activates a number of proteins required
for the appropriate structural changes in
the cell. Cdc2ICdcl3 activity is controlled predominantly by phosphorylation ofCdc2 Tyr-15, which is
regulated by the opposing activitiesof Cdc25 phosphatase andWee1 kinase. Both these regulatorsare
themselves regulated by intrinsic and extrinsic signals(e.g. incomplete DNA replication, nutritional status), as
discussed in the text.

Table 2.4: Structural changesin the cell at the beginning ofthe M phaseand the role of M-phase kinase
RoleSubstrates

in mitosis

Cdc25
Positive
feedback
loop to generate
surge
of M-phase
kinase
activity
Anaphase promoting complexNegativefeedback
loop to inducedegradationofcyclin.Causes
(This is likely to be an indirect transient spike of M-phase kinase
activity at onset of the M phase
substrate)
Histone
H1,
HMG
proteins
Condensation
chromatin
of
TFIID,TFIIIB,poly(A)polymeraseInhibitionofbasal
transcription
Regulation
of
transcription
(phosphorylation
of SW15 inhibits nuclear
SBF, SW15 (S. cerevisiae)
import)
Lamins
Phosphorylation
nuclear
lamins
causes
of
dissociation into subunits
which breaks down nuclear lamina and may drive dissolution the
of
nuclear membrane
Mitotic spindle assembly
RMSA (regulator ofmitotic
spindle assembly)
Vimentin
Reorganization of cytoskeleton
Caldesmon is an actin filament regulator and MLC
interacts with actin
Caldesmon, Myosin light chain
to form contractilering at the site of cytokinesis. Phosphorylation
inhibits this activity
Caeseinkinase II Q and p
Proteinkinases with regulatoryrolesor specificity for otherdownstream
subunits,
c-Src.
c-Ab1
taraets?
Note that the nuclear membrane breaksup in higher eukaryotesbut not in yeast, where the nucleus as well
as the cell undergoes division (karyokinesis).
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DNA damage or incomplete replication. The target for the checkpoint control is the anaphasepromoting complex (APC; see below), whichis thought to promote the metaphase-anaphase transition bylinking ubiquitin to the mitotic cyclindestruction box. The DNAdamage checkpoint appears
to be mediated by a protein called PDS1, which may control sister chromatid separation or may
function indirectly by inhibiting APC. Interestingly, the DNA replication checkpoint of Aspergillus
niduluns involves both control of Cdc2 (through Wee1 and Cdc25) and a downstream component,
NimA kinase, through the productof the bimE gene. BimE is a component of the A. niduluns APC.
Mitosis. The M-phase CDK-cyclin complex
phosphorylates target proteins mediating the structural

changes occurring during mitosis (condensation of chromatin, assembly of the spindleapparatus,
reorganization of the nucleus and assembly of the cytokinetic machinery),although fewtargets have
been precisely defined (Table 2.4). One critical but probably indirect target of the M-phase kinase is
the anaphase-promoting complex(APC),a destruction box-dependent ubiquitin ligase which facilitates the sudden degradation of mitotic cyclins (in animals, cyclin A at metaphase and cyclin B at
the metaphase-anaphase transition - the differential timing may reflect the efficiencies of the
destruction boxes). Other APC targets include proteins required for maintaining the association of
sister chromatids, possibly kinetochore components or perhaps a more generally distributed factor
-a candidate is S. cerevisiue PDS1, as discussed above. Another importanttarget of M-phase kinase
is the myosin light chain, which inits phopshorylated state is prevented from binding to actin and
thus from forming the cytoskeletal ring required for cytokinesis.Degradation of cyclin B is dependent upon chromatin alignment the
on mitotic spindle, so it is possiblethat formation of the APC is
dependent upon kinetochore attachment and inhibited by unattached kinetochores. The inactivation of M-phase kinase (triggered by degradationof cyclin B) allows M-phase kinase substrates such
as myosin to be dephosphorylated, thus facilitating the cytoskeletal organization which precludes
cytokinesis, the reconstruction of the nuclear lamina and decondensation of chromatin. The cell
ensures the correct order of events in mitosis, as for the cell cycle as a whole, by organizing them
into a dependent series (Table 2.5).
Table 2.5 The stages of mitosis with important cellular events indicated and molecular mechanisms (where
known) in italics
Staae

Critical events

ProphaseM-phasekinaseactivated.Chromatincondensesandmitoticspindlebeginstoform.
These are probably direct resultsof phosphorylation of target proteins by M-phase
kinase
Prometaphase In metazoans, breakdown of nuclear envelope allows mitotic spindle access to
chromosomes. Some spindle microtubules attach to kinetochores. Nuclear reorganization
is also directly regulated by M-phase kinase. When all chromosomes attached to spindle,
APC activated by CDC2OISlp1 following inhibitionof MADIBUB pathway
MetaphaseCyclin
A degraded.Chromosomesguidedto metaphase plate held by tension
between opposing poles of spindle, which are attached to sister kinetochores
AnaphaseCyclin
B degraded;M-phasekinaseinactive.Pairedkinetochoresseparatetowards
poles as kinetochore microtubules shorten; poles also move apart
as polar microtubules
repel each other. Proteolytic machinery responsible for cyclinB degradation probably
This stage
also targets a protein whichbinds sister chromatids together (ScclIMcdl).
must be dependenton completed chromosome alignment. The nature of the early
metaphase signal which prevents cyclinB destruction and precocious segregationis
unknown, but constitutesa major cell cycle checkpoint
TelophaseSubstrates
of M-phasekinasedephosphorylated(includingmyosinlightchain,nuclear
lamins, histones). Chromosomes ieach poles, nuclear membrane reforms, chromatin
decondenses, contractilering assembles
CytokinesisContractile
ring completed.Cellconstrictsaroundremains
of mitoticspindleand
cleaves into two daughter cells
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2.5 Special cell cycle systems in animals
Exit from the cell cycle. As discussed above,the withdrawal of growth factors fromanimal cells at

a critical period during G1 causes them to cease growth and exit from the cell cycle, entering a
quiescent state termed Go. This may bea transient response to the withdrawal of growth factors, a
permanent aspect of differentiation (e.g. in neuronsand muscle cells), or regulated during development to control the final size of a growing structure. The absence of growth factors stimulates exit
from the cell cycle because growth factors are required for the synthesis of the D cyclins; these are
very unstable proteins replenished only by new transcription early in GI. It is this transcription
growth factors
which is activated by growthfactor signaling (see Signal Transduction). In summary,
are ligands for receptor tyrosine kinases which initiate a signal transduction cascade through Ras,
Raf and MAP kinases, eventually activating transcription factors in the nucleus. The targets for
these transcription factors are a set of so-called immediate early genes, some of which also encode
transcriptional regulators likely to activate D-cyclin transcription. Go cells stimulated with growth
factors enter the S phase several hours later, reflectingthe time taken for D-cyclin mRNAto appear
in the cytoplasm.
Withdrawal from the cell cycle can also be stimulated by growth inhibitors such as TGF-P,
contact inhibition or loss of substrate. These diverse signals act through a family of small cyclindependent kinase inhibitors (CKIs) targeting specific components of the cell cycle machinery. The
p16 family of inhibitors specifically inhibit CDK-D cyclins by preventing both their assembly and
their ability to phosphorylate the RB-1 protein (q.v. tumor-suppressor genes). The p21 and p27 families inhibit all CDK-cyclin activities and thus arrest the cell cycle by inhibiting the activity of
CDK-cyclin D complexes by preventing their activation by CAK (which is itself a CDK-cyclin
holoenzyme) and also by blocking the activity of cyclin E and cyclin A-containing complexes,and
the PCNA/6-DNA polymerase complexitself.The CKIs. also integrate signals from intrinsic
pathways. A major pathway of DNA damage regulation works through the p53 regulator which
activates p21 (see Oncogenes and Cancer).
As wellas stimulating D-cyclin synthesis,growth factors facilitate cell
growth by repressing many
of the CKIs discussed above. Ironically, it has been found that p21 or p27are constitutively present
in the celland comprise part of the normal, functional CDK-cyclin complex. Stoichiometric
binding
of the inhibitory proteins does not affect kinase activity, but inhibition occurs at higher concentrations. p21 is also capable
of direct interactionwith PCNA/DNApolymerase 6, so that DNA damage
blocks DNA replication directlyrather than signaling through a CDK-dependent kinase cascade.
Apoptosis as an alternative to cell cycle arrest.Apoptosis is programed cell death, a form of

cell death initiated by the cell itself in responseto various intrinsic and external signals (as opposed
to necrosis which is caused by damage, infection or injury). Apoptosis has an important role in
development and is also a defence against chemical insult and infection. The inhibition of apoptosis can lead to cancer.
The behavior of a cell undergoing apoptosis is distinct from that of a necrotic cell.It involves condensation and peripheralization of chromatin, lossof cytoplasm, fragmentation of the nucleus, compaction of organelles, the disestablishment of communication with neighboringcells, fusion of the
endoplasmic reticulum with the outer cell membrane and finally fragmentation of the cell into
numerous apoptotic bodies which are engulfed by surroundingcells. There isno inflammationas
seen with necrosis. Prior to chromatin condensation, DNA is degraded intosmall fragments representing multiples of the nucleosome unit.
Central to the control of apoptosis is the BCL-2 family of cell death regulators. BCL-2 itself is a
survival factor (i.e. it inhibits apoptosis) and is homologous to the C. elegans CED-9 protein
expressed in all surviving cells during development. Other family members (e.g. B M , BAD and
BAK) are stimulators of apoptosis. The proteins form dimers, and competition between them,
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reflecting their relative abundances, determines the fate of the cell. The effectorsof BCL-2 signaling
are a family of cysteine proteases related to the interleukin-lp converting enzyme (ICE proteases).
A number of such enzymes are synthesized by mammalian cells as inactive zymogens and are activated in a proteolytic cascade, culminating in the activation of proteins such as poly(ADP)ribose
polymerase and nuclear lamins, the direct effectors of apoptotic cell behavior.
The signal transduction pathways leadingto apoptosis are not fully understood. One pathway
involves p53 (see Oncogenes and Cancer), which initiates apoptosisin response to DNA damage in
some cell types (e.g. skin cells) by inhibiting BCL-2 and activating BAX. In other cells, p53 arrests
the cell cycle in G1 by activating the CKI proteins which inhibit CDK-cyclin complexes and stressactivated protein kinases (q.v.). This pathway appears notto be involved in apoptosis occurring during development (e.g. in the interdigital regions of the mouse limb bud) as mice homozygous for a
deletion of TP53 develop normally.
Other signals, e.g. growth inhibitory factors such as TGF-P, can also induceapoptosis, and doso
through BCL-2 family proteins but independently of p53. There are also signaling pathwaysinfluencing the ICE family proteases directly. For example, tumor necrosis factor (TNF) initiates the
apoptotic signalingcascade by revealing an 80 residue cytoplasmic death domainwhich is shared
by the TNF receptorand several otherreceptors and intracellular apoptotic signaling molecules (e.g.
TRADD, Fas, MORT1 and RIP), all of which activate the ICE proteases. CrmA is an ICE protease
inhibitor encoded by cowpox virus. This is a survival
factor which blocks
apoptosis induced by
p53,
TGF-P and TNF, allowing the virus to avoid the lethal consequences of this response to infection.

References
Hartwell, L. (1995)Introduction to cell cycle controls.
In: Cell Cycle Control: Frontiers in Molecular Biology
(eds C.M. Hutchinson and D.M. Glover), pp. 1-15.

IRL Press, Oxford.
Murray, A.W. and Hunt, T.

Introduction. W.H.Freeman,NewYork.
Osmani, S.A. and Xiang, S.Y. (1997)Targets of checkpointscontrollingmitosis:Lessonsfromlower
eukaryotes. Trends Cell Biol. 7 283-288.

(1993)The Cell Cycle: An

Further reading

Johnson, L.N. (1997)The cyclin box fold protein
recognition in the cell cycle and transcriptional co
trol. Trends Biochem. Sci. 22: 482-487.
1948-1949.
Donachie, W.D. (1993) The cell cycle of E. coli. Annu. Pines, J. andHunter, T. (1995) Cyclin-dependent
kinases: An embarrassment of riches? In:Cell Cycle
Rev. Microbiol. 4 7 199-230.
Control:Frontiers in MolecularBiology (edsC.M.
Dynlacht, B.D. (1997)Regulation of transcription by
HutchinsonandD.M.Glover),pp.
144-176. IRL
proteinsthatcontrolthecellcycle.
Nature 389
Press, Oxford.
149-152.
J. (1996)Cell division.
Gottesfeld, JM. and Forbes, D.J.(1997)Mitotic repres- Rothfield, L.I. and Garcia-Lara,
In: Regulation of Gene Expression in Escherichia coli
sion of thetranscriptionalmachinery.
Trends
(eds E.C.C. Lin and A.S. Lynch), pp. 547-570. R. G.
Biochem. Sci. 22 197-202.
Landes/Chapman & Hall, New York.
Lane, H.A. and Nigg, E.A. (1997)Cell cycle control:
J.M. (1995)Inhibitors of mamPOLO-like kinases join the outer circle. Trends Cell %err, C.J. and Roberts,
Genes Devel. 9
maliancyclindependentkinases.
Biol. 7 63-68.
1144-1163.
Lutkenhaus, J. (1997) Bacterialcytokinesis:Letthe
Vaux, D.L. and Strasser,A. (1996)The molecular biollight shine in.Curr. Biol. 7:R573-R575.
ogy ofapoptosis. Proc.NatlAcad.Sci.
USA. 93:
McCall, K.and Steller, H.(1997)Facing death in the
2239-2244.
fly: Geneticanalysis of apoptosisin Drosophila.
Wake, R.G. and Errington,J. (1995)Chromosome parTrends Genet. 13 222-226.
Nasmyth, K. (1996)At the heart of the budding yeast titioning in bacteria.Annu. Rev. Genet. 2 9 41-67.
cell cycle. Trends Genet. 12 405-412.
Noble,M.E.M.,Endicott,
J.A., Brown,N.R. and

Baylin,S.B. (1997)'Qing it all together: Epigenetics,
genetics,
cell
cycle
and
cancer.
Science 277

Chapter 3

Chromatin
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Fundamentalconceptsanddefinitions
The DNA in eukaryotic chromosomes exists in
a complex with an approximately equal mass
of protein, forming a highly ordered nucleoprotein substance termed chromatin.
The protein component of chromatin consists primarily of histones plus a small amount of
other proteins, collectively termed nonhistones. The histones are relatively homogeneous and
are responsible for the fundamental aspects of chromatin structure, whereas the nonhistone
proteins are heterogeneous and perform many different functions. DNA
The in each chromosome isa single, very long molecule (the unineme model).
A eukaryotic nucleus is no more than
1 km in diameter, yet it contains
up to lo9 bp of
DNA,which would measure several meters if extended. The DNA must therefore be highly
folded, a property expressed as its packaging ratio
- the ratio of the length of DNA in
the nucleus to its theoretical free length. The packaging ratio in the interphase nucleus
is
approximately 103.
The packaging of DNA into chromatin is highly organized and is achieved through several
a
hierarchical ordersof structure. Chromatin is not merely a structural phenomenon, but has
great impact on gene activity. The organizationof chromatin is used to regulate gene expression and isa basis of epigenetic cell memory.

3.1 Nucleosomes
Nucleosome structure. Nucleosomes are the fundamental units of chromatin. They are foundin all

eukaryotes (with the exception of the dinoflagellates) and are conservedin structure. When nuclei
are lysed in a low salt solution, the chromatin decondenses and nucleosomes can be observed
resembling beads ona string.
The relationship between DNA and the nucleosome canbe investigated using nucleases (Figure
3.2). Limiting digestion of decondensed chromatinseparates the nucleosomes into short fragments
consisting of single nucleosome units (mononucleosomes) and multimers thereof. The DNA associated with the mononucleosomes is of a constant length, usually in the order of 200 bp (the exact
length is species- and cell-type-specific). Electrophoreticseparation of DNA liberated from digested
chromatin thus produces
a characteristicladder of fragments witha periodicity reflecting the length
of the mononucleosomal DNA.This suggests that the nuclease cleavesat the same relative position
between each nucleosome.
In most species, further nuclease digestion reduces the length of DNA isolated fromthe nucleosuggesting that the initial cleavage is followed by rapid
somes to 165 bp. This occurs in a single step,
trimming of the trailing DNA ends. The DNA that remainsis protected by the proteins of the nucleosome particle, whichat this stage is termed achromatosome.
Further nuclease digestion reduces the DNA to 146 bp inlength, and liberates some protein from
the nucleosome. Thislength of DNA is conserved throughout the eukaryotes andis relatively resistant to further nuclease attack.It represents the DNA intimately associated with the proteins which
comprise the nucleosome core. The particlethus formed, the nucleosome core particle, consists of
a histone octamer containing two copies eachof histones H2A,H2B, H3 and H4, and 146 bp of core
DNA which is wrapped around this octamer twice. The core
particles are joined together by linker
as the
DNA, whose length varies between speciesand between different cell types. In most species,
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omatosome

Nucleosome core particle

Figure 3.1: The nucleosome structureof chromatin. Liberated DNA appears as beads on a string, which are
nucleosomes joined by linker DNA. Mild cleavage with micrococcal nuclease generates mononucleosomes;
further digestion removes most linker DNA to generate single chromatosomes. Intense digestion removes
DNA associated with histone H1, which dissociates leaving a nucleosome core particle containing146 bp

of DNA.

DNA enters and leaves the core particle it is associated with a single copy of a linker histone
(histone H1) whichis thought to seal the DNA in place.
The consequencesof nuclease treatment can be summarizedas follows: initial nucleasedigestion
cleaves the linker DNA at a specific point and then trims the ends until the remaining DNA is
protected by histones. Further digestion removes the DNA associated with histone H1, whose loss
suggests that it lies outside the core, but close to it. The remaining DNA is that protected by the
nucleosome core itself. In yeast chromatin, there appears to be no linker histone. Initial cleavage
generates mononucleosome DNA of just 164 bp, which is trimmed in a single step to the 146 bp of
core DNA. The linker DNAbetween nucleosome core particles is thus 18 bp in length, the shortest
linker DNA known.However, histone H1 genes havebeen identified in the yeast genome.
Histones. Histones are highly basicproteins (rich in positively charged lysine and arginine residues)

which fold to form a compact core
with a protruding N-terminaltail. The positiveresidues interact
with DNA by formingsalt bridges with the negatively charged DNA backbone, while the tails are
targets for posttranslational modification and facilitate nucleosome-nucleosome interactions, and
interactions with other chromatin proteins. Several hundred histone sequences have been determined andthey show remarkable conservation across the eukaryote kingdom.Histones H3 and H4
are the moststrongly conserved, whilst the linker histones show the most diversity. Allthe histones
except H4 exist as multiple isoforms (isohistones) whose relative predominance in chromatin
varies
in a cell-type-specific manner. The
linker histones show the most isotypic diversity and can be divided into several subclasses (e.g.H1, H5, HlO).
Histones possess an inherent ability to associate and form various complexes in the absence of
DNA, notably the (H3-H4)2 tetramer and the H2A-HZB dimer. Eachhistone contains a three-a-helix
motif called ahistone fold which facilitates theseinteractions. The tetramer can organize DNA into
nucleosome-like particlesin vitro, and if the other histones are added, chromatinwill assemblespontaneously. This occurs slowly, however, and rnolecarlur chaperones (q.v.) are required to help assemble
nucleosomes in vivo (see below). Thestructure of the histone octamer has been investigated using Xray crystallography and cross-linking studies, and hasrecently been solvedat a resolution of 2.8 A.
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H2A-H2B dimers fit above and below a central (H>H4)2 tetramer, and the cylindrical particle thus
formed possesses an outer surface which describes the superhelical path taken by DNA. Thepath is
not smooth, however, but distorted because of several bends. As DNA enters and leaves the
octamer, it is bound byextensions of the H3histone protein.
All histones appear to undergo some form of posttranslational modification, usually on the
N-terminal tail, and in many cases, specific patterns of modification correlate to changes in chromatin function. The acetylation of histones H3 and H4 is a marker of accessible ‘open’ chromatin,
although a number of recent experiments suggest the relationship between acetylation and genetic
activity is not a simple one. Histones H3 and H1
are phosphorylated and,at least in the slime mould
Phsyarum, the level of H1 phosphorylation varies in a cell cycle-dependentmanner. Varioushistones
are also methylated, or conjugated with ubiquitin or poly-ADP-ribose, although the significance of
these modifications is unclear. Histone tails are long and unstructured, but ordered by nucleosome-nucleosome interactions. The modification of histones is therefore thought to disrupt interactions between nucleosomes and thus perturbhigher order chromatin structure.
Nonhistone proteins. The histones represent the bulk of protein in chromatin and are relatively

homogeneous in nature. The remaining chromatin proteins, collectively described as nonhistone
proteins, represent a small but extremely heterogeneous fraction. The nonhistone proteins include
enzymes involved in DNA and histone metabolism, replication, recombinationand transcriptional regulation (q.v.).They also include the scaffold proteins which organize higher order chromatin
structure (as discussed below), and the high mobility group proteins(HMG proteins), which are
highly charged proteins with various functions in gene regulation and structural organization. Of
these, the HMG14/17 family of nucleosome-binding proteins are enriched in active chromatin and
are thought to help decondense higher order chromatin structure. The HMGI/Y family proteins,
whose precise role isnot known, preferentiallybind to repetitive AT-rich DNA, and like histone HI,
they can bephosphorylated by cyclindependent kinases (see The Cell Cycle). The
principal effect of
HMG proteins in packaging and transcriptional activation is to introduce sharp bends into the
DNA. In a packaging context, thismay be required forDNA to adopt particular three-dimensional
configurations, whereas in a transcriptional context it maybring regulatory factors at different sites
into proximity (q.v. SRYfactor, enhnceosome). A further class of nonhistone proteins, termed protamines, facilitate the packaging of DNA into the sperm head. These proteins align the major grooves
of adjacent DNA duplexes andfold the DNA into a highly compact array of parallel fibers.
HistoneDNA docking andthe /inking number paradox.DNase I or freeradical cleavage of nucleo-

some core particles generates DNA fragments with 10-11 bp periodicity, suggesting that the DNA
wrapped round the histone octamer is in the B-conformation (see Nucleic Acid Structure). The
pattern of cleavage varies across the surface of the nucleosome, with morefrequent cleavage at the
ends and less frequent cleavage in the middle, indicating that the structure of the DNA changes as
it wraps aroundthe octamer. The DNA is wrapped twice around the core, and the path it follows
should create approximately 1.8 turns of negative supercoil. However, experiments designed to
measure the degree of supercoiling generated by the sequestration of DNA into nucleosomes show
that each nucleosome actually generates just one turn of negative supercoil. The discrepancy is
termed the linking number paradox (q.v. DNA topology) and is explained by the decreased pitch
(number of base pairs per turn) of nucleosomal DNA (10.2) compared withfree DNA.
Position of nucleosomes on DNA.Nucleosomes do not form randomly on DNA, but occupy pref-

erential sites. This property is termed nucleosome phasing, and can be demonstrated by treating
chromatin with micrococcal nuclease and a restriction endonuclease. A discrete DNA fragment is
obtained because the restriction site in the DNA is found at the same position relative to the nucleosome in each chromatin strand. Nucleosome phasing may occurin two ways, either by positioning
the histone octamer at a particular sequence because its structure is favorable for winding, or by

38

Advanced
Molecular

Biology

positioning it relative to a particular boundary wherenucleosomes are excluded. Both types of phasing have been observed. The tendency of particular DNA sequencesto curve influences nucleosome
positioning, as does the presence of other proteins in nucleosome-free regions, e.g.
at promoters and
enhancers. In yeast chromatin, nucleosome phasing is observed in transcriptionally repressed chromatin, whereas in active chromatin, the nucleosomes adopt random positions. This suggests that
nucleosome phasing may be an
initial requirement for higher order chromatin structure.

3.2 Higher order chromatin organization
The 30 nm fiber. The winding of DNA into nucleosomes represents only the first level of structural
organization. When nuclei are lysed in a low salt solution, the characteristic beads ona string structure, termed the 10 nm fiber, represents a packaging ratio of fiveand lacks histone HI. At a higher
salt concentration, chromatin adopts a more compact structure which requires histone HI. This is
probably a coiled fiber of 2 5 4 5 nm in diameter (it is termed the 30 nm fiber), although alternative
models suggest a zigzagging organization, or that nucleosomes do not form a regular structure, but
irregular clumps, or superbeads, which are arranged in linear fashion to forma fiber.
A number of different structures have been proposed for the coiled 30 nm fiber based on its
density (6-8 nucleosomes forevery nucleosome in the 10 nm fiber - a packing ratio of 40), and On
X-ray diffraction evidence suggesting that the nucleosome discs are packed with their flat faces
parallel to the helical axis, although with a variable degree of tilt. Most controversy surrounds the
role of linker DNA and the position of histone H1, which mayform polarized filaments perhaps by
cooperative binding.
Chromatin /OOPS. The gross organization of chromatin in the interphase nucleus is poorly understood, but it is thought that the 30 nm fiber is attached at various points to the nuclear matrix’ to
form a series of loops containing 30-100 kbp of DNA (the folded fiber model). Theloops can be seen
in scanning electron micrographs of protein-depleted chromatin, with their bases attached to scaffold proteins of the nuclear matrix (also q.v. lampbrush chromosome). The functional significance of
the loops is not understood, but they may correspond to the chromatin domains discussed below,
which have been identified by genetic and biochemical analysis.

Euchromatin andhetemchromatin.Interphase chromatin existsin two distinct forms: diffuseeuchro-

30 nm fibers minglingand tangling together in the nuclematin, which is believed to comprise looped
oplasm, as discussed in the preceding paragraph, and highly condensed heterochromatin, which is
believed to adopt a higher order structure and tends to clusteraround the nuclear periphery.
Heterochromatin is usually transcriptionally repressed,
and is assumed to have adopteda higher
order structure similar to mitoticchromatin whichexcludes transcription regulatory proteins. The
nature of this structure is unknown although the DNA sequence is not critical, for as well as
constitutive heterochromatin (which is condensed in all cells at all times and is often found near
the centromere), eukaryotic cells contain facultative heterochromatin, which is maintained in a
repressed form in some cells but not others (an example is the inactive X-chromosome). It is likely,
therefore, that specific nuclearproteins are involved in the control of heterochromatinstructure, and
candidates have been identified in several organisms on the basis that they regulate the related
lThe nuclear matrix (also called thenuclear scaffold)is a group of structures which remain
in the nucleus when .
it has been extracted with detergents, nucleases and high concentrations of salt.
It comprises a fibrous proteinaceous network which may well subdivide the nucleus into compartments and organize individual chromosomes. The composition of the matrixis poorly characterized, but it
does contain topoisomerase11, which is
also a component of the central scaffold of the metaphase chromosome, orchromosome core.There is tantalizing evidence for the involvement of chromatin-matrix interactions in the initiation of replication and tranof the matrixin DNA function.
scription, but thereis much to be learned about the role
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phenomenon of position effect variegation (see below). Heterochromatin also contains a high proportion of specifically modified histones and, in higher eukaryotes, correlates with increased levels of
DNA methylation (qv.).

~

Metaphase chromosomes.Chromatin is most condensedat mitotic metaphase wheneach chromo-

~

~

some is packaged as a tiny discrete structure to facilitate segregation. Again, little is known about
the organization of chromatin in this highly compact form (packaging ratio lo5). It is known that
highly condensed fibers are arranged in loops upon a proteinaceous scaffold which formsa central
helix fromwhich the loops of chromatin radiate. It is not known whetherthese loops are equivalent
to loops of chromatin in the interphase nucleus although, as discussed below, similar DNA motifs
may be involved in their attachment. The scaffoldsof each sister chromatid twist in opposite directions and appearto be joinedtogether in the initial stages of mitosis.
A remarkable aspect of mitotic chromatin is that even in its highly condensed state it retains a
memory of which genes were transcriptionally active and which repressed in the previous interphase. DNA is therefore not packaged uniformly in the mitotic chromosome, allowing the specific
arrangement of open and closed chromatin domains to be reinstated when the chromatin decondenses at the following interphase. The differential packaging of mitotic chromatin is revealed by
disruptive chromosome banding techniques (q.v.) which generate reproducible patterns of dark
and light bands, corresponding to domains of genetic activity and inactivity determined through
biochemical analysis.

3.3 Chromatinandchromosome function

l

Chromatin and access to the infomation in DNA. The organization of DNA into highly ordered
structures (within which it is closely associated with proteins along its whole length) presents a
problem for the proteins which mediate DNA function. In particular, both replication and transcription must occur in the context of nucleosomal organization, both involving large enzyme complexes which translocate processivelyalong DNA and unwind it. Both DNA polymerase and RNA
polymerase are substantially larger than a nucleosome. It is important to consider how these
proteins have access to the information in DNA when it is organized into chromatin.
Nucleosome structure during DNA replication. The unique pattern of nuclease sensitivity within

the replication forkindicates that the separation of parental strands duringreplication displaces histones from the DNA. The free histones are thought to reassociate immediately with the daughter
duplexes, as histones displaced by replication in vitro rapidly assemble into nucleosomes on competitor naked DNA. This is confirmed by scanningelectron micrographs of replicating SV40 DNA,
which show nucleosome beading on the parental strand and both daughter strands immediately
adjacent to the replication fork.
The replication of chromatin is dispersive rather than conservative. Histones displaced from the
parental duplex demonstrate no
preference foreither daughter duplex, and appearto mix with newly
synthesized histones which accumulateduring the G1 stage of the cell cycle (q.v.). The precise assembly mechanismin vivo is not understood, but it is thought that a molecular chaperone called N1/N2
initiates nucleosome formation byloading the (H3-H4)2 tetramer onto DNA, whilst another chaperone, nucleoplasmin, facilitatesthe docking of H2A-H2B dimers. A challenging problem concerning
chromatin function is how activeand repressed chromatin domainsare stably propagated through
successive rounds of replication. This is likely to reflect the distribution of specifically modified
parental histones onto both daughter duplexes immediately
following the passage ofthe replication
fork, preserving preexisting chromatin structure. However, replication would allow competition
between nucleosomes and transcriptional complexes for occupationof strategic DNA sites, providing an opportunity for the state of commitment of the cell to be changed, especially if a new
transcriptional regulatoris synthesized prior to replication. The outcome
of such competitions would
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presumably reflect the affinity of regulatory complexesfor DNA and their effectiveconcentration in
the cell (see below).
Nucleosome s t ~ c during
t ~ ~transcription. Transcription, like replication, displaces nucleosomes

from DNA,and reassembly appears to occurin the wake of the RNA polymerase. Mosttranscribed
genes thus retain a nucleosome structure, although the pattern of nucleosomephasing characteristic
of nontranscribed genes is lost, resulting in a smear of DNA fragments following digestion with
micrococcal nuclease and a restriction enzyme, rather than a discrete band. Experiments which
examine the progress of the polymerase complexthrough the nucleosome have shown that pausing
occurs about half-way through the core DNA, which may reflect the build-up of torsional strain as
the enzyme attempts to negotiate the first coil released fromthe nucleosome. Thestrain is released
as the enzyme moves past this point, indicating that the octamer is expelled. Theoctamer then reassociates with DNA behind the enzyme, perhaps because it remains attached to the nontranscribed
strand, or perhaps because it is transiently associated with the enzyme itself.
In heavily transcribed genes suchas the rRNA genes of Zampbrush chromosomes (q.v.), the extended conformation of chromatin indicates that it is nucleosome-free. This probably reflects failure of
the displaced histones to reassemble onposttranscribed DNA because of a following transcriptional
elongation complex. In very active genes, there would be a convoy of RNA polymerases which
would maintain anindefinite nucleosome-free regionof chromatin.
Chromatin domains.The structural properties of transcriptionally active or potentially active chro-

matin are distinct from those of inactive chromatin. Transcribed chromatin hasa general increased
sensitivity to DNase I digestion, which may reflectits less condensed packaging. This is described
as openchromatin, and whilst it is true that transcription itself disrupts nucleosome structure, the
extension of DNase I sensitivity for several kilobases either side of the actual transcription unit, and
the maintenance of sensitivity in the absence of transcription suggests that this phenomenon
involves organization at a higher level than the nucleosome.
The extent of DNase I sensitivity defines a conceptual chromatin domain,a region of chromatin
whose activity is independent from that of other domains. Superimposed uponthe general DNase
I sensitivity are further DNase I hypersensitive sites. These are found flanking the transcription
unit, and are preferentially cleaved at low DNase I concentrations. Suchsites are usually about 200
bp in length and often correspond to cis-acting regulatory elements (q.v. enhancw, locus control
region); they are believed to represent nucleosome-free regionswhere transcription regulatory complexes bind to DNA. This has been confirmed in the case of the SV40 genome, where molecular
analysis of DNase I hypersensitive sites has shown correspondence to regulatory elements, and
topographical analysis by scanningelectron microscopyhas identified nucleosome-free regions. The
molecular basis of open chromatinstructure is not fully understood, although there are some interesting correlations. Open chromatincontains a generally higher proportion of N-terminal acetylated
core histones and HMG14/21 proteins than bulk chromatin, and is relatively depleted for linker
histones. Since linker
histones are required forchromatin to adopt the 30 nm fiber, and since histone
N-terminal tails facilitate nucleosome-nucleosome interactions,is it
possible that the transition from
repressed chromatin to open chromatin involves the decondensation of the 30 nm fiber to a simple
10 nm fiber organization, stabilized by
nonhistone proteins. Histone acetyltransferases and deacetylases have been shown to be recruited by some transcription factors, providing a mechanism for
chromatin remodeling as an initial step in transcriptional activation and repression. In mammals
and plants, repressed chromatin is often associated with high levels of DNA methylation, which
may also play a major role in the epigenetic regulation of gene expression (see DNA Methylation).
However, DNA methylation is absent from many lower eukaryotes, including, for example, yeast
and DrosophiZa.
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The division of eukaryotic genomes into functionally discrete domains is particularly conspicuous in mammals because the chromatin structure is reflected in the topography of the chromosomes at the M phase (see Chromosome Structure and Function). A variety of disruptive staining
procedures (notably G-banding and R-banding, q.v.) reveal a reproducible pattern of dark and light
transverse bands which are thought to correspond to areas distinguished generally by the density
of chromatin structure. The G-bands correspondto chromosome bands revealed by other methods,
such astransient replication banding (which can specifically labelearly and late replicating DNA)
and D-banding, which identifies regions of DNase I sensitivity. Molecular analysis shows that the
DNA within these regions differs with respect to sequence content and architecture, providing
evidence for a high level bkphsic organization (q.v.) of the mammalian genome (see Genomes and
Mapping).

Domains and boundaryfunctions. Chromatin is physically divided into discrete and topologically
isolated regions. This is
demonstrated bythe loop and scaffold appearance of protein-depleted chromatin, the lateral loops of lampbrush chromosomes (4.v.) and the reproducible banding pattern of
Drosophila polytene chromosomes (q.v.). Chromatin loops appear to be tethered to the nuclear matrix
at their bases, and it is likely that this involves specific nucleoprotein complexes. The significance
of
the chromatin loops is unclear, but it is possible that they represent the functionally independent
domains discussed above. This would allow adjacent domains to adopt different orders of chromatin packaging, and would providea mechanism for enhancer monogamy, where the
activity of
a distant enhancer is confinedto its target gene.
If loops are equivalent to domains, it can be predicted that specific DNA sequences would be
associated with the nuclear matrix, that these sequences should map near
the borders of biochemically defined chromatin domains, andthat they should be able to isolate genes from the effects of
adjacent domains, i.e. they should act as insulatorsor boundary elements.
Putative matrix-associated regions (MARS) (also known as scaffold attachment regions
(SARs)) have beenidentified in two complementary approachesby their ability to bind to nuclear
matrix proteins. Fragmented DNA exposed to matrix components can trap putative MARS in the
insoluble fraction, and protein-depleted chromatin digested with nucleases should leave only
MARS protected from nuclease activity. These procedures have identified a number of AT-rich
elements with no
strong sequence conservation except a recognition site for topoisomerase11,a component of both the nuclear matrix and the metaphase scaffold. It is possible that topoisomerase 11
could divide chromatin into topologically isolated domains.
Boundary elements havealso been identified by their cytological
and biochemical properties, i.e.
they map atthe boundaries of known chromatin domains and
contain nuclease-hypersensitive sites.
Such elements include the Drosophila special chromatin structures (scs and scs‘) and the chicken and
human P-globin HS5 element from thelocus control region(4.”). A genuine boundary element would
be able to establish an independent chromatin domain in an autonomous fashion, and this is
thought to be the role of the P-globin locus control region (LCR)
in vivo. This function can be tested
in two ways: by assaying for protection of a transgene against endogenous position effects using
flanking boundary elements, and bytesting for the insulation of a gene fromthe effects of an adjacent enhancer bythe interposition of a boundary element. Thishas been achievedin the case of the
Drosophila scs-like elements, the chicken P-globin LCR 5HS site and the chicken lysozyme gene A
element. There is a degree of functional interchangability between the elements. The P-globin LCR
5HS site, for instance,functions in Drosophila, but the scs-like elements do not function in transgenic
mice. The chicken lysozyme A elements suppress position effects both in transgenic mice and in
transgenic plants (also q.v. gypsy transposon).
Although the results of experiments designed to test the function of the M A R S isolated by
physical methods are inconclusive, the presence of MAR-type elements in some boundary elements
identified functionally suggests that physical division of chromatininto loops could be the basis of
the functional division of chromatin domains.
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Heterochromatin stmcture and epigenetic gene regulation. The translocation of euchromatic DNA

into heterochromatin often results in the spread of transcriptional repression into the euchromatic
region. The extent of heterochromatinization varies from cell to cell, but is clonally propagated so
that genes near the breakpoint are expressed ina variegated manner. This phenomenon, which is
termed position effect variegation (PEV), suggests that a cis-acting silencing activity can spread
across the chromosome breakpoint. The spreading effect is linear and uninterrupted; gene loci
nearest the breakpoint are inactivated most often and the repression never skips over genes. This
suggests that heterochromatin normally spreads by
proteins adding on to preexisting heterochromatin and extending it until some boundary is reached. Translocation presumably removes the
boundary, and the variable spreading which causes PEV probably reflects variable amounts of
heterochromatin-sponsoringproteins in different cells.
It is likely that heterochromatin and euchromatin proteins are found in equilibrium between
chromatin and the nucleoplasm, and that mutations encoding genes with chromatin
functions
would alter the balance of these proteins and result in a shift in the extent ofPEV following a
translocation event (these are termed antipodaleffects). Genetically,such mutations would behave
as either suppressors or enhancers of PEV, and would identify the genes involved in higher-order
chromatin structure.
In Drosophila, a searchfor such PEV modifiers has identified several cellular components witha
role in heterochromatin formation. Heterochromatin itself is one of the best PEV modifiers; by
increasing the dosage of the Y-chromosome(which is mostlyheterochromatin), PEV can be
suppressed, probably resulting from the depletion of heterochromatin proteins in the nucleoplasm.
Histones have also been identified as animportant component heterochromatinis generally poor
in acetylated H4 but rich in a particular acetylated form. Other modifiers correspond to specific
proteins which play a direct role in heterochromatin structure. These include the general protein
HP1 and some regulators of gene expression (e.g. Polycomb; q.v. homotic genes, maintenance of
diferentiution), which mediate their effects at the level of chromatin structure. Such proteins often
possess a conservedstructure, termed a chromodomain.
In yeast, heterochromatinproteins have beenidentified on the basis that mutants de-repress the
silent mating-type loci, which are usually sequestered in repressed chromatin near the telomeres
(q.v. mating type switching). As well as histones H3 and H4, the silent information regulators SIR3
and SIR4 and a further protein termed RAPl have
been identified,the spreading of heterochromatin
apparently reflecting interactions between the histones and the SIR products, facilitated by RAPl
(SIR3, for instance, interacts with the N-terminal tail of histone H4).
3.4 Molecular structure of the bacterial nucleoid
O ~ a n i z a t i ~ofn bacterial chromosomes. Bacterial cells possess a single chromosome which, like

eukaryotic chromosomes, exists as a nucleoprotein complex. Thisnucleoid doesnot condense prior
to cell division and thus does not display the compact structural features of eukaryotic chromosomes. However, it is organized into a series of looped domainswhich reflect functional as well as
structural order.
In E . coli, the looped domains are approximately 50 kbp in length and there are approximately
100 in the whole genome. Each domain appears to be topologically isolated, which may facilitate
individual topological control over different promoters. The molecular basis of this organization is
almost totally uncharacterized, i.e. it i s unknown whether the loops define specific regions of the
chromosome or form randomly,
it is unknown what sequences
of the chromosome are involved, and
it is unknown how the loops are formed and maintained. Several protein components of the
nucleoid have beendetermined (e.g. HU, Hl), although these have been identified as mutations in
genes affecting a variety of other systems, not as mutations affecting nucleoid function. This
suggests that nucleoid proteins may be functionally redundant and may influence other systems
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indirectly, e.g. by modulating the topological status of DNA, which is an important factor fortranscriptional activity (see Transcription, Nucleic Acid Structure).
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Chapter 4

Chromosome Mutation
Fundamental concepts and definitions

A chromosome mutation (or chromosome aberration)
is a mutation involving a large segment
of the genome. Such a mutation usually affects many genes
is often
and observableat the cytogenetic level, i.e.
it can be seen with a light microscope.
Chromosome mutations are numerical if they involve a deviation from normal chromosome
number, and structuralif they involve breakage and rearrangement
of chromosome segments.
Numerical mutations often result from chromosome segregation errors caused by structural
mutations, but may also reflect aberrant replication or errors at fertilization. Structural mutations result from the faulty repair of broken chromosomes or from nonallelic recombination
events. In mammals and
in Drosophila, subtle structural mutations can be detected because they
if DNA is
disrupt chromosomebanding patterns(q.v.).Structuralmutationsarebalanced
rearranged but there is noloss or gainof material, or unbalanced if DNA is lost or gained. All
numerical mutations are unbalanced.
There are four consequences
of chromosome mutations disruption, fusion, position and dosage
effects. Disruption and fusion effects occur in structural mutations and
reflect the nature of
the chromosome breakpoints before and after mutation (e.g. a breakpoint can interrupt a gene
or separate a gene from its promoter, resulting of
in gene
loss function, and fusion can join
two
genes,allowingacompositeproduct
to besynthesized,perhapswithnovelfunctions).
Position effects also occur in structural mutations and reflect global influences
on gene expression conferredby chromatin structure (e.g. a translocation may bring a normally active gene
adjacent to aregion of heterochromatincausingtranscriptionalrepression; q.v. chromatin
domain, position-effect variegation).Dosage effects occur in both structural and numerical mutations and concern the number of copies of each gene in the cell. The dosage levelsof many
autosomal genes are flexible, but, others demonstrate
hploinsuficiency (q.v.), which is one type
of dosage effect. Unbalanced chromosome mutations, especially full aneuploidies, alter the
dosage of many genes at the same time, and therefore generate multiple dosage effects. A
change in dosageof many contiguous genes, especially an entire chromosome,
is termed chromosome imbalance.
Constitutional chromosome mutations arise in the germline
or in the zygote and thus affect
every cell in the body. In humans, these give rise to specific clinical syndomes (e.g. Down's syn
drome, Klinefelter's syndome). Constitutional numerical mutations often arise due to errors
occurring during meiosis (e.g. homologous chromosomes failing to pair) or fertilization (e.g.
dispermy - the fertilizationof an egg bytwo sperm). Somatic chromosome mutationsaffect
individual cells and clones derived from them; somatic numerical mutations often reflect error
that occur during mitosis. Somatic mutations arising early in development may generate a
mosaic organismof different cell lines.
The number and nature of chromosomes in the normal genome is expressedas the karyotype
(q.v.). Specific aberrations are identified by adding information to the conventional karyotype
designation. The nomenclature is summarized Table
in 4.1.

4.1 Numerical chromosome mutations
Numerical mutations invohring full chromosome sets. The number of full chromosome sets in a

given eukaryotic cell is defined as its ploidy (Table 4.2). Many multicellular eukaryotes have a
diploid vegetative state -which includes the somatic cells - as this represents the minimal ploidy
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Table 4.1: Cytogenetic nomenclature for chromosome aberrations,with examples from human karyotypes

bol

Karyo-

mes

Symbols to identify chromosomes
and chromosome arms
1-22

x,y

PP 9
minal
onsqter pter,

ExampleMeaning

of nomenclature

Sex-chromosomes
respectively
arms,long and Short
of short
and long arms

Symbols to identify mutations

+

del
der
dUP

fra
h
i

inv
marker
r
S

t

Extra chromosome or part
of chromosomea
Missing chromosome or part
of chromosomea
Deletion: Terminal
Interstitial
Chromosome derivative(q.v.)
Duplication
Fragile site
Extra heterochromatin
Isochromosome
Inversion: Pericentric
Paracentric
Unidentified chromosome
Ring chromosome
Extra satellite material
Translocation: Reciprocal
Robertsonian

47, W, +21
46, XX,17q46, XX, del (12)@l3.3-tpter)
46, XX, del (12) (p12.1 4 12.3)
der (12)
46, W, dup (2) (q21.l +q23.1)
46, W, fra (Xq27)
46, XX,16qh+
46, X, iWq)
46, W, inv (2) (p12.lq23.2)
46, W, inv (2) (p11.l p12.3)
47, XX, + marker
46, W, r(19) (p13ql3)
46, XX,21 PS+
46, XX,t(7;19) (q34.2; p13.1)
45, W, -14, -21, t(14q;21q)

in front of a chromosome
%e + and - symbols indicate an extrdmissing chromosome when placed
designation (e.g.+21) or unspecified extrahissing part of a chromosome when placed after the
chromosome designation (e.g.1 7 ~ ) .
required for sexual reproduction. In mammalsand birds, constitutional changesaway from
diploidy are poorly tolerated, leading to grossly abnormal offspring. This reflects the dosage balance
of autosomes andactive sex-chromosomes,and of imprinted genes(q.v. dosage compensation, parental
imprinting).
Conversely, amongst plants both monoploidyand polyploidy arewell tolerated,and polyploidy
is common in nature. Significantly, polyploidy tends to increasethe size of plants and is thus a desirable property exploited by plant breeders. This results from an increase in cell size rather than cell
number, indicating that DNA content influences the cell size checkpoint (q.v.) of the cell cycle. There
are also examples of naturally occurring haploidy or polyploidy in lower animals
(e.g. some insects
are haploid, some leeches are polyploid), and abnormal states of ploidy are better tolerated in these
animals thanin vertebrates. Polyploid animals suchas leeches also have larger cells than diploids,
but do not
increase in size overall because cell
number is reduced, reflecting aregulative mechanism
during development(see Development: Molecular Aspects).
Although individuals with abnormalploidy may be viable, they may also be sterile. Generally,
any species which is anisoploid (has an oddnumber of chromosome sets) will be sterile because of
meiotic failure. In triploids, for instance, three homologous chromosomes attemptto pair and segregate at meiosis, generating grossly unbalanced products. This can be exploited in commercially
important fruit crops to produce seedless varieties. Monoploids cannot undergomeiosis and must
reproduce asexually. This occurs in haploid insects which reproduce by parthenogenesis, and in
plants whose life cycle involves alternation of haploid/diploid generations. Monoploid varieties of
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Table 4.2 Some terms usedto describe states of ploidy
Terms

Definitions

number
Ploidy
The
of
full chromosome
sets
in a cell
Diploid
sets chromosome Two
ne Monoploid
Haploid
Strictly,
normal
the
half
number
chromosome
of
found
sets
in meiotic
cells (e.g. applies to gametes), but often usedas synonymous with
monoploid because most gametes have one set of chromosomes
(9.v. haploid number,monoploid number)
More than two chromosome sets:triploid = 3; tetraploid = 4; hexaploid
Polyploid
= 6, etc. Over 10 copies of the genome are representedby numbers,
e.g. 12-ploid
Polyploidy refersto the possession of more thantwo sets of
Polyploidy and polyteny
homologous chromosomes. Polyteny refers to the possession of
many (identical) chromatids per chromosome, as seenin Drosophila
salivary glands
odd numbers
of
chromosome
sets,
respectively.
Anisoploid
lsoploid and
anisoploid
Even
and
individuals are generally sterile because of unbalanced segregation
at meiosis
Autopolyploid and allopolyploidy Autopolyploidy
is polyploidy arising from intrinsic genome duplication,
whereas allopolyploidy results from genome duplication
of a species
hybrid
HomoploidandheteroploidPossessingachromosomenumber
typical oratypicalofthespecies,
respectively

plants are particularly useful because, like bacteria and yeast, cultured cells can be subjected to
mutagenesis screens and selected onthe basis of mutant phenotypes(e.g. herbicide tolerance)which
become manifest immediately. Cellswith desirable traits can then be rendered fertile by diploidization (a doubling of the number of chromosomes induced by artificially blocking mitotsis), and
regenerated into whole plants by hormonetreatment (see Mutation and Selection).
The forms of polyploidy discussed above are autopolyploidy because theyinvolve the doubling
of the endogenous genome. Allopolyploidyis a different form of polyploidy, where the individual
possesses multiple copies of chromosomes from different species.This strategy is used to combine
the desirable features of two plant species where simple crossing has failed. The hybrid sterility
resulting from interspecific crosses reflects meiotic failure,i.e. the chromosomes from the different
species do not form compatible pairs. If the hybrid genome is induced to double, however, each
chromosome willhave a homologous partner and the hybrid species may be fertile. Species-specific
pairing between chromosomes in an allopolyploid is termed autosynapsis, whereas cross-species
pairing is termed allosynapsis. Partially homologous chromosomesderived from different species
are described as homeologous chromosomes(c.f. homologous chromosomes).
Numerical aberrations involving individual chromosomes.
The cellsof a normal, euploidindividual

contain fullchromosomesets,
whereasan individual withmissing or extrachromosomes is
described as aneuploid (Table 4.3). Aneuploidy is deleterious in both plants and animals, although
the effects in animals are more severe. The loss orgain of chromosomescauses chromosome imbalance, where there is a net loss or gain of many genes with consequent
multiple dosage effects. Such
effects are usually lethal in humans, withthe result that out of 22 possible autosomal trisomies, only
three are normally foundin live births,and only one is viablein the long term(Table 4.4). Sex-chromosome aneuploidy is better tolerated because of the dosage compensation mechanisms (q.v.) which
act to redress natural variations in sex-chromosome number.Thus monosomy and
polysomy forthe
X-chromosome generate relatively mild phenotypes due to X-chromosome inactivation (q.v.). The
abnormalities which are seen in Turner's syndrome andXXX syndrome (Table 4.4) probably reflect
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Table 4.3: Some terms usedto describe the number of individual chromosomes in a karyotype

Terms

Definitions

Euploidy,
aneuploidy

Possessing full chromosome
sets,
having
extra
missing
or
chromosomes
The loss orgain of chromosomes with consequent multiple gene
dosage effects
Possessing
more
chromosomes
than
usual,
possessing
fewer
chromosomes than usual
Possessing the correct diploid chromosome
number
butabnormal
an
karyotype dueto simultaneous monosomy and trisomyfor different
chromosomes
Possessing
the conect number of copiesgiven
a
of chromosome,
possessing the incorrect number of copies
of a given chromosome:
nullisomy = no copies; monosomy = one copy; disomy = two copies;
polysomy = more thantwo copies (trisomy = 3,tetrasomy = 4,etc.)

Chromosomeimbalance
Hyperploidy,
hypoploidy
Pseudodiploidy
Eusomy,
aneusomy

Table 4.4 Aneuploidies commonly seenin human live births

enotvDe
clinical
Aneuploidy
Occurrence
and
Autosomal aneuploidy
Trisomy 21
(Down’s syndrome)

Trisomy 18
(Edward’s syndrome)
Trisomy 13,occasionally
14 or 15
(Patau’s syndrome)
Sex-chromosome aneuploidy
Monosomy X
(Turner’s syndrome)
Trisomy X
(XXX syndrome)
Polysomy X with Y
(Klinefelter syndrome)

Disomy Y
(‘Supermale’
syndrome)

Occurs 1 :700live births, clinical phenotype includes mental and
growth
retardation, characteristic facial features (upward slanting
eyes, small
nose, open mouthwith protruding tongue, low-set ears), partial
syndactyly and a simian crease. Recurrence
risk is normally low
although it increases with maternal age. Recurrence risk is high if
trisomy caused by translocation(q.v. translocation Down’s
syndrome). Trisomy21 individuals have a lower life expectancy than
normal, and many diein childhood
Occurs 1:3-6000 live births, clinical phenotype includes elongated head
with low-set, dysplastic ears, curved feet, clenched, overlapping
fingers and cardiovascular and renal disorders. Perinatal death
Occurs 1:5-10000 live births, clinical phenotype includes gross head
and brain malformations, reduced or missing eyes, polydactyly,
low
set and dysplastic ears,cleft lip and palate, fused nostrils and
cardiovascular disorders. Perinatal death
Occurs 1:lOOOO live female births, clinical phenotype includes short
stature, webbed neck, wide carrying angle (cubitus valgus), widely
spaced nipples, primary amenorrhoea and
infertility
Occurs 1:lOOO live female births,clinical phenotype may include failure
of the development of primary and secondary sexual characteristics
and mild mental retardation,but many individuals are normal and
fertile
Primarily associatedwith karyotype 47,XXY, although more bizarre
aneuploidies involving multiple X and Y chromosomes have been
observed. Occurs 1 :l000 live male births,clinical phenotype may
include infertility, gynaecomastia (breast development
in males),
testicular atrophy, malformations ofthe penis, nonfunctional sperm,
tall stature andmild mental retardation. The phenotypetends to
increase in severity with the number of X-chromosomes
Primarily
associated
with karyotype 47,XYY although
rare
cases
of
48,
XXYY, have
been
observed.
Occurs
1:lOOO live
male
births.
Clinical
phenotype includestall stature. Karyotype tenuously associated
with
increased tendencyto antisocial and violent behavior, althoughthis
remains to be shown conclusively. Individualsare usually fertile
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2) Secondary nondisjunction

-nn
Figure 4.1: Aneuploidy in the gametes causedby nondisjunction. (1) Homologous chromosome pairs fail to
segregate atfirst meiotic division (primary nondisjunction). (2) Chromatids fail to segregate at second meiotic
division (secondary nondisjunction).

the dosage of genes which escape inactivation and effects occurring early in development before
X-inactivation takes place. Disomy for the Y-chromosome has little phenotypic impact, and the
behavioral abnormalities which have beenassociated with this karyotype are controversial.
Causes of numerical chromosome aberrations.Changes in ploidy can arise from cell-cycle failure,
either by omissionof DNA replication/unscheduled chromosome segregation (to halve the ploidy)
or omission of chromosome segregation/unscheduled DNA replication (to double the ploidy).
Changes in ploidy can also arise at fertilization, e.g. in mammals, triploidy can result from either
diploidy of the sperm or ovum, or more commonly due to dispermy (fertilization by two sperm).
Such aberrant fertilization events produce developmental abnormalities termed hydatidiform or
vesicular moles (q.v. parental imprinting).
Aneuploidies reflect more localized disturbances to the cell cycleand arise in several ways, the
most common beingnonconjunction (where homologouschromosome pairs fail to find each other
during meiotic prophase; q.v. meiosis) and nondisjunction (where chromosomes
pair, but segregation fails). Primary nondisjunction occurs in the first meiotic division and results in both homologues of a given pair migrating to the same pole. Secondary nondisjunctionoccurs in the second
meiotic division and results in both chromatidsmigrating to the same pole (Figure4.2). This is often
caused by failure of the centromere to divide. An analogous situation may occur during mitosis
(mitotic nondisjunction), resulting in a somatic aneuploidy. Partial nondisjunction may also occur
in the first meioticdivision if the centromere divides prematurely, which releases one chromatidof
a pair to segregate with the two chromatidsof the homologous chromosome (towhich it is attached
by chiasmata). Several structural mutations increase the chances of nondisjunction (q.v. ring chromosome, attached chromosome, Robertsonian translocation).
Other ways in which aneuploidies arise include chromosome gain (the result of unscheduled
replication of a single chromosome) and chromosome loss, which occurs if a chromosome segregates too slowly to be included in the daughter nuclei (anaphase lag), or fails to attach to the
spindle in the first place.

4.2 Structural chromosome mutations
Breakpoints. Structural chromosomemutations are caused bythe faulty repairof chromosome breaks

or by recombination between homologousbut nonallelic sites. Thepoint at which fracture or recombination occurs is termeda chromosome breakpoint and structurally rearranged chromosomes are
termed chromosome derivatives. If derivatives contain parts of different chromosomes, they are
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named according to the origin of the centromere. Thus if human chromosomes 12 and 17 are broken
and segmentsexchanged, the chromosome containing the centromere from chromosome 12is termed
the chromosome 12 derivative. Structural mutations may bebalanced or unbalanced, as discussed
below. Both balancedand unbalanced mutants may be characterized geneticallyby their altered linkage maps and, in heterozygotes, cytologically by the presence of unusual pairing configurations
between homologous chromosomesat meiosis. Animals and plants differ in their tolerance of structural mutations. Animal gametes tend to be functional even
if severely unbalancedand will takepart
in fertilization normally, generating an unbalanced zygote. While the Same is true of plant ovules,
pollen grains containing chromosomestructural aberrations tend to abort, and fertilization does not
take place.
Unb8/8nCed StrUCW8/ mUt8tionS.Unbalanced mutations involve the loss or gain of geneticmaterial and behave as partial monosomies or trisomies - i.e. they show the multiple dosage effects of
losing or gaining a set of contiguous genes. Structural mutations involving DNA loss are termed
deletions or deficiencies, whereas those involving DNA gain are termed insertions or duplications; they are considered as chromosome mutations if they involve visible amounts of genetic
material. Large deletions can be recognized in heterozygotes by the presence of a deletion loop, a
structure which extrudes from the paired chromosomes at meiosis because it has no homologous
segment with which
to pair. Insertions may behave ina similar fashion, but tandemduplications can
generate more complex structures: the duplicated region may be extruded as a loop, or the two
copies of the duplicated region may pair with each other within the chromosome causing the
homologous region of the normal chromosome to be looped out(also q.v. gene amplification).
Even the smallest visible deletions and duplications in human chromosomes affect several
megabases of DNA and therefore span many gene loci. They often cause contiguous gene syndromes, i.e. disease phenotypes resulting from the simultaneous loss or duplication of many linked
genes (Table 4.5). The mutations are usually not precisely defined because the exact boundaries
cannot be determined
at the cytogenetic level.Contiguous gene syndromes may be characterized by
a variable phenotype comprising a set of overlapping clinical symptoms. The correspondenceof
individual symptoms in different patients may allow a gene map to be constructed, termed a
morbid map. Where similar phenotypes arise without visible mutation, deletion or duplication

Table 4 . 5 Human syndromes associated with unbalanced structural chromosome aberrations (deletions and
duplications)

clinical
ptoms and
Karyotype
Syndrome
Cri du chat syndrome
del

Beckwith-Wiedemann
WAGR syndrome
del

Cat
eye
syndrome
Prader-Willisyndromedel(1
Angelman
syndrome
del

(5)(pl4-pter).Small
head with associated
mental
retardation;
characteristic cat-like cry
dup (11p1 5). Fetal
overgrowth
leading
to
gigantism,
enlarged
tongue
and a predisposition to childhood tumors
(11p1 3). Name is acronym
for
principle
symptoms:
Wilm’s tumor,
aniridia, ambiguous genitalia, and mental retardation
+ is0 (22) (pter+ql 1). Eye defects, anal
atresia,
cardiovascular
defects,
mental retardation
5) (911-91 3) of paternal
chromosome.Small
statureandobesity,
small genitalia, behavioral difficulties, mental retardation
(15) (411413)of maternal
chromosome.
Mental
retardation,
ataxia,
inappropriate laughter

Some, suchas WAGR, are true contiguous gene syndromes where overlapping clinical symptoms reflect the
deletion of groups of contiguous genes. Others, suchas Beckwith-Wiedemann syndrome, may be associated
primarily with a single gene defect(in this case, overactivity of the IGF2 gene: q.v. parental imprinting).
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below the resolution of light microscopy is suspected (microdeletions and microduplications), or
the source of the phenotype may be a point mutation (q.v.).
A simultaneous whole-arm deletion and duplication occurs when division of the centromere
in the wrong planegenerates chromosomes with two long arms andno short arms andvice versa.
These perfectly metacentric chromosomes are termed isochromosomes and cause monosomy for
one arm andtrisomy for the other, with the corresponding gene dosage
effects.
Balanced mutations are otherwise known as chromosome
rearrangements, andinvolve the rearrangement of DNA but no net
loss or gain of genetic material.
Individuals carrying such rearrangementsare often phenotypically normal, but heterozygotes may
be semisterile because (a) the rearranged chromosomes behave anomalously at meiosis,often
segregating to yield unbalanced gametes,and (b) crossing over within the rearrangement generates
unbalanced recombinant products whichare nonviable. Recombinationis suppressed at the breakpoints of such rearrangementsdue to steric hindrance (q.v. recombination coldspots).These principles
are exploited to suppress crossing overin Drosophila, allowing particular chromosomes to be transmitted without recombination, for the creation of specific strains of flies. Chromosomes containing
complex multiple inversions are able to suppress crossing over so that each chromosome is inherited as anintact unit. Such recombinationsuppressors are termed balancer chromosomes.

Balanced structuralmutations.

Balanced structural mutations of single chromosomes. Inversions are chromosome rearrange-

ments which involve the rotation of a segment of DNA within a single chromosome. They can
be caused by the misrepair of chromosome breaks or by intramolecular recombination between
inverted repeats. Inversions have no phenotypeunless (a) the breakpoints interrupt a gene, or (b)
the rearrangement results in unfavorable position effects (q.v.), but invertants can be identified genetically by their altered linkagemap, or in heterozygotes for large inversions, by the formation of meiotic inversion loops, where onechromosome twists on its axis to incorporate the reversed sequence
of loci on its partner.
Because inversions involve only a single chromosome, they do notaffect meioticsegregation pm
se (cf. translocation). They do suppress the recovery of recombinants, however, because of the
generation of severely unbalanced cross-over products. The nature of cross-over products depends
upon whether or not the inversion spans the centromere (Figure 4.2). If the centromere is included
in the inversion (pericentric inversion), recombinant products containing deletions and duplications are generated. However, if the centromerelies outside the inversion (paracentric inversion) a
potentially more serious problem arises where recombination joins two centromeres together to
generate a dicentric chromosome and anacentric fragment. Thelatter is usually lost because it has
no means of attaching to the spindle apparatus. The dicentric fragment is stretched between two
nuclei and is either excluded due to anaphase lag, or fragmented randomlygenerating a broken end
which mayinitiate a breakage-fusion-bridge cycle (q.v.).
A second type of intramolecular structural aberration occurs when a chromosome which haslost
telomeres from both ends fuses the broken ends together. Such ring chromosomes concatenate
following replication,and if they cannot be separated, nondisjunction is inevitable.
Balanced structural mutations
of muffiple chromosomes.Translocations are structural aberrations

in which part of one chromosome is transferred to another. Translocations can be reciprocal
or nonreciprocal. A reciprocal translocation occurs when twochromosomes are broken and the distal fragments are swapped and rejoined. Nonreciprocal translocations involve the one-way transfer of
material. An internal translocation occurs when a chromosome segment is inserted into an interstitial site within another chromosome. Similarly,a terminal translocation involves material added
onto the end of another chromosome. A jumping translocation is a special kindof terminal translocation where the same chromosome fragment jumps sequentially to different chromosomes and
appears in different terminal positions in different cells. The extreme form
of nonreciprocal translo-
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Figure 4.2 The effects of crossing over in inversion heterozygotes. An inversion reverses the orientation
of
loci C, D and E on one chromosome and an inversion loop forms at meiosis. In a pericentric inversion (left),

the centromere lies within the inversion and crossing over generates unbalanced products containing
deletions or duplications. In a paracentric inversion (right), the centromere lies outside the inversion and
crossing over within the loop generates an acentric fragment (whichis lost) anda dicentric bridge.
cation is a Robertsonian or whole arm translocation, where two acrocentric chromosomes (q.v.)
are fused at or near the centromere to generate a compound chromosome1 which segregates as a
single unit.
Like inversions, translocations are balanced, but unlike inversions, the rearrangement involves
more than one
chromosome. Thus, in a heterozygote,
pairing at meiosis may involve more thantwo
partners. Translocation heterozygotes are therefore often sterile not simply due to the effects of
crossing over, but also because segregation itself is aberrant and generates unbalanced gametes
(Figure 4.3). Because Robertsoniantranslocations involve whole chromosomes, unbalanced segregation generates monosomic and trisomic gametes. Thisis reflected in the recurrence risk of Down’s
syndrome, whichis very low when caused by spontaneous
nondisjunction, but muchhigher when
caused by a Robertsonian translocation involving chromosome 21. In the most extreme case, a
Robertsonian translocation can
fuse both homologouscopies of chromosome 21 together. If this happens, every meiotic segregation will generate gametes with a chromosome 21 imbalance, and all
viable offspring willhave Down’s syndrome (i.e. the recurrence risk is100%).
Fragile sites. Unstained chromosomegaps identified as secondary constrictionsinduced bystressful

growth conditions are thought to be hotspots for chromosome breakage,
and are termed fragile sites.
The sites are classified according to the growth conditions required to induce them. In human

*A compound chromosome is
two whole chromosomes fused together. Robertsonian translocations involve t
fusion of acrocentric chromosomes (q.v.) whereloss of part of the short arm appears to have no effect on phe
a submetacentric chromosome (q.v.) containing the long arms
of both
type. The two short arms fuse to generate
original acrocentric chromosomes anda common centromere (hencewhole a m translocation). It is also possible
for two submetacentric chromosomes, such as X-chromosomes, to become joined together. Such chromosom
are dicentric(two centromeres) and are termed attached chromosomes. Attached-X chromosomes were used
prove the chromosome theoryof inheritance.
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Figure 4.3 Behavior of reciprocal translocation heterozygotes at meiosis.
(1) Two chromosomes suffer
double-strand breaks (shownby arrows), and(2) repair by end-joining causes a reciprocal translocation
(alternatively, the translocation could result from recombination between sites on each chromosome).
(3) At
meiosis, the translocants attempt to alignwith their normal homologs, often generating a four-chromosome
structure termed atetravalent (4). The tetravalent may segregate in a number of ways. In alternate
segregation (5),the two normal chromosomes segregate to one pole and the two translocants to the other
and gametes are balanced.In adjacent-l segregation (6), each normal chromosome segregates with the
nonhomologous translocant and gametes are unbalanced. In adjacent-2 segregation (7),each normal
chromosome segregateswith the homologous translocant and gametes are unbalanced (adjacent-2segregation occurs very rarely).In Robertsonian translocation (not shown), the compound chromosome
attempts topair with its homologs forming a three-chromosome structure termed a trivalent.In alternate
segregation the compound chromosome segregates to one pole and the
two normal chromosomes to the
with one
other and gametes are balanced.In adjacent segregation, the compound chromosome segregates
of the normal homologs and the remaining normal chromosomesegregates to the other pole. The gametes
are not only unbalanced but aneuploid.
chromosomes, over50 common fragile siteshave beenidentified which are present in most people.
About 20 rare fragile siteshave also been described, which are present in a minority of individuals.
Generally, fragile sites have no phenotypic effect. An
exception is the folatesensitive rare fragile site
at Xq27, which correspondsto the presence of mental retardation, large testes and characteristicfacial
features in males, and mild mental retardation in some female carriers (Martin-Bell syndrome,
fragile-X syndrome). The causeof the syndrome isa polymorphictriplet repeat mutation in thegene
FMRZ which explains the complex inheritance patterns observed (q.v. triplet repeat syndromes). The
properties of the locus which makeit a fragile site probably have nothingto do with the mutation pm
se, although fragile sites are induced by conditions which influence DNA replication and repair.
The causes of structural mutation. Deletions, duplications, inversions and translocations can all

result from incorrectly repaired DNA or aberrant forms of homologous and site-specific recombination (q.v. illegitimate recombination). Unequal crossing over between tandemly repeated DNA can
generate deletions and duplications, whilst recombination between dispersed repetitive sequences
such as transposable elements on different chromosomes can cause translocation. Translocationscan
also occur due to illegitimate V-D-J recombination (q.v.), and such aberrationsoften lie at the root of
lymphoid disorders(see Oncogenes and Cancer).
Chromosome breaks occur naturally,but can be induced by chemical
and physical agents, termed
clastogens. The frequency of breaks also increases where there are underlying genetic weaknesses,
such as mutations in genes responsible forDNArecombination and repair.Thefrequencyof
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chromosome breaksis related to the frequency of sister chromatid exchange
(SCE)(exchange ofsegments of DNA between the two chromatidsof a chromosome), because homologous recombination
is stimulated by double standbreaks (see Recombination). The frequencyof SCE can be quantifiedby
differential staining of sister chromatids (q.v. replication banding). An increased frequency of SCE is
seen in several chromosome instability syndromes: Bloom's syndrome, Fanconi'sanemia and
ataxia telangiectasia, which result from mutation in DNA repair genes or DNA damage response
genes (q.v. repair deficiency syndromes). The distribution of breakpoints in chromosomal DNA is not
random. Althoughdifferent clastogensare known to have different breakagehot spots, these cluster
in areas of chromatin defined by light G-bands (q.v. chromosome banding), suggesting that susceptibility is related to chromatin structure (see Chromatin).
K8WOtvpe mixing within hdiVidU8/S.The above sections discuss constitutional

chromosome mutations, i.e. those which affect every cell in the body. A second class of chromosome aberrations,
termed somatic or acquired chromosomemutations, occur during development,resulting in a mixture of different karyotypes within the same individual (Table4.6) (q.v. somatic mutation, cancer). Such
an individual is termed a mosaic, but similar karyotype mixtures can arise where two independently derived clones are mixed together. An individual thus formedis termed a chimera. In both
cases, genetically distinct cells contribute to the same organism, but only in the case of the mosaic
are both types of cell derived from a common ancestor. Chimeraism occurs naturally at a low
frequency: dispermic chimerasresult from fusion of dizygotic twins, blood chimerasas a result of
colonization of one twin bycells from the co-twin (also q.v. transgenic mice, ES cell).
The criticaldeterminants of the effects of mixed karyotype are the clonal extentof each cell line
no overall effect if it is
and the autonomy of the genes involved. A deleterious karyotype may have
confined to a small sector of tissue or if the defect is cell-nonautonomous (i.e. it can be complemented by productsfrom other cells). Conversely, akaryotype maybe lethal if it is widespread, or
if it affects a specificorgan, or if the defect is cell-autonomous resulting in widespread cell death. In
animals, mosaicsor chimeras for maleand female cells(gynandromorphs) can develop normallyas
either sex, as intersexes (individuals with an ambiguous or intermediate sexual phenotype) or as
Table 4 . 6 Terms associated with the appearance of different phenotypes in otherwise equivalent cells, and

their underlying causes
Term

Variegation
Mixoploidy(atreusomaty)

Mosaic
Chimera
Allopheny

Definition

Within
tissue,
occurrence
the
a

~~~~~

of sectors displaying
different
phenotypes (e.g. white/green variegation
in some plants).This may or
may not reflect an underlying difference in genotype
A term
which describes anindividualcarryingsomaticcellswith
different karyotypes. A mixoploid can be a mosaic or a chimaera (see
below). Eusomaty describes an individuals whose cells have the
same karyotype
An individual carrying somatic cells with different genotypes (or
karyotypes) which have arisenfrom a common ancestor, e.g.by
mutation or somatic cell recombination
An individual carrying somatic cells with different genotypes (or
karyotypes) from different origins. Chimeraism usuallyarises through
embryo fusion or colonization (q.v. transgenic mice,€S cells)
Variegation in one tissue arising from mosaicismin another, e.g. the
differences in the variegated tissue arise not from intrinsic differences
but from inductive interactions with other cells which have different
genotypes. The creationof allophenic animals allows the cell autonomy
of a mutation to be tested. Allophenic Drosophila can be createdby
X-ray-induced somatic recombination, e.g. tostudy inductive
interactions in eye development(q.v. Sevenless signaling pathway)
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hermaphrodites (individuals capable of producing both male and female gametes), depending
upon theclonal extent of each cell line.
The term mosaic isoften used loosely to describe any situation where
clones of otherwise equivalent cells display different phenotypes. Mosaicism, however, strictly refers to a mixture of genotypes and thus does not include different phenotypes arising because of variable penetrance or
expressivity, e.g. resulting from environmental effects or epigenetic regulation (e.g. position effect vuriegution (q.v.) or the inheritance of different active and inactive X-chromosomes). Wherean underlying difference in genotype is not
detected, the term variegation should beused.
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Chapter 5

Chromosome Structure and Function
Fundamental concepts and definitions
A chromosome is a discrete
DNA molecule which carries essential genetic information, together
with any associated proteins which define its structure. The scope
of the term can include the
bacterial nucleoid, organelle genomes and
virus genomes, as well as eukaryotic nuclear chromosomes, but only the lastis considered in this chapter.
The original suggestion that genes were carried on chromosomes was based on the parallel
behavior of chromosomes and Mendelian genes (occurring in pairs, equal segregation, independent assortment). This is the chromosome theory
of inheritance.
There are three levels of duality in diploid eukaryotes. Chromosomes occur in homologous
pairs, and when individual chromosomes become visible at mitosis, they be
canseen to comprise a pair of chromatids, joined at a common centromere, each chromatid containingtwo
DNA strands in a duplex. Despite the presence
of eight DNA strands, the cells are still diploid.
Only one strand of each DNA duplex actually carries the (transcribed) information, and the
presence of two chromatids represents the doubling
of information in preparation for segregation into daughter cells- cells are born with only one copy (a chromatid becomes a chromosome when it segregates). Furthermore, the paired chromatids
of each mitotic chromosome are
identical, whereas homologous chromosomes are not. Throughout the cell cycle, therefore,
each locus is represented by just two alleles.
Two types of chromosome can be distinguished at meiosis: autosomes, which have homomorphic (structurally identical) partners and thus form homologous chromosome pairs, and
heterosomes (or allosomes) which have heteromorphic (structurally dissimilar) partners and
form pairs which are homologous over only part of their lengths. The region of homology
between two heteromorphic chromosomes is termed the pseudoautosomal region because the
genes found within this region show the same pattern
of inheritance as those situatedon autosomes. Heterosomes are usually sex-chromosomes
(q.v. pedigree analysis, sex-linked inheritance,
sex determination).
The roleof the chromosomeis to provide a framework which allows each linear segment
of the
genome to replicate and segregate efficiently. Failure in either of those processes causes chromosome imbalance in daughter cells. Three specific cis-acting sites are required for stable
chromosome maintenance, anorigin ofreplication (q.v.), a centromere and telomeres.
5.1 Normal chromosomes

-gross morphology

Cytogenetic features of normal chromosomes.For most of the cell cycle,eukaryotic chromosomes

exist as loosely packed chromatinand cannot be distinguished in the nucleus. They become visible
at the onset of mitosis (or meiosis) when the chromatin condenses, forming discrete structures
which stain densely when nuclei are treated with appropriate dyes (Box 5.1). The morphological
features of the metaphase chromosome are shown in Figure 5.1, and these allow individual chromosomes to be recognized and aberrations to beidentified (see Chromosome Mutation).
Chromosome banding.The features of chromosomes described in Figure 5.1 are based on homoge-

neous staining with DNA-binding dyes such as Feulgen. Mammalian chromosomes can also be
stained in a heterogeneous manner using a variety of disruptive techniques which reveal a highly
reproducible and specific pattern of alternate light and dark transverse bands (Table 5.1). Such chromosome banding methods allow chromosomeswith similar gross morphology to be discriminated,

58

Advanced
Molecular

Biology

Chromosome arms: theshort arm
is designatcd p (petite) andthe long
q
armdesignated
is

5-

Satellite
Region
(distal
to
the nucleolar organizer region)

Polymorphism

\

>Chromatids

I

I

Constriction
Constriction
Secondary
Primary
region)
organizer
(Centromere)
(nucleolar

Figure 5.1: Morphological featuresof normal metaphase chromosomes. The primary constriction, which
indicates the positionof the centromere, stains densely and joins
all four arms. Secondary constrictions
are pale staining and usually represent nucleolar organizer regions (NORs), the positions of tandemly
repeated rRNA genes. Interstitial secondary constrictions are foundon human chromosomes 1, 9 and 16,
whilst distal constrictions appear on chromosomes 13, 14, 15, 21 and 22. Telomeric chromosome segments
of
found distal to NORs are termed satellite regions because they may appear detached from the main body
the chromosome. Thesatellite regionsof different chromosomes are often found grouped together
(satellite association), because
the nucleolar organizers contribute toa common nucleolus. Other
secondary constrictions can be inducedby growing cells under abnormal conditions and are termedfragi/e
sites (q.v.). Chromosome polymorphisms (heteromorphisms) are heritable morphological featuresof
chromosomes which vary within a population but have no phenotype. Examples include areas of variable
heterochromatin (as shown),inversions (q.v.) and rare fragile sites. These can be used as cytogenetic
markers.
and providea cytogeneticbasis for genemapping. They are most useful for characterizing chromosome aberrations. A low-resolution banding pattern is observed in metaphase chromosomes, but
each metaphase band may beresolved into many sub-bands in the less condensed prometaphase
chromosomes. The International System for Human Cytogenetic Nomenclature (ISCN)is based
on the bands and sub-bands
in early and late prometaphase chromosomesand metaphase chromosomes (these have a resolution of 400,550 and 850 bands, respectively). Eachband is identified by
chromosome and arm(e.g. lp, 2s) and is numbered from the centromere (cm).Increasing resolution
is designated by the use of more numbers (e.g. lp3+1p34+1p34.1). Chromosome bandingpatterns
reflect the structural and functional organization of the mammalian genome(q.v. isochores),with, for
example, light Giemsa bands correspondingto regions of general transcriptional activity, early replication, low repetitive DNA content and DNase Isensitivity. Thisis only avery general organization,
however, as each band correspondsto up to 10 Mb of DNA (see Chromatin, Genomes and
Mapping).
Lower eukaryotic chromosomes do not stain in response to the banding techniques applied to
mammalian chromosomes, but the polytene chromosomes of dipteran insects display a natural
banding pattern of high resolution (see below).

5.2 Special chromosome structures
A and 6 chromosomes. In most eukaryotes, each cellof a normal individual carries a defined and

invariant set of chromosomes which are diagnostic of the species (4.v. kayotype; c.f. double minute
chromosomes, gene amplification). Some species, however, carry extra chromosomes, often appearing
to be composed entirely of heterochromatin, which have no effect on phenotype and often vary
between populations, within a given population or even betweencells within an individual. These
structures, which are variously referred to as accessory chromosomes, satellite chromosomes,
supernumerarychromosomes, or, in plants,B-chromosomes(to
distinguish them from the
invariant and essential A-chromosomes) often do not take part in mitosis and thus segregate
randomly. Theymay be regarded as giant linear plasmids.

Pomene chromosomes. In Drosophila and other dipterans, the cells of certain larval secretory
tissues (e.g. salivary glands) contain giant chromosomes comprisingup to 1000 chromatids. These
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Table 5.1: A selection of chromosome banding techniques
Banding
technique

Method and
applications

C-banding

A Giemsa-based technique which includes incubationwith barium hydroxide.
Identifies regions of heterochromatin
(q.v.) and is therefore usefulfor
determining the position of centromeres
A techniquefor identifying kinetochores(q.v.)
A technique for identifying regions
of DNase I sensitivity, generally
corresponding to regions of open chromatin which are potentially
transcriptionally active
The most widely applied chromosome banding technique,
the reproducible
pattern of bands being the basis ofthe international standard human and
mouse cytogenetic maps. Chromosomes
are partially digestedwith trypsin
and incubatedwith Giemsa’s stain (a mixture of methylene blue, eosin and
other dyes dissolvedin methanol)
G-banding carried out at high pH, which stains mouse and human
chromosomes differently, allowing themto be discriminated, e.g. in somatic
cell hybrids
A techniquefor specifically staining nucleolar organizer regions,
e.g. silver
nitrate staining
A banding technique using
the fluorescent dye quinacrine. This produces a
similar pattern to G-banding, but also causes areas of heterochromatin
to
fluoresce brightly and is useful,e.g. for identifying the Y-chromosome
A Giemsa-based technique including a heat-denaturationstep which resultsin
a reversed bandingpattern from that obtainedwith conventional G-banding.
This technique is useful in,
e.g. identifying terminal deletions
This technique involvesthe incorporation of bromodeoxyuridine into replicating
S phase allows replication timing
to be
DNA. A brief pulse during the
investigated andif prolonged, generates a bandingpattern similar to
Giemsa’s stain, suggesting G-bands correlateto replication time zones(q.v.).
to be
Incorporation overtwo rounds of replication allows sister chromatids
discriminated on the basis that one has bromodeoxyuridine incorporatedin
both strands andthe other in only one strand. The chromatids then stain
differently in the presence of Giemsa’s stain and
the fluorescent dye Hoechst
33258. This technique, knownas harlequin staining, is useful for the
detection of sisterchromatid exchanges (9.v.)
A variation of R-bandingin which only telomericDNA is stained. T-bands are
particularly gene-rich(q.v. isochore, transcriptional mapping)

Cd-banding
D-banding
G-banding

G1 2-banding
N-banding
Q-banding
R-banding
Replication banding

T-banding

It is remarkable that
In many cases, these methods are empirical,
i.e. it is not understood how they work.
these diverse techniques generate similar banding patterns, strongly
indicating the structural organization of
the genome into discrete isochores.

or Balbiani chromosomes after their
discoverer, and are
may also be termed polytene chromosomes
generated by multiple rounds of replication
n
i the absence of mitosis as astrategy for gene amplification. Polytene chromosomes are not only thicker than normalchromosomes, but are also longer
because the associationof many chromatids prevents the adoption
of normal chromatinstructure.
A remarkable featureof polytene chromosomes is thehighly reproducible patternof transverse
dark bands(or chromomeres) and light interbands. These are thought to reflect regionaldifferences
in chromatin density and to correspond functionally to individual chromatin domains (q.v.). The
resolution of the banding pattern is much finer than even prometaphase bands on mammalian
chromosomes (each polytene bandrangesn
i size from 1to 100 kbp of DNA), but can be used
in the
same way, to construct detailed cytogenetic maps
and characterize chromosome mutations.
A second feature of polytene chromosomes is thepresence of chromosome puffs and Balbiani
rings. These are small andlarge, respectively, distensions of the chromosome which correspond to
regions of transcriptional activity, presumably reflecting local decondensationof chromatin struc-
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ture. Reproducible patterns of puffs and rings can beinduced bycertain environmental stimuli {e.g.
treatment with the moulting hormoneecdysone), allowing the positions of the activated genes to be
determined bydirect observation.
Lampbrush chromosomes.In amphibian oocytes, where the cell cycleis arrested at diplonema (q.v.)

of the first meiotic division, a single nucleus serves the needs of an extremely large cell. The four
chromatids of the meiotic bivalent are held together by chiasmata, and can be seen to extrude long,
uncoiled lateral loops of transcriptionally active chromatin from an axis of densely packed chromomeres (the same term is used to describe the densely packed, presumed inactive, chromatin in
both lampbrush andpolytene chromosomes, and in decondensing mammalianchromosomes). The
loops occur in pairs, one originating from each chromatid, and they are surrounded by a halo of
ribonucleoprotein. This, and the extensively decondensed structure of the loops, is thought toreflect
the continuous and prodigious transcriptional activity of the chromosome. Thereare some 10-15 000
loops active in the cell as a whole, but most of the DNA remains condensedas chromomeres. Like
polytene bands and interbands, each loop is thought to correspond to a chromatin domain (q.v.).
5.3 Molecular aspects of chromosome structure
Molecular structures required for chromosome function. The gross morphology of the chromo-

some reveals little about how it functions in the cell. Primarily, the role of the chromosome is to
provide a framework whichallows each linear segment of the genome to replicate and segregate
efficiently, failure in either of those processes resulting in chromosome imbalancein daughtercells
(see Chromosome Mutation). Since eacheukaryotic chromosome carries a different array of genes,
the particular information carried onthe chromosome does not influence its function. Three specific
cis-acting sites are required for stable chromosome maintenance: an origin of replication (q.v.), a
centromere and telomeres. The origin of replication is essential for the replication of the chromosome because it provides a site for the assembly of replication initiation proteins (see Replication).
The centromere is essential for segregation because it provides a site for kinetochore assemblyand
facilitates microtubule attachment. The telomeres are essential for chromosome stability because
they allow the completion of chromosome ends during DNA replication and prevent illegitimate
end-joining to other chromosomes. Artificial chromosomes (q.v.) carrying arbitrary DNA can bestably
co-maintained with the endogenous genomeas long as these three elements are present.
Molecular nature of the centromere. In Saccharomyces cerevisiae, centromeres have been defined

genetically by their ability to confer mitotic stability upon a plasmid (this is known as a CEN
function). Several centromereshave been clonedby chromosome walking (q.v.) and appearto be functionally interchangeable. Sequence comparison has identified three conserved elements, termed
CDI, CD11and CDIII. CD1has a short consensus sequence
that appears to function primarily in meiotic segregation. CDII is an extremely AT-rich sequence of about 100 bp whose function is unclear.
Mutations in both these elements influence mitotic segregationbut do not
abolish it. CDIII is
a highly conserved26 bp element displaying dyad symmetry, whichappears to be essential for
centromere
activity, as point mutations at the centre of symmetry abolish centromere function, resulting in
unstable segregation. A multiprotein complex termed Cbf-I11 binds to this element and displays
microtubule motor activity. Cbf-111 may thus represent the site of microtubule attachment andthe
engine for segregation at anaphase.
In Schizosaccharomyces pombe and higher eukaryotes, centromeres span several tens of kilobase
pairs, compared with the minimal Saccharomyces cerevisiaecentromere of 125 bp, and this may reflect
the nature of spindle attachment. InS. cerevisiae, a single spindle fiber attaches to each chromosome,
whereas in Schizosaccharomyces pombe and in mammals, numerous fibers are involved, and the centromere contains repetitive DNA. InS. pombe this displays dyad symmetry, whilst in mammals, the
centromere contains a large proportion of satellite DNA (q.v.), which in primates consists of 170 bp
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tandem repeats with local perturbations. Proteins specificallyassociate withthemammalian
centromere, one of which bindsto satellite DNA in vitro and may represent the site of kinetochore
formation.
Molecular nature of the telomere. The possessionof a linearchromosomepresents two problems to

the eukaryotic cell. Firstly, because of the properties of DNA polymerases (q.v.), the 5' ends of each
strand cannotbe completed during replication (see Replication). Secondly, becauseof the abundance
of end-joining enzymes for DNA repair, the chromosome ends could beligated together generating
polycentric compound chromosomesor ring chromosomes which would fail to segregate properly
(see Chromosome Mutation). Both these potentially lethal processes are prevented by telomeres,
which are specialized structures which are added to the chromosome ends in areplicationindependent manner. Telomeresalso appear to act as initiators of synapsis. They are associated with
the nuclear envelope and are the first chromosome regionsto pair up. In yeast and trypanosomes,
subtelomeric DNA plays an important role in the regulation of gene expression by housing silent
copies of information which is transferred to expression-competentsites by nonreciprocal recombination (q.v. mating type switching, antigen switching).
Telomeric DNA consists of short, tandemly repeated sequences. These have been characterized
from a number of eukaryotes and are generally GC-rich, with guanidine residues clustered on one
strand and cytidine residues on the other (Table 5.2). They may formunusual quadruplexstructures
by unorthodoxinteractions between guanosine residues, and which may play a role
in protecting the
telomere from end-joining reactions
(see Nucleic AcidStructure). The addition of telomeric repeats to
the termini of unstable linear plasmids confers stabilityas long as a centromere isalso present.
Telomeres are added to the ends of DNA by a specialized ribonucleoprotein complex termed
telomerase. This comprises several polypeptides and a single RNA molecule which contains two
copies of the cytidine-rich strand sequence found in telomeric DNA. The protein component of
telomerase possesses reversetranscriptase activity, but the activity appears to be limited to using the
telomerase-specific RNA as a template. Based on this information, a current model suggests that
telomere repeats are added to the 3' ends of existing telomeres by a primer extension/template
translocation strategy, as shown in Figure 5.2. It is thought thatthe most distal telomere repeats can
form a structure which blocks the telomere ends, and thus prevents illegitimate end-joining. This
may involve looping of the DNA and/or the association with telomere-binding proteins. Looping
of the terminal DNA could primesynthesis of the G-rich DNA strand.
Components of telomerase and other proteins associated with telomere activity can be identified
from the analysis of mutations which affect telomere function. Mutations which affect telomere
length, a strain-specific characteristic in yeast which is associated with a senescent phenotype,
have identified the TLCZ gene (which encodes
telomerase RNA) and several EST loci (evenshorter
telomeres) which code for telomerase polypeptides or telomere binding proteins like mammalian
TRF1. The senescentphenotype suggests that telomeres mayplay a critical rolein the life-span of a
given cell. This is supported by the observation that the length of telomeres decreases with age in
certain human somatic tissues, whilst it is maintained in germ cells (also q.v.growth transfomfion;
see Oncogenes and Cancer). In mice, however, whichhave a muchshorter life-span but much longer
telomeres than humans,no age-dependent shortening has been observed. It has been suggested that
Table 5.2 Telomeric repeat sequences in different eukaryotes
Organism

Tetrahymena
Trypanosoma
Saccharomyces
Arabidopsis
Mammals

repeat

lTGGGG
TAGGG
TITAGGG
lTAGGG
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Figure 5.2 A model for telomerase activity.(1)Telomerase RNA (bold) pairswith DNA at chromosome terminus.
(2) Telomerase RNA acts as a template for reverse transcription;DNA primer is extended to the endof the
template. (3)Telomerase complex translocates to new chromosome terminus.

reduction of telomere length to a critical limitinduces a DNA repair mechanism which arrests the
cell cycle. If so, telomerase activity would be required for cell proliferation, and this hypothesis is
supported by the presence of telomerase activity in the majority of human tumors; telomerase may
thus be a suitable target for anti-cancer therapy. However,the recently generated telomere-knockout mouse has
been shown to be as susceptible to cancer
as its wild-type littermates (see Replication).
In Drosophila, the distal tips of the telomeres are similar in structure to those of other eukaryotes
and presumablyfunction in the same way -by forminga cap whichblocks end-joining. Telomere
length, however, is maintained in a novel manner which involves the repeated transposition of
LJNEl-like retroelements specifically
to the chromosome ends. The manner in which these elements
are targeted is unclear.
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Box 5.1: Chromosome classification and nomenclature
Zhromosome parameters. All known eukaryotes
)assess more than two chromosome per haploid
set, so it isnecessary to defineasystemof
lescriptive nomenclature which allows individual
:hromosomes to be distinguished from others in
:hesamenucleus.Thenomenclaturewhich
is
Jsed is summarized below and specifies the type
and position of the centromereand the relative
engths of the chromosome arms. Most chromosomes can be defined in terms of three parame:ers, the d-value, the r-value and the centromeric
ndex which delimit regionsof the chromosome
n whichthe centromere can be
placed irrespective
3f chromosome size. The d-value is the difference
length
between
n
arms
short
the
and
long
of the
:hromosome, i.e. d = 9 -p, where 9 and p are the
lengthsof the long andshortarms,respectively,
and the total length of the chromosome has been

divided into 10 arbitrary units. The r-value is the
ratio of the lengths of the two chromosome arms,
i.e. r = 9/p. The centromeric indexis the distance
from the centromere to the tip of the short arm,
expressed as a percentage of the total chromosome length, i.e. i= loop/@ + 9).Human chromosomes are placed into seven categories based on
these parameters and their size as shown.
10

m,

P

Measurementsused

meters d, rand i.

9

to definethemorphologicalpara-

Monocentric

A chromosome with a single defined centromere.Most normal chromosomes are

Holocentric

A chromosome with a diffuse centromere,so that spindle attachment occurs over

Telocentric
(telomictic)

A monocentric chromosome

monocentric

the entire chromosome(lateral attachment),as found in the Lepidoptera

with a terminal centromere

(D=O,q=lO,d=lO,

Atelocentric
(atelomictic)
Metacentric

r = a and i= 0), also known as a
T-chromosome or monobrachial chromosome.Such chromosomes are very
rare in nature, most supposedly telocentric chromosomes having a short
but
definite p arm. The term is therefore widely misused.It can be used to describe
aberrant chromosomes broken throughthe centromere
A monocentric chromosome
with a nonterminal centromere(a dibrachial chromosome),further classified as
shown below:
A monocentric chromosomewith a central or near central centromere. the
If
centromere is exactly at the median point, it is classified as an
M-chromosome (d = 0, r = 1 .O and i= 50),whilst if the centromere is not central
but lies withinthe median region,it is classified as an
m-chromosome (d = >O 2.5,r = >l .O 1.7 and i= 37.5 - 40).True
M-chromosomes are rare in nature (q.v. isochromosome)
A monocentric chromosomewith a centromerein the submedian region
(d = 2.5 5.0,r = 1.7 3.0 and i = 25 37.5)
A monocentric chromosomewith a centromerein the subterminal region
(d = 5.0 7.5,r = 3.0 7.0 and i= 12.5 25)
A monocentric chromosomewith its centromere in the terminal region(d = 7.5
c1 0, r = 7.0 =, i= >O 12.5),also known as at- chromosome. Most
so-called telocentric chromosomes are actually acrocentric

-

Submetacentric
Subacrocentric
Acrocentric

-

-

-

-

-

-

-

-

Continued
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612, x

Classificationof human chromosomes using the nomenclature discussed above. Human autosomes are numbered
by
size: 1 (largest;- 22 (smallest) although chromosome22 is actually bigger than 21.
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Chapter 6

Development, Molecular Aspects
Fundamental concepts and definitions
Development is the course by which a complex, multicellular organism arises. It usually
begins with a single
cell, a fertilized egg,
but in certain species it may be initiated asexually, e.g.
by parthenogenesis or by
budding from an adult.
Development occurs by epigenesis, the progressive diversification
of parts, rather than by preformation, the growth of a prestructured organism in miniature. Thus a simple and crude
pattern is formed in the early embryo and filled with detail as the embryo grows.
Developmentcan be describedbythreeoverlapping
and interdependent processes.
Differentiation is the process by which cellsbecome specialized to their different functions
and reflects the synthesis
of different sets of proteins. Regional specification is the process by
which cells acquire positional information, i.e. instructions which govern their behavior and
allow them to form specific structures in appropriate positions, the
of pattern
basis formation.
Morphogenesis is the creationof form and reflects different aspectsof cell behavior: growth
and division, movement relative to other cells, changes in shape and size, interactions with
other cells and the extracellular matrix,
and cell death.
With a few exceptions, the genome remains the same in all cells
of a developing organism,
i.e.
development is predominantly controlled by the regulation
of gene expression.
The developmental program is regulated by intrinsic and extrinsic factors.In most organisms, the first aspectsof differentiation and patterning occur through preexisting (intrinsic)
asymmetryintheegg.Furtherdiversificationand
pattern formationisachievedby
extrinsic processes-cell-to-cell communication and the interaction between cells
and their
environment.
Development begins at fertilization, but it is more difficult to state when it stops. Many cells
become terminally differentiated, which can be thought
of as their final fate, whereas others
stem cells - do not; many developmental processes are reiterative. Some regard aging as a
developmental process, in which case development eventually ceases when the organism dies.
6.1 Differentiation
Genomic equivalence. During differentiation, cells become specializedto perform their particular

functions, and this reflects the synthesis of characteristic sets of proteins. With few exceptions(Box
6.1), the genome of all cells in a developing organism remains the same, which indicates that the
basis of differentiation is selective gene expression. Gene expression can be regulated at many
levels (see Gene Expressionand Regulation), and some examples of developmental gene regulation
are shownin Table 6.1.
Evidence for genomic equivalencecomes from both molecular and functional studies. Molecular
analysis of genomic DNA (e.g. by Southern hybridization or PCR) shows that genome structure is
typically the same in all cellsregardless of which genes are expressed. Functionalexperiments show
that differentiated cells are,under certain circumstances, ableto dedifferentiateand follow alternative pathways of development, a phenomenon termed transdifferentiation or metaplasia. This
shows that genes which are not utilized in a particular cell type are latent and can be reactivated.
The ultimate functionaltest is toregenerate an entire organism from asingle differentiated cell. This
is quite possible in plants,where differentiated cells of several species can be routinely dedifferentiated in culture and will then proliferate to form a clone of disorganized undifferentiated cells
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Table 6.1: The regulationof differentiation at different levelsof aene exDression
Level of gene
expression
Developmental
system

Transcription
Differentiation
RNA processing
Differentiation

RNA turnover

Protein
synthesis
Establishment

Protein
function
Establishment

of muscle
cells
is controlled by synthesis
the
of
transcription factors suchas MyoD1 which activate muscle-specific
genes
of the sexes in Drosophila is controlled
alternative
by
splicing of the primary transcriptsof the sex lethal, transformer and
doublesex genes.
Precocious translation of a number of mRNAs in oocytes of the moth
Manduca sexta is prevented by delayed capping
Limb bud development in the
chick is controlled in part by the
expression of FGF-2. Antisense RNA complementary toFGF-2
mRNA is expressed in the chick limb bud and targets the message
for degradation
of anterior
and
posterior
structures
in early
Drosophila
development is controlled in part by repression of translation. Bicoid
protein represses translationof caudal mRNA in the anterior,
and Nanos protein represses translationof hunchback mRNA in
the posterior.
Synthesis of the Xenopus fibroblast growth factor receptoris blocked
in oocytes by proteins bound to the XfgfrlmRNA; the repression is
lifted in mature eggs
inDrosophila
the embryo
of dorso-ventral
polarity
depends on the transfer of the Dorsal protein to the nucleus, whichis
brought about by phosphorylating (and hence inactivating) the
inhibitory protein Cactus

termed a callus. Calluses can be exposed to plant hormones and will regenerate to form a complete
plant, a process which has beenexploited in the genetic manipulation of commercially important
plant species (see Recombinant DNA). It has been impossible to obtain the same results using differentiated animal cells,but it has been possible to produce viable embryos by transferring nucleus
the
of a differentiatedamphibian cell into an enucleated egg. Although the embryos do not develop into
adults, these experiments indicate that whereas differentiated animal cells, unlike plant cells, are
unable to fully reverse their developmental commitment (even when isolated and placed in an
unusual environment), the nucleus maintains some potency. Performing the same technique using
nuclei from cells of an amphibian embryo, however, allows development to the adult stage, and
nuclei frompreimplantation embryos of certain mammals will also support full development. These
results suggest that the animal nucleus progressively looses its potency as development proceeds,
and some reasons for this are considered below. Despite this restriction, a sheep has been cloned
recently by transferring the nucleus of a fully differentiated mammary gland cell into anenucleated egg, demonstrating for the first time that the differentiated animal cell nucleus retains all the
information required to produce a fully functional organism.
Simp/emodels of differentiation. The development of a multicellular organism is a complex process

because it involves not only the diversification of cell types, but also their precise spatial organization. Unicellular organisms may also differentiate in response to their environment, and they provide simple model systems involving the same principles seen in multicellular development differential gene expression controlledby intinsic and extrinsic factors -but in the absence of pattern formation. Thesimplest developmental model is probably sporulation in Bacillus subtilis, where
two cell types, aspore and a mother cell, differentiate upon nutrientdepletion (Box 6.2). Yeast cells
demonstrate a simple form of transdifferentiation in their ability to spontaneously switch from one
mating type to another, a process which involves programmed nonreciprocal recombination (q.v.
mating type switching). The slime mould Dictyostelium discoideum alternates between a unicellular
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existence and that of a simple multicellular organism, and is perhaps the most informative model
for development in complex organisms. Theaggregate of cells demonstrates manyof the properties
of animal embryosincluding morphogenesis, simple mechanisms of regional specification,and the
ability to regulate for missing parts(Box 6.3).
Patterning and dwemntiation in ear& development. In multicellular organisms, the processes of

differentiation and pattern formation are inextricably linked. The early stages of development
involve the segregation of different lineages (an example being the three germ layers ectoderm,
mesoderm and endodermin vertebrate embryos) and the establishment of the first crude positional
cues, in the form of the major body axes.
As discussed above, the
developmentalprogram is controlled
by bothintrinsic and extrinsic information. In most animals and plants, the course of development is initiated by intrinsic biochemical
asymmetry in the egg. Particular moleculesare segregated into different cellsas the egg cleaves, and
cells arising at different positions in the embryo are therefore nonequivalent. Such molecules are
termed cytoplasmic determinants andare products of the maternal genome deliberately placedin the
egg at certain positions. Hence
it is the maternalgenotype which determines the early developmental
phenotype of the embryo, aphenomenon referred to as the maternal effect (Figure 6.1).
Further developmental cues may arise through external stimuli. In all vertebrate embryos, for
instance, the dorso-ventral axis is specified by an external physical stimulus in the environment.
so establishes the anteroGastrulation then begins on the dorsal surface of the embryo, and in doing
posterior axis. In frogs, the dorso-ventral axis of the embryo is specified by the act of fertilization
the region opposite the site of sperm entry becomes the dorsal side via amechanism whichinvolves
cortical rotation. Gravityand rotation are also important in the polarity of avian and (presumably)
mammalian embryos. In each case, homologous molecules are expressed in the dorsal organizing
centers (see Box 6.4).
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Figure 6.1:Maternal effect in snails of the genus Limnaea. The direction
of coiling is determined at a single
locus D, with the dominant alleleD specifying dextral coiling and the recessive allele
d specifying sinistral
coiling. The D allele encodes a cytoplasmic protein synthesizedin the oocyte, which determines the

this factor is missing from sinistral oocytes,
orientation of the mitotic spindle at the second cleavage division:
suggesting that left-handed coilingis the default pathway. Reciprocal crosses generateF1 snails with
identical heterozygous genotypesbut coiling phenotypes that depend upon the mother’s ability to synthesize
the D protein in her oocytes, i.e. it is dependent on her genotype, and is different in each cross. If the F1
snails are self-crossed, theF2 generation is uniformly dextral, because the heterozygousF1 snails can
synthesize theD protein in their oocytes and specify dextral coiling regardless of their own phenotype. Note
that the segregationof alleles follows normal Mendelian principles (q.v. Mendelian inheritance).
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There is a limitto how much detail can be mapped out by
cytoplasmic determinants inthe egg.
The use of intrinsic cues as a sole mechanism of diversification is therefore limited to early development, whereaslater specificationis controlled by extrinsic cues, i.e. those arising from the interactions between cells. In this way, a crude pattern established by the segregation of cytoplasmic
determinants and the interpretation of physical stimuli can be elaborated and filled with finer
layers of detail by progressive interactions between cells.
Mosaic and regulative development The relative predominance of cytoplasmic determinants and

cell-cell interactions in early development differs across the animal kingdom. Generally, cytoplasmic determinants appear to be most important in invertebrate embryos and cell-cell interactions in vertebrate development.
These two sources of information define two extreme mechanisms of development, termed
mosaic and regulative (Figure 6.2). A fate mapof an egg or an embryo shows
the fate (normaldevelopmental outcome) of each region. In mosaic development, the fate of an individual cell is determined entirely by its intrinsic characteristics (i.e.its cytoplasmic determinants), whilst in regulative
development, the fate of each cellis determined byits interactions with other cells. In mosaic development, therefore, each cell
undergoes autonomousspecification, i.e. in principle, if removed from
the embryo it will develop according to its intrinsic instructions. An isolated cell willthus differentiate into theappropriate part of the embryo andthe remainder of the embryo will lackthat part(c.f.
community effect).The fatemap of the embryo can be reconstructed from the fate of individual cells
differentiating in isolation. In regulative development, each cell undergoes conditional specification, i.e. if it is removed fromthe embryo it will failto fulfil its fate becauseit lacks the appropriate
interactions with other cells. The remainderof the embryo, however, canregulate itself and replace
the missing parts. This is because the appropriate interactions have yet to occur, and therefore the
fates of the remaining cells are not determined. The region of the embryodriving such interactions
is termed an organizer; it has the special property of being able to induce the formation of new
structures when transplanted to another region of the embryo because it is the source of the primary inductive signals (Figure 6.2).
Autonomous specification

Conditional specification

0W

-b

-b

Figure 6.2 Autonomous and conditional specification.In autonomous specification (upper figure), the five
regions of the embryo (A-E) are already specified by cytoplasmic determinantsin the egg and become

of the embryo are
segregated by cleavage. In conditional specification (lower figure), the five regions
specified by progressive cell-cell interactions. Both embryos have the same fate map,but would respond
differently to isolation experiments. If the region correspondingto tissue B were to be removed from the early
embryo in each case, the upper embryo would show mosaic development (the isolated cells would
differentiate into tissueB and the remainder of the embryo would develop lackingB),whilst the lower
embryo would show regulative development (the isolated cells would differentiate into tissueA because they
have yet to be specified as B, and the remainder of the embryo would regulate for themissing parts, i.e.
E would act as an organizer and induce A to generate C, then A would induce C to generate B).
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The most extreme
example of mosaic development occurs in tunicate embryos wherethe majority of embryonic cell types are already specified by cytoplasmic determinants in the egg. In some
species, e.g. Hulocynthia roretzi, the distribution of the determinants is obvious because they are
differentcolors! Evenso, some inductive interactions are required for proper development,e.g. the
nervoussystem is specified by interactions between blastomeres just prior to gastrulation.
Mammals provide an extreme exampleof regulative development. There appears to be no intrinsic
asymmetry inthe egg, and in the first few divisions, any cell in the blastocyst can be isolated and
will develop into a complete embryo. The
earliest differentiation segregates the trophectoderm from
the inner cells mass (roughly speaking, thesewill develop intothe extraembryonic membranes and
the embryo proper, respectively). This decision appears to be entirely stochastic, with the fate of
each cellapparently dependent uponits location, either on the surface or within the blastocyst. Most
organisms fall somewhere between these extremes and show examples of both autonomous and
conditional specification in early development. The frog Xenopus lueuis is used as anexample (Box
6.4). Many insects, e.g. Drosophila, follow a unique style of early development wherespecification
occurs in the context of a syncytium, and cell fates are determined prior to cellularization by the
interaction of diffusible regulators with individual nuclei. After cellularization,further specification
occurs conditionally by cell-cell interactions. Thedevelopment of Drosophila rnelunoguster has been
particularly well characterized in this respect, and is discussed in Boxes 6.5 and 6.6.
Celkell interactions indevelopment Cells respond to signals from other cells and from the envi-

ronment by altering patterns of gene expression and the activities of protein molecules already in
the cell (see Signal Transduction). Both these responses are potential routes to differentiation, and
where onecell (or more properly,a substance produced by it) influences the developmental fate of
another, the process is termed induction (e.g. see Box 6.4).
Inductive signaling takes many forms. Firstly, one candistinguish between interactions involving different cell types and those involving equivalent cells. In the former, signaling between cells
may be mediated by locally secretedsubstances active over short distances (paracrine signaling) or
by signals released by distant cells and transported to their target through the vascular system
(endocrine signaling). Cell-cell contact may be required for
signal transduction (sometimes termed
juxtacrine signaling), or the cell may respond to molecules secreted into the extracellular matrix.
There are two sorts of inductive interactions. In instructive induction the responding cells adopt
different fates in the presence and absence of the inducer, i.e. the inducing cells instruct the responding cells to follow a particular developmental pathway. In permissive induction the responding
cells are already committed to a certain fatebut need a particular signal to permit them to continue,
i.e. there is no choice involved. Several responses to induction can also be discriminated. The
classical response is uniform, i.e. the inductive signal causes the responding cells to adopt a single,
characteristic fate. This often occurs when two layers of tissue are brought together (appositional
induction) or where induction is considered at a single cell level. A morphogen, however, is a
diffusible signal which establishesa concentration gradient over a given populationof cells (a morphogenetic field) and elicits differentresponses at different concentration thresholds. Homeogenetic
induction is a propagated response where the responding tissue is induced to differentiate into the
inducing tissue, and then induces its neighboring cells to follow the same fate. These differenttypes
of induction are summarized in Figure 6.3.
The induction mechanisms considered above all concern interactions between nonequivalent
cells. Differences can also arise within populations of equivalent cells by a process termed lateral
inhibition. In this model (Figure 6.4), equivalent, undifferentiated cells secretea signal which suppresses differentiation in surrounding cells and inhibits further signaling. An equilibrium is thus
established where all cells signal totheir neighbors inlow amounts. Aslight imbalance arising by
chance can disrupt this signaling process and become amplified by feedback. A random burst of
signal released by a central cell will repress signaling in the surrounding cells and enable the
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Figure 6.3 Mechanisms of induction. The upper panel shows
the difference between permissive and
instructive induction. In permissive induction (1) the fate of the responding tissueis fixed and requires the
inducing signalto fulfill that fate. Thereis no choice involved andin the absence of induction,the tissue fails
to differentiate. In instructive induction (2) the responding tissuewill differentiate oneway in the presence of
the inducer and another wayin its absence. The lower panel showsthe consequences of different formsof
inductive signal. In appositional induction (3), the inducing cells evoke a single response
from the responding
cells. Conversely, a morphogen(4) is a diffusible signal which forms a gradient acrossfield
a of cells and
causes different cellsto adopt different fates accordingto their position. In homeogenetic induction (5),the
inducing cell causes the responding cellto adopt the same fateas the inducing cell. The responding
cell
thus becomes an inducer also capable of inducing neighboring cells, and
the signal is propagated
throughout the populationof cells until they all adoptthe same fate.

Figure 6.4 Lateral inhibition. Differentiationis repressed in a group of equivalent cells
by a signaling
molecule which downregulates signal production
in neighboring cells and may also upregulate synthesis of
the receptor. Initial equivalenceis maintained by mutual repression, but a chance event,in which a particular
cell momentarily synthesizes more ofthe signal than its neighbors, inhibits the surrounding cells’ abilityto
produce the signal and increases their receptivityto the signal. A positive feedbackloop is initiated whereby
the neighboring cell eventually ceases signalproduction and can only receive it. This is seen, for example,
in
the Notch/Delta signaling pathway during
Drosophila neurogenesis.

central cell to differentiate. However,the surrounding cells not only ceaseto inhibit differentiation,
they also cease toinhibit signaling from the central cell. Thecentral cell thus establishes dominance
by constitutive high-level signaling, whilst the surrounding cells are able to neither signal nor
differentiate. This mechanismis thought to underlie the differentiation of neural precursor cells in
both the Drosophila ectoderm and the vertebrate brain, and the differentiation of the anchor cell in
the Caenorhabditis eZeguns uterus (see Box 6.6).
The converse of lateral inhibition is the community effect, where cells behave differently in
isolation compared witha population of equivalent cells. This effect isbrought about byautocrine
signaling (the ability of a cellto respond to a signal secretedby itself). Here, equivalent cells secrete
a signal which is necessary for their own differentiation and that of their neighbors. The concerted
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effortof apopulation of cells canproduce enoughof the signal to alter their collective fate,but a single cell cannot achieve the same response.
There are many examples of induction in development, some of which are involved in early
fundamental processes (e.g. mesoderm induction and neural induction, discussed in Box 6.4) and
some of which occur later in the genesis of particular organs. Well-characterized examples of the
latter include vulval specification in Cuenorhabditis elegans (Box 6.6) and specification of the W
photoreceptor cell in Drosophila eye development (Box 6.7).
Commitment and maintenance of the differentiated state. The diversification of the embryo by
progressive cell-cell interactions allows an initially smallnumber of cell types to be elaborated into
the many distinct cell types in the mature animalor plant. This occurs as a hierarchy: as more cell
types arise, more types of inductive interactions are possible. A prominent feature of animal cells,
discussed briefly at the beginning of this chapter, is theirtendency to become committed to particular developmental pathways. Once the early vertebrate embryo has diversified into ectoderm,
mesoderm and endoderm,the cells of those lineages are restricted in their fate and can only differentiate into the spectrum of cell types characteristic of their own lineage, not those of the other
lineages. For example, once a cell has differentiated as ectoderm, its fate is broadly restricted to
epidermis or neural tissue and it can no longer follow the pathway to mesodermal derivatives such
as muscle. Animaldevelopment thus proceeds through
a series of irreversible decisions, where cells
become progressively restrictedto narrower and narrowerfates until they are terminally differentiated. At this point, the cells either cease to proliferate (e.g. neurons, muscle) or produce only the
same cell type as themselves (e.g. keratinocytes). The major exceptions
to this rule are stem cells and
germ cells (seeTable 6.2).
Commitment occurs in several stages. A cell may bespecified to adopt a certain fate by its intrinsic properties, and will differentiatethis way inisolation. However,when exposedto a range of different environments, its fate may be altered by interactions with other cells. A cell becomes deter
mined when its commitment is irreversible, i.e. it will follow the same developmental pathway
regardless of its environment. The timing of determination can be demonstrated by transplant
experiments. Ectoderm in Xenopus embryos is specified to become epidermis but can be induced by
underlying dorsal mesoderm to form neural plate. Before determination, either presumptive epidermis or presumptive neural plate will differentiate into epidermis in isolation, but once the presumptive neural plate becomes determined it will becomeneural plate regardless of its environment
- in situ, in isolation or when transplanted to an ectopic site. Specificationand determination mually precede overt differentiation becausethey involve the synthesis of regulatory molecules which
activate the downstream genescontrolling differentiation. Thedifference between the twostates of
commitment reflects how those regulatory molecules are themselves controlled. Determination
involves permanent maintenanceof the regulatory circuit, whichconfers upon the cell amemory of
its committed state. Maintenance can occureither through a cytoplasmicfeedback loop or bystructural reorganization of chromatin, and these mechanisms help explain the nuclear transplantation
data presented earlier. In the case of the muscle cell lineage,determination is controlled by feedback.
Muscle differentiation is controlled by agroup of bHLH regulatory proteins known as the MyoD
family. Once theseregulators have been activated byinductive interactions in the somites, they can
activate the transcription of muscle specific genes (e.g. skeletal actin and myosin) and thusinitiate
muscle differentiation. However, MyoD also activates its own gene as well as those for other members of this family, thus maintaining their own expression through positive feedback. Once a cell
begins to express the MyoD regulators, it therefore becomes irreversiblycommitted to the muscle
lineage. However,in principle, the cytoplasmic loop could be broken
by removing the nucleus of that
cell and placing it in a different cytoplasm. Conversely, maintenance
of states of commitment in other
cells occur at the level of the chromosome itself. InDrosophila, expression of the homeotic genes is
maintained by reorganization of chromatin structure, mediated bythe Polycomb and trithorax gene
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Table 6.2: Terms relating to the commitment of cellsto particular pathways of development
Term

Definition

particular
developmental
property of a cell which causes it to follow a
pathway
Dedifferentiation
The ability to reverse the developmental
pathway
and
move
from a
differentiated state to a more labilestate
DeterminationTheirreversiblecommitment
of a cell to a specific fate, a condition which
drives the cell to the same fate irrespective ofits environment
DifferentiationThe
adoption of
a
new
phenotype
by
the synthesis andlor activation of anew
set of proteins. Terminal differentiation is the last stage in any particular
cell lineage, where a cell either becomes quiescent orproduces a singletype
of progeny (c.f. stem cell, germ cell)
Fate
The
type of differentiated
cell
given
a
cell will become in the future. A fate
map
is a mapof an egg or embryowhich shows the fates of all cells
Germ cell
A cell which will form gametes.
Germ cells
usually
segregate
from somatic cells
early in animal development and arethe only cellsto retain totipotency in the
mature animal. Conversely, plant germ cells arise from somatic cells
in the
mature plant. This fundamental difference
in biology may explainthe different
potencies of animal and plant somaticcells in isolation
Potency
The
sum
of
all
possible
fates
cell
a has
(in
any
environment,
not just in normal
development). Also totipotent - able to adopt any fate, i.e. can in principle
form an entire organism;pluripotent - able to adopt several, but not
all fates
SpecificationThecommitmentofa
cell to aparticular fate in the isolated context ofaneutral
environment. Defines the default developmental program,but may be altered
by external influences
Stem cell
A cell which
produces two types
of
descendent
at
each
division:
a
copy of
itself and acell that will differentiate (c.f. embryonic sterncell)
Transdetermination
A change in commitmentoccasionally seen in Drosophilaimaginal disc cells
maintained in a proliferative stateby serial transplant into the abdomens of
adult flies, rather than being allowed
to differentiate. The changes arenot
random, but occur in a preferred sequence, probably reflecting small
changes in the activities of regulatory proteins
Transdifferentiation
The
ability to dedifferentiateandfollow
an alternativedevelopmental
pathway. Often seento occur in regenerating tissuesfollowing amputation

Commitment
The

products (Box 6.8); in female mammals, chromatin structure andDNA methylation maintain one
of
the X-chromosomes in aninactive state (see DNA MethylationandEpigenetic
Regulation).
Commitment states maintained in this way cannot reset
be by transferring the nucleus a to
different
cytoplasmic environment, and the prevalence epigenetic
of
commitment in animals may explain the
failure of somatic cell nuclei to initiate development in enucleated eggs. The success of somatic
cloning in plants suggests that states of commitment are maintained by extrinsic processes, i.e.
to
cell-cell signaling rather than intrinsic regulatory
systems, so that transferring the cella different
environment is sufficient reset
to the developmental program. Similar
cases may beseen in animals
cells which can dedifferentiate in response to injury and facilitate regeneration. In such cases, differentiation occurs in the absence of determination, allowing the differentiated
state to be controlled
by the local environment.

6.2 Pattern formation and positional information
Pattern formation. Pattern formation is the
process causing cells to adopta precise spatial organization, a phenomenon which ensures that all members aofspecies are morphologically similar. The
components of pattern formationare regional specification andmorphogenesis. Regional specification is theprocess by which cells acquire positional values, i.e. molecular information causing
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them to behave in a mannerappropriate for their position in the organism as a whole.
Morphogenesis describes the processes by which cells form structures, by interpreting the positional information and behavingaccordingly.
Regionalspecification.Two formsof regional specification can distinguished,
be
one whichcontrols
differentiation and causes particular differentiated cell types to arise in particular positions, and one
which controls morphogenesis in cells which are equivalent with respect to their state of differentiation, i.e. it causes them to behave differently so that theygive rise to regionally specificstructures.
Examples of both processes can be found inthe vertebrate limb. The limbcomprises a number
of differentcell types which form the bone, muscle, skin, etc., and these become organized into a
roughly concentric pattern so that the bone is on the inside, surrounded bymuscle, with skin on the
outside. Once this ground plan has
been laid,structural differences arise between identical celltypes
in different locations, e.g. between the forelimb and the hindlimb, and between cells at various
points along the three principal limb axes. Such differences reflect the individual behavior of the
cells in each position, e.g. differentialgrowth or changes in shape.
Positional information. The manner in which cells acquire their positional values is through posi-

tional information conferred by patterns of gene expression. The source of positional information
was first determined in Drosophila through theanalysis of mutants whose body
pattern was fundamentally disrupted (suggesting that certain cells had received the wrong positional information).
Two sets of genes control positional values along the anteroposterior axis, the segment polarity
genes whose role isto specify the positions of specific celltypes in each segment,and the homeotic
selector genes whose role is to instruct those cells to behave in such a manner as to generate the
appropriate regional structures. The combination of genes expressed in aparticular cell thus gives
it an ’address’ andassignsit
to a particular region of the embryo.Mutationsinthe
segment polarity genes cause the loss of particular regions of each segmentand their replacement
by a mirror image of the remaining cells (i.e. celltypes are specified incorrectly)whereas mutations
in the homeotic selector genes generate spectacular and sometimes bizarre phenotypes where one
body partis replaced by the likeness of another (i.e. the correct celltypes are present but they behave
aberrantly). The regulation and function of these genes in Drosophila is discussed in Box 6.8.
Remarkably, both the segment polarity genes and the homeotic genes have been conserved
throughout animalevolution and appearto play an importantrole in the patterning of all animals,
including vertebrates. The roleof the vertebrate homeotic genes, and their similarity to the homologous Drosophila genes, is considered in Box 6.9. The developing limb (Box 6.10) provides an
example of how both sets of genes function in vertebrate development, and how
not only thegenes
themselves, but also their regulatory interrelationships are conserved.
The animal homeotic genes are not found in the plant kingdom: the fundamentally different
body plans anddevelopmental mechanisms suggest entirely different regulatory strategies.
However, a family of transcription factors related by their possession of a MADS box (a motif also
found in the mammalian serum response factor) have been identified in Arabidopsis thljana, and
their loss of function causes homeotic transformations in the reiterated structures of the flower
(petals, sepals, stamens and carpels). It is likely that similar principles control the expression and
activity of these factorsand the animal homeotic genes,and thusthe MADS system may bethe basis
of positional information in plants. However, much remains to be learned about the regulators and
effectors of these molecules, and of cell-cell signaling in plants in general.
The role of morphogenesis in development Morphogenesis is the creation of form and structure,
and can be regardedas the ‘third’ component of development, taking cells which have been differentiated and endowed withpositional values and translating the instructions they have been given
into particular movements and behaviors which create precise arrangements in space. However,
while morphogenesismay indeed act as the effector of the developmental program,it also plays a
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Table 6.3 Morphogenetic processesin development
Mechanism of morphogenesisExamples
Cell growth (increase in size)
Proliferation
Cell division
Change of cell shape
Cell fusion
Cell death
Loss of cell-cell adhesion

Gain of cell-cell adhesion
Cell-matrix interactions
Loss of cell-matrix interactions

in development

Neurons in response to nerve growth factor
Organizer cells during amphibian gastrulation
Unequal cleavage of Xenopus egg to generate large vegetal
blastomeres and small animal blastomeres
Narrowing of apical pole of neural cells in the hinge region of the neural
plate during neural tube closure
Differentiation of myotubes from myoblasts
Many neurons
Death of mesenchyme cells in interdigital necrotic zones
Mammals and birds: delamination of cells from epiblastas they move
through primitive streak
Condensation of cartilage mesenchyme in developing limbs
Migration of neural crest cells
Delamination of cells from basal layer of skin stimulates differentiation
into keratinocytes

very active role in its control. From the very earliest stages of development, the manner in which
cells behave how they grow and divide, how they adhere to each other, how they change shape
-controls cellularinteractions in the embryo and thusestablishes the framework within which differentiation and regional specification take place. A primary example is gastrulation, where the
structure of the animal embryo is fundamentally reorganized early in development: this involves
many morphogenetic processes including changes in cell shape, cell proliferation, and differential
cell affinity caused bychanging patterns of cell adhesion molecule expression. The resultof gastrulation in Xenopus embryos is shown in Box 6.4 - the dorsal mesoderm is endowed with positional
information and is placed so that it can induce the overlying ectoderm to become neural plate. Hence
morphogenesis hasacted as the driving force behindboth differentiation and regional specification.

-

Mechanisms of morphogenesis. The basis of morphogenesis is cell behavior.This may be considered as an isolated process or in terms of the cell interacting with its environment. Cell intrinsic

processes which drive morphogenesis include the rate of cell growth and proliferation, the nature
of cell division, changes incell shape andcell death. Examples of these processes occurring during
development are shown in Table 6.3. For some species, these processesare tightly regulated. In the
division and cell death is written into
nematode wormCaenorhabditis elegans, for instance, every cell
an invariant developmental program.The predictable movements mean thatall cell-cell inductive
interactions are also invariant, and each individual contains precisely the same number of cells in
precisely the same positions. Severalgenes have been
identified in C. elegans which regulate this cell
behavior. Anexample is lin-14, which encodes a transcription factor required in the first-stage larva.
Modulations inthe level of LIN-14 protein disrupt several cell lineages by causing cells tobehave in
a heterochronic fashion - i.e. appropriate for a previous or subsequent stage of development.
Overexpression of lin-14 causes many cellsto behave immaturelyand repeat divisions characteristic of an earlier stage of development.Loss-of-function mutations, conversely, cause cells toskip certain divisions and behave in a manner more appropriate for later development. In larger organisms
factors and
cell growthand
cell division tend to be controlled en masse bygrowth
hormones rather than by an intrinsic program. There is therefore agreater degree of variability in
cell number and a statistical likelihood rather than a programmed certainty that a given cell will
divide. Such stochastic influences probably play a major rolein the phenomenon of developmental
noise (q.v.), a source of variation in isogenic populations which are maintained in a constant environment.
Cell extrinsic processes which drive morphogenesis include cell-cell adhesion and cell-matrix
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interactions. Cells canchange therepertoire of cell adhesion molecules they express, and thusalter
their relationship with the cells around them. Two families of cell adhesion molecules are recognized: the Ca2+-dependentcadherins and the Ca2+-independent cell-adhesion molecules of the
immunoglobulin superfamily (e.g. N-CAM). By expressing different CAMS and cadherins, cells can
choose tostick together or not,and can movein relation to each other,allowing themto form sheets
or clumps, or to disperse. Such interactions are important for the complex morphogenetic movements observed during gastrulation, and ascells makeand break contacts, the patterns of cell adhesion molecules expressed in the embryo can be seen to change. Cells also interact with molecules
such as laminin and fibronectin in the extracellular matrix through cell-surface receptors termed
integrins. Such cell-matrix interactions are important for migrating cells such as the neural crest
cells and primordial germ cells, and for the differentiation of keratinocytes.

6.3 The environment in development
Genes andthe environment in development. In the preceding sections, development has been
presented as a genetic process programmed into the genome and followed in the correct cytoplasmic
setting to generate a whole organism. The useof physical cues in early vertebrate development has
been alluded to, but it is also necessary to consider the widerrole of the environment. Much of the
phenotypic variation observed in populations arises through the influence of the environment
during developmentas well as the stochastic influences behind developmental noise (q.v.). Likemany
developmental processes, sex determination involves both genetic and environmental factors, but
this process is unusual inthe extent to which these factors can beseparated, and their relative predominance in different organisms (TabZe 6.4). The development of primary sex characteristics (the
type of gamete produced) and secondary
sex characteristics (the appearance of the individual) are
regulated by different pathways with some common components. An important feature of sexdetermination in many animals is the presence of sex-chromosomes (q.v.). These are asymmetrically
distributed between the sexes, and dosage compensation mechanisms are required to redress the
effects of having double the dose of certain gene products in one sex compared with the other. In
Drosophila and mammals, females possess two X-chromosomes and males only one. In Drosophila,
X-dosage compensation is mediated by reducing
the rate of transcription for X-linked loci to
50% in
females (Table 6.4). In mammals, the same result is achieved by inactivating one of the X-chromosomes (see DNA Methylation Eipgenetic Regulation).

Table 6.4 Some examples ofpredominantlygeneticandpredominantlyenvironmentalsex-determination

mechanisms
Mechanism

Predominantly genetic mechanisms
Mammals In mammals,
primary sex
characteristics
(gonad
physiology)
are
determined
by
chromosomalthepresence
of the SRY gene on the Y chromosome.Individuals with a Y
determination
chromosome
are
usually
male
regardless
of the
number of X-chromosomes,
and X 0 individuals are female. SRY encodes an HMG box transcription
factor which induces the expressionof other regulators (including SOX9 and
SF1) and may repress Wnt-4a signaling in the gonad. SF1 is required for
early gonad development in both sexes, but levels decline in the female in
the absence of SRY. Where SF1 expression is maintained in the male, it
induces expression of Mullerian inhibiting substance in Sertoli cells and
testosterone in Leydig cells of the testis. These two hormones promote
survival of the mesonephric ducts (which become the vas deferentia) and
degeneration of the paramesonephric ducts (future female genital tubes). The
Continued
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Mechanism
effect ofSRY in abolishing Wnt-4a maybe to counteract the effects of an
X-linked geneDAX. When present in a single copy, DAX expression
is
insufficient to reverse the effects ofSRY, but duplications of the DAX locus
cause XY individuals to develop as females
The secondary sex characteristics of mammals are determined
by hormones.
In this case, the female isthe default state.In the absence of testosterone
receptors, XY individuals develop (internal) male gonads
but female
secondary sexual characteristics. Bythe same principle, femalecows can be
mascularized in utero by testosteroneproduction in a male twin, producing
an animal known as a freemartin

-

Drosophila the
In Drosophila,primarysex is determined by the balancebetweenautosomes
balancemechanismandX-chromosomes,andwhile
the Y-chromosome is required for male
fertility, it is not the primary determinant of male sex characteristics. Hence
XY individuals are males andX 0 individuals are sterile males. Individuals
with a 1:l X:autosome ratio are females and thosewith a 1:2 Xautosome
ratio are males, those with intermediate ratios have intermediate phenotypes
and are described as intersexes, and thosewith more extreme ratios show
more extreme ‘maleness’ and ‘femaleness’ and aredescribed as metamales
and metafemales
The balance mechanism reflectsthe relative levels of various helix-loop-helix
transcription factors encoded by the X-chromosome and autosomes. The
X-linked genes sisterless-a, sisterless-b and sisterless-c encode
factors
which activatethe gene Sex-lethal, whilstthe autosomal gene deadpan
encodes an inhibitor which probably actsby sequestering the above into
inactive heterodimers. Sex-lethalis activated in females wherethe Sisterless
factors are predominant, whereasin males, the gene is repressed dueto the
relatively high levels of Deadpan. The Sex-lethal
protein performs two
functions. Firstlyit initiates an alternativeRNA splicing cascade which
produces a female-specific transcript
of the doublesex gene, and secondlyit
represses a battery of genes which regulate
the male-specific transcription
rate of X-linked genes (q.v. dosage compensation). TheRNA splicing
cascade in Drosophila sex determination is shownin Figure 27.4 (see
RNA Processing)
Predominantly environmental mechanisms
Turtles-temperature
Most reptilesuseachromosomalsex-determinationmechanismsimilar
to
dependency
mammals,
but in turtles and
crocodiles,
sex
is temperature-dependent.
This
reflects the temperature-sensitive synthesis oractivity of an enzyme which
converts testosteroneinto estrogen. The activity ofthe enzyme itself may be
affected by temperature, or the dependency may lie
with an upstream factor
which regulates enzyme synthesis
Snails of the genus Crepidula
form mounds containing5-10 individuals which
Snails - substrate
dependency
are initially all males. In older snails,the reproductive system breaksdown
and can be regenerated either as male or female depending
on the
substrate. In a population of young males, females arise if they
are attached
to dead snails, and snails attached to females become males. The default
state is female - snails raised in isolation are always female
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Box 6.1: Genomic nonequivalence in development
tained during amplification,so it is likely that rounds
of extra DNA replication precedeexcision, with
recombination causing individual rDNA units to be
excised. Protein-encoding genes are rarely amplified because output can be boosted at the level of
protein synthesis.Thechorionproteingenes
of
Drosophila are an exception -the chorion proteins
are required in large amounts over a very short period of time, and this is facilitated by selective gene
amplification in the follicle cells.Unlike the rRNA
genes, the chorion protein genes are not excised
Gene amplification. Gene amplification is the
but are amplified within the genome by nested
process by whichthe copy number of a given gene
rounds of replication, to generate a series of conor other DNA sequence is increased. Two modes of
centric amplicons (the onion skin model). In other
programmed amplification can be distinguished in
insects, multiple copies of the chorion proteingenes
vivo: wholegenomeamplificationandselective
are found in the germline, andit is unknown whythis
amplification. Whole
genome
amplification
amplification should have evolved as an alternative
increases the copy numberofagivengene
by
increasing the number of copies of the genome in in Drosophila.
the cell. In eukaryotes,genome duplication can Chromatin diminutionandother
instances of
occur if the cell fails to undergo mitosis after DNA DNA loss. As with gene amplification,DNA loss can
replication, and this is seen, for example, in mam- be selective or can involve whole copies
of genome.
malianlivercells, which are tetraploid, but most Whole genome reduction occurs in all cells underobviously in the secretory tissuesof dipterans (e.g. going meiosis: two successive rounds of division
Drosophila), where many rounds of DNA replication occur without interveningDNA replication. A special
occur to generate the giantpolytene chromosomes incidence ofDNA loss is the extrusion ofthe nucle(q.v.) containing up to 1000 chromatids. Selective us from mammalian reticulocytes, which differentiamplification is a regulated developmental processate into anucleate erythrocytes (nulliploidy).
occasionally used to increase the output of highSelective DNA loss is seen in many lower eukarydemandgeneproducts.Threewell-characterized
otes andis associated with the differentiation of the
amplification systems have been described. Many
somatic cells and germ cells. Generally, the germ
ciliated protozoa (e.g. Tetrahymena spp.) and some cells retain the entire complement of DNA, whilst
multicellular animals (e.g. frogs) selectively amplify there is selective DNA loss or chromatin diminutheir rRNA genes. In both cases, this occurs in the tion in the somatic cell lineage.Thisprocess
context of a very large cell (the maturing oocyte in involves site-specific DNAcleavage and segregafrogs) where there is an unusually high demand for tion. Its significance is unclear, but it appears to be
protein synthesis, and reflects the fact that there is an essentialaspect of somatic cell development and
no other way to increase output of the rRNA pro- is controlled by the regionaldistribution of cytoplasduct - it is not translated. In both cases, amplifica- mic components.
tion involves excisionof the rDNA from the genome.
Programmed recombination. The differentiation of
The protozoans possess a single rRNAgene,
whereas frogs already possessup to 1000 genes in a few cell types is dependent upon recombination.
the germline. In Tetrahymena, the excised rDNA is Programmednonreciprocalrecombinationcontrols
mating type switchingin yeast and antigen switching
duplicated by hairpinpriming,generatingalinear
inverted repeat element which is then amplified. In in trypanosomes,whilstprogrammedsite-specific
frogs, the excised rDNA is circularized prior to recombination controls many aspects of vertebrate
B-cell and T-cell differentiation (see Recombination).
amplification. The integrity of the genome is main-

Random and programmed changes. Whilst most
cells of a developing organism contain
the same
geneticinformation,differencescanarise
in two
ways. The first is by mutation, which is random with
respect to both the type of changeand the site
at which it occurs (see Mutation and Selection). The
second is a programmed change where both the
type of alteration andits place in the developmental
program are tightly regulated. Both processes may
involve DNA gain, DNA loss or DNA rearrangement.
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‘ I3ox 6.2: Sporulation in Bacillus subtilis
herview of sporulation pathway. The starvation
)f vegetative B. subtilis cells induces sporulation
)ne copy of the genome is segregated as a foresI:)ore and encased in a spore coat whilst the other
remains in the mothercell,which
is eventually
lestroyed. Thisis a simpleform of differentiation iP cell gives rise
to two cells with distinct phenotypes
imd different functions. The process of differentiat:ion is controlled primarily at the level of transcript:ion by the synthesis of alternative a-factors (comI2onentsof the bacterial RNA polymerase;see
rranscription) and other transcriptional regulators.
The pathway to sporulation involves cascades of
1:ranscriptionat regulatorsin each cell coordinated
by
(xiss-cross posttranscriptional regulation.

the septalmembrane, but because of the small
volume of the forespore, its relative concentrationis
higher in the smaller compartment and
this shifts the
equilibrium in favor of SpollAA dephosphorylation,
resulting in displacementand
activation of OF
specifically in the forespore.
Thenextstageconcernstheactivation
of oE
specifically in the mother cell. Like OF, oE is initially
distributed uniformly in aninactiveform,
but its
inactivity stems from the fact that it is synthesized
as a preprotein, and it must be cleaved by a protease. The protease is a transmembrane receptor
encodedby the spollGA geneand its protease
activity is stimulated by the ligand SpollR, which is
synthesized specifically in the forespore under the
regulation ofOF.Thus OF in the forespore is required
Iinitiation of sporulation. Sporulation begins when
for the activation of oEin the mother cell. SpollRis
:starvation induces a protein kinase cascade culmisecreted from the forespore into the intercompartIiating in the phosphorylation of the transcriptional
mentalspaceandactivates
the proteasewhich
the
Isgulator SpoOA.ActivatedSpoOAinduces
cleaves oE. oE is not activated in the forespore itself
1transcription of a number
of genes which control
because it is completely degraded,apparently
lmtry into the sporulationpathway by interacting
under the control of the SpolllE protein.
\with the vegetative a-factors oA and OH.Two novel
oE-dependent genes are transcribed two
in phases:
l3-factors, OF and oE, are synthesized as part ofthis
theprimaryphasegenesinclude
spolllD, which
iInitial response. There is also a switch from medial
encodes a transcriptional regulator required in addi1to polarseptation, with ringsof the proteinFtzZ
tion to oE for the transcription of the secondary phase
1forming at polar positions at both ends of the cell
genes. Among the secondary oE-dependent genes
is
l(9.v. bacterialcell cycle). A septum
forms at only one
sigK, which encodes another o-factor, OK. The regula
lend of the cell andthe small compartment distalto
tion of oK expression is complex, for the gene
is interthe septum becomes the forespore. It is unknown
rupted by a cryptic prophage called skin which must
Ihow the cell chooses which end is to become the
out byasitebeexcised.Thisprocessiscarried
spore, but the formation of a single spore
is oEspecific recombinase encoded within skin, SpolVCA,
ldependent. Chromosome segregation occurs after
whose expression is dependent upon
oE and SpolllD.
septation, so the chromosome must be translocatOnce the two halvesof the sigK locus have been
ed across the septum into the forespore and this is rejoined, the gene is transcribed under the control of
carried out by the SpolllE protein.
oE and SpolllD and translated
to yield an inactive preA cascade of g-factors. The processof sporulation protein in a manner similar to pro-oE. SpolllD can act
as both anactivatorandrepressorof
oE- and
can be divided into a number of morphologically
distinct stages which aredependent
upon the oK-dependent genes.
In the forespore, further genes regulated
by OF are
expression of specific sets of genes. Gene expresinduced about 1 h after OF itself becomes active.
sion is coordinated by ahierarchicalcascadeof
transcriptionalregulatoryproteins.Theadvent
of These include spolllG, which encodesanother
spore differentiation involves activation of OF, o-factor, oG, andthe delay appears to reflect some
specifically in the forespore.OF is initially distributed dependence upon oE function in the mother cell for
uniformly asan inactive complex with the protein transcription (although the putative signaling moleSpollAB. SpollAB is a kinase which phosphorylates cules involved have not been identified). oE is also
required for oG activation, although again
the mechthe protein SpollAA; its activity is antagonizedby
the membrane-boundphosphataseSpollE.In
its anism is unknown.
oGdirectsexpression
of the late sporulation
unphosphorylated form, SpollAA can interact with
the oF/SpollAB complex and displace theo-factor; genes in the forespore, oneof which is spolVB. This
thus the concentration of dephosphorylated encodes a signaling protein which is involvedin the
proSpollAA is the principle determinant ofOF activity. It activation of oKin the mother cell. Like pro-oE,
is thought that SpollE is displayed onboth sides of oK is activated by a membrane-bound protease (in
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this caseSpolVFB) which is initiallyinactiveand
oG and oK controltheexpressionoflategenes in
b m m e s activated by signaling fr0m the forespore. the forespore and mother cell respectively, and both
However, unlike
SpollGA,
which
is inactive in its are able to
regulatetheir own
In
default state, SpolVFB is constitutively active, but addition, oK-dependent genes are transcribed in two
maintained in an inactivecomplex by inhibitory
proteinsencoded by the spo/VFAand bofA genes.phases*
The primary phase includes
gerE, which
The role of SPO~VBis thus to inhibit the inhibitors encodes a transcriptional regulator which activates
some and represses other oK-dependent genes.
rather thanto activate the inert protease directly.

Mother Cell
Starvation

4
4
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Summary of the regulatory network controlling sporulation in B.subtilis. Transcriptional regulation is shown by thick
arrows and posttranslational regulationby thin arrows. Integral membrane proteins are shown as circles.

Box 6.3 The life cycle of Dictyostelium discoideum
Overview of the life
cycle. In its vegetative state,D.
discoideum exists as unicellular, haploid cells
termed myxamoebae which reproduce asexually.
Remarkably,when the singlecellsdepletetheir
nutrient supply, they congregateinto streams which
migrate to a central point where they form a multicellular aggregate. The cells in the aggregate differentiate, forming prespore cells and prestalk cells.
The prestalk cells form at the tip of the aggregate
and the prespore cells at its base. The aggregate
may tip onto its side and migrate en masse
as a slug
(also called a pseudoplasmodium or grex). When
the slug moves from darkness into light, it differentiates into a fruiting body comprisinga body of
spore cells upon an elevated stalk. The spore cells
disperse to form new myxamoebae.
Molecular basis of aggregation. The decision to
aggregate is based on nutrient availability and cell
density. The myxamoebae can measurecell density
by monitoring levels of a secreted protein termed
prestarvation factor (PSF). Starvedcellsrelease
cAMP into their surroundings, and if the levels of
both cAMP and PSF are high enough, surrounding
cells will begin to aggregate.Initially,cAMPis

released by a small number of individual cells which
have depleted their food supply. Neighboring cells
respond by moving towards the source ofthe signal,
and releasing cAMP themselves, thus relaying
the
signal to more peripheral cells. Once an individual
cell has responded in this manner, there is a short
resolution period before it can respond again.
Hence, the signal is propagated as discontinuous
pulses emanating from the original source. As they
migrate, the cells begin to synthesize new cell adhesionmolecules, initially enabling them to form
streams and eventually the larger aggregate (which
may contain up to 105 cells).
Cellular differentiation in the aggregate. The cells
of the aggregate differentiate into prestalk and prespore cells which sort themselves so that the prespore cells are located in the body (which becomes
the posterior ofthe slug) andmost prestalk cellsare
located in the tip (which becomesthe anterior of the
slug).The posterior of the slugalsocontains
a
scattering of prestalkcells,whichareknown
as
anterior-like cells (ALCs). The process of differentiation is regulated by cAMP and a family of related
lipophilic molecules collectively termeddifferentiaContinued
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Hon inducing factor (DIF).The CAMP is requiredfor is produced in great amountsby the migrating slug)
prespore cell formation, as cAMP induces prespore to diffuse away more rapidly. Ammonia
depletion
genes and stabilizes their mRNAs. DIF is required releases the repression of many genes involved in
for prestalk cell differentiationand induces the differentiation by allowing the production of CAMP.
expression of prestalk genes. Cell sorting
occurs by This de-represses differentiation genes through the
several mechanisms: prestalk cells are thought to activityofproteinkinase
A, which is thought to
sort to the anterior of the slug because they con- phosphorylate (and inactivate) one or more represtinue to migrate towardsthe initial source ofCAMP, sor proteins. The act
of culmination involvesthe forwhilst the prespore cells do not.Thedifferential
mation of an elevated stalk, which is accomplished
expression of extracellular matrix proteins controls by the migration of PstA cellstowards the centre of
the distribution of different subclasses of prestalk
the early culminant and their conversioninto PstAB
cells. Most prestalk cells express
the ecmA gene cells by induction of the ecmB gene.The PstAB
and sort to the anterior of the slug - those which cells push down through the prespore cellsinto the
express the gene strongly are termed PstA cells and
base and elevate the spores so they can be disoccupy the anteriortip;thosewhichexpress
it persed. In doing so, they become vacuolized and
weakly are termed PstO cells and occupy a more
synthesize cellulose; they die andform a rigid stalk.
posteriordomain.Within the PstAcells,a
cone- The PstB and PstO cells also migrate and differentishaped group ofcells also expressthe ecmB gene. ate: the former migrate downwards and form the
These PstAB cells will eventually initiate stalk for- base of the fruiting body,and the latter, together
mation.Finally, a group of cells expressing
ecmB with remainingPstAcells,migrateoutwardsand
alone are found scattered through the spore cells. form the case of the spore body and the upper and
The initial choice as to which cells become prespore lower cups.
and which prestalkcellsmaydepend
upon the Developmental mutants. Many genesinvolved in D.
stage of the cell cycle stageat which growth arrest discoideumdevelopmenthavebeen
identified by
occurred and differentiation commenced: cells
mutagenesis. Suchmutants may be unable to aggrearrested in G1 synthesize fewer cell adhesion molegate because they lack the ability
to send, receive or
cules than those arrested in the late cell cycle and respond to the cAMP signaling. Other mutants are
consequentlymigratefurtherbefore
sticking to
blocked at later stages because they are unable to
other cells.
migrate, differentiate or respond to signaling by DIF
Culmination. The construction of the fruiting body or ammonia. Still others differentiate abnormally,e.g.
is termed culmination and involves the reorganiza- by defaulting to a particular developmental fate, by
tion of the different cell populations in the slug and disrupting the normal presp0re:prestalk ratio, or by
entering the finaldifferentiationpathwaydirectly.
theirterminaldifferentiation
into stalkandspore
cells. Slug migration ceases upon illumination or in There may be up to 400 genes specifically involved
low humidity, both of which cause ammonia (which in this developmental process.

Box 6.4 Early eventsin Xenopus laevis development
Overview of axis formation. The frog Xenopus laevis andotheramphibiansshow
both autonomous
and conditional specification in early development.
The egg is asymmetrical both
in molecular and gross
physiologicalterms,andthus
an animal-vegetal
axis can be discerned prior
to fertilization. The future
dorso-ventral axis of the embryo is determined by a
physical cue-the point of sperm
entry. Fertilization
causes cortical rotation, and
the mixing of cytoplasm
opposite the point of sperm entry induces dorsalizingsignals in the vegetal cytoplasm, in a region
known as the Nieuwkoop center. During cleavage,
the vegetalcellsinduceoverlyinganimalcells
to
form mesoderm. The cells in the Nieuwkoop center

induce dorsalmesoderm, which has organizer activity, whilst the ventralvegetalcellsinduceventral
mesoderm. Theorganizer is so called becauseit initiates gastrulation and specifies the anteroposterior
axis of the embryo, and cando so when transferred
to an ectopic site. The organizer also has a number
of further specialized properties. Firstly, it can differentiate into dorsal mesoderm structures (notochord,
somites, head mesenchyme); secondly, prior
to gastrulation, it can signal the adjacent ventral mesoderm
andinducelateralandintermediatemesoderm
structures; thirdly, during gastrulation, it can dorsalizetheoverlyingectoderm,i.e.
induce it to form
neural plate, and in so doing impart its own anteroContinued
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Dositional information to the neural tissue ventralmesoderm specificity by inducing ventral
o define ihe anteroposterior neuraxis. The molecular mesoderm-specific transcription factors (see
lases of these interactions
are discussed below and below).The induction ofventralmesodermmay
thereforeinvolve the combinedeffectsof
Vg-l,
;ummarized in the accompanying figure.
FGFs and BMP-4. These molecular interactions are
The specific to Xenopus. Many ofthe genes involved are
Establishment of theNieuwkoopcenter.
Vieuwkoop center is established by cortical rotaconserved in the mouse but appear to play different
ion, andthis appears to involve the accumulation of
roles, as shown by the effects of gene knockout
:he transcription factor p-catenin in the dorsal
experiments (q.v.).
,art of the egg. The protein is initially synthesized
:hroughoutthe egg, andit is thought that fertilization Molecular control of the organizer. Signals from
ocally induces the activityof the p-catenin inhibitor the Nieuwkoopcenter induce the synthesis of a
~lycogensynthase kinase-3, although the precise number of transcription factors specifically in the
mechanism is unclear. The activity of p-catenin is
organizer, and these activate genes concernedwith
mhanced by the TGF-p signal transduction path- dorsalmesodermdevelopment,signaling
into the
Nay, and it is thought that the vegetally localized adjacent ventral mesoderm,the movements of gasmaternalprotein Vg-l mayplay this role in vivo. trulation and subsequent signaling to the overlying
Hence, active p-catenin would be restricted to the ectoderm. A number of transcription factors have
future dorsal side of the egg by the act of fertiliza- been localized specificallyto the organizer, including
tion, and would be stimulated by a vegetal-specific XANFl, Pintallavis, Liml and Goosecoid, and their
cytoplasmic determinant. This
would be sufficient to overlapping expression patterns appear to subdilocalize the Nieuwkoop center to the dorsivegetal vide the organizer into functionally specific domains.
quadrant of the egg. p-catenin induces the expres- Dorsalizing signalsfrom the organizer induce adjasion of a transcription factor termed Siamois which centventralmesoderm
to expressintermediate
presumablyregulates the transcription ofgenes
mesoderm markers. These signals appear to work
central to the function of the Nieuwkoop center.
byantagonizing the activity ofBMP-4(whichis
Mesoderminduction.Thevegetal
cells induce expressed throughout the embryo and is a potent
overlyinganimal cells in the marginallayer to ventralizing signal, inducing the activity of several
Xvent-l, Xom and Vox
become mesoderm,and
moleculesof both the transcription factors
whichnotonlyactivatedownstream
genes confibroblast growth factor (FGF) andtransforming
growth factor-p (TGF-p) families have been
implicat- cerned with ventralmesodermdifferentiation, but
ed in this signaling pathway. Both types of molecule also repress the activity of dorsalizing factors such
at least
are presentin the Xenopus embryo, and inactivation as Goosecoid). The organizer synthesizes
threesecretedproteins
of each type of receptor by the overexpression of
Noggin,Chordinand
dominant negative receptor molecules severely dis- Follistatin whose role appears to be the represrupts mesodermdevelopment.Inactivation of the sion of BMP-4 signaling. In the case of Noggin and
receptor forthe TGF-p-like factor activin completely Chordin, this is achieved by directly binding to
abolishes mesoderm formation, whilst similar exper-BMP-4, whilst Follistatin binds to BMP-7, which is
iments involving FGF receptors result in the loss of upstream of BMP-4. Opposing gradients of BMP-4
ventralmesodermderivatives.Theseresultssugand its inhibitors across the embryo thus specify a
gests that TGF-p-like factors are instrumental in the range of intermediate mesoderm phenotypes adjaformation of mesoderm, but that FGFs are required cent to the organizer.
for the specification of ventral mesoderm. Vg-l is a
member of the
TGF-P family,and has been shown
to Neural induction and specificationof the anterobe required for the function of the Nieuwkoop cen- posterior neuraxis. The molecular basis of neural
ter. In vitro, increasingdoses of Vg-l induce the induction is not understood, but some of the moleto the
expression of progressively more dorsal mesoderm culeswhichimpartpositionalinformation
markers in isolated animal tissue, although in vivo, neural plate have been determined. Noggin, Chordin
to forrr
p-catenin is also required, suggestingthat Vg-l may and Follistatin cause the overlying ectoderm
It is though1
act in concert with an unknownproduct activated by anteriorneuralstructures(forebrain).
the Siamois transcription factor. FGF signaling may that a graded posterior signal causes caudalization,
thus modulate the response to Vg-l in the ventral and thatthis may beFGF. The veryfirst cells to entel
the blastopore synthesize a secreted protein callec
side of the embryo to specify ventral mesodermspecific cell fates. However,the ubiquitous signaling Cerberus which specifies the anterior-most struc.
tures of the bead.
proteinBMP-4appears
to playadirectrolein
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1. Preexisting animal-vegetalasymmetry in theegg (A,v). 2. Fertilizationcauses cortical rotation andestablishes
Nieuwkoop center (NC) by regional activation of P-catenin.
3. Vegetal cells induce overlying animal cellsin the marginal
zone (MZ) to become mesoderm; Nieuwkoop center induces dorsal mesoderm (organizer,
0), probably through synergy
of Vg-l and products activated by the transcription factor Siamois; ventral vegetal cells ON) induce ventral mesoderm
FGF factors and BMP-4.4. Lateral signals from
the organizer (Chordin, Follistatin, Noggin)
(VM) in a pathway that involves
of intermediate mesointeract with BMP-4 in the ventralmesoderm. 5. Graded repression of BMP-4 establishes a range
derm types (IM). 6. The organizer initiates gastrulation. Intermediate mesodermis displaced to the side of the embryo.
cells secrete the protein Cerberus which induces anterior head structures such
the cement
as
The most anterior organizer
the cells which migrate through
the blastopore first (01)
gland (C). The remaining organizer tissue induces neural plate (N);
become anterior mesoderm and induce anterior neural plate
(Nl). The nature of the neuralizing signal isnot known, but
it may activate protein kinase C and adenylate cyclasein the ectoderm. Chordin, Follistatin and Noggin induce anterior
neural fates, whilst a second signal, possibly FGF. caudalizes the neurectoderm to generate posterior neural structures
(N2, N3).
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Box 6.5 Syncytial 'specification of
the body axes in Drosophila
genes divides the syncytium into stripes definedby
Overview. As discussed in themaintext,early
insect development occurs in the context of a syn- domains of gene expression. These form the basis
cytium which becomes cellularized prior
to gastrula- of the segments which become patterned by latertion. In Drosophila, the anteroposterior body axis is acting genes.
specified by three sets of maternal genes (genes Maternalgenes of the anteriorandposterior
expressed in maternal cells and whose products are groups. There are four primary genes whichcontrol
transported into the egg) which establish anterior,
of the fly;
the anteriorandposteriororganization
posteriorandterminalorganizingcenters
in the theseare bicoid andhunchback,whichspecify
syncytial embryo. These genes encode regulatory
anterior structures, and nanos and caudal, which
factors which setup opposing morphogen gradients specify posterior structures. In eachcase,
the
zygoticgenes (genes mRNA is synthesized in the nursecellsand
andactivatedownstream
is
expressed in the embryo during development, placed in the future anterior ofthe egg.
rather than in the surrounding maternal cells) in a
concentration-dependent manner. Progressive hier- The 3' untranslatedregion (UTR) of the bicoid
mRNA is attached to the anterior cytoskeleton by
archicalactivationofdifferentclassesofzygotic
Continued
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the products of the exuperantia andswallow genes.
Translation of bicoid mRNA is initially preventedby
its very short polyadenylate tail,
but after fertiization,
the products of the cortex, grauzone and staufen
genes facilitate furtherpolyadenylationandallow
synthesisof Bicoid protein.Thenanos mRNA is
transported to the posterior of the egg by the products of the oskar,staufen,tudor. vasa and valois
genes and its 3’ UTR is attached to the posterior
cytoskeleton. ThemRNAs
for hunchback and
caudal are not localizedanddisperseuniformly
throughout the egg.
Bicoidis
a homeodomain-containing protein
which binds to both DNA and RNA. It activates transcription of the hunchback genein the zygotic nuclei
andrepressestranslationof
the maternal caudal
mRNA in the anterior of the egg. Conversely, Nanos
protein represses translation ofthe maternal hunchback mRNA in the posterior of the egg (it is not a
transcriptionfactor).ThePumilioprotein
binds to
the hunchback mRNA and provides a docking site
for Nanos. The interactions between the products
of the four genesgenerateananterior-posterior
gradient of Bicoid and Hunchback and a posterior-anterior gradient of Nanos and Caudal.

Gap genes divide the embryo into broad regions
corresponding to several parasegments, and lossof-function mutations cause the loss of these contiguous parasegments in the larva (a parasegment
comprises the anterior portion of one segment and
the posterior portion of the adjacent segment: the
embryonic Drosophila body plan is initially divided
into parasegments by domains of gene expression
even though the recognizable morphologicalstructures formedare segments).
Primary pair rulegenes are regulated by the gap
proteins and are expressed in alternative parasegments.Thesestructuresaredeleted
in loss-offunction mutants.
Secondary pairrule genes are the sameas
above but act later than the primary pair rule genes
and require the primary pair rule proteins as well
as thegapproteins to establishtheirexpression
domains.Together, the pair rule genes define the
parasegments of the embryo.
Segment polarity genes are expressed in serial
parasegments and in the same relative position in
each one. They areresponsible for the specification
of cell types within the parasegments, and loss-offunction mutations cause the loss of parts of each
parasegment and replacement by the mirror image
Maternal genes of the terminal group. The genes of the remaining portion.
Homeoticselector genes areexpressed
in
of the terminal group specifythe acron and telson,
the structures which form the extremitiesof the specific domains encompassing one or more
i.e.
anteroposterior axis. The key players in this group parasegmentsandspecifysegmentalidentity,
are the torso and torsolike genes. Torso is an inte- what structureswill develop within each segment.
The gap genes and pair rule genes thus interpret
gralmembranereceptorofthereceptortyrosine
kinase class. The mRNA for torso is ubiquitous in the axis-defining maternal cues and convert them
the egg, and the receptor itselfis evenly distributed into a repeating segmental structure, whereas the
throughout plasma membrane. Terminal specificity segment polarity genes and homeotic genes confer
is controlled by theligand,Torsolike,
which is positional values upon the segments. The gap and
secreted from the anterior and posterior follicle cells pair rule genes are discussed in more detail below,
the segment polarity and homeotic genes in
only. Activationof Torso by its ligandinducesa
Box 6.8.
signalingcascadeinvolving
Ras,Raf
and MAP
kinase (see Signal Transduction), culminatingin the The gap genes. The gap genesare
initially
activation of an unknown transcription factorwhich expressed in wide domains, but become localized
induces the transcription of the gap genes hucke- as the gradient of Hunchback protein is stabilized.
bein and tailless. Theseencode transcriptionfactors Bicoid and Hunchback activate
giant and Knlppel in
which activategenes specifying terminal structures. the anteriorof the embryoandrepressknirps.
Acron-specific genes alsorequire Bicoid protein. Caudal proteinis responsiblefor the transcription of
Constitutivelyactive Torso mutants are epistatic giant and knirpsin the posterior of the embryo. The
(q.v.) to the anterior and posterior group genes - three head-specific gapgenes orthodenticle, empty
the phenotype is ‘hyperterminal’, with large acron spiracles and buttonhead are expressed only
where there is a very high concentration of Bicoid
and telson but no body in between.
protein. The tailless and huckebein genes are reguAnteroposterior zygotic genes. The maternal genes lated by transcription factors activatedby Torso sigbicoid, hunchback and caudal encode transcription nalling at the termini of the embryo. The resulting
factors which control the expression of zygotic genes
pattern of gap gene expression
is shown below. The
involved inthe formation of the segmental
body plan. products of the gap genes are all themselves tranFive classes of zygotic gene can be recognized.
scriptional regulators and they have two functions
Continued
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- to feed back andregulateeach

other,and to
egulate the expression of the downstream pairrule
Jenes. This regulation appears to be primarily negative in both cases. Oncethe mRNAs are translated,
he proteins diffuse laterally and repress
the expression of neighboring gap genesso that sharp boundaries of transcription are established.

sized throughout the fly, but is translocated to the
nucleus specifically on the ventral side of the
embryo. On the dorsal side of the embryo, Dorsalis
associated with asecondprotein,Cactus,
which
masks the Dorsalnuclearlocalizationsignal.The
degradation of Cactus is induced by phosphotylation, which occurs throughasignal transduction
cascadeemanatingfrom
the ventralsideof
the
The pair rule genes.The
pairrule genesare
sxpressed during cellularization of the bastoderm embryo.Dorsal is homologous to the vertebrate
cactus to the
snd the mRNA appears in stripes along the antero- transcription factor NF-KBand
Dosterior axis. Each stripe is regulated individually inhibitor protein I-KB; the signaling pathwayto activation is alsoconserved.Thepathway
to dorsoby the local gap gene products. The different pair
rule genes respond to different gap protein concen- ventral polarity begins with the oocyte nucleus itself,
which dorsalizes the overlying follicle cells through
trations, so that adjacent stripes of cells express
different combinations of pair-rule gene products in the products of the genes gurken and comichon.
a repeating pattern.There are three primarypair rule Gurken is homologous to mammalianepidermal
genes, even-skipped, hairy andrunt, whose expres- growth factor (EGF) andactivates the receptor
sion is essential for setting up the metameric Torpedo (which is homologous to the mammalian
pattern. The expression patternsof the primary pair EGF-receptor) in the follicle cell membrane.
rulegenesarestabilized
by cross-regulationand Activation of the Torpedo receptor induces a signalhelp to specify the patterns generated by the sec- ingcascade which represses transcription of the
ondary pair rule genes, which include fushi tarazu genes nudel, windbeutel and pipe. In theventral
and odd-paired. Thecontrol of the primary pair rule side of the embryo, where these three genes are
gene even-skipped (eve) has been particularly well active, their products form a membrane complex
characterizedandappears
to bepredominantly
whose function is to activate three serine proteases
negative.TheevemRNA
is expressedwhere the secreted bythe embryo and encodedby the easter,
levels of most of the gap proteinsare low, i.e. at the snake and gastrulation defectivegenes. The activaboundariesof the gapgenedomains.Asshown
tion of Gastrulationdefectiveinitiatesaprotease
below, each stripe of eve expression is under the cascade: Gastrulation defective cleavesSnake,
control of several gap genes, and this is reflected by which then cleavesEaster, which in turn cleaves the
the modularstructure of the evepromoter, with product of another dorsal group gene spatzle, the
separate regulatory elements controlling
the expres- ligand for the Tollreceptor.Toll
is distributed
sion of stripes 4-6, stripe 1, stripe 3 and stripes 2 throughout the egg membrane, but because the
and 7 . The control elements for stripe 2 have been protease cascade activates Spatzle only the
on venmapped in detail, and this region of the promoter tral side, Toll signaling is also ventral-specific. Toll
contains binding sites for Bicoid, Hunchback, Giant activates the protein tyrosine kinase Pellein a signal
and Kruppel. Thebinding sites for the positive regu- transduction pathway which involves
the product of
lators (Bicoid and Hunchback) often overlap those
the tube gene. Pelle is the enzyme which phosphofor the negative regulators (Giant and Kruppel),
indi- rylates Cactus and induces
its degradation, allowing
cating that competition betweenthe various regula- Dorsal protein to be taken into the ventral nuclei. In
tors is an important mechanismin stripe positioning. the nucleus, Dorsal acts as both an activator and a
repressor of transcription.It activates the rhomboid,
Dorso-ventral polarity. The dorso-ventral polarity
of the fly is established after cellularization
by a gra- snail and twist genes whilst repressingthe dorsalizdient ofnuclearDorsalprotein.Dorsal
is synthe- ing genes zerknullt, tolloid and decapentaplegic.
Continued
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Box 6.6 Vulval specification in Caenohabditis elegans
Thevulvallineage.Thevulva
of the nematode forms.If the anchor cell is movedmechanically,
to it and
worm Caenohabditis elegans is an opening in the neighboring hypodermal cells can respond
ventral hypodermis (the external layerthe
of animal, form a vulva, but only six hypodermal cells in total
equivalent to the epidermis of mammals) through are competent to doso.
which eggs are delivered from the overlying uterus. Specification of vulval precursor cell phenotype.
It comprises 22 cells which are derived from three Genes involved in vulval specification havebeen
hypodermalcells over threegenerations of cell identified from mutagenesis screens for vulvaless
divisions, whilst other hypodermal cells divide only
and multiple vulva phenotypes, demonstrating the
once and produce only hypodermal cells. The hypopower of genetics in simplesystems to define
dermalcells are induced to form the vulvabya
developmentalpathways.Thevulval
model prosingle cell in the overlying gonadwhich is known as vides examples of severaltypes of celkell interacthe anchor cell. If the anchor cell alone is tions. Initially, two equivalent cellsare competent to
destroyed, all the ventral hypodermal cells divide
become the anchorcell,andreciprocalsignaling
betweenthem,involving
the signalingmolecule
onceand form hypodermis. If allgonadalcells
except the anchor cell are destroyed,the vulva still LAG-2and the receptorLIN-12,results in lateral
Continuec1
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nhibition of one of the cells.
If this signaling is abol- factorsand is required in theanchorcell.Other
shed by mutating either lag-2 or /in-72, both cells components, encoded by let-23, sem-5, let-60 and
~ecomeanchorcells.
In constitutive signaling /in-45, are requiredin the responding hypoblast cells
nutants with dominantgainof
function /in-72 andcorrespond to the receptor,adaptorprotein,
nlleles, both cells become uterine tissue precursors.Ras and Raf. Homologs of MEK and MAP kinase
Once the anchor cell is specified it induces the have also been identified.It is possible that LIN-3is
Jnderlying hypoblast cells to form the vulva.The
amorphogenwhichevokesdifferentresponses
:entral cell becomes the central vulval cells and the
WO flankingcellsthelateralvulvalcells.
A par- from theimmediatelyunderlyingvulvalprecursor
celland
the lateralcells.Thecentralcellalso
:icularlyinterestingsubgroupofgenesencode
:omponents of a signaling pathway homologous to secretes an additional signal which induces expres:he RTK-Ras-Raf pathway in mammals (see Signal sion of the /in-72 gene in the flanking cells which
into centralvulval
rransduction).Theligand,encoded
by the /in-3 preventsthemdifferentiating
aene, is amemberofthe
EGF familyofgrowth
cells.

' pmvnor

00
Hypodermis

VPCS

Zovulval
lineage

Zo vulval

lovulval
lineage

Hypodermis

lineage

Summary of vulval specification inC. elegans. Lateral inhibition establishes the anchor cell which then induces
the underThe primary and secondary cell lineages maybe specified by a gradient
lying hypodermis to differentiate into vulval cells.
of LIN-3, or by lateral signaling from the central vulval ceii.
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Box 6.7: Eye development in Drosophila melanogaster

Photoreceptor cells. TheDrosophilacompound
eyecomprisesabout 800 functional units termed
omatidia, each composed of
20 cells, eight of which
arephotoreceptors.Thedifferentiationoftheeye
cells involves a cascade of instructive inductions at
thesinglecelllevel,
with lensrepresentingthe
default (uninduced) state. The eye originates as a
sheet of cells and the differentiation of the omatidia
occurs in a predictable sequence through progressive cell-cell interactions. The first cell to become
determined is the centralR8 cell. The mechanismis
unclear, but may involve signaling molecules such

as Hedgehog and Decapentaplegic in the morphogenetic furrow which sweeps across the eye
primordium.Signalsemanating
from R8 induce
adjacentcellsalongtheanteroposterioraxis
to
differentiate into functionally equivalent R2 and R5
cells. These cells then signal the adjacent undifferentiated cells on each side to become the R I , R3,
R4 and R6 cells, which again are functionally equivalent. The final event is the specification of the R7
photoreceptorcell,aprocesswhosemechanism
hasbeendetermined
in detail. All other cells
become lens.
Continued
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Drosophila eye development.(left)Orderofinductive
reactionswhichspecify
the fates of the photoreceptor
cells.(right) R7 photoreceptor specificity is controlled by
regulators in the other cells which block Boss-Sev signal
transduction.(bottom) The Boss-Sevsignaltransduction
pathway to R7 differentiation (see Signal Transduction).

Specification of the R7 photoreceptor. A number
of genes have been identified by their abnormal R7
cell developmental phenotype. The sevenless (sev)
to funcand bride of sevenless (boss) genes appear
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tion at the start ofthe pathway, and mosaic analysis
has shown that sev is required in the future R7 cell
whilst boss is required in the inducing R8 cell.
Boss is asignalingmoleculewhichactivates
the
Sevenless receptor tyrosine kinase initiating a signaling cascadein the R7 cell. Manyof the components
of this cascade have been identified - Drk
(Downstream of receptor kinase)is an adaptor protein withSH2 and SH3 domains,sos (Son of sevenless) is aguanosinenucleotideexchangefactor
which acts on Ras. Ras, Raf andMAPkinase
homologs have also been identified (although mutations in thesegenesarepleiotropicandlethal
because the same proteins mediate many other signaling cascadesin the fly), and a target transcription
factor, Pointed. There also appear to be alternative
branches to the pathway, involving the protein tyrosine phosphatase Corkscrew and its substrate Dos
(Daughter of sevenless) which also activatesRas.
Thedecision to become R7 thusreflects the
presenceofareceptorandsignalingpathways
which can respondto the Boss signal displayedby
the R8 cell. However, all the photoreceptor cells initially synthesize Sevenless, which means that there
must be a mechanism for inhibiting the pathway in
the other cells.A transcription factor called Sevenup probably mediates this function in R1, R3, R4
and R6 cellsbecause loss-of-function mutations
cause these four cells to differentiate into R7-like
cells. Expressionof the Rough transcriptionfactor in
R2 and R5 cells is necessary for sup expression in
R3 and R4, and it is likely that similar mechanisms
induce sup expression in R1 and R6, and block the
Boss-Sevsignal transduction pathway in the R2
and R5 cells themselves.

Box 6.8: Segmentation and segment identity
in Drosophila
The segment polarity genes.The maternal genes, parasegments by reciprocal signaling and they
and the zygoticgapandpair
rule genesof the establish the fate of the individual cells within each
anteroposterior axis all encode regulators of gene
parasegment.The first process is understood in
expression(eithertranscriptionalortranslational)
detail in the case of the cells flanking the parasegbecause developmentup to this point has occurred mentborders.Initially,engrailedexpressingcells
in the context of the syncytium and the regulators ariseat the anterior border of each parasegment
are free to diffuse and interact with the nuclei (see under the control of either even-skipped or fushi
Box 6.5). Cellularization occurs atthe time pair rule tarazu. Cells expressing wingless arise the
at postegenes are expressed, and downstream processes
ftz
rior border of each parasegment, where eve and
thus occur in a multicellular environment. The seg- are not expressed, thus wingless may be regulated
ment polarity genes therefore encode signaling
pro- by Odd-paired or another pair
rule protein.Once
teins as well as transcription factors.
established, the expression of wingless and
The segment polarity genes have
two functions - engrailed is maintained by the reciprocal signaling
they maintain and reinforce the metameric patternpathway
of
illustrated below. Secreted Wingless
Continued
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activates the Frizzled receptor andintracellular
expression parameters are shown in Box 6.9 comsignaling results in the activation of a transcription pared with those of the mammalian Hox-B cluster
factor,Armadillo,whichactivatestranscription
of genes). Remarkably, the order of genes along the
the engrailed gene. Engrailed inducesthe transcrip- chromosome is recapitulated by the spatial domains
tion of hedgehog. This encodes a signaling of the expression patterns in the embryo, with the
molecule whichinteracts with the Patched receptor most 3' genesexpressed in the mostanterior
on the neighboringcell,releasing
the signaling domains (seeBox 6.9). Homeotic gene expression
is
protein Smoothened from inhibition.Signaling by initiated by the combined activities of gap gene and
Smoothenedthrough Cubitus interruptusinduces
pair rule gene products. Like the segment polarity
the transcription of the wingless gene, resulting in genes, however, the homeotic genes maintain their
the secretion of Wingless protein
from the cell.
expression patternsby cross-regulation. The effects
Thesecondprocess
is lesswellunderstood.
of homeotic mutationsthus reflect not onlythe priUnder the control of different pair rule genes, the
mary responseto the mutation, but also its effect on
segment polarity genes areexpressed in specific
the domains of other homeotic genes. Again,
the
cells in the context of each parasegment. There they
cross-regulation is primarily negativein nature, with
may regulatethe genes which causethe differentiaeach homeotic gene repressed by the genes
tion of each cell into a regionally appropriate cell
expressed in more posterior domains. The effectof
type.However, the WinglessandEngrailedcells
is thusan
described above appearto play a predominant role aloss-of-functionhomeoticmutation
expansion
in
the
domain
of
the
anterior
gene, with
in this process, suggesting that Winglessand
Engrailed, as well as establishing
the parasegmental the resultant conversion of posterior segmentsinto
anterior ones. The patterns of homeotic gene tranboundaries,propagategradedsignalsacrossthe
scriptional activity are stabilized by the modulation
parasegment which specify individual cell fates.
of chromatin structure. Inactive homeotic genes
are
Homeotic selector genes. The homeotic selector sequestered into repressed chromatin, whichis stagenes provide the segments with positional inforbilized by proteins of the Polycomb family.
mation, i.e. they govern the individual development Conversely, proteins of the Trithorax family appear
of segments to produce regionally specific to maintain active chromatin domains (see
structuresfromacommongroupof
cell types.
Chromatin). The homeotic genes encode transcripConsequently, mutations in these genes have the
tional regulators containing a conservedDNA bindeffect of converting one body part into the likeness
ingdomaincalledahomeodomain
(see Nucleic
of another, ahomeotic transformation.Most ofthe
Acid-Binding Proteins). They appear to have overDrosophila homeotic genes are found in two clusters on chromosome 3, termed the Antennapedia lapping DNA-binding specificities in vitroandare
complex (ANT-C, which contains the genes labial, thought to work with cofactors in vivo which deterAntennapedia, Sex combs reduced, Deformed and mine the exact DNA binding site. Several candidate
proboscipediaand specifies head and thoracic seg-coactivators have been found, including the products of the Eirtradenticle andteashifi genes. A numments)and the Bithoraxcomplex (BX-C,which
contains the genes Ultrabithorax, abdominal A and ber of downstream target genes for homeodomain
proteinregulationhavebeenidentified.Thesalm
Abdominal B and specifies abdominal segments).
Together these comprise the homeotic complex, and distal-less genes are required for eye and leg
HOM-C. The homeotic genes are expressed
in spe- development, respectively, and themselves encode
transcription factors, whilst decapentaplegic
cific regions of the embryo, in some cases correin the specisponding to a particular segment or parasegment,
in encodes a signaling molecule involved
others spanning several parasegments (these fication of leg fate.
Continued
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Cubitus interruptu
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Summary of the signaling pathway which maintains the parasegmental boundaries
in Drosophila. The engmiled geneis
in the adjacent cell by another pair rule
initially activated by Even-skipped or Fushi tarazu. whereas wingless is activated
protein, probably Odd-paired. Pair-rule gene expression is only transient, but once activated, Wingless and Engrailed
maintain each other through reciprocal signaling.
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Box 6.9 The vertebrateHox genes
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Architectureof the Drosophila and vertebrate
Hox clusters. The fly cluster is intempted by several non-Hox genes including bicoid.The ancestral vertebrate cluster underwent5'aend expansion before duplication and several genes have been
lost.
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Vertebrate genomes contain four copies of the
3rosophila homeotic complex, designated Hox-A,
Vox-B, Hox-C and Hox-D. Although there are signifcantdifferencesbetweenthevertebrateandfly
:omplexes,thesimilaritiesareremarkable.The
same types of homeobox gene are present, allowng classification into 13 cognate groups (paraloBOUS subgroups) basedonhomeoboxstructure.
Furthermore, the genes are arranged
in more or less
thesameorderalongthechromosomeandare
expressed in asimilarmanner,withthemost
3'
genes expressed in the most anterior domains and
the most 5' genes in the most posterior domains.
Since the divergence ofDrosophila and vertebrates,
the fly HOM-C has been splitinto two subcomplexBS, whilst the vertebrate cluster has undergone a
5'
end expansion and has been duplicated
in its entirety to generatefourcomplexes.Eachofthefour
complexeshassufferedindividuallosses,which
may be different between species. For instance, the
hatched boxes in the above figure representHox-C
genes present in humans but missing in mice.

The similarity between the Drosophila and vertebrate homeobox-containing genes,in terms of both
structure (see figure above) and expression patterns
(seefigurebelow), is strongevidenceforaconserved function. This has been confirmed
by the use
of cloned human HOX genes to rescue Drosophila
homeoticmutants,andtargeted
disruptions of
mouse Hox genes do indeed generate partial
homeotic transformations (q.v. genetargeting).
Deletion of theHoxc-8 gene, for instance, resultsin
the partial transformation of lumbar vertebrae into
vertebrae with a more anterior characteristic (in this
case, a thoracic vertebra, complete with a rib). The
paralogous Hox genes appear to have overlapping
but nonidentical functions and may cooperate with
each other in certain cases. Individual gene knockouts ofgenes
in paralogous subgroup 3, for
instance, cause different types of disturbances
to
the structures of the neck, but when combined in
thesamemouse,severedefectsareobserved
including missing vertebrae.

Ma Mx Lb TI 'I2 T3 A1 A2 A3 A4 A5 A6 A7 A8 A9/10
I

I

I

I

- 2 - 1

F M
Hmbl
Hmb2
Hmb3
HmM
Hmbt, -6,-7, -8
Hmb9

0

rl

R

I

I

I

I

I

I

I

I

1

2

3

4

5

6

7

8

r3

r4

r5

r6

I

I

I

l

l

1

1

9 1 0 1 1 1 2 1 3 1 4

r7

r8

spinal cord

E
;
I

U

fJ

Expression domainsof the Drosophila HOM-C complex genes and the mouse HOX-Bcluster genes in the nervous systems of each organism. Drosophila expression patterns are shown relative to segments and parasegments. Dark boxes
indicate strong expression where abolition causes a homeotictransfonation, and unfilled boxes indicate weak expression where abolition has no effect.Mouse expression patterns are shown relativeto the rhombomeres of the hindbrain,
and the spinal cord.The spinal cord is notto scale withthe brain. Fly: Ma, mandible; Mx, maxillae: Lb, labium;T, thoracic
segment; A, abdominal segment. Mouse: F, forebrain; M, midbrain; r, rhombomere of hindbrain.
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Box 6.10: Vertebrate limb development
Origin and development of the vertebrate limb. progress zone of onelimb bud isgrafted under the
Vertebrate limbs develop from limb fields which AER ofanother from adifferentdevelopmental
arise in specific positions along
the body axis deter- stage) show thatthe limb develops accordingto the
mined by the anteroposterior Hox code (see Box instructionscarried by the donorprogress zone.
Older cells leaving the progress zone express pro6.9). Proliferationof the lateralplatemesoderm
(which contributesto the skeletal elements) andthe gressively moredistal genes of the Hox-A and Hoxsomites (whichcontributeto the muscular elements) D clusters, and compound knockouts of paralogous
forms a protuberance termed alimb bud. The pro- Hox genes cause deletions of particular proximodisliferation may be induced by FGF-8 secreted from tal structures. Thereforeit seems thatthe age of the
cell as it begins to differentiate, perhaps indicated
the mesonephros.
Asignificantevent
in limb development is the by the number of divisionsit has undergone, mayin
formation of the apical ectodermal ridge (AER). some way regulateHox gene expression and impart
This is a raised crest of ectoderm which maintains proximodistal positional information to differentiating cells.
the proliferation of the underlying mesoderm and
playsanimportantregulatoryrole
in axis specifiThe dorso-ventral axis. The dorsalside of thelimb
cation.Onlyectodermlyingat
the dorsaVventral
is specified by the signaling molecule Wnt-7a, which
boundary of the embryo is competent to form the
is expressed in the dorsal ectoderm. Mice lacking
AER, and this reflects the synthesis of a protein
the wnf-7a genehaveventralized limbs andalso
named Radical fringe in the dorsal ectoderm.
lack posterior structures because Wnt-7a
is required
Radical fringe may be involved in a reciprocal sigfor the specification of the anteroposterior axis (see
nalingevent with the adjacentventralcellsthat
below).A
transcription factor, Lmxl, hasbeen
express en-2,
a
vertebrate homolog of the
identified which is required for dorsal specification
Drosophila engrailed gene. The boundary cells are
and its gene is induced by the Wnt-7asignaling
induced to elevateandsynthesize FGF-8, which
pathway.
enablesthem to sustain the proliferationof the
underlying mesoderm. As the limb bud extends, a The anteroposterior axis.The anteroposterior axis
discrete progress zone of about 200 pm can be is specified by a posterior zone of polarizing
identified under the AERwhere cells continue to activity (ZPA) which arises in the limb field at about
proliferate. Behind the progress zone, cells differen- the time the AER is formed. The ZPA acts asan
tiate into structures appropriate for their position organizer, and when grafted onto a different posito fingers), antero- tion in the limb, induces a secondary axis. Signals
along the proximodistal (shoulder
posterior (thumb to fingers) and dorso-ventral emanating from the ZPA induce concentric nested
(knuckle to palm)axes.Thesizeof
the progress expression patterns of the distal Hox-D genes, and
zone reflects the range of
the FGF8 signal.
targeted disruption and ectopic expression experiForelimb or hindlimb?
The decisionto differentiate ments have shown that the particular combination
into structures appropriate for the forelimb or of Hox-D genes determines anteroposterior posihindlimbreflectsthepositionalinformation
in the tional value, e.g. which type of digit is formed. The
mesodermal components of the limb imparted by Hox-D expression pattern is set up in a complex
manner that involves the ZPA protein Sonic hedgethe anteroposterior Hox code.Differentcombinations of Hox genes are expressed in the fore- and hog (Shh), which cooperates with other signaling
hindlimbs,as are other transcription factors (e.g. molecules, FGF-4 and BMP-2, which are syntheTbx4 and Tbx5 which are expressed in the mouse sized in the AER.
Theexpression of shh is initiated by FGF-8
forelimb and hindlimb, respectively). These factors
secreted
from the early AER and Wnt-7a which is
control responses to morphogeneticinstructions
such as growth and differentiation signals, allowing expressed in the dorsal ectoderm. shh expression
cells to behavedifferently in each limb and form may berestrictedto the posterior of the limb bud by
the anteriorboundary of hoxb-8 expression.Shh
limb-specific structures
induces fgf-4 expression in the posterior AER, and
The proximodistalaxis. Regional-specific differen- the two proteins maintain each other through an
tiation along the proximodistal axis (e.g.shoulder,
autoregulatory loop. Retinoic acid, which can
humerus, radiudulna, metacarpals or digits) reflects induce shh expression and mimic
the ZPA, may also
the length of time the cells have remained in the
beinvolved in the induction of fgf-4 expression.
progresszone.Heterochronic
grafts (where the Thus the expression and function of Shh is depenContinued
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dent on molecules which are involved in specifica- Wingless and Engrailed proteins in axis specification of all three limb axes.
tion. In the vertebrate limb and in other regions, the
be involved.
Positional information in Dmsophile and verte- samethreemoleculesareseento
brates. The limb model shows how theHox genes Again there has been duplication since the diverperform a similar role to the Drosophila homeotic gence of flies and vertebrates, and in mice there are
three Hedgehog-related molecules, more than ten
genes in the specification of positional values. In
both organisms, loss
of Hox gene expression results Wingless homologs and two Engrailed-related transcription factors. In the limb bud, Sonic hedgehog,
in homeotic transformations, although in vertebrates
Wnt-Pa (a Wingless-related protein) and Engrailed-2
the situation is complicated by the redundancy of
play an important role in axis specification and act
some of thecomponents.Thesegmentpolarity
upstream of theHox genes. It is remarkable thatso
genesin Drosophila arerequiredtomaintaincell
boundaries and establish cell fates and function, many
not of the componentsof the Drosophila regional
specification network shouldbe reiterated in verteonlyinsegmentalspecificationbutalsoinother
structures, including the legs and wings. Particularlybrates when their early development is so fundaimportant are interactions between the Hedgehog,
mentally different.
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Chapter 7

DNA Methylation and Epigenetic Regulation
Fundamental concepts and definitions

Nucleic acids and proteins may be modified during or after synthesis by the addition
of
specific chemical groups. RNAs and proteins are frequently modified (see RNA Processing,
Proteins), but DNAmodificationislimited.Somevirusesalterspecificresiduesintheir
genome, a process which may protect the DNA from nucleases or may facilitate packaging into
the capsid(Table 7.1). The major exception isDNA methylation, which is frequently observed
in both prokaryotes and higher eukaryotes, and has many roles concerning the recognition a
function of DNA.
Both DNA methylation and viral genome modification involve the covalent modification of
DNA bases, but neither process alters base-pairing specificity, and the information carried in
the DNA is preserved (c.f. mutagen). Methylation can influenceDNA function, however; for
example by changing the way it interacts with transcription factors and other proteins. The
state of DNA methylation may thus regulate gene expression and have a direct bearing on the
phenotype of the organism.
Enzymes whichadd methyl groups toDNA, DNA methyltransferases (orDNA methylases),
use Sadenosylmethionine as the methyl donor.
Two types of enzyme can be distinguished:
de
novo methylases add methyl groups to unmethylatedDNA at specific sites and can therefore
initiate a pattern
of methylation, whereas maintenance methylases add methyl groups
DNA
to
which is already methylated on one strand (hemimethylated DNA) and thus perpetuate
patterns of methylation through successive roundsof replication. The target sitesfor maintenance methylases often show dyad symmetry,
so the same enzyme can methylate the nascent
strand of both daughter duplexes.
DNA carries two forms of information: genetic information in its nucleotide sequence and epigenetic information in its structure. Epigenetic information is any heritable property
DNA of
which influences its activity (i.e. ultimately contributes to the phenotype of the organism)
but
which lies outside the nucleotide sequence itself.
DNA methylation is one source of epigenetic
information: it is heritable(due to maintenance methylation) and able to control gene expression. A methylation state
is thus termed an epigenotype and a change in methylation state an
epimutation. Otherforms of epigeneticinformationincludechromatin
structure (see
Chromatin) and the topological and conformational properties of the DNA molecule
(see
Nucleic Acid Structure).

7.1 DNA methylation in prokaryotes
Many bacteria encode endonucleases which
cleave DNAin a sequence-specific manner. These
enzymes represent defense systems which cut up
invasive DNA (such as phage genomes) as they enter the cell. A susceptible phage thus demonstrates a low efficiency of plating on a host strain synthesizing the endonuclease, but a much
higher efficiency of plating on astrain which lacks it. The first
host is said to be restricting the propagation of the phage, and the enzymes are thus termed restriction endonucleases.
The host protects its own DNA from endonucleolytic cleavage by modifying specific bases
within the endonuclease recognition sequence, a process facilitated by DNA methylation. Each
endonuclease thus has a cognate methylase, which may be a distinct enzyme or part of a common
holoenzyme.Suchrestriction-modification
systems are widespread in bacteria: hundreds of
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Table 7.1: Modified DNA nucleosides found in viral genomes
VirUS

W3
@W-l4

PBSl
SPOl
T-even

Modfied nucleoside

forcytidine
-20% 5-Methylcytidine
a-Putrescinylthymidine for thymidine
Deoxyuridine for thymidine
5-Hydroxyuridine for thymidine

W3 is a eukaryotic virus which encodes its own DNA cytosine methyltransferase.The other viruses are
bacteriophage.

restriction enzymes and methylases havebeen isolated. Theyare widelyexploited for the manipua range of anti-restriction
lation of DNA in vitro (see Recombinant DNA). DNA phage have evolved
strategies such as the modification of their own genomic DNA or the synthesis of restriction
endonuclease inhibitors. Many viruses also lack the restriction sites targeted by their hosts.
Dam methyletion.In E. coli, adenine residues in the sequence GATC are methylatedat theN6 posi-

tion by the enzyme DNA adenine methylase(Dam). The GATC site displays dyad symmetry, and
adenine residues on both strandsare methylated. The primary role of this modification is to allow
the cell to discriminate between the parent and daughter strands following replication, when the
newly synthesized strand is transiently unmethylated. This facilitatespost-replicative mismatchrepair
(q.v.), a DNA repair system whichcorrects mismatches arising though replication errors. The lack
of methylation directs the repair enzymes to excise the incorrect nucleotide from the daughter
strand, rather than the correct nucleotide from the parental strand.
Dam methylation also plays a direct role
in DNA replication. TheE . coli origin of replication, oriC,
contains 14 Dam methylation sites, and anadditional site is found in the promoter of the dnaA gene,
which encodes an essential replication initiatorprotein (q.v. initiation of replication). Hemimethylated
origins, which arise directly followingthe initiation of replication, are unableto undergo reinitiation,
possibly becausethey interact with components of the cell membrane. The daughter strand oriC and
dnaA Dam methylation sites remain unmethylated for muchlonger than general Dam sites and may
be under direct regulation by factors which control
the bacterial cell cycle (q.v.). The GATCsite in the
dnuA promoter may act as a transcriptional silencer to prevent reinitiation. Similarly, GATC sites
found in various bacterial transposons may prevent transposition by blocking transcription of the
transposase gene. Alternatively, they may act posttranscriptionally by preventing the transposase
protein interacting with DNA. In either case, transposition is restricted to a short period following
replication, ensuring that two genomes are present in the cell to facilitate recombination-mediated
repair of excision damage. Interestingly, DNAmethylation plays a major rolein the control of transposition in eukaryotic cells, as discussed below (see Mobile Genetic Elements).

E. coli, internal cytosine residues in the sequence CCWGG are converted to
5-methylcytosine by DNA cytosine methylase (Dcm). The function of this methylation system is
unknown, althoughit might protect the genome from the restrictionenzyme EcoRII. A DNA repair
system encoded by the vsr gene corrects the G:T mismatches which frequently occur within this
target site caused by the deamination of 5-methylcytosine to thymine (q.v. very short patch mismatch
repair). Remarkably, vsr and dcm are part of a commonoperon and the open reading frames overlap
by six codons (q.v. overlapping genes).

Dcm methyletion. In

7.2 DNA methylation in eukaryotes
Patterns of cytosine methylation in eukaryotes.In eukaryotes, the only modified base commonly

found in DNA is 5-methylcytosine (5-meC), and this probably represents the sole programmed
modification. The abundance of 5me-C varies between taxa, being low in fungi and invertebrates
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(e.g. 5me-C is undetectable in both S. cerevisiae and Drosophila spp.), moderate in vertebrates (up to
10% of cytosineresidues may be methylated)
and high in many plants (up to 30% ofcytosine midues).
h vertebrates, most cytosine methylation occurs within the dinucleotide motif 5'-CG-3', whereas inplants, both 5'-CG-3' and 5'-CNG-3' motifs are methylated. Both sites display dyad symmetry,
and all the eukaryotic DNA methyltransferases isolated so far are maintenancemethylases. Much
DNA methylation observedin eukaryotic genomes is constitutive, and maintenance methylationis
sufficient for its propagation. However, as discussed below, global changes in methylation states
observed during both animal and
plant development predict the existence of de novomethylases and
demethylases which have yet to be characterized. Furthermore, additional methylated cytosines
occur at asymmetric sites and are implicated in the control of DNA replication (q.v. densely methylated island). The modificationof these sites also requires de nmo methylase activity.
Cytosine methylation, mutation and genome evolution. The CG motif occurs at only 20% of its
expected frequency in vertebrate DNA because of the hypermutability of 5-meC. Deamination (q.v.)
is a common formof spontaneous DNA damage, andthe deamination productof unmodified cytosine is uracil, which is efficiently removed from DNA bybase excision repair (q.v.). The deamination
product of 5-methylcytosine, however,is thymine, alegitimate DNA base. Asin bacteria, a specific
repair system exists to correctthe resulting TG mismatches, but this is leaky, resulting in net cytosine depletion over an evolutionary timescale. Notably, C+Ttransitions are predominant in human
diseases caused bypoint mutations.
CpG islands. Analysis of the distribution of 5me-C in eukaryotic genomes hasrevealed the existence
of CpG islands (or HTF islands'). These are nonmethylated regions, 1-2 kbp insize and predominately associated with the 5' ends of some genes. They are generally GC-rich, and show an abundance of CpG dinucleotide motifs. This indicatesthat the absence of methylation has prevented
the
depletion of cytosine residues. These characteristicsare highly diagnostic and can be used to identify potential genes in large genomic clones(q.v. positional cloning).
About 50 000 CpG islands exist in the human genome. About half are associated with housekeeping genes, and half with cell-type-specific genes. Theislands of both types of genes are constitutively unmethylated whetheror not the genes are expressed, with the exception of genes onthe
inactive X-chromosome and those subject to parental imprinting (discussed below). The position
and nature of CpG islands suggests that an undermethylated promoter
may be required for, but not
always sufficient for, transcriptional activity. In agreement with this, the artificial methylation of
CpG islands causes transcriptional repression. It has been proposed thatthe islands are normally
protected from the activity of DNA methylases bythe constitutive binding of transcription factors
to the DNA. This would explain the lack of methylation, the association with transcriptional activity and the effects of ectopic methylation. For cell-type-specificgenes it can be assumed that Some
regulatory complexes bind to the DNA constitutively (creating the island), whereas additional celltypespecific factors are also required for active transcription. Many genes are not associated with
CpG islands.
Methylation and gene regulation in mammals.
Many linesof evidence suggest a link between DNA

methylation and transcription, specifically between
undermethylationor hypomethylation(the lack
of methylation at certain sites)and transcriptional activity. Evidencearises from the manipulation of
CpG islands, as discussed above,the abolition oftransgene expression if the transgene is methylated
before introduction into the cell, the induction of gene expression by methylation-blochg drugs

'CpG islands are termedHTF islands because theyusually contain a cluster of restriction sites for the5-meC
sensitive restriction endonucleaseHpu I. In normal (methylated)DNA, Hpu I cuts rarely becauseits target site
and frequently modified.In CpG islands there is an abundance
of unmodified targets and these
is both depleted
sites diagnostically generateHpu I tinyfragments (q.v. restriction enzymes).
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such as 5-azacytidine, the observation of cell-type-specificmethylation patterns, and hypemethylation (increased methylation at certain sites) in CpG islands of the inactive X-chromosome and at loci
subject to parental imprinting.
In principle, methylated DNA could influence transcription in several ways. It could directly
interferewiththebindingoftranscriptionfactorswithcytosine
in their recowtion site.
Alternatively, it could recruit proteins which specifically recognize methylated DNA and hence
block or displace transcription factors two methyl-CpG-binding proteins of this nature have
been isolated. Finally, it could regulate chromatin structure by influencing eithernucleosome p s i tioning or interactions with other
chromatin proteins.
Although there is no doubt that DNA methylation can influence gene expression, there is no
compelling evidence that it used
is in a regulatory capacity in vivo other thanin the specialized cases
of parental imprinting and
X-chromosome inactivation (see below). Most ofthe evidence for methylation as a general regulatory mechanism comes from artificial systems in cell culture, where
patterns of methylation often differ from those of endogenous tissues. While cell-type-specific
methylation patterns are also observed in vivo, it hasyet to be demonstrated thatthese differences
secondarily
are responsible for differential gene expression. It is probable that such differences arise
to differential gene activity, e.g. if the binding of a regulatory proteinblocks the access of maintenance methylase to the DNA,and may reinforce earlier decisions and maintain the differentiated
state. Homozygous mice deficient for the DNA methyltransferase gene die shortly after gastrulation, indicating thatDNA methylation is essential in somatic cells for later stages ofdevelopment.
However, these effects may
result from the ensuinginactivation of all copies of the X-chromosome,
and toa lesser extent from the deregulationof imprinted genes(see below).
If DNA methylation ultimately regulates only a small number of genes, what is therole of the
widespread methylation observed in higher eukaryotic genomes? One theory proposes that it
reduces the effects of aberrant gene expression in the large genomes of higher eukaryotes, i.e. it
reduces ‘genetic noise’. An interesting recent observation is that most methylated cytidine residues
in mammalian genomes lie within transposable elements(q.v.). Twoclasses of retroelement (q.v.), LINES
and SINES (for long and short interspersed element, respectively), are particularly abundant in
mammalian DNA and comprise much of the middlerepetitive DNA of the mammalian genome (see
Mobile Genetic Elements, Genomes and Mapping). It is well established that DNA methylation
represses the transposition of plant andbacterial transposable elements, so it islikely to be used in
the same way invertebrates. In agreement with this, recombinant retroviruses introduced into the
mouse genome are often silenced by hypermethylation. Interestingly, the incidence of mutations
and chromosome rearrangements caused by mobile elements is low in mammals but high in
Drosophila, where DNA is unmethylated.

-

Methylation andgene regulation in plants.The integration of extra copies of an endogenous gene

or multiple copies of a transgene intoa plant genome often results in epigenetic silencing of both
endogenous and exogenous genes. The silencing mechanism can occur
at two levels, either transcriptionally (homologydependent transcriptional gene silencing which may involve in cis or in trans
DNA pairing), or posttranscriptionally (homology-dependent posttranscriptional
gene silencing or
antisense RNA (q.xand degradosomes),but them is no change in DNA
cosuppression, which may involve
sequence. In many cases,epigenetic silencingcomlates to hypermethylationof the repetitive sequences.
The genetic effectsof transcriptional silencing are similar to the natural process of paramutation,
an allelic interaction where one paramutagenicallele suppresses another paramutableallele in the
heterozygote. Theresult of paramutation in most cases isthat the paramutable allele becomes paramutagenic, and the change is heritable through meiosis but ultimately reversible. There isno change
in DNA sequence, and the effect appears to be relatedto gene copy number and chromosome position. In some, but not all, cases, paramutation is associated with a change in the amount of DNA
methylation.
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The hypermethylation of repetitive DNA in plants and some fungi may represent a defence
mechanism to prevent the spread
of transposable elements (as it is vertebrates).
in
The involvement
of repetitive sequences in both cosuppression and paramutation would seem to support this
theory. Like animals, plants undergo global changes of methylation states in development which
give rise to transposition bursts where many
families of transposable elements
become activated at
once. Arubidopsis mutants lacking DNA methyltransferase are viable but show frequent developmental defects, which may correspond to theactivation of transposon families. However,a general
regulatory role for DNAmethylation in plants hasyet to be ruled out, and the loss
of methylation
may thusreflect a deregulation of epigenetic programming rather thanincreased mutagenesis.

7.3 Epigenetic gene regulationby DNA methylation in mammals
Global regulationof methylation patterns.In mammals, the patternof methylation characteristic of
the adultis established just prior to gastrulation.The levelof methylation in the zygote is high, but
global demethylation occurs during cleavage, and subsequent de novo methylation occurs only in
the epiblast lineage which gives rise tothe somatic tissues of the adult.The extraembryonic lineage,
which includes the extraembryonic membranes and germ
cell primordia, remains undermethylated
until gametogenesis, when the germ cells are alsode n m o methylated. As discussed above, most of
the methylation and demethylation is constitutive andmay fulfill a protective role, repressing the
activity of transposable elementsandsuppressing ‘genetic noise’. There are two exceptions,
Xist locus on the X-chromosome. These are methylated in a sexhowever: imprinted genes and the
specific manner in the germ cells and escape both the global demethylation and theglobal de novo
methylation which occurs early in development.
Parenfa/imprinting. An imprint is a form of epigenetic information, and parental imprinting is thus

an epigenetic mechanism by which a chromosome region can retain an epigenetic memory of its
parental origin. In somatic cells, most genes areexpressed on both maternal and paternalchromosomes, but imprinted genes
are expressed in a parent chromosomespecific manner. Conventionally
an allele is said tobe imprinted if it is repressed (e.g. at maternally imprinted loci, only the paternal
allele is expressed), but this is an arbitrary definition and does not necessarily reflect the intrinsic
character of the imprinting mechanism. Atthe molecular level,the imprint is DNAmethylation, but
in someloci methylation corresponds to gene activity and in others it corresponds toinactivity. As
discussed below, most imprinted genes are found in clusters, and a single methylation imprint at a
cis-acting control site can direct maternalspecific expression of some genes and paternalspecific
expression of others. The consequences of parental imprintingin a genetic cross are shown in
Figure
7.1. Although both parents contribute equally in terms of chromosomes, the locus is functionally
hemizygous and the results of reciprocal crossesare therefore nonequivalent.
The first evidence for parental imprinting was the failure of parthenogenetic development
(development from unfertilized eggs) in mammals. Nuclear transplantation experiments then
showed that both parental genomes are required for normal development. Uniparental mouse
embryos, i.e. those derived from zygotes containing eithertwo male nuclei (androgenotes) ortwo
female nuclei (gynogenotes), are abnormal and diebefore birth. Gynogenous embryos undergonormal early developmentbutthe
extraembryonic membranes areundeveloped.Androgenous
embryos aregrowth-retarded although themembranes develop normally -such aberrantconcepti are termed a complete hytaditiform moles (partial moles contain a triploid foetus, with two
paternal and one maternal genome). Experiments using mouse strains with isodisomic chromosome fragments (both copies derived from the same parent) identified the chromosome regions
responsible for imprinting effects. The syntenic (q.v.) regions in the human genome are associated
with classic imprintingdisorderssuchasthe
Prader-Willi and Angelman syndromesand
Beckwith-Wiedemann syndrome. In the animal kingdom, imprinting effects appear to berestricted
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Figure 7.1: The effects of parental imprinting in a reciprocal cross.A homozygous wild-type individual(AA) is
crossed to a homozygousnull mutant (aa)to generate a heterozygous F1 generation (Aa).The maternal allele
carries an imprint (dark bar) andis not expressed, but the paternal allele is expressed. Where the mother is
the null parent, theF1 generation shows the dominant phenotype associatedwith the paternal allele,A.
Where the mother is the wild-type parent, theF1 generation shows the mutant phenotype associatedwith
the paternal null allele, a.

to mammals, but imprinting is also found in plants. Plants are more tolerant of dosage effects, so the
phenotypes are morphological rather than disease-related.
Parental imprintingand DNA methylation. At least 20 imprinted genes have
been identified in mice

and humans, many encoding
products concerned with growthregulation. Consistent with the identification of imprinted chromosome regions in the mouse, the majority of human imprinted genes
map to three clusters, and there is evidence that specific imprinting boxes in each cluster are
required in cis to regulate parent-specific expression. Thesesites show parent-specific methylation
patterns established and reset independently of the global de n m o methylation and demethylation
occurring during early mammalian development. The imprinting boxes are differentially methylated in the male and female gametes anddirect the parent-specific gene expression patterns. The
maternal andpaternal chromosomesalso differ with respect to recombination frequency,chromatin
structure and replication timing.
The imprinted cluster on humanchromosome llp15.5 is associated with the fetal overgrowth disorder Beckwith-Wiedemann syndrome (BWS). The cluster contains at least seven genes(Table 7.2),
with paternalspecific IGF2 surrounded bymaternal-specific HZ9, KCNA9, CDKNZCand NAP2. IGF2
encodes a growth factor whose deregulated expression plays the predominant role in BWS. In the
homologous mouse cluster, three further imprinted genes have beencharacterized. Ins2 is paternally expressed: this encodes another growth factor and is homologous to the INS gene in the human
cluster, whose expression parameters are not established. Mush-2 and I g f 2 are
~ maternally expressed:
Igf2r encodes a receptor forthe paternal-specific I@ (however, human IGF2R shows biallelic expression). In the mouse, the Igf2 and Ins2 genes show biallelic expression in certain tissues, indicating
that the imprinting effect islineagespecific, i.e. the genes are conditionally imprinted.
Central to the regulation of the human BWS cluster is the mutually exclusive expression of HZ9
and IGF2. Most cases ofBWS involve biallelic expression of IGF2 (normally expressed only on the
paternal chromosome), and many of these reflect paternal uniparental disomy or paternal trisomy.
However, in cases where onechromosome is inherited from eachparent as normal, mostshow either
deletion or methylation of the maternal HZ9 locus. This contains a paternal-specific methylation
site, and methylation causes loss of HZ9 gene expression. Theepistatic effect of HZ9 mutations and
HZ9 and IGF2
epimutations on IGF2 transcription has led to an enhancer competition model where
are proposed to depend on the same transcriptional enhancer, but'H19 transcription sequesters the
enhancer, blockingIGF2 expression. TheIGF2 gene is therefore expressed only
when HZ 9 transcrip-
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Table 7.2: Human imprinted genes of the BWS cluster and at the X-inactivation centerWC1

Gene

Position

Product

Beckwith-Wiedemann syndrome cluster
factor
IGFZ
Growth
INS
factor
Growth
Untranslated RNA
H19
receptor
Growth
Biallelic
factor
IGFZR
KCNAS
K' channel
Maternal
CDK inhibitor
CDKN7C
X-inactivation center
gastrulation
XIST
to

RNA
prior

Paternal

p15.5
11

Expression

- paternal in mouse
- maternal in mouse

Unknown
Maternal
Maternal

Xq13

Note the predominance of growth regulators in the BWS cluster. IGFZ and INS encode growth factors,
IGF2R is a growth factor receptor, H79 regulates IGFZ transcription, and CDKNlC is a putative cell cycle
regulator. The mouse BWS cluster also contains the maternally expressed gene Mash-2, which encodes a
transcription factor.
tion is prevented by methylation. The HZ9 product is an untranslatedRNA, and remarkably appears
to have no intrinsic function except that itstranscription represses transcription of IGF2.
Recently, experiments using mice transgenic for YACs containing the entire mouseBWS cluster
have suggested that antisenseRNA plays a major rolein the imprintedexpression of Igf2r (normally
expressed only on the maternal chromosome). There is a paternal-specific methylation site in the
Igf2r promoter, and a maternal-specific methylation site withinan intron of the gene. These sites are
present in both humans and mice, even though the human gene shows biallelic expression. The
intronic methylation site marks the position of a promoter of an antisense transcript, which is
normally expressed on the unmethylated paternal chromosome, leading to inhibition of paternal
Igf2r expression. The maternal antisense promoteris methylated and Igf2r transcription is uninhibited. It thus appears thatin at least these two examples parental imprinting is initiated bydifferential methylation and regulated by competition mechanisms. The nature of the competition is
unknown for Igf2r -antisense transcriptioncould cause countertranscription against the
Igf2r gene;
it could coat the chromosome and induceheterochromatinization like Xist RNA (see below),or there
could be competition for regulatory elementslike Igf2/HZ9.
The role of imprinting: developmentor parental conflict?Various theories have been put forward to
explain the significance and evolution of imprinting in mammals, many suggesting that it plays
an
intrinsic role in mammalian development. Although parthenogenetic mice fail to develop, chimeras
of parthenogenetic and normal cells are viable. Thedistribution of parthenogenetic cells in chimeric
mouse embryos suggests that differentially imprinted cells play an important role in the development
of the brain, e.g. parthenogenetic cells are excluded the
from
hypothalamus but abundant in
forebrain.
The alternative parental conflict model suggests that imprinting arose as a result of competition
between maternal and paternal genomes in polygamous and promiscuous mammals. In promiscuous
species, femalesgestate offspring frommultiple fathers who will try to maximizethe ability of their
offspringto outcompete their half-siblings formaternal resources, whereas the mother will try to maximize thenumber of surviving offspring. Thus,paternal alleles would be selected for inmased growth,
whereas maternal alleles would be selected for reduced growth. In the mouse BWS cluster, paternal
Igf2 and Ins2 encode growth factors, whereas maternal HZ9 is an inhibitor of Igf2 transcription
and maternal IgfZr is a scavenger receptor for I@, and so reduces the level of available growthfactor
in theserum. Knockout micewith targeted deletions in the HZ9 or Igf2r genes increase the amount of
circulating lgf2 by increasing the amount ofmRNA and free protein, respectively, and show an
increased birth weight (conversely @I knockouts have 60% normal growth rateif the targeted allele
is inherited on the paternal chromosome). Interestingly, when a promiscuous species of mouse is
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crossed to a species which
is usually monogamous,the birth weight of the F1 offspring shows parental
imprinting. Promiscuousmalescrossedto
monogamous females produce larger offspring than
monogamous males crossedto promiscuous females.This fits the parental conflict modelas monogamous males would be under
less pressureto boost the growth their offspringand the femaleswould
be under less pressure to compensate. In the interspecific crosses,the birth weight of the F1 would
thus be driven by the competition strategies ofthe promiscuous species. Overall,this model predicts
that rather than reflecting an intrinsic aspect of mammalian development, imprinting is ultimately
dispensible. This is supported by the phenotype of double knockout mice with targeted deletions of
Igr2 with Igr2r, or Igr2 with HZ9 both types of double knockout are normal.
X-chromosome inactivation. In the somatic cells of female mammals, dosage compensation (qv.) for

the X-chromosome is facilitated by X-chromosome inactivation. One of the X-chromosomes
remains
becomes condensed intoheterochromatin and so transcriptionally inert. The inactive X (X)
condensed throughoutthe cell cycleas a densely staining Barr body, while the active X @a) behaves
as normal.
In the female zygote,both X-chromosomes are active. The inactivation process initiates at thelate
blastocyst stage in the extraembryonic lineage,and slightly later in the epiblast lineage which gives
rise to the somatic cells of the embryo. In embryonic tissues of placental mammals, the choice of
active verses inactive X is random. Once chosen, the process is irreversible: the active and inactive
chromosomes are clonally propagated, so that an individual heterozygous for a visible X-linked
marker demonstrates patchy
variegation for the marker phenotype(e.g. tortoiseshellcoat colours in
cats). Inextraembryonictissues of many mammals (but not humans),the paternal X is preferentially inactivated (an exampleof parental imprinting, see above), and paternal preference occurs in both
embryonic andextraembryonic tissue of marsupials. In both cases, paternal imprinting appears not
to be an essential component of the inactivation process, because normal inactivation occurs in
embryos with twomaternally derived X-chromosomes.
The molecular basis of X-inactivation. X-inactivation can be divided into four stages: counting,
initiation, propagation (spreading) andmaintenance. An X-linkedcis-actingsite,
apparently
involved in all four stages, is the X-inactivation center (Xic),which hasbeen mapped by studying
deletions and translocations of the X-chromosome resulting in the disruption of inactivation. If the
region containing Xic is deleted, the mutant X remains active; if the X-chromosome is involved in a
translocation, the fragment containing Xic is inactivated (as is part of the autosome to which it is
attached) while the other fragment remainsactive.
Fine mapping of Xic originally revealed asingle locus, Xist, which is expressed specificallyon Xi
(i.e. Xi-specific transcript). Xist encodes a large untranslated RNA which associates with Xi in the
nucleus and is thought to induce heterochromatinization by coating the chromosome. Several ingenious experiments have provided clear evidence for the pivotal role of Xist RNA in the inactivation
process, e.g. integration of transfected Xist DNA into an autosome in a male ES cell (q.v.) causes
random inactivation of either the recombinant autosome or the endogenous X-chromosome upon
differentiation (i.e. the autosome containing Xist is seen as a second X-chromosome by the cell). In
mice, a second locus,
Xce (X-controlling element),is linked to Xist and influences the random nature
of X-inactivation -the chromosome containing the weakerXce allele is preferentially inactivated.
Countingandinitiation.
Theoverall replation of X-inactivationreflects the balancebetween
X-chromosomes and autosomes.PoZysomy X (q.v.) is tolerated becausesupernumeraryX-chromosomes
polyploidy (q.v.) causes more X-chromosomes
are inactivated, generating multiple
Barr bodies, whereas
to remain active. The
nature of the counting mechanism is unknown,
as transgenic mousestudies have
provided contradictory evidence for
the role of the Xce. It is unclearwhether multiple Xce transgenes
in cis are counted individually-X-inactivation does not occur in human males with Xce duplications.
During gametogenesis the Xist promoter is subject to sex-specific methylation, generating a
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maternal imprintin the zygote (see parental imprinting above). This results in preferential expression
of the paternal Xist allele and hence preferential inactivation of the paternal X-chromosome. In the
mouse extraembryonic lineage, this pattern of methylation is maintained (and the paternal X
remains inactive), while in the epiblast lineage the methylation pattern is reset by a global demethylase, and de novo methylation of the Xist promoter occurs at random. The choice of active versus
inactive X thus lies ultimately with this de novo methylase, and itis still not clear how the choice is
epiblast lineages, and
made. In humans, randomX-inactivation occurs in both extraembryonic and
in some extraembryonic
cells both X-chromosomes remain active.
It has been suggested thatcells show preferential X-inactivation in response to a chromosome
mutation. Thus an individual heterozygous for a large X-linked deletion would preferentially inactivate the deficient chromosome to avoid the lethal consequences of maintaining the deficiency at
the expense of the normal chromosome. In fact, there is no bias in chromosome selection
the
observed homogeneity reflectscell selection, the differential survival of cells containing alternative
Xi and Xa early in development. Cells with the mutant Xa will tend not to survive, leaving cells with
the normalXa to populate the entire embryo.

-

Spreading andmaintenanceof inactivation. The inactivity of Xi reflects changes in chromatin
struc-

ture and DNA methylation patterns. The chromatinis highly condensed, correspondingto depletion for acetylated histone H4 (see Chromatin), and there is hypermethylation of CpG islands
upstream of many X-linked genes. Thesignals causing these changes are unknown, and chromatin
proteins specifically involved in X-silencing have not been identified (cf. position effect variegation,
SIR proteins). It is likely that Xist RNA itself may play a major role inchromatin remodelling, but it
is not sufficient for full inactivity: in Xi-autosome translocations, inactivity may spread across the
translocation breakpoint into the autosome but never
to the ends of the autosome, even though
Xist
RNA coats the entire chromosome. This suggests the existence of boundary elements in the autosomes which block the spread of inactivation, or cis-actinginactivation stations, booster elements,
in the X-chromosome.
In normal X-chromosomes, inactivation spreads outfrom Xic over a number of days andinactivation occurs before the CpG islands become hypermethylated. Spreading may
represent a cooperative effect where specific proteins bind to pre-existing inactive chromatin,similar to the spread of
heterochromatin in autosomal translocations (q.v. position effect variegation). In humans, several
X-linked genes 'escape' inactivation (e.g. the gene encoding steroid sulfatase). Such genes map in
clusters, indicating that there are regions of local activitywithin the Xi. The corresponding genesin
mice are often inactivated so it is not possible to extrapolate such observations between different
mammals. DNA methylation thus appearsto play a dual role in X-chromosome inactivation -first
in the establishment of Xist expression, and secondly in the maintenanceof transcriptional repression, i.e. it allows clonal propagation of the inactive X through sequential rounds of DNA replication by theactivity of maintenance methylase.
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Chapter 8

The Gene
Fundamental concepts and definitions
A gene is a physical and functional unit
of genetic information with the potential to be
expressed, i.e. to be used asa template to generate one or more
gene products of RNA or protein.
The genome (q.v.) is the total genetic informationin the cell, and that information is stored as
the nucleotide sequence. While all genetic information can be stored and transmitted from
generation to generation as part of a chromosome, only the genes are expressed. Other loci
function solely at the DNA level and include regulatory elements, origins
of replication,
centromeres and telomeres.
A cistron is a unit
of genetic functiondefined by a complementation test. The bacterial gene is
the same as a cistron
-a unitof genetic function which corresponds to an open reading frame.
The gene-cistron relationship in eukaryotes is more complex because the information in a
eukaryotic gene can be used selectively, altered posttranscriptionally or combined with that
from other genes to generate a single gene product.
8.1 The concept of the gene
Evolution of the gene concept.The termgene was coined by Wilhelm Johansen in 1909 to describe

a heritable factor responsible forthe transmission and expression of a given biological character,but
without reference to any particular theory of inheritance. Therefore,in its original context, the gene
had no specific material basis and could be treated purely in abstract terms, as it is in the study of
transmission genetics (q.v. Mendelian inheritance).
A more precise idea of the physical and functional basis of the gene arose from several sources
in the first half of the twentieth century. In 1902, Archibald Garrod showed thatthe metabolic disorder alkaptonurea resulted from the failure of a specific enzyme and could be transmitted in an
autosomal recessive fashion;this he called an inborn errorof metabolism. Garrod wasunfamiliar
with Mendelian inheritance and the significance of his discovery was notrealised for 30 years, when
George Beadle and Edward Tatum found that X-ray-induced mutations in fungi often caused specific biochemical defects. This led to the one gene one enzyme model of gene function. In 1911,
Thomas Hunt Morgan showed that genes werelocated on chromosomes and werephysically linked
together (q.v. chromosome theory of inheritance), and in 1944, Oswald Avery and colleagues showed by
elimination that DNA was the genetic material. Thus evolved a simple picture of the gene - a
length of DNA in a chromosomewhich encoded the information for an enzyme.
This definitionhas to be expanded to encompass what is known today about gene
function: not
all genes encode enzymes (some encodepolypeptides with different functions, and some encode
functional RNA moleculessuch as rRNA and tRNA); also, in viruses, genes may be RNAnot DNA.
Furthermore, the information in the gene may be used selectivelyto generate more than one product. The Mendelian concept of a gene controlling a single character has also expanded to take into
account genes whichaffect several characters simultaneously (pleiotropy) and genes whichcooperate in groups to control individual characters (4.v. quantitative inheritance). With the advent of
molecular biology,it is now possible to define the gene exactly in terms of its structure and function,
although this definition differs between bacteria and eukaryotes due to their very different strategies forgene expression and genomeorganization (also q.v. prions).
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8.2 Units of genetic structure and genetic function
lndivisible units of genetic structure. After it became established that genes werecarried on chro-

mosomes and could be mapped on them by recombination (q.v. genetic mapping),individual genes
came to be regarded as fundamental andindivisible units of genetic information, in terms of both
structure and function, linked together in a linear fashion(the beads ona string theory). This view
was challenged by recombination studies in bacteriophage, which showed that the gene could be
subdivided into smaller units. Seymour Benzer introduced the terms muton,recon and cistron to
define indivisible units of mutation, recombinationand function, respectively. By crossing independently derived mutants of the same gene in a phage infection, it was shownthat wild-type phage
could be produced.This could only happen by intragenic recombination(recombination within a
gene) if distinct subelements of the gene were mutated.This showed that the gene was dividedinto
smaller units which could undergo recombination and mutation. The muton and recon are equivalent to a single nucleotide pair.
The geneas an indivisible unit of genetic function.
Benzer 's term cistron means an indivisible unit
of genetic function.This can bedetermined by complementation analysis wherethe gene (or more
specifically, its product) is tested forits ability to compensate for a mutation in a homologous gene
in the same cell. Successful complementation restoresthe wild-type phenotype.
The basis of complementationanalysis is the n's-truns test (from which the term cistron arises;
Box U), where pairs of independently derived mutations are considered in the cis and trans configurations. The cis test is a control, because if both mutations are present in one genome, the other
should bewild-type at both loci and producethe normal &ne product(s), thus conferring the wildtype phenotype uponthe cell. The trans-test the
is complementation test and defines the boundaries
-l
of the unit of function. If both mutationsare within the same gene, when they are present in the transconfiguration each genome carries amutant copy of the gene and no functional product would be
generated in the cell - there would beno complementation. If the mutations lie in different genes,
when they are present in the trans-configuration, each genome can
supply the gene product the other
lacks. With all necessary gene products, the cell wild-type
is
-there is positive complementation.
Complementation analysis in bacteria and yeast established that the gene is a cistron, i.e. the
gene could be definedas a unit of function. Thetest was also useful for determining the numberof
genes acting in a given pathway and, by cross-feeding between mutants, determining the order in
which they acted. Complementation can also be exploited to confirm gene function and to clone
genes whosefunction is known (q.v. marker rescue,functional cloning, expression cloning).

8.3 Gene-cistron relationship in prokaryotes and eukaryotes
Genecistmn equivalence in simple genomes. In prokaryotes and lower eukaryotes, there is usually a simple relationship between the gene and its product. In most cases, thereis a one gene-one
product correspondence and
the gene is usually colinear
with its product. In these organisms, therefore, the gene and cistron are equivalent: the gene is aunit of genetic function; aunit of expressed
genetic information. In bacteria, the gene is synonymous with the coding region (open reading
frame), whereas in eukaryotes it issynonymous withthe transcription unit. This is because bacterial
genes areoften arranged as anOperon (q.v.), so that several products are translated from a common
polycistronic mRNA. In eukaryotes,conversely,most genes are transcribed as monocistronic
mRNA (c.f. rRNA genes, trans-splicing, internal ribosomeenty site).
Gene-cistmn nonequivalence in complex genomes.
In higher eukaryotic genomes, there is often a
complex relationship between the gene and its product (Figure 8.2).Most higher eukaryotic genes

contain introns, which are intervening sequences which are not represented in the final product, and
are therefore not part of its function (see Genomes and Mapping). While the gene represents the
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Figure 8.1: Examples of gene-cistron nonequivalence in eukaryotes (thick boxes areDNA, thin boxes RNA and
of more than one gene is required to make a single polypeptidein cases
chains are protein). (a) The expression
of trans-splicing and RNA editing, but both genes are partof the sameunit of function and comprisea single
cistron. The open boxes represent information from one gene and the filled boxes represent information from
the other. Note that in all known cases of trans-splicing, the5' spliced transcriptis untranslated, although in
principle there is no reason why such a mechanism should not also be used to generate proteins.(b) One gene
can generate several productsby alternative splicing and other selective information usage(see text). The
gene thus contains overlapping cistrons. Introns are represented by hatched boxes and are spliced outduring
RNA processing. Exons are shownas boxes, unfilled if they are untranslated, andfilled to represent the coding
region. Note that introns may interrupt both coding and noncoding exons, and that exons may contain both
translated and untranslated information (i.e. exons 2 and 5).

entire transcription unit, the cistron would be interrupted by the introns. The cistron is therefore
equivalent to the exons of the eukaryotic gene.
A further complication arises in thoseeukaryotic genes wherethe information is used selectively
to generate several products. This is often achieved by alternative splicing (q.v.), which may reflect
regulation at the level of RNA processing or alternative promoter or polyadenylation site usage
during transcription (see RNA Processing). The structurally related products often have different
functions, and the gene thus comprisesa series of overlapping cistrons.
The opposite situation occurs where two genes are required to generate a single product, e.g.
truns-splicing, where two separately encoded mRNA fragments arespliced together and translated,
and RNA editing (q.v.) in Trypanosomes, where the mRNA and gRNA are required to produce a
mature template for polypeptide synthesis. Both genes are required to produce a single function;
they are part of the same cistron.
There are also cases where several proteins are derived from a single open reading frame.
Translation initiallyproduces a polyprotein, which is cleaved togenerate the individual functional
products. This strategy is used by some RNA viruses to meet the challenge of the monocistronic
environment of eukaryotic cells, but also occurs in some endogenous genes, e.g. the mammalian
preprodynorphin genegenerates seven different peptides with different functions in the brain. The
segment of the open reading frame encoding each peptide can be regarded as a cistron.
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Overlappingand nested genes.Most genes are discrete nonoverlapping units,i.e. they do not share

information with other genes. Overlapping genes are independently regulatedbut utilize some of
the samesequence. In principle, genes can overlap at two levels. In bacterial systems, and in other
situations where spaceconservation is necessary (e.g. in RNA virus genomes and in animalmitochondrial DNA), genes may overlap at the level of the readingframe, so that the same information
is used to generate two ormore unrelated proteins. The open reading frames may betranscribed
from opposite strands, may be translated in different directions, and may be out of frame with
respect to each other, i.e.the geneshave nothing in common except that they share some
of the same
space. An example is the lysis protein gene of the leviviruses (which include bacteriophage MS2);
this overlaps with the
replicase and coat protein genes but is translated
in the oppositedirection and
in a different reading frame. In some species, the lysis protein gene is completely inset within the
replicase gene. In eukaryoticsystems, genes can overlap at thelevel of the transcription unit, but
exons can remain discrete. Thus the same
information is never expressed in the protein productsof
both genes, because DNA regarded as exon material in one gene is part of the intron of the overlapping gene (e.g. human TCRA and TCRD T-cell receptor genes overlap at the exon level).
Occasionally, complete genes may be embeded within the intron of a larger gene: small openreading frames encoding proteins concerned with intron metabolism are often found in self-splicing
introns (see RNA Processing).Three small genes are also found in intron 26 of the large human
gene
NF-1. Overlapping genesmay also reflect a mechanism of regulation. In plasmids, genes encoding
antisense RNA tend to overlap with the genes
they regulate (also q.v. countertranscription).
A nested gene isa single gene which produces two ormore nested products by modulating the
end pointof protein synthesis. This can occur byleaky readthrough of a termination codon(e.g. in
the case of the QP virus coat protein gene) or by cotranslational frameshifting (e.g. in the case of the
E . coli dnaX gene and theF plasmid traX gene). Similarstrategies are used
by eukaryotic RNA viruses (e.g. retroviruses), and nested products can also be produced from eukaryotic genes by altemative splicing or use of alternative polyadenylation sites.

8.4 Gene structure and architecture
StNCtUfd components of the gene. The gene can be divided into discrete regions with specific
functions (Table 8.2).

At any given locus, the DNA which is transcribed can be termed a transcription unit. In
prokaryotes, a transcription unit may consist of several genes (constitutingan operon),whereas in
eukaryotes, transcription units are almost always equivalent to a single gene (the polycistronic
rRNA gene transcribed by RNA polymerase I,and genes of RNA viruses and organellar genomes
are exceptions; q.v. internal ribosome entry site, trans-splicing).
For genes which encode proteins, a distinction can be made between information translated into
polypeptide sequence and untranslated information. In bacteria, the translated region (open reading frame, coding region) is equivalent to the gene, and genes are usually separated by short
internal noncoding regions. The extreme genes of the operon are also flanked by a noncoding
region which maybe termed the 5' untranslated region (UTR) or leader sequence and the
3' UTR
or trailer sequence.These sequences are often regulatory in nature; the 5' UTR controls ribosome
binding and may facilitate attenuator control (q.v.); the 3' region often plays an important role in
mRNA stability. In eukaryotes, the coding region isalso flanked by regulatoryUT&, and bothUTRs
and the open readingframe may be interrupted by noncoding sequences, introns, which are spliced
out before RNA export from the nucleus, i.e. they are notrepresented in the mature transcript.
RNA genes may be transcribed singly or as partof an operon in both prokaryotes and eukaryotes. The equivalent to proteincoding regions are the regions which eventually form the mature
RNA.SomeRNA genes are transcribed as mature transcripts, others must undergo cleavage,
processing and intron splicing. Any sequences which are eventually discarded are termed tran-
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Table 8.1: Terms used to define functionalparts of genes
Term
Allele
Cistron
Coding region,
open reading frame(ORF)
Divided gene
Gene
Gene locus

Operon
Pseudogene
Split gene, interrupted gene
Transcribed spacer
Transcription unit,
transcribed region
Untranslated region(UTR),
noncoding region(NCR)

A sequence variantof a gene (or other genetic marker,
e.g. RFLP, VNTR
sequence)
A unit of genetic function, a region DNA
of which encodes aspecific
product
A region ofDNA which is translated into protein. In bacteria, this is a gene.
In eukaryotes, the coding region maybe interrupted by introns
A split genewith exons at distinct loci which must be transcribed
separately and joinedby trans-splicing. Actually a misnomer
as each
locus should be consideredas a discrete gene
In bacteria, a unit of genetic
function encoding either a discrete
polypeptide or RNA molecule. In eukaryotes, a transcription unit which
may encode one or more
products or may contribute to a product
The position of a gene on a chromosome, including flanking regulatory
elements. The term locus usedon its own refersto the position of any
marker - gene, regulatory element, origin of replication, cytogenetic
landmark, etc.
A bacterial locus containing several genes (which are transcribed as a
single polycistronic transcript) and their common regulatory elements
A nonfunctional sequence which resembles a gene
(see Mutation and
Selection)
A gene containing introns
Any part of the transcription unit ofan RNA gene or RNA geneoperon
which does not feature in the mature RNA molecule(s)
A regionof DNA which is transcribedinto RNA. In eukaryotes, this is a
gene. In bacteria it may encompass multiple genes
Any part of thetranscription unit which is not translatedinto protein. UTRs
flanking a coding region or operonare termed 5' and 3' UTRs (or leaders
and trailers)

scribed spacersequences. The typical structural organization of bacterial and eukaryotic
genes is
shown in Figure 8.2.
Gene nomenclature. Genes are named according tospecies convention (Table 8.2). It is normal to
present the namesof genes, alleles, genotypes and, where necessary, the mRNA transcribed from a
gene in italic, and the protein products and phenotypes in roman. Confusion often arises when
research in different organisms converges o n a single genetic mechanism, as can be seen in the
nomenclature of the cellcycle genes of S. cerevisiae and S. pombe (see The Cell Cycle). In addition,
many genes are isolated several times from thesame organism in different experiments, and given
different names: the prominentDrosophila developmental gene torpedo is anexample - it has been
identified three times in screens for different phenotypes and
has been giventhree different names.
Drosophila provides the most colorful
examples of genetic nomenclature and, especially in developmental biology(see Development: Molecular Aspects), this trend is spreading vertebrates.
to
In most species, genes are designated by a symbol comprisingseveral letters and numbers.
Some
species conventions (e.g. Drosophila, E. coli) dictate theuse of lowercase letters forgenes identified
as recessive mutations and initial capital letters those
for identified as dominant mutations.In other
species, including humans, genes are designated by all capitalletters. M a n y genes are now identified by large scale sequencing approaches, and a unified approach to nomenclature is required.
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Figure 8.2 Typical structure of protein coding genes in prokaryotes and eukaryotes (thick
boxes are DNA,
thin boxes are RNA and chains are protein). (a) In bacteria, several genes are present
in the same
transcription unit. They are transcribed as a commonmRNA which can be dividedinto coding regions
(genes), shown in gray, and noncoding regions, shownin white. Each gene encodes a separate polypeptide.
(b) In eukaryotes, transcription units comprise a single
gene. The gene comprises a centralcoding region
shown in gray, and flanking noncoding regions shownin white. The gene is often interrupted by one or more
introns (hatched boxes),which are spliced out of the primary transcript. In this example, the mature
transcript encodes a single polypeptide,but alternative splicing can be usedto generate a series of different
products.

Table 8 . 3 A brief summary of conventional genetic nomenclature
Species
E. coli and otherbacteria

Yeast

C. elegans
Drosophila
Plants
Vertebrates
Humans

Three lower caseletters to designate an operon followed by uppercase letters
to denote different loci,e.g. lac operon; loci: lacZ,lacy, lacA. Proteins LacZ,
Lacy, LacA. A special convention adopted for sporulation genesB.ofsubtilis
(see Box 6.2).Genes designated spo followed by roman numeralsto
designate morphological stage of sporulation and
capital letters to designate
operon then gene, e.g. spollGA is expressed in stage I I and refers to the first
locus of operon G
Three letters identify genefunction followed by a number to specify different
loci
S, cerevisiae genes GAL4, CDC28; proteins GAL4, CDC28
S. pombe genes gal4, cdc2; proteinsGa14, Cdc2
Three lower case letters indicativeof the mutant phenotype hyphenatedto a
number if more than one locus involved,
e.g. genes unc-86, ced-9; proteins
UNC-86; CED-9
Name descriptive of mutant phenotype, may be represented
by symbol of 1-4
letters, e.g. genes white (W), tailless(NI), hedgehog (hh); proteins White,
Tailless, Hedgehog
Although no convention covers all plants,
most named with 1-3 letter lower
case symbols. Arabidopsis genes named
in style of Drosophilabut using
capital letters,e.g. gene AGAMOUS (AG), protein AGAMOUS
Generally a 1-4 letter lower case symbolwith letters and numbers,
representative of gene function,e.g. genes sey, myc, proteinsSey, Myc
As above but in capitals, e.g. genes MYC, EN07,proteins MYC, EN01
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30x 8.1: The cis-trans test

h e basis of the test. The cis-trans test considers other, and this is known as allelic, intracistronic or
intragenic complementation. For thisto occur, the
lairs of mutations in the same cell and asks whether
nutual complementation can occur to restore the gene product must function as a multimer, and one
mutant gene product compensates for the deficiency
Mild-type phenotype (i.e. does each genome comlensate for the deficiency
in the other). Consider an in the other in the multimeric complex. Alleliccom?xample where two gene products are required to plementation can usually be distinguished from norbecause
the
:onvert a substrate (S) through an intermediate (l) mal intergenic Complementation
nto a pigment(P) which characterizes the wild-type mutant heteromultimer is less active than a wildlhenotype. Failure to produce the pigment results intype hornomultimer. A practical example ofallelic
many
hemutantphenotype,which
is identifiedby its complementation isa-complementation:
cloning vectors cavy a 5' portion of the E.coli lacZ
:olor. The normal pathway is shown below.
genewhich is unable to produceafunctional
cistron1
cistron2
enzyme.These vectors can be used in host cells
I
with 5' lacZ deletions.Neithertruncatedalleleof
I
lacZ is functional, but the two partial proteins can
pmdwtl
pmducl2
associate to form a functional enzyme. a-compleS
1
P WddType
mentation is usedforrecombinantselection
in
cloning experiments (q.v. blue and white selection).
me trans-test The trans part of the test is the test
'or complementation. Two mutations are considered The cis-test. The cis part of the test is a control,
n the trans configuration. Positive complementa- because when two mutations are foundin the same
tion, as shown by the restoration of the wild-type
genome, thesecondgenome
is wild-type,and
Dhenotype, usually only occurs if the two mutations hence the cell should display the wild-type phenowe in different cistrons,i.e. the diploid cell carries
at type. When this does not occur, it suggests that the
east onewild-type copy of
each gene. Thisis known mutant gene product produced by one genome is
BS intercistronic (or intergenic) complementation. dominant to the wild-type product produced by the
If the mutationsare in the same cistron, cornplemen- other.This is termed negative complementation
tationusuallydoes
not occurbecauseneither
and often occurs, like allelic complementation, when
Jenome has a wild-type copy of the gene and no
the gene productis a multimer. Inthis case, the inacfunctional product is made by either genome.
tive mutant product interacts with the wild-type
to
Mleliccomplementation. Occasionally, different produce an inactive heteromultimer, i.e.it sequesters
'nutations in the same cistron will complement eachwild-typepolypeptides into an inactivecomplex.
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Complementation mapping.A collectionof mutants
mutually unableto complement each otheris termed
acomplementationgroupandcorresponds
to a
Cis-dominance. Complementation occurs only cistron. Byperformingpairwisecomplementation
betweengenesbecausetheyproducediffusible
analysis on many mutants, a complementation map
gene products. Some mutations cannot be compen-can be constructed which represents complementasated bythe supply of a wild-type allele in the same tion groups as discrete, nonoverlapping lines. Sucha
cell, and these aredescribed as cis-dominant. They strategy can determine the numberofgenes
in a
reflect mutations of cis-acting elements(e.g. a pro- givenbiochemicalpathway,and
by cross-feeding
moter) rather than genes.
(exposing one mutant
to the products of another),
the
Polar mutations. A complication to complementa- order of gene activity can be established.A complestrict sense,
tion analysis in bacteria is the effects
of polar muta- mentationmapisnotamapinthe
because
it
gives
no
indication
of
the
physical
relations. Because many bacterial genes
are arrangedin
operons which are transcribed as polycistronic tionship betweengenes.
A simple example of complementation mapping
is
mRNAs, a mutationin one gene can interfere
with the
of yeast which are unable
expression of downstream genes due to the depen- shown below. Five strains
denceofribosomebindingoncompletion
of the to synthesize a specific metabolite are tested for
complementation and the results are shown on the
translation ofthe upstream gene (q.v. lac operon).
left + for positive complementation (restoration of
Complementation, reversion and recombination. wild-type phenotype) and
for no complementaThese three processes can all produce a wild-type tion. The map shows that mutantsl and 2 form one
phenotype.Reversion is abackwardsmutation,
complementation group and3, 4 and 5 form anothfrom aloss of function mutant to the wild-type allele, er, i.e. there are two genes. Within the second gene,
i.e. it involves a change of genotype. Recombinationmutants 4 and 5 complement each other.This is
between two mutantallelesmayalsoproduce
alleliccomplementation,and
the product of the
a wild-type genome, as well as a double mutant,
second gene is thus likelyto act as a multimer.
and also involves a change of genotype.
Complementation involves no change of genotype
and reflects the interaction ofgene
products.
Reversion and recombination can generate aberrant
1.2
3
results in complementation analysis, butboth revertants and recombinants can be distinguished
4
5
becausetheymaintaintheirwild-typephenotype
after segregation. Complications dueto recombination can be avoided by using recombinationdeficient strains.
Such mutations are described as trans-dominant or
dominant negative.

-

"

References
Lewin, B. (1997).Genes VI. Oxford University Press,
Oxford.

Singer, M. and Berg, P. (1991)GenesandGenomes: A
Changing Perspective. Universityscience Books,CA.

Fumer reading
Blumenthal, T. (1995)Trans-splicingandpolycistronicRNA
editing:GettingUintoRNA. TrendsBiochem.
Genet.
Sci. 2 2 162-166.
transcriptioninCaenorhabditiselegans.Trends
11: 132-136.
Stewart,
A.in
Trends
(ed)The
(1995)
Genetics.
Genetic
Kable, M.L., Heidmann, S. andStuart, K.D.(1997)Nomenclature
Guide. TrendsGenet. 11 (Suppl).

Chapter 9

Gene Expression and Regulation

Fundamental concepts and definitions
Genes (q.v.) differ from other forms of genetic information because they are expressed. Gene
gene
using it to generate gene
a
prodexpression involves taking the information from theand
uct, which may beRNA or protein.
In its simplestform, gene expression can be summarized by thecentral dogma of molecular
biology, whichstates that genetic information flows unidirectionally from
DNA through RNA
to protein (Table 9.1). This holds true for most cellular genes, but information flow between
nucleic acids in viruses is comparatively promiscuous. However, there is never information
transfer directly fromDNA to protein, nor from protein back to nucleic acid.
Gene expression proceeds through a series
of different levels before
the informationof the gene
is releasedas a final product. The major levels are transcription
and protein synthesis, but there
are many intermediate
fine tuning stages which may and
filtermodify the information. In principle anyof these stages can be regulated. The relative predominance
of regulation at each level
of gene expression differs between prokaryotes and eukaryotes.
Gene regulation is used to control the amount of each gene product produced by the cell.
Regulation involves cis-acting elements and trans-acting factors, and can be positive or negative, inducible or repressible, and global or specific. These terms are discussed below.

Table 9.1: The original central dogma and modifications
to take into account alternative routes forthe flow of
genetic information

-

The central dogma

DNA
Translation

RNA W
-

Protein

Transcription

ralfrom
Deviation
DNA + RNA (no protein)
RNA + protein (no DNA)
RNA + DNA (reverse transcription)
RNA + RNA (RNA replication, RNA transcription)

RNA genes
RNA genomes
Retroid virus replication
RNA virus replication andtranscription

The revised central dogma
Reverse transcription

Transcription

0 0 0

DNA replication

RNA replication
and transcription

Prionr?
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9.1 Gene expression
The mu/tip/e levelsof gene expression.A level of gene expression(TabZe 9.2) can be thought of
as
a discrete stage in the pathway of informationtransfer from gene to product where regulation is
possible. Transcription is usually regarded as the initial stage of gene expression and is the predominant level for gene regulation, but before transcription is possible, the gene must be made
accessible in a form suitable for transcription. This preparatory stage is particularly importantin
eukaryotes, where DNA methylation and the packagingDNA
of in chromatin hasa profound effect
on its ability to transcribed.
be
Both transcription and protein
synthesis can be divided into initiation, elongation and termination phases, each of which may be independently regulated
(see
Transcription, Protein Synthesis). In bacteria, where transcription, protein synthesis and RNA
degradation occur simultaneously in the same cellular compartment, theremay becross-regulation
between different levels ofgene expression (4.v. attenuation, refroreplation). In eukaryotes, where
pre-mRNA is extensively
processed in the nucleus and then exported into the cytoplasm
transfor
lation, b o t h processing and export may subject
be
to regulation(see RNA Processing). After synthesis, proteins may be
subject to bothcovalent modification and noncovalent interactions
with other
molecules which regulatetheiractivity
(see Proteins: Structure, FunctionandEvolution). An
Table 9.2: Principle levelsof gene expression and mechanismsof regulation
Level of gene expression

Regulatable processes involved

Gene preparation

Uncoating (viruses)
Synthesis of template genome strand (viruses)
Modification of chromatin structure (eukaryotes)
Changes in topological and conformational properties ofDNA
Changes in DNA methylation states
Genomic rearrangements
Gene amplification
Promoter usage
Formation of activetranscription complexes
Promoter escape
Elongation vs. pausing
Termination vs. antitermination (prokaryotes)
Attenuation (prokaryotes)

Transcription

RNA processing
(eukaryotes)
Capping

RNAExport
export
RNA turnover
synthesis
Protein
Ribosome

Protein modification

targeting
Protein
Protein
turnover
Protein

Polyadenylation
Splicing of introns
RNA editing
of mRNA
(eukaryotes)
nucleus
from
RNA targeting
RNA degradation
Retroregulation (prokaryotes)
bindinghitiation
synthesis
proteinof
Codon usage
Frameshifting
ReadthroughLselenocysteine incorporation
Chemical modification
residues
of
Cleavage of polyproteins
Splicing of inteins
Adoption of quaternary structure
Interaction with regulatory proteins
Targeting to
compartments
cellular
Secretion
degradation
loss and

Each levelis covered in more detail in other chapters.

Gene Expression and Regulation

113

important but rarely emphasized level of gene regulation is turnover, i.e. the rate of RNA and protein degradation. The destruction of proteins can be regarded as the final level of gene expression,
and is particularly important in the cell cycle (q.v.).
9.2 Gene regulation
Principles of gene regulation.The termgene regulation refers to the many mechanismsused bycells
to control the amount of each gene productthey produce. Even the simplest cells have hundredsof

genes, the products of which are not all requiredat the same time nor in the same amounts.However,
gene regulation has evolved not only as a mechanismto conserve resourcesby expressing individual
genes only as needed, but also to prevent unproductive interactions between gene products.
Furthermore, without generegulation there could be no differentiation in metazoans (multicellular
organisms), i.e. there could be no different cell types. Regulation can be constitutive, i.e. the rate of
expression is fixed based on the general requirements of the cell, or moduZated so that the rate of
expression can vary to suit the needs of the cell under different circumstances, or in metazoans, to
reflect the specializedproperties of different cell types.In principle, generegulation can occurat any
of the levels of gene expression shown in Table 9.2, but in practice, occurspredominantly at the level
of transcriptional initiation. This is the first levelof expression, so resources are not wasted on unnecessary transcription.
Cis-acting elements and trans-acting factors.
Regulatory processes of nucleic acids work either in
cis or in trans (Figure 9.2).In DNA, cis-acting elements are nucleotide sequences which regulate
genes to which they are attached (i.e. genes onthe same chromosome; genes inthe cis-configuration)
while havingno effect upon geneson other chromosomes(those inthe trans-configuration). Cis-acting elements present in DNA regulate transcription, and those transcribed into mRNA can regulate
RNA processing, turnover and protein synthesis. Mutations affecting such elementsare cis-dominant because they affect only the gene to which they are attached and cannot be complemented by
a wild-type copy of the same elementsupplied in trans in the same cell (q.v. complementation).
Trans-acting factors are diffusible molecules(usually proteins, but sometimesRNAs) regulating
the expression of the genes with whichthey comeinto contact. Transacting factors regulating transcription are termed transcriptionfactors (q.v.);others control RNA processing and protein synthesis.
Mutations affecting such factors (i.e.mutations inthe genes which encode them) are
generally recessive (q.v.) because a wild-type copy of the gene in the same cell can supply more ofthe diffusible

Figure 9.1: Cis-acting elements and trans-acting factors. Mutations are shown
as crosses. (a) Mutationsin
cis-acting elements are dominantin the cis-configuration because they cannot be complemented
by a
wild-type element in the same cell. (b) Mutations affecting (diffusible) trans-acting factors are usually recessive
because a second sourceof wild-type factor will complement the mutation. Occasionally, mutant factors
in trans-dominance.
(white circle) maydisrupt the function of the wild-type factors (black circle) resulting
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factor. A special class of trans-dominant mutation causes the mutant factor to interfere with wildtype function, either by binding irreversibly to target sequences or by forming inactive multimers
(q.v. dominant negative mutation).
Occasionally, cis-acting factorsand trans-acting elements are used. Cis-acting proteins associate
immediately withthe DNA strand that encoded themand become irreversibly bound. Such factors
exist only in prokaryotes, where transcription and protein synthesis are tightly coupled; examples
include the transposase encoded by Tn5 (see Mobile Genetic Elements) and the A protein encoded
by phage @X174 (see Viruses). Transacting elements are encountered for a group of phenomena
termed trans-sensing, where regulatory elements in one chromosomecan influencegene expression
on the homologous partner in trans. Prevalent amongst these processes is transvection, where a
promoter in one homologous chromosome can control gene expression in the paired homolog,
possiblybecause the transcriptional activator spans both duplexes. Such synapsisdependent
processes occur in Drosophila, where homologous chromosomes
are paired in mitotic cells;they may
occasionally be seen in other eukaryotes, including humans, when homologous chromosomes
associate fortuitously (also q.v. homology dependent silencing).
Modes of gene regulation.Gene regulation maybe described as positive or negative and inducible

or repressible.
If a gene is under positive regulation, the presence of a particular regulatory factor increases
(upregulates) gene expression, whereas its absence results in a decrease (downregulation); the
factor is an activator. In negative regulation, the presence of a particular regulatory factor reduces
gene expression and its absence results in an increase; the factor is a repressor.
The default state of gene expressionusually dictates how the geneis regulated. Inducible genes
are expressed at low levels, either because they are repressed (negative regulation), or because an
activator is absent (positive regulation).Derepression (removal of the repressor) or activation
(supply of the activator) results in the induction of gene expression. Repressible genes are usually
active, either because a repressoris absent (negative regulation), or because an activator is present
(positive regulation). Repression
by removingthe activator or supplying the repressor results in loss
of gene expression.
These four modes of gene expression are often found in transcriptional control, but the concepts
apply to any level of gene expression.In bacteria, allfour modes of regulation are probably equally
common at the level of transcription, whereas in eukaryotes, positive inducible control ispredominant because the basal transcriptional apparatus is inherently unstable, and genes are transcriptionally repressed unless positively acting factorsare supplied (see Transcription).
The scope of gene mguhtion. Global regulation, wide domain regulation, coregulation and
narrow domain regulation are terms used to describe the scopeof regulatory mechanisms. Global
regulatory mechanisms control many genes at once and reflect fundamental changes in the cell.
Global transcriptional regulation in eukaryotes may becontrolled by chromatinstructure (e.g. transcriptional shutdown during mitosis). Similarly, protein synthesis may be globally regulated by
either preventing pre-mRNA processing or regulating the synthesis of the translation elongation
factors. Wide- and narrow-domainregulatory mechanisms refer to the control of specific genes ona
group basis or an individual basis, respectively, e.g.by transcriptional activation at individual promoters and enhancers. Examples of wide-domain regulation include the coregulation of yeast
amino acid biosynthetic genes by starvation, the dosage compensation (q.v.) for genes on the female
Drosophila X-chromosomes,and the SOS response in E. coli. Narrow-domain control includes examples of individual gene regulation and coordinated regulation of small groups of genes, such as the
regulation of the three genes of the E. coli lac operon bylactose.
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9.3 Gene expression in prokaryotes and eukaryotes
Comparison of gene regulation strategies. Although both prokaryotes and eukaryotes adhere to

the central dogma, there are several differences in fundamental biology which reflect upon their
mechanisms and strategies for gene expressionand regulation.
(1) The eukaryote nucleus. Bacteria lacka nucleus, and therefore all stages of gene expression occur
in the same compartment.Transcription, protein synthesis and RNA turnover are therefore closely
linked, permitting regulatory mechanisms such as attenuation and refroregulation (q.v.) which do not
exist in eukaryotes. The presence of a nucleus in eukaryotes separates transcription and protein
synthesis both spatially and temporally. An additional level of control is thus imposed byexport of
the mRNA from the nucleus.
(2) Coordinated cis-regulation. In bacteria, genes with common functions are often arranged in a
cluster termed an operon (q.v.) under common transcriptional control. Multiple genes are expressed
as a polycistronic mRNA, which permits gene regulation based on the position of the gene within
the operon (e.g. antitermination of transcription and sequential dependence of ribosome binding for
protein synthesis). The close
spacing of genes meansthat strategies such ascountertranscription (q.v.)
from adjacent promoters can be usedto regulate gene expression. Operon structure is almost entirely absent from eukaryotic systems because ribosomes can bind only to the modified 5' end of
mRNA, and not internally (c.f. internal ribosome entry site). Eukaryotic genes are also further apart
than bacterial genes. Both these factors
contribute to the absence of coordinated cis-transcription in
eukaryotes, although transcriptional cis-coregulation is possible due to the sharing of distant
regulatory elements.
(3) Introns. Higher eukaryotic genes are generally interrupted by oneor more introns (q.v.) whose
information is not represented in the final gene product. Introns are rare in some lowereukaryotes
(e.g. the yeast S. cermisiae) and are almost entirely absent from bacteria. Introns are removed from
eukaryotic RNA by splicing (q.v.), allowing (a) regulation at a level between transcription and protein synthesis, and @) selective use of the information in the gene. Bacterial genes therefore normally encode a single product whereas many eukaryotic genes can encodemultiple overlapping
products.
(4) Chromatin. Regulation of gene expressionby DNA structure is a common global mechanism
in both prokaryotes and eukaryotes because structure influences the binding of transcriptional
regulators. In eukaryotes, DNA is organized into a highly ordered nucleoprotein complex termed
chromatin (q.v.), whose structure can alternate between an accessible and potentially transcriptionally active formand a condensed form which is transcriptionally repressed. The regulation of gene
activity by chromatin structure allows large sections of DNA to be repressed or activated en masse,
which may bean advantage to organisms withlarge genomes.
(5) RNA polymerase activity. In bacteria, the RNA polymerase holoenzyme has an integral subunit, the a-factor, which facilitates promoter recognition and binding. If a consensus promoter is
present, efficient transcription is possible in the absence of regulation. In eukaryotes, RNA polymerase is unable to recognize the promoter andrequires a collection of basal transcription factors to
facilitate loading and template processing. This initiation complex is unstable and supports only
minimal transcription. Efficient transcription therefore requires constitutive positive regulators to
stabilize the initiation complex.
(6) Transcriptional regulation. In bacteria, the regulation of transcription is mediated predominantly by factors directly interacting with RNA polymerase, and such factors are often under
allosteric control. This, together with the high turnover of mRNA, facilitates a rapid response to
dynamic environmental conditions. In eukaryotes, the regulation of transcription often depends
upon factors whichbind at a distance from the basal promoter,and interaction is mediated bylooping out of intervening DNA. Thisallows a form of coordinated cis-regulation where genes compete
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for distant enhancers and
other regulatory elements (q.v. enhancer competition, locus control region).In
bacteria, the allosteric modification of preexisting transcription factors is used to mediate a rapid
response to inductive events outside the cell.In eukaryotes, posttranslational modification of
transcription factors is also a common regulatory strategy, but the de novo synthesis of new transcription factors is used for relatively slow and lasting responses such as differentiation during
development (see Development: Molecular Aspects).

Further reading

See the other chapters concerning gene regulation inLatchman, D. (1995) Gene Regulation. A Eukaryotic
thisbookTranscription,RNAProcessing,Protein
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Chapter 10

Gene Transfer in Bacteria
Fundamental concepts and definitions
Gene transfer describes the introductionof genetic information into a cell from
an exogenous
source (ultimately, another cell).
This process occurs naturally in both bacteria and eukaryotes,
and may be termedhorizontal or lateral genetic transmission to distinguish
from
it the transmission of genetic information from parent to offspring, which
is vertical genetic transmission.
Intraspecific gene transfer facilitates genetic mixing in asexual species and thus mimics the
effects of sexual reproduction. Such parasexual exchange mechanisms have been exploited to
map prokaryote genomes analoglously to meioticmapping (q.v.) in eukaryotes. Interspecific
gene transfer can also occur, anda natural
is
mechanism of transgenesis (q.v.). Interspecific gene
transfer is an important evolutionary process and has been responsible for some
of the most
fundamental evolutionary events (e.g. the endosymbiont origin of eukaryotic organelles) as
well as facilitating specific interactions between bacteria and eukaryotes (e.g. tumor-induction
by Agmbacterium tumorfaciens; q.v. Ti plasmid).
The sourceof the transferred information is the
donor and the genetic information transferred
is the exogenote (exogenous genome, usually only
a fragment of the donor genome).The target of the gene transfer, the recipient, possesses the endogenote (endogenous genome).
If the
exogenote is homologous to partof the endogenote, gene transfer will make the recipient cell
partially diploid (a merozygote), in which case recombination can occur, which may involve
allele replacement (marker exchange).
There are four major mechanisms of gene transfer in bacteria: cell fusion, conjugation, transformation and transduction(Table 10.1 ). All casesof gene transfer must involve introduction
of
DNA into the recipient and a resolution phase, where theoffate
the exogenote is determined.
There are four consequences of gene transfer: rejection (destruction), maintenance (i.e. in the
cytoplasm), replacement (recombination with the endogenote) and addition (integration into
the endogenote). Replacement can only occur if the exogenote is homologous to part of the
endogenote.
Artificial gene transfer has been exploited for cloning and the expression of cloned genes, strain
construction, targeted mutagenesis, the generation
of transgenic organisms and the analysis of
gene expression. In these cases, the exogenote
is a recombinant DNA molecule and for a discussion of such approachessee Recombinant DNA.
10.1 Conjugation
Requirements for conjugation. Bacterial conjugation involves the transfer of genetic information

from one cell to another while the cells are in physical contact. Thedonor cell is arbitrarily defined
as the male and the recipient cell the female, and following gene transfer, the recipient may be
termed a transconjugant. The ability to transfer DNA by conjugation isconferred by a conjugative
plasmid (or more rarely aconjugative transposon), a self-transmissible element which encodes
all
the functions required to transfer a copy of itself to another cell by conjugation. If the conjugative
plasmid can also facilitate the transfer of chromosomal genes,it is termed a sex factor.
The F plasmid (F factor, fertility factor) is an E. coli conjugative plasmid whichconfers no phenotype upon its host except that of fertility (the ability to instigate conjugal transfer). The F factor
was the first conjugation systemto be discovered and is the best characterized (see Box 10.1). In its
autonomous state, F promotes self-transfer from donor (male, F+) cells to recipient (female, F)
cells with great efficiency because, unlike other conjugative plasmids, its conjugation genes are
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Table 10.1: The four principle mechanisms of genetransfer in bacteria
Gene transfer
mechanism
Defining

Conjugation

Transformation
Naked

Transduction
The
transfer

fusion
Cell
Gene
transfer
occurring

features
DNA is transferred
directly
from
cell,
cell
often
tothrough

specialbed
a
conduit
Conjugation evolved as a mechanism of plasmid transmission and
requires a number of specialized functions, usually plasmid-encoded
DNA is taken
into
cells
from
their
surrounding
medium.
In
bacteria, transformation refers to the uptakeof naked chromosomal
or plasmidDNA from surrounding medium. The uptakeof naked vim]
genomic DNNRNA is termed transfection. Few species arenaturally
competent for transformation,
but an artificial state of competence
can be induced in some refractory speciesby various chemical
treatments (see RecombinantDNA)
In animal cells, the uptakeof any naked DNA from the surrounding
medium is termed transfection, although the term transformation
may be used to specify a change in genotype thus brought about.
The introduction of naked DNA into yeast and plant cells may be
described as transfection or transformation
of chromosomal
plasmid
or
DNA into a cell
mediated
by a
virus particle. The DNA may be packaged into the capsid instead of
the virus genome (generalized transduction), or may be covalently
attached to the virus genome itself (specialized transduction)
in some
bacterial
species
(e.g.
Streptomyces
spp.) mediated by the fusion of plasma membranes

Note how usage of the terms transformation and transfection differs between bacteria and eukaryotes.
constitutively derepressed. Thus in a mixed population of male and female cells, most female cells
receive a copyof F and become male,although at high ma1e:female ratios the females may be killed
by conjugal transfer, a phenomenon termed lethal zygosis. R plasmids (R factors, resistance
factors) are conjugative plasmids which also carry antibiotic resistance markers.R plasmids do not
promote conjugation with the same efficiency as F because the transfer genes are repressed; they
also demonstrate fertilityinhibition over F by repressionof F transfer genes in trans. This can occur
in the F-system because F-typeplasmids are spread over twoincompatibility groups (q.v.).
Trensfer and fate of plasmid DNA. Conjugation requires contact between cells so that DNA canbe
passed from donor to recipient. In Gram-negative bacteria (e.g. E. coli), such contact involves a
plasmidencoded proteinaceous tube (pilus, sex pilus, conjugation tube; plural pili) which extends
from the donor and bindsto the surface of the recipient before retracting and pulling the conjugating cells close together. The
pilus is obligatory for successful conjugation
and can dictate the conditions under which conjugation occurs. Once successfulcontact has been made, a signal is released
which promotes the mobilization of DNA. In Gram-positive bacteria (e.g.Streptococcus spp.), conjugation occurs in the absence of pili and requires direct contact between cells.
Once contacthas beenestablished, the DNA of the conjugative plasmid is mobilized (prepared
for transfer). In the case of the F plasmid, this involves generating single-stranded DNA by introducing a nick at the origin of transfer, OriT, and unwinding single-stranded DNA to pass into the
pilus. The DNAis transferred 5' end first, and thusloci 5' to the nick at oriT are the first to enter the
recipient. In the recipient cell, the singlestranded DNA is used as a template to generate a doublestranded molecule which recircularizes, a process known as repliconation. In the donor cell, the
remaining single strand is also used as a template to replace the transferred strand (donor conjugal
DNA synthesis). Conjugation is thus a semiconservative process(Figure 10.1).

mnsfer and fate of chromosomal DNA. A conjugative plasmid is not only self-transmissible, but
may also facilitate the conjugal transfer of chromosomal or other plasmid DNA which is not
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Figure 10.1: Steps in the conjugal transferof plasmid DNA.

self-transmissible. This may occur in cisif the foreign DNA becomes covalently joined to the
conjugative plasmid (cis-mobilization or conduction) or in trans if another plasmid is mobilizable
(i.e. it can respond to trans-acting mobilization factors such asthe endonuclease Tray but does not
encode suchfactors itself; trans-mobilization or donation).
Where conduction involves the mobilization and transfer of chromosomal genes, the process
may facilitate parasexual exchange and is termed sexduction(or F-duction may be used in
the case
of the F-plasmid) and can beexploited to map prokaryote genes(Box 20.2).The F-plasmidcan integrate into the host chromosome following homologous recombination between IS elements (q.v.).
Once integrated, it can cis-mobilize the chromosomal DNA to which it is covalently joined, allowing the conduction of chromosomal DNA from one individual to another. The recipient cell thus
becomes diploid for the conducted genes, and if the donor and recipient cellsare of different genotypes, marker exchange can occur following
homologous recombination between the exogenote and
endogenote. Strains of bacteria with integrated F plasmids are thus known as Hfr strains because
they facilitate a high frequency ofrecombination between chromosomal markers of donor and recipient origin. A low frequency of marker exchange is observedwhen donorstrains with autonomous
F plasmids are used, and this is thought to result from the small number of episomal Fsamers within it. Whereas conjugal
transfer with autonomous F plasmids always
results in the F (female) recipient cells becoming F+ (male), this never occurs
when using Hfrstrains. The reason forthis reflects
the position of oriT within the transfer region. Since oriT is located on the 5’ edge of the transfer
region (see Box 20.2) and loci immediately 5’ to oriT enter the recipient cell first, the transfer genes
are always the last to enter the recipient. Withautonomous Fthis presents no problem because the
whole plasmid is usually transferred; however, if the plasmid is integrated into the bacterial chromosome, conjugaltransfer is almost alwaysinterrupted before the entire genome canbe transferred
and the recipient cells remainF-.
The episomal F plasmid occasionally undergoes imprecise excision from the host genome and
takes with it part of the chromosomal DNA (q.v. prime plasmid). The augmented plasmid, now
known as anF’ plasmid, can betransferred to F bacteria, making themF+ and diploid for the extra
genes. A library ofF’ plasmids (fosmid library, c.f. cosmid) can be isolated carrying regions comprising the entire E. coli chromosome, and such plasmidscan be used for a variety of purposes: in
recombination-deficient hosts, the partial diploids can be used to study the effects of mutations in
trans by complementation (q.v.), and it is this approach whichled to detailed characterization of the
lactose operon (q.v.); in recombination-proficientrecipients, marker exchange can occurbetween the
chromosome and plasmid-bornegenes, a sexduction process with mechanistic similarity to specialized transduction (q.v.)which can be exploited forstrain construction. Sexduction by F plasmidsand
F‘ plasmids is compared in Figure 20.2.
10.2 Transformation
Requirements for transfonnation.In bacteria, transformation describes the uptake of naked DNA

from the surrounding medium, andthe change in genotype thusconferred upon the recipient cell,
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F Integratesinto donor chromosome

F undergoes imb-seexdsion
= F’ plasmid
&

F sexduction:F mobilises entire donor chromosome
Recipient remainsF-because f m genes rarely transferred

F’ sexduction:F mobilises small excised region of donor chromosome
Recipient becomes F+ becausz trn genes usualy transferred

Figure 10.2 Sexduction: the transferof chromosomal DNA during conjugation. TheF plasmid can mediate
sexduction eitherby conducting the chromosome into whichit has integrated, orby excising imprecisely and
conducting the chromosomal genesit has captured.

the transformant. Transformation occurs naturally in many bacteria (e.g. Bacillus, Streptomyces and
Haemophillus spp.) although competence (ability to take up exogenous DNA) is usually transient,
being associated with a particular physiological state and requiring the expression of specific competence factors. Other species of bacteria, including E. coli, are refractory to natural transformation,
but a state of competence canbe inducedartificially whichallows DNA uptake; this has facilitated
the use of E. coli for molecular cloning(see Recombinant DNA).
Transfer and fate of DNA. In naturally competent cells, donor DNA is first bound reversibly to
surface receptors. In some bacteria (e.g. B. subtilis), the DNA is processed by cleavageand degradation, with only onestrand eventually being internalized. In others (e.g. H.influenzae), both strands
enter the cell. Artificial transformation of E. coli also results in the internalization of intact DNA,
possibly becausethe treatments involved work by increasingthe permeability of the cell membrane
to DNA. Generally, the binding and internalization of DNA is nonspecific, although, for example,
H. influenzae takes up only DNA which contains a specific DNA uptake site, a sequence which is
found with great frequency in the H. influenzae genome, thus ensuring that cells are only transformed with DNA from the same species.
If the transforming DNA is a plasmid, it maybe maintainedin the recipient cell as an
autonomous replicon. Linear chromosomal DNA may undergo recombination with the host chromosome, resulting in marker exchange. Both these events result in stable or permanent transformation. Otherwise, transforming DNAmaybe degraded, in which case any characteristics it
confers are short lived (transient transformation). Occasionally, transforming DNA may integrate
into the host chromosome by illegitimate end joining, although this is a more common occurrence
when linear DNA is introduced in eukaryotic cells because of the abundance of end-joining repair
enzymes (q.v. transfection, transgenesis, illegitimate recombination).

10.3 Transduction
Transfer ofDNA by generalized and specialized transduction.
Transduction is the process by which
cellular genes can be transferred from a donor to a recipient cell by a virus particle, the recipient
being knownas a transductant following transfer (c.f. signal transduction). Natural transduction can
occurin two ways (Table 10.2). In generalized transduction, chromosomal or plasmid DNA
accidentally becomes packagedinto phage headsinstead of the phage genome. Since infectionis a
property conferred by the phage particle and not the nucleic acid it carries, this can be an efficient
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Table 10.2: Properties of generalized and specialized transduction
Generalized transduction
Specialized
Contents of
transducing particle

Host DNA only, theoretically any
sequence

Mechanism

Particles formed duringlytic cycle
by mistaken packagingof host
DNA into capsid
Complete transduction:
homologous recombinationwith
host genome- transductant
is haploid
Abortive transduction: donor DNA
remains in cytoplasm and is not
replicated -transductant is
partial diploid but only onecell in
population contains transduced
genes
Low virulence (phage mustnot
destroy hostDNA before
packaging), and must
package DNA nonspecifically,
i.e. by theheadfull mechanism
(q.v.)
Complete transduction requires
bacterial rec system. Ratioof
cornp1ete:abortive transductants
increased by double-strand
breaks in donorDNA
Bacteriophage P1 of E.coli;
Bacteriophage P22 of
S. tmhimurium

Resolution

Requirements

Host recombination
system

Examples

transduction
Host DNA covalently linked to
phage DNA. Phage often
defective. Host DNA limited to
that flanking prophage insertion
site
Particles formed following aberrant
prophage excision
Replacement transduction:
homologous recombination with
host genome- transductant
is haploid
Addition transduction: lysogeny
by transducing phagetransductant is partial diploid

Must be a temperatephage, i.e.
must integrateinto host genome

Replacementtransduction requires
bacterial rec system. Addition
transduction may or may not
require rec, depending on
properties ofdefective phage
Bacteriophage h of E. coli;
Bacteriophage SPp of B.subtilis

mechanism ofgene transfer between cells, and any region of the chromosome
can
intheory
be
transduced. In specialized (or restricted) transduction, imprecise excision of
a prophage results in the
removal and packaging some
of
host DNA flanking the site of prophage insertion. The transduced
DNA is thus covalently linked to the phage
genome, and the genes which can be transducedare
limited tothose which flank the prophage integration
site. Specialized, but n o t generalized, transduction isalso observed in eukaryotes (q.v. acute transforming retrovirus).
Virus genomes can be exploited as cZoning vectors (q.v.), and the transfer of clonedgenes to the
as artificial
cloning hostby first packaging the recombinant virus into its capsid can be regarded
transduction; the use of recombinant bacteriophage h vectors is artificial specializedtransduction,
because the cloned DNA is covalently joined to theh genome. Conversely, cloning using cosmid
vectors ismorelikegeneralizedtransduction
because the h genome is not used at all
(see
Recombinant DNA).
Most temperate bacteriophage can act as specialized transducing phages, but few phage are
naturally competent for generalized transduction - this is because a generalized transducing
phage must not destroy the DNA,
host and mustpackage DNA using a mechanism whichdoes not
require specific phage sequences, i.e. by the headful mechansim (see Viruses). A number of phages
which cannot perform generalized transduction
as wild-types can be rendered competent
by
specific mutations (e.g. h and T7phages).
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Generalized transducing phages.
The principal generalized transducing phages are P1 of E. coli and
P22 of S. typhimurium. The genome of each is circularly permutated and terminally redundant (qv.),

which results from the packaging of concatemeric genomic DNA the circular permutation results
from the cutting of subsequent genomesfrom the same concatemer, and the terminal redundancy
results from the filling of each head witha fixed length of genomic DNA which is greater than one
genome insize, the headfull mechanism (q.v.). Transducing particles are formed when host DNA is
incorporated into the head instead of the phage genome. Theoretically, any part of the host chromosome could be packaged and transduced with equal efficiency. In practice, however, different
markers are transduced
.at frequencies, which vary by
three orders of magnitude. This effect is especially apparent in P22 transductants, and reflects preferential packaging of specific chromosomal
sites which resemble the chromosome packaging sites (pac) in the P22 genome. Mutant strains of
phage which are deficient in packaging specificity have been generated, and these transduce all
markers withsimilar frequency.
Fate of genera/& transduced DNA.
Following the introduction of exogenous DNAinto therecipient

cell by the virus particle, several outcomes arepossible. If the transduced DNA is a plasmid, it may
be maintained in the cytoplasm as an autonomous replicon; large plasmids often become smaller
following transduction (transductional shortening), a phenomenon reflecting the more efficient
packaging of spontaneous deletion mutants. A linear fragment of transduced chromosomalDNA
can synapse witha homologous region of the recipient genome and undergohomologous recombination (q.v.) and markerexchange; this is termed completetransduction. Linear DNAwhich remains
in the cytoplasm may be degraded, or alternatively it may become stabilized in the cytoplasm as a
deoxyribonucleoprotein particle; this is termed abortive transduction. The transduced genes may
then beexpressed, but lacking an origin they cannot be replicated,and proteins synthesized will be
rapidly diluted from agrowing population. Thus, if cells carrying an auxotrophic mutation (4.v.) are
transduced withthe corresponding wild-type allele, completetransductants will grow normally on
selective media,whereas abortive transductants will grow very slowlyand producetiny colonies this is becausethe transduced DNA mayproduce the enzyme required for cellgrowth but it will be
inherited by only one of the daughter cells at each cell division. Thus,
although enough enzyme may
remain in each of the daughter cells to allow growth for several generations, it will eventually be
diluted and degraded,so that growthceases in all cells exceptthose carrying the fragment itself.
Spec/a/hd transduction by bacteriophage A. Specialized transduction arises from aberrant
prophage excision events (see Viruses) and the host genes transducedare those flanking the site of

prophage insertion. Many temperate phages havespecific insertion sites. Bacteriophage Mu is an
exception becauseit replicates byrepeated transposition with little targetsite preference. Mucan act
as a general transducing phage, and deleted derivatives of Mu can act as specialized transducing
phage, a process termedmini-Muduction. In the case of bacteriophage h, specialized transducing
particles carry either the gal or bio loci (which flank the h insertion site attB). Transduction occurs at
the expense of phage genes from the other end of the genome, resulting in a defective phage (a
phage lacking essentialgenes which canonly infect ahost if missing functions are supplied in trans
by a wild-type phage, known as a helper phage). Such aberrant excision events occur at low frequency, and therefore infection of a bio- recipient culture with a lysate derived from a bio+ host
results in few cells being infected and subsequently transduced by a bio+ specialized transducing
particle (Ah%+).Such lysates are thus termed low-frequency transducing (LFT)lysates. Rarely,
other genes can be transduced by h if it integrates at a site other than attB.
Fate of specia/ly transduced DNA. If Bio+ infects a second host, which is bio-, two outcomes are
possible (Figure 10.3). The transduced gene can recombine with the chromosomal locus facilitating

marker exchange. This is
replacement transduction, and the transductant becomes bio+ but remains
haploid for the bio locus. Alternatively, the DNA from the specialized transducing particle may
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Figure 10.3 Specialized transductionin bacteriophage h. (1) h integrates atattB between thegal and bio
loci of E. coli. (2) Aberrant excision generates a specialized transducing particle
&io+ which carries the bio
gene. Subsequent infectionof bio- host can lead to (3)replacement transductionby recombination, or (4)
addition transductionby integration, the latter generatinga A:Abio+double lysogen which generates
high-frequency transduction lysates. Similar events can occur which involve thegal locus.

integrate into the host genome (addition transduction). This only occurs by homologousrecombination with a helper prophage, as the specialized transducing particle DNA lacks efficient donor
sites for site-specific recombination. Becausethere is a great excess wild-type phage in a LFT lysate,
recipients infected with a transducing phage are also infected with wild-type particles. Integration
of both phage genomes thusgenerates a double lysogen and the host is diploid for the bio locus.
The transductant can be described as a lysogenic merozygote to show that the extra copy of bio
arose through integration of a prophage. Subsequent induction of the double lysogen produces a
lysate containing equal numbers of wild-type phage and specialized transducing particles which
can transduce another population of bio- recipient cells at high frequency (high-frequency transducing (HFT) lysate).
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Box 10.1: Transfer genes on the F plasmid
htra region and its regulation. About one-third
~f the F plasmid comprises a single
transfer operm whose =35 genes are positively regulatedby the
sroduct ofthe traJ gene. At the 5' side of the operl n are three loci, on'T, the origin of transfer, traM, a
solitary transfer gene also under
the control of TraJ,
and traJ itself. These threeloci and the downstream
speron comprise the transfer region, carrying all
thegenes required for self-transmission. In other
conjugative plasmids, traJ expression is repressed
by the action of two genes fin0 and finP, the latter
Df which encodes a small RNA molecule which, in
concert with Fino, binds to the traJ leader sequence
and blocks its expression (the use of antisense
RNA
is a common strategyin plasmid (q.v.) gene regulation). In the F plasmid,the fin0 gene isdisrupted by
insertionofan IS element (q.v.) and the transfer
genesare constitutively expressed. This is the IS
element that recombines with the E.coli chromosome.

of the product and, in many cases, its subcellular
localization and likelypartners for interaction are
known, but a precise function has yet to be determined. The tral locus encodes two products Tral
and Tral' (formerly TraZ) by nested translation. The
function of Tral' is unknown.

Gene
traM
tmJ
tray
traA

traL, traE, traK, traB,
trav, trac,traw,
traU, trbC, traF,
traH, traG
traN
tras, traT
traD

5
ImF IrhA m A ImQ IrbBIF InHGSTD IrhH ImlX

tral

The tra region of the F plasmid, comprising (from 5'+3')
oni, tmM, traJ and the tta operon. The tm operon is continuous: there is no physical break betweentrbE and traF,
as shown above.

Genes of the tra operon. The functions of about
20

of the transfer genesare known. For others,
the size

of Function gene
product
Envelope protein,
possibly involvedin
cell-cell recognition
Positive transcriptional
regulator of traM and
tfa operon
Endonuclease, nicks
DNA at on'T
Encodes pilin, the major
subunit of the pilus
Pilus assembly
Pilus assembly and
mating aggregate
stabilization
Mating aggregate
stabilization
Surface exclusion'
DNA transport during
conjugation
Helicase, required for
unwinding DNA for
transfer. Also has
endonuclease activity

'Surface exclusion is the phenomenon which prevents donor bacteria conjugating with other donors
carrying the same conjugal system.
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Box 10.2 Bacterial linkage mapping
Genetic mapping
of
bacteria. Parasexual
sxchange in bacteria canbe exploited to map genes
n the same way that meiotic exchange is used in
sukaryotes (see Recombination,Genomes and
Mapping). Bacterial linkage mapping strategiesare
degant and have provided detailed maps of several
prokaryotegenomes, but theyhave
now been
superceded by brute forcephysicalapproaches
made possible by rapid and accurate methods for
determining the order of genomic DNA clones, and
rapid,high-throughputsequencingstrategies
(see
RecombinantDNA,Genomes
andMapping).The
mappingmethodsdescribedbelowdemonstrate
the power of genetic analysis but are now only of
historical interest.
Mapping by sexduction. If awild-type Hfr strainof
E. coli is mixed with F- cells carrying a number of
mutations, wild-type allelesarepassed from the
donor to the recipient and marker exchange may
occur, so that the transconjugantbecomes wildtype at one or more ofthe mutant loci. Becausethe
chromosome is transferred to the recipient in a linear fashion, starting with the DNA immediately 5' to
oriT, markersin the donor chromosome which lie
close to oriT on the 5' side will enter the cell first. In
any population of cells, individual conjugating pairs
may separate randomly; thus markers lying further
from on'T are less likely to enter the recipient cell.
Thisestablishesa
gradient of transfer, where
markers proximalto the 5' border of on'T aretransferredmorefrequentlythan
distal markers,and
undergo marker exchange at a greater frequency.
The gradient of transfer can be exploited to order
gene loci. If conjugation is initiated by mixing Hfr
and F- cells and then samples removed and
vortexed to break up conjugating pairs at various
times,moreof
the chromosome will havebeen
transferred in later samples,andmarkersfurther
away from oriT will have undergone recombination.
Such intempted matingexperiments can be used
to order genes on a chromosome and estimatethe
mapdistancebetween them, which in this case
would be measured in minutes (see figure below).

[j"q
t=3

l+

C+

bt
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Recipient

a+

) a+ b+ c+

The principle of mapping by intempted mating. An Hfr
donor conducts chromosomalDNA to the recipient In a linear manner. After time t , conjugation is interruptedby vortexing (zigzagged line). Loci neareston7 on the 5' side will
be transferred first, so at time t=l only marker a has been
transferred and exchange generates transconjugants with
genotype a+b-c-. At time k 2 . marker b is transferred and
exchange generates a+b+c- transconjugants. At time t=3,
markercistransferredand
a+b+c+ transconjugants are
obtained. This establishes gene order and allows a rough
map to be constructed with distances reflecting the time
taken to transfer each marker.

occur frequently(l-5% of wild-type P1 and P22 virionsare transducing particles), but the successful
transduction ofany particular locus occurs at low
frequency (approximately 104) and cotransduction
(simultaneous transduction at two loci) is taken as
evidence thatthe two genes are linked onthe same
DNA fragment. Fine-scale gene mapping can therefore be carried out by measuring the cotransduction frequency of pairs ofmarkers on the donor
chromosome, with higher cotransduction frequencies corresponding to tighter linkage. In B. subtilis,
mapping by cotransformation (simultaneous
transformation attwo loci) workson the same principles. At limiting concentrations of DNA (so that
each cell is likely to take up only oneDNA fragment]
cotransformation is evidence of linkage, and the
Mapping by cotransduction and cotransformacotransformation frequency reflects the distance
tion. Whilst interrupted mating gives the order of between the loci.Ifanumber
of linked genes
gene loci and an ideaof the distance betweenthem, is cotransferred to a recipient cell by anyofthe
it is not useful for fine mapping because only a few threemechanismsdescribedabove,
the distance
seconds may separatethe transfer of closely linked between loci can be estimated by recombination
markers. For detail, cotransduction or cotransfor- mapping, i.e. determining the recombinatior
mation mapping may be used, depending
upon the frequency between pairs of markers and using this
species of bacteria. Generalized transduction may as an estimate of physical distance.
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The Genetic Code

I
I

Fundamentalconceptsanddefinitions
0

Genetic information is the sequence of basesin DNA. Informationmayalsobe
structure of the chromosome, which may be indirectly specified the
by
carried in the physical
base sequence; this is termed epigenetic information (see Chromatin, DNA Methylation and
Epigenetic Regulation, Nucleic Acid Structure).
Genetic information that is expressed as a polypeptide sequence must be translated from the
four-letter language of nucleotides into the 21-letter languageof proteins. The system which
allows base sequences in nucleic acids to specify amino acid sequences in polypeptides, and
thus allows genes to encode the structure
of proteins, is the genetic code. The genetic code is a
near universal triplet code which is nonambiguous but highly degenerate.
Translation is facilitated by transfer RNAs: small RNA molecules which act as adaptors possessing both an amino acid binding site an
andanticodon which recognises codons in mRNA.
The tRNAs therefore bring the correct amino acid to the ribosome for protein synthesis.
Proteins contain many different typesof amino acids, but only21 are specified by the genetic
code, the remainder arising through posttranslational modification
(see Proteins).

I

11.l An overview of the genetic code
The nature of the code. The genetic code uses combinations of three bases to specify a particular
amino acid. A group of three basesis termed acodon or atiplet, the former applying to the mRNA,
the latter to the gene. The linear order of sensecodonsinthe
mRNA dictates the
linear order of amino acids in the polypeptide. Special codons also direct initiation and termination
of the polypeptide chain. Initiator codons alwaysencode the amino acid methionine (N-formylmethionine in prokaryotes and organelles), whereas stop codons (or termination codons) do not encode
an amino acid but act as a signal for
release factors which disassemblethe ribosome. Stopcodons are
also termed nonsense codons because they have no translatable sense. The nonsense codons are
identified by the names amber(UAG), ochre (UAA) and opal (or rarely umber, UAG). Theproperis shown inFigure 11.1.
ties of the genetic codeare listed in Table 11.1.The universal genetic code
Codons are 'read' by the protein synthesis machineryfrom initiation to termination in a
nonoverlapping and unpunctuated manner, i.e. each triplet of nucleotides is independent of any
other and there are no gaps betweencodons. Thisallows any nucleotide sequence to be dividedup
into codons in three ways, i.e. there are three reading frames(Figure 11.2). The reading frameused
for protein synthesis is determined bythe position of the initiation codon, although the frame may
occasionally be changed during translation (q.v. frameshift mutation, cotranslational frameshift). In
genome sequence data, potential genes are often identifiedas open reading frames
(ORFs), i.e. long
sequences of uninterrupted sense codons, because incorrectreading frames usually contain one or
more stop codons (this, incidentally,is why manyframeshift mutations cause truncation of the gene
product). Where an openreading frame has been identified but the product hasnot been characterized, it may be termed an unassigned reading frame(W).

ll.2 manslation
Deciphering the code during protein synthesis.The stage of protein synthesis described as translation refers to the decoding of genetic information, i.e. when a codon in mRNA is matched to its
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Table 11.1: Properties of the genetic code and known exceptions
Property
Universal
The

code is the same in organisms
all
Minor
exceptions
are
found in
genetic
code)
organelles
lower
and
eukaryote
(the universal
genomes (see Table 7 7.2)
Nonoverlapping
Each
codon is independent
an
unit,
Cotranslational
frameshifts
and
hence the coderead
is
in the
bypassing (q.v. regulation of
sequence 1-2-3,4-5-6,7-8-9 translation)
rather
than 1-2-3,2-3-4,3-4-5, etc.
Unpunctuated
There
are
no
gaps
between
codons
Unambiguous
Each
codon specifies
one
amino
acid
Uncommon
initiator codons
only, or specifies termination
Selenocysteine incorporation at UGA
61 sense
codons
and
21
Degenerate
There
are
The code as a whole is degenerate,
but
amino acids. Each aminoacid
tryptophan and (internal) methionine
(or stop) may thus be specified
by
are each specifiedby a singlecodon
one
than
more
codon
in the universal code

U

A

C

Figure 11.1: The universal genetic code. Amino acids are identified
by their three-letter designation (see
Box
22.7). Nonsense codons are identifiedby name. Notethe dual functions of codonsAUG and UGA.

Readlng frame 1

....AG C A G C A G C A o(;A G..........-Ser-Ser-Ser-Ser-...

Readlng frame 2

....A m

Readingframe3

....

Reading frame 1fixed by
positlonof InlHatlon codon

G......

.....Ala-Ala-Ala-Ala-...

..........GlnClnClnGln-...

....A T Q A G C A G C A G C A G..........Met-Ser-Ser-Ser-...
I

I 1

II

I I

II

Figure 11.2 Reading frames, and howthe correct reading frameis chosen during protein synthesis.

amino acid. This process is facilitated by transfer RNA (tRNA) (q.v.), whose structure includes an
anticodon (a sequence of three bases complementary to the codon) and an acceptor stem to which
an amino acid is covalently joined. The tRNA is charged when attached to an amino acid and is
referred toas an aminoacyl-tRNA. Theaminoacyl-tRNA enters the ribosomal A-site and the
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anticodon pairs with the codon. This places the amino acid adjacent to the ribosomal peptidyhnsfmase site which catalyses the transfer of the amino acid from the tRNA to the existing polypeptide
chain (see Protein Synthesis for details).
Fidelity of translation. Accuracy during translation is insured by a diverse family of enzymes called

aminoacyl-tRNA synthetases whosefunction is to charge tRNAs with their cognate aminoacids.
These enzymes are specific for their substrates, but donot conform to any particular structure and
use idiosyncratic mechanisms of recognition (q.v. transfer RNA for discussion and see Nucleic AcidBinding Proteins). Thereare as many aminoacyl-tRNA synthetases as there are amino acids, so each
enzyme can recognize allisoaccepting tRNAs (q.v.).
The charging of tRNA occurs in two stages, termed activation and transfer, both of which may
be proofread. During activation, the amino acid becomes linked to its aminoacyl-tRNA synthetase,
generating an activated complex; this process is dependent upon ATP binding and hydrolysis.
Many aminoacyl-tRNAsynthetases bind the amino acid in a single recognition step, rejecting it if it
does not fit the active site (tryptophan is recognized in this way). Those which choose between
similar substrates (e.g. between valine and isoleucine) may bindeither substrate during theactivation step but reject the incorrect amino acid at a later stage. During transfer, the activated complex
binds tRNA and the aminoacyl group is transferred from the enzyme to the 3’ terminal adenosine
of the tRNA, with the release of AMP. Twoclasses of aminoacyl-tRNA synthetases are discriminated
by the nature of this reaction: class Ienzymes transfer the amino acid to the 3’ hydroxyl group
whereas class II enzymes transfer the amino acid to the 2’ hydroxyl group. The initial interaction
with tRNA causes a conformational change in the enzyme which, as discussed above, rejects the
amino acid if it is incorrect(pretransfer proofreading). After the amino acid has been transferred to
the tRNA, the enzyme recognizes the shape of the product and hydrolyses the peptide bond if the
tRNA has been chargedincorrectly (posttransfer proofreading). Proofreading bothbefore and after
transfer is called the two sieve proofreading mechanism.
11.3 Special properties of the code
lsoaccepting tRNAs and wobble base pairing.The genetic codedisplays two types of degeneracy:

first and second base degeneracy (where codons with
different bases in thefirst two positions may
encode the same aminoacid) and third base degeneracy
(where codons withdifferent bases’in the
third position may encode the same amino acid). A collection of codons which specify the same
amino acid is termed a codon family and the members are known as synonymous codons. The
maximum size of a codon family is six, the minimum size is one (Figure 11.1).
First and second basedegeneracy reflects the existence of isoaccepting tRNAs. Bothprokaryotic
and eukaryotic cells encode about30 distinct species of tRNA, but because only 21 amino acids are
specified by the genetic code,some of the tRNA species must bindthe same aminoacid. Such duplicate tRNAs may have the same anticodon sequence, in which case they are functionally interchangeable. Others carry different anticodon sequences and thus recognize different codons; they
are termed isoaccepting tRNAsand their relative abundance may influence codon usuge (q.v.).
Third base degeneracyis explained by the wobble hypothesisof Francis Crick,which predicts
a relaxation in the normal base pairing rules between the third base of the codon and thefirst base
of the anticodon (the wobble position), allowing a single tRNA species to recognize several different codons. The hypothesis suggests that normal bases become less discriminating in the wobble
position, and in somecases can only recognizethe type of base (purine or pyrimidine) rather than
the specific base in the opposite strand. This explains the existence of degenerate codonfamilies of
two, in which the third position can beeither purine or pyrimidine (e.g. AAR encodes lysine, AGY
encodes serine). In other cases, the third base is irrelevant, explaining the existence of degenerate
codon families of four (e.g. CCNencodes proline). Furthermore,the existence of rare bases in tRNA
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permits promiscuous interactions (e.g. inosine can pair with adenine, cytosine or uracil). The exact
wobble rules may differ between species, reflecting differencesin tRNA modification.

Codon usage. Codon usage, choice, bias or preference all refer to the phenomenon where particular codons in a familyare used preferentially in a particular organism. This differs fromspecies to
species, so that degenerate amino acids are encoded by only a proportion of their representative
codom, but different codons are predominant in differentorganisms. First and second basepreference usually reflects the relative proportions of differentisoaccepting tRNA species.Third basepreference may reflect complexwobble rules where particular pairing conformations are more
stable. In
either case, codon usage can
be used as a mechanism ofgene regulation (e.g. a rare codon can delay
protein synthesis). Codon bias may also arise due to global effects, e.g.thermophiles favor codom
containing guanine andcytosine to maintain highGC-content.
Ambiguity in the genetic code. The geneticcode is for the most part unambiguous,and this prop-

erty is essential for the faithful translation of genetic information. Two special circumstances exist
where ambiguity is tolerated, but because of the uniqueness of each situation, there is no loss
of fidelity.
Ambiguity is observed at initiation. The universal initiation codon AUG encodes methionine
both at internal sites and at the
initiator position (initiator methionine is modified to form N-formylmethionine in prokaryotes and organelles). In bacteria, alternative initiation codons may beused:
GUG is common in, e.g.Micrococcus Zuteus and GUG and UUG are used occasionallyin E. coli (these
codons specify valine and leucine at internal sites but always N-formylmethionine at the initiator
position). Alternative initiator codons are very
rare in eukaryote nuclear genomes, although CUG is
used very occasionally. This type of ambiguity reflects the distinct molecular environments of the
initiation and elongation stages of protein synthesis -methionine residues are notinserted at internal GUG and UUG sites in E. coli (see Protein Synthesis forfurther details).
A second situation where ambiguityarises involves insertion of the rare amino acid selenocysteine. This amino acid is similar to cysteine but contains selenium instead of sulfur, and is required
for the efficient function of several gene products termed selenoproteins or selenoenzymes. Most
of the unusual amino acids found in proteins are posttranslational modification products, but
selenocysteine is generated by modificationof serine before incorporation, and the amino
acid therefore has its own cognate tRNA. Selenocysteine is specified by the
codon UGA, which is usually recognized as a termination codon. In selenoprotein-encoding mRNAs, however,secondary structures
known as selenocysteine insertion sequences (SECIS) cause the protein synthesis machinery to
Table 11.2 Variations in codon assignment

ystem
Universal
Codon@)

mitochondria
artame animal
AAA

translation

Lysine
Serinemitochondria
Drosophila
Serine
mitochondria
AGR
animal Most Argenine
mitochondria
Vertebrate
Some animal and yeast mitochondria
AUA
Isoleucine
Candida cylindmea nuclear genome
CUG
Leucine
Yeast mitochondria
CUN
Leucine
Some ciliate nuclear genomes
UAR
STOP
(e.g. Tetrahymena)
UGA
mitochondrial
STOP
Tryptophan
yeast and Animal
genomes Mycoplasma
capricolum genome
Cysteine
genomes
UGA
nuclearciliate SomeSTOP
(e.g. Euplotes)

Translation In exceptional
svstem

Some

STOP

Methionine
Serine
Threonine
Glutamine
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translate the codon; the exact mechanism is unclear. In bacteria, SECIS are found in the coding
region of the mRNA, whereas in eukaryotes, they are found in the 3' UTR. Proteins which interact
with E. coli SECIS have been identified.
Deviation from the standad genetic code. The universality of the genetic code is remarkable, but

as more organisms have been studied, subtle variations in codon assignment
have been discovered
(TabZe 22.2). Most deviations occur in mitochondrial genomes, probably reflecting the small number
of proteins synthesized. However, in plant organelles, RNA editing (q.v.) is prevalent, and it is not
clear whether all instances of deviation from the genetic code in plants are true
variations or consequences of RNA editing prior to translation. Occasional changes also occur in bacterial genomes and
eukaryote nuclear genomes, but usually involve the termination codons. The phylogenetic distribution of these changes indicates that the code is still evolving. Apart from these constitutive
changes, there are also site-specific variations in codon assignment, i.e. effects where particular
codons areinterpreted in an unusual manner
because of their position Such effectsinclude the insertion of selenocysteine at UGA codons, as discussed above, readthrough of stop codons, translational frameshifting and bypassing (q.v. regulation of translation). RNA editing (q.v.) canalso be thought
of as a deviation from the normal genetic code.
Secondary geneticcodes. The recognition of nucleotide sequence information by tRNA is the cor-

nerstone of the genetic code.Other biological systems also rely on the recognition ofinformation in
nucleic acids, primarily the DNA binding proteins which control transcription and other DNA
functions. Efforts to identify an 'amino acid code' governing sequence-specific protein-DNA interactions have shown that no universal sequence-to-sequence correlation exists. However,for certain
protein families, recognition codes are beginning to be characterized (see Nucleic Acid-Binding
Proteins).
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Chapter 12

Genomes and Mapping
Fundamental concepts and definitions
The genome is the full complement
of genetic information in a cell, and contains the ’program’
required for that cell to function. It can be thoughtof as either the total genetic material or,
where there is more than one copy
of the same information, the genetic material comprising a
single copy of that information (the latter is sometimes termed the haploid genome). The
number of redundant copiesof the genome in the cell is its ploidy. In eukaryotes,99%
over
of
cellular DNA is found in the nuclear genome,
but DNA is also found in organelles
(see
Organelle Genomes). Bacterial and organelle genomes are small and are usually single, circular
chromosomes, although some linear bacterial genomes have been reported. Eukaryote nuclear
genomes are comparatively very large and are split into multiple, linear chromosomes. Viruses
show great diversity in genome structure (for discussion,
see Viruses).
Genomes are not simply random collections
of genes. They have a functional higher-order structure and canbe characterized in terms
of their physico-chemical properties and sequence organization. The DNA of most organisms can be divided into several sequence components:unique
sequence DNA,represented only once, and various classes of repetitive DNA.Most genes are
found in unique sequenceDNA,but some in moderately repetitiveDNA correspond to highly
conserved multigene families. Other repetitive
DNA is not transcribed and consists
of interspersed
repeats (usually corresponding to active or mutated transposable elements), or in eukaryotes,
tandem repeatsof simple sequences, some
of which may play a role
in chromosome function.
The structure of genes and their organization within the genome differs strikingly between
bacteria and eukaryotes, and between higher and lower eukaryotes. Bacteria and many lower
eukaryotes have small genomes of high complexity and high gene density, i.e. most of the
genome is unique sequence
DNA which is expressed. The genes are small and they usually lack
introns. Conversely, higher eukaryotic genomes are large but contain predominantly noncoding DNA,both unique and repetitive. Genes vary considerably in size and usually contain
multipleintrons,whicharegenerallylargerthantheexons.Therearelargeintergenic
distances. In bacteria, genes are often clustered in operons according
to related function, but
only rarely does this occur in eukaryotes. Vertebrate genomes show regional differences in
gene density, correspondingto chromosome banding patterns. In some bacteria, gene orientation reflects position relative to the origin
of replication.
There is currently a considerable international effort to map and sequence the human genome,
and the genomes of selected model organisms. These include vertebrates, such as the mouse
and the puffer fish, whose genome maps can be exploited to advance the Human Genome
Project as well as being useful in their own rightscornpurutive
(q.v.
mapping), and species such as
E. coli, S. cerevisiae, C. eleguns and D.melunoguster, which have been extensively used as laboratory models to study a variety
of biological systems, and represent the foundations
of molecular biology research. There are essentially three types
of genome map: cytogenetic, genetic and
physical, in orderof increasing resolution. The ultimate physical map is a genome sequence (i.e.
a resolution of 1nt). A complete genome sequence is invaluable, as it provides information
concerning gene structure, regulation, function and expression, the evolutionary relationship
between different organisms, the nature
of higher-order genome organization, and genome
eve
lution. Genome sequences also have many commercial applications,as such
the development of
drugs, vaccines and enzymes for industrial processes. The gene map
is a prerequisite for
positional cloning (q.v.). In,the genomesof higher eukaryotes, which have a generally low gene
density, it is useful to concentrate on the analysis
of expressed DNA (q.v. transcripfionul mapping).
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12.1 Genomes, ploidy and chromosome number
P/ol&. The number of copies of a particular gene in a cellis defined as its dosage, whereasthe num-

ber of copies of the entire genome is defined as the cell's ploidy. In eukaryotes, this is the number
of chromosome sets.Eukaryote cells are haploid if they contain one chromosome set and diploidif
they contain two'. However, the ploidy of a eukaryotic cell changes during thecell cycle. Following
DNA replication,ploidy is effectively doubled, andthen halved again during mitosis. Thenominal
ploidy of a proliferative cell canthus be defined as the number of chromosome setsit is born with.
The effective ploidy of a bacterial cell changes with the growth rate because of nested replication
(q.v. Helmstetter-Cooper model), and dosageis greater for genes nearest the origin of replication.
Chromosome number. In eukaryotes, the monoploid number (x)is the number of chromosomes

representing one copyof the genome, i.e.the numberin one chromosome set. The haploid number
(n) is the number of chromosomes found in the gametes. In most eukaryotes, the gametes contain
one set of chromosomes and n = x, but for plants which are normally polyploid, n would be a
multiple of x. The diploid number (2n) is a convenient way to describe the total number of chromosomes in the somatic cells of most animals, and is the basis of the karyotype (see below). The
C-value is the amount of DNA in the haploid genome, and this may be expressed in base pairs,
relative molecular mass or actual mass. Occasionally, ploidy may be expressed in terms of the
C-value, e.g. diploid cells are 2C.
The karyotype is a shorthand wayto describethe total chromosomenumber andsex-chromosome
configuration. For example, the karyotype of somatic cells in the human male is 46, XY, and in the
human female 46, XX. In abnormal cells, the karyotype may be augmented withfurther information
to indicate specific chromosome aberrations (see Table 4.1). A karyogram, on the other hand, is a
picture or ideogram of stained chromosomes arranged in homologous pairs, used to identify chromosome aberrations(q.v. chromosome banding).

12.2 Physico-chemical properties of the genome
Base composition. Genomes may be characterized in terms of their physico-chemical properties.

Since all cellular genomes are DNA, any physical or chemical differences between genomes must
reflect one of two properties: bulk differences in base composition (the relative amounts of
adenine/thymine and cytosine/guaninebases) or different amounts of DNA methylation (q.v.). A.T
base pairs contain two hydrogen bonds andG:C base pairs three; thus a higher proportion of G:C
pairs increases the physical stability of the genome because it takes more energy to separate the
strands. High G:C content thus correlates to a high thermal melting temperature (q.v. nucleic acid
hybridization). Also, G:C base pairs have a greater relative molecular mass thanA T base pairs, and
GC-rich DNA has a greater buoyant density than AT-rich DNA. Methylation also increases the
buoyant density of DNA (q.v. buoyant density gradient centrifugation, satellite DNA).
Base composition can be expressed in two ways. The base ratio (also known as the dissymetry
ratio or Chargaff ratio) is applied to microbial DNA.It is defined as (A+T)/(G+C) and is shown as
a number. Species with base ratios greater than one are AT types and those with base ratios less
thanone are GC types. The%GC content is applicable to allgenomes. It is defined as
(G+C)/(A+T+C+G) and is shown asa percentage. Thermophiles are usually GC types (high %GC

*The term haploid strictly means 'half the ploidy' and was coined to describe the state of gametes (whose
of set
ploidy ishalf that of the meiotic cell). Since most meiotic cells are diploid, most haploid cells have one
chromosomes and the term has been adopted with this meaning. However, the gametes of a plant with six
chromosome sets should properly be described as haploid, even though they possess three chromosome set
and are also triploid. The term monoploid specifically indicates that a cell has one set of chromosomes (see
Chromosome Mutation).
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species

Genome
Complexity
size

Bacteriophage h
Escherichiacoli
Saccharomyces cemvisiae
Schizosaccharomyces pombe
Dictyostelium discoideum
Caenorhabditis elegans
Drosophila melanogaster
Fugu rubripes
Danio rerio
Xenopus laevis
Mus musculis
Homo sapiens
Arabidopsis thaliana

45 kbp
4.7 Mbp
13.5 Mbp
20 Mbp
47 Mbp
100 Mbp
165 Mbp
400 Mbp
1.9 Gbp
2.9 Gbp
3.3 Gbp
3.3 Gbp
70 Mbp

(%)content
GC

>99
99
90
90
70
83
70
>90

48
51
41

54

50
41
40

58
64
80

23
39
44

(%)

No. of genes
100
41 00
6300
6000
7000
14000
12000
70000
70000
70000
70000
70000
25000

Complexity is given as percent unique sequenceDNA. The number of genesis taken from genome
sequencing projects where appropriate,
but where a complete genome sequenceis unavailable, it is
estimated by extrapolation from existing sequence data.

content) as theG:C rich genome helps maintain DNA in a duplex at high temperatures. The %GC
contents of various organisms are shownin Table 22.2.
The baseratio and %GC content are averages across the entire genome. However,the base composition varies within most genomes, giving rise to areas which are relatively AT-rich and others
which are GC-rich. For small genomes, regional differencesin base composition have been identified by denaturation mapping: whenthe genome is partially denatured and observed by electron
microscopy, AT-richareas are revealed as bubbles. The differential chemical
behavior of AT-rich and
GC-rich DNA contributes to the banding patterns observed in mammalian chromosomes(q.v. isochore model), and this can be exploitedto separate individual chromosomes on the
basis of quantitative differences in their ability to bind twodifferent fluorescentdyes (q.v.flow sorting). The presence
of a chromosome regionwith anuncharacteristic base composition is often
indicative of horizontal
transfer from a different species (q.v.
codon usage); in bacteria, a number of pathogenicity islands horizontally transferred virulence genes -have been identifiedin this manner.

12.3 Genome size and sequence components

Genome size and compbxity. The total amount of DNA in the haploid genome (the C-value)might
be expected to increase with the biological complexity of the species becauseof the requirementfor
more gene products. This is broadly true: vertebrates generally have more DNA than invertebrates,
which have more than fungi, which have more than bacteria, which in turn havemore than viruses.
The minimum genome size within each phylum appearsto increase in proportion to biological
complexity, but there are extraordinary differences in the C-value between similar species, generating a spread of C-values within each phylum. In the extreme case of amphibians, thesmallest and
largest genomes differ in size by twoorders of magnitude. Furthermore,the largest insect genomes
are bigger than the largest mammalian genomes, and the largest genomes of all (>lo" bp of DNA)
belong to flowering plants. Such phenomena cannot be explained by the need for gene products
alone, and collectively represent the C-value paradox.
The paradox is explained by the predominance of noncoding DNA inmany eukaryotic
genomes. This occurs both as repetitive DNA and as unique sequenceDNA. The complexityof a
genome is defined as the total amount of unique sequenceDNA and may beexpressed in physical
units (i.e. base pairs, picograms) or more usually as a percentage of total genome size (Table 22.2).
The presence of repetitive DNA was first shown by reassociation kinetics (Box 22.2) and accounts
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for much of the C-value paradox. Differences in C-value within phyla appear predominantly to
reflect differences in repetitive DNA content, which does not contribute to genome complexity.
When repetitive DNA has been taken into account, however, there still appear to be disproportionate differences in genome size between species of similar biological complexity, especiallywhen
comparing certain groups of unicellular organisms. For example,the C-value ofSaccharomyces cerevisiue is approximately 13.5 "bp, whereas thatof another yeast, Schizosaccharomyces pombe, is nearer 20 Mbp. Both organisms havesimilar structural complexity and little repetitive DNA. The discrepancy reflects differences in the amount of noncoding unique sequence DNA, i.e. intergenic
DNA segments and introns: 40% of S. pombe genes contain introns, compared to 4% of genes in
Saccharomyces cerevisiue. Both intergenicregions and introns are larger, and introns are more numerous, in higher eukaryotes, leading to an increase in the average size of the gene and the distance
between genes.
Distribution and functionof DNA sequence components.
In bacteria, mostof the genome is unique

sequence DNA, representing genes and regulatory elements. Some genes and other sequences are
repetitious, but the copy number(or repetition frequency)is generally low, usually 4 0 . Examples
of such repetitious sequences include the rRNA genes (there are sevenin E. coli) and transposable
elements suchas IS elements (q.v.). Occasionally,certain sequence motifs maybe moderatelyrepetitive. In the 1.8 Mbp Haemophilus influenme genome, there are about 1500 copies of the 30 bp DNA
uptake site (q.v. transformation).Similarly, the E. coli genome contains many copies of two repetitive
elements ERIC (enterobacterial repeated internal consensus) and REP (repeated extragenic palindrome). Together, however,repetitive DNA accounts for 4%of bacterial genomes and genome size
is a direct reflection of complexity.
In eukaryotes, repetitive DNA accounts for a muchgreater proportion of the genome. Thisvaries
between different species,being as low as 5% in some microbial eukaryotes, 4 0 6 0 % in mammals,
and as high as 80% in some flowering plants. Reassociation experiments (Box 22.2)originally
showed that eukaryotic DNA could be divided into three components, unique sequence DNA,
moderately repetitive DNA and highly repetitive
DNA, which are discussed in more detail below.
Genomic DNA can also be partitioned on the basis of its function in the cell (Table 22.2).

12.4 Gene structure and higher-order genome organization
Gene distribution in DNA sequence components.
In higher eukaryotes, most genes would be
expected to lie in unique sequence DNA because their existence can be defined by a single mutation. If genes wererepetitive, several mutations would haveto occur simultaneously for a mutant
phenotype to be observed and there would be a lack of selective pressure to maintain multiple
copies (q.v. functional redundancy). Additionally, the gene-dense genomes of bacteria and lower
eukaryotes are predominantly unique sequence DNA. Tracer reassociation experiments initially
showed that most higher eukaryote genes were indeed found in uniqueDNA, and this has been
confirmed in individual cloned genes by genomicSouthern hybridization.
By carrying out hybridization analysis at progressively lower stringencies, however, more and
more genes are found to occupy the moderately repetitive sequence component, indicating that
genes belong to multigene familieswith varying degrees of sequence conservation. At high stringency, the
only genes identified in repetitive DNA are highly conserved or identical multigene families (e.g.
rRNA genes and histone genes). The proportion of genes belonging to multigene families differs
from species to species. In E. coli, data from the recently published genome sequence suggest that
up to half the genes of this bacterium may belongto multigene families, whereas the proportion
from other bacteria is much lower (e.g.25-30% in H. influenme).This may reflectthe diverse lifestyle
of E. coli, i.e. in terms of its nutritional requirements. In mammals, the proportion of truly unique
genes is much lowerand the majority of human genesare thought to belong to multigene families,
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Table 12.2 Eukaryotic genome components classifiedby abundance and by function
DNA class

Definition

By abundance

Unique sequence (single copy,
low copy, nonrepetitive DNA)
Moderately repetitive DNA

Highly repetitive DNA

By function
Genic DNA

Regulatory DNA
lntergenic DNA, spacer DNA
Satellite DNA
Selfish DNA
Junk DNA

Sequences presentas one or a very few copies per genome. Contains
most genes and includes introns, regulatory sequences and other
DNA of unknown function
Sequences present 10-1 0000 copies per genome. Generally dispersed
repeats corresponding tohighly conserved multigene families
(functional genes and pseudogenes) and transposable elements.
Occasionally clustered
Sequences present 100000-1 000000 copies per genome. Generally
found as tandem repeats although some superabundant (dispersed)
transposable elements also fall into
this class - e.g. A h elements
Genes, i.e. DNA which is expressed. Genic DNA may be further
classified as mDNA (protein encoding),rDNA, tDNA, snDNA,etc.
representing the differentclasses of gene product
DNA whose role is the regulation of gene expression (e.g. promoters,
enhancers) or the regulation ofDNA function (e.g. originsof
replication, matrix-associated regions)
Introns and the DNA which separates genesfrom each other
Highly repetitive DNA found near centromeres, telomeres and at other
sites. Some satelliteDNA may play a role in chromosome function
DNA whose role appears to be to mediateits own replication and
survival within the genome, e.g. some satelliteDNA, and
transposable elements
DNA with no assigned function

some of which contain thousands of members. This probably reflects the whole genomeduplications and family expansions which are thought to have occurred in the vertebrate lineage (see
Proteins: Structure, Function and Evolution). The structure and organization of multigene families
in the genome are discussed below.
Gene size andintmn-exon architecture.Bacterial genes arecharacteristically small (average 1kbp)

and show little diversity in size, whereas those of higher eukaryotes are large (average 16 kbp) and
show great size diversity. Thesmallest mammalian genesare comparable to bacterial genes (e.g. the
human a-interferon gene is c1 kbp in length) but many span more than 100 kbp of DNA, and the
largest gene identified to date, the human dystrophin gene, is2500 kbp in length.
Although higher eukaryotic genes are generally much longer than bacterial genes, the same is
not true of the mRNAs derived from them. This discrepancy is caused by introns: intervening
sequences which interrupt
the transcription unit and mustbe splicedout atthe RNA level(see RNA
Processing). The remaining parts of the transcription unit, which become spliced together and
expressed, are termed exons. Gene size is inversely proportional to the percentage of exon material
in the gene. Bacterialgenes generally lackintrons and are therefore 100% exon material. Introns are
also rare in many microbial eukaryotes (e.g. Saccharomyces cwevisiae), whose average genesize, 1-2
kbp, is similar tothat of bacteria'. In humans, the smallest genes havethe fewest and smallest sized
introns (e.g. the 500 bp histone H4 gene has no introns). Conversely, the largest genes are >%YO
intron material. The dystrophin gene mentioned abovehas 78 introns, with an average size of 30
kbp; only 0.5% of the gene is exonmaterial.
'Note that bacterial genes are usually defined
as the open reading frame, whereas eukaryotic genes are usually
(see The Gene). The average
size of a yeast geneis thus greater than that
of bacdefined as the transcription unit
terial genes partly because the untranslated regions
of the yeastmRNA are included.
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Table 12.3 Intron-exon organizationin different eukaryotes.S. cerevisiae has few interrupted genes and gene
length correlates to mRNA length. Higher eukaryotes show progressively larger average gene sizes, but the

average mRNA sizes remain constant. Generally, gene length is proportional to intron number and inversely
proportional to percent exon material

RNA
Average
verage
gene
Average
Species
S. cerevisiae
C. elegans

(kbp)
length

introndgene

D. melanogaster

1.5
4
11

H. sapiens

>95% uninterrupted
3-4
3-4

16

6-7

(kbp)
length
1.5

3
3
2.5

%Exon material
100

77

25
13

Note that C. elegans has a similar intron number to Drosophilabut the introns are smaller, producing
a smaller average gene size.
Whereas the s u e and numberof introns inhigher eukaryotic genes is highly variable, exon s h e
falls within a narrow range. For human interrupted genes, exon length is on average 170 bp and
varies between 50 bp and300 bp. There are some notable exceptions, e.g. exon 26 of the apolipoprolarger exons
tein B gene is 7.6 kbp in length, but such examples are rare. Invertebrates tend to have
than vertebrates because of the paucity of introns (Table 22.3). For a discussion of the origins and
function of introns, see Proteins; for the mechanism of splicing, see RNA Processing.
Gene number and density. The total gene number of several microbial species has nowbeen determined from genome sequencing projects (see Table 22.2 for some examples). Bacterial gene numbers

vary through an order of magnitude, from 473 (Mycoplusma genitulium) to approximately 8000
(Myxococcus xanthus), with E. coli lying between the extremes with 4100 genes. In terms of gene
numbers, the largest bacterial genomes overlapwith those of lower eukaryotes. The yeast
Saccharomyces cerevisiae has 6340 genes. The invertebrate model organisms Drosophila melanogaster
and Caenorhabditis elegans are estimated to have approximately twice as many genesas S. cerevisiae,
and vertebratesrepresent another layer of complexity with estimatesof approximately 70000 genes.
Much of the information for these estimates has come frompartial genome sequences, the analysis
of CpG islands (q.v.) and EST projects (q.v.).
What is the minimum gene number required to sustain an independent living organism?
Comparisons between bacterial genomes have identified a set of essential biochemical pathways,
and 256 genes arerequired to encode their components. It is likely that more pathways are required
in eukaryotic cells to setup the complex intracellular structure. Still morewill be required in multicellular organisms to regulate development and thefunction of differentiated cells. However, the
number of core biochemicalpathways is likely to besimilar in all metazoans, since the large gene
numbers in vertebratesare thought to have arisen through two roundsof whole genome duplication, plus duplicationsof various chromosome segments and individualgenes. The initially redundant geneshave adopted specialized functions, often due todiversification of expression patterns,
but the pathways are strongly conserved. There is much anecdotal evidence for this hypothesis:
many genes represented singly in Drosophila are represented by a multigene families in vertebrates.
and indian hedgehog),
Examples include Drosophila hedgehog (vertebrate sonic hedgehog, desert hedgehog
the Drosophila homeotic complex (vertebrate Hox-A, Hox-B, Hox-C and Hox-D clusters) and genes
encoding the signaling proteins Ras and Raf.
The higher-order organization of genes within the genome can be addressed in termsof structural andfunctional organization, orientation andgene density. A unique featureof the Mycoplasma
genitalium genome is that the orientation of most genes is away from the origin of replication; the
significance of this is unclear. A major distinction between bacterial and eukaryotic genomes is the
functional organization of structurally unrelated genes in bacterial operons. This type of organization is conspicuously absent from eukaryotic genomes because multiple open reading frames
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cannot be translatedfrom a common polycistronic transcript (q.v. operon, polycistronic mRNA, riboof
some binding site). Instead, functionally related eukaryotic genes, e.g. those encoding components
a common biochemical pathway,are usually dispersed. In both bacteria and eukaryotes, clustering
of structurally related genes may occur because of tandem duplications, and such genes may be
functionally related and undercoordinated transcriptional control (e.g. the globin gene cluster, and
Hox clusters).
Gene density is highest in bacteria, with on average onegene per kbp of DNA, reflecting the
close spacing of open reading frames in operons. The gene density inS. cereuisiae is about half the
bacterial value, reflecting the separation of individual transcriptionunits. Gene density decreases in
higher eukaryotesfor several reasons. Firstly, as discussed above, introns become larger and more
numerous inmore complex organisms. Secondly, the predominance of repetitive DNA also tends to
increase. Thirdly,the intergenic distance increases because of the requirementsfor larger and more
complex regulatory elements. Thereare exceptions to these generalizations, e.g. the puffer fish (Fugu
rubripes). The Fugu genome is remarkable for its high complexity (>go%)and small gene size, reflecting a lack of abundant dispersed repeats and a genome-wide reduction in the size of introns. Fugu
homologs of the large mammalian genes, such as the
gene for dystrophin, aregenerally -10% of the
size, but retain the sameintron-exon organization; the introns are much smaller, most between 50
bp and 150bp.
Gene density is not constant throughout higher eukaryote
genomes. Mammalian genomes show
regional variationin gene density,reflecting the isochore organization (4.v. isochore model).
Invertebrate genomes show a simpler organization: the Drosophila genome is divided into a generich 115 Mbp region and a gene-poor heterochromatinized region of 50 Mbp (also q.v. overlapping
genes, nested genes).

12.5 Repetitive DNA
Muitigene families. A multigene family is a family of homologous genes within the same genome

(cf.genefamily). There is great diversity in the copy number, extent of sequence conservation, organization, distribution and functional relatedness between such genes. In some cases, family members may be extremely similar or identical (e.g. rRNA genes), and will be identified as repetitive
DNA by stringent hybridization analysis. In other cases, the conservation may be very weak, and
may not evenbe revealed bysequence comparison (q.v. homology, gene superfamily). Classical multigene families are structurallysimilar and conserved over the whole length of the codingsequence.
They may be clustered together at a particular locus (e.g. human P-globin genes), dispersed (e.g.
human actin genes) or both (e.g. maize zein genes). The occasional dispersed member of an otherwise clustered multigene family is termed an orphonl. Other multigene families mayhave in common only a particular subgenic region, corresponding to a conserved protein domain (e.g. homeobox genes are related by the 180 bp homeobox, which encodes a DNA-binding domain). Still
others may be related by virtue of a very short aminoacid motif (e.g. the MADS box,and theDEAD
box RNA helicase motif).To add furthercomplexity, many genes appear tobe chimeric for relatively independent functional units corresponding to different protein domains, which potentially
allow them to be members of several different families simultaneously. Such genes are presumed
to have arisen by recombination between ancestral genes (q.v. exon shuffling) and may contain
repeated segments of coding information (q.v. exon repetition).
Pseudogenes. Multigene families often contain
structurally conserved genes which have diversified to

fulfill differentfunctionsby accumulating mutations.In some cases, mutation abolishes gene function
~~

'An orphon is not the same as anorphan gene, which isa gene identified ina genome sequencing project for
which no comparable genesare known in other organisms and for
which no function has been determined.
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altogether, and sucha nonfunctional copy of a gene
is termed apseudogene, often representedby the
G m k letter P
‘ . There aretwo types of pseudogene, with different origins and structures.
Nonpmcessed pseudogenes(conventional pseudogenes) arise by duplication of genomic DNA
(see Mutation and Selection) and often lie near a functional copy of the same gene. They contain
architectural structures similar to the functional homolog, which may include introns and regulatory elements. Suchpseudogenes are found in both bacteria and eukaryotes, and can be recognized
because they accumulate mutations, including either regulatory mutations which abolish transcription, or nonsense mutations which cause truncation of the encoded product. Occasionally, nonprocessed pseudogenes may be reactivated by a favorable mutation. The same processes which
generate nonprocessed pseudogenes may also generate partial genes or truncated copies.
Processedpseudogenes (retropseudogenes) arise by reverse transcription of mRNA and
random integration of the resulting cDNA; they are usually dispersed. Processed pseudogenes are
generated by adventitious activity of the reverse transcriptase and integrase enzymes encodedby
retroelements (q.v.) and are therefore found only in eukaryotes. The structure of processed pseudogenes corresponds to the transcription unit of the original gene, i.e. lacking introns and flanking
sequences. Because of the lack of flanking sequences, processed pseudogenes are generally not
expressed, although they may occasionally integrate adjacent to an endogenous promoter and
come
under its control (a human gene encoding pyruvate hydrogenase
is thought to have arisen in this
manner). Processed pseudogenes ofRNA polymerase 111 transcripts may be expressed because
many class III genes haveinternal promoters. The superabundant humanA h element is an example of an expressed RNA polymerase III processed pseudogene.
Structural and functional mdundency. A redundant sequence is one which is represented more

than once in the genome, i.e. a sequence which increases genome size without increasing its complexity. Redundant genes are
not necessarilyfunctiondy redundant. Some genes are found as redundant copies as a means to produce sufficient geneproduct (rRNA genes fall into this category), while
others may haveevolved to fulfill different functions.Functional redundancy can beestablished by
the lack of phenotype whena particular gene or other element is deleted. Total or partial functional
gene redundancy is seen in many targeted mutations in multicellular organisms, even if the same
gene has been shown to have a striking gain of function effects when expressed ectopically. An
example is the transcription factor MyoD, which can convert many different cell types into muscle
by activating the myogenic pathway. Whenthe myoD gene is deleted from mice (q.v.gene knockout),
the homozygous null individuals are normal. This is because a second
transcription factor, Myf-5, is
able to compensate for the loss of MyoD. Functional redundancy often reflects structural redundancy (i.e. two copies of an ancestral gene have arisen by duplication and they can compensate for
each other’s loss, as in the example above’). In other cases, different genes appearto have converged
upon the same function, e.g. the secretion of several unrelated proteins - Chordin, Noggin,
Follistatin - from the amphibian organizer; their common function appears to be the interruption
of TGF-P signaling. Functional redundancy is common for genes with important developmental
roles, but less so for those with housekeepingfunctions. Why are so many genes functionally redundant and how
are they selectivelymaintained? The limited studies of knockout animals have shown
that targeted mutations often have differenteffects in different strains (i.e. differentgenetic

lIn fact, MyoD cannot fully compensate for the loss of Myf-5 because the m$-5 gene is expressed earlier in
mouse development, andloss of function delays myogenesis until the onsetof myoD expression, resulting in
retarded muscle development and perinatal lethality. Many developmental genes show this type
of partial
redundancy,where groups of genes have overlapping functions and generate more severe phenotypes when
deleted in combination than when deleted individually. The vertebrateHox genes in axial skeleton and limb
development are a particularly illustrative example(see Box 6.9), as is the double knockoutof myoD and myf-5,
which produces mice with
no muscle at all.
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Hyphenated

Direct repeats

AQGTAGGT
TCCATCCA

AGGTNNNNNAGGT
TCCANNNNNTCCA

ACTTTTCA
TGAAAAGT

ACTTNNNNNTTCA
TGAANNNNNAAGT

Hairpin type

Stem-loop type

Inverted repeats

. .

.

.

ACGGCCOT ACGGNNNNNCCGT
TGCCGGCA
TGCCNNNNNGGCA

~ i l ~symmetry
e ~ ~ l
(true palindrome)

Inverted repeats
Rotational or
dyad symmetry
(palindrome)

Figure 121: Sequence architecture in repetitive DNA. Repeated sequences may be arranged in the same
orientation (directrepeats) or in opposite orientations (invertedrepeats). Inverted repeats may have
bilateral symmetry (true palindrome),in which case the sequenceon each strand reads the same
backwards and forwards, or dyad symmetry (also termeda palindrome although somewhat inaccurately),
where both strands have the same sequencewhen read in the same polarity. Both direct and inverted
repeats may be uninterrupted (in tandem) or interrupted by nonspecific sequence (hyphenated).
backgrounds). It is therefore likely that many of the redundancies reported so far reflect the effects
of very specific genetic backgrounds and environments, whereas natural selection works in an
uncontrolled system wheresubtle differences in fitness could be exploited.
Sequence amhitectum in mpetitive DNA. Repetitive DNA consists of a repeated sequence of

certain size (the repeat unit) witha given copy numberorganized in a particular manner in space.
Repeat units can be organized in three ways: tandem repeats have no spaces between individual
repeat units; hyphenated repeats are separated by small gaps but are still grouped together;
dispersed repeats are disseminated throughoutthe genome. With respectto each other, individual
repeats can be arranged either in the same orientation (direct repeats) or in opposing orientations
(inverted repeats) (Figure 12.1).
The simplest sequence structure in tandem repetitive DNA has a repeat unit of one nucleotide,
and this is termed a homopolymer. There are also dinucleotide, trinucleotide, etc., tandem repeats,
termed rninisateZZites (q.v.), as well as tandem repeats of large repeat units. There is obviously nothing remarkable about
dispersed repeats of one nucleotide, or even of two or three nucleotides; hence
dispersed repeats are only significant when they involve a reasonably long DNA sequence which
occurs substantially more frequently than would be expected by chance. Short dispersed repeats
often correspond to functional DNA motifs (e.g. the 30 bp H.influenme DNA uptake site), whereas
transposable elements and redundant genes are
much larger.
Short functionalmotifs may be identified bytheir special architecture. Many recognition sites for
transcription factors and other DNA-binding proteins consist of a pair of direct or inverted repeats,
either hyphenated or in tandem,reflecting the dimeric nature of the proteins. Inverted repeats often
show dyad symmetry
and have the potential to formsecondary structures such as hairpins and stemloops (q.v.).
Transposableelementsasdispersedrepetitive
DNA. As discussed above, some genome-wide
dispersed repetitive DNA corresponds to members of multigene families, comprising both functional genes and pseudogenes. Otherwise
it may represent motifs which function at the DNA level.
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Most dispersed repetitive DNA, however,corresponds to either
functional transposable elements or
their ghosts (elements inactivated by mutation). The predominance of this sequence class varies
widely in different organisms. In bacterial genomes, the copy number of transposable elements is
generally very widespread (although not
in the puffer fish
often 40, whereas in vertebrates they are
genome). In mammals, two classes of retroelement in particular are so abundant that they each
define a distinct class of dispersed repeat. SINES are short interspersed nuclear elements and
correspond to copies of a processed 7SL RNA pseudogene, which in humans is termed the A h element, and inmice, the B1 element. LINES are long interspersed nuclear elements and correspond
300 bp in length,
to copies of an abundantretroposon named LINE-l 61).The Alu element is about
and like other transposable elements is flanked by direct repeats reflecting its mechanism of integration (see Mobile GeneticElements). It is preferentially located in GC-rich DNA and has an estimated copy number of 106, and an average densityof 1element per 4 kbp of DNA. Conversely,the
L1 element has a maximum length of 6 kbp anda copy number of l@(although full length elements
are in the minority, <5000 copies). Both L1 and Alu elements are associated with genes, but their
distribution isreciprocal and related to the isochore organization of the genome (q.v.), perhaps due
to preferential target sitesfor integration. Neither element has been found in the coding region of a
gene they are often found in introns and flanking regions, and Alu elements are occasionally to
be found embedded within the3’ untranslated region of a gene and may be transcribed by RNA
polymerase II as partof the gene.

-

Satellite DNA The most repetitive componentof higher eukaryotic genomes, identified by its rapid

reassociation, consists of very shortDNA sequences tandemly repeated many times. Thepredominance of highly repetitive DNA varies between species, but typically represents 1&30%of the
genome. Because of its low complexity,it issometimes termed simple sequence DNA, and due to
its unusual nucleotide composition, it often separates as one or more ’satellite’ bands from bulk
genomic DNA during buoyant density gradient
centrifugation, and isalso known as satelliteDNA.
Cryptic satelliteDNA has a buoyant densitywhich is comparable to bulkgenomic DNA and does
not form a satellite band; this is identified using other methods, such as restriction mapping.
Satellite DNA is distributed as large clusters (100-3000 kbp), often residing in heterochromatin at
centromeres where it may play a role in chromosome function. Much of the centromeric DNA of
human chromosomes comprises a cryptic satellite DNA called alphoid DNA (*satellite DNA),
although a second component, batellite DNA, is abundant in the centromeres of at least eight
human chromosomes. There is chromosome-specific sequence divergence within the .a- and psatellite DNA families.
In insects, satellite DNA comprises many very short sequences (5-15 bp) with pronounced
strand asymmetry. Mammalian satellite DNA is more complex
in its organization. The simple
sequence repeats show some variability but often form blocks which themselves show tandem
repetition, again witha degree of variation. The satellite DNA therefore comprises simple sequence
blocks with a hierarchical organization and is presumed to arise through continued cycles of mutation and expansion, probably involving unequal crossing over and gene conversion (see Mutation
and Selection).
Minisatellites andmicmsatellites.Most satellite DNA exists as large clusters of repeats found in the

centromeric regions of chromosomes or around nucleolar organizers (q.v.), but it is also found in
smaller clusters (100 bp - 10 kbp) termed minisatellites, which are often located at the telomeres.
There are two forms of minisatellite DNA. At the very ends of the chromosome arms is the telomeric DNA itself. In most eukaryotes, this consists of several kilobases of characteristic tandem
pentanucleotide orhexanucleotide repeats (see Table 5.5), and itsfunction is to preventchromosome
erosion through subsequent roundsof DNA replication (q.v. telomeres, telomerase). A second class of
hypervariable minisatellite DNA is located in subtelomeric regions. The repeat unit of the hypervariable DNA differs from site to site, but contains a common GC-rich core consensus. The copy

Genomes
and
Mapping

4
l3

number ateach site ishighly polymorphic (hence the alternative name
VNTR sequence, for variable
number of tandemrepeats). The function of hypervariable minisatellite DNA (VNTR DNA) is
unknown, but itmay promote recombination (cross-overs tend tocluster in thesubtelomeric regions
of chromosomes). The preferential telomeric location means thatminisatellite DNA is notgenerally
useful for markers in genome-wide genetic mapping, but it has been widely exploited for use as
diagnostic markers inDNA typing (Box 12.2).
Microsatellites occur in smaller clusters (<200 bp) and are characterized by very short repeat
units (1-4 bp). They are highly polymorphic and distributed throughout thegenome, so they make
ideal genetic markers. Of the two possible homopolymers, poly(A)/poly(T) is far mom common
than poly(C)/poly(G), and the dinucleotide microsatellite poly(CG)/poly(GC) is rare due to the
depletion of CpG motifs (q.v. 5-methylcytosine). Tri- and tetranucleotidemicrosatellites are comparatively rare,but aremore useful as markers thanthe commonly occurring dinucleotide microsatellites
because there isless strand slipping duringPCR genotyping (q.v. molecular marker, strand slipping).
Generally, minisatellite and microsatellite DNA is extragenic, but occasionally it occurs within
the codingregion of a gene and gives rise to a highly polymorphic protein; in some cases this can
be pathological (q.v. tripZet repeat syndromes). Other, more stable forms of repetitive DNA are also
seen in genes. The ct2 collagen gene contains manyexons comprising repeatsof a basic 9 bp unit,
generating thecharacteristic amino acid sequence with glycine at every thirdresidue. Larger repeat
units arealso seen, the largest corresponding to entire
protein domains (q.v.).

12.6 lsochore organizationof the mammalian genome
Biphasic organization of chromatin. Studies of transcriptional activity and chromatin organization

in mammalian chromosomes have shown thatchromatin which is potentially or actually transcriptionally active adopts a different structure to repressed chromatin, reflecting differences in nucleosome modification and organization, and loss of higher-order folding (see Chromatin). Two of the
consequences of this are that active chromatin replicates early in the S-phase and becomes generally
sensitive to DNase I. Analysis of the distributionof active and repressed chromatin domains by cytogenetic mapping of early replicating DNA (replication banding) or DNase Isensitive regions (Dbanding) hasrevealed a striking correlation between the patterns observed and those generated by
standard chromosome banding techniques (q.v.) such as G-banding. Such techniques are thought to
discriminate between DNA regions of different base composition, suggesting a correlation between
physico-chemical and functional properties of the mammalian genome. Further studies have indeed
shown thatGC-rich, pale-staining G-bands are enriched for genes,whereas the AT-rich dark-staining
G-bands are relatively gene poor. In the human genome, AZu elements may also be preferentially
located in the pale bands,
whereas L1 elements may be preferentially located in the darkG-bands.
I S O C ~ O and
~ S higher order genome organization. The isochore model divides the mammalian

genome into regions, >300 kbp in length, characterized by relatively homogeneous base composition. On average, the GC content of mammalian genomes is -40%, but this varies in a regional
manner between 37% and 55%. Fragmented DNA can be separated by buoyant density gradient
centrifugation into five isochore classes: L1 and L2 (AT-rich) and H1, H2 and H3 (GC-rich). All
mammals show similar isochore representations.
Through determining the GC-content of cloned genes and segregating YACs into isochore
classes, it has been possible to investigate gene distribution in the isochore classes. The AT-rich
isochores make up 65% of the human genome but contain less than 30% of the genes. The highest
gene density is seen
in the H2 and H3isochores. In theH3 isochores, a density of 1gene per 10 kbp
DNA is predicted, which is the same as the average density
of the Drosophila genome, and only five
times less dense than theS. cermisiae genome. Conversely, in the L2 isochores, a density of 1gene
per 100 kbp is predicted. Strikingly, preliminary analysisof data from the human genome project
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has revealed that theGC-rich isochores may be relatively enriched for small genes withfew, generally small, introns and small open reading frames, whereas the AT-rich isochores tend to contain
larger genes withmany large introns.
Hybridization analysis has confirmed that the distribution of isochores reflects the banding
pattern of mammalian chromosomes, with AT-rich isochores approximately corresponding to dark
G-bands and GC-rich isochores corresponding to light
G-bands. The very gene-dense H3 isochores
are preferentially located in subtelomeric regions, although there are exceptions: in the human
genome, chromosome 19 appears tobe composed almost entirely from H3 isochores, whereas chromosome 13 is mostly L1 and L2 isochores. Theobservation that Alu and LINE elements aredifferentially distributed has alsobeen confirmed: Alu elements are preferentially located near or within
the genes of GC-rich isochores, whereas LINE elements are associated with genes in AT-rich
isochores. Interestingly,Alu and LINE elements may play a structural role at isochore boundaries,
as they are often found in adjacent clusters at these sites.

12.7 Gene mapping
The purpose Of gene mapping. Gene mapping is
the assignment of a gene to a locus on a chromosome. By mapping therelative positions of many genes and othermarkers, it ispossible to generate
a chromosome map or a map of the entire genome. Gene mapping has been used to help understand and exploit the inheritance of biological traits, particularly by using genetic linkage (q.v.) to
associate the inheritance of one trait with another (or with a suitable genetic marker, q.v.), and by
correlating differences in phenotype withdifferences in chromosome structure. Commercially, this
has enabled animal and plant breeders to producecrops or herds with improvedqualities, and in
the sphereof human affairs, it hasallowed genes for genetic diseases, whose biochemical basis was
unknown, to be mapped onto (assigned to a locus upon) a particular chromosome or chromosome
band, and tracked through pedigreesby linkage to a marker (q.v. gene tracking).
With recentadvances in recombinant DNA technology (see Recombinant DNA, The Polymerase
Chain Reaction (PCR)) it has become possible to generate detailed gene maps by the organized
cloning and characterization of genomic DNA fragments. Ultimately, it is possible to obtain the
entire DNA sequence of a genome, an invaluable resource which provides information not only
about gene structure, but also higher-order genome sequence organization and the evolution of
genes and genomes. Currently, there is an intense collaborative international effort to generate
genetic and physical maps of several model organisms, with the ultimate aimof determining the
complete genome sequences (Table 12.4). The technology associated with physical gene mapping is
used for positional cloning (q.v.), and the availability of every gene sequence has many commercial
applications, including drug development. The discipline of mapping, analyzing and sequencing
genomes is calledgenomics.
Three types of gene map. Essentially, there are three types of gene map: genetic (linkage) maps,
cytogenetic maps and physical (molecular) maps.
A genetic or linkage map assigns genes to linkage groups (groupsof genes which tend to be
inherited together because they are found close together on the chromosome). Genetic maps are
calibrated in arbitrary units, reflecting the likelihood of marker separation byrecombination (e.g. in
meiotic mapping) or by chromosome fragmentation (e.g. inradiation hybrid mapping and HAPPY mapping). The principle behind genetic mapping is thatthe chance of two loci appearing together on the
same fragment of DNA decreases with increasing distance between them. Genetic mapping in
bacteria involves a similar principle and is madepossible bynatural mechanisms of horizontal gene
transfer (see Gene Transfer in Bacteria). Genetic maps have a resolution between cytogenetic and
physical maps, but those based on recombination frequencies are distorted by areas of relatively
high or relatively low recombination (q.v. recombination hotspots and coldspots). Additionally, the
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Table 124: Species chosen for genome mapping and sequencing projects
Organism
are well-characterizedmodel organisms which have been
used for pioneering studies of gene structure and regulation. The sequence
of the E. coli genome was recently published and that of
B. subtilis is likely
to be complete within a few years. A number of other bacterial genomes
have been completely sequenced: the first was Haemophilus influenzae
Saccharomyces cerevisiae The yeastS. cerevisiae andits distant relative S. pombe have been extensively
used in the analysis of eukaryotic gene structure and regulation, and have
. been particularly usefulin the study of core pathways such asDNA
replication andthe cell cycle. The complete sequence of
S. cerevisiae has
been published recently- this yeast has about6300 genes: many more
than originally estimated
The nematode wormis the simplest invertebratein the model organisms
Caenorhabditis elegans
(genome size100 Mb). It has been extensively usedin the study of
development, especially neural development, because
of its invariant lineage
(the developmental pathway
from a single eggto the 959 somatic cells of the
adult is fully characterized) andthe completely mapped interconnections of
its nervous system. There are already dense genetic and physical maps, and
the genome sequencing project is nearing completion
The fruit fly is the most extensively studied of all the model organisms, andis
Drosophila melanogaster
renowned for pioneering studies of developmental genetics. The genome
has been densely mapped using morphological markers, and Drosophila
is
widely usedto teach the principles of linkage analysis. The genome sizeis
165 Mb and the sequencing projectis in its early stages
The pufferfish has a small genome compared
with most vertebrates(400
Fugu rubripes
Mbp), but the gene number is comparable, i.e. the size reduction reflects
loss of noncoding DNA (particularly dispersed repetitiveDNA and introns).
Gene and regulatory sequences appear
to be highly Conserved, so the puffer
fish genome is potentially a powerful
tool for identifying genes in other
vertebrates whose genomes have a much lower gene density
The zebrafish has a genome about
two-thirds the size of atypical mammalian
Danio rerio
genome, and genetic and physical maps are under construction. The
zebrafish is a particularly useful developmental
model because ofits genetic
manipulability, e.g. haploid embryos are viable up to the hatching stage.
Recently, the zebrafish has been used
for saturation mutagenesis screening
of developmentally relevant genes
l
Mouse
For a number of reasons,
the mouse (andto a lesser extent,the rat) is the
most powerful model organism directly relevant
to humans. The genomesof
mice and humansare comparable in size and complexity, and largeblocks
of synteny are conserved. The genetic amenability of
the mouse is
unparalleled within the mammals, as the speciesis small and easyto breed.
It is possible to carry out mutagenesis screens and genetic crosses
to
generate marker maps andto map disease loci.It is also possible to modify
the germline to study genefunction in vivo (q.v. transgenic animals, gene
knockout, ES cells)
Other vertebrates
Dense marker maps and gene maps
are being generatedfor a number of other
vertebrates, including many commercially important livestock (cattle, pigs,
sheep) and domestic animals (cats, dogs). These
will be used to improve the
yield and qualities of livestock by using markers
to assist selectionfor
quantitative traits, and as
data for comparative genomics(q.v.)
The Human Genome Project, which is expectedto be completed by the year
Homo sapiens
2005, aims to generate a complete genetic and physical map the
of genome
and to determine the entire genome sequence. The availability this
of
information will hopefully providemany benefits in medicine, diagnostics and
drug development, not least of whichwill be the determination ofthe bases
Bacteria

E. coli and B. subtilis
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of most inherited disorders and diseases. There are fears that the information
could also be misused, e.g. to discriminate against individuals
with a
particular genotype, perhaps even leadingto aresurgence of eugenics. Much
progress h a s been made in the mapping of individual genes (which comprise
barely 3% of the genome)by mapping expressed sequence tags(q.v.)
Arabidopsis thaliana
.Arabidopsis has a relativelycompactgenomefor a plant,whichplaces it in the
same category as Drosophila, i.e. a relatively simple metazoan model
organism. Indeed like the fruit fly, this plant has been used extensively to
study development, and genetic and physical maps are under construction
in progress
for
several
Other
plants
There
are
genome
mapping
projects
commercially important plant species, e.g. rice, wheat and maize, which will
be used to map and select for improved traits such as resistance to pests,
herbicides etc.,as well as increased yield. Many of these are quantitative
traits and marker-assisted selectionwill help to track such traitsin
breeding programs
frequency of recombination is not the same in all species; thus genetic map units reflect different
physical distances in different species.
A cytogenetic map is created by correlating phenotypeswith observable chromosome
rearrangements anddeficiencies. This type of map hasa lowresolution and is applicable to the few
species, e.g. mammals and Drosophila, which display either natural or artificially inducible reproducible chromosome banding patterns (also q.v. morbid map). Cytogenetic maps of simple genomes
(viruses, plasmids, etc.) are used to locate regionswhich differ in their physical properties (e.g., q.v.
denaturation mapping).
A physical or molecular map is created by ordering cloned fragments of genomic DNA and is
calibrated in real units (base pairs, kilobase pairs, megabase pairs). The physical
map hasthe highest
resolution and is the ultimate aim of mapping projects. However, since only a small percentage of
higher eukaryote genomes are expressed, some physicalmapping methods have
been tailoredto the
identification of transcribed sequences (i.e. genes).
In the past, elegant strategies have beenused to generate linkage maps of many different organisms, but this approach is being replaced progressively by brute force physical mapping methods
which allow entire genome sequencesto be obtained relatively easily. Geneticmapping i s already
obsoleteinbacteria
and unicellular eukaryotes, where physical maps and completegenome
sequences can beassembled relatively quickly.In the near future, genetic mapping is also likely to
become obsolete fororganisms suchas C.elegans and even Drosophila (the species in which genetic
mapping waspioneered), but it is still required for initial low-resolution mapping of large genomes,
such as the human genome. The advent of molecular markers (q.v.) has allowed the three types of
map tobecome progressively integrated. Polymorphic molecular markers suchas restriction fragment length polymorphisms, andsequence-tagged sites containing minisatellite DNA, canbe used
both as genetic markers in linkage analysis and as nucleic acid probes to identify physical clones.
Also, in situ hybridization allows physical clonesto be precisely assigned to chromosome bands on
cytogenetic maps.

12.8 Genetic mapping
Genetic mapping using natural and artificial breakpoints.
The principle of genetic mapping is that

the further apart two syntenic loci lieon a chromosome,the more likely they are to be separated by
chromosome breakage,assuming thatchromosome breakpoints arise randomly.
There are several mapping techniques which exploit this principle by artificially introducing
chromosome breaks, including radiation hybrid mapping (where chromosome breaks are introduced by irradiating somatic cell hybrids) and HAPPY mapping (where genomicDNA is sheared
by vortexing or sonication). In each case, physical mapping technology is then applied to detect
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Figure 122: Genetic linkage mapping using artificially introduced breakpoints.In radiation hybrid mapping,
chromosome breaks are introducedby irradiation and chromosome fragments are rescuedin somatic cell
hybrids (radiation hybrids) where they can be tested by hybridization, PCR detection or protein detection. In
HAPPY mapping (haploidPCR mapping), genomicDNA is randomly sheared and divided into pools
containing haploid genome equivalents, and markers are assayed by PCR.

linkage: the presence or absence of two markers on the same
DNA fragment is assessed by
hybridization, PCR or detection of the gene product (Figure 22.2). The experiment is repeated a
number of times and the degree of linkage is calculated as the frequency with which markers are
separated. Radiation hybrid mapsare calibrated in centiRays (cR,, where x is the dosageof X-rays
in Rads), 1cR being equivalent to a 1%frequency of separation.
The most common method of linkage mapping, however, exploits the natural chromosome
breakpoints which arise due to crossing-over (homologous recombination) during meiosis. In this
case, physical distance is estimated by the frequency of recombination between markers (i.e. the
greater the distance, the morelikely that a cross-over will occur between them) and requires
heterozygosity at both loci so that parental and recombinant haplotypes can be distinguished. An
example is shown in Figure 22.3. There are numerous limitations and problems associated with
meiotic linkage analysis, including sample size, genotype detection, the number of available
markers, lack of informative segregations (in humans) and intrinsic inaccuracy (Box 12.3).
Samp/e size in rinkage ana/ysis. If enough offspring from a given cross can be scored or typed (have

their genotype determined), the recombination frequency(r)or cross-over value between any pair
of heterozygous loci canbe calculated directlyusing the following formula:
r=

Total of recombinant products of meiosis
Total products of meiosis

Recombination frequencies are then used to calibrate genetic maps: a recombination frequency of
1%(i.e. only one out of every 100 offspring inherits the recombinant haplotype) corresponds to a
genetic distance of one genetic map unit or centiMorgan (named after Thomas Hunt Morgan, in
whose laboratory genetic mapping of Drosophila genes waspioneered). Recombination frequencies
can be calculated for genetically amenable species such as yeast and Drosophila, where large-scale
crosses canbe set up, and thousands or millions of progeny typedto derive statistically significant
linkage information. However, in species with small litter sizes and large generation intervals
(including humans), suchcrosses are impracticable and data must be accumulatedfrom the analysis of preexisting pedigrees. Thereare several problems specific to human linkage mapping. Oneis
that humanfamilies, especially those
in which adisease allele is segregating, are rarely large enough
to generate statistically significant linkage information.Another is that because human matingsare
not experimentally planned, pedigrees are often imperfect, i.e. meioses are uninformative and
recombinants cannotbe identified.
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Figure 12.3: The principle of genetic mapping using recombination frequencies. Consider
two linked loci, A
and B. An individual (leftof figure) heterozygous at both loci (i.e. with genotype A1A2 BlB2) may have
inherited the Al-B1 haplotype from one parent and the
haplotype from the other -these are the
parental (nonrecombinant) haplotypes, i.e. the inputs to meiosis. The individual then undergoes meiosis
and transmits oneof the chromosomes to each of his offspring; the four products of meiosis are shown.If
there is no cross-over (NCO) between A and B,the offspring inherit oneof the parental haplotypes(Al-B1 or
A2-B2) as outputs of meiosis, and are termedparentals or nonrecombinants (P). Conversely, if thereis a
single cross-over(SCO) between A and B, the offspring may inherit a recombinant haplotype
(Al-B2 or
A2-B1) as outputs of meiosis, and are termedrecombinants (R). The frequency at which recombinant
genotypes ariseis related to the distance betweenthe loci because crossovers are more likely
to occur
between loci which are widely separated. However, the maximum recombination frequencyis 50% because
only two of the four chromatidsare involved in a single cross-over,so only 50% of the meiotic products are
recombinant (see also Box 72.3). Note that ifthe individual was homozygous at either locus,
the meiosis
would be uninformative because it would be impossible to discriminate between parentals and
recombinants. In diploid species, the success of meiotic mapping depends onthe ability to determine the
haplotype ofthe gametes fromthe phenotype ofthe offspring. This maybe impossible ifboth parents
contribute the same alleles, or if thereare dominance relationships between
the alleles (see main text).
The solution is calculate
to
statistical likelihoods for linkage based
o n the imperfect information
available. Because of the small
sample sizes, genetic distances in humans are measured as recombination fractions (e), calculated in the same way as recombination frequencies but expressed as a
value between0 and 1rather thana percentage (i.e. one genetic map unit i s equivalent to a recom0.01). The meioses from individual
pedigrees are assessed, and probabilities that
bination fraction of
the data support linkage or independent
assortment are calculated. Statistical likelihoodsfor linkage are expressed as a logarithm of the
'odds for linkage', usually termeda lod score

(a:

z = loglo

p (linkage betweentwo loci, assuming RF = e)
p (the two loci are not linked, i.e. RF= 0.5)

The generalstrategy is tocalculate Z for a range of values 8ofand plota graph ofZ against 8. L o d
scores >3 are taken to be positiveevidence of linkage, representing odds of 1OOO:l in favor. The
, , Z indicates the most likely
genetic distance between loci. L o d scores of <-2
maximum lodscore
are taken to be strong
evidence against linkage, and theuse of negative l o d scores to refute linkage
relationships is termed exclusion mapping,
L o d scores are logarithmic values, so they carry the important advantage that data can be
summed across pedigrees. Although this aispowerful method for increasing the amount of lin
information available, the map resolution is still low compared
with genetic maps of simpler
organi s m generated by recording recombinationfrequencies. Another way to
increase the samplesize in
human crosses is to type sperm instead of offspring, but since sperm do not display thedisease
phenotypes ofpeople, only markers, not realdiseases, can be mapped
in this way.
One disadvantage of the lodscore system is that statistical likelihoods for linkage in any given
pedigree are calculated with the assumption that the mode of inheritance
of the trait is
known. This is
applicable to highly penetrant Mendeliantraits, but not where the mode of inheritance
ambiguous.
is
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Table 125:Alternative formsof linkage mapping

in humans, which do not requirea mode of inheritance to be
specified. They represent searches for chromosome segments (containing markers) that are sharedby individuals with a aiven trait

s Method

Sib
pair
analysis
Pairs

AutozygositymappingUsed

Diseaseassociation

of siblings, both
affected
by
a particular
disease
(and
hence
presumably carrying the same disease allele), are tested for the presence
of a panel of markers. A marker linked tothe disease allele would tend to
be shared by more than 25% of affectedsib pairs (25% of sib pairs
would share any two alleles, evenif they were assorting independently).
The greater the correlation between the marker and the phenotype, the
closer the linkage
to maprecessivetraits in consanguineousfamilies (familieswhere
inbreeding has occurred).Autozygosity means homozygosity at certain
loci because alleles areidentical by descent (inherited fromthe same
source). The manifestation ofa recessive trait in a consanguineous family
is often indicative of autozygosity, and autozygosity for markers
demonstrates linkage
This form
of
mapping
correlatesthepresence of a markerto adisease
phenotype. Disease association is significant if the relative risk(RR)
is
substantially greater than or substantially less than1. RR = why,where
W is the frequencywith which affected individuals cany the marker,y is
the frequencywith which unaffected individuals carry the marker, andz is
the frequencywith which unaffected individuals do notcam the marker

A number of less powerful but'model-free' mapping strategies maybe used in these circumstances,
as shown in Table 12.5.
Genetic markers. Classical geneticmapping involves determining linkage between genesfor which
morphologically distinct alleles are available. In species such as yeast and Drosophila, which have
been extensivelyused for genetic mapping studies, there is an immense collection of morphological
variants showing Mendelian inheritance, and strains carrying multiple variants can be bred and
used to map distances between genes directly. In humans, genetic mapping has been used inthe
past to map the position of disease genes: the diseases are the 'morphological variants' and the
normal anddisease alleles are the 'morphologically distinct alleles' at each locus. However,it is rare
to find family pedigrees where twodiseases are segregating at thesame time, so direct mapping by
genegene linkage analysis is not possible. Additionally,there may not be enoughMendelian traits
available to map the entire genome.
Other complications associatedwith the use of morphological linkage markers -uninformative
crosses and dominance effects between alleles - are specific to diploid species. The products of
meiosis are gametes whichneed to be combined with a secondgamete to generate diploid individuals. It is therefore necessary to infer the haplotype of the gamete (parental or recombinant) from
the phenotype of the offspring. This may
be impossible if gametes from both parents carry the same
alleles (an uninformative cross), or if an allele at one locus displays dominance. In Drosophila, for
example, geneticmapping is usually carried out using a heterozygous line and a test stockwhich is
homozygous for recessive allelesat all loci under study. This allows the genotype of each gamete
from the heterozygous line to be determined unambiguouslyin a recessivebackground. However,
human matings cannot be
controlled in this manner, so dominance anduninformative meioses are
problems whichcan stall linkage analysis.
These problems have been solved to a large extent by the developmentof molecular markers
- Mendelian characters which are abundantly distributed, easily detected, highly polymorphic
and codominant, so that mostindividuals are heterozygous, unrelated individuals rarely carry the
same alleles, and genotype can be determined directly from phenotype (Table 12.6). The most
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Table 126: Molecular markersfor genetic mapping

efinition Marker
Morphological phenotype

Protein polymorphisms

ResMction fragment length
polymorphisms (RFLPs)

Simple sequence length
polymorphisms (SSLPs).
Variable number of tandem
repeats (VNTRs). Short tandem
repeat polymorphism (STRPs)

Randomly amplified
polymorphic DNA (RAPDs)

Morphological phenotypic variants. Usefulfor mapping only in
organisms with many morphologicalvarieties demonstrating
Mendelian inheritance. Subjectto complications of dominance
relationships, nonallelic interactions and environmental effects.
Human disease genes are generally
dimorphic phenotypic variants
and are mapped against other markers
Differences in protein mobility during electrophoresisor isoelectric
focusing. Codominant and moderately polymorphicbut limited in
number. Many protein polymorphisms cannot bedetected by
electrophoresis becausethe amino acid substitutions do not alter the
physico-chemical propertiesof the protein. Also, the gene encoding
the polymorphic protein may itself notbe mapped
Differences in DNA sequence which create or abolish restriction sites.
Codominant and abundant, but usually only dimorphicso that
uninformative meioses and crosses are common. Many sequence
polymorphisms are not detected because variations lie outside
restriction sites
Differences in restriction fragment lengthsor PCR product lengths due
to variable number of tandem repeats
in minisatellite or microsatellite
DNA. Very useful markers because they are codominant and highly
polymorphic. MinisatelliteDNA is found predominantly at telomeric
regions andis therefore not ideal for a genome-wide linkage analysis.
MicrosatelliteDNA is distributed throughoutthe genome and canbe
rapidly genotyped usingPCR. Tri- and tetranucleotide repeat
polymorphisms are preferred becausestrand slipping duringPCR
amplification complicates the
use of dinucleotide repeats. Unique
sequence DNA containingmicrosatelliteDNA (polymorphic sequence
tagged sites) can be usedto identify clones on physical maps
DNA fragments amplifiedwith arbitrary primers. Abundant,but not
always possibleto discriminate between homozygotes and
heterozygotes, and sometimes difficult to reproduce results. Use so
farrestricted to mappingplantgenomes
.

useful molecular markers are unique (yet polymorphic)
DNA sequences, which can be
assigned t o
physical and cytogenetic maps
by using themas probes to isolateDNA clones and to identify
chromosome bandsby in situ hybridization.
Not only have such markers allowed individualgenes to be mapped(disease-marker m a p
ping, gene-marker mapping), and tracked through pedigrees for diagnostic applications (gene
tracking), but they have been used to
create a dense framework of markers covering the entire
subsequent
for
gene mapgenome of several species (markepmarker mapping) which can be used
ping studies. In mice, dense marker maps have been generated
by extensive backcrossing between
two strains (e.g. Mus musculus and Mus spretus), as most types of marker vary between thetwo
strains andwil be heterozygous(hence suitable for linkageanalysis) in the backcross generation.
In humans, disease-marker mapping necessitates the use of families in which thedisease i s segregating, regardless of theirpedigreestructureandultimatesuitabilityforlinkage
analysis.
Marker-marker mapping is not constrained in this manner, and a panel of ideally structured
families have been
assembled for linkage analysis at the Centre pour l'8tude
des Polymorphismes
Humaines (CEPH) in Paris. Established cell lines have been generated from every member
these
CEPH families, providing a constant source of DNA for theresearch community.

Mapping quantitathe traits. The linkage mappingstrategies discussed above concern Mendelian
traits or markers, which can be tracked through
pedigrees or crosses as discrete variants to derive
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linkage information. However, many important biological characters are inheritedin a quantitative
loci (QTL)
manner (see Biological Heredity and Variation), and to map the quantitative trait
involved such simpleexperiments cannot beused.
In organisms such asDrosophila, which are amenable to genetic analysis, QTLs have been identified by laborious breeding and
linkage analysis experiments. Artificial selection over many generations can produce populations representing the
extreme phenotypes for a given quantitativecharacter, and each strain is presumed to be enriched for alleles favoring oneextreme phenotype or the
other. The availability of balancer chromosomes which suppress recombination and carry dominant
selectable markers allows fly strains to be
generated carrying specific combinations of chromosomes
from each selected line. Thesestrains can be scoredfor their quantitative phenotype, and
hence the
contribution made by each chromosome can be determined. Further experiments usingrecessive
markers allows the
location of QTLs to be narrowed down to particular
chromosome bands, whereupon they fall within theresolution of physical mapping. A number of genes affecting bristle number have been mapped in this
way, and include many of the genesinvolved in neurogenesis(e.g. the
achaete-scute complex, Notch).
For commercially important organisms such as pigs, cattle, rice and wheat, and for human
beings, extensive breeding programsof this nature are impractical. However, with the availability
of dense markermaps, it is now becoming feasible toidentify QTLs by cosegregation. In farm animals and plants, this approach toQTL mapping involves crossing two strains or breedswhich differ considerably for a given quantitative trait and then
scoring progeny for the trait andfor a panel
of genetic markers. Correlation between phenotypic performance and a given marker indicates
linkage, but a simple performance-relationship correlation of this nature cannot discriminate
between loose linkage to a strong QTL (major gene) and stronglinkage to a weak QTL (minor gene),
and is therefore no usefor positional cloning (q.v.). A second approach, known as interval mapping,
involves calculating the likelihood that a QTL exists at different positions along the chromosome
using a similar strategy to Lod score analysis (q.v.). This allows the QTL to be narrowed down
further and brings it within
r.ange of a chromosome walk (q.v.).
The mapping of QTLs contributing to multifactorial congenital diseases in humans (susceptibility loci) is also facilitated by searching for cosegregating markers. Pedigree data is collected from
affected families,and genes shared by affected individuals can be identified by marker cosegregation. SeveralQTLs involved in susceptibility to insulin-dependent diabetes
have been isolated using
complex segregational analysis with microsatellite markers. In some cases, it is possible to isolate
families who, because of their particular genetic background, demonstrate near Mendelian inheritance for an otherwise quantitativecharacter. It is likelythat thegenetic background providesa high
level of susceptibility, and that the presence or absence of a particular allele at a major susceptibility locus is enough totrigger the threshold causing the disease. In these cases it is possible to identify QTLs with standardlod score analysis orsib pair analysis, and the former strategy wasused to
identify the BRCA2 gene, a major susceptibility locus for breast and ovariancancer (see Oncogenes
and Cancer).
12.9 Physical mapping
Low-resolution physic8/ mapping.In mammals and in Drosophila, both of which have cytogenetic

maps based on chromosome banding patterns, initial physical mapping may involve the localization of genes or othermarkers to a particular chromosome or region thereof (Table 22.7).Such mapping strategies areof low resolution, typically assigning loci to DNA fragments spanning several
megabases. However, in situ hybridization to interphase chromatin, or DNA which has been artificially extended, can allow mapping toa resolution of under 10 kbp.
High-resolutionphysic8/ mapping.The strategy for generating a high-resolution physical genome

map is to divide the genome into

a number of fragments, determine their

order and then
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Table 12.7: Techniques for low-resolution physical mapping
Mapping
Basis
strategy
Localization to individual chromosomes
Somatic cell hybrids
Somatic cell hybrids are cellsmade by fusingcultured cells of different
species, e.g. by treatment with polyethylene glycol.In the mapping of
human genes, rodenthuman hybrid cellsare used. Typically, initial
hybrids are unstable andmost of the human chromosomesfail to
replicate, generating stable hybridswith a full set of rodent
chromosomes and one or a few human chromosomes.
collection
A
of
such hybrids, ahybrid cellpanel, can be assembled so that any given
human DNA fragment can be mapped unambiguously
to a given
chromosome, either by PCR or hybridizationassay or, exceptionally, by
assay for the gene product. Monochromosomal hybrids (those
containing a single human chromosome) can
be generated by fusing
human microcellsto normal rodent cells, allowing unambiguous
localization of humanDNA using a panelof just 24 cell lines. Microcells
are cell-like particles containing a single chromosome
within a small
nucleus, surrounded by minimal cytoplasm and a cell membrane;
these are generated by prolonged inhibition of mitosis followed
by centrifugation
Analysis of cell lines or somatic
cell hybrids with multiple copies of a given
Dosage mapping
chromosome allowsgenes to be mapped to the over-represented
chromosome dueto dosage detected by quantitative PCR, hybridization
or expressionof product
Localization to chromosome subregions
Deletion
Analysis
or
of hybrid cell panels
containing
donor
chromosomes
with
translocationmappingtranslocationsordeletions.Thismethodofphysical
mapping involves
assay of DNAsequence by hybridization orPCR, or for a gene product.
The cytogenetic mapping techniqueof the same name involves deducing
gene position by correlating a phenotypeto a cytogenetically visible
chromosome rearrangement
Hybridization of a nucleic acid probeto a chromosome spread allows
In situ hybridization
localization to a specific chromosome band. Traditionalin situ
hybridization using radioactive probes
has been replacedby
fluorescence in situ hybridization (FISH) using nonradioactive
fluorescent probes. Apart fromits speed and efficiency, FISH has
the
advantage that probeswith different fluorochromes canbe used to
identify different targetsat the same time with different colors, allowing
gene order to be determined (alsoq.v. chromosome painting).FISH to
metaphase chromosomes gives a resolution 1-10
of Mbp; however, the
same technique canbe applied to interphase chromatin, andto artificially
extended chromatin fibers(direct visualin s&u hybridization, DIRVISH)
and naked DNA (DNAfiber FISH) with a resolution of<l0 kbp. The
extensive looping of unfolded DNA demands that mapping studies
involving extended fiberFISH are backed up by statistical analysis of
the results

and, ultimately, their
characterize those fragments individually in terms of the loci they contain
sequences (Box 12.4). This isachieved by preparing a genomic DNA library (see Recombinant DNA)
and exploiting the overlapping regions
of individual clones to establish their order.In this waya
clone contig map can be generatedw h i c h recreates contiguous regions of the chromosome
(Table
12.8). For smallgenomes such as those of bacteria, genomic mapping can be carried out using
h
replacement vectors or cosmid vectors
(see Recombinant DNA). Although in principle larger
eukaryotic genomes can be mappedin the same way, the number of individual clones required
for a representative library is prohibitive, and the abundance
of repetitive DNA causes ordering
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Table 128 Techniques usedto assemble contigs of genomic clones
~~~~

~~~

Technique

Principle

Chromosome walking

In principle, a random clone
is used to screen a genomic library
to identii
overlapping clones. These clonesare then usedas probes in the same
way to identify a series of overlapping fragments.
In practice, clone-toclone walking may be complicated the
by presence of repetitive DNA,
especially when using large capacity vectors such
as YACs. Repetitive
DNA may be suppressed by prior hybridizationto known repetitive
sequences (e.g. A/u sequences in the human genome), and instead of
whole clones, labeled end fragments canbe used as probes instead.
Another problem associated withYACs is chimeraismFable 72.9),so YAC
walking is often complementedby FISH to chromosome preparations
A set of random clonesis used to screen the library to identify overlapping
clones. Fromthe remaining negative clones, another random setis
chosen and the screen repeated. This strategyis repeated until all clones
have been hybridized
Oligonucleotides are hybridizedto a series of cosmid clones. Cosmids
hybridizing to the same oligo are likelyto overlap. The oligonucleotidescan
also be designed around consensusmotifs to deriie sequence information
Clones are digestedwith a panel of restriction endonucleases and a
restriction map (9.v.) for each clone generated. Mapsfor individual clones
are then comparedto identify overlapping regions
Unique sequences areidentified in the genome by testing randomly
subcloned DNA fragments for their ability to, e.g., identify a singleband
in a genomic Southernblot or amplify a singleproduct by PCR. These
are called sequencetagged sites (STSs). Genomic clones are thentested
with these markers: two or more clones containingthe same STS must
overlap. The identification of potential STSs may be speededup by
testing cDNA rather than genomic clones
as the former are more likelyto
contain unique sequenceDNA
Mammalian genomes contain much repetitive DNA which can beexploited
to assemble clone contigs. RepetitiveDNA fingerprinting involvesthe
digestion ofYAC or cosmid clones with restriction endonucleases, and
Southern blotting with repetitive DNA probes, e.g. specific for the A/u
element. Clones with similar bandingpatterns are likely to overlap. A
similar PCR-based technique involves amplification ofthe genomic DNA
between head-to-headAlu elements using a single Alu-specific primer,
and the analysis of amplification products by electrophoresis- again
clones with similarband Datterns are likelvto overlao

Hybridization mapping

Oligonucleotide mapping
Restriction fragment
fingerprinting
Sequence tagged
sites (STS)

Repetitive DNA
fingerprinting

problems. Larger capacity vectors, such as yeast artificial chromosomes (YACs), are therefore
required for the initial
stages of mapping(the properties ofsome artificial chromosome vectorsin
current use are comparedin Table 12.9). Once sucha m a p has beengenerated, the individualYACs
can be subcloned into cosmids finer-scale
for
ordering. Finally, the cosmid inserts can be fractionated using restriction
endonucleases, subcloned and individuallycharacterized.
A major improvementin the speed and efficiency of physical mapping
has been achievedby the
introduction of gridded libraries. Here, the library clones (e.g. YACs of the entire genome, or
cosmids fromspecific YACs) are picked and placed into individual wells
in multiwell plates. Then,
instead of transferring theclones to a filter by conventional methods forscreening (4.v. plaque lift,
colony blot), clones are spotted onto filters in a grid pattern, so that each can be given a precise
reference coordinate. This technique reduces ambiguities in clone identification and allows the
gridded libraries to be distributed to other laboratories for collaborative work.

Restriction maps. Restriction enzymes can be used togenerate physical mapsbased o n the positions of restrictionsites (restriction maps). The resolutionof the map depends upon the frequency

5
l4

Advanced
Molecular

Biology

Table 12.9 A comparison of high-capacity artificial Chromosome cloning vectors usedfor genomic mapping.
The human artificial episomal chromosome (HAEC), based in the Epstein-Barr virus, is one of a range of
MACs under development
Vector

YAC (yeast artificial
origin,
chromosome)

PAC(P1artificial
chromosomes)
BAC artificial
(bacterial

System

Yeast centromere and
(contiguous
chimeras
plus telomeres

Bacteriophage P1

F plasmid
chromosomes,
fosmids)
MACs (mammalian
Episomal
vectors
based
on artificial
Epstein-Barr
the
chromosomes)
virus

Cloning capacity

Comments

200 k p b 2 Mbp

High percentage of

100-300 kpb
300 kpb

genomic fragments
not usually associated
in the genome);
unstable
(spontaneous
deletions). Difficultto
separate from yeast
chromosomes
Stable, but not
maintained
bacteria unless
hostintegrated
into
DNA

>330 kpb

of the restriction site in the DNA fragment, which reflects both its size and base composition.
Enzymes with 4-6 bp recognition sites can be used to generate restriction maps of small DNA
molecules such as plasmids, PCR fragments and h inserts. Rare cutters are enzymes which have
large restriction sites (8-10 bp) and/orrecognize underrepresented sequences, such as CpG in mammalian genomes. Restriction maps of entire chromosomes can be prepared using such enzymes,
although the DNA fragments produced mustbe separated by pulsed-filed gel electrophoresis (q.v.) or
similar methods. Separated restriction fragments can be tested for markers by hybridization (q.v.
Southem blot) or PCR. The use of a panel of restriction enzymes allows the ordering of fragments
to form a contig. For a discussion of the use of restriction enzymes in molecular biology, see
Recombinant DNA (an example showingrestriction mapping of a plasmid vector is also shown in
this chapter).
Gene mapping and identificationin eukaryote genomes. In the large genomes of higher eukary-

otes, most of the DNA is not expressed and much of it is repetitive. It hastherefore been necessary
to design strategies specifically for the identification of genes.
In principle, agene can be identified either because its sequence is conserved with a previously
identified gene, because it has a distinct structure in genomic DNA, or because it is expressed to
generate an RNA transcript. All three strategies havebeenused (Table 22.20). Hybridization
approaches thatselect vertebrate genomic clonesenriched for genes include the use of CpG island
probes to identify the 5' end of genes, and the use of genomic clones from the puffer fish Fugu
rubripes, which hasa genome complexityof over 90%. Both strategies also have their disadvantages:
only halfof the estimated 70000 mammalian genesare associated with CpG islands, and notall will
have Fugu homologs withsufficient identity to cross-hybridize.
Another approachto gene identification is specifically to cloneand characterize expressed DNA,
rather than sifting through genomic DNA.This can bedone byextensive characterization of cDNA
libraries or by exon trapping and cDNA capture strategies (Table 12.20), but each suffers from the
disadvantage that nothing is revealed about gene structure and regulation, and that transiently
expressed genes, or genes expressed at only minimal levels or in specific cells, will be missed. By
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Table 1210 Approaches to gene identification in genomic DNA. For strategies usedto identify specificgenes,
q.v. positionalcloning
Approach

Strategy

Exploit sequence conservation
Genes are often conserved between species, whereas noncoding
DNA is
Cross-species homology
not. A subclone can thus be used
to probe genomic Southern blots from
different speciesto reveal conserved gene sequence
(9.v. zoo blot)
The sequence froma subclone can be compared to the sequences heldin
Database homology search
a sequence database. Regionsof homology to a previously cloned gene
may be identified
For low-complexityvertebrate genomes, hybridizationto puffer fish
Puffer fish comparative
genomic clones may help identify genes because the puffer fish genome
screening
has high complexity
There are computer programswhich can predict the locations of putative
Exon prediction
exons based on the presence of open reading frames and splice
consensi
Exploit unique sttucture
Identification of CpG islands

Exploit gene expression
Expression hybridization
Exon trapping

cDNA selection and capture

Regions containing CpG islands
(q.v.) often mark the 5' end of genesin
higher eukaryotes. These can be identified by hybridization, by restriction
mapping usingenzymes with CpG motifs in their recognition sequence,
or by PCR
Hybridizationof labeled genomic probe to northern blots toidentify
transcribed regions andto cDNA libraries to isolate expressed genes
Genomic clonesare inserted into an intron flanked by
two exons in an
expression vector and theconstruct is transfected into cells. If the
genomic clone contains an exon, splicingwill generate a mature
transcript with three exons (thetwo vector exons andthe central trapped
exon). If it does not, the transcriptwill contain two exons. RNA is isolated
from the cells isanalyzed by RT-PCR for the acquisition of an exon
(exon amplification)
cDNA is hybridizedto genomic clones (either immobilized ona filter or in
solution but labeled with biotin so they can be purified). Heteroduplexes
of genomic DNA and cDNA are purified by washing or streptavidin
capture and the cDNA is amplified by PCR and characterized. Amplified
cDNA can be put through several rounds of genomic hybridization
to
enrich for positive sequences

concentrating o n the expressed sequences of the mammalian genome, it i s possible to homein o n
the <5% of DNA which is carrying out most the
of genome function, and has the most commercial
and medicalrelevance. Large-scalecDNA cloning followedby random sequencing of short cDNA
fragments produces a collection of expressed sequence tags (ESTs) of 200-300 bp which can be
mapped onto physical chromosome maps
by hybridization orPCR. Together with genes identified
by other methods (see above), this factory-style approach to gene identification potentially allows
all genes to be assigned achromosomal locus (transcriptional mapping), providing
a complete gene
map. EST projects have beenset up to characterize cDNAs from various humantissues, and much
of the information produced is redundant. However, the sheer number of sequences generated
(>200000) may be enough to map
the majority ofgenes. ESTs can be mapped to chromosomes
in
radiation hybrids, to individual YACs
in contig maps, and even each
to other, to produce full-length
cDNA contig sequences (EST walking).
Although EST characterization canidentify many expressed sequences, it provides little quantiwhich allow the simultaneous
tative information.Several techniques have been developed recently
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quantitation of gene expression at many loci (e.g. SAGE, oligonucleotide chips, q.v.). These, together
with coordinated approaches to determining gene functionby mutation, and the interaction
between gene products using the two-hybrid system,comprise the rapidly expanding
field offunctional genomics, which exploits the information gathered from genome sequencing projects and
uses it to assign functions to DNA sequences on a genome-wide scale. For further discussion,
see Proteins: Structure, Function and Evolution.
C o m ~ ~ t h genome
re
mapping. Comparative genomics is the branch of genome science which

deals withcomparisons between the genomes ofdifferent species. Such comparisons Serve two purposes: to provide information concerning gene and genomeevolution (i.e. highlighting similarities
and differences between species at the genomic level),and tofacilitate gene cloning by comparative
or synteny mapping.Comparative mapping in vertebrate
species is particularly valuable because it
may provide novel animal models for human genetic diseases, and also novel therapies, as well as
providing information concerning the patterns of vertebrate evolution. The puffer fishgenome is a
particularly useful comparative mapping tool, becauseit is very compact and gene-dense. Linkage
is often Conserved between the fish and other vertebrates, but genes are easier to isolate from the
puffer fish genome, and can then be used as probes to detect conserved mammalian genes.
Comparative maps of vertebrates are characterized by variouslevels of conserved chromosome
segments. Low-resolution comparative mapping can be carried out by chromosome painting(zooFISH), where DNA isolated froma single chromosome of one species can be amplified, labeledwith
a fluorescent probe and hybridized in situ to metaphase chromosome preparations of another.
Comparisons between human and cat chromosomes reveal extensive regions of synteny, in some
cases with entire chromosome-chromosome conservation, whereas the regions conserved between
humans andmice are much smaller (the X-chromosome is particularly strongly conserved because
of the constraints of dosage compensation (q.v.) for X-linked loci). At a finer scale, comparative mapping can reveal conservedlinkage between markers within syntenic segments. The types of markers
used for comparative studies are genes (which vary little within species) rather thanthe hypervariable microsatellitemarkers used in pedigrees (these are polymorphic within species, but hardly ever
conserved between species). The conservationof functional DNAsequences shown by comparative
sequencing can help to identify genes and regulatory elements in extragenic DNA. Comparative
mapping in mammals is enhanced by the use of anchor
reference loci. These are located within chromosome segments, showing conserved linkage in all mammals with genome maps under
construction (such segments are SCEUSs: smallest conserved evolution unit segments). Unique sequences
(sequence-tagged sites) identified within SCEUSs and in other regions can be used
to generate marker maps towhich all future mammalian genome mapscan be aligned. These sequence-tagged sites
conserved in all mammals are termed CATS (conserved anchor-tagged sequences).
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121: Reassociation kinetics in the determination of genome properties

k t analysis. Before genome analysis
by sequencing tary strand. The reassociation reaction thus takes
NELS feasible, reassociation kinetics (the analysis of longer to reach the half-way point.
:he behavior of single-stranded nucleic acids annealCot cuwes. Data from genomic Cot analysis are
ng in solution)wasused
to investigategenome
Droperties. Although this technique is now mainly of usually plotted as logloCoto.5 againstthe fraction of
reassociated DNA (1 - C/Co) to give a Cot plot or
iistorical interest,theprinciplesremainusefulfor
Jnderstanding genome architecture and nucleicacid Cot curve. For the simple genomes ofbacteria and
iybridizab’on in general (9.v.). Double-stranded DNA viruses,reassociation occurs over two orders of
magnitude of Cot values, and Cot curves are linear
:an bedenaturedormelted(separatedintosingle
strands) by heating, and if gradually cooled, will reas- overapprox. 80% of theirlengths. As the comsociate (renature, reanneal)
to form duplex molecules. plexity of the genome increases, Cot05 increases
The reassociation of single-strandedDNA in solution and curves are displacedto the right. The Cot plots
iollows second-order kinetics because there
are two of E. coli andbacteriophage k DNAare shown
below, together with polyuridilate/polyadenylate,an
strands,and the rate at which this occurs can be
sxpressed as shownin Equation 12.1, where C is the artificial ‘genome’ with the minimum complexity of
:oncentration of single-stranded DNA time
at t, and k 1. Eukaryotic genomessubjected to similar analysis
show reassociation over a much broader range of
S the reassociation rate constant. The proportion
plot can often be
Df single-stranded molecules remaining at any time, Cot values. The eukaryotic Cot
resolved into three overlapping curves, representing
given astartingconcentrationof
CO, canthusbe
determinedbyintegration,asshown
in Equation genome fractions with different sequence complex12.2. This identifies the product of CO and t as the ities. These are sometimes termed the fast, intermediate and slow components, and correspondto
parameter which controls the rate
of reassociation.
highly repetitive, moderately repetitive and unique
dC = -kc*
sequence DNA. The slow component gives
the best
(12.1)
estimate of true genome complexity, because most
dt
genesare
found in uniquesequenceDNA.A
(12.2) proportion of DNA also reanneals immediately. This
zero time binding DNA is also known as snapback or fold-back DNA because it represents
The point at which halfthe DNA has reassociated regions of dyad symmetry which can hybridize by
(t0.5) is chosen as a reference. Atthis point, C/Co = intramolecular base pairing. The Cot
plot of atypical
D.5, andbyrearrangingEquation12.2,
it canbe
mammal is superimposed over those of the three
shown that Coto.5 = l/k. Coto.5 is described as the simple genomes below.
Cot value,and is proportional to genomecomplexity. Thisis because ascomplexity increases, the Rot analysis. Reassociation kinetics has also been
used to investigatethe properties and abundance
of
relativeconcentrationofanyindividualsequence
decreases and takes longer to find a complemen- RNA components. RNA reassociates with compleA
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nentary DNA in solution, following similar kinetics to transcripts, each represented less than 100 times.
INA reassociation. The drivingparameter of the Most housekeeping transcripts are found amongst
saction is the initial concentration of
RNA and time, this component.
Nhich is described as Rot or the Rot value. RNA
sassociation with cDNA can be used to determine Drivers and tracers. The behavior of specific reasbe investigatedby includ3NA complexity, i.e. the representationof different sociating components can
ing a small amount of radioactively labeled material
3NA molecules in the cell.Reassociationexperinents of this type produce a broad Rot curve span-in the reassociationreaction,suchacomponent
ling several orders of magnitude which
can often be being describedas a tracer. The kinetics of the reacssolved into three components,the abundant com- tion are governed by the reassociation components
present in excess, such a component being
Donent, the intermediate component and the rare
:omponent. The abundant component hybridizes described as a driver (a reaction whereDNA is
at low Rot values and is often termed the simple present in excess over RNA is described as a DNAthe concomponent because it comprisesless than 50 driven reaction and follows a Cot curve;
distinct mRNAs. These may be represented up to verse is an RNA-driven reaction which follows a Rot
10000 times each in the cell, accounting for up to curve). An RNAtracer placedin a DNA reassociation
50% of the entire mRNA population. The abundant reaction allowsthe expressed DNAcomponent to be
identified, and this type of experiment was used to
component often representtissue-specifictranshow that most genes lie in unique sequence DNA.
scripts:examplesinclude a- andP-globin,actin,
myosinandalbumin
mRNAs. The intermediate Where it is necessary to identify a component which
does not hybridize in a reassociation reaction, the
component hybridizes at Rot values between1
and 102, and comprises100-1000 transcripts with a reaction can proceed to saturation, which can be
representation of a few thousand copies
each. The observed as a plateauing of the Cot or Rot curve.
rare or scarce component hybridizes at high Rot Such saturation kinetics experiments canbe used,
values and is often termed the complex compo- e.g., to identify the proportion of DNA not represented by a specific population of
RNA.
nent because it comprisestens of thousandsof

O-*

Box 12.2 DNA typing

The basis of DNA typing. DNA typing orDNA
profiling involvesusingminisatellite
DNA(VNTR
DNA) to generateacollectionof
DNA fragments
which, when separatedby electrophoresis, provides
anunambiguousprofile ofany individual(sucha
profile is sometimestermedaDNA
fingerprint).
Minisatellite DNA is highly polymorphic (in termsof
the number of repeat units per site), and there are
many minisatellites in the genome, preferentially
located in subtelomeric regions. Unrelated individualsarethereforeextremelyunlikely
to generate
identical profiles if enough sites are typed simultaneously, but because minisatellites are transmitted
as Mendelian traits, related individualsshould have
similar profiles, and the number of matching
DNA
fragments will correspond to howcloselyrelated
they are.

obtained from animals and plants and comparedto
stored references to determine their origin, e.g. in
the case of stolen endangered birds and their eggs.
Thetendency for VNTR alleles to be shared by
related individuals can also be exploited. This can
help establish paternity (see the examplebelow),
confirm apedigree,orshow
that individuals are
related (e.g. in immigration disputes).

DNA typing methodology. The originalDNA typing
procedureinvolved cutting DNA with restriction
enzymes and typing by Southern hybridization(q.v.)
using a locus-specific probe. The sizethe
ofrestriction fragments would depend upon the number of
repeat units in each minisatellite. These techniques
require a relatively large amount of fresh(i.e. undegraded) DNA, whereas evidencefor forensic testing
isusuallyavailableonly
in small quantities and is
Applications. The ability of DNA typing to generate often old and hence degraded. These problems can
individual-specific DNA profiles is appliedin criminal be solved to a certain degree by using the polyinvestigations. DNA can be isolated from tissues merase chain reaction (9.v.) to amplify across the
and body fluids left at the scene of a crime (usually microsatellite repeats.PCR typing produces similar
blood, semenorhair)and
compared with control profiles but is applicable to minute samples (e.g.
a
samples taken from suspects.
Similarly, DNA can be dried spots of blood, single hairs) and tolerates
Continued
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sources,andsamplesandcontrolsareroutinely
tested in different laboratories.

A Father

A B

C D

The figure shows a simple example DNA
of typing usedin a paternity dispute.The VNTR loci of the father
(A),
mother
(B)
and two children (C,D)are shown.The paternity of Child C is undisputed, Abut
suspects heis not the father of Child
D. DNA
obtained from blood is cut with restriction enzymes (small arrows show restriction sites flanking the
VNTR
sequences), resolved by electrophoresis and used
in a Southern blot with a probe corresponding
to the invariable region
flanking theVNTR (dark bar). Electrophoretic bands of different sizes are generated for each allele, depending on the nu
ber of repeats (shown as numbers). The profile shows that while Child C has inherited one
VNTR sequence from each
is not derived from
parent, ChildD has inherited oneV N l R sequence from the mother and an unrecognized allele which
A (shownas a black band).A is therefore likelyto be correctin the assumption that he is not the father of Child
D.

fl

Box 12.3 Limitations to the accuracy of linkage mapping
Summary of limitations. Linkage mapping is inherLinkagemappingusingrecombinationfrequenently inaccurate when either very large or very smallcies is therefore accurate over short distances (i.e.
to occur),
interlocus distances are considered. This
is because: where multiple cross-overs are unlikely
but not where thetwo loci under study areso close
regardless of the distance between loci, the
to include themin a segmaximum recombination frequency
is 50% due that recombination is likely
ment of heteroduplex DNA. In addition,
to the statistical distribution of cross-overs with
(4) regionaldifferences in recombinationfrequency,
respect to the four chromatidsof the bivalent;
and the presenceof recombination hotspots and
the effects of multiplecross-overscausea
coldspots, means that there is not a constant
progressive underestimation of recombination
relationship
between
genetic
and
physical
frequency as the interlocus distance becomes
distances. Recombination frequencies also differ
larger;
between sexes and species.
the effects ofnonreciprocalrecombination
of recombination fre- Maximumrecombinationfrequency.
interfere with the analysis
Locion
quencies as the interlocus distance becomes
differentchromosomesassortindependently,and
very small.
the recombination frequency is 50% because the
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larental combination of chromosomes willbe
The fundamental weakness of genetic mapping is
lbtained just as frequently asthe recombinant com- that any evennumber of cmss-overs will be typed as
lination due to random orientation of homologous parental andany odd number asrecombinant.
)airs atthe metaphase plate. For syntenic loci, inde-Eventually, the interlocus distance becomes
so large
lendent assortment is impossible, but recombinant that the probability of generating an even number of
laplotypes can be generated by crossing over. As
cross-overs is equal to that of generating an odd
:he distance between loci increases, the chance of number andthe frequency of recombination
is 50%.
1 cross-over also increases, but the recombination At this point, even loci on the same chromosome
‘requency never rises above 50% because even if behave as if they are assorting independently.
:he distance is so large that a cross-over is guaranIn
:eed, a single cross-over involves only
two chro- Multiple point crossing and mapping functions.
natids of a bivalent and only half the products of principle, the underestimation of genetic distances
meiosis are recombinant. If double cross-overs are can be corrected by attempting to detect multiple
cross-overtypes or by predicting true distances
:onsidered, the distribution ofdifferenttypesof
double cross-over againensuresa
maximum from the underestimated ones.
In genetically amenable species, the detection of
‘ecombination frequency of 50%: only double
by includ:ross-overs involving all four strands generate four multiple cross-over types can be achieved
in the classical
recombinant chromatids(100% recombination), but ing more loci inthecross,as
so that the mapped
double cross-overs involving only two strands are Drosophila three-point test cross,
In
statistically equally as likely
to occur, and these gen- region is broken into smaller interlocus distances.
erate four parental chromatids (0% recombination). humans, multipoint mapping of disease genes onto a
frameworkofmarkers is moreadvantageousthan
Double cross-overs involving three strands generate
two parental andtwo recombinant chromatids(50% two-point lod scoreanalysis,becausewithmany
recombination).The
overall recombination fre- different markers, thereis less chance of uninformativemeioses.Theuseofmorethan
two loci also
quency is thus 50%.
allowsgeneorderalong
the chromosome to be
Multiple cross-overs. The linear range over which determinedunambiguously.
In some fungi (e.g.
genetic distanceis proportional to physical distance Aspergillus, Ascobolus) the four products of meiosis
isshort(about 15 mapunits).Asinterlocusdisare retained togetheras a tetrad in a sac-like structances become greater, the distances determined ture termed an ascus. Here, it is possible to derive
by recombination frequency progressively underes- two-point linkage data corrected for double crosstimate the real genetic distance between markers.
overs because the products of each meiotic chroThis is due to the effect of multiple cross-overs.
(tetrad analysis).
matid can be identified
Linkage mapping works on the basis that a singleThe correction of inaccurate genetic map
cross-over between two heterozygousmarkers
distances is facilitated by a mapping function, a
changesaparentalgenotypeinto
a recombinant mathematicalrelationshipbetweenrecombination
genotype, a change which can be scoredby typing frequencyandgeneticdistance.Therearethree
the products of the cross. Up to a certain point,
typesofmappingfunction,Haldane’s,Kosambi’s
increasing distance betweenloci increases the like- and Ott’s. Haldane’s function is the simplest as it
lihood of interlocus single cross-overs, allowing the assumes randomdistribution of cross-overs and no
frequency of recombinationaccurately to predict interference(seebelow). It can be expressed as
physical distance. However, with further separation, follows, where d = genetic distance andr = recomdoublecross-oversbegin
to occur.Suchevents
bination frequency:
should be counted as two single cross-overs, but in
a two-locus cross the double cross-over types are
-In(l- 2)
d=
indistinguishable from parentalsand would be
2
counted as such. The number of scored cross-over
events is thus smaller than the true value, and the Interference. Where one cross-over occurs, doesit
recombinationfrequency,andhence
the distance influence the initiation of a second? Interference
between loci, is underestimated.
describes such an influence,positive interference
As interlocusdistanceincreasesfurther,higher
where one cross-over inhibits another and
negative
orders of multiple cross-overs can occur. However, interference whereone
stimulates another. In
Drosophila, interference can
be estimated by asking
triple cross-over types will be scored as recombinants and quadruple cross-over typesas parentals whethertheobservednumberofdoublecrossovers for a given three-point crossis that expected
becausethegenotypes will beindistinguishable.
Continued
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from the frequency of each single cross-over class. There is also a higher frequency of recombinationin
The product law states that the probability of
two femalescompared to males,andmalesshowan
events occuning together is equal to the product of obligatory cross-over in the pseudoautosomal region
theprobabilitiesofeachsingleeventoccurring
. of the X Y pair, so the recombination frequency is
always 50%. Note that the Y-chromosome does not
alone.Theexpectedfrequencyofdoublecrossovers is thus the product of the observed frequen- have a meiotic map, because it is never involved in
be
cies of the single cross-overs. Interference
is calcu- cross-overevents,althoughgeneticmapscan
lated as follows, where I is the index of interfer- generated by radiation hybrid mapping.
Recombination hotspots are often endonuclease
ence, and c is the coefficient ofcoincidence:
targetsitesbecausecleavageprovidessingle/=l-c
stranded DNA fortheinitiation
of homologous
recombination (9.v.). Such sites include the chi site
and
in E. coli and related sites in otherbacteria.
Observed frequency of double crossovers Recombination hotspots cause the overestimation
C=
ofgeneticdistancebecause
if recombination is
Expected frequency of double crossovers
initiated preferentially at certain sites, loci flanking
In eukaryotes, it is generally observed that recom- thosesiteswouldundergorecombinationmore
bination shows positive interference,
i.e. one cross- often than average.However, on the scale of the
over inhibits the initiation of a second cross-over
whole genome, recombination hotspots are relativenearby.Recombinationbetweenveryclosemarkly evenly distributed. Their effects are only evident
ers, however, shows evidence of negative interferwhen small distances are considered, leading
to the
ence,i.e.severalcross-oversappear
to beclusphenomenonof polarity in yeastcrosses,where
tered. However, this is an illusion created
by the pro- differentallelesareinvolvedin
gene conversion
cessing of heteroduplex DNA and is explained by events with different frequencies, dependingon the
gene conversion (q.v.) rather than strand exchange. extent of branch migration (q.v.) from the initial site
of the cross-over.
Regionalrecombinationfrequency
variation,
Recombination coldspots are often sites where
hotspots andcoldspots. Linkage mapping relies on
the random distribution of cross-overs, but thereis homologous DNA fails to synapse effectively. This
usually occurs where there is steric hindrance, e.g.
regional variation within the genome and sites where
recombination is promoted (recombinators, recom- in an individualheterozygousforachromosome
the
binogenic elements, recombination hotspots) and inversionortranslocationwheresynapsisat
breakpoints is prevented. Loci flanking such a site
inhibited (recombination coldspots).
In humans, thereis regional variationin recombina- appear closer than they really are because the frequency of recombination between themis low. The
tionfrequencywithineverychromosome.Crossto
overs tend to be much more frequent in telomeric inability of complex rearrangementisomers
synapse can be exploitedto prevent recombination
chromosomeregionsthanaroundthecentromere.
/
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124: DNA sequencing

DNA sequencing methods. Until 1977, deter- sequence to be read directly from the electrophoremining the sequenceofbases
in DNA (DNA sis gel or autoradiograph.
Maxamand Gilbert sequencing involves the
sequencing) was a laborious process which could
chemical degradation of a restriction fragment with
only be applied to small molecules such as tRNA.
reagentsthatmodifydefinedbases.The
Sanger
Two different techniques for rapid, large-scale DNA
sequencingweredevelopedatthistime,
both of sequencing methodinvolvesDNAsynthesis,and
which involved the generation
ofnestedsets of DNA eachreactionincludesasmallamountofoneof
thefour2’,3’-dideoxynucleoside
triphosphates
fragments,differing in length in steps of asingle
(dideoxynucleotides, ddNTPs). Theseare
nucleotide. Four sequencing reactions are carried
teloout in parallel, each of which generates nested frag-gens, i.e. nucleotides which cause chain termination
ments ending at a defined base. The side-by-side
because they lack 3’
a hydroxyl group for extension,
electrophoresis ofthese
reactions allows the andhencethe
technique is often termed the
Continued
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dldeoxy method or the chain terminator method. Isotopically labelednucleotides are incorporated
Maxam and Gilbert sequencing was initially
the most during primer extension and there are four reactions
popularbecause
it could be carriedoutusing
each containing small amounts of one of the four
restriction enzymes and common laboratory dideoxynucleotides. Each reaction thus generates
a
reagents, whilethe Sanger method required special- nested set of labeled products, beginning with the
ized reagents and the use of M13 vectors. Withthe sequencing primer and ending at a specific base.
advent of phagemids (q.v.), and the increasing com- These are resolved by electrophoresis in adjacent
mercial availability of fine reagents such as lanes, allowing the sequence to be read from the
dideoxynucleotides, the Sanger method has gained autoradiograph (see figure). Originally,
the technique
popularity. It is the most suitable method for auto- demanded single-stranded templates
in M13-based
mation in large-scale sequencing projects, and most vectors.Suchtemplates
still generate the best
general sequencing is now carried out in this way. results, but it is possible to carry out doubleMaxam and Gilbert sequencing is usedforsome
stranded sequencing by first denaturing a dsDNA
specialist applications such
as DNase footprinting(q.v.). template suchas a plasmid. The sequencing primer
Severalnovelsequencingmethodshavebeen
anneals to onestrand only, so onlyoneof
the
developedmorerecently,ofwhich
two maybe
strands is used as a template.
likely to be used in the future. The first, scanning
tunnelingmicroscopy and,similar
in principle, Recent innovationsin chain terminator sequencing. Many of the recent innovations in chain termiatomicforcemicroscopy
canmapthesurface
structure of aDNA molecule, andwith technological nator sequencing result fromthe drive to automate
improvements may be able
to discriminate between the process and increase the rate at which
individual bases.
The
second,
hybridization sequence information can be gathered. Multiplex
sequencing allows many clonesto be sequencedin
sequencing, usesarrays of immobilizedoligonuin the same gel lanes:
cleotides to generate hybridization maps. the same reaction and run out
eachclone is sequencedwithout incorporating a
Hybridizationsequencingwouldrequireimprovecan later be used
ments in automatedoligonucleotidesynthesis as label using a unique primer which
to
identify
the
sequencing
ladder
specific to that
grids representing,e.g., all possible octamers would
clone by Southern hybridization (q.v.). Dyerequire the synthesis and positioning of over
50000
terminatorsequencing usesdideoxynucleotides
separate molecules.In the future, it may be possible
to alignthousandsofoligonucleotides
on small labeled with fluorescent dyes. Four dyes are used,
one for eachbase,andeach
emitting a different
chips for hybridization, and direct pattern analysis
wavelength of light. This allows all four reactionsto
by computer to determine sequences rapidly.
be run in a single lane and
the sequence to be read
Maxam and Gilbert sequencing.In this technique, by a detector at the bottom of the gel during electrophoresis (real-timesequencing). This not only
fourreactions are carriedout in whichanendlabeled restriction fragment is incubated with increases throughput, but because the information
reagents that modify or remove a specific
type of is fed directly from the detector into a computer, it
also reduces clerical sequence
errors.
Cycle
base. Dimethylsulphatemethylatesguanine,acid
removes any purine, hydrazine modifies any
pyrimi- sequencing is a hybrid between chain terminator
sequencing and PCR. A double-stranded template
dine and hydrazine with NaCl specifically modifies
but the
cytosine. The modified bases are then removed by isused,andasinglesequencingprimer,
piperidine, and the strand is cleaved at the abasic reaction is carried out by thermal cycling using a
site. The reagents are used at concentrations whichthermostable DNA polymerase (see The Polymerase
cause each DNA strand to be modified at only one Chain Reaction (PCR)). Cycle sequencing reduces
position, so that a nested set of fragments with a artefactscaused by secondary structure in the
common labeled end and different but base type- template, and because the products accumulate in
fashion (q.v. asymmetric PCR), small
specific unlabeled endsis generated. The four reac- alinear
tion productsarerunside
by sideon the elec- amounts of template can be used. Cycle sequencless
accurate than standard
trophoresisgeland the sequenceread from the ing is, however,
sequencing because thermostable polymerases
autoradiograph.
such as Taq DNA polymerase are error-prone.
Standardchainterminatorsequencing.
In this
For
technique, primers are annealed to single-stranded Sequencingstrategyingenomeprojects.
DNA and extended by DNA polymerase - a high- large-scalesequencingprojects, such as genome
processivity,recombinant form of l7 DNA poly- sequencing,largegenomicclonesareoftensubmerase, termed Sequenase, is often used. cloned randomly into phagemid vectors, generating
Continued
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Template

5' N A T T C T G C T A C Q G A

3'+""""

Primer

Reaction iduding ddATP

5' "--00ATTCMCTACGGAddATGCCT
ddACGATGCCT
ddAGACGATGCCT
ddAAGACGATGCCT

Reaction including ddClP
5' "-aaAlTCTGCTAcaaA-

3'

A

C

G

T

3'

ddCT
ddCCT
ddCGhTGCCTddCTMGACGATGCCT
ddCCTMGACGATGCCT

Reaction including ddGTP
5' "--OGATTCTGCTACGGA-

3'

ddQCCT
ddGATGCCT
ddGACGATGCCT
Reaction including ddlTP
5' 4 G A T T C T G C T A C G G A -

W C
WGCCTC
ddTMGACGATGCCT C

1
1

3'

1

majority of DNA sequence information, which are
continuously updated as new sequences are published. Special databases are also available
to store
the rapidly expanding collection of expressed
sequencetags from genome projects (see main
text), andmodel organism databases show genome
maps,genesequences
andexpressionpatterns.
The databases are available to research scientists
throughout the world via the internet, and can be
used in conjunction with sophisticated analysis
Handling and storage of sequence information. packages for mapping, sequence alignment, predicBioinformatics refers to the rapidly expanding tion of protein sequences, homology and function.
most sequenceinformation is freely
computertechnology dedicated to the storage, Atpresent,
analysis, comparison and organization of DNA and available, but the growingcommercialinterest in
protein sequence information. There are three
coor- exploitation of genome science has resulted in the
dinated databases: EMBL (distributed by the inevitable but alarming possibility that corporations
EuropeanInformaticsInstitute),GenBank
(distrib- such as drug companiesandfarmingindustries
uted by the US National Centre for Biotechnology) could control the use of genome sequences to proand DDBJ (the DNAdatabase of Japan), holding the tect their interests and investments.

a large number of overlapping clones.These
are picked andsequenced arbitrarily (shotgun
sequencing) and the sequence information is fed
into acomputer, which can detect overlapsand
align the inserts to form a contig map with single
nucleotide resolution. Any remaining gaps may be
filled by primer walking on the original genomic
clone, where a primer is designed to extend from a
sequencedregion into the gap,resulting in the
recovery of the missing sequence.
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Chapter 13

Mobile Genetic Elements
Fundamental concepts and definitions
Mobile genetic elements are segmentsof DNA able to move from site to site in the genome,
or between genomes in the same cell. Found in both prokaryotes and eukaryotes, they are a
diverse group differing in structure, mechanism
of mobilization, distribution, freedom of
movement and levelof autonomy.
The mobilityof some elements has a clear cellular function,
but most are believedto be selfish
DNA or accidentally mobilized DNA. In higher eukaryotes, a significant proportion of the
genome is made
up of functional and 'ghost' transposable elements (those inactivated by mutation). Some bacterial mobile elements have developed a symbiotic relationship with the host
cell. Mobile elements play
an important role in genome evolution.
Mobile elements can be placed into three broad categories according to their level of independence. At one endof the spectrum, mobile elements able to exist in two states
- either integrated into the host genome or as autonomous extrachromosomal replicons - are termed
episomes (e.g. bacteriophageh, the F plasmid). At the other, elements whose mobility
is controlled by the cell to mediate specific genomic rearrangements are termed cassettes' (e.g. yeast
mating type cassettes, trypanosomeVSG cassettes). The mobilityof episomes and cassettes is
facilitated by homologous or site-specific recombination (q.v.) which restricts target site choice,
often to a single locus. Finally, those elements which cannot replicate outside the host genome,
butwhichcontroltheir
own mobilitywithinit,aretermedtransposableelements(e.g.
P-elements, retroviruses). They mobilize by transposition, a form
of recombination requiring
no homology between the element and its target, and therefore allowing a degree
of freedom
in target site choice. The transposable elements are the largest category
of mobile elements and
demonstrate great diversity in structure, transposition mechanism and level
of autonomy.
Some mobile elements are viruses. Bacteriophage h is an example of a viral episome, while
bacteriophage Mu is a transposable element- it must integrate into the host genome in order
to replicate. The eukaryotic retroviruses are also transposable elements.
Transposable elements fall into two major classes based on their active transposition mechanism. Class I transposable elements (retroelements) utilize an RNA intermediate during the
transposition process - an integrated element is transcribed, then reverse transcribed to
generate acDNA copy which is integrateda at
new site. ClassI1 transposable elements (transposons) transpose directly as DNA, either by excision and integration or by a replicative
process whereby one copy
of the element is left at the original site and another is integrated at
a new site.
Transposable elements are active
or autonomous if they encode the functions required
for their
own transposition (or at least its initiation, leaving the cell to finish the process). For transposons, the minimal requirements are the enzyme transposase and the cis-acting sites it recognizes, allowing the element to determine the boundary between itself and host DNA. For
retroelements, reverse transcriptase is required in addition to the transposase (which is generally termed integrase2). Other transposable elements, described as defective, lack enzyme
functions but retain the cis-acting sites and may be mobilized intrans by an active element.
Elements mobilized intrans are describedas nonautonomous or passive. The active and defective elements form families
of related sequences.
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A large and structurally diverse family
of nonautonomous retroelements represent sequences
RNAs transposed
with no similarity to known autonomous elements, and appear
be cellular
to
adventitiously when reverse transcriptase and integrase are supplied
trans.
in These generate
the processed pseudogenes which are abundant in many vertebrate genomes.
A second derivative typeof element lacks appropriate cis-acting sites for transposition and is
cistherefore 'grounded', but encodes the trans-acting functions and can provide them to
competent elements in the same cell, an example being the wings-clipped derivative of the
Drosophila P-element.

'A cassette is a segmentof exchangeable genetic information. Variabilityat most genetic lociis allelic,
of cassettes include the yeast
but cassettesare nonallelic in that they originate at different loci. Examples
mating type cassettes, the variable surface antigen of
genes
trypanosomes, and the antibiotic resistance
genes which are found at bacterial integrons.
As M extension of the term, a cassette is an
also
exchangeable oligonucleotideused for in vitro mutagenesis (q.v. cassette mutagenesis).
ZIntegraseenzymesencodedbyclass Itransposableelementsarehomologous in structure and
II transposable elements, both having nickase and
function to transposase enzymes encoded by class
transesterification activities. Confusingly, the site-specific recombinase enzyme encoded by bacteriophage
h is also termed integrase, but it is not a tranpsosase. The two enzymes are functionally similar, but
transposase has great specificity for the transposable element although not its target site, whereas
site
specific recombinases recognize both the donor and recipient sequences in recombination.
13.1 Mechanisms of transposition
Overview of tmnspositi~nmechanisms. Transposable elements can be divided into two families

according to their general mechanism of transposition. Transposons mobilize directly as DNA,
whereas retroelements employ an RNA intermediate. Within each family,several specific types of
transposition mechanism can be used. Beforedescribing individual mechanisms in detail, however,
some general points, applicableto all transposable elements, are considered.
(1)Proliferation. All transposition events have the potential to increase the number of copies of
the transposable element in thegenome; this can be accomplished activelyor passively.
(2) Stages oftransposition.Transposons actively mobilizein three stages (Figure 23.2): (i) the donor
cut stage, an endonucleolytic cleavage reaction catalyzed by transposase
which separates the transposable element fromthe host DNA; (ii)the strand exchange stage, apair of transesterification reactions also catalyzed by transposase which jointhe 3' ends of the transposable element to hostDNA
at the target site; (iii)the repair stage, DNA synthesis undertaken by the cell which fills any remaining gaps. Retrotransposons precede these three stages by transcription and reverse transcription to
Retroposillon
Relmlransposilion
Transposition
Integrated element

Integrated element

Integrated element

c

c

Transcription

Transcription

c

c

Reverse Transcription

Reverse Transcription

c
Donor cut

Donor cut

c

c

Strand exchange

Shand exchange

c

c

c

Repair synthesis

Repair synthesis

Repair synthesis

Interaction i t target site

4

c

c

Integrated element

Integrated element

Integrated element

Figure 13.1: Overview of the three major active transposition mechanisms which are utilizedby class II,
class 1.1 and class 1.2 elements, respectively.
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Agum 13.2 Mechanism for the generationof target site duplications(TSDs), a hallmark of transposition but
not of other mechanismsof recombination, which conserve the recombining sequences exactly. Staggered
is joined to the5' overhangs. Repair
nicks are introduced at the target site and the transposable element

synthesis over the resultinggaps generates direct repeatsof the sequence between the nicks. Almost all
elements generate TSDs, but those that do not (e.g.IS97) probably introduce a blunt-ended break at the
target site.
generate a cDNA for processing and integration. Nonviral retroelements integrate into host DNA
essentially utilizing only the DNA repair stage of transposition.
(3) Target site duplication. For most transposable elements, the strand exchange stage of transposition occurs at a staggered break in the target DNA, so that the freshly integrated element is initially flanked bysingle-stranded DNA tails. Repairsynthesis over the gaps generates direct repeats
of the sequence at the target site, so-calledtarget site duplications(TSDs) (Figure 23.2). Most transposable elements generate TSDs of specific length, but the heterogeneous class 1.2 retroelements
generate variable sized TSDs even within the same genome, probably because they utilize broken
DNA ends adventitiously.
(4) Target preference. Transposable elements vary in their preference for target sites, some integrating at specific sequences, others appearing to integrate at random. The E. coli transposon Tn7
usually integrates at a specific site,but can switch to random transposition if the site is unavailable.
Most elements avoid integrating into preexisting elements of the same type, i.e. they display cisimmunity (c.f. twintrons). Where individual transposition events can be studied, many elements
demonstrate topographical preference. Some eukaryotic transposons move only a short distance
(1-10 kbp) fromtheir donor site; this is regional reintegration. Bacterial replicativetransposons prefer to move to plasmids rather than from plasmids to the bacterial chromosome.
Conservative and replicative transposition.
Transposition mechanisms can be
either conservative or
replicative. Conservative transposition(also callednonreplicative or simple transposition, or the

cut-and-paste mechanism) involves the excision of the element from one site and its integration at
another. The active transposition mechanism does not increase the copy number of the element,
although this may be achieved passively (see below). Replicative transposition (also called nonconservative or complex transposition) involves duplication of the element, one copy remaining
at
the donor site and one copy integrating at the target site. Retroelement transposition is necessarily
replicative because the element yielding the transcript which is converted into a cDNA forintegration remains in the genome.
For transposons, the difference between conservative and replicative transposition reflects the
timing of the donor cut reaction, as shown in Figure 23.3. In both cases, transposition is initiated by
a donor cut atthe 3' end of the element, providing free ends for interaction with the target site. In
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Figure 13.3 A unified model of conservative and replicative transposition. Donor DNA
is shown as thin lines,
target DNA as thick lines, the transposonas an open box. Strand breaks are introduced at the positions
f conservative
indicated by pointers, and replication is shown by in-strand arrows. In this model, the ostages
and replicative transposition are shown
as being common until the formation of the
Shapiro intermediate,a
structure where donor and target DNA are joined together.
If a 5’ donor cut occurs, the donor DNA is
released and transpositionis conservative. If not, replication proceeds across the joint and transposition
is
replicative. The order of eventsis not necessarily the same for all elements. For instance, the
5’ donor cut
so that a Shapiro intermediateis never formed. This mechanism may
be used
may precede strand transfer,
by transposons which always follow the conservative pathway. Additionally, the target is
site
cut to
thought
occur during strand exchange transesterification,
so that thereis never a double-strand break in the target
DNA (c.f. homing introns, passive transposition).
conservative transposition, the donor DNA is released by an additional cut at the 5‘ end of the
element, leaving a gap inthe donor DNA.For replicative transposition, only the 3’ end of the transposon is cut, so that the donor and target DNA remain physically joined. Repair replication across
the transposon, primed by the free3’ ends of host DNA,then duplicates the element.The unified
model of DNA transposition is based on the study of well-characterized transposable elements
including bacteriophageMu, Tn5 and retroviruses.There are different versions of themodel which
place the major reactions in different orders.Most important is the timing of the 5’ donor cut: if it
occurs beforestrand exchange, the element is released as a free molecule,whereas if itoccurs after
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strand exchange, the element is transferred directly from site to site. For those elements such as
bacteriophage Mu which transpose either conservatively or replicatively, the 5‘ donorcut is
optional, and probably occurs after strand transfer. Fortransposons such as P-elements and Ac-Ds
elementswhichalways transpose conservatively, the 5‘ donorcut probably precedes strand
transfer. Little is known of the mechanism of 5’ end cleavage.
Resolution. Following replicative transposition between, for example, two plasmids, the circles
become joined to forma composite structure termed a cointegrate, with copies of the transposable
element marking the boundary between each contributing replicon. Transposons which move in
this manner also carry functions which separate the cointegrate into its two constituent replicons, a
process termed resolution. Each transposon encodes resolvase, a site-specific recombinase which
acts on a short sequence within the transposon, the internal resolution site (res). Recombination
between two res elements in the cointegrate catalyzed by resolvase separates the two molecules.
Resolvase exhibits strong directionality in its activity, i.e. it rarely converts separate molecules into
a cointegrate. This specificity may be caused by topological constraints (4.v. site-specific recombination, DNA topology).
Passive transposition. Passive transposition describes any process where the mobilization of a

transposable element is not self-controlled. Thereare two types of passive transposition.
(1) In-trans passive transposition occurs by the same mechanism used by active elements and
is facilitated by enzymes (e.g. transposase, reverse transcriptase) supplied in trans by an active
element. Only nonautonomous elementsmove by in-trans passive transposition.
(2) Cell-controlled passive transposition is an apparent transposition event caused bycellular
DNAreplication (Figure 13.4). Both autonomous and nonautonomous elements move by this
process.
All elements must increase their copy number by transposition to avoid extinction. For those
elements thattranspose conservatively, amplificationmust be achieved passively by the cell. Cellcontrolled passive transposition occurs in two ways. (1)Transposition from replicated to nonreplicated DNA - this method is utilized by, for example, the Ac-Ds elements of maize. (2) Repair of
excision breaks by gene conversion - this method is utilized byDrosophila P-elements, for example,
and is also the sole transposition mechanism of homing introns and inteins (q.v.). Additionally, copy
number may be increasedby increasing the copy numberof the host replicon - this occurs for bacterial transposons which integrate into plasmids andbacteriophage genomes.
Retrotransposifionand retroposition. Class 1.1retroelements mobilizeby transcribing an integrated

element andconverting the transcript into a cDNA copy which is then integrated at a new site (the
process of cDNA synthesis is discussed in more detail as partof the retrovirus (q.v.) infection cycle).
For retroviruses, mobilization occurs inthe context of the viral infection cycle, i.e. the transcript is
packaged into the viral particle along with reverse transcriptase and is introduced into the cell,
whilst for other retrotransposons, the entire cycle occurswithin the confines of the cell.
Once cDNA has been generated, retroelements of the viral family follow a pathway which is
similar to transposition by transposons, but because it includes an extra reversetranscription stage,
it is termed retrotransposition. The cDNAusually has a small amount of host DNA sequence flanking it (often 2 bp), and this is removed fromthe 3’ end of each strand by integrase in a reaction analogous to the 3’ donor cut stage of transposition. The integrase then facilitates a transesterification
reaction betweenthe free 3’ ends of the cDNA and the host DNA at the target site. Integration is followed by repair synthesis, which generates 2 bp target site duplications and presumably removes
the remaining 2bp of ’old’ donor site DNA from the 5’ ends of the element.
Class 1.2 elements mobilize using a mechanism unrelated to retroviral replication. The cDNAis
generated either by self-priming or by DNA-priming at the target site. Integration is achieved by
cDNA ’repair synthesis’ across the target site using RNA as the template. Because this pathway
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Replicated D N A
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Figure 13.4: Increasing copy numberduring conservative transpositionby cell-controlled passive
transposition. Two mechanisms are shown, each divided into pretranspositionstage (A),active transposition
and passive transpositionstage (C). Homing introns and inteins use the second mechanism without
stage (B)
actively transposing: intron- or intein-encoded endonuclease cleaves homologous, intronlessDNA and the
sequence is copied to the intronless alleleby gene conversion.

lacks mostof the steps in classictransposition but involves a reversetranscription step, it is termed
retroposition.Retrotransposition and retroposition mechanisms are shown in Figure 13.5.
Regulation of transposition. Behaving as selfish DNA, successful transposable elements mobilize

often and increase their copy number whereverpossible. However, uncheckedtransposition would
destroy the host genome and any transposable elements contained within it. Most transposable
elements therefore regulate their own transposition. Such regulatory mechanisms control not only
the frequency of transposition, but also its timing in relation to the cell cycle and the nature of the
target site. An exception to this rule is the transposing bacteriophage Mu, to whom the survival of
the host, E . coli, is inconsequential. The virus destroys the host genome byrepeated transposition.
The multiple copies are then packaged along withhost DNA into phageparticles.
Transposition maybe regulated in a number of ways, and the Drosophila P-element and bacterial transposon TnZO are well understood in this respect. Many transposons encode a transposase
repressor colinear with part of the functional transposase. P-element transposition is restricted to
germ cells in this manner. The transposase gene is interrupted by three introns, and differential
splicing occurs in germ cells and somatic cells. In the germ cells, all three introns are removed and
the mature transcript encodes a polypeptide of 87 kDa with transposase activity. In somatic cells,
intron 3 is not removed and a truncated polypeptide is generated due to an in-frame stop codon
within the intron. This truncated protein may act as a repressor of transposition in several ways it could bind to the substrate of the genuine transposase and block its activity, or it could combine
with the enzyme itself and inhibit it. Similar mechanismsmay be used byother transposons, e.g. the
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Figure 13.5 Overview of retrotransposition (upper) and retroposition (lower) mechanisms. The integrated
element is shown as an open box, RNA as a thin line and DNA as a thick line (that generatedby repair
synthesis as a broken line, corresponding to positionof target site duplications).

Ac element of maize, although in this case there is no tissue-specific splicing. Tn5 also generates a
truncated repressor, in this case byutilizing an alternative translational start site.
TnZO represses its transposition by transcription from a promoter called pow having opposite
polarity to the transposase promoter pm.Transcription fromp o w represses transposition in several ways: bycountertranscription against the pm product, by productionof antisense RNA, and by
preventing the transposase binding to its recognition site. TnZO transposase is an example of an
enzyme which shows
&-preference, i.e. it acts only on the element which encoded
it. Although the
basis of cis-preference is not clear, it represents another mechanism of transpositional control:
increasing the TnZO copy number does not
increase the amount of available transposase and therefore does not lead to an increase in transpositional activity.
Both the binding of transposase and transcription from pm are inhibited by DNA methylation
(q.v.).TnZO contains several Dam methylation sites, and its transposition is therefore effectively
restricted to a window just following replication when one of the strands is unmethylated. This
encourages the element
to transpose only when there is a secondcopy of the genome in the cell, so
that any damage causedby excision may be repaired by recombination. DNA methylation is used
to suppress transposition in eukaryotes and appears to be a copy-number-dependent defense
system against overproliferation (see DNA Methylation and Epigenetic Regulation).
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13.2 Consequences of transposition

Genetic consequencesof tmnsposition. Transposable elements were first recognizedby their ability
to cause mutations, and insertional mutation (gene disruption) is the most direct consequence of
transposition. However, transposable elements can also influence gene expression by interfering with
the relationship between the gene and itsregulatory elements, or by modulatingDNA structure.
Insertional mutagenesis can affect single genes ormany genes at once (q.v. hybrid dysgenesis).The
classic effectof transposition is the generation of
an unstable mutant allele,
a mutant allele (q.v.) that
reverts to wild-type with high frequency, but whose reversion rate is not influenced by mutagens
(because the reversion represents an excision event). In bacteria, insertional mutations in operons
are often polar because transcription throughthe element is blocked, or because downstream genes
cannot be translated efficiently (q.v. polar mutation). Bacterial transposons often possesstranscriptional terminators orcomplex secondary structuresat their borders to prevent invasive transcriptio
from neighboring promoters. This protects the element from ectopic activation of transposition,
which could be lethal to the cell.
The modulation of gene expression without direct insertional inactivation occurs if the element
carries an endogenous gene whose expression is controlled within the element, or if it carries an
endogenous regulatory element which influences the expression of adjacent genes. Such phenomena are often seen in retroviruses andhave led to theisolation of many oncogenes (q.v.). An element
may influenceneighboring gene expression with one of its own regulatory elements, e.g. strong promoters are often found in the long terminal repeats (q.v.) of retroviral-type elements. Additionally, the
element may possess a sequence which creates a hybrid regulatory element upon insertion, e.g.
many IS elements carry sequences which resemble the -35box motifs (q.v.) of bacterial promoters
and may activate repressed operons such aslac, which lack such motifs.
Gene expression may be influenced by modulation of the structural properties of DNA. The
insertion of IS2 can activate cryptic operons by altering the topology of the local DNA (similar
effects are caused by point mutationsin the gene encoding DNA gyrase). DNA methylation is used
by some eukaryotes torestrict transposon proliferation, but if a transposon insertsnear a repetitive
endogenous sequence, this can be targeted by the same system, resulting in epigenetic silencing (see
DNA Methylation). Silencingof local genes can also be brought aboutby the DrosophiZa retrotransposon gypsy, which can induce loss of function effects even when it inserts several kbp away
from
the gene. The gypsy element contains a repetitive sequence which acts as a boundary element (q.v.),
thus defining a region of repressed chromatin.
Stnrctural consequencesof precise transposition. Transposition events mediatea range of struc-

tural rearrangements in the flanking host DNA. Such events are simplest when the donor and
target sites lie on different molecules, e.g. on separate plasmids (intermolecular transposition).
Conservative transposition results in the integration of the element into the targetreplicon, leaving
a gap in the donor replicon (which may be lost if the gap is not repaired).
Replicative transposition
generates a cointegrate, a replicon fusion containing two copies of the element, and this may be
resolved by sitespecific recombination, producing an unchanged donor replicon and a target replicon with a new insertion. These alternative schemes are represented in Figure 23.6. A new range of
structures can be generated if the element moves to a new site within the same
replicon (intramolecular transposition). Duringreplicative transposition, the particular relationshipof the strands as
they are exchanged determines whethera deletion or a duplicative inversion is generated, as show
in Figure 23.7.Conservative intramolecular transposition involving, for example, an IS element does
not cause any rearrangement (although generates
it
a break at the excision site). Compound transposons, however, cangenerate a range of deletion and inversion derivatives containingonly one IS
element and lacking the internalregion of the transposon.
The precise excision of a transposon duringconservative transposition does not return the structure of the donor site to its preintegration state. This is because, if the break is repaired by direct
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Replicative

Conservative

Figure 13.6 The consequences of intermolecular transposition.D, donor molecule:T, target molecule:
C , cointegrate. The cross shows site-specific recombination (resolution).

J

Transposition

I

Repair synthesis

I

Deletion inversion
Duplicative

Figure 13.7: Structural consequences of intramolecular replicative transposition. The donor molecule
(D) has
four loci a, b,c, d, where c is originof replication. The middle row shows the alternative Shapiro
intermediates which canform when the donor and target sequences lie within
the same circular molecule
(compare theseto Figure 73.3). In one configuration,DNA synthesis across the intermediate generates a
duplicative inversion. In the other, DNA synthesis across the intermediate dividesthe original repliconin two.
The circle lackingthe origin of replication,c, is lost. The other circle persists as a deletion mutant.
ligation, the targetsite duplications remainas a footprint of the transpositionevent. Depending on
the size and position of the footprint,
precise excision from a gene may stillrestore gene expression.
For example, Spm elements generate a 3 bp duplication whichrestores the original readingframe.
Even footprints which
are not multiples of three nucleotides may eventually revert
secondary
due to
mutations. Many integration events occur in noncoding DNA, and in this case the footprint may
have noeffect.
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Consequences daberrent tmnsposition.So far, only ’legitimate’ transpositionevents have beencon-

sidered. Aberrant or imperfect transposition processes
include one-ended transposition, where only
one endof the transposon is integrated at the target site,partial transposition, when only part of the
transposon actually moves, leaving a large
footprint at the donor site, and cryptic-site transposition,
where flanking host DNA is mobilized along with the transposon because it is recognized by the
transposase. Two transposons can also facilitate
adventitious cooperative transposition to mobilize a
segment of intervening DNA, the efficiency of this process being inverselyproportional to the disnattance between the individual elements. Compound transposons of bacteria perform this process
urally, but small circular replicons can sometimes
transpose the ‘wrong’ central region, i.e. the rest of
the replicon instead of the central region of the transposon. This is termed inverse transposition.
Consequences of host-cell actiwity. The host cell can facilitate passivetransposition of integrated
elements as partof normal DNA metabolism. However, cellular DNA metabolism can
also mediate
aberrant rearrangements whichoccur by three major processes: (1)attempts to repair gaps left by
excision; (2) recombination within elements; (3) recombination between elements.
Excision of a transposon leaves adouble-stranded break at the donor site. The cell oftenattempts
repair by homologous recombination using as the template either a sister chromatid (or a sister
genome in bacteria) or, in eukaryotes, a homologous chromosome. Alternatively, the broken ends
may be directly end-joined, a process which may be perfect
(resulting in a simple target site duplication footprint) or may be precededby somedegradation of free ends, generating a deletion. Repair
mediated byhomologous recombination oftenleads to passive transposition in eukaryotes because
an allele containing an integrated element may be usedas the template. Alternatively,if the homologous chromosome lacks a transposon, an uninterrupted allele may be used as a repair template,
resulting in properreversion, i.e. removalof the element and its target site duplications. Occasionally,
only part of the information in a transposon-bearing allele is used for homologous mcombination,
resulting in a ’partial’ passive transposition,giving the effect of an imperfect excision.
An alternative response to the appearance of a double-strand break isthe formation of P-DNA1,
inverted repeats of host DNA at the donor site. P-DNAis generated by strand-to-strand sister chromatid ligation at the broken chromosome ends following replication, generating a hairpin which
effectively joins the two chromatids together. Subsequent segregation of the dicentric compound
chromosome causes random breakage at the end, generating an inverse duplication on one chromosome and a deletion on the other. The newbreaks are then joined following replication and the
process is repeated, aso-called breakage-fusion-bridge cycle,which eventually ceases when
telomeres are added to the broken ends(q.v. illegitimate recombination).
Recombination within transposable elements can result in their (passive) excision from the
donor site. This occursby homologousrecombination between inverted terminal repeats or direct
repeats, the former often resulting in perfect excision(but leaving atarget site duplication footprint),
the latter often leaving a larger footprint comprising a single copy of the direct repeat. The latter
process is probably responsible for the prevalence of ‘solo’ retrotransposon LTRs in many eukaryotes, e.g. the 6 elements of yeast, which are the LTRsof the Ty retrotransposons. Recombination
between target-site duplications can also occurand causes reversion. Thus partial excision, perfect
excision and reversion are all possible results of recombination within transposable elements, and
the length of the repeat region appears to play and important role in the mechanism favored by any
particular element.
Similar processes occurwhich are independentof host and transposon-encoded recombination

*P-DNA usually refers to inverted repeatsof DNA at transposon excision points caused by hairpin-mediated
repair.Thesameterm,however,maybeusedtodescribethetertiarystructureformedbycertain
DNA
sequences in alcoholic solvents andalso to anyDNA synthesized during the pachytene stage
of meiosis (4.v.).
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systems, and generally leave a footprint of the element involved. In this case, intrastrand hairpin or
stem-loop structures may formbetween inverted terminal repeats: replication across the looped out
region results in a deletion in the daughter strand.This is an extreme example of ‘strand slipping’
as a form of illegitimate recombination (q.v.).
Finally, transposable elements with moderate-to-high copy numbers represent portablerecombinogenic sequences. Recombination between dispersed homologous elements on the samechromosome can cause deletion, inversion or (for linear chromosomes) circularization. Recombination
between two elements on different chromosomes can cause terminal deletions, chromosome fusions
(cointegration), and translocations.
Global aspectsof transposition. The consequences of transposition havebeen discussed interms of
single transposition events. However, there are several tens
to over a million potential transposable
elements in anygiven genome, and it is necessary to consider the wider implications of transposition. The role of transposable elements in the evolution
of gene structure and genome organization
is discussed in other chapters (see Genomes and Mapping, Proteins: Structure, Function and
Evolution)
In Drosophila, hybrid dysgenesis describes the simultaneous appearance of many deleterious
mutations in the progeny of a specific cross. Dysgenic offspring are often sterile and havea high
frequency of chromosome rearrangements and mutations, but the mutationsare unstable and can
revert to wild-type in subsequent generations. This phenomenon is caused by the simultaneous
activity of many transposable elements. In Drosophila, two transposable element families cause
hybrid dysgenesis, P-elements and I-elements. P M dysgenesis occurs when Pstrain males (males
carrying P-elements) are crossed with M-strain females (femaleslacking P-elements). The reciprocal
cross does not produce dysgenic offspring; nor doesa cross between P-strain males and Pstrain
females. Thecytoplasm of P-strain eggs contains a repressor of P-element transposition, whereas the
cytoplasm of the M-strain does not. These are termed the P- and M-cytotypes. WhenP-strain sperm
DNA is released into an M-strain egg, the many P-elements in the sperm genome are activated
simultaneously and jump to new
sites, causing numerous mutations. Conversely, P-elements
released into a P-strain egg are immediately repressed by the repressor already present. The repressor is thought tobe the truncated transposase productencoded by the P-element itself (seeabove).
Bursts of transpositional activity are seen in plantswhich globally regulate transposon mobility
by DNA methylation. Many different families of elements are mobilized simultaneously, indicating
that most elements areregulated by a common mechanism. Unlike the situation inDrosophila, the
periods of transpositional activity in plants appear to coordinated
be
and reproducible effects which
are regulatedin a developmental context. It is not clear whether thisreflects a specific rolefor transpositional burstsin development.
Trensposable elements as research tools.
The remarkable properties of transposable elements have
made them desirable tools for the molecular biologist. Their ability to jumpbetween genomes has
enabled them to be used as gene delivery vectors, and theirtendency to disrupt genes has allowed
them to be exploited as mutagens. They have been used to introduce genome rearrangements, as
mobile reporter systems and as tagsto clone nearby genes. The many ways in which transposable
elements can be exploited are summarized in Table 13.2.

13.3 lkansposons
Structure and subclassification of transposons. The term transposon was coined to describe a bat-

terial transposable element carrying genes for antibiotic resistance as well as those concerned with
transposition functions. More recently, the term has been adopted to encompass all transposable
elements which mobilize directly as DNA, i.e. all classI1 transposable elements.
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Table 13.1: Some waysin which transposable elements are
exploited for further detailssee Recombinant DNA,
Mutation and Selection
Use

Examples

Gene deliveryvector

Introductionof
genes into bacterial chromosomes by cloning in a
transposon and introducing by transformation
Introductionof genes into Drosophila by injecting plasmidscontaining
recombinant P-elementsinto germ cells
Introduction of genes into plants by delivering recombinantAc-Ds elements
on Ti plasmid vectors
Generating transgenicmice using recombinant retroviralvectors
Gene mutation
Generation of random mutantsby general insertional mutagenesis
Isolation of specific mutants by PCR using transposon and gene-specific
primers
Generation of targeted mutationsby transgene-mediated repairfollowing
excision
StructuralrearrangementsGeneration
of nesteddeletions in bacteria by intramoleculartransposition
Generation of specific genome rearrangements by delivering FLPFRP
recombinase systeminto genome
Gene expression
Induce
overexpression
of neighboring
genes
using
strong
promoter
Assay for endogenous regulatoryfunctions using entrapment vectors(q.v.)
Cloning
Cloning
genes directly from mutant
organisms
using
transposon
aas
flag
- transposon fagging(9.v.)
Include plasmid origin of replication
in transposon to facilitate plasmid
fescue (q.v.)
In vivo cloning with bacteriophage Mu - isolate genes directly from mutant
cells by packaginginto phage heads
Gene mapping
Mapping
plasmids
insertional
by mutagenesis
Introducing portable sequencing primer template
to facilitate large-scale
sequencing experiments

A
ll transposons have a conserved structure comprising one or more open reading frames
(one encoding transposase) flanked by inverted terminal repeats(ITRs). The terminal repeats are
necessary for transposition and
are the substrates recognized by the transposase. However, theyare
often notsufficient, and further internal
sequences are required.
IS
Three major groups of
transposons are recognized in bacteria: class I transposons include the
elements (simple transposons) and composite transposons; class I1 transposons are the complex
transposons; class I11 transposons are the transposingbacteriophages related toMu. A fourth class
has been proposed to represent transposons which do not fit into any of the above classes. All
eukaryotic transposonsresemble bacterial IS elements in that they encode only the functions
required for transposition. Most have
a canonical structure comprising
a central region flankedby
short IT&. A special class of transposons termed foldback elementsconsist mainly of large inverted repeats. Little is known of how
these structures mobilize, but they are not thought to utilize an
RNA intermediate. Transposon structure i s summarized in Figure 13.8.
IS elements. Bacterial transposable elements were discovered as a consequence of their ability to
cause unstable but strongly polar mutationsin E. coli. Hybridization analysis showed thata small

DNA sequences was responsible for many of the
observed mutations, and these
family of inserted
were termed insertionsequences (IS elements). About 100 different IS elements have been identified, the majorityin enteric bacteria and their plasmids. They
are all small( ~ 2 . kbp)
5
and consist of
by imperfect inverted terminal
repeats which differin size, sequence
a central unique region flanked
and relatedness. The central region may contain1-3 open reading frames, one of which encodes
transposase, but there are n o genes for nonessential functions. For thisreason, they are k n o w n as
simple transposons. Different IS elements alsodiffer with respect to theirtarget-site preferenceand
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Figure 13.8 The structureof different classes of transposons. (A) A bacterial IS element. (B) A compound
transposon with IS elements in same orientation.(C) A compound transposon with IS elements in opposite
orientations: ISL and ISR are assigned according to the polarityof the genetic map of the internal region. (D)
A complex transposon. (E) A typical eukaryotic transposon. (F) A eukaryotic foldback element.tra is a gene
for transposase; only one of the tra genes needs to be functionalin B and C. ORF is a genefor nonessential
function, e.g. antibiotic resistance.
Table 13.2 Properties of some IS elements

size

Element
Name

IS7
32/41
IS2
IS3
29/40
IS4 1611
17/22
IS70
IS97

20123768
1327
1258
1426
1329
=l 800

ITRs ( U R )

8
a19

TSDs

Target-site
preference

9
5
3
11-13
9
0

AT rich with terminal G or C

Hotspots in P2 genome
?
M N 2 0 m
GCTNAGC
?

ITRs, inverted terminal repeats; TSDs, target site duplications.

Note that the left and right (UR) inverted terminal repeats usually differin length as well as sequence. All
sizes are in base pairs.
the size of the target-site duplications they generate. These properties reflect the specificities ofthe
transposase encoded by each element.Table 23.2 lists the properties of some IS elements.
Composite and complex tmnsposons. Transposons were originally defined as bacterial transpos-

able elements which carried not only those genes required for transposition, but also nonessential
genes, e.g. for antibiotic resistance. Such
elements were distinguished from IS elements by the
IS elements are idendesignation Tn. Now the term transposoncovers all bacterial mobile elements,
tified as simple transposons whereas theother elements fall into the two categories described below.
Composite or compound transposons comprise a central region containing nonessential genes
flanked by two IS elements. The transposase functions,
and the substrates for transposition,are proto transpose the intervening DNA. The IS elements
vided by one
or both IS elements which cooperate
may lie in the same or opposite orientations, so that the composite transposon appearsto have either
long direct or long invertedrepeats (Figure 23.8). For some transposons, the flanking IS elements are
identical, whereas in others they are different, often because one of the elements has undergone
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Table 13.3 Features of bacterial composite and complex transposons
Name

Length

Marker(s)

Composite (class I) transposons
Nonessential genes flanked byIS elements
Tn5 Kanamycin'
5.4 kbp
Tn9

2.6 kbp

Chloramphenicol'

Tn903

3.1 kbp

Kanamycin'

Complex (class I/)transposons
Essential and nonessential genes flanked by inverted terminal repeats
Tn3
5 kbp
Ampicillin'
8.2 kbp
Tn501
Mercury'
14 kbp
Tn7
Trimethoprim'.
Streptomycidspectinomycin'

ITRs

Long (1.5 kbp). Inverted IS50
elements, only IS50R is
functional
Short (18123bp). Direct IS1
elements, both functional
Long (1 .l kbp). Inverted IS903
elements, both functional

38 bp
35/38bp
1.30 bp
~~

~

ITRs, inverted terminal repeats. = Resistance. Note that classI transposons include both the composite
transposons and the IS elements.

mutation and provides only the cis-acting functions. TheIS elements in composite transposons can
also mobilize individually. The maintenance
of the transposon (transposon coherence) reflects selective pressure for thephenotype conferred by theintervening DNA (also q.v. inverse transposition).
Complex transposons are more like individual IS elements in their organization, but contain
nonessential genes as well as those required for transposition. Both types of gene are found
together in the central region, which is flanked
by shortinverted terminal repeats. Table 13.3 lists the
properties of a representative sample of composite and complex transposons.
7hnsposon families in eukaryotes. In eukaryotes, transposons are termed class 11 transposable
elements (class Ielements mobilize using an RNA intermediate). This nomenclature is independent
from that distinguishing the different classesof bacterial transposon.
Transposons have been identified in many eukaryotic species
although they are poorly characterized in vertebrates and genome sequencing has shown they are absent from yeast. Most eukaryotic
transposons are similar in structure to bacterialIS elements, comprising a central region encoding a
putative transposase and other functions required for transposition, flanked by
short inverted terminal repeats.A distinct family of eukaryotic elements, foldback elements,
has much larger lTRs and a
ORFs which may encode transposition functions. The
pmpersmall central region containing several
11transposable element families are listed
in Table 13.4.
ties of major eukaryotic class
The first transposable elements to be recognized were maize transposons, of which there are 10
or more distinct families. As with other transposable elements, they were initially identified because
of their unstable mutagenic effects on endogenousgenes, and were termed controlling elements.
The genetic analysis of controlling elements allowed them to be placed into families and to be
classed as autonomous or nonautonomous. Molecular analysis has shown that this dichotomy
reflects the existence of full-length active elements and variable-length defective elements which
have lost essential transposition functions.An example is the Ac-Ds family: the autonomous
activator (Ac) elements are 4.5 kbp in length and encode a functional transposase, whereas dissociator (Ds) elements are defective derivatives of variable size. The Ac-Ds family possess 10-11 bp
imperfect terminal repeats and generate 8 bp targetsite duplications. A similar situation is found
for the Drosophila P-elements, which are the bestcharacterized and most widely exploited of all
eukaryotic transposons. P-elements were identified through the study of hybrid dysgenesis (q.v.),
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SDdeS

Class
families
I1 element

ITRs

TSDs

Drosophila
melanogaster

P
hobo
mariner
FB

31
12
28
Large
54
10/11
13

8

Caenomabditis
elegans
Zea

Tcl
AclDs
SpmIdSPm
Mul"

aimAntirrhinum

Tam1
Tam3

yotes
Several

8

2
9

2
8
3

5200

9

13114
12
Large

3

815
8

mCs, inverted terminal repeats; TSDs, target site duplications.
which is largely caused byP-element insertion. Some strains of D. me2anoguster contain 40-50 P-elements, whereas others lack them altogether. Autonomous P-elements are about 3 kbp long and are
flanked by 31bp perfect ITRs. They preferthe target site GGCCAGAC, and generate 8 bp target-site
duplications. About two-thirds of the P-elements in a given strain are defective, and range insize
from several hundred bpto 2.9 kbp.
In both cases, the transposase gene appearsto be the only open reading frame and is interrupted
by several introns. In P-elements, splicing is regulated differently in the germ cells and the somatic
lineage, so that transposition occurs only in the germ cells. In Ac elements, splicing is constitutive
and transposition is not restricted to the germline. Thus, one consequence of transposition in maize
is variegation, where different mutations occur in different cells and become clonally propagated.
Both P-elementsand Ac-Ds elements havebeen exploitedas gene transfer vectors and for the investigation of gene expression and regulation. Like bacterial transposons, these elements have been
used as mutagens and can be exploited to clonegenes by'tagging' (Table 13.1).
Mobile introns and inteins. Mobile introns are a classof transposable element found inyeast mito-

chondria. These introns contain an open reading frame encoding a site-specific endonuclease,
similar to bacterial restriction endonucleases except that the target sequence is much longer, typically >20 bp. The size of the target sequence meansthat it is rare,and in fact it is only foundonce in
the genome, at the site where the intron is inserted. The endonucleasetherefore cannot cleave host
DNA unless there is an intronless allele of the same gene present in the cell. If such an allele is
encountered, a doublestranded break is introduced which may be repaired by homologousrecombination with the intron-containing allele, a process which results in the intron being copied and
inserted into the intronless allele by geneconversion (this is an exampleof passive transposition, see
above). Theseremarkable elements may termed
be
homing intronsbecause of their ability to home
in on a particular site within the target gene. Even more intriguing, however, are the homing
inteins, which arepolypeptides spliced out of nascent proteins after translation (q.v. protein modifcation). These may also encode endonucleases, which in this case cleave within the open reading
frame of an inteinless allele of the same gene and initiate the transfer of the intein segment by
gene conversion.
Bacterial integmns. Integrons are bacterial operons incorporating various structural genes. The

integron consists of a regulatory region, an openreading frame encoding a site-specific recombinase
and a target site for the recombinase,attl, which canintegrate a variety of antibiotic resistance gene
cassettes carrying a 59-base element, which is also recognized by the recombinase. Unlike other
types of cassette system, where the target locus is never 'empty' and one cassette replaces another
by nonreciprocal recombination,integrons may be empty or may integrate one or more cassettesin

nition

180

Advanced Molecular Biology

tandem. In this case, recombination can occur between 59-base elements of different cassettes to
eliminate particular genes or establish stable junctions. Transcription through attl facilitates the
expression of all insertedgenes in a common operon. Because, like bacteriophage l., the integron
cassettes mobilize by site-specific recombination ratherthan transposition, they are not true transposons; the term site-specific transposon is useddescribe
to
such elements.

13.4 Retmelements
Structure end subcla~~ification
of retmelements, Retmelements (Class I elements) are genetic
elements which mobilize by reverse transcribing an RNA intermediate and then integrating the
(cf. retrons) and, in
cDNA into the
genome. Such elements appearto be exclusive to the eukaryotes
yeast and vertebrates, i r e the predominant form of mobile
DNA. Retroelements can be divided
into
two majorfamilies. The viralfamily (class 1.1transposable elements) includes the
retroviruses (q.v.)
and nonviralelements which resemble them in structure and mechanism
of transposition (these are
termedretrotransposons).Thenonviralfamily
(class 1.2 transposableelements)includes
autonomous transposable elements which do notresemble retroviruses (termed retroposons) and
DNA sequences which appear to have been mobilized
by accident, due to the adventitious action
reverse transcriptase obtained in trans. These are k n o w n as retrosequences, and those corresponding to cellular mRNA are retrogenes, also termed processed pseudogenes (q.v.). The classification of
Table 13.5 Subclassification of retroelements
Retroelement
Retroelement
Viral family
Class 1.1 elements
Retrovirus

Pararetrovirus
Retrotransposon
Nonviral family
Class 1.2 elements
Retroposon
Retrosequence
(passive retroposon)
Retrogene
SINE
Retron

A transposable element mobilizingby reverse transcription of an RNA
intermediate
Retroelements resembling retrovirusesin structure and mechanismof
transposition
A virus which must integrateinto the host genome to replicate, and replicates
using an RNA intermediate. Characterizedby the possession of flankinglong
terminal repeats(LTRs) and three open reading frames
gag, pol, env, with pol
encoding reverse transcriptasehntegrase. Onlyfound in eukaryotes
A retrovirus-like particlewhich cannot transpose(e.g. due to lack of reverse
transcriptase). A defective retrovirus
A mobile elementwith the characteristicsof a retrovirus but lacking the ability
to form infectious particles (although some
kind of intracellularparticle may
be formed)
Retroelements which do not resemble retroviruses eitherin structure or
mechanism of transposition
A mobile elementwith dissimilar structure to retrovirus (i.e. lacking LTFis and
retrovirus internal organization)but which encodes reverse
transcriptasehntegrase
A mobile element similarin structure to a retroposon (no LTRs, polyadenylate
tail) but lacking reverse transcriptasehntegrase
function and requiring these
in trans
A retrosequence which resemblesa cDNA copy of an endogenous gene, a
processedpseudogene
Short interspersed nuclear element,a retrosequence originatingfrom a class 111
eukaryotic gene (e.g. N u , B1) which is repeated hundredsof thousands of
times in the eukaryotic genome
A bacterial operon of unknown significance encoding reverse transcriptase an
containing an untranslated regionwhich is first transcribed and then partially
reverse transcribedto generate a composite DNA-RNA structure. Retrons
are not mobile because theirproducts are unable to integrate, but they
may be classed as retroelements because
the sequence is mobilized by
reverse transcriDtion

Mobile Genetic Elements

181

Rehuposon (Class1.2)

Figure 13.9 Structures of eukaryotic retroelements. (A) Retroviruses possess long terminal repeats (arrows)
as well as gag, pollint and env ORFs. (B) Retrotransposons have a similar structure although they lacka
functional env ORF. (C) Retroposons lack retroviral structure and have a polyadenylate tail, but usually

as
possess ORFs for gag and pollint. (D)Retrosequences are nonautonomous retroelements, also known
processed pseudogenes, which are copiesof cellular RNA polymerase II transcripts. They possess a
polyadenylate tail and are not expressed when integrated, otherwise they are unrelated. SlNEs are abundant
processed pseudogenes of RNA polymerase 111 transcripts. They have bipartite internal promoters (shownas
blocks A and B) which allow them to be expressed.

Table 13.6 Retroelement families in some eukaryotic species
Species
Class

1.1 elements
Class
1.2 elements
Class
(retrotransposons)
(active
retroposons)
(passive
retroposons

1.2 elements

SlNEs and other
processed
pseudogenes)

Saccharomyces
cerevisiae
Drosophila
copia,
gypsy,
blood,
melanogaster
Mammals
Dictyostelium
discoideum
Zea

-

TY
F, I, G, jockey, D,Doc

B1 04

IAP, THE1?

LINE

N u , B1,ID

Tdd-l
Bsl

Cin4

different retroelements is summarized in Table 23.5.The structures of the various eukaryotic retroelements are compared in Figure 23.9 and some examples are listed in Table 23.6.

Class 1.1 retroelements. Retrotransposons share many structural features with retroviruses, including direct long terminal repeats, each flanked by short inverted repeats, and a central region
containing several open reading frames (see Viruses for detailed discussion of retroviral genome
structure and replication cycle).Similarities within the LT& often extend to recognizable U3,R and
U5 regions, similar promoter and polyadenylation sites, and a P-site to which the tRNA primer of
reverse transcription anneals. The central region of retrotransposons contains open reading frames
homologous to gag and pol, the latter encoding reverse transcriptase and integrase. The env gene is
usually missing or disrupted, however, and this may explain the inability of retrotransposons to
form infectious particles. The mechanism of retrotransposon activity is otherwise similar to that of
retroviruses. The retrotransposon transcript is localized to a ribonucleoprotein particle, undergoes
reverse transcription and then integrates into the genome, usually generating 2 bp target-site duplications. The mechanism of refrotransposition is discussed above.
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Class 1.2refroelementS. Class 1.2 retroelements represent all the retroelements not resemblingretroviruses, i.e. the nonviral family. Autonomous class 1.2 elements are retroposons. They lackthe LTRs
and canonical organization of retroviruses but may contain open reading frames withhomology to
retroviral gag and pol genes. Distinct familiesof retroposons exist in Drosophila, and the LINE-1 element of mammals represents an important class of moderately repetitive DNA (LINESare long inferspersed elements). Unlike other transposable elements, class1.2 elements generate target-site duplications varying in size, perhaps due to their adventitious exploitation of double-stranded breaks in
DNA. Cellular mRNAs often undergo passive transposition to form processed pseudogenes(these
are passive retroposons). There appears to be little control over which sequences
are transposed, and
although processed pseudogenes may compriseup to 10%of the higher eukaryotic genome, individual sequences are represented at a low frequency. SCRNA
pseudogenes (also known as SINES,for short
interspersed elements) are an exception to this rule, as certain sequencesof this class are highly repetitive, the best example beingthe human Alu element (a processed pseudogene of the 7SL RNA gene)
with a copy number approaching onemillion. The Alu element is reorganized compared with the
endogenous gene, but retains its internal RNA polymerase III promoter architectureand is therefore
expressed, which probablycontributes to its preferential amplification. Some mobile introns
are class
1.2 retroelements as they mobilizeby retrohoming, involving intron-encoded reverse transcriptase.
Bacterialrefmns.Transposable retroelements
are restricted to eukaryotes, although many bacteriahave

been shown to synthesize reverse transcriptase. The sole purpose of the enzyme appears to be the
production of multiple copies of a single-stranded DNA sequence (msDNA; multiplesopy,
single-stranded DNA) which is covalently linked to RNA (msdRNA; msDNA-associated RNA). The
msDNA-RNA structures have been identified in several bacteria. They differ in sequence but share
common secondary and tertiary structures. The distinguishing features
of msDNA-msdRNA structures
are as follows: (1)the 5’ end of the msDNA is covalently joined an
to internal guanidine residue in the
msdRNA by a 2‘+5‘phosphodiester bond;(2) the 3’ end of the msDNA andthe 3’ end of the msdRNA
form ashort hybrid duplex; (3)both msDNA and msdRNA form multiplestem loop structures.
The msDNA, msdRNA and reverse transcriptase are encoded at a single locus and are cotranscribed. The locus is thus termed a retron (reverse transcriptase operon). Some retrons have been
found as partsof prophage (these are termed retronphage) and can mobilize as part of the phage.
Retrons are generally nonmobile, however, and there is no evidencethat the primary transcript of
the retron can facilitateits integration into the genome like aretrovirus.
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Chapter 14

Mutagenesis and DNA Repair
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Fundamental concepts and definitions

A mutation is a heritable change in genotype by
caused
a change in the sequence
of nucleotide
residues in a given region
of the genome. Such changes arise in four ways, which are described
as formsof mutagenesis.
(1) Misincorporation of nucleotides during DNA replication.
(2) Damage to DNA (which may be spontaneous or may be induced by agents in the environment) and its repair by cell.
the
(3) Illegitimate recombination (e.g. end joining, strand slipping during replication, unequal
crossing-over) (q.v. illegitimate recombination, uneqtlal exchange).
(4) The activity of mobile genetic elements(see Mobile Genetic Elements).
Misincorporation and damage to single bases often generates point mutations, where one
nucleotide is exchanged for another (q.v.
transition, transversion). Point mutations within genes
can alter propertiesof the encoded protein, while those outside may affect DNA-protein interactions. Damage to bases can also cause lethal replication blocks. Otherof forms
DNA damage
(such as chromosome breaks), illegitimate recombination and mobile element activity often
cause more dramatic macromutations which affect many contiguous nucleotides. Mutations
can therefore affect gene function by several different mechanisms, and are often deleterious.
(see Mutation and Selection).
The cell devotes much of its resources to the maintenance and repair of DNA. It possesses
mechanisms to ensure the fidelity
ofDNA replication, to repair damaged nucleotides in
solution, to repair or replace damaged basesDNA
in and to regulate its activity
in response to
DNA damage.
All cells possess a spontaneous mutation rate, defined as the of
number
mutation events which
normally occur in the genome over a particular
time.
This
rate reflects the fidelity
of DNA replication and the efficiency
of DNA repair. Mutations in genes which control these processes may
increase or decrease the spontaneous mutation rate, and such genes are known as mutator and
antimutator genes, respectively(c.f. mutationfiequency).
14.1 Mutagenesis and replication fidelity
Misincorporation of nucleotides during DNA synthesis. Although DNA bases form specific pairs,

this is not a highly selective process and energetic considerations predict an error frequency of
1-10%. The components of the replication machinery enhance the accuracy of DNA replication by
several orders of magnitude using three major mechanisms:
(1) base selection by DNA polymerase;
(2) proofreading exonuclease activity of DNA polymerase;
(3) the activity of accessory proteins stabilizing the replication complex (e.g. singlestranded binding protein, which limitssecondary structure formation in template DNA).
DNApolymerases are highlyselective when dNTPs bind to the template-primer-enzyme
ternary complex, and mispaired nucleotides bind less well than correctly paired ones. The levelof
discrimination ranges from nil to 400-fold depending upon the particular polymerase, the type of
mispair and its sequence context. This reflects the influence of both base pair and stacking forces
in the discrimination step. In addition, the rate of the conformational change which occurs after
binding, and which positions the dNTPat the active site of the enzyme, is up to 5000 times greater
for baseswhich form Watson-Crick pairs. The rate
at which the phosphodiester bond forms is also
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greater for correctlypaired bases. Therelative importance of these three discriminatory steps varies
with each individual polymerase.
Proofreading is facilitated by a 3'+5' exonuclease activity intrinsic to the DNA polymerase.
There is a slight pause after each addition step whichallows the enzyme to remove mispairedbases,
but the major opening for proofreading occurs at the beginning of the subsequent polymerization
cycle. Therate of incorporation is very slow when the primer terminus and template
are mispaired,
and this provides a good opportunity for exonuclease activity.Thus proofreading is an opportunistic activity controlled by the inability of the enzyme to efficiently extend a mispaired terminus.
In E. coli, these factors reduce the cumulative error frequency to one misincorporation in every
lo7 base pairs, which is still 3-4 orders of magnitude higher than the observed spontaneous mutation rate. Thegreater fidelity is accounted for by post-replicative mismatch repair (q.v.),
which corrects
mismatched nucleotides on thenewly synthesized strand following replication.
Transient, spontaneous chemical changes in
DNA. The error frequency associated with DNA synthesis (before proofreading and mismatch correction) reflectsthe inaccuracy of the polymerase as it
selects nucleotides. In part, this is an intrinsic property of the enzyme (i.e. a propensity to insert
occasional mismatching nucleotides), but also reflects the ability of DNA bases to undergo spontaneous, transient changes involving the rearrangement of hydrogen atoms. Such changes are tautomeric shifts and the structural isomers formed are tautomers (Figure 14.1). All bases exist as a
mixture of tautomeric forms in equilibrium (although for those occurring in DNA and RNA, one
tautomer is very stable and shifts to the unstable form are short lived). The alternative tautomers
may pair with different bases in the opposite strand, e.g. the stable keto-tautomer of guanine pairs
only withcytosine, but the rare enol-tautomer pairs with thymine. Most tautomeric shifts are harmless because they occurin double-stranded DNA and quickly return to the original state. However,
if a shift occurs in the template during replication, a misincorporation can occur.If this is left uncorrected, a mutation appearsat the next round of replication. Theoriginal misincorporated base does
not constitute a mutation because it may be replacedwith the correct nucleotide before being used
as a template (Figure 14.1).
Frameshift mutagenesis. Selectivity and proofreading increase substitution fidelity, i.e. the accu-

racy of incorporating one nucleotide rather than another. Theother type of infidelity demonstrated
by DNA polymerases is frameshift infidelity, which occurswhen the template and primer strands
slip out of register during replication. This process,sometimes termed slipping,stuttering or chattering, generates small insertions or deletions. In coding regions slipping causes frameshifts (q.v.),
but the term has been adopted to describe all mutations of this nature regardless of where they
occur. Frameshiftmutagenesis dependsless on the properties of the DNA polymerase thanit does
on the nature of the template: such mutations are stimulated by repetitive sequences (which
promote slipping) and regions of complementarity (whichfacilitate the formation of hairpins
and other secondary structures). These regions are mutation hotsputs (see Mutation and Selection).

Figure 14.1: Mutagenesis by tautomeric shift. The normal keto-tautomerof guanine is initially paired with
cytosine, but it shifts to the rare enol-tautomer (indicated
by *) while acting as a template, causing thymine to
be incorporated in the opposite strand.This generates a mismatch but not a mutation, because the thymine
can be replaced by mismatch repair. If the thymine persists to the subsequent roundof replication, adenine

is incorporated in the granddaughter strand and the mutationis stabilized.
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Frameshift errors are increased by low processivity, suggesting that they occur preferentially when
the polymerase dissociates from the template (this offers a possible explanation for the observed differential fidelity of leading strand and lagging strand synthesis; see Replication). Frameshift errors
are reduced by single-stranded binding proteins which increase the stability of singlestranded
DNA and prevent theformation of secondary structures.
14.2 DNA damage: Mutation and killing
DNA damage. DNA is under assault at all times and sustains many types of damage, a damaged

region of DNAbeing referred to as a lesion. The effectsof DNA damage are twofold. (1)If a lesion
alters base pairing specificity, it is known as a misinstructional lesion andmay generate a mutation
during the next round of replication by the mechanism shown in Figure 24.1. (2) If a lesion renders
the DNA unable to specify a complementarybase, it is known as a noninstructional lesion and
may
cause a replication block (where the replication fork is stalled), which is lethal. DNA damage may
thus cause mutation or killing. To avoid the lethal effects of replication blocks, cells have evolved
damage tolerance mechanisms which allowreplication to continue in the presence of a lesion (q.v.
recombination repair, SOS response). Mutations occurring at the sites of lesions are targeted mutations,
whereas those occurring elsewhere, e.g.due to replication errors, are untargeted mutations(cf. gene
targeting). A lesion which heralds a mutation is a premutagenic lesion.
Classes of damage to DNA. DNA damage can be defined as any structure which is not part of a
normal intact DNA moleculeand whichmay, if left unattended, result in a mutation or a replication
block. Some classesof DNA damage are listed in Table 14.1.
Spontaneous and induced lesions.
DNA may sustain damage intrinsically (due to natural proper-

ties of the molecule itself)or extrinsically (due to the effects of outside agents). Spontaneous lesions
arise due to intrinsic properties of the DNA molecule or interaction with DNA-damagingchemical
agents, such as free radicals,produced as a by-product of metabolism. Mutations generated by
these
lesions, together with those occurring through replication and recombination errors, and the activities of mobile genetic elements, comprise the spontaneous mutations underlying the spontaneous
mutation rate(q.v.) of a given organism. Induced lesionsare caused by the application of DNA-damaging agents termed mutagens. However, the molecular mechanisms by which certain mutagens
and natural metabolic by-products cause DNA damage are identical, and here, discrimination
between spontaneous and induced
lesions becomes blurred.
Certain chemical reactions occurspontaneously within DNA to generate lesions. These include
deamination (the loss of amino groupsfrom bases),and baseloss by hydrolysis of theN-glycosidic
bond, a process described as depurination or depyrimidination depending uponthe type of base.
Deamination generates misinstructional lesions; the consequences of this are shown in Table 14.2.
Base loss by hydrolysis generates a noninstructional AP site (TabZe 14.1), which blocks replication.
During the E. coli SOS response (q.v.), however,translesion synthesis may occur across AP sites and
adenosine residues are preferentially inserted, the so-called A-rule. As wellas these intrinsic spontaneous reactions, a spectrum of oxidative DNA lesions is caused byreactive oxygen species,such
as free radicals. Deamination, base loss
and oxidative damage may also be induced by mutagens.
Agents in the environment which damage
DNA and lead to either mutation or killing are genotoxic (Table 14.3). Mutagens can be chemical, physicalor biological agents (Table 14.4). Chemical and
physical mutagens interact with DNA in such a way that bonds are broken or rearranged, or new
bonds formed,often involving the addition of new chemical groups. Biological mutagens are mobile
genetic elements (q.v.) which interrupt DNA by transposing into it; they also cause various types of
structural rearrangements (see Mobile Genetic Elements).
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Table 14.1: Classes of damagein DNA, and how they arise
Definition
Type of damage
Illegitimate
base
base
Aother
than
C,A,
(illegitimate
bases
may
be
found in DNA
normal bases which have been
damaged or inappropriate
bases in DNA such as uracil)

AP site

(apurinic or apyrimidinic site)

orG

T

An abasic site (a site where the
base has been removedfrom
the DNA backbone)
A site where one or more
nucleotide residuesis missing
from one strand of a duplex

Nick

A lesionin the backbone of one
strand of a duplex, without
loss of bases. Nicks maybe
characterized by further
damage to DNA ends which
prevent simple religation

Break (double-strand break)

Alesion in both strandsofa
duplex, such that the molecule
is cleaved

Cross-link

A lesion where DNA strands
become covalently joined.
Such a link may involve
two
parts ofthe same strand
(intrastrand cross-link)or two
separate strands, often the two
strands of a duplex
(interstrand cross-link)

Spontaneous deamination
Base damageby physical or
chemical agents
Uracil incorporatedduring
replication
Base analogs incorporatedduring
replication
Addition of bulky chemical
adducts to bases
Spontaneous base loss
induced hydrolysis
AP sites generated by the
enzymatic removal of
illegitimate bases
Gaps resultingfrom exonuclease
activity (often repair
associated)
Gaps resultingfrom incomplete
replication (including excision
of primers, and replicative
bypass)
Physicakhemical damage to the
DNA backbone
p-elimination of AP sites
Nicks remaining following repair
synthesis
Endonuclease activity associated
with many cellular processes
Physicakhemical damage to the
DNA backbone
Endonuclease activity associated
with certain cellular processes
UV-induced base dimerization
Chemically induced cross-linking

Table 14.2 The consequencesof deamination
Legitimate
base

Complementary

Adenine
Cytosine
Hypoxanthine
Thymine
Adenine
Uracil
Guanine
Cytosine
Guanine
Replication
UnstableXanthineCytosine
Adenine
Thymine
Adenine ThymineGuanine
5-Methylcytosine

Deamination

Complementary

Consequence
A-G transition
G-A transition
block

None

G-A transition

The base pairing specificitiesof the four DNA bases (plus 5-methylcytosine) and their deamination
products
are shown.
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Table 14.3 Classification of genotoxic agents

Definition
Genotoxic
agent

Carcinogen
Clastogen
Mutagen
Oncogen
Supermutagen
Telogen

An agent
promoting
neoplastic
transformation
of eukaryotic
cells.
Many
carcinogens are also mutagens,but the converse is not necessarily true
An agent
inducing
chromosome
fragmentation,
double-strand
i.e.
breaks
An agent
promoting
mutagenesis
either
by directly
interacting with DNA or by
generating metabolic products which do so
Aninducing
formation
tumor
agent
An extremely
potent
mutagen,
such
as ethylmethane
sulfonate
An agent
which
causes premature
termination
of replication,
e.g.
2',3'-dideoxynucleotides

Teratogen

An agent
inducing
developmental
abnormalities.
Not necessarily a genotoxic
agent, i.e. includes molecules which mediate their effects without altering
DNA structure

14.3 DNA repair
Repair mechanisms. If all DNA damage were left unrepaired, cells would quickly die due to the

accumulation of lethal mutations andthe inhibition of essential processes relyingon the integrity of
DNA (i.e. replication and transcriptiol,;. Cells have evolved numerous mechanisms to deal with
DNA damage, andthese can be divided into three groups:
(1) direct reversal repair mechanisms;
(2) damage excision and repair using complementary sequence;
(3) inducible damage tolerance.
Despite these safeguards, cells nevertheless fail eventually (for example,as seen in aging). However,
deterioration is significantly slowedby damageavoidance and repair mechanisms.
The types of lesion which can be directly reversedare limited - the resources required to synthesize enzymes capable of the specific reversal of every possible lesion would be vast. The major
DNA repair process in all livingorganisms is therefore excision repair, where the damagedDNA
is removed and new DNA synthesized over the resulting gap using the undamaged strand as a
template. This emphasizes an important advantageof the double-stranded DNA genome over the
single-stranded genomes of many viruses: if one strand becomes damaged, the other strand can
always be used to recover the missing information. Direct reversaland excision are therefore accurate, nonmutagenic or error-free repair systems.
In situations where (a) both strands of a duplex are damaged, @) damage occurs on a singlestranded region of DNA (such as the template strand during replication), or (c)where the excision
repair system is saturated, the cell can toleratenoninstructional lesions rather than suffer the lethal
effects of replication blocks. Under these circumstances, the replication fork may bypass a lesion
leaving a gap which may be filledby recombination with a homologous duplex, leaving the original lesion in situ. Alternatively, an inducible system of damage tolerance may come into effect
whereby the DNA polymerase synthesizes over the lesion with reducedfidelity. This error-prone or
mutagenic repair is responsible for many UV-inducedmutations in E . coli.
DNA repair mechanisms are essential for survival and integrity, and in animals the repair of
DNA is particularly important because mutations whichaffectcell
growth cause cancer (see
Oncogenes). A number of human diseases resulting from the loss of DNA repair function or of a
cellular response to DNA damage are listed in Table 14.5.

14.4 Direct reversal repair
Direct reversal of DNA damage. There are three classes of lesion subject to direct reversal repair:
(1) simple nickscanbedirectlyreligated;
(2) certain W photoproducts can be repaired by
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Table 14.4 Different classesof mutagen
Mutagens
Chemical mutagens
DeaminatingagentsMoleculesinducingbasedeamination,includingnitrousacidwhich
is
nonspecific and sodium bisulfite, which specifically deaminates
cytosine
Alkylating
agents
Molecules
reacting
with nucleophilic
centres in nucleic
acids
and
substituting
them with alkane groups and their derivatives. Such chemicals are often
potent mutagens; examples include ethylmethane sulfonate (EMS) and
dimethylnitrosamine. Alkylating agents cause various types of DNA lesion
base modification may change the base pairing potentialthe
of alkylated
base causing a misincorporation during replication; alternatively a bulky
adduct may block replication. Bifunctional agents (those which can alkylate
two nucleophilic centres) may
form cross-links
Donors of bulky
Molecules which, when metabolized,form reactive species whichadd bulky
addition products
chemical groups to bases. Examples include aflatoxinB1 and benzopyrene.
The consequence of such a reactionis a bulging distorted helix which
blocks replication
Base analogs
Molecules resembling baseswhich form nucleotides that canbe incorporated
into a growing nucleotide chain
(e.g. bromodeoxyuracil). Unlikethe major
bases, base analogs may demonstrate aberrant base pairing properties
(e.g.
they may pairwith more than one base because they
are stable in more than
one tautomeric form). Base analogs generate point mutations,
often in a
highly specific manner
Intercalating agents
Molecules with a planar component whichfits in between the bases of DNA
(e.g. ethidium bromide, acridine orange). Intercalating agents increase
the
length of the DNA strand by unwinding it. This induces frameshifts, blocks
replication and inhibitsnucleotide excision repair(q.v.) by sequestering the
enzymes into inactive complexes
Molecules facilitatingthe covalent attachmentof DNA strands. Such agents
Cross-linking agents
include bifunctional alkylating agents, nitrogen and sulfur mustards and
platinum derivatives. Planar molecules,psoralens, also cross-link DNA
bases when exposedto UV light
Physical mutagens
Ionizing radiation

UV radiation

Biological mutagens
Restriction enzymes
Mobile genetic
elements

Ionizing radiation causes a variety DNA
of lesions including damaged bases,
damaged sugar rings, nicks and breaks. The effects of ionizing radiation may
be direct (caused by ionization of atoms
within the DNA molecule) or indirect
(caused by the generation of other reactive moleculesin the cell,
predominantly reactive oxygen species, which then interactwith DNA)
UV-induced lesionsare termed photoproducts. The predominant effect ofUV
irradiation isthe generation of photodimers involving adjacent bases. The
most common photodimer is the
cyclobutyl pyrimidine dimer,occurring
between any two adjacent pyrimidines, T=T being most frequent,
followed
by C=T, T=C and C S . Another frequently observed photodimer
is the (6-4)
lesion, and photodimers involving purinesare also formed. UV radiation may
also induce damageto single bases, often by hydrating them. A unique
spore photoproduct is generated by UV irradiation of B.subtilis spores
Enzymes synthesizedby bacteria which introduce breaksinto ‘invading’ DNA
such as phage genomes(q.v. restriction and modificationsystems, restriction
endonuclease)
DNA sequences which can move aroundin the genome. Examplesinclude
viruses (e.g. bacteriophage Mu, retroviruses), episomal plasmids
(e.g.
F factor) and transposable genetic elements
(e.g. P-elements, Ty-elements).
These may be mutagenic dueto their insertion and interruption of genes, or
they may carry geneshegulatory elements affecting endogenous gene
expression. Dispersed copies may facilitate illegitimate recombination
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Table 14.5 Human inheriied diseases associated
with deficiencies in DNA repair
Disease
Ataxia telangiectasia

Bloom’s syndrome

Cockayne’s syndrome (CS)

Fanconi’s anemia

Hereditary nonpolyposis
colorectal cancer (HNPCC)
Trichothiodystrophy V D )

Xeroderma pigmentosum(XP)

Facial blood vessel dilation,
neuromuscular degeneration,
immunodeficiency

Sensitivity to ionizing radiation
suggests DNA repair defect,
and gene has been mappedto
chromosome 11q in humans,
although its function has not
been determined
Photosensitivity,
High frequency of sister
immunodeficiency, growth
chromatid exchange,
retardation, predispositionto
hypersensitivity to mutagens,
cancer
delay in joining Okazaki
fragments. DNA ligase
deficiency
Severe photosensitivity,
Similar to XP although
dermatosis and skin
neurological disorders,
cancers are rare. Three
dwarfism, optic defects,
disproportionately sized facial
complementation groups and
three genes identified, oneis
features and limbs
XPB, others specific to CS
Congenital skin and skeletal
Sensitivity to cross-linking agents
abnormalities, loss of blood cells
suggests DNA repair role.
Disease characterizedby
multiple chromosome
mutations reflecting chromatid
breaks. Four complementation
groups, and a geneFACC have
been identified
Colorectal tumors
Mutations in genes involvedin
mismatch repair
Brittle hair, scaly skin, growth
Many TTD cells cannotbe
defects, mental retardation.
complemented by XP-D cells
Photosensitivity in about 50%
suggesting thatTTD may
of cases
involve the XPD gene.
Suggested that different
mutations affectthe XPD
protein in different ways some its role in repair, others
its role in basal transcription
(9.v. TF//F)
Severe photosensitivity,
Seven complementation groups
skin cancers, ocular defects,
named XP-A to XP-G and
neurological disorders
XP-V. Human genesXPA, XPB,
XPC, XPD, XPF and XPG have
been cloned. Primary defect
appears to be in nucleotide
excision repair
.
.(seeTable 74.6)

photoreactivation; (3) certain alkylatedbases can be repairedby removal of adducts. n
I addition,
there are enzymes which repair damaged nucleotides before are
they
inserted into DNA (e.g. MutT
n
i E. coli).

Direct repair of nicks. Nicks generated by DNA damaging agents such as ionizing radiationcan be
directly repaired by DNA ligase ifthe 3’ hydroxyl and5’ phosphate groups are intact. Frequently,
however, such damage involves the modification of these end groups, and further processing is
required before ligation.
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Photoreactivation. Photoreactivation or photorestoration (PR) is a light-dependant DNA repair
mechanism in which certain types of pyrimidine dimer are cleaved (monomerized). This repair
pathway is found in many bacteria, e.g. Escherichiacoli and Salmonella typhimurium but not in
Bacillius subtilis, where the major product of UV irradiation, the spore photoproduct, is thought to
be monomerized by ananalogous but nonlight-dependent pathway. In E. coli, the enzyme responsible for photoreactivation is variously termed DNA photolyase, deoxyribodipyrimidine photolyase or photoreactivating enzyme, andis encodedby the phr gene. The photolyase binds to DNA
containing a pyrimidine dimerand, when exposed to light with a wavelength between300 and 500
nm, converts the dimer into pyrimidine monomers.
Photolyases with similar properties are found in many but not all lower eukaryotes, but there
is little evidence to support their widespread existence in higher eukaryotes (although a lightdependant enzyme which can
repair (6-4) photoproducts hasbeen described in Drosophila).
Photoreactivation should notbe confused withother, nonenzymatic mechanismsof monomerization: direct photoreversal occurs during continued W-irradiation of DNA and reflects the
establishment of an equilibrium between the monomer and dimer states of adjacent pyrimidines;
sensitized photoreversal occurs in the presence of tryptophan, which donates anelectron to facilitate monomerization.Furthermore, W irradiation mayperturb other cellular components,
inhibiting growth and allowing time forthe excision repair of photodimers, a phenomenon termed
indirect photoreactivation.
Direct repairof alkylated bases. In E . coli, @-alkylated guanine and @-alkylated thymine residues,

as well as methylphosphotriesterases(methylated phosphodiester bonds), are repaired by the Ada
enzyme (knownas 06-methylguanine DNA methyltransferase I, 06-MGT I before its broader substrate specificity was discovered). Adais bifunctional: one activity transferring an alkyl group from
the keto-group of the base, another transferring a methyl group from the methyl phosphotriester,
directly reversingthe effect of the methylating agent. Ada is known as a suicide enzymebecause it
transfers the alkyl groups ontoitself and becomes inactivein the process. A second alkyltransferase,
06-MGT 11, does not catalyze the transfer of methyl groups from phosphotriesters. Similar enzymes
are found in other bacteria and in eukaryotes, although their specificity forthe various substrates of
the Ada protein varies.
The adaptive response.In E . coli, there is a repair system stimulated by low concentrations of alkylating agents in the environment. This adaptive responseis SOS-independent (q.v. SOS mutagenesis) and involves the induction of the ada, aidB, alkA and alkB genes. The a l k A gene encodes 3-

methyladenine DNA glycosylase,which carries out base excision repair (see next section), recognizing a broad spectrum of alkylated bases.The ada gene encodes 06-MGT I, the Ada protein
discussed above, which effects the direct reversal of alkylation damage to DNA by transferring
alkyl groups from bases and methylphosphotriester bonds to the protein itself. The methyl groups
removed from phosphotriester bonds are transferred onto a C-terminal cysteine residue. This not
only inactivates the protein, but also converts it into a strong positive regulator of its own gene and
of aidB, aZkA and alkB. Inactivation of the protein caused by its repair activity thus stimulates its
replenishment by inducing geneexpression. Whereas alkylation of DNA bases occurs frequently,
the generation of phosphotriester bonds by methylation occurs only when the cell is exposed to
dangerous levels of alkylating agents, and a more concerted effortis required to remove them. The
adaptive response may be terminated by proteolytic cleavage of the methylated inactive Ada
protein, since certain cleavage products can act as inhibitors of adaptive response geneexpression.
The functions of aidB and alk2 are not known. Both ada and ogt (which encodes the 06-MGT11) are
transcribed constitutively at a low level, but only the Ada protein is a genetic regulator, and
consequently only the ada gene is inducible by alkylation in the cell.
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14.5 Excision repair
Base excision mpak Specific types of damaged or inappropriatebase can be removed from
DNA
by enzymes termed DNA glycosylases (Table 14.6) in a process termed’base excision repair(BER).
The base is removed by hydrolysis of the
N-glycosidic bond (Figure 16.2) which attaches it to the sugar
ring in the DNA backbone. The damaged moiety excised
is
as afree base, generating a second type
of DNA damage,anAPsite (q.v.).
DNA glycosylases have the followingproperties:
(1) They recognize a single, specific type of damaged or inappropriate base in DNA or a small
group of related chemical
adducts.

(2) They remove thebase by hydrolysis of the N-glycosidic bond. Certain
glycosylases m a y also
associated AP lyase activity, although this
introduce a nick 3’ to thesite of the damage through
activity is not required for subsequent stages of repair and its physiological significance
is unclear.
(3) Almost all DNA glycosylases act upon single bases and have n o specificity for larger, more
complex lesions involving multiple
bases. However, a DNA glycosylase specificfor pyrimidine
in bacteriophage T4 and
in Micrococcus lutats.
dimers is found
(4) Most DNA glycosylases recognize damaged or inappropriate DNA bases, but some which
recognize legitimate bases function during mismatch repuir (4.v.).
Table 14.6 DNA glycosylases and their substrate specificities, togetherwith the E. coli genes which encode
them and functionally homologous eukaryote geneswhere known. Each enzyme is named according to the
convention ‘substrate-DNA glycosylase(DG)’. The substrate is usually abbreviated(e.g. uracil = Ura)
Enzyme

Species

Gene Comments

Specificity

Ura-DG

E. coli
S. cerevisiae
Humans
E. coli

ung
UNG
UDG
tag
alkA

Uracil,
5-hydroxyU

S. cerevisiae

MAG

Humans
E. coli
S. cerevisiae
Humans
E. coli

MPG
fgp/mutM
OGG 7
OGG7
nth

E. coli

mutY

E. coli

nei

3-meA, 7-meG,
hypoxanthine
3-meA, 8-oxoG
Ring-opened
purines (e.g.
fapy, 8-oxoG)
Oxidized
pyrimidine
derivatives
Adenine in A G
and A:8-oxo-G
mispairs
Oxidized
pyrimidine
derivatives

T4
Micrococcus
luteus
Humans

denV
?

3-meA-DG

fapy/E)-oxoG-DG
Endonuclease 111
(thymine
glyCOl-DG)
MutY
Endonuclease Vlll
Exonuclease 1X
UV-endonuclease
GT mismatch

3-meA
3-meA, 7-meG,
3-meG, 02-meC
@-meT, 5-foU
5-hydroxyU
hypoxanthine

alkA part of
adaptive
response (9.v.)
to sublethal
doses of
alkylation
agents

Repairs oxidative
damage to
purines
Repairs oxidative
damage to
pyrimidines
Mismatch repair

Thymine dimers
Thymine in GT
mismatches

Mismatch repair
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UvrA

UvrB

UVrC

c

e

Helicase I1

“
DNA polymerase I
DNAligase

h

Figure 14.2 Nucleotide excision repair in E.coli. UvrA loads UvrB onto damaged DNA and then dissociates;
there is hydrolysis of ATP during this process. UvrC then binds to the complex and nicks are introduced5’
and 3’to the lesion (arrows).UvrD helicase then removes the oligonucleotide fragment and UvrC, leaving
UvrB bridging the gap. The gap is repaired by DNA polymerase I and DNA ligase; UvrB is expelled.

Completion of repair following base excision.After excision of the base by the DNA glycosylase,

an AP (apurinic/apyrimidinic) site is generated. This is recognized by a second class of repairspecific enzyme termed an AP endonuclease which introduces a nick 5’ to the AP site. In E . coli
there are two AP endonucleases:
(1) Exonuclease 111. Originally characterized as a 3‘ to 5‘ exonuclease with associated phosphatase activity (henceits name), the major physiological roleof this enzyme is its 5’ AP endonuclease activity. Expressed constitutively,this is the major APendonuclease andis encoded by the xth
gene. There are functional homologs in other species: ExoA (S. pneumoniue), APE/HAP (human),
APEX (murine), BAP (bovine) and RrpZ (Drosophila).
(2) Endonuclease IV. Normally constituting only 10% of AP endonuclease activity, this enzyme
is inducible by superoxideradicals reflecting the importance of oxidative damage repair. Encoded
by the nfo gene, a functional homolog, APNZ, is found inS. cerevisiue.
Following the 5‘ incisionto the AP site, a further enzyme, deoxyribophosphodiesterase
(dRpase), is required to hydrolyze the 5’ residue, resulting in a single nucleotide gap. DNA polymerase may initiate repair synthesis from this gap, replacing the missing nucleotide residue with a
repair patch of one nucleotide. Alternatively, DNA 3‘ to the damage site is excised, followed by
more extensive replacement synthesis. Finally the nick remaining after repair synthesis is closed by
DNA ligase (q.v.).
Nucleotide excision repaic Both direct reversal repair and BER involve enzymes recognizing

specific DNA lesions. Nucleotide excision repair (NER) is a system which recognizes a diverse
spectrum of DNA damage, including cross-links, bulky adducts and lesions involving multiple
bases. These are removed by a single, multipotent enzyme complex generating a gap which is
repaired by DNA polymerase and DNA ligase. It is not clear how NER enzymes recognize the
different lesions: some,but certainly not all, cause helixdistortion, yet natural perturbations such as
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kinks, hairpins and mismatches make poorsubstrates. The damaged DNA is released by hydrolysis of phosphodiester bonds either as an intact nucleotide or, more usually, as an oligonucleotide
fragment. The repair of pyrimidine dimers in DNA occurs in both light and darkness: in light,
dimers are repaired by photoreactivation (q.v.), hence light repair, whereas dark repair, which occurs
by a different mechanism, isnucleotide excision repair.
Nucleotide excision repair in E. coli. There are three major NER genes in E . coli: uvrA, uvrB and

uvrC, whose products combine to form an ATP-dependent endonuclease (variously termed the
UvrABC endonuclease or excinuclease, the latter because it is involved in excision; Figure 24.2).
Two molecules of UvrA bind to one of UvrB and the complex binds to the damaged DNA (the function of UvrA may beto load the UvrB protein). The UvrA moleculesthen dissociate (ATP hydrolysis is required), and UvrC binds causinga conformational change allowingUvrB to generate a nick
3' to the lesion. The UvrCprotein then generates the 5' nick. The binding of UvrC and the subsequent bimodal incisions require ATP binding but not hydrolysis. The 5' incision is usually 8 nt
upstream of the lesion, whereas the position of the 3' incision is more variable depending on the
nature of the lesion. Both 5' and 3' positions may be affected by sequence context. The resulting
oligonucleotide fragment is excised by DNAhelicase II encoded by the uvrD gene. This also
removes the UvrC protein, leaving UvrB bridging a gapped duplex, perhaps protecting the singlestranded region from further damage. DNA polymerase I binds to the exposed 3' hydroxyl group
and synthesizes over the gap, removing UvrB in the process, typically generating a repair patch of
about 12 nt (this type of repair is sometimes referred to as shortpatch NER). The final nicks are
sealed by DNA ligase.
The UvrABC endonuclease is expressed constitutively at a low level, but the U W A and uvrB
genes are also SOS inducible (q.v. SOS response). A second nucleotide excision repair process, which
also appears to involve the UVY genes andis also SOS inducible, results in the excision and replacement of up to 2 kb of DNA. The basisof this so called long patchNER is less clearlyunderstood.
Nucleotide excision repair preferentially targets the transcribed strand of active genes. As transcription is arrested by DNA lesions,the interruption of transcription may induceexcision repair.A
protein termed transcription repair couplingfactor (TRCF) encoded by the
mfd gene is ableto bind
to stalled RNA polymerase-DNA lesion-RNA complexesand displace the transcription machinery.
TRCF also binds to UvrA,indicating that once bound to damaged DNA, it might specifically recruit
UvrA-UvrB complexes to the template.
Nucleotide excision repair in
eukaryotes. Nucleotide excisionrepair in eukaryotes involves a large

number of genes. In yeast, these have been assigned to the RAD3 epistasis group (q.v. epistasis)
because mosthave been identified in geneticscreens for radiation-sensitivity. Thehuman homologs
of yeast R A D genes wereinitially named ERCC (excision repair complementation competent)
genes,
but many have
been attributed to specific disease phenotypes suchas xeroderma pigmentosumand
have been renamed (Table 24.7). Other NER genes havebeen identified because theyare also essential for transcription, demonstrating the close link between transcription and repair in eukaryotic
cells. Thebasis of this link is the general transcription factor TFIIH,which formsan essential part of
both the basal transcriptional apparatus of the cell, and the complex of repair proteins, the repairosome. In the transcription complex, the TFIIH core is associated with a cyclin-dependent kinase
complex (CDK7/cyclin H and the assembly factorMAT1 in mammals; q.v. CAK), whereas in repair,
it is associatedwith other repair proteins. Hence, repair is preferentially directed to the transcribed
strand of actively transcribed genes (transcription coupled repair) and is more active when transcription is in process (transcription dependent repair). The mechanism of nucleotide excision
repair appears to be quite similar in eukaryotes and bacteria, with bimodal incision followed
by excision and resynthesis. The repair patch following nucleotide excision repair in humans is
slightly longer than that in E. coli (30 nt) and is confusingly termed long patch repair, to distinguish
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Table 14.7: Eukaryotic genes involved in nucleotide excision repair

Human S. cerevisiae
(S.pombe) gene
RAD1 (rad16)

XPF
to

RAD10 (swi10)
RAD2 (rad13)

ERCC7
XPG

RAD4

convert

to

combine Rad10

help

RAD14
RAD3 (radl5)

XPD

SSL2lRAD25
(ERCC3sp)
SSL 1

XPB
P42
P62

TFB 1

TFB2
TFB3
TFB4
RA
RAD16
RAD23
PS02, PS03

and

Rad1
form endonuclease with
duplex-3' single-strand
junction specificity
Endonuclease with duplex
5"single-strand junction
specificity
may
Unknown,
transcription complex into
repairosome
Damage-preferred DNA-binding
protein
Component of TFllH with 5'+3'
helicase activity
Component of TFllH with 3'+5'
helicase activity
Components of basal
factor transcription
TFllH

MATP

structure
psoralen-induced

chromatin
of

Perturb
Repair
damage

aln yeast, coreTFllH has seven components,whilst the human core TFllH has six. MATI, a human cyclindependent kinase (CDK) assembly factor,is not found in the core during repair but is part of the CDK
complex. The yeast homologTFB3 (p38) remains in the core during repair

it from the 1-2 nucleotide short patch repair which occurs in base excision repair. There is no
evidence for a >l500 bp long patch repair in eukaryotes such as that foundin E. coli.
14.6 Mismatch repair
mismatches and mismatch m p k Mismatch repair is an excision repair process which
corrects base pair mismatches in duplex DNA. A mismatch is a nonWatson-Crick base pair,
although mismatch repair systems will also correct small (c4 nucleotide residue) insertions and
deletions and hence contribute to frameshift fidelity as well as substitution fidelity. Mismatchrepair
differs from other forms of DNA repair in that the excised materialis a legitimate(undamaged) base
normally found in DNA, and therefore there must be a mechanism to discriminate between the
correct and incorrect strands so that the mutagenic nucleotide and not the correct nucleotide on the
template strand is removed.
Mismatches can arise in a number of ways: (1) by misincorporation during replication; (2) by the
formation of heteroduplex DNA during recombination; (3) by the deamination of 5-methylcytosine,
to generate thymine (see DNA Methylation and Epigenetic Regulation).In addition, short insertions
or deletions can arise by: (1) strand slipping during DNA replication, and (2) the formation of a heteroduplex with unequal numbers
of residues
Mismatch repair does not affect recombination between very similar sequences, but reduces
recombination between significantly diverged sequences because overlapping excision tracts are
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generated. The repair system therefore acts as a species barrier between organisms thatare significantly diverged, but whichare not reproductively isolated.
E. coli. Mismatches incorporated during replication are excised
specifically fromthe nascent strand, allowing resynthesis of the correct sequence overthe resulting
gap. This ispost-replicative mismatch repair, and increases substitution and frameshift fidelity by
several orders of magnitude. The repair is directed to the daughter strandbecause it is transiently
undermethylated. Adenine residues in the sequence GATC are methylated at the N6 position by
DNA adenine methylase (Dam methylase, q.v.), but following replication, there is a lag before the
enzyme completesmethylation of the newly synthesized daughter strand (see DNA Methylation).
During this window, it is possible for the cell to discriminate between the parental and daughter
strands and therefore direct repair to the daughter strand. If a heteroduplex arises by another
mechanism, e.g. by recombination, repair is still targeted to the undermethylated strand. If both
strands are unmethylated, repair occurs but is unbiased in its direction, and if both strands are
methylated, repair is also unbiased, but occurs at a much lower efficiency.
Four genes (mutH, mutL, mutS and uvrD) are absolutely required forlong patch mismatch
repair.
They are mutator genes (q.v.) because mutations whichaffect their function alter the fidelity of DNA
replication and thus alter the spontaneous mutation rate. MutS protein recognizes mismatched
DNA with anefficiency depending uponmismatch type and sequence context (G:T and A C > G G
and A A > TT, C:T and G:A > C:C). The unmethylatedGATC sequence acts as a substrate for MutH,
which isan endonuclease. The nicking of the daughter strand at this position, immediately 5' to the
guanosine residue, allows the excision of a patch which includes the mismatched nucleotide. MutS,
MutL, ATP and divalent cations are required in addition to MutH for endonuclease activity, and
UvrD is the DNA helicase required for excision
Because MutH can function onlyin the presence of a mismatch, it is likelythat the repair proteins,
GATC site and mismatch must physically interact. This modelis supported by demonstrating that,
regardless of whether the mismatch lies5' or 3' to the nearest GATC site, the repair excision takesthe
shortest possible route,starting at the GATC motifand ending about
100nt beyond the mismatch. As
UvrD is a 5' to 3' helicase; this requires the enzyme to be loaded onto the methylated strand for 5'
mismatches and onto the unmethylated strand for 3' mismatches, a mechanism which would certainly require interaction betweenthe two sites. Exonucleaseswith different directionalitiesare also
required, according tothe site of the mismatch. A model for mismatchrepair is shown in Figure 24.3.

Long patch mismatch repair in

Long patch mismatch repair in other organisms.
Systems homologous to E. coli MutHLS mismatch

repair are found in other bacteria and eukaryotes, although in many bacteria and all eukaryotes
repair is not methylation-dependent. Strand discrimination may involve the recognition of nicks
introduced during replication prior to their repair by DNA ligase(such nicks would occur naturally
in the lagging strand and be introduced deliberately into the leading strand; see Replication).
Consequently, eukaryotic homologs of the E. coli mutS and mutL (but not mutH) have beenisolated,
as shown in Table 14.8. In yeastand humancells, there are at least two homologs of each E. coli gene,
whose products form heterodimers. The eukaryotic genes MLH2 and MSH2 are thought to be
required predominantly for therepair of insertion/deletion mismatches becausemutations in either
lead to minisatelliteinstability,which in humans is associated with hereditary nonpolyposis
colorectal cancer (HNPCC).
Short patch mismatch repair.
Both prokaryotes and eukaryotes have mismatch repair systems characterized by short excision patches, typically less than 10 nt in length. In E . coli there are two

systems whichare independent of mutHLS mismatch repair.
(1) MutY-dependent repair replaces adenosine residues in A:G and A C mismatches.MutY
encodes a DNA glycosylase (q.v.base excision repair) whose primary role is to remove
adenine residues
residues, but which can also act
upon mismatches.
opposite 8-0~0-7,8dihydrodeoxyguanine
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Muti

MutH
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DNA polymeraseI
DNA ligase

Figure 14.3 A modelfor mismatch repair in E. coli. MutS binds to a mismatch and recruitsMutH and MutL,
a process whichis dependent on ATP hydrolysis. DNA is spooled pastthe repair complexfrom both sides,
creating aloop, until the first GATC site is encountered. Here MutH introduces a nick. UvrD helicase unwinds
the DNA from the GATC site and ejects the repair proteins; the DNA is degraded by an exonuclease. Finally
the gap is repaired byDNA polymerase and ligase. UvrD isa 3'4' helicase, so for the repair shown aboveit
must be loaded ontothe unmethylated strand and a
3'4' exonuclease such as exonuclease I must be used.
If the nearestGATC site was on the other side of the mismatch,the helicase would have to be loaded onto
the methylated strand and a5'-3' exonuclease, such as exonuclease VII, would be required.

Table 14.8 Eukaryotic homologs ofE. coli long patch mismatch repair genes
E. coli gene

S. cemvisiae
Mammalian
gene
Comments
gene

mutL

MLH 1
PMS 1

MSH2 mutS

MSH2
MSH6

MLHl
PMS2
PMSl

HNPCC-related
1

MSH3

MSH2
MSH3
MSH4

HNPCC-related

GTBP
MSH
DUC-1, REP3

Mitochondrial

(2) Very short patch (VSP) mismatch repaircorrects T residues inG:T mismatches. These occur
within the Dcm methylase target sequence CC(A/T)GG (see DNA Methylation); the internal cytobe converted to thymine by deamination,
VSP
sine residueis modified to 5-methylcytosine and may
repair requires mutS and mutL but not mutH or tmrD gene products. It also requires VSY, which
encodes an endonuclease specific for
GT mismatches in the sequence CT(A/T)GG.
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In mammals a short patch mismatch repair systemhas been identified which correctsT residues
E. coli
in G:T mismatches, preferentiallyin CpG motifs. This is also
a DNA glycosylase, which acts like
VSP to prevent mutationresulting fromthe deamination of 5-methylcytosine (see DNA Methylation).

14.7 Recombination repair
Evidence for recombination repair.Recombination repair is any DNA repair or damage tolerance

strategy involving homologous recombination (q.v.). The existence of such repair mechanisms is indicated by differences in sensitivity to ionizing radiation demonstrated byhaploid yeast cells arrested in G1 and G2 (and similarly for stationary phase and log phase bacterial cells); in each case, the
cell with more copiesof its genome is more resistant. More direct evidence for recombination repair
comes from studies of recombination deficient mutants of E. coli and S. cereuisiae, which are also
radiation-sensitive.
Mechanisms of recombination mpair. There are two substrates for recombination repair: doublestrand breaks and single-strand gaps. For the mechanisms involved in homology-dependent repair
see Figure 25.3in Recombination. Double-stranded breaks maybe repaired in two ways, either by a
cross-over repair (double-strand break repair) or a noncross-over repair (synthesis-dependent
strand-annealing repair), the latter occurring in specialized systems such as P-element transposition and the switching of mating types in yeast. Single-stranded gaps can arise when replication is
blocked at a noninstructional lesion and reinitiates downstream, leaving a gap opposite the damaged template. Thegap is filled with the homologous regionof a sister duplex (daughter strand gap
repair (DSGR) or postreplicative repair (PRR)), and repair synthesis of the gapped daughterstrand
occurs using the free, complementary strand of the sister duplex as a template. Note that this
process does not actually repair the original lesion on the template strand. As the name implies, it
is the daughter strand which is repaired; the original lesion remains in the genome unless it is
removed by excision.DSGR is a major damage tolerance mechanism, which inE. coli is induced as
part of the SOS response (q.v.).

14.8 The SOS response and mutagenic repair
Control of the SOS response. The E. coli SOS response is an inducible response to DNA damage

resulting in increased capacity for DNA repair, inhibition of cell division and altered metabolism.
The response is mediated by the activation of about 20 SOS genes (Table 14.9) normally expressed
at low levels due to transcriptional repression by the LexA repressor, which binds to operator
sequences (SOS boxes) upstream of each gene. LexA has differing affinities for different operator
sites; thus the SOS genes are induced at different response thresholds leading to the split phenotypes observed when only part
of the SOS response becomes activated. There is a low affinity SOS
box upstream of the ZexA gene itself, so the repressor inhibits its own synthesis, but the system is
leaky enough to facilitate repressionof the other SOS genes. When DNA becomes extensivelydamaged, single-stranded regions are exposed. Single-stranded DNAinteracts with RecA to produce an
activated complex termedRecA*, which facilitates cleavageof the LexA repressor by increasing the
rate of LexA autoproteolysis. The cleaved LexA protein can no longer bind to DNA and the SOS
genes are derepressed. When damaged DNA is no longer present in the cell, RecA becomes inactivated and nolonger facilitates LexA cleavage. A highlevel of uncleaved LexA rapidly accumulates
in the cell fromthe existing ZexA mRNA pool and the ZexA gene andother SOS genes are shut down.
This isa classic negative feedback loop.
SOS mutagenesis. The increased capacity forDNA repair accompanying the SOS response is due

in part to theupregulation of constitutive genes involved in nucleotide excision and recombinationbased repair processes ( t w A and t m B - but not tmrC - have SOS boxes, as do recA and recN).
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Table 14.9 E. coli SOS genes and their functions

Function
SOS gene

din8
dinD
dinF
dinG
dinH
din1
dnaN
fRepressor
lexA
nrdAB
pol8 (dinA)
recA

din genes
damage-inducible
are
genes
whose
functions
have
yet
be determined

ofSubunit

to

DNA polymerase 111
SOS genes

polymerase
DNA
11
(1) Cleaves
LexA
to facilitate SOS response
(2) Necessary for recombination repair
(3) Cleaves UmuD protein and, .
(4) . . . assembles UmuD2C complex onto lesionto facilitate error-prone repair
repair Recombination
recombination
in
involved
helicase,
DNA

.

recN
recQ
Recombination
operon
NVAB
repair
sulA
division
cell
Inhibits
urnuDC operon
SOS-specific
uvrA
repair excision
Nucleotide
uvrs
repair excision
Nucleotide
uvrD
repair in
involved
helicase,
DNA

error-prone
repair

While both these mechanismsare accurate (error-free repair), a third system, induced uniquelyduring the SOS response and involving the umuC and umuD genes, enhances the repair of DNA but also
leads to mutagenesis (error-prone or mutagenic repair). This SOS mutagenesis occurs specifically
at premutagenic noninstructional lesions and results from synthesis across the unreadable template
with reduced fidelity (translesion synthesis). Mutations in the umuDC operon render cells nonmutable byUV radiation and other mutagens which generate replication blocks,but moresensitive
to killing by these agents,commensurate withthe loss of translesion synthesis ability. Thesemutants
are still sensitive to mutagens whichgenerate misinstructional lesions, leading to base mispairing.
The exact mechanismof translesion synthesis is unknown; UmuDC proteins may interact with
DNA polymerase I11 and reduce its selectivity and/or proofreading ability. UmuDC-dependent
error-prone repair is strongly repressed under normal circumstances because RecA" protein is
required for three stages of its activation.
(1) RecA* cleavesL e d repressor to derepress umuDC transcription.
(2) RecA" cleavesUmuD (an inactiveprecursor) to yield activeUmuD' (uncleaved UmuD is not
only inactive in error-prone repair, but also inhibits the process by sequestering UmuD' into inactive heterodimers).
(3) RecA" may help to position the UmuD'ZUmuC protein complex at the site of the lesion.
Effects of the SOS response upon bacteriophage infection. Some viruses have evolved mechanisms to sensedamage of the host cell and exploit the RecA system. The activated RecA* complex
induces cleavage, not only of LexA and UmuD, but also of the C1 repressor of bacteriophage h
because all three proteins share a consensus autoproteolytic motif. The C1 repressor is responsible
for maintaininglysogeny, and its inactivation heralds the lytic cycle (see Viruses, BOX 30.1). In this
way, stimulation of the SOS response through, for example, UV irradiation induces the excision of
h prophage. The levelof DNA damage necessary forh induction is much higher than that required
to elicit the SOS response, due to the relatively lowsusceptibility of C1 repressor to RecA*.
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Bacteriophage with damaged genomes generally survive poorly when introduced into a host
cell. However, if the host has been W-irradiated prior to infection, the phage survive. This phenomenon, termed Weigle reactivation (W-reactivation), is accompanied by a higher phage mutation frequency (Weigle mutagenesis) and reflects induction of the SOS response, leading to rapid
repair of the phagegenome, some of whichwill be UmuDC-dependent error-prone repair.
Emr-prone repair in other species.SOSlike error-prone repair systems are found
in few bacteria

other than E. coli, and most are therefore resistant to UV-induced mutagenesis, although more
susceptible tokilling. Genes which are functionally homologous to umuC and umuD are found on
several conjugative plasmids. There is also a limited amount of evidence for mutagenic repair
in eukaryotes.
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Chapter 15

Mutation and Selection
Fundamental concepts and definitions

A mutation is a stable, heritable change in genotype causedanby
alteration to the nucleotide
sequence ina particular regionof the genome(c.f. epimzttution, parumzitation).A gene, genome,
cell or individual carrying a given mutation is a mutant.
Mutations can be localized(i.e. affecting a single nucleotide or a small clusterof nucleotides)
or can involve large segmentsof the genome. In the former category, gene mutations occur
within a gene and can affect the natureof the gene product or interfere with its expression,
whereasextragenicmutationsusuallyhavenoeffect(unlesstheydisruptaregulatory
element). Large-scale mutations involve tens to many thousands
of nucleotides and affect
whole genes or groups
of genes. In eukaryotes, the largest mutations are visible
at the cytogenetic level and are termed chromosome mutations(see Chromosome Mutation).
Gene mutations convert one allelic form
of a gene into another. For many gene loci, there is a
wild-type allele which predominates in the population because
it confers the greatest fitness
(ability to survive and reproduce). This generally encodes the normal, functional product associated with the gene, and the wild-type phenotype reflects this normal gene activity. Other,
rare alleles are designatedmutant alleles, and the quantityand/or structural propertiesof the
encoded product may differ, generating distinct mutant phenotypes. Gene mutations away
from the wild type are usually deleterious or selectively neutral; few are beneficial.
Instead of a single wild-type allele, several alleles conferring equal fitness may exist in equilibrium within the population, and the locus is described as polymorphic. Polymorphism may
also involve alleles of unequal fitness if the population is in a transition state following the
appearance of a recent beneficial mutation, or
if there is balancing selection for more than one
allele. There are different forces which act to maintain or change the frequency of allelesin a
population, including mutation pressure, migration, random genetic drift and natural selection. Natural selection eliminates alleles reducing fitness,
so there is a clear bias in the spectrum
and location of surviving mutations, leading to evolutionary conservation
of functionally
important DNA sequences. An allele whichis deleterious or neutral in one environment may
be beneficial in another, or may depend on its frequency in the population. The wild-type allele
at a given locus in a population today
is likely to have been a rare mutant allele in the
evolutionary past.
Unicellular organisms pass newly arising mutations
to all progeny receiving the affected chromosome, but in multicellular organisms, mutations can occur in the germline (gamete-forming
tissue) or somatic tissue. Whereas germinal
or germline mutations can be transmitted to progeny, somatic mutations will not pass to future generations except where it is possible to clone
from somatic cells. Depending onwhen and where a somatic mutation arises, it may affect a
single cell, it may generate a clone
of mutant cells in a wild-type background,or, if the mutation occurs early in development, it may generate a mosaic (q.v.). Somatic mutations which
(see Oncogenes and Cancer).
affect growth control genes may cause cancer

15.1 Structural and functional consequences of mutation
Structural categoriesof mutation. Mutations fall into four structural categories based on the nature
and amount of DNA sequence involved (Table 15.1). The four types of mutation are caused by

distinct mechanisms and have different consequences.
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Table 15.1: Categories and causes of mutations
Point mutation(simple mutation, single-site mutation)
Definition. A mutation at a single
site involving a single residue or a small number of residues.
Base substitutions are point mutations where one base
is replaced by another: transitions occur when a purineis replaced
by another purine, or a pyrimidineby another pyrimidine;transversions occur when a purineis replaced by a
pyrimidine or viceversa. Small insertions anddeletions (-5 nt) may also be regarded as point mutations.

Causes of base substitutions(see below for causes of insertions and deletions):

(i) DNApolymerasespontaneouserrors.
(ii) Replication over a template containing a single base misinstructional lesion,
e.g. a damaged or inappropriate base, a base analogue, or a rare tautomer
(q.v.).
)i(l
Replication over a template containing a single base noninstructional lesion,
e.g. an AP-site (q.v. the Arule).
(iv) Deamination of 5-methylcytosine to thymine.
(v) Mismatch repair of heteroduplex DNA.
For further discussion,see Mutagenesis andDNA Repair.

Effects. Depends on location - see Table 75.2.
Complex mutation (multisite mutation)
Definition. A cluster of several discrete point mutations.
Causes:
(i) Mismatch repair of heteroduplex
DNA (either allelic gene conversion or nonallelic, involving repetitive
DNA).
(ii) Activity of low-fidelity DNA polymerase (e.g. retroviral reverse transcriptase).
(iii) Error-prone replication during SOS response (q.v.)

-

Effects. As for point mutations
Tablesee

75.2.

i
i

Macromutation
Definition: A mutation which occurs at a single
site but affects many consecutive nucleotide residues. The
loss are
largest macromutations maybe observed at the cytogenetic level. Mutations involving DNA
deletions or deficiencies. Mutations involving DNA gain areinsertions or additions (however, if the
inserted material is already found elsewherein the genome, the mutation may be termed aduplication, and
if the additional materialis already found as tandem repeats, the mutation may be termed an
amplification
or repeat expansion). Substitutions are mutations where a section of DNA
is replaced withan equivalent
amount of novel information. Rearrangements involve the reorganization of genetic material, butno loss or
gain. Rearrangements includeinversions, where a segment ofDNA is reversed in orientation,
translocations, where DNA is transferred from oneposition in the genome to another, and cointegrations
is circularized.
or fusions, where two chromosomes are covalently joined, or a linear chromosome
Causes:
(i)chromosomebreaksandrandomrejoining;
(ii) homologous recombination between nonallelic sequences: unequal crossing over or unequal sister
chromatid exchange, or recombination between dispersed repeats;
(iii)
site-specific
recombination;
(iv) the activity of mobile genetic elements:
(v) slipping of the template or primer strand during replication of tandem repeats (deletions and
insertions only):
(vi) stabilization of secondary structuresin the template or primer strand during replication of inverted
repeats (deletions and insertions only):
(vii) unbalanced meiosis involving structurally rearranged chromosomes (deletions and insertions only).
For further discussion, see Chromosome Mutation and
q.v. illegitimate recombination.

-

Effects: Dependson site and size of mutation see Table 75.3.
Chromosome imbalance
Definition: A numerical chromosome disorder, either deficiency or addition, caused
by loss or gain of whole
chromosomes (aneuploidy) or sets of chromosomes(polyploidy).
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Table 15.1: continued

Causes:
(i)
unscheduledorabsent DNA replication;
(ii)
unscheduledorabsentmitosidmeiosis;
(iii) failure of chromosome segregation (often due to pre-existing structural abnormality);
(iv) fertilizationinvolvingunbalanced(aneuploid)gametes.
For further discussion,see Chromosome Mutation.
Effects: Multiple gene dosage effects- see Table 15.3.

Point mutations occur at a single site and involve a small number of nucleotide residues. If point
to the strucmutations occur within a gene (see Table 15.2), the consequences depend on any change
ture or expression of the encoded polypeptide, and range from neutral to severely deleterious.
Extragenic point mutations are often neutral, although those occurring in regulatory elements may
alter the level or scope of gene expression.
Complex mutationsare rare. They are clustered groups of point mutations, and usually reflect
gene conversion (q.v.) events in heteroduplex DNA occurring during homologous recombination,
which may or may not be associated with DNA repair. The recombining sequences may be allelic
(classical gene conversion) or nonallelic (ofteninvolving direct or inverted DNA repeats). Thelatter
may result in concerted evolution (4.v.).
Macromutationsare structural chromosomemutations - large deletions, insertions or
rearrangements, the largest visible at the cytogenetic level. They oftenresult in gene disruption or
loss, and sometimescause gene fusion effects,
position effects or gene dosageeffects (seeTable 15.3).
Chromosome imbalances are numerical chromosome mutations - loss or gain of entire chromosomes or, occasionally, chromosomesets. Chromosome imbalances cause multiple gene dosage
effects and, in mammals, are usually lethal.

-

general principles. Many mutations do not cause a
change in phenotype because the mutation site (the position of the mutation in the genome) does
not influence gene function or expression, or higher-order genome function (DNA replication,
mitotic segregation, etc.). Suchmutations are described as being selectivelyneutral because they do
not influence the Darwinian fitnessof the individual; they include most extragenic mutations. Most
mutations which have
a phenotypic consequence fallwithin genes or the regulatory elements which
control them. Thereare three different target sequences for such mutations: the coding region of the
gene, noncoding sequences within the transcription unit, and regulatory sequences outside the
transcription unit.
Many point mutations within genes are neutral because they do not alter either the structure or
expression of the encoded product (see Table 15.2). Point mutations whichdo modify the gene product or its expression in someway are usually deleterious or neutral - a few may be beneficial, but
this depends on the selective constraints on the structure of the polypeptide andthe environment in
which the polypeptide functions (q.v. natural selecfion, molecular clock). Macromutations occurring
within genes or involving genesare generally deleterious because they cause large-scale disruptions
(see Table 15.3). The consequencesof many different types of mutation are exemplified by the study
of hemoglobin disorders (Box 15.1).
Whatever the consequences of a mutation per se, whether these effects are expressed at the level
of the phenotype dependson several additional factors.
(1) Dominance. In diploids, the mutant allele may be recessive to the wild-type allele and its effects
will not manifest in the heterozygote.
(2) Geneticbackground and environment. The mutant allelemay not be penetrant even in the

Functional consequences of mutation
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Table 15.2 The consequences of point mutations on polypeptide structure and gene expression
~~~~

Position and classof mutation
Site: coding region
Silent,
same-sense
or
Definition:
base
A
synonymous
mutation
a

~~~~

Definition and conseauences
substitution which does not affect the sense of
codon and
thus
has
no
effect
on polypeptide structure.
Silent
mutations are possible because of the degeneracy
(q.v.) of
the genetic code. Example: AlT + ATC; both codons
specify isoleucine.
Effects: Synonymous mutationsare usually neutral. They may
generate a phenotype if(i) there is codon bias (q.v.) because of a
rare tRNA species, (ii)if the mutation disrupts an internal
regulatory element, or (iii) if the mutation happensto generate a
cryptic splice site.

Missense or nonsynonymous
mutation

Definition: A basesubstitution which altersthe sense of a codon,
resulting in the replacement of one amino acid residue with
another in the encoded polypeptide.If a missense mutation is
conservative, the new amino acid has similar chemical
properties to the original, whereas if nonconservative, the
original amino acidis replaced byone with different chemical
properties. Example: AAG + GAG converts basic lysineto
glutamic acid.
Effects: The effect of a missense mutation depends
on whether it is
conservative or nonconservative, andthe importance of the
residue whichis associated with polypeptide function.
Conservative exchanges may be neutral unless theyoccur at a
critical residue (such as the active site of an enzyme), whereas
nonconservative exchangesoften disrupt folding andlor change
the properties ofthe encoded polypeptide, generating a mutant
phenotype. Some missense mutations are
subtle and may only
reveal their effects under extreme conditions,
such as elevated
temperature (q.v. conditional mutant).

Nonsense mutation

Definition: A base substitution which converts a sense
codon into a
nonsense (termination) codon. Classifiedas amber, opal or
ochre mutations depending upon the type of nonsense codon
generated. Example TGC (cysteine)-) TGA (stop).
Effects: Nonsense mutations cause premature termination ofprotein
synthesis and generatetruncated proteins. The severity ofthe
effect dependson position in the coding region. 5' nonsense
mutations, which severely truncatethe encoded polypeptide,
cause loss of function. 3' nonsense mutations maynot affect
polypeptide structure to a great degree, but can reduce mRNA
stability. Nonsense mutationsin eukaryotic genes occasionally
cause exon skipping (q.v.) during splicing.

Readthrough mutation

Definition: A basesubstitution which converts a nonsense
(termination) codon,into a sense codon allowing readthrough
and hence extension of a polypeptide. Example
TAG (stop) +
CAG (glutamine).
Effects: Readthrough mutations maymodify the properties of the
polypeptide and often affect mRNA stability. Generally,
polypeptides are not extended greatly because adventitious
termination codonsare found downstream ofthe natural one.

Continued
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Frameshiftmutation

Definition: A small insertion or deletion of 3nf 1 nucleotides which
disrupts the reading frame, generating a novelpolypeptide
sequence distal to the mutation.
Effects: Like nonsense mutations,the consequence of a frameshift
depends on its position, with 5' mutations having more severe
effects than3' mutations. Most open reading frames are
peppered with out-of-frame termination codons,so frameshifts
tend to cause premature termination and truncation
of the
polypeptide. Alsoq.v. cotranslational frameshifting.

Nonframeshiftingindel

Definition: A small insertion or deletion of 3n nucleotides
(indel is
generic for insertion or deletion).
Effects: Thistype of mutation does not disruptthe reading frame
and is often tolerated, although deletion or interruption of
critical
residues may abolish gene function.

Site: intragenic noncoding regions
Effects:
Intron
mutations
Point

Untranslated region

Site: extragenic
Regulatory elements

in introns are
phenotype
neutral.
often
A
may be generated if (i) the mutation disrupts an intronic regulatory
element suchas an enhancer, (ii)the mutation abolishes a splice
site (preventionof splicing allows readthrough into the intron, often
causing truncation, and sometimes exon skipping), or (iii) the
mutation creates acryptic splice site, causingthe intron sequence
to be included inthe rnature'transcript (this often causes
truncation dueto an intronic termination codon, or a frameshift
which uncovers an out-of-frame exonic termination codon).
Effects: Many UTR mutations are neutral, but in some cases,
mutations may disruptposttranscriptionalregulation by affecting
protein synthesis, RNA stability or RNA localization. Mutations of
the polyadenylationsite are often deleterious because
posttranscriptional processingis disrupted.
Effects: Most extragenic mutations are neutral,but those which
modify gene regulatory elements, such as promoters and
enhancers, may disrupt ormodify transcription patterns.
Mutations in transcriptional enhancersare thought to be
important for the diversificationof expression patternsfollowing
tandem geneduplication (q.v).

THE CAT SAW THE DOG AND RAN (END)

Wild type

THE CAT SAW THE DOG AND MAN (END)

Missense

THE CAT SAW THE DOG END

Nonsense

THE CAT SAW THE DOG AND RAN AND ..........

Readthrough

THE CAT TSA WTH E D 0 GAN DRA NEN D ..........

Frameshift

THE CAT SAW THE BIG DOG AND RAN (END)

Nonframeshift Indel

Figure 15.1: Point mutationsin the coding region and their effect on
the interpretation of genetic information.
Each three letters (nucleotides)form a word(a codon) which makes sense
in the context of the sentence (the
polypeptide). Different types of
point mutation disruptthe sentence in different ways. Nonsense and
frameshift mutationsare potentially most disruptive at the beginning
of a polypeptide. Inthis example, the
nonsense mutation occurs nearthe natural terminationcodon and most of the sense of
the information is
retained. Conversely, the frameshift occurs at the beginning ofthe sentence and most ofthe meaning is lost.
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Table 15.3 The consequences of macromutations and chromosome imbalance on gene structure, express
and function
Physical
effects

of macromutation
Functional
consequences

Whole
gene
deletion
Abolishes
gene
function.
Effect
depends
dosage
on sensitivity

of the locus (q.v. haploinsufficiency). May occur
as part of a
larger deletion, resulting in a contiguous gene syndrome (9.v.
Partial
deletion
(truncation)
Effect
depends
upon
extent
deletion.
of
Extensive
truncation
abolishes gene function.Less severe truncations may
generate products with novel functions, e.g. the v-erb
oncogene (see Oncogenes and Cancer)
Partial
deletion
(internal)
Effect
depends
upon
extent
deletion.
of
Large
deletions
abolish
gene function. Smaller deletions in exons may generate a
modified product, but alteration of reading frame often occurs
resulting in truncation and instability. In eukaryotes, deletions
within introns are often neutral unless a regulatory element
is modified
Whole gene duplication
Increases level of gene product. Effect depends on dosage
(gene amplification)
sensitivity of the locus.For many genes, amplification has no
consequences andcan be beneficial in certain environments
(q.v. gene amplification). Other genes are dosage-sensitive
because their products are titrated against the products of
other genes (q.v. dosage effects in main text)
Partial duplication (internal)
Effect depends on extent of duplication and number of copies.
Duplication of exons may modify polypeptide function.
Smaller (intraexonic) duplications are often deleterious
because they alter the reading frame and generate truncated
unstable proteins. Expansion of intergenic tandem
trinucleotide repeats occurs in some human disease genes
(Box75.2)
Disruption
Usually
by
loss
function
interrupted
the
offor gene.
Occasionally,
a
deletion/rearrangement/insertion
fusion
gene
may
be generated
with
novel
properties
(see
main
text). There may be position effects
if a gene is brought under
heterologous regulation (see main text)
Chromosome loss or gain
Changes
the
dosage
of
many
gene
products,
generally
resulting
in severe multiple dosage effects (see Chromosome Mutation)
Whole
genome
duplication
Changes
the
dosage
of
all
genes.
Well
tolerated
in
plants,
but
not in higher animals where sex-chromosome dosage and the
dosage of imprinted genes plays a critical role in development
(q.v. polyploidy, parental imprinting)
homozygous state if itseffects can be compensated by nonallelic interactions (e.g. redundant
genes, external suppressor mutations) by
or environmental factors (e.g. cross-feeding).
(3) Mosaicism. Inmulticellular organisms, the effect of somatic
a
mutation depends on the proportion of mutant cells and their distribution.
(4) Monoullelic expression. In mammals, imprinted genes and (in females) genes on the inactive Xchromosome are epigenetically repressed. The effect of amutation may thus depend upon its
parental origin and the distributionof clones of
cells containing a particular inactivated X-chromosome (see DNA Methylation and Epigenetic Regulation).

Functional consequencesof point mutation.Most point mutations with pathological consequences
occur in the coding region of the gene and are nonsynonymous (Table 25.2). These cause either

specific localized changes in polypeptide structureby replacing single amino acids (missense mutations), or more profound changes involving many amino acids (nonsense mutations, frameshifts
and readthroughmutations) (Figure 15.1).Synonymous mutations are usually neutral, but may generate a phenotype if they adventitiously modify gene expression, e.g. by creating a cryptic splice
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site. Deleterious point mutationsin noncoding transcribed sequences usually identifyfunctionally
important motifs such as regulatory elements and splice sites. Point mutations outside the gene
can
modify promoter or enhancer function by creating or abolishing binding sites for transcription
factors, or alteringtheir spatial relationships.
Point mutations usually affect only single genes. However, mutations in master regulatory
elements suchas the promoter and operator sites
of bacterial operons (q.v.), and eukaryoticlocus c m trol regions (q.v.) can have more dramatic effects. Mutations in operon structural genes mayoccasionally affect the expression of downstream genes by disrupting protein synthesis on the polycistronic mRNA (q.v. polar mutations).
Functional consequences of macromutations. Macromutations and chromosome imbalances tend

to have more severe effects than point mutations because they involve greater amounts of DNA
(Table 25.3).Deletions and duplications may involve parts of genes, entire genes or many genes at
the same time. Partial gene deletions, insertions (e.g. of transposable elements) and duplications
often cause frameshifts as well as loss or gain of sequence, resulting in abnormal and unstable
proteins which are readily degraded. In eukaryotes, this often occurs even if the indel spans an
isolated exon, because exon boundaries within the samegene do not necessarily respect the same
reading frame parameters (q.v. exon deletion, exon repetition).
As well as these consequences of gene disruption, which usually result in loss of function,
macromutations can generate phenotypesin several other ways. Gene fusion effects are
caused by
deletions, duplications, inversions and translocations which interrupt two genesand bring the separate elementstogether. If the fusion is in-frame, and the gene is expressed, a hybrid gene product
can be generated with
novel properties (e.g. q.v.Burkitt's lymphoma, hemoglobin Kenya). Deletions and
duplications mayalso cause dosage effects, the pathological consequences of altering the number
of copies of a gene in the cell. This may be harmless or indeed beneficial for some loci (q.v. gene
coramplification), but deleterious dosage effects occur if the normal gene copy number produces the
rect amount of product to maintaina competitive balance with the productsof other genes. This is
seen wherestoichiometric amounts of polypeptides form a multimeric protein (e.g. a- and pglobin
in hemoglobin, see Box 15.1), and in delicately balanced regulatory systems such as the control
of sex
determination (q.v.) in Drosophila. Additionally, systems dependent on quantitative regulation are
dosage-sensitive - this applies tomany cellular signaling pathways(see Oncogenes and Cancer).
Chromosome imbalances affect the dosage of many genes at once, and these mutations generate the
most severe dosage effects (also q.v. sex-chromosome aneuploidy, dosage compensation mechanisms).
Finally, inversions, translocations and large deletions may bring a gene into an unusualregulatory
environment so that, for example, it comes under the control of a heterologous enhancer or is
sequestered into inactive heterochromatin. The level or pattern of gene expression may thus be
altered, due to these cis-acting position effects.
Mutations involving repetitive DNA. Deletions, insertions and rearrangements may be caused by

random chromosome breaks and erroneous repair by end-joining (q.v.), but repetitive DNA (q.v.) is
also frequently to blame for macromutations. Repetitive DNA can arise by several routes (e.g.
replicative transposition, breaking and rejoining sister chromatids, unscheduled replication), but
once present, it can act as a nonallelic homologydomain, allowing unorthodox homologous recombination and unorthodoxDNA replication by strand-slipping.
In large direct repeat units,
such as the globin gene clusters, chromosomes can become misaligned,
and homologous recombination can occur between nonallelic repeats, either sister
between
chromatids
of the same chromosome (unequal sisterchromatid exchange) or between homologous chromosomes
(unequal crossover). In either case, the result is a reciprocal deletion from one recombining partne
and insertion into the other, but only unequal crossover also involves recombination of flanking
markers (Figure 15.2). Unequal crossing over in the globin clusters can generate hybrid globin

208

Advanced
Molecular

Biology

Figure 15.2 Insertions and deletions promoted by direct repeats in DNA. (A) Direct repeats are hotspots for

unequal exchange (unequal crossing over or unequal sister chromatid exchange).
Two chromatids can
misalign, and crossing over generates reciprocal duplication and deletion products.(B) Short direct repeats
are hotspots for replication slipping, i.e. where the template and primer strands slip out of register. Backward
slipping of the primer strand generates an insertion. Forward slipping (not shown) generatesa deletion. Both
slipping and unequal exchanges are implicated in the pathologyof triplet repeat syndromes (Box 75.2).
polypeptides, and in some cases causes hereditary persistence of fetal hemoglobin (Box 15.2).
Recombination also occurs between dispersed repeats, such as transposable elements. The
consequences of these events depend largely onthe relative locationsand orientations of the recombining partners. Recombination between direct repeats on the same chromosome results in the deletion of the DNA between the repeats. Conversely, if the repeats are inverted, recombination inverts
the intervening DNA. If the dispersed repeats are located on different (nonhomologous) chromosomes, recombination can cause reciprocal translocations (linear chromosomes) or cointegration
(circular chromosomesand plasmids).
Short tandem repeats, such as those occurring in microsatellite DNA,are often subjectto strand
slipping during replication, i.e. the template and primer strandsslip out of register, so that equivalent repeat units on the two strandsare staggered (Figure 15.2). This is thought to be the process by
which microsatellite DNApolymorphism is generated, as there is no recombination between flanking markers (i.e. no crossing-over). Slipped-strand replication is also stimulated by intrastrand
secondary structures, such as hairpins and cruciforms, which stabilize strand misalignments.
Inverted repeats are thus hotspots for deletions and insertions, although the formation of secondary
structures is inhibited bysinglestranded DNA binding proteins (q.v.), which therefore greatly increase
the frameshiff fidelity (q.v.) of DNA polymerases. Short tandem repeats are distributed throughout
higher eukaryote genomes, usually in extragenic DNA, but occasionally within the coding regions
of genes.Expansion of these intergenic repeats is implicated in a number of human diseases
(Box 15.2).
Physical interactions between repetitive DNA sequences also allow nonallelic gene conversion
(q.v.) events to occur. The heteroduplex DNA generated as a recombination intermediate is sub-
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Table 15.4 Three systems for the classification
of mutant alleles

System
Loss orgainoffunctionApplicabletobothhaploidanddiploidorganisms.Theleveland

scope
of function of wild-type and mutant alleles are compared. Alleles are
classed as loss of function if the product is less active than thewild
type, or gain of function if it is more active than the wild type or has
acquired novel functions
Dominance
relationships
Relevant
only
in diploid
organisms.
The
phenotypes
of wild-type,
heterozygous and homozygous mutant individuals are compared.
Alleles are classed as dominant, partially dominant, codominant or
i
l
mutant
phenotype
the
which
degree
torecessive
the
depending
on
is
expressed in the heterozygote (alsosee Table 7.2)
Muller
classification
Relevant
only
in diploid
organisms. This system
was
developed
in
Drosophila, a species with readily available panelsof deletion
mutants. The phenotype of an individual homozygous for a deletion
at the locus of interest is compared to thatof a homozygous mutant
and a deletionhutant heterozygote. Alleles may be classed
as follows:
Amorphic no activity,
Hypomorphic - reduced activity compared towild type,
Antimorphic - opposite activity towild type,
Hypermorphic - greater activity compared to wild type,
Neomorphic - novel activity compared to wild type.

-

jected to mismatch repair, resulting in sequence homogenizationof the repeats. This is the major
source of clustered point mutations in eukaryotic genomes (but also q.v. somatic hypermutation, SOS
response), and may be one mechanism of concerted evolution (q.v.). Physical interactions between
repetitive DNA sequences also allow epigenetic modification of gene expression (q.v. paramutation,
homology-dependent silencing, cosuppression).
15.2 Mutant alleles and the molecular basisof phenotype
Wild-type andmutant alleles. Alleles are variant forms of genes, initially defined by their phenotypic effects, but ultimately by their nucleotide sequences. The wild-type allele at any locus is the
predominant allele in the population, it generally confers the greatest fitness, and produces a fully
functional gene product. A forward mutationis a mutation awayfrom the wild type, generating an
alternative mutant allele whose product may
differ from the wild type in quality, quantity or distribution. A mutation back to the wild type is a reversion.
It is convenient to classify mutant alleles by comparingtheir phenotypes to that of the wild-type
allele. Particularly relevant in diploids is the way in which the mutant and wild-type alleles interact in the heterozygote. Threesystems of classification have been developed to define the properties
of mutant alleles (Table 25.4).
In principle, a forward mutation may affect gene function or expression in three ways: it may
cause reduction or abolition of gene activity (a loss of function allele); it may cause an increase in
gene activity, or confer a novel function upon the encoded polypeptide(a gain of function allele);
or the mutant allele may be phenotypically indistinguishable from the wild type, even though
different in nucleotide sequence (the wild-type and mutant alleles would be classed as isoalleles).
Mutationswhich generate isoalleles are neutral; they are often synonymous substitutions.
Mutations whichcause loss or gain of gene function may be neutral, beneficial or deleterious. It is
important to distinguish the consequences of losing or gaining the function of one particular gene
from the consequences of losing or gaining overall fitness, e.g. in humans, loss of function at one
locus results in a totally harmless inability to roll the tongue (neutral), whereas gain of function in
an oncogene is a (deleterious) step towards cancer.
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Alleles with less activity thanthe wild-type allele.Alleles which have reduced
activity compared to

the wild type are loss of function alleles. These are generated either by downregulating gene
expression and thus reducing
the quantify of gene product (downor downpromotermutations), or
by altering the product so that it functions less well than the wild type, i.e. reducing the quality of
the gene product. Null alleles (amorphs) are total loss of function alleles, where geneexpression
is abolished or the mutant gene product is totally unable to function. Null alleles are often generated by full gene deletions, bymutations which destroy regulatory elements, or bypoint mutations
causing truncation of the encoded polypeptide. Leaky alleles (hypomorphs) are partial loss of
function alleles, where genefunction is reduced but not completely abolished,enabling the organism to carry out those activities encoded by the gene, although at reduced efficiently compared to
the wild type. Leaky allelesare often generated by missense base substitutions, permitting minimal
gene function, or by regulatory down mutationswhich reduce geneexpression but do not abolish
it. Theseverity of the mutant phenotype depends upon
the residual function ofthe mutant polypeptide: alleles which generate a severe phenotype are described as strong alleles, while those which
generate a mild phenotype are weak or moderate alleles. The severity of a leaky mutation may
differ in different environments (q.v. conditional mutant) and may therefore show incompletepenetrance when the environment is not constant.
In diploids, loss of function alleles are usually recessive (q.v.) to the wild type, i.e. the effects of
the mutation are not seen in the heterozygote. This is because formost loci, one wild-type copy of
the gene (50% dosage of its product) is sufficient forthe needs of the cell.
There are two situations where loss of function mutations mayexhibit dominance overthe wildtype allele. Haploinsufficiency occurs when two functional copiesof the gene are required to maintain the wild-type phenotype, i.e. 50% dosage of the product is insufficient for physiological gene
function. Loss of function mutations at haploinsufficient loci demonstrate partial dominance (q.v.)
over the wild-type allele (i.e. the effect of the mutation is apparent in the heterozygote - at 50%
dosage - but more severe in the homozygote - at nil dosage). An example is hypercholesterolemia, a partially dominant human disease caused by a 50% reduction in the level of the low
density lipoprotein (LDL) receptor.
Loss-of-function mutations may show complete dominance over the wild-type allele if the
mutant productsinterfere with wild-type function. This usually occurswhen the gene productis a
multimer, and the mutant can sequester wild-type polypeptides into inactive complexes. For example, receptor tyrosine kinases are dimeric, and mutantnonsignaling receptors can effectively block
signaling from wild-type receptors by forming inactive heterodimers. Alleles of this nature are
described as dominantnegatives (sometimesclassed as antimorphsbecause they oppose or antagonise the wild-type allele).
Alleles with greater activity than the wild-type allele. Alleles which have increased activity com-

pared to the wild type are termed gain of function alleles or hypermorphs. Such alleles increase
the activity of the gene product either by increasing its quantity (up or uppromoter mutations),
encoding a product withsuperior or novel qualities compared to
the wild type, or causing the gene
product to be expressedor activated outside its usual scope (e.g.constitutive mutants -where the
wild-type product is regulated, the mutant is active all the time; ectopic expression mutants regulatory mutants which cause a gene to be expressed outside its normal spatial or temporal
domains). Where a phenotype is apparent, gain-of-function allelesare usually dominant to the wildtype allele, but it may be possible fora wild-type polypeptide to mask the effect of a qualitative gain
of function mutant in a multimeric protein. Dominant positives are analogous to dominant negatives, i.e. the mutant polypeptideexerts its effects at the expense of the wild-type polypeptide in a
multimeric protein, but in this case the mutant overcomes some restriction or regulation experienced by the wild-type product, as seen, for example, in constitutively signaling receptor tyrosine
kinases. A neomorph possessesnovelactivity compared to the wildtype.Ectopic expression
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mutants are often neomorphic because the effects of synthesizing a polypeptide in a region from
which it isusuallyexcluded are unpredictable. Gain-of-functionhomeotic mutations, such as
Drosophila Antennapediu, which causes legs to sprout from the segment where antennae should
develop, are neomorphic (q.v. homeotic genes).
A//e/es with the s8me activity as the wild-type allele. Many mutations have no phenotypic effect

and are selectively neutral. Different alleles which have the same phenotype and thus cannot be
discriminated at the morphological level are termed isoalleles. Isoalleles may be generated by
mutations which do not alter either the quantity, quality or distribution of the gene product (e.g.
synonymous nucleotide substitutions), or by mutations whichdo alter the structure or expression
of the encoded polypeptide but lack a phenotype because the effects of these changes are negligible
(e.g. regulatory mutations which cause moderate but asymptomatic changes to the rate of gene
expression, or conservative missensemutations infunctionally unimportant polypeptide domains).
While isoallelesare selectively neutral, not all neutral alleles are isoalleles: mutations whichdo
cause a change in phenotype may still be neutral if the different phenotypes do not affect fitness (e.g.
mutations which cause changes to eye color). The effects of mutations can thus be considered at
several levels: (i) the effect on nucleotide sequence; (ii) the effect on geneactivity; (iii)the effect on
phenotype; (iv) the effect on overall fitness. Only mutations whichalter fitness are subject to selection. Mutations which have noeffect on geneactivity (e.g. synonymous mutations and most mutations outside the coding region of the gene) are the most likely to be neutral in all environments.
Those causing changes in gene activity or in phenotype maybe neutral in some environmentsbut
not in others.
Neutral alleles are not subject to selection, and thus several can exist in equilibrium within a
population at relatively high frequencies(4.v. polymorphism). Phenotypically distinct neutral alleles
can bedetected as morphological variants, but isoalleles can onlybe discriminated at the molecular
level. In some cases, protein polymorphisms may be detected by the differential behavior of
protein alloforms on electrophoreticgels (also q.v. protein truncation test). DNA sequence polymorphisms may be detected by changes to the length of restriction fragments or PCR products, either
because a restriction site has been created or destroyed (restriction fragment length polymorphism), or because therehas beenan expansion or contraction in the number of tandem repeat units
in satellite DNA (simple sequence length polymorphisms). Alternatively, the behavior of singlestranded DNA or heteroduplex DNA can be exploited to detect mutations (q.v. mutation screening).
The only way unambiguously to detect and characterize all polymorphisms is through DNA
sequence analysis. It hasbeen estimated that the mean heterozygosity of human DNA is 0.004, i.e.
on average, one in every 300 bases ispolymorphic.
15.3 The distribution of mutations and molecular evolution
Mutation spectraand regional distributionof mutations inthe genome. The spectrum and distrib-

ution of mutations in a population of genomes is nonrandom due to the existence of mutation
hotspots - sites which are particularly susceptible to certain types of DNA damage or rearrangement. Tandemly repetitive DNA is a hotspot for slipped-strand replication or unequal exchange,
inverted repeats are hotspots for deletions induced by secondarystructures, and 5-methylcytosine
residues are hotspots for C+T transitions through deamination. The instabilityof 5-methylcytosine
partially explains the unexpected predominance of transitions over transversions in mammalian
DNA. Each base has two choices for transversion but only one for transition, so random changes
should produce transversions with twice the frequency of transitions. In fact, the opposite is true:
transitions are twice as common as transversions. The frequency of different base substitutions
varies widely. Due to the instabilityof 5-methylcytosine, C+T transitions are nearly ten times more
likely to occur than anyother substitution, at least in organisms with methylated
DNA. Thereis also
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Table 15.5 Terms used to describe the distribution
of alleles in populations and the forces which change them
Definition

Mutation rate
Mutation frequency
(allele frequency)
Mutation pressure
Mutation load (genetic load)
Migration
Natural selection
Random genetic drift

The number of mutations occurring over a period of time,
e.g. mutations per gene per generation
The number of individuals in a given population carrying a particular
mutant allele
The force which increasesthe frequencyof a particular allele by
recurrent mutation
The effect of deleterious alleles on a population
The force which changes allele frequenciesby importing and exporting
individuals from a population
The force which changes allele frequenciesby eliminating alleles
causing loss of fitness in a given environment
The force with changes allele frequenciesby random sampling

bias in the frequency of the other 11possible base substitutions, reflecting underlying bias in DNA
repair mechanisms, especially mismatch repair and the repair of common misinstructional lesions
caused by base damage(see Mutagenesis and DNA Repair).
When mutation hotspots and base substitution biases are taken into account, any region of the
genome should, in principle, be equally susceptible to mutation, i.e. mutation is a stochastic and
undirected process providing 'adaptive randomness' as a substrate for natural selection. The
concepts of programmed mutations, induced bythe cell as partof the developmental program,and
directed mutations, occurringinresponse
to particular selectionpressures, are discussed in
Box 15.3.
A//e/e frequencies in populations.
There are numerous factors which influence the frequency of alle-

les in a given population, including population size and structure, mating patterns, mutation rate,
migration, natural selection, random genetic drift and gene conversion (Table 15.5). Mutation and
migration are the two factors which canintroduce new alleles into a population. Newly arising (or
arriving) alleles may be deleterious, neutral or (rarely) advantageous compared with the current
wild-type allele. In the simplest case, alleles which reduce fitness would be eliminated by natural
selection (negative selection) and would be maintained at a low frequency bythe rate of recurrent
mutation(mutation pressure) and immigration. Alleles which increasefitness wouldspread
throughout the population (positive selection) and would eventually displace the previous wildtype allele. During this displacement process, population analysis would reveal polymorphism at
the locus (a situation where there are two or more alleles, eachwith a frequency greater than 0.01).
This could be termeda transient polymorphism becausethe alleles are progressing towards fixation (a frequency of 0 or 1).
If new alleles are selectively neutral, changes in allele frequency depend onchance events, i.e.
random sampling of gametes (randomgenetic drift), rather than natural selection. Drifting alleles
eventually reach fixation, but this takes a long time in large populations, and wouldbe revealed as
a neutral polymorphism.The effectsof drift are more pronouncedin small populations, population
bottlenecks and new populations (the founder effect), where they can cause rapid and dramatic
changes in the representation of particular alleles.
More complex interactions occurtheif fitnessof a heterozygote isoutside the range specified by
the
two homozygotes. Where one allele is fitter than another in the population, and the fitness of the
heterozygote falls between the fitnessesof the homozygotes, selection is directional and will lead to
fixation of the fittest allele. If the heterozygote is fitter than either homozygote (overdominance), the
heterozygote will be selectedand both alleles will be maintained in a balanced polymorphism.An
example is overdominant selection
for the normal(HbA) and sickle-cell (HbS) alleles of pglobin. These
HbS is deleteriousin the homozygous state,
are polymorphic in some African countries because, while
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it confers malarial resistancein HbA/HbS heterozygotes, a genotype which is thus fitter than HbA
homozygotes. Other formsof balancing selection involve alleles
whose fitness isfrequencydependent.
The heterozygote may alsobe less fit than either homozygote (underdominance). Where this occurs,
there will bedivergent selection, but if random mating continues,the heterozygous population will be
replenished and the alleles willbe maintained as an unstable polymorphism.
Selection pressure end themolecular clock.When regional differencesin the distribution of muta-

tion sites are taken into account, the susceptibility of DNA to mutation should begenerally equal
throughout the genome. However, mutations occurring in noncoding DNA are predominantly
neutral, whereas many mutationsoccurring in codingDNA have deleterious effects and are therefore eliminated by natural selection. Theobserved frequency of surviving mutations in coding DNA
is thus muchless than in noncoding DNA, with the result that coding DNA sequences are conserved
over evolutionary time.
The selection pressure which maintains DNA coding sequencescontrols the distribution and
spectrum of mutations observed. Most surviving mutations in coding DNA are base substitutions
because more dramatic mutations- frameshifts, large deletions - are almost alwaysdeleterious
and are eliminated. Base substitutions occur more frequently at degenerate sites (sites where substitutions will not alter the sense of the codon, e.g. often in the third position of the codon) thanat
nondegenerate sites (sites where missense mutations arise, causing aminoacid replacements). The
rate of nonsynonymous substitution for an evolving protein is indicative of the intensity of the selective pressure to maintain its structure. Some proteins change very little because almost all amino
acids play an important role in maintaining the structure and function of the polypeptide (e.g.
histone proteins). Others are evolving very quickly becausethe polypeptide structure is not important for protein function (e.g. the insulin linker chain, whose role is to separate the A and B chains,
and whichis discarded following polypeptide cleavage).
The rate of synonymous substitution in a gene isindependent of selective pressure because most
such mutations are neutral. Thus, the rate of synonymous substitution for histone and albumin
proteins is about the same, although the nonsynonymous substitution rate for albumin is several
hundred-fold greater than that of the histones. Thishas given rise to the concept of the molecular
clock, the measurement of evolutionary time as the rate of neutral evolution. The molecular clock is
not constant, however. Different genes vary in the neutral substitution rate as well as their amino
acid replacement rate, e.g. insulin has a neutral substitution rate twice that of hypoxanthine phosphoribosyltransferase (HPRT), even though both have
more or lessthe same nonsynonymoussubstitution rate and aretherefore under equal selective pressure.A number of factors could influence
neutral evolution, one of which is DNA repair bias. Asdiscussed above, some mismatches and types
of base damageare more likely than others to be repaired, so the rate of neutral evolution could be
influenced by base composition the
in gene. Differences in repair efficiency between genomesis also
involved (this contributes to the rapid evolution of animal mitochondrial genomes, which lack
ntlc2eofide excision repair, q.v.). The molecular clock also runs at different rates in different species
lineages. Generally, the clock is slower for organisms withlonger generation intervals, because the
effects of newly arising mutations are tested in the subsequent generation. The fewer generations
per unit of real time, the fewer new mutations can betested.
15.4 Mutations in genetic analysis
Classical genetic ana/ysis and mveTse genetics. The classical approach to the dissection of a

biological system is to isolate mutants deficient forthat system andthen determine the structure and
precise function of the mutated genes. The alternative approach, which involves isolation of the
gene on the basis of its structure - usually by determiningthe sequence of its encoded protein and then mutagenizing the gene tostudy its function, is sometimes termedreverse genetics (q.v. in
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vitro mutagenesis, gene targeting, gene knockout). Classical genetic analysis requires the generation of
mutants, screening of populations to identify mutants for the system of interest, and then the
mapping and cloning of the responsible gene. Once interesting mutants are available, a second
screen for mutations which modifythe phenotype of the first mutation can identify genes whose
products interact with those identified in the first screen(Box 15.4).
Genetic screens. Mutations may be generated by exposinga population of organisms to physical
or chemical mutagens: nitrosoguanidine is often used for bacteria, ethylmethanesulfonate or X-rays
for Drosophila. Alternatively, transposons can be used to generate mutations: P-elements have been
widely used in Drosophila and Ac-Ds elements in plants (q.v. P-element mutagenesis, transposm
tagging). A population of randomly mutated individuals is generated in this way, and it is then
necessary toidentify and isolate mutants for the system of interest.
In many cases,mutants can be identified by laborious visible screening for a particular morphological phenotype (e.g. in the large-scale screens for developmental mutants in plants, Drosophila
and zebrafish, for cell-cycle
mutants in yeast, and for interesting expression patterns in enhancer trap
and gene trap (q.v.) lines of Drosophila and mice). Where a biochemical or physiological mutation is
sought, it is valuable to enrich the population for desired mutants byselection. Forgain of function
mutations, such as gain of antibiotic resistancein bacteria, positive or direct selection is used -in
this case byculturing the bacteria in the presence of antibiotics to kill nonresistant (nonmutant) cells.
For loss of function mutations, such as auxotrophy (q.v.) in bacteria, negative selection (counterselection) may be used. This strategy kills wild-type cells by exploiting any sensitivities which have
carried out by penibeen lostby the mutant cells. In the case of auxotrophy, counterselection is often
cillin enrichment the mutants are unable to proliferate on minimal mediumdue to their metabolic deficiencyand aretherefore resistant to penicillin, which is lethal to proliferating cells because it
prevents synthesis of cell wallcomponents (also q.v. positive-negative selection). Penicillin enrichment
does notidentify specific metabolicmutants, and this selection is carried out indirectly using a twostage process of replica plating. This involves taking a cloth print of a master plate of bacterial
colonies (bylaying a piece of velvet over the colonies and picking up some bacterial cells from each
colony) and placing this cloth onto a fresh plate so that cells are deposited onto the agar and the
same pattern of colonies is generated. If the master plate is supplemented withan appropriate metabolic end productso that bothprototrophs and auxotrophscan grow,but the replica plate contains
minimal medium, the auxotrophs will not grow on the replica plate. They canthen beidentified on
the master plate as colonies with nocounterparts on the replica plate (also q.v. recombinant selection).
The same principles of genetic screening can be applied to higher organisms, but only where
large numbers of individuals can be mutagenized and bred, e.g. Drosophila, yeast, plants, animal
cells in culture. These screensare often complicated bydiploidy, and to identify recessive mutations,
the mutants mustbe bred to homozygosity over several generations or studied in a haploid background (e.g. by using aneuploidcell lines). In some diploid species, haploid individuals are viable
(e.g. many plants, zebrafish). Oncea mutant hasbeen identifiedthe gene can be isolatedand cloned,
and its biochemical role determined. The principles for doing this are discussed elsewhere (see
Recombinant DNA).

Conditional mutants. The geneticanalysis of essential systems, e.g.DNA replication, development
and the cell cycle (seeindividual chapters on these topics),is made difficult because mutations are
often lethal. A cell which cannot undergo replication will die, as will an organism blocked at an
early stage in development. In diploids, recessive lethal mutations can be maintained in heterozygotes and the basis of lethality studied by crossing heterozygotes and analyzing the homozygous
mutant progeny. However, in bothhaploid and diploid organisms, conditional mutantsare widely
exploited in the analysis of essential systems. A conditional mutant cames a (usually missense)
mutation whoseeffects manifest only under certain restrictive conditions. Under normal permis-
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sive conditions, the wild-type phenotype is displayed. Important classes of conditional mutation
include temperature-sensitive mutations, which display the mutant phenotype under
conditions of
elevated temperature, and cold-sensitive mutations, which display the mutant phenotype at low
temperature. In each case, the properties of the mutant are likely to involve an increased tendency
of the protein to denature atrestrictive temperatures.
Genetic pathway ana&sis. Many genes form parts of genetic pathways and genetic networks,
which take a substrate and convert it into a product through several intermediate stages, each
controlled by a different gene. In some cases, the substrate is information, e.g. in the form of a
signal arriving at the cell surface which must be transducedto thenucleus, or in the form of gene
regulation, which proceeds through a cascade of regulatory switches to downstream targets. In
other cases, the substrate is a physical molecule, a metabolite which must be converted into a
useful product. Mutational analysis can determinethe genes involved in the pathway, their order of
activity, and where branchingand convergence of pathways occur.
Metabolic pathways are in some ways the easiest to dissect because the initial substrate, intermediates and final product are physical molecules rather than states of information processing.
Typically, metabolism involves a series of chemical reactions each catalyzedby a specific enzyme,
and each enzymeis encoded bya gene. Mutations which disruptthe function of the enzymes lead
to a metabolic blockcharacterized by (a)failure to produce the end-product of the reaction, and (b)
the accumulation of a metabolic intermediate. Either or both of these unusual states can generate
a phenotype and may often be harmful to the organism. Bacteria can synthesize many essential
organic molecules using a simple carbonsource, water and minerals, and can therefore grow on a
minimal mediumcontaining these substrates. A bacterial cellwith the wild-type metabolic properties of the speceis is prototrophic. An auxotroph is a bacterial mutant deficient for a metabolic
enzyme, with the result that auxotrophs cannot grow on the medium which is sufficient for the
growth of wild-type cells, but need supplemented medium, containing the end product of the
disrupted metabolic pathway.If the phenotype of the metabolic blockarises principally from failure
to produce the end product, mutations in any of the genes in the pathway can produce the same
phenotype (locus heterogeneity). Initially, the number of steps in the pathway can be
estimated by
complementation analysis (q.v.), which involves bringing two mutations together in trans, and seeing
if the products producedby each genome can compensate for deficiencies inthe other. Geneorder
can be established by the analysis of metabolic intermediates and cross-feeding to establish whether
the intermediates produced by one mutantcell can be usedby another mutantcell to generate the
end product.
The analysis of information transfer pathways is more complex because mutations can cause
gain of function effects (constitutive pathway activation) as well as loss of function effects, which
are the most common metabolicdisorders. The availability of dominant gain of function mutations
is useful, however, because pathway order can then be established by crossing two mutations into
one strain. An early-acting loss of function mutation which blocks information transfer will be
hypostatic to a later-acting gain of function mutation which causes constitutive information transfer, whereas a later-acting loss of function mutation will be epistatic to an early-acting gain of
function mutation (q.v. epistasis, hypostasis).
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30x 15.1: Mutation and pathologyin human disease

\

- hemoglobin disorders

Uormal and abnormal hemoglobins. Hemoglobin missensemutations,and substitutions havebeen
S the oxygen-carrying protein of erythrocytes whichidentified in over 50% of the residues in both a- and
illows these cells to transport oxygen through the P-globin chains. Many substitutions are neutral
in
:irculatorysystem.
Hemoglobin is atetrameric
their effects on hemoglobin function, but some are
lrotein, containing two a-type globin chainsand
pathological because they disturb its tertiary strucWO p-type globin chains associated by hydrogen
tureorability to undergoconformationalchange,
~onds.Each globin polypeptide is conjugated to a and thus alter the oxygen affinity ofthe molecule or
leme molecule whose function is oxygen-binding. interfere with its ability to bind the heme group. The
The human globin genes are found in two clusters. mostcommonpathological
substitution converts
The a-globin cluster contains
the <-globin gene, codon 6 of the P-globin chain from GAG to GTG
:WO identical a-globin genes, andagenewhose
(replacing glutamic acid with valine), generating a
'unction is unknown, &globin. Thepglobin cluster form of hemoglobin(HbS) with increased intermole:onsists of the e-globin gene, two y-globin genes cular adhesion in its deoxygenated state. HbS thus
Nhose products differ from each other at a single crystallizes at low oxygen tension, causing the forImino acid residue, and the S-globin and P-globin
mation of inflexible, sickle-shaped erythrocytesthat
Jenes. Both clusters also contain pseudogenes.
block capillary beds anddamageinternalorgans.
The globin genes of both clusters are expressed The destruction of these cells results in the severe
n a temporal sequence so that the type of hemo- sickle-cell anemia associated with individuals
llobin synthesizedchangesthroughoutdevelophomozygous for this mutation.TheHbSP-globin
nent (the molecular basisof developmental regula- allele is generallyrare, but polymorphicinsome
:ion in the P-globin clusteris discussed in Box 29.3). African countries because heterozygotesfor normal
luring the first 6-8 weeksof life, hemoglobin is and HbS P-globin chains are resistant to the most
synthesized in the yolk sacand
comprises a severe form of malaria (9.v.overdominant selection).
:etramer of two <-globin chains and two e-globin Althoughheterozygotes are carriers of HbS,they
:hains(embryonichemoglobin orHbGower I).
rarely show disease symptoms
- only in conditions
-lowever, starting at about week 2, synthesis of the ofextremelowoxygentension(sickle-celltrait).
smbryonic globins begins to decline and synthesis However, by exposing collected cells to such condi3f a-globin and the yglobins begins. Until birth,
tions, carriers can be identified.
?ernoglobin is synthesized mainly in the liver and
Other point mutations occurring in the globin
:omprisesa
tetramer of two a-globin chains coding regions have been classified as frameshifts,
and two y-globin chains (fetal hemoglobin, HbF). nonsensemutationsandreadthroughmutations.
a-globin continues to be synthesizedinto adult life, Frameshifts and nonsense mutations tend to genbut betweenabout 30 weeksgestationand
12 erate variant hemoglobins if they occurthe
at 3' end
weeks after birth, y-globin synthesis declines and
of the coding region but thalassemias if they occur
P-globinandS-globinsynthesisincreases.The
at the 5' end, due to severe truncation and loss 01
primary site of erythropoiesis shiftsfrom the liver to function. Hemoglobin Cranston contains a variant
bone marrow.Adulthemoglobin
is mainlyHbA
P-globin chain, generated by3'aend frameshift(the
(a2P2) with HbA2 (a*&) representing a small (-2%) insertion of two nucleotides, GA, between codons
fraction of the total.
144 and 145). This causesreadthrough ofthe termiHemoglobin disorders come ,in three forms: nation codon, generating apolypeptide which is 10
hemoglobinopathies(qualitativestructuralalterresidues longer than normal. Hemoglobin Constanl
ations to the globin chain resultingin the production Spring is generated by areadthroughmutation
ofunusual
globin polypeptides);thalassemias
whichconverts the termination codon ofthe a(quantitative reductionsin globin synthesis, leading globin chain from UAA to CAA. This variant is 31
to imbalancebetweenthe a-globin andP-globin
residues longer thanthe normal a-globin chain.
chains); developmental disorders (disruption to the
developmental time courseof globin expression). Variantglobins generated by recombination
These disorders, which range
from asymptomatic to betweenrepetitive DNAsequences.Misaligned
lethal, demonstratethe pathological effectsof many sequence exchange between repeated sequences
(unequal crossing over, or unequal sister chromatid
different typesof mutation.
exchange) can generate both small rearrangements
within individual globin genes, and large rearrangeVariantglobins generated by pointmutations.
ments involving entire globin clusters.Unequal
Many different globin variantsaregeneratedby
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include mutations in the P-globin
3xchange occasionally occurs between directly tions.These
speated copies of the sequenceGCTGCACGTG,
promoter, 5' nonsenseandframeshiftmutations,
'ound in codons 91-94 and 96-98 of the P-globin mutations in the polyadenylation site and mutations
gene. This results in a deletion from one strand, andinintronswhichpreventsplicing.Moreunusual
an insertion in the other, of 15 nucleotides,thus pre- examples include a missense mutation in codon 26
serving the reading frame and generating
the variant of the P-globin gene,
which exchanges glutamic acid
lemoglobin Gun Hill. The misalignment of entire for lysine. Although this is a nonconservative mutagenes followed by unequalexchangegenerates
tion, it would be expected to produce avariant
iybrid globin fusionchains. The most common hemoglobin rather than to cause thalassemia.
'earrangements involve unequal crossing over However, themutationalsointroducesa
cryptic
Detween the +-globinand
P-globin genes, to splicesite into theP-globin gene, which causes
generate hemoglobinKenya(with
the N-terminal aberrant splicing to occur, reducing the amount of
,egionof +-globinand the C-terminalregionof
wild-typeP-globin
to 5040% ofnormallevels.
3-globin; see figure below). This event also deletes
Singlethalassemiasaregenerated by point mutathe &-globingene and causes hereditarypersistence
tions and macromutations affecting individual globin
3f fetal hemoglobin(see below). DifferentHb Kenya
genes, but multiple thalassemias can be generated
subtypes reflect alternative points of crossing over.
by deletions of the globin locuscontrol regions (9.v.)
Forevery Hb Kenyachromatid,there
is another
which
are responsible for the high level coordinated
chromatid caving thereciprocalexchange products: Hb anti-Kenya is a pFglobin fusion (thechro- transcription of all genesin a cluster. Deletion ofthe
P-globin LCR,for instance, causes
EyGP-thalassemia.
matid also contains aduplicated &-globingene).
of fetalhemoglobin
Mutationscausing thalassemias. Thalassemias Hereditarypersistence
fetal hemoglobin comresult from loss of globin gene expression, caused (HPFH).Innormaladults,
is
either by large-scale deletions
or more subtle muta- prises <l% of the total hemoglobin because there
tions.The solubility and oxygen-carrying capacity a switch from y-globin to P-globin gene expression
Df hemoglobin depends on the stoichiometric duringdevelopment. In casesofHPFH,however,
amounts of a- and P-globin in the molecule. In a- this normal developmental switch fails and HbF can
thalassemia,onlyP-globin is available,and in P- account for20-1 00% of total hemoglobin in the cell.
thalassemia, only a-globin is available. In each Deletional forms of HPFH coincide with Por part of the pcase, the remaining globin chains attempt to form thalassemia, i.e. deletionofall
tetramers, but these lack oxygen-carrying capacity globin and &globin genes and their control
elementsprevents the switch occurring. In such
and form insoluble complexes.
Because there aretwo redundant a-globin genes, cases, HbF can compensate for the absence of the
condition is benign
severe a-thalassemia occurs only when three or all adulthemoglobinsandthe
four alleles are lost.Most a-thalassemias are caused (however, HPFH does not occur in all cases of deleinstances of HPFH
either by unequal crossing over betweenthe pair of tional P-thalassemia).Other
a-globin genes, or deletions generated by chromatid occur in the absence of deletion and reflect probreaks. Occasionally, loss ofgene function occurs moter mutations which prevent switching.
through a more subtle mutation, e.g. a frameshift,
Furthermore,thereare
reported cases of HPFH
but this is seenmorefrequently
in P-thalassemia where no mutation in the P-globin cluster could be
becausethere
is onlyone
P-globin gene. p- detected, providing evidence for a regulatory
thalassemias are frequently caused by point mutaelement outsidethe cluster.
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Box 15.2 Pathogenic triplet repeat expansionin human disease
Mplet repeat syndromes. Anumberofhuman
diseases, including Huntington's disease, myotonic
dystrophy and fragile-X syndrome, display complicated pedigrees characterizedby incomplete penetrance,variableexpressivityandanticipation(the
tendency for a diseaseto become more severe and
showanearlierageofonsetthroughsuccessive
generations). In 1990, sequence analysis of
the fragile X syndrome geneFMR7 identified a polymorphic
region of tandemly repeated triplets, (CGG)n, inthe
5' untranslatedregion. In normalindividuals, the
repeat copy number was less than 50, whereas in
affected individuals, the region had expanded and
contained over 1000 copies. Since then, more than
10 additional triplet repeat syndromes have
been identified.

level of protein function. In myotonic dystrophy, a
(CTG)n repeat is found in the 3' UTR and expands
from under 50 copies to morethan3000.This
appears to have no effect on either transcription or
polypeptide structure
the pathological mechanismmayinvolve
the titration of specific RNAbinding proteins which recognize the triplet repeat
sequence in the transcript.SeveralCUG-binding
proteins have beenidentified and repeat expansion
may sequester them and prevent them interacting
with their normal targetRNAs.

-

Mechanism of repeat expansion. Theunstable
nature of the intergenic tandem repeats adequately
explains the
complicated
pedigree patterns
observed for the triplet repeatsyndromes. It is
Three classes of triplet repeatsyndrome. Fragile- likely that moderate increases in repeat number are
X syndrome is typical ofclass II triplet repeat caused by strand-slipping during DNA replication,
syndromes,where the triplet repeatsequence is but suddenexpansionsmustinvolveadifferent
GC-rich and foundin noncoding DNA. The extent of mechanism, such asunequalcrossingoveror
pathological triplet expansion is great (from a unequalsisterchromatidexchange.Thebasis
of
normal 50-100 copies to over 2500 copies), andthis anticipation reflects astrong bias for repeat expancauses transcriptional repression through chromatin
sion once a
critical premutagenicthreshold number
re-modellingand DNA methylation.Huntington's
of
repeats
has
been reached. In myotonic dystrodiseaseisaclass
I triplet repeatsyndrome: the
triplet (CAG)n lies within the coding region of the phy, this thresholdlies within anarrowrange of
gene and encodes a run of glutamine residues. The40-50 repeats, whereas for fragile-X syndrome, the
extent of pathologicaltriplet expansion is moderate threshold is50-200 copies. Once this copy number
has been reached, there
is a highprobability of con(from a normal 10-30 copies to 40-100).
tinued, pathological expansion andlow
a probability
Transcription is unaffected by theexpansion,and
the effects of the mutation presumably act at the of contraction. The nature of
this bias is unknown.

Box 15.3 Random, directed and programmed mutations

Random vs directedmutations in bacteria. Do exposure to the phage).Conversely, if mutations
mutations occur randomly, providingthe raw mater- arose in response to phageinfection, all cultures
ial for natural selection, ordo they arise in response would be expected to contain similar numbers of
to selectivepressure?Therandom,
undirected resistant cells. The results showed a large fluctuatio
nature of mutation was first shown by the fluctua- in the numbers of resistant cells between cultures,
tion test of Luria and Delbruck in 1943. Bacterial suggesting that mutations had arisen randomly.
cultures were maintained in optimal conditions for
In 1988, Cairns provided evidence that lac- bacteria
several generations and then shifted
to a harsh envi- (bacteria auxotrophic for lactose utilization) reverted
ronment (by infecting them with bacteriophage Tl). to wild type at a greater rate than normal if provided
Phage-resistant mutants were isolated after several with lactose. Other researchers have shown similar
more generations. If mutations occurred randomly
results for other auxotrophs. This would suggest that
(i.e. independent of the phage infection), some cul- bacteriacandirectmutations
to particulargenes
tureswouldbeexpected
to containfewphagewhere the environment favors such a mutation, i.e.
resistant cells (because the mutation occurred in
late the mutation occurs in response to selective presthe experiment), while others would contain many
sure. Controversyhassurrounded the conceptof
directed mutations sincethe results of these experi(because the mutation occurred early, wellbefore
Continued
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nents were published, and there has been vigorous pressure is removed. The mechanism of gene ampli3ebate concerning both the mechanism and evolu- fication is therefore not entirely clear, although it
may involve very promiscuous and dynamic recomtionary consequences of such a process.
bination events or unscheduled replication. The
coRandom vs directed gene amplnication in mam- amplification of unselected flanking sequences can
malian cells. When culturedmammaliancellsare
be exploitedfor mammalian expressioncloning (q.v.
treated with drugsthatinhibitspecific
enzymes, amplification vectors).Geneamplification
is also
resistant cells can be isolated and grown. The resis- seen in cancer cells, as a predominant mechanism
tantcoloniescanbeexposed
to progressively for the overexpressionofproto-oncogenes
(see
greater concentrations of the drug, far in excess of Oncogenes and Cancer).
levels that wouldbe lethal to the entire starting population of cells, yet resistant cells canbestill
isolated. Programmed amplification in development. As
well as the random amplifications which occurin all
For example, the drug methotrexate is a folic acid
cells and can be selected by drug treatment, or by
analog,and acts as a competitive inhibitor of the
enzyme dihydrofolate reductase (DHFR). Wild-type somatic natural selection in cancer, certain amplificells are sensitiveto 0.1 pg ml-l methotrexate, butby cation events occur in aprogrammedmanneras
stepwise selection, cells can be isolated which toler-part of development. Targets for programmed
amplification include the rRNAgenes of many
ate up to 1 mg ml-l methotrexate,fiveordersof
amphibians, which become excised from the
magnitudegreaterthanthewild-typelethaldose.
Analysis of the DNA from resistant cells shows that genome as small DNA circles,and the chorion
become selectively
somehave simplemutationsinthe
DHFR gene, genesofDrosophila,which
which reduce the sensitivity of the enzyme
to the amplified within the genome. For a further discussion of programmed amplification,see Development:
inhibitor, and some have mutations
in other genes
Molecular Aspects.
whichlimitmethotrexateuptake.Most,however,
have amplified the DHFR locus,and in thehighly
resistant cells subjected to several rounds of selec- Somatic hypermutation. A clear example of protion, the locus can be amplified thousands of times. grammed mutation is somatic hypermutation: the
In chromosome preparations from such highly alteration of germline immunoglobulin DNA by the
selected cells, the amplified region can be as
seen
an introduction of changes to the nucleotide sequence
extendedchromosomeband(a
homogeneously during B-cell development. In humansandmice,
somatic hypermutation occurs specifically
in B-cells
staining region) orassmallextrachromosomes
termed double minutes. Occasionally, copies of the where the immunoglobulin genes have already been
amplified region translocate
to another chromosome. rearranged and expressed: it is the mechanism of
Superficially, the amplification of drug resistance affinity maturation, i.e. the increase in affinity of an
genes in response to increasing drug dosage looks antibody forits specific antigen. In sheep, hypermulike a candidate
for directed mutationin response to tation of unrearranged immunoglobulin genes
occurs to provide a more diverse primary repertoire
selective pressure. However, only
a very few cells
of somatfrom the initial wild-type population (1:107) survive of antibodies.It is likely that the initial role
ic
recombination
was
to
generate
primary
diversity,
the first round
of selection, and these represent
indias lower vertebrateswith little combinatorial or juncviduals where the DHFR locus has been amplified
(q.v.
by chance. The amplification of any region of
the tional diversity carry out somatic hypermutation
V(Dp recombination).
mammalian genome occurs at a low spontaneous
Themechanism of somatic hypermutation is
frequency, and the selection procedure enrichesthe
for hypermutation
culture forpreexisting cells with the beneficial ampli- unknown,butaconsensussite
fication. Once isolated and used
to generate a resis- recruitment has been identified, and several lines of
with transcription. Most work
tant colony, some of those cells
will undergo further evidence suggest a link
amplification and can be selected in a has concentrated on the mouse Igx locus, and lglc
second round ofdrugtreatment,and
so on in a transgenes have been widely exploited in the study
of this process because they act as hypermutation
stepwise manner.
substrates. The hypermutation domain of lgK begins
Theamplificationunit (amplicon) is oftenvery
of the rearrangedV
large (>l00kbp) and contains much flanking
DNA in within the leader intron upstream
addition to the DHFR locus; DNA from other regions segment, and extends across theV and J segments
of the genome, including other chromosomes, may and into theJ-C intron (q.v. immunoglobulingenes).
However, the mutations are largely restricted to the
alsobeincluded.Therepeats
are nothomogeDNA corresponding to the variable domains andare
neous:theyaredifferentlengthsandundergo
clustered in the hypervariable regions, corresponding
rearrangements. They are unstable once selective
Continued
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to the parts of the antibody which actually contact
the antigen.Theconsensus
nucleotidesequence
RGYW is thought to beapartialhypermutation
(but not all)such sites
recruitment site because many
are local hypermutation hotspots. Investigation
of the
distribution ofserine
codonssuggests that the
gemline immunoglobulin geneshaveevolved
to
target hypermutationto hypervariable regions. Serine
is encoded by two unrelated codon families:AGY
(which is part of the hypermutation consensus) and
TCN(which is not).There is biasedserine codon
usage in the immunoglobulin loci, asAGY codons
tend to occur in hypervariableregions,andTCN
codons elsewhere, whereas TCNcodons are distributed throughout theV-regions of the T-cell receptor
genes, which do not undergo hypermutation.
The hypermutation domain is located within the

lgh- transcription unit,andhypermutationshows
distinct strand polarity.These data suggest that
hypermutation is coupled to transcription, perhaps
in the sameway as transcription-coupled DNA
repair (q.v.). Further support for link
a with transcription comes from transgenicexperiments, which
have shown that the K light chainenhancer is
required for hypermutation, but that the promoter
and most of the V-segment canbe replaced by heterologous sequence andstill act as a hypermutation
substrate. Trans-acting factors with an explicit role
in hypermutation have not been identified, although
a possible candidate is TFllH -the basal transcription factor with a central role in transcriptioncoupled DNA repair. A current model suggests that
TFllH could recruit an error-prone DNA polymerase
to the locus, which would introduce nucleotidesubstitutions in the following round of DNA replication. ,

Box 15.4: Second site mutations
Suppression and enhancement. Second site vative changeto a conservativechange.
mutations are mutations occurring in addition to an
initial primary site mutation which may modify the Suppressors in different genes. lntergenic (also
phenotype determined by the primary site mutation. extragenic or external) suppressors are second
site mutations occurring in a different gene to the
When the effect of
the first mutation is ameliorated by
the second, the phenomenon is termed
suppression, primary mutation. The effect ofanintergenic supwhereasif
itisaugmented,thephenomenon
is pressor is not compensatory atthe gene level,but at
termed enhancement.The effectsof a primary muta- the level of its product (i.e. they suppress functions
tion can also be suppressed by the environment,
e.g. in trans). In some cases intergenic suppressors may
compensate physiologically (e.g. a loss of function
streptomycincanmimicinformationalsuppression
(see below)by reducing the fidelity of translation; this mutation which prevents synthesis of an essential
is termed phenotypic suppression (also q.v. pheno- enzyme, such as one required for tyrosine synthesis,
could be compensated by a mutation in a second
copy).Atthelevelofthephenotype,
theconsegene which allows more efficient uptakeof tyrosine
quencesofsuppressionare
identical to thoseof
from the environment).Inothercases,intergenic
reversion.However,only with suppression can the
interacting
components of the effect be separated by recombi- suppressors identify genesencoding
proteins, and screens for unlinked suppressor
nation, i.e. a cross-over between the mutations.
mutants have been widely exploited
for this purpose
Suppressors in the same gene. Intragenic or (also q.v. two hybridsystem). lntergenic suppression
is a form of nonallelicinteraction (q.v.), and also q.v.
internal suppressors are secondsitemutations
occurring in the same gene asthe primary mutation, complementation.
in thecis-configuration (c.f. alleliccomplementaInformational suppressors. Informational suption), and which restore the wild-type phenotype by pressors (supersuppressors) are a class of intermaking good some structural deficiency,e.g. where genic suppressors which compensate for missense,
a primary frameshift is caused by a single nucleotide
nonsenseandevensmallframeshift
mutations by
insertion, a nearby single nucleotide deletion would introducing a compensatory
change in the anticodon
act as a suppressor to restore the original reading loop (q.v.) of the correspondingtRNA molecule, thus
frame. In the special case of intracodon suppres- causing the mutated coding region to be read as it
sors, the second sitemutation is in the same codon was originally intended. Nonsense suppressors are
as the primary mutation and compensates for the classedas amber, ochre and opal suppressors
effect of the primary mutationby restoring the orig- depending upon which type of termination codon
inal sense ofthe codon or converting a nonconser- theyinterpret as a sense codon.BecausetRNA
Continued
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genesaregenerallypresent
in manycopies, the
occurrence of one informational suppressor mutation does not result in the misinterpretation of all
stop
codons; thus normal terminationof wild-type genes
alsotakesplaceand
the organism is viable.
genic,
Enhancermutations.
A second site mutation
,which increases the severity of the original mutant
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phenotype, a process described as enhancement, is termed an enhancermutation.
Like
suPPressorsp e n h a m ~ rmutations can be Cisacting andintergenic Or tfWkS-aCting and interthe latter identifying possible interacting
gene products. Enhancer mutations should not be
confused with enhancers (q.v.), which are cisacting regulatory elements.
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Chapter 16

Nucleic Acid Structure
Fundamental concepts and definitions
DNA and RNA are nucleic acids, polymers composed
of nucleotide subunits. Each nucleotide
comprises a nitrogenous base linked toa phosphorylated sugar. The sugar residues are cova5'43' phosphodiester bonds, forming
a polarized but invariant backbone with
lently joined by
projecting bases.
The nature and order
of the bases along the polymer comprises the genetic information carried
by nucleic acids. The projecting bases interact specifically with other bases to form complementary pairs, allowing nucleic acids to form duplexes, act as templates and recognize homology, three processes which underpin the essential biological processes
of replication, recornbination and gene expression (q.v.).
Duplex nucleic acids adopt different conformations depending on the base sequence, topological constraints, environmental conditions and interaction with proteins. Such conformational
polymorphism is as important
for the functionof nucleic acidsas the base sequence itself.
DNA is the genetic material of cells and exists primarily in a double-stranded form - this
makes it particularly suitable
as a repository of genetic information,a blueprint, because it can
preserve its integrity by acting as a template for its own repair (see Mutagenesis and DNA
Repair). Cellular RNA is transcribed from the DNA and exists predominantly in
a singlestranded form, although it usually folds to form complex secondary and tertiary structures.
There are several classes
of RNA which have distinct functions, mostly concerning the expression of genetic information(Table 26.2). Viral genomes can be composed
of either DNA or RNA
(see Viruses).
16.1 Nucleic acid primary structure
Nucleotide srrvcrure. Nucleotides are the basic repeating units of nucleic acids and are con-

structed from three components: a base, a sugar and a phosphate residue. Nucleotides also have
many other functions in the cell, e.g. as energy currencies, neurotransmitters and second messengers (see Signal Transduction).
Bases are derivatives of the basic nitrogenous heterocyclic compounds pyrimidine and purine
(Figure 26.2). DNA and RNA both contain four major bases, three of which (the purines adenine
and guanine, and
the pyrimidine cytosine) are present in both nucleic acids,whilst uracil is specific
to RNA and thymine to DNA. DNA probably evolved to contain thymine to prevent mutations
caused by deamination of cytosine to form uracil (however, q.v. 5-methylcytosine). Both DNA and
RNA also contain infrequent minor bases(e.g. inosine),which may be incorporated as such or may
result frommodificationafter polymerization (q.v. D N A modification, tRNA, RNA editing, base
anabgs). Bases can existas alternative tautomericforms (q.v.) with different hydrogen bondingpotentials, and these are frequent sources of mutations (see Mutagenesis andDNA Repair). Thecommon
bases in DNA and RNA are relatively stable in one tautomeric form (the dominant tautomeric
form), which is probably why they have been selected tocarry genetic information.
Both DNA and RNA contain five carbon (pentose) sugars wherethe intramolecular formation
of a hemiketal group generates a furanose ring structure (so-called because of resemblance to the
heterocyclic compound furan) (Figure 16.2). The essential differencebetween DNA and RNA is the
type of sugar each contains: RNA contains the sugar D-ribose (hence ribonucleic acid, RNA)
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Table 16.1: Major and minor functional classes of cellular
RNAs
RNA
Major classes
mRNA (messenger RNA)

The RNA transcribed from protein-encoding genes which carries
the message for translation. Some mRNA-like transcripts are
untranslated, e.g. XIST,H79 (9.v. parental imprinting)
hnRNA (heterogenous nuclear RNA) Prespliced mRNA. The unmodified transcripts of eukaryotic
of size
genes, so called because of its great diversity
compared to tRNA and rRNA.
tRNA (transfer RNA)
The adaptor molecule which facilitates translation. tRNA also
primes DNA replication during retroviral replication (q.v.
retrovirvses)
rRNA (ribosomal RNA)
Major structural component of ribosomes, required for protein
synthesis

Minor classes
iRNA (initiator RNA)

snRNA (small nuclear RNA) or
U-RNA (uridine-rich RNA)
snoRNA (small nucleolar RNA)
scRNA (small cytoplasmic RNA)

Telomerase RNA
gRNA (guide RNA)
Antisense RNA (mRNA-interfering
complementary RNA, micRNA)

Ribozymes

The short RNA sequences used
as primers for lagging strand
DNA synthesis (q.v. replication)
Low molecular weight RNA molecules found in the nucleoplasm
which facilitate the splicing of introns and other processing
reactions. Rich in modified uridine residues
Low molecular weight RNA found in the nucleolus, probably
involved in the processing of rRNA
Low molecular weight RNA molecules found in cytoplasm with
various functions. Examples are7.9 RNA whichis part of the
signal recognition particle (q.v.) and
pRNA (prosoma1 RNA),a
small RNA associated with approximately
20 proteins and
found packaged with mRNA in the
mRNf or informosome
(q.v.), which may have a global regulatory effect on gene
expression
A nuclear RNA which contains the template for telomere (q.v.)
repeats and forms part of the enzyme telomerase (q.v.)
An RNA species synthesized in trypanosome kinetoplasts which
provides the template for
RNA editing (q.v.)
Antisense RNA is complementary to mRNA and can form a
duplex with it to block protein synthesis. Naturally occurring
antisense RNAis found in many systems but predominantly in
bacteria, andis termed mRNA-interfering complementary
RNA (q.v. plasmid replication,
F transfer region, bacteriophage ;I, regulation of protein synthesis, gene therapy)
RNA molecules which can catalyze chemical reactions (RNA
enzymes). Usually autocatalytic (q.v. self-splicing introns), but
ribonuclease P is a true catalyst (q.v. tRNA processing). Other
RNAs work in concert with proteins, e.g.MRP endonuclease
in mitochondrial DNA replication (see Organelle Genomes)

Most RNAs are linear, but some can be branched (e.g. lariats during intron processing) and somebe
may
circular (e.g. viroids, and possiblySRY mRNA; q.v. sex-determination).
whereas DNA contains t
i
sderivative 2’-deoxy-D-ribose,where the 2’ hydroxyl group of ribose has
been replacedby a hydrogen (hence deoxyribonucleic acid, DNA). This minor structural difference
confers very different chemical and physical properties upon DNA and RNA, the latter being much
stiffer due to steric hindrance and more susceptible to hydrolysis in alkaline conditions, perhaps
explaining inpart why DNA has emerged as the primary genetic material.
Nucleosides consist of a base joined to a pentose sugar at position Cl’.The sugar Cl’carbon
atom of purines (Figure 26.2); this is a &Natom isjoined to the N’ atom of pyrimidines and the
glycosidic bond.The nomenclature of nucleosides differs subtly from that of the bases(Table 26.2).
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Figure 16.1: Bases and sugarsin nucleic acids. The major bases cytosine, thymine and uracil are derivatives
of the heterocyclic compound pyrimidine, whereas the bases adenine and guanine are derivatives
of the

-

heterocyclic compound purine. Note that thymine and uracil have very similar structuresboth bases pair
in the samemanner with adenine (q.v. complementary base pairing)so that thymine in DNA is replaced by
uracil in RNA. The minor bases of DNA, 5-methylcytosine and inosine, are also shown. The sugars D-ribose
and 2'-deoxy-D-ribose are called furanose sugars becauseof their similarity to the heterocyclic compound
furan. Conventional ring numbering systems are shown. The sugar numbering system uses primed numbers
to avoid confusion with the base numbering system.
Nucleotides are phosphate esters of nucleosides. Esterification can occur at any free hydroxyl
group, but is most common at the 5' and 3' positions in nucleic acids. The phosphate residues are
joined to the sugar ring by a phosphomonoester bond,and several phosphate groupscan be joined
in series by phosphoanhydride bonds(Figure 16.2). Nucleoside5'-triphosphates are the substrates
for nucleic acid synthesis. Two hydroxyl groups can also be esterified by the same phosphate
moiety to generate a cyclic nucleotide, e.g. cyclic AMP (CAMP,
adenosine 3'-5'-cyclic phosphate; see
Signal Transduction).
Nucleic acids are long chains of nucleotide units, or polynucleotides. The substrates for polymerization are nucleoside triphosphates, but the repeating unit, or
monomer, of a nucleic acid is a monophosphate (nucleoside monophosphate residue, nucleotidylate residue, nucleotide residue). During polymerization, the 3' hydroxyl group of the terminal
nucleotide residue in the existing chain makes a nucleophilic attack upon the (innermost) or-phosphate of the incoming nucleoside triphosphate to form a 5'+3' phosphodiester bond.This reaction
is catalyzed by enzymes termed
DNA or R N A polymerases (Box 26.1) and pyrophosphate is produced
as a by-product (4." D N A replication, transcription). Serial polymerization generates long polymers
variously called chains or strands, containing an invariant sugar-phosphate backbone with5'+3'
polarity and projecting nitrogenous bases. The primary chemical structure of DNA and RNA is
shown in Figure 16.3 along withcommon shorthand notations (also q.v. PNA).
Oligonucleotides are short nucleic acids (i.e. 4 0 0 nt in length). Oligoribonucleotides occur naturally and are used as primers during DNA replication and for various other purposes in the cell.
Synthetic oligonucleotidescan be made bychemical synthesis and are essential for many laboratory
techniques (e.g. q.v. D N A sequencing, polymerase chain reaction,in situ hybridization,nucleic acid probe,
nucleic acid hybridization,gene therapy).

Nucleic acid primary structure.
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Figure 16.2 Nucleosides and nucleotides. (a) The chemical structures
of two nucleosides showing the
glycosidic bond joining the sugar to the base:(i) adenosine, a ribonucleoside containinga purine;
(ii) deoxycytidine, a deoxyribonucleoside containinga pyrimidine. (b) The ribonucleotide adenosine
monophosphate (adenylic acid) and the phosphate residues
of the diphosphate and triphosphate derivative
showing the nomenclatureof the phosphate groups. The positionsof the monoester and phosphoanhydridl
bonds are indicated. (c) The cyclic nucleotide cyclic adenosine monophosphate.

16.2 Secondary structure of nucleic acids
76vo fonns of base interactions. Nucleic acid secondary structuresare generated by two kinds
noncovalent interactions between bases: base pairing and base stacking. Base pairing involv,
hydrogen bonds and is the predominant force causing nucleic acid strands to associate, but tl
structures are stabilized by hydrophobicinteractions between adjacent bases brought about by
ele
trons in x rings. It is these
interactions which are described as base stacking forces. The se
ondary structure of DNA is characterized by intermolecular base pairing to generate double-stran
ed or duplex molecules (dsDNA). Secondary structures in RNA,which exist primarily in sing1
stranded form, generally reflectintramolecular base interactions.
Complementary base pairing.Edwin Chargaff first showed that althoughthe relative abundanc
of the four bases varied considerably in DNA isolated from different organisms,
the ratio of adenil
to thymine or guanine to cytosine was alwaysthe same. Thus Chargraff‘s rules state that A = T ar
G = C. The molecular basis of Chargraff‘s rules is complementary base pairing between adenb
and thymine and between guanine and
cytosine in double-stranded DNA.This is facilitated by tl
formation of stable and specific configurationsof hydrogen bonds between the bases. The regul
aris
structure of the DNA double helix, deduced by James Watson and Francis Crick (see below),
because a purine in one strandis always paired with a pyrimidine in the other. Specific pairing
achieved by reciprocalpositioning of hydrogen bond acceptors and donors, two bondsin A:T pai
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Table 16.2 Nomenclature ofthe bases andtheir nucleoside and nucleotide derivatives (shorthand notations
in
parentheses)

Bases

Nucleosides

DNA

RNA

Adenine (A)
Cytosine (C)
Guanine (G)
Thymine (
l
)
Deoxyadenosine (dA)
Deoxycytidine (dC)
Deoxyguanosine (dG)
(Deoxy)thymidine(dT)

Adenine (A)
Cytosine (C)
Guanine (G)
Uracil (U)
Adenosine (A)
Cytidine (C)
Guanosine (G)
Uridine (U)

Nucleotides (adenine derivatives
used as the example)
5'-monophosphate
Adenosine
Deoxyadenosine
Nucleoside monophosphates
5'-monophosphate
adenylic
oror
deoxyadenylic acid
(dAMP, dpA)
Nucleoside diphosphates
Deoxyadenosine
5'-diphosphate (dADP, dppA)
Nucleoside triphosphates
Deoxyadenosine
5'4riphosphate (dAP, dpppA)
Deoxvadenvlate
Nucleotide residue

acid (AMP,
PA)
Adenosine 5I-diphosphate
(ADP,
PPA)
Adenosine 5'-triphosphate
(ATP,
PPPA)
Adenylate

Note that in shorthand notation, nucleosideand nucleotide derivativesof deoxyribose are distinguished by
the prefix Id'. Where clarity is especially important, ribonucleosides and ribonucleotides can similarly
be
identified with the prefix 'r', e.g. ATP = rATP. Only the second shorthandnotation can discriminate between
5' and 3' phosphates, with 5' phosphate residues placed before the base(e.g. PA is adenosine-5'(e.g. Ap is adenosine-3'-monophosphate).The
monophosphate) and 3' phosphates placed after the base
deoxy-prefix can beomitted from the names of thymidine derivatives because,as a predominantly DNAfor
specific base, it is usually evident that sugaris deoxyribose. However, the full nomenclature is preferred
the sake of convention and because thymineis a minor base in RNA. Where context is obvious, both DNA
and RNA sequences are represented asa simple series of bases.
Ambiguous bases: R = A or G (any puRine); Y = C or T/U (any pyrimidine); K= G or T (Keto); M = A or C
(aMino); S = G or C (strong-three bonds); W = A or T (weak - two bonds); B = G, T or C (i.e. not A); D =
G, A or T(i.e. not C); H = A, C or T(i.e. not G); V = A, C or G(i.e. not

T).

(donor-acceptor verses acceptor-donor) and three in G:C pairs (acceptor-acceptor-donor verses
donor-donor-acceptor) - see Figure 26.4. These Watson-Crick base pairs form thebasis of most
secondary structure interactions in nucleic acids, and as well as explaining Chargraff's rules, they
simultaneously demonstrateh o w DNA can act as a template for replication and transcription (q.v.),
undergo recombination (q.v.) and presenre its genetic integrity by repair (q.v.). In RNA, uracil replaces
thymine, but since uracil has a similar chemical structure to thymine and formssame
the hydrogen
bonds with adenine, both nucleic acids hybridize according to the
same general rules. Ubiquitous
as these interactions are, however, there are alternative base pairing schemes playing important
roles in the formation of
secondary and tertiarystructures. These are discussed below.

Arternative f o m s of base pairing. Watson-Crick base pairs are predominant in the structure and
function of nucleic acids. However, there are 28 possible arrangements of at least two hydrogen
bonds betweenbases which provide thebasis for a diverse set of interactions. The most significant
of these alternative configurationsare the Hoogsteen base pairs, which contribute totRNA structure and allow the formation of triplehelices. A modification to Watson-Crickbase pairs are the
wobble pairs, which allowbases in the 5"anticodon position tRNA
of
to pair ambiguously
with the
mRNA (q.v. genetic code, wobble hypothesis). The wobble base pairs are formed because bases are
offset from their normal Watson-Crickpositions,-and one of the hydrogen bondslost.
is
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DNA
+T+=+A+c

RNA

....P T ~ G ~ ....
A ~ TGAC
C

Figure 16.3 Primary chemical structure of a short sequenceof (a) DNA and (b) RNA with 5'+3'

phosphodiester bonds indicated. Three shorthand notations for nucleic acid primary structure are
also shown.

I

H

Figure 16.4 Watson-Crick base pairs. Hydrogen bonds are shownas dotted lines. Three hydrogen bonds
form in G:C base pairs and two in A T (or A:U) base pairs. TheG:C pairs are therefore the most stable
(q.v.
GC-content, thermal melting profile).

The DNA double helix. The structure of double-stranded DNA (dsDNA) was solved by James
Watson and Francis Crick in 1953 using X-ray diffraction of DNA fibers prepared by Maurice
Wilkins and Rosalind Franklin. Duplex DNAgenerally exists as a right-handed double helix, with
two antiparallel strands (i.e. with opposite 5'+3' polarities) wrapped round a common axis. The
repeating sugar-phosphate units form the helical backbone, and the bases projectinwards forming
hydrogen bonds across the helical axis. The structure is stabilized by hydrogen bonding between
stacking interactions between adjacent bases. The bases are shielded from the
base pairs and (IC-%)
environment (protecting the genetic information from physicaland chemical attack;see Mutagenesis
and DNA Repair), and because of base interactions, the outside of the helix is not smooth but has
two grooves, a wide major groove and a narrow minor groove which facilitate sequence-specific
protein-DNA interactions (see Nucleic Acid-Binding Proteins).
These features of the helix were deducedfrom long DNA fibres,and are thus general properties
which do not take into account local perturbations caused by unusual sequence architecture.
Furthermore, whereasthis form of the DNA double helix, known as B-DNA, is prevalent in vivo,
other forms of the helix with distinct structures also exist (seebelow).
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Helical confomafions. The first investigations of DNA secondary structure demonstrated thatalter-

native helical conformations(conformers) formed at different humidities (helical conformations are
described in termsof gross morphological features,bond angles and helix parameters, summarized
in Box 16.1). A-DNA and B-DNA helices are both right handed, but A-DNA is wider, incorporates
more base pairs per
helical turn andis less flexible than thecanonical B-DNA described above. This
reflects differencesin helical twist,base inclination, and displacementof the base pairs from the helical axis resulting from dehydration. The change in conformation alters the shape of the major and
minor grooves, potentially influencing the nature of protein-DNA interactions. Under physiological conditions, duplex RNA and RNADNA hybrids are thought to adopt an A-form structure
because they are inherently less flexible than DNA. The A-form of DNA is less soluble than the
B-form, which is why DNA which is overdried during, for example,plasmid preparation is difficult
to dissolve.
With improved methods of analysis and the ability to make customized oligonucleotides (see
above), a number of different types of DNA helix have been observed. These fall into three major
classes, the A-form and B-form described above, and the Z-form (Table 16.3 and Figure 16.5). Early
studies of oligonucleotides with alternating purine-pyrimidine sequences revealed the left-handed
helical conformation of Z-DNA. This structure is characterized by alternating helical parameters
and torsion angles with a two-base pair periodicity, causing the backbone of the helix to zig-zag
(hence the name Z-DNA). Therepeating structural unit of Z-DNA istherefore two base pairs rather
than one, as is the case forA-DNA and B-DNA. Although alternating purine-pyrimidine tracts such
as oligo-dGdC and oligo-dAdC provide a good substrate for Z-DNA, this sequence specificity is
now known to be neither necessary nor sufficient forits formation. Z-DNA structures tend to form
in torsionally stressed DNA and are stabilized by dehydration; they may play an important
role in
the control of gene expression (see Transcription).
Table 16.3: COmPariSOn Of some morphological features and selected bond torsion angles and helical parameters of the three major typesof DNA helix

Morphological
characteristics
Helical sense
Pitch (base pairs
per turn)
Major groove Flat
Minor groove
Helix diameter
Torsional Parameters
pucker
Sugar
anti
Glycosidic
bond
angle
Helical parameters
Displacement
Twist
Rise
Inclination

A

Conformation
B

z

R

R

L

10

12

Wide
Narrow
1.9 nm

1.8 nm

11

Deep, narrow
Broad, shallow
2.3 nm
C*' endo

-4.4

33
2.6
22

C3' endo

Narrow and very deep

anti

Alternating
Alternating antikyn

0.6

3.2
49/-10

3.4
-2

3.7
-7

Note that the low displacement and tilt of B-DNA indicates that the basessit on the axis and are
perpendicular toit (Figure 76.5).
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2-DNA

B-DNA

A-DNA

Figure 16.5 Structure of the A-DNA, B-DNA and 2-DNA forms of the DNA double helix. The B-formis
thought to be the most prevalentin vivo. M = major groove, m = minor groove, G = single groove in Z-DNA.
(Modified from DNA Replication. Kornberg and Baker (1992),WH Freeman, New York.)

Local flexibility in DNA structure. The analysis of oligonucleotide crystals as opposed to fibres

shows that thereis great variation in the helical parameters of molecules with diverse base
sequences. This occurs because different
base sequences influence helicaland torsional parameters
to maximize the stability of stacking and pairing interactions. B-DNA is particularly flexible in this
respect and different localconformations formto adapt to particular sequences. This indicates that
DNA probably does not exist in rigid conformational forms but may change smoothly between
different conformations punctuatedby local polymorphisms suchas bent DNA and helical transitions (suddentransitions between different helical conformationswithin a single molecule, e.g.B-Z
transitions). DNA bending is an intrinsic property depending on stacking interactions which,
according to local sequence, may be
isotropic (unbiased) or anisotropic (bending in a specific direction). IntrinsicDNA bends occur in AT-rich runs and inrepeats of the sequence GGCC in step with
helicalperiodicity.DNA
bending can also be induced by proteins (see NucleicAcid-Binding
Proteins) and by circularization (q.v. DNA topology). Induced bending is necessary for DNA packaging in chromosomes (see Chromatin) and for replication,recombination and transcription (q.v.).
Proteins may also recognise DNAthat is bent in a certain way (e.g. topoisomerases).
Secondary structure in RNA and nonduplex DNA. In RNA and singlestranded regions of DNA,

secondary structure is determined by intramolecular base pairing. Since cellular DNA is usually
present as a duplex, the bases are available for intramolecular interactions only rarely. Conversely,
intramolecular secondary structures are abundant in cellular RNA and underlie their functional
specialization. RNA secondary structures play a major role in gene expression and its regulation:
base pairing between rRNA and mRNA controls the initiation of protein synthesis, base pairing
between tRNA and mRNA facilitates translation, RNA hairpins and stem loops control transcriptional termination, translation efficiency and mRNA stability, and RNA-RNA base pairing also
plays a major role inthe splicing of introns (see Transcription, RNA Processing, Protein Synthesis).
The major classes of intramolecular nucleic acid secondary structures are listed in Table 16.4. Like
DNA, RNA helical conformation is modulated by local sequence character, but the relatively high
percentage of modified basesfurther adds to the variety of structures which form.
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Table 16.4: lntrastrand nucleicacid secondary structure elements
Secondary structunt

Definition

Bulges and bulge loops

Deformities on one side of aduplex which hasexcessresidues.
A bulge is caused by a single excess residue, and
bulge loops by
more thanone. These distort stacking of neighboring bases and
induce a bend, increasingthe accessibility of the major groove.
Bulges and bulge loops in double-stranded DNA are caused by
insertions (see Mutagenesis and DNA Repair)
Deformitiescausedbyoneormoremismatchingbase
pairs in an
otherwise duplex structure.In RNA, internal loops or bubbles have
been implicatedas protein recognition sites
Secondary
structures which may form in
regions of hyphenated dyad
symmetry. The two complementary regions base pair
to form a stem
which may fold over on itself (hairpin) or endin a loop of unpaired
nucleotides (stem-loop, hairpin-loop). Three and four nucleotide
loops are particularly stable structures due
to special basepairing
and stacking interactions within the loop. Hairpins and stem
loops
are key functional elements in manybiological systems, including, for
example, tRNA and rRNA structure, transcriptional termination,
control of translation and packaging of viral genomes, suggesting
that they are sites for protein-RNA interaction
A discrete
linear
nucleic
acid whose
termini
complementary
are
and
form a short duplex region,
the rest of the molecule forming aloop
In double-stranded
nucleic
acids
with regions of dyad symmetry, a
cross-shaped structurewhich forms when hairpins or stemloops
arise simultaneouslyin both strands. An important source of
replication errors, such structuresare repressed by single-strand
binding proteins

Internalloops (bubbles)
Hairpins, stemloops

Panhandle
Cnrciform

Lariats (q.v.) are often classedas secondary structuresbut, because theyare formed by the covalent bonds
joining nucleotides, they arestrictly primary structures.

16.3 Nucleic acid tertiary structure
Tertiary strand interactions in DNA. Nucleic acid tertiary structures reflect interactions which
contributetooverallthree-dimensional
shape. Thisincludesinteractionsbetweendifferent
secondarystructure elements, interactionsbetweensinglestrandsandsecondarystructure
elements, and topological properties of nucleic
acids.
In DNA, tertiary interactions involve single strands interacting
with duplexes or duplexes interacting with duplexes, resulting in the formationof triple and quadruple strand
structures. Guanine
can form base tetrads, and DNA containing runsof guanosine residues can form quadruplex structures which may contribute to telomere structure (q.v.). Triplestranded DNA forms spontaneously
when a single strand interactswith bases in a duplex molecule; the interactionsoccur through the
major groove and involve the formation of nonWatson-Crick
base pairs between the invading
with duplex
strand and one of the resident
strands. Studies of the interactions of oligonucleotides
DNA provided the first
evidence for triplehelices, and identified four common types
base
of triples
where Hoogsteenbase pairing is involved.
H-DNA is a form of intramolecular triplestranded
DNA
(so-called because it is protonated) whicharises in paired homopurine/homopyrimidinesequences
and involves Hoogsteen
base pairs. The physiological roleH-DNA
of
is unclear, although it is implicated in the regulation of
some genes, e.g. GAP-43 in mammals (also q.v. triple-helix thwupy). Triplea duplex. Because of
stranded DNA also forms duringrecombination whena single strand invades
topological constraints(see next section) an intact invading strand must pair
with the complementary strand in the duplex without winding around it. Such a structure is a paranemic joint, and
must be stabilized by proteins. It may involve extensive unwinding of the target duplex, or the
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formation of alternative segments of left- and right-handed helix (V-DNA). If the invading strand
has a free end, or further topoisomerase activity,the invading strand winds aroundits complementary partner in the duplex in the normal fashion to form aplectonemic joint -the resident strand
is ejected as a displacement loop (D-loop). Similar tertiary structures termed R-loops form when
RNA transcribed from duplex DNA is stabilized in situ,as occurs, for example, during the priming
of replication in the ColEl plasmid (see Plasmids). Four-strand tertiary structures, Holliday junctions, also form during recombination (q.v. homologous recombination).
Tel'ii8IY strand interactions inRNA. RNA folds into complexstructures involving tertiary interactions between strands, loops, and duplexes. For example,in tRNA there are examples of base triples,
sections of triple helix, stem junctions (where
two or more duplex regions are joined) and pseudoknots (where strandsinteract with stem-loops).
RNA folding is often controlled bymolecular chaperones (q.v.) like protein folding. The complexity of RNA tertiary structure allows it to form biologically active molecules,and like proteins, RNA
can catalyze biochemical reactions. Such catalystic RNAs are termed ribozymes. Some ribozymes
are autocatalytic (e.g. the transcripts of self-splicing introns, q.v.). Others are trans-acting, including
ribonuclease P and the family of hammerhead ribozymes found in some plant viroids (q.v.), so
called becauseof the three-helical structure of the catalytic domain (also q.v. gene therapy).
DNA top/ow. Topology isthe branch of mathematics dealing with the properties of geometric structures which are independent of size and shape andunchanged bydeformation. If a double-stranded
DNA molecule has free ends (e.g. a linear molecule),the two strands wind aroundeach other in the
most energetically favorable manner,
and the molecule is said to be relaxed. Thenumber of times one
strand winds aroundthe other in this relaxedstate is the duplex winding number.If extra twists are
introduced into such a molecule to make it overwound, then the total number of helical turns which is the linking number - exceeds the duplex winding number. Conversely, if twists are
removed from the molecule to make itunderwound, the duplex winding numberexceeds the linking number. In either case, the strands can rotatewith respect to each other and return the molecule
to its relaxed state. In a closed circle, however,
there are no free ends andthe linking number is a topological property - it can be changed only bybreaking the circle open, not by deformingit. If DNA
in a closed circle becomes
overwound or underwound, the onlyway to relax the torsional strain thus
produced is by supercoiling, where a twist is introduced into the helical axis itself. Supercoiling is
another form of nucleic acidtertiary structure, one involvingthe effect of torsional stress upon shape
rather than strand-strand interactions (Box 16.2).
The physiological significance of supercoiling is that unconstrained DNA is often biologically
inactive. Negative supercoiling is required for many essential processes: replication, transcription
and recombination included. Supercoiled DNA has stored energy which drives these reactions. In
eukaryotes, which possess linear chromosomes, topologicalconstraints are introduced by organizing chromatin into loops with ends fixed by scaffold proteins; nucleosomes introduce negative
supercoils into eukaryote DNA (q.v. chromatin loops, matrix associated region, DNA topoisomerase, sitespecific recombination).
Nucleic acid quaternary structure.In many structures, nucleic acids interact in trans (e.g. the ribosome and spliceosome), and this may be considered a quaternary level of nucleic acid structure.
Nucleic acids also interact with an enormous numberof proteins (e.g. genome structural proteins,
transcription factors, enzymes,splicing factors). Manyof these proteins have a significant effecton
DNA or RNA conformation. Interactions with proteins may be general or sequence specific, and
may involve subtle or overt changes in structure. The restrictionendonucleases EcoN and EcoRV, for
instance, both introduce a pronounced kink in the DNA at their recognition sequence which may
facilitate their endonucleolytic activity. Proteins of the HMG class appear specifically to bend DNA
in order to facilitateinteractions between components boundat distant sites. For further discussion
of nucleic acid-protein interactions see Nucleic Acid-Binding Proteins.
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Box 16.1: Helix morphology, parameters and torsion angles
Helix morphology. DNA and RNA helices are clas- conformationrather than absoluteangle, e.g. by
sified according to their gross morphology. Criteria describing the conformation of the glycosidic bond
by describing the sugar puckeras
include helical diameter, helical sense (direction of as anti or syn and
C3' endo or C2' endo.
rotation), pitch (numberofbasepairsperhelical
turn) and the width and depth of the majorand
minor grooves. The grooves were originally defined Helical parameters. Details of the positional
onthe
basis oftheirrelativesizes
in B-DNA. relationship betweenstacked and paired bases are
helix
However, becauseboth can change size under con- described in the terms of a universal set of
formational stress, a precise definition
is needed. parameters. There are translational (displacement)
The major groove is defined as that containing the and rotational parameters which describe the relaN7 ofpurine,whereas the tive position of basesin base pairs,the relative posiC4ofapyrimidineor
the tion of successive base pairs in base stacks, and
minor groove containsthe O2of a pyrimidine or
the absolute position of base pairs relative to the
N3 of a purine.
helical axis. The terms used are given below.
Torsion angles. Details of conformational structure
can be described unambiguously
in terms of the torp a
sion angles of the bonds in the sugar-phosphate
Q
'
backbone, in the furanose ring itself, and ofthe glycosidic bond, as shownin the figure below. Many of
these angles are interdependent and conformational descriptions canbe abbreviated to the specification of five bonds: 6 (C3'&', which is related to
sugar pucker), x (the glycosidic bond), y (C4'-C5')
and the phosphoester bonds a and Additionally,
thesebondscanbedescribed
in terms of gross

"1

P

c.

~~

Coordinates y-axis

x-axis

Absolute
position
relative
helical
to axis
x-displacement
Displacementof successive base
pairs
Shift
pairs
within of baes
StaggerStretch Shear
Displacement
Absolute
rotation
relative
to helical
axis
Rotation of successive
Tiltpairs
base
Rotation of bases within pairs

1

Inclination ((1)
(T)
Buckle (d

y-displacement
Slide

Rise

Tip (e)
Roll (p)
Propeller
twist

h i s t (4
Opening (U)

((D)

Box 16.2 Quantifying the topological properties ofDNA
Measuring helical winding. The linking number
(L)is the number of times one DNA strand wraps
round the other in a duplex, and for right-handed
helices, L is positive. The duplex winding number
(LO)is the linkingnumberforrelaxed
DNA and
represents the most energetically favorable configuration. For B-DNA,the average LO= n/lO.3 where n
is the number of base pairs.If DNA is relaxed DNA,
L = Lo, but any deviation from this state by overwinding or underwinding creates torsional strain. In
open DNA (DNAwith free ends), the strain is counteredby rotation of the strandsrelative to each
other,whereas in covalentlyclosed DNA (circular
DNA or DNA with fixed ends) oppositional rotation
is

prevented and torsional strain must
be countered by
supercoiling.
Measuringsupercoiling. Thedegree of supercoiling in a given DNA molecule is expressedas
the superhelicaldensity (l),which is calculated
as follows:

The superhelix winding number
(7) is the difference
between L and Lo. If DNA is overwound, positive
supercoils are introduced and'Iis positive, whereas
underwound DNA generatesnegativesupercoils
Continued
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and T is negative. T quantifies the degree of torsion- writhe can be thought of as a point at which two
alstrainagivenmolecule
is underandthus
its duplexescrosseachotherwhenasupercoiled
propensity to undergo supercoiling, but it does not molecule is forced to lie on a flat surface, such a
measure the actual number of superhelical turns,
point being describedas a node.
because thepitch of the helix may also
be changed
As well as helical winding
by torsional strain. The number of superhelical turnsCatenation and knotting.
catenation
(the interlockwithin
a
closed
molecule,
is expressed as the writhing number (W). This is
related to the linking numberin the equationL = T + ing of DNA circles) and the formation of knots are
W where T, the twisting number, is the total num- also topological properties of DNA. In neither case
ber of turns in a DNA molecule. The linking number can such structures be resolved without breaking
is topological (i.e. invariable under deformation) so the DNAmoleculeopen to untangleit,and both
any change in W, the number of turns of superhelix, structuresinvolvenodeswhereduplexesmust
must be countered by anequaland
opposite cross each other when the molecules are placed
in agiven DNA
change in T. In a relaxed molecule, L = T, hence W flat.The total amountoflinking
= 0 and all turns are helical turns. One unit of writhemolecule is thus expressed as its linking number L
is equivalent to one half superhelical turn,i.e. a turn plus the amount ofknotting and catenation,i.e. total
(of 180° in the helical axis of the DNA. Each unit of linking = L + C + K.
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Chapter 17

Nucleic Acid-Binding Proteins

Fundamental concepts and definitions
Proteins interacting with nucleic acids are considered particularly important because they
control someof the most fundamental biological processes, including replication, recombination, DNA repair, transcription, RNA processing and protein synthesis. Protein-nucleic acid
interactions fulfill many roles
in the cell, but these can be divided into four major categories:
(i)
structural and packaging roles (e.g. histones in chromatin,
HU in the bacterial nucleoid, viral
capsid proteins); (ii) transport and localization roles, including
DNA segregation and localization in the nucleus, RNA export and localization, and plasmid transfer; (iii) metabolism and
rearrangementroles (e.g.DNA and RNA polymerases,nucleases,helicases,DNArepair
enzymes,recombinases,topoisomerases);and(iv)geneexpressionroles(e.g.RNApolymerases, transcription factors, ribosomes and initiation factors, theRNA splicing apparatus,
amino acyl-tRNA synthetases). Many of these furlctions overlap (e.g. histones are packaging
proteins which influence gene expression,
RNA polymerases facilitate gene expression but are
involved in RNA metabolism). All nucleic acids are associated with proteins at some time
during theirlife, and many existas permanent nucleoprotein complexes.
DNA usually exists as a long double-stranded molecule with a relatively uniform helical
structure, whereas RNA is predominantly single-stranded and adopts a range of secondary
and tertiary structures. These differences are reflected in the principles and complexities of
DNA- and RNA-protein interactions.
Nucleic acid-binding proteins can be placed into three major categories according substrate
specificity: (i) nonspecific binding proteins; (ii) sequence-specific binding proteins; and (iii)
proteins that bind unorthodox structures (e.g. illegitimate bases, recombination intermediates,
etc. in DNA and splice lariats inRNA). The mode of interaction may involve bindingto end
groups, or enclosing the nucleic acid in a cleft or ring. Most nucleic acid-binding proteins,
however, interact in a localized manner at
an internal site. This often involves a defined
secondary structure in the protein which is usedas a recognition element, and nucleic acidbinding proteins are assigned to families according
to the structure of the module containing
this element. For DNA-binding proteins, the module often contains an a-helix which penetrates the major groove. Conversely, P-sheets and other flat surfaces are found more frequently
in RNA-binding proteins.
Proteins may interact with the nucleic acid backboneor the bases, which, in doublestranded
molecules, must be accessed through either the major
or minor grooves. Many different types
of noncovalent bonds are used in protein-nucleic acid recognition, principally electrostatic
attractions and hydrogen bonds to the backbone, and hydrogen bonds to the bases. Hydrogen
bonds often involve the useof ordered water moleculesat the interface. Protein-nucleic acid
interaction is usually characterizedby conformational changes in both molecules, resulting in
the maximizationof complementary surfaces, including buried interfaces: van
Waals’
der forces
are important for these interactions. Sequence-specific binding may be achieved by the recogof the
nition of bonding patterns displayed by the bases,
or by recognition of the conformation
backbone. Many sequence-specific DNA-binding proteins asact
dimers. This increases the sensitivity and specificityof the interaction and may result in cooperative binding. Dimerization
can alsobe used to increase the diversityof recognition and ina regulatory capacity.
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17.1 Nucleic acid recognition by proteins
General aspects of DNA recognition. Cellular DNA exists predominantly as very long doublestranded molecules (dsDNA) whose overall structure, in contrast to thatof RNA, is relatively constant (q.v. double k l i x ) . DNA-binding proteins recognize this overall helical geometry and interact
with DNA by forging contacts with the invariable sugar-phosphate backbone, or the bases, which
can be accessed via
the major and minor grooves (q.v.). However, the conformationof the helix is polymorphic, differing both according to external conditions (e.g. hydration), and due to local base
stacking interactions, which are sequence-dependent. Local structural polymorphism affects the
relationship between bases and the helical axis(see Box 16.1 for discussion of helix parameters), and
thus influences helical periodicity and the dimensions of the major and minor grooves. The base
sequence also determines the intrinsic tendency for DNA to bend. These localvariations control the
stereochemical relationship between DNA and proteins by governing the spatial organization of
bond-forming atoms andthe ability of DNA to changeconformation uponprotein binding.
Proteins binding to double-stranded DNA (dsDNA) may be divided into three categories: (i)
those interacting with DNA ends (e.g. DNA ligases, exonucleases); (ii)
those enclosing DNAor binding it in a deep crevice (e.g. DNA polymerases, topoisomerases);and (iii) those interacting with the
face of the helix. The first two categories consist mostly of DNA-processing enzymes. The final
category is the largest, and includes most transcription factors, restriction enzymes, DNA-packaging
proteins, sitespecific recombinases and DNA-repair enzymes. This category thus includes both
general and sequence-specific DNA-binding proteins, and proteins which recognize unorthodox
structures such as damaged bases, etc. There are also proteins which interact with single-stranded
DNA (ssDNA), e.g.RecA (q.v.), SSB (9.v.) and capsid proteins of the filamentous bacteriophage M13.
Proteins which interact with the face of the double helix often possess a motif which fits into the
major groove. This maximizes
the contact area betweenthe two surfaces by creating a buried interface which contributes to the stability of the binding. penetration of the major groove is important
for sequence-specificproteins because it facilitates sequence readout by
direct binding to bases. The
major groove is moresuitable than the minor groove for such interactions because it is larger (and
can thus accommodate a-helices, P-ribbons, strands and loops) and because the pattern of bonds
displayed is unambiguous. Conversely, different base pairs generate the same bond pattern in the
minor groove (seelater in the chapter). Contacts to the phosphate backbone allow general recognition and stabilize structures lodged in the major groove, but backbone contacts are also used for
sequence-specific binding, because local base sequence influences the tertiary conformation of
the backbone.
DNA-binding proteins are assigned to families according to the structural motif used for DNA
recognition (Table 17.1, and see following section). The motif usually contains an a-helix which
penetrates the major groove, but in some families, a P-ribbon or loop is used instead. Interaction
involves complementary surfaces, which may change conformation on binding to bring the appropriate chemical groups in the protein and nucleicacid into contact. Hydrogen bonds are the
predominant type of interaction involved in recognition specificity, although electrostatic bonds,
van der Waals’ forces and dispersive forces due to base stacking make important contributions to
overall recognition and stability.
General aspects of RNA recognition. Unlike DNA, cellular RNA is usually single stranded, but
folds to form secondary structures (bulges, hairpins, stem-loops) which act as protein-binding sites,
and complex tertiary structures (triple helices, pseudoknots). The tendency for RNAto adopt higher order structure generates great conformational diversity, which
allows it to perform catalytic roles
in the same wayas proteins (q.v. ribozymes) and suggests that the principles of RNA-protein recognition may be complex.
AsforDNA, some RNA-binding enzymes interact specifically with end-groups, and some
enclose their substrate in a channel or cleft. Most RNA-binding proteins, however, interact with
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Table 17.1: Principle recognition structuresin DNA- and RNA-binding proteins. These structures define families of proteins discussed
in the following sections. The largest families (the
HTH, zinc finger and basic domain
families) are further dividedinto various subfamilies

mic
ognition
Structure

of solved

Structures
DNA-binding structures
a-helix
Helix-turn-helix

1
i

distribution

HMG domain
Zinc finger

a-helix
a-helix

Steroid receptor family

a-helix

Eukaryotes
Predominantly
eukaryotes
Eukaryotes

Binuclear cluster
Basicdomain

a-helix
a-helix

Yeast
Eukaryotes

BPV E2 motif
Ribbon-helix-helix
and
other
sheet
structures
Histone - core
- linker
Re1 homology

a-helix
P-sheet

Papillomaviruses
All

Electrostatic
a-helix
Loop

Eukaryotes
Eukaryotes

E. coli Lac repressor,
Drosophila Antennapedia
Rat HMGl
Mouse Zif268
Drosophila Tramtrack
Human retinoic acid
receptor, rat
glucocorticoid receptor
S. cerevisiae GAL4
S. cerevisiae GCN4,
human MyoD,
mouse Max
BPV E2 protein
E.coli MetJ repressor,
ArabidOpSis TATAbinding protein
Human TAFl131, TAFl180
Human H5
NF-KB p50 homodimer

P-sheet
P-sheet
LOOP
hnRNP

Eukaryotes
All
Eukaryotes

U1A snRNP
DrosoDhila Staufen
K

RNA-binding structures
RNP domain
dsRBD
K-homology

All

aAbbreviations: HMG = high mobility group: TAF = TBP (EATA-binding protein)-associated factor;BPV =
bovine papilloma virus;RNP = ribonucleoprotein: dsRBD = double-stranded RNA-binding domain;hnRNP =
heterogeneous nuclear ribonucleoprotein.

RNA in a localizedmanner which may be general
or sequence-specific. Notwithstanding the potential complexityof RNA-protein interactions, the recent solution of a number of protein-RNA structures has identified some common themes (Table 27.1, and see following sections). In particular,
P-sheets are often usedas recognition surfaces,perhaps because this allows the exposed RNA bases
to be spread out to make appropriate chemical contacts. Wheredouble-stranded RNA is found in
intramolecular secondary structures, the 2’ hydroxyl group reduces the flexibility of the resulting
double helix, which adopts a conformation typical of A-DNA (q.v.). In this structure, the minor
groove is wide and shallow whereasthe major groove is narrow and deep. Binding to the minor
groove is exploited by the capsid proteins of some RNA viruses. However, distortions caused by
RNA looping and bending, and byprotein binding, can widen the major groove, allowing canonical DNA-bindingstructures such as the homeodomain also to bind RNA.
17.2 DNA-binding motifs in proteins
The helix-tum-helix motif.The first DNA-binding structure to be identified, and the onewhich has
motif. The prototypical HTH is found
been studied in the most detail,is the helix-turn-helix (HTH)
in many of the best-characterized gene regulatory proteins of E. coli and its phage. The following
protein-DNA structures have beensolved by X-ray crystallography and/or NMR spectroscopy: Lac
repressor, Trp repressor, catabolite activator protein (CAP), h repressor, h Cro, phage 434 repressor,
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(a) Helix-turn-helix

(b) CysrHisrZinc finger

(c) bZIP

(d) Ribbon-helix-helix
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Figure 17.1: Common DNA-binding motifs. (a)A helix-turn-helix motif from bacteriophage 7c repressor. (b) A
Cys2His2 zinc finger module fromX. laevis Xfin. (c)A basic a-helixwith leucine zipperhelix-loop-helix
dimerization motif (bZIPRILH) from mouse Max (lines represent leucineleucine bondsin the coiled coil
dimerization interface).(d)The ribbon-helix-helix motif from bacteriophage P22 Arc repressor. Arrows
represent recognition structures, which penetrate the major groove and form hydrogen bondswith bases.

Dimers are shown in two shades.
phage 434 Cro and PurR (q.v. bacteriophage h, lac operon, transcriptional regulation-bacteria). Many
other HTH protein structures have been solved in the absence of DNA.
The motif comprises two a-helices, separated by a short @turn, allowing the helices to pack
together through hydrophobic interactions (Figure 27.2). The first helix stabilizes and exposes the
second, which interacts with the major groove of DNA tomake sequencespecific contacts with the
bases. The second helix thus
is termed the recognition helix, although bothhelices, and often other
residues in the domain containing the HTH, make contactswith the DNA. These anchor therecognition helix in position and stabilize the DNA conformation to control the affinity of different
proteins for theirbinding sites.
Classical bacterial HTH proteins have a highly conserved turn architecture, comprising four
residues with glycine at the second position. In some, nonconventionalbacterial HTH proteins (e.g.
LexA (q.v.) and AraC), this constraint is relaxed. EukaryoticHTH proteins have more variable turns
or loops, and can be divided into a number of families on this basis, and due to overall sequence
and structural conservation. The largest and best-characterized is the homeodomain family. The
homeodomain was first identified in the Drosophila Antennapedia protein and occurs predominantly in transcription factors controlling homeostasis and regional specification in development
(q.v. Hoxgenes). However, homeodomain proteins with roles in DNArepair and chromatinstructure
have also been described. The homeodomain
is a conserveddomain of 60 amino acids which adopts
a structure containing four a-helices. Helices I1 and 111 are separated by a P-turn and lie at right
angles, forming a HTH motif, with helix 111 acting as the recognition helix.
Closely related HTH-containing structures include the POU-specific domain and the Paired
domain. The POU transcription factors contain two HTH motifs, one in the homeodomainand the
second forming a POU-specificdomain which is remarkably similar to the HTH structure of the h
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repressor. Asthe homeodomain and POU-specific domain are separated by a helix-spanning linker
arm, POU transcription factors bind simultaneously to opposite sides of the DNA helix. Either
domain can bind to DNA alone, but together, the stability and specificity of binding areincreased.
The POU-specific domain is so-called because it was first discovered in the vertebrate Pit-l, Oct-l
and Oct-2 transcription factors, and the C.elegans protein Unc-86.
The Paired family of homeodomain proteins (which includes Drosophila Paired and Gooseberry,
and the many vertebrate Pax - Paired box - transcription factors) may also contain two HTH
motifs. The Paired family is identified by a highly conserved Paired homeodomain, but a subset of
Paired-related proteins contain a secondHTH motif and a module homologousto Hin recombinase,
which together comprise the distinct Paired domain.
Other groupsof eukaryotic HTH proteins include the large family of proteins related to the yeast
heat shock regulator, and proteins of the HNF3Eork head family of so-called winged-helix transcription factors. Thehigh mobility group (HMG) domain, which
is found in chromatin structural
proteins (see Chromatin) and transcription factors such as the testis-determining factor Sry, also
comprises a series of a-helices separated by turns. However, the geometry of the folding is distinct
from that of the canonical HTH motif, and HMG proteins may interact with the minor groove of
dsDNA. They are therefore considered to be a DNA-binding protein family which is distinct from
the HTH proteins.
The bacterial and eukaryotic HTH motifs are similar in general topology, with the second helix
serving as the recognition helix and the remainder of the protein serving to present the recognition
helix to the major groove of DNA (as well as making additional DNA contacts). The recognition
helices are distinct, however,with respect to their orientations in the major groove. The N-terminal
region of the bacterial recognition helix makes
the critical contacts,whereas it is the central region of
the homeodomain recognition helix that fulfills this function. Furthermore, the orientation of the
bacterial recognition helix varies widely (e.g.
lying lengthways alongthe major groove in the case of
the h repressor, but almost perpendicular to it in the case of the Trp repressor), but the orientation
of homeodomain recognition helices is highly conserved. Bacterial
H"Iproteins appear to function
universally as homodimers, recognizingpalindromic DNA sequences. Until recently,it was thought
that homeodomain-containing proteins acted as monomers at asymmetric sites. However, there is
increasing evidence for homeodomain dimerization in vivo, and the structures of several homeodomain homodimer-DNA and heterodimer-DNA complexes have been solved (e.g. the Drosophila
Paired homodimer, and the heterodimer of the yeast mating type regulators MATal and h4ATa2).
Homeodomainsmay also act
as dimers with nonhomeodomain
proteins (e.g. MAT& dimerizes with
MCM1, and a number of Drosophila homeodomain cofactors, e.g. Teashirt, have also been
identified).
The cysteine-histidine zinc finger. The zinc finger was the first eukaryotic DNA-binding structure
to be identified and is one of the most common protein modules known, accounting for up to0.5%
of the coding sequenceof eukaryotic genomes (q.v. protein families). Zinc-coordinating proteins are
structurally diverse and can be divided into at least six major families according to zinc coordination mechanismand domainstructure (Figure 27.2 and see following sections). Conversely, zinc
fingers are rare in bacteria: the E. coli DNA repair protein MutM is one example of a bacterial protein
containing a zinc-coordinating module.
The CyszHisZ finger, contains a pair of cysteine residues and a pair of histidine residues which
coordinate a zinc ion
at the base of a loopof approximately 12amino acids. The loop also contains some
conserved hydrophobic residuesand a number of basic residues. The core consensus sequence is

The loop projects from the surface of the protein (hence 'finger') and basic residues at its
tip interact with DNA at the major groove. The structure adopted by the finger is thought to be a
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(c) Nuclear rrccptor (unfolded)

Figure 17.2 Structure of three major classes of zinc-coordinating structure. (a) Classical
C2H2 zinc finger.
(b) c6 Binuclear clusterof GAL4. (c)2x C4 finger of the nuclear receptors, unfolded to show topology (the
transcription factorGATA-1 has a single C4 finger of similar organization) and (d) folded to show domain
structure, with the N-terminal recognition helix uppermost. a-helices are representedby cylinders and
P-strands by arrows. C = cysteine, H = histidine, N = N-terminus, CT = C-terminus.

bhairpin with an adjacent a-helix (containing the histidine residues), the former interacting with
the DNA backbone and holding the helix in the major groove,where sequence-specific contactsare
made (Figure 17.1). Protein function is abolished byremoving zinc, or by mutating oneof the conserved cysteine or histidine residues and preventing zinc coordination, indicating that the zinc is
essential for adoption of the correctstructural conformation.
The first zinc finger motifswere identified in the Xenopus Zueuis basal transcription factor TFIIIA.
T h i s protein has nine fingers in tandem and multiple fingers connected by flexible linkers are a
general feature of this family of DNA-binding proteins. The mouse transcriptional regulators Spl
and Zif268 have three fingers, whereas the Drosophila transcription factors Tramtrack, Kriippel and
Hunchback have two, four and six, respectively. A remarkable Xenopus protein, Xfin, has no less
than 37 fingers!
The structures of several zinc finger protein-DNA complexes have been solved and show that
multiple fingers often make serial contacts with DNA bases by following the helical path of the
major groove. Each finger recognizes
a group of three bases and recognition appears to be mediated
by hydrogen bonds (e.g. Zif268 forms 11 hydrogen bonds within its 9 bp recognition sequence).
Simple rules are now emerging which may provide a complete aminoacid-DNA base recognition
code, at least for Zif268-like fingers (see
later in chapter). In some finger proteins, although the overall geometry of DNA interaction is conserved,not every finger takes part inbasespecific recognition, and somefingers act primarily as spacers and donot contact the DNA at all.
Cysteine-on& zinc fingers. The classical zinc fingermodule contains a single zinc ion coordinated
by two cysteine and two histidine residues. Most other zinc-containing DNA-binding domains use
cysteine residues alone, and are sometimes termed multicysteine zinc fingers.
The largest family of multicysteine zinc fingerproteins is the steroid/thyroid hormone nuclear
receptor family of transcription factors. Each protein contains two fingers within which the zinc
ion is coordinated by four cysteine residues, and each finger forms over the N-terminal end of an
extended a-helix (Figure 17.2). The fingers lack the conserved hydrophobic residues found in
the CysgHis2 finger and contribute to a single,globular, DNA-binding structure comprising
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perpendicular a-helices (Figure 27.2). The N-terminal helix is the recognition helix,whereas the second appears to primarily
be
concerned with dimerization. The steroid receptors act as homodimers
and bind to palindromic target sites in DNA, whereas the thyroid hormone, vitamin D
and retinoic
acid receptors act predominantly as heterodimers with another member
of the family, the retinoid
X receptor (RXR),and bindto direct repeats. Some nuclear receptors are also capable of binding as
monomers, at least in vitro.
Other multicysteine zinc fingersinclude the haemopoietic transcription factor GATA-1, proteins
related to the yeast transcriptional regulator GAL4, and a human elongation factor. GATA-1 is structurally very similar to the nuclear receptor family, although it possesses only a single zinc-binding
module. Conversely, the structure of GAL4-related proteins is unique and so far appears to be
restricted to yeast: six cysteine residues coordinate two zinc ions, so that the central cysteine
residues contribute to the coordination of both ions (Figure 17.2). This structure is sometimes termed
the zinc binuclear cluster, and hasthe following consensus sequence:
~~~~~~~~~~~~~~~~~~~~~~~~~

The zinc coordinating structures considered above help to present an a-helix to the major groove
of DNA. However, in the human elongation factor, a P-sheet makes contactwith the DNA. The p53
tumor suppressor protein uses an a-helix to penetrate the major groove, but the zinc coordinating
structure appears to stabilize a loop of residues which are presented to the minor groove.
The basic binding domain.A large family of eukaryotic transcription factors share a highly basicahelix which is used as the principle DNA recognition structure. In most cases, this helixis directly
linked to a dimerization domain, either a leucine zipper (hence basic leucine zipper, bZIP) or a
helix-loop-helix (hence basic helix-loop-helix, bHLH), or both. These structures form coiled coils,
and hold the basic domains in a conformation which allows them to interact with opposite sides of
the DNA. Functional diversity and regulation in this DNA-binding family is facilitatedby the ability of different family members to form homodimers and heterodimers (see laterin this chapter).
The recognition helix may form
as a consequence of DNA binding: studies of the yeast bZIP protein GCN4suggest that the basic domain adoptsa disorganized, partial helical structure in solution
but undergoes a conformational change that induces the formation of a typical a-helix as it binds
DNA. In GCN4 dimers, the recognition helices are rigid structures which glance off the DNA and
contact only a few bases. Inthe mouse Max protein, however, the helices are bent at the center and
fold around the DNA in a scissor-grip, followingthe major groove andestablishing more extensive
contacts (Figure 27.2). Mutational analysis has shown thatthe dimerization domains, as well as the
basic domains, arerequired for DNA binding. This is because residues in the dimerization domains
can make contacts with DNA, and because dimerization is required for high affinity DNA binding;
a pair of lone basic domains artificially joined by a disulfide bond can successfully bind to DNA.
Some basic domain proteins lack zipper/HLH dimerization motifs (e.g. the Drosophila protein
Mastermind). Furthermore,the zipper is used as a dimerization motif in some HTH proteins (e.g.
yeast heat shock factor)and some zinc finger-containing factors (e.g.
GAL4).
Histone-like binding motifs. Eukaryotic DNA is packaged

into repeating structural units termed
nucleosomes through interaction with histones (see Chromatin). The nucleosome core particle comprises two negative superhelical turns of bent DNA wrapped rounda histone octamer. The octamer
consists of two copies each of the core histone proteins H2A, H2B, H3 and H4. The interaction
involves AT-rich DNApresenting the minor grooveto the surface of the histone octamer,and wrapping around it. Primary sequence alignments reveal only lowlevel identity between histones
(< 20%) but there is a conserved structural motif, the histone fold, comprising two fused helixstrand-helix structures, which mediates dimerization. Linker histones (e.g. H1, H5) are involved in
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higher order chromatin structures (q.v. 30 nrnFber) and are thought to seal the core particle by binding to DNA entering and leaving the core.
A number of transcription factors are homologous to various core histone proteins, including
many TAFs (q.v.) associated with basal transcription factor IID(TFIID). Forexample, human TAF$l
is homologous to H3 andTAF118O is homologous to H4. TAF1120 is homologous to H2B, but the basal
apparatus appears tolack an H2A homolog. TAF1120, TAF1131 and TAFu80 are thought toassemble
into a histone octamer-like quaternary structure, with TAFn20 forming homodimers. Furthermore,
there is also evidence thatTFIID induces negative supercoils in DNA. The negative regulator DR1,
which inhibits TFIID and is blocked by TFIIA (q.v. transcriptional initiation - RNA polymerase II), is
homologous to histone H2A. DR1 acts as a dimer with a protein called DRAP1, and the dimer
resembles the histone H2A/H2B dimer.
The solved structure of the linker histone H5 identified a helix-turn-helix motif in its globular
domain. Asdiscussed above, this motif is found in many transcription factors of both prokaryotic
and eukaryotic origin. The histone HTH motif is embedded within a larger domain comprising
several additional helices, strands andloops. A similar topology is seen in the winged helix domain
of eukaryotic HTH transcription factors belonging to the HNF3/Fork headfamily, and in the E . coli
protein BirA which is the repressor of the &iooperon.
The pa~i//omavinrs€2 protein. This protein has a unique structure comprising four Pstrands anda
projecting a-helix. The four strands form a curved P-sheet which acts as a dimerization interface.
The dimeric protein thus hasa domed, eightstranded kbarrelwith two projecting a-helices. DNA
is bent uniformly around
the protein, and the a-helices sit in two successive major grooves,making
base-specific contacts.
Recognition by /htrands. In most of the proteins discussed above, DNA sequence recognition

involves an a-helix presented to the major groove. Conversely, ribbon-helix-helix
a
motif is found
in three bacterial repressors (MetJ, Arc and Mnt) and represents a structure where recognition is
mediated instead by a P-sheet (a ribbonis a two-strand antiparallel P-sheet which fits into the major
groove of DNA). The three repressors act as dimers, each monomer contributing a single P-strand
stabilized by twoa-helices. The P-strands becomearranged as a ribbon by quaternaryinteractions,
lay along the major groove and facilitate recognition through the formation of multiple hydrogen
bonds (Figure 27.2), i.e. dimerization is required to construct the DNA binding domain. A similar
mode of action has been predicted for the bacterial nucleoid packaging protein HU.
In eukaryotes, TATA-binding protein (TBP) (q.v.), which is responsible for the basal transcription
of all eukaryotic genes, also interacts with DNA through anantiparallel P-sheet. Remarkably, this
protein is a single polypeptide butconsists of two domains which are
structurally very similar and
form a symmetrical C-shapedmolecule which sits overthe DNA like asaddle. The residues of the
P-strands on the concave surface are predominantly those which interact with DNA, whereas
those in the a-helices of the outer convex surface interact with other basal transcriptional components. Unlike the bacterial ribbon repressors, the P-strands in TBP interact with DNA through the
minor groove.
The Re/ fami&. The Re1 family of eukaryotic transcription factors responds to a variety of environmental stimuli as well as having importantroles in development. Examples of Re1 transcription factors include Drosophila Dorsal and mammalian NF-KB. Re1 proteins contain a conserved structure,
the Re1 homology domain (RHB), which is about 300 amino acids in length and comprises two
immunoglobulin folds joinedby a flexible hinge.One of the folds is a dimerization interface and the
other directs sequence-specific DNA interactions, although residues from both folds may contact
DNA. Re1 proteins can form homodimers and
various heterodimers, but showdimerization preferences. Homodimers and heterodimers bind to different DNA sites, but the interactions are quite
promiscuous.Thecombination
of bindingand dimerization promiscuity, and celltype- and
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developmental-specific expression contribute toa complex regulatory network. Some Re1 proteins
also bindDNA as monomers.
Dimeric Re1 proteins include the archetypal transcription factor NF-KB which is composed of
two subunits-p50 and p65 (RelA). The structure of the p50 homodimer-DNA complex has been
solved and shows that DNA interactions are mediated predominantlyby a long loop which lies
along the major groove. Fiveresidues in the loopmake contacts with five sequential base pairs. A
further residue outside the
loop also makes a sequencespecific contact with DNA.
Sinding motifs in DNA processing enzymes.
DNA-processing enzymes use a variety of structures

to interact with
their substrates. Enzymes which catalyze synthesis ortopological modification often
enclose DNA in a groove or ring. Thefirst such structureto be solved was thatof the Klenow fragThis enzyme hasa deep groove which first binds DNA and then
ment of E. coli DNA polymerase I.
folds around toenclose it.E. coli DNA polymerase III uses a different strategy: thep-subunit, which
acts as a sliding clamp, is a dimer of crescent-shaped subunits and forms a ring around DNA. The
eukaryotic counterpart,PCNA (q.v.), functions in the same manner, but is trimeric. Clefts are also
found in other polymerases, e.g. HIV reverse transcriptase, and RNA polymerase II, which presumably bind their substrates
in similar ways. The high resolution structure of the HIV reverse transcriptase-nucleic acid complex shows that contacts are made to the phosphate backbone, and
through a loop region embedded in themajor groove.
Enzymes with simpler tasks, such as endonucleases, interact with the face of the helix as
discussed for the protein families in the precedingsections. Most possess structures that penetrate
the major and/or minor grooves, but their interactions are often more extensive than those of e.g.
transcription factors and the binding domains partiallyenclose the helix. The structures of several
restriction enzymeDNA complexes have been solved and reveal a number of different DNAbinding motifs. However, a common theme is that restriction enzymes tend to introduce radical
distortions tothe DNA. EcoRI introduces a sharp kink, widening themajor and minorgrooves at the
cleavage site and allowing a large, four-barelled a-helix to sit in the major groove while extended
arms follow it around the helix. Conversely, EcoRV uses loops to interact with themajor groove of
its targetsite, as does thenonspecific nuclease DNase I.

17.3 RNA-binding motifs in proteins
The RNP domain. The best characterized RNA binding domain, the RNP (ribonucleoprotein)

domain, was first identified in the yeast polyudenylufe-bindingprotein (q.v.) and hassince been found
in about 250 further RNA-binding proteins. There are two conserved motifs, RNPl and RNP2,
which are critical for RNAbinding specificity. Theyform part of a larger structurecomprising four
The RNPl and 2 motifs are located on
P-strands and two a-helices with the topology p-a-P-p-a-p.
the central P-strands of a fourstrand ksheet.
U1A spliceosomal protein contains two such domains and bindsa hairpin
to
inU1 snRNA. The
structure of this RNA-protein complex has been solved. The Psheet forms a nonspecific RNAbinding platform, and interactions between theU1 snRNAhairpin anda highly negatively charged
loop of residues joining two of the Pstrands in the sheetstabilizes the RNA conformation so that it
is able tointeract specifically with theRNAP 1 and 2 motifs.
The dsRNA-binding domain.The double-stranded RNA-binding domain (dsRBD) is a short (-65
residue) module found in several proteins which bind doublestranded RNA (e.g. adenosine deaminase, dsRNA-dependent kinase, Drosophila Staufen and E. coli RNase In). The topology is similar to
the RNP domain (three P-strands which form a sheet, and two a-helices, with the topology a-P-P-Pa),although in this case it appears thatspecific binding interactions occur at a cleft in the domain
between thesecond a-helix and the P-sheet.
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The K-homologydomain. The K-homolow domain was first identified in the heterogeneous
nuclear RNA-binding protein hnRNP K, which contains three copies of the domain. It is found in
several other RNA-binding proteins including the product of the fragile->( gene FMRl. Like the
dsRBD, the K-homology domain is centered around a three-strand P-sheet, but there are three
a-helices (with the topology P-a-a-P-P-a)
and specific interactions are thought to occur between
RNA and residues located in the linker between the first two a-helices.
Other RNA binding StNCtUreS.Some of the eukaryotic DNA-binding proteins discussed above have
also been shown to bind RNA. The zinc finger protein TFmA interacts with 55 rRNA as a form of
protein synthesis regulation, while the Drosophila homeodomain protein Bicoid represses synthesis
of Caudal protein by binding to caudal mRNA. The majorgroove of RNA is too narrow to accept the
conventional recognition helixpresented by thesetwo proteins, so it is possible that distinct residues
make DNAand RNA contacts, or that RNA is severelydistorted at the recognition site to allowpenetration of the major groove. The recently solved structure of ribosomal protein L11 also shows a
HTH RNA binding motif similar in structure to a homeodomain, and HIV Rev is known to interact
with a widened major groove using ana-helix. Thea-helix is also the primary recognition motifin
the ColEl plasmid-encodedRom protein (see Plasmids). In this case, however,a four-helix bundle is
used in the same way as a P-sheet to provide a flat surface for splaying and reading RNA bases.
Conversely, in the HIV Tat protein, a P-ribbon is usedto penetrate the Tar major groove sidewaysto
facilitate basesequence reading. Many nucleicacid-binding structures are also used occasionally for
protein-protein interactions.

17.4 Molecular aspectsof protein-nucleic acid binding
Direct interactions between nucleic acids and proteins.
The four ways in which nucleic acids and

proteins can interact directly are: (i) protein side chains with bases (the major form of sequence
specific interaction);(ii) protein main chain (e.g. amide groups) with bases; (iii) protein side chains
with phosphatebackbone; and (iv) protein main chain with phosphatebackbone.
Many different types of noncovalent interaction occur between proteins and nucleic acids:
hydrogen bonds, van
der Waals’ forces,hydrophobic attractions, global electrostatic forces
of attraction and repulsion and specific electrostatic bonds. These are complemented by hydrogen bonds
and base stacking interactions within the nucleic acid itself, and forces of attraction and repulsion
between aminoacid side chains.
Contact between proteins and the nucleic acid phosphate backbone often involves electrostatic
attraction between the negatively charged phosphate groups and positively charged amino acid
side chains such as lysine and arginine. Hydrogen bondsalso form between the backbone and side
chains or amide groupsof the main chain. As wellas direct protein-backbone contacts, long-range
electrostatic attractions may beimportant in protein-nucleic acid interactions. The binding affinities
of some transcriptional regulators have been shown to increasethrough the replacementof neutral
residues with basic residues, even whenthese are too far away to make direct contacts with DNA.
Backbone contacts are often used for nonspecific binding, but particular base sequencesinfluence
the tertiary structure of the backbone which can be recognizedand interpreted by proteins, allowing such contacts to be used forsequencespecific interactions.
Contact betweenproteins and nucleic acid bases,either openly (in single strands) or through the
major and minor grooves (in duplex molecules) is predominantly mediated by hydrogen bonds
formed betweenthe bases and aminoacid side chains. Contacts may show a one-to-one correspondence, but several side chains can interact with one base pair, and long side chains can lie across
several base pairs. Sequence-specific nucleic acid-binding proteins tend to maximize their contacts
using buried surfaces, e.g. an a-helix inserted into the major groove.The interaction of protein side
chains with DNA bases is the most important for sequence-specific recognitionbut not all such contacts are specific. For example,in the interaction of the glucocorticoid receptorwith DNA, extensive
base-side chain contacts are made which contribute to nonspecific recognition.
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The role of water in nucleic acid-pmtein interactions. Ordered watermolecules are often found at
nucleic acid-protein interfaces, either as space fillers or actually taking part in the formation of
bonds. In nonspecific-binding proteins,water is often found as an insulator, lining internal surfaces
and allowing scanning, thus promotingnonspec@ interaction. Water can also participate in hydrogen bondformation between proteins and the backbone or bases of DNA and RNA. In some cases,
water may be required for base recognition, e.g.
in the Trp repressor-DNA complexand inthe complex of tRNAGh and glutaminyl-tRNA synthetase. It is now thought that water may responsible
be
for the affinity and specificity of many bindingreactions. When BamH I endonuclease interacts with
its target, four ordered water molecules mediate contacts between protein side chains and bases.
Water canthus act to extendthe network of hydrogen bonds formed between
nucleic acids and proteins, and increase the specificity of the recognition. In some protein-nucleic acid complexes (e.g. the
zinc finger protein Tramtrack bound to its target site), such watermolecules are trapped in a particular conformation and the polar interface is rigid.In others (e.g. the homeodomain protein
Antennapedia boundto its target site), water molecules can flip,allowing amino acid side chains to
adopt different conformations and switch between two or more alternative bonding states. Such
fluidity at the interface is important because it increases the adaptability of the protein in the face of
mutation (either of the protein itself or of its target site), and because the interface is partially
disordered, increasing the entropy of the system. While water plays a major role in backboneand
major groove contacts, interactions at the minor grove (e.g. involving HMG proteins, or the basal
transcription factor TBP) are predominantly hydrophobic, and water appearsto be excluded from
the interface.
Protein modulation of nucleic acid structum. Particular base sequences in DNA may promote

intrinsic anisotropic bending (4.v.) and breathing (q.v.), but DNA is also distorted by its interaction
with proteins. Proteins can alter DNA structure by melting bases, under- or overwinding and bending the helix. Most DNA-binding proteins introduce some structural changes in DNA, and undergo conformational changes themselves,resulting in a better fit between the two surfaces. However,
the role of DNA conformation goes beyond the moulding of complementary surfaces, and may
control the selectivebinding and/or activity of sequence-specific DNA-binding proteins.
The most dramatic bends andkinks are introduced by restriction enzymes, as DNA untwisting
is required to widen andexpose the major groove tothe catalytic cleavage centre.EcoRI binds to its
restriction site in DNA with great selectivity, whereas EcoRV binds to most DNA sequences withthe
same affinity. In the case of EcoRI, substrate selectivity arises at the binding stage due to sequencespecific base contacts, whereas for EcoRV, substrate selectivity arises at the transition stage when
only certain sequences can be untwisted and kinked. Transcription factors may also exploit DNA
flexibility. The looping of DNA around a transcription complex or enhanceosome (q.v.) is one example: this brings appropriate regulatory proteins into contact and often involves dedicated DNAbending proteins of the HMG family. The intrinsic flexibility of DNA plays an important role in
chromatin structure (q.v. nucleosome, nucleosome phasing).
Dimerization end cooperathi@.Many transcription factors, restriction
enzymes and other sequence-

specific DNA-binding proteins
act as dimers or higherorder multimers. In some cases, this is required
to create the DNA-binding interface (as in the case of ribbon-helix-helix repressors) whereas in
others, each monomer
has an independent
recognition structure, but dimerization increases the specificity and sensitivity of binding. This occursin several ways:(i) by increasingthe size of the binding
protein, and thus increasing thenumber of contacts made andbases recognized; (ii)by increasing the
surface area of protein in contact with DNA, increasing the stability of binding; and (iii) increasing
affinitybyproductiveprotein-proteininteractions;
such cooperative binding is seenin many
transcription factors, including those
of the steroid receptor family (where cooperatively can modbe
ulated by altering the spacing of the repeat recognition sequences). Dimerization also increases the
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functional diversity of the proteins (i) by using heterodimers to increase the range of target sites
recognized; and (ii) by using inactive monomers in a regulatory capacity.
Most transcription factors, etc.act as dimers, although the range of
interactions is diverse. Some
(e.g. bacterial HTH proteins, steroid receptors) function as homodimers andrecognize palindromic
sites in DNA. Others (e.g. bZIP proteins) can function as selected homodimers and heterodimers
within thefamily. Homeodomain proteins canact as selected homodimers, heterodimers within the
family, and heterodimers with
nonhomeodomain proteins. Thyroid receptors and related transcription factors function as heterodimers with predominantly a single partner and recognize direct
repeats. Other proteins act as monomers but are internally repetitive: POU domain tramription
factors contain two HTH motifs that bindto opposite sides of the
helix, TATA-binding protein contains twosimilar DNA-binding modules, and zinc finger proteins contain from two to nearly forty
DNA-binding modules.
Dimerization is central to thefunction of the bZIP and bHLH protein families. The bZIPproteins
dimerize through leucine zipper
motifs -amphipathic a-heliceswhich form a coiled coil (q.v.). The
periodicity of each helixis reduced from 3.6 to 3.5 residues in the dimer, allowing leucine residues
at every seventh position to interact. However, the original model, in which leucine residues were
proposed to interdigitate analogous to teeth
the of a zip, has been shown to beincorrect oppositional leucine residues arenow known to form direct contacts like rungs on a ladder (Figure 17.1).
bHLH proteins possess a helix-loophelix dimerization motif which is related to the leucine zipper
but distinctfrom the helix-turn-helix structure discussed above. Some proteins contain both zipper
and HLH dimerization structures, e.g. Max.
The bZIP and bHLH families demonstrate the functional and regulatory diversity that canbe
generated by selective dimer formation. Two bZIP proteins c-Fos and c-Jun form a heterodimeric
transcription factor called AP-1. c-Jun can also form homodimers, but c-Fos cannot. The myogenic
R
F
4 act predominantly as active heterodimers.
bHLH proteins MyoD1, myogenin, Myf-5 and M
However, each can heterodimerize with a small proteincalled Id (inhibitor of differentiation) which
lacks a basic domain and prevents
DNA binding. Id thus acts like a natural dominant negative mutant
(q.v.), by mopping up all the active bHLH proteins intoinactive heterodimers.

-

17.5 Sequence-specific binding
DNA sequence readoutby proteins. The structures of many sequence-specific protein-DNA com-

plexes have now been solved, and while some proteins
cause the melting of one or more base pairs,
most recognition occurs in the context of a closed duplex. In principle, this can be achieved in two
ways. Direct readout involves interaction between the protein and the bases themselves in the
major or minor grooves: no onebond can distinguish a base pair unambiguously, so direct readout
involves multiple pointsof contact, either between protein andDNA, or witha bridging watermolecule. Indirect readoutinvolves interaction between the protein and the sugar phosphate
backbone.
In this case, the proteincan sense the sequence by its effect on theoverall conformation of the DNA.
One of the most surprising findings from structural analysisof DNA binding proteins has been the
predominance of indirect readout in sequence-specific recognition.
Molecular signatures inDNA. The recognition of specific sequences by direct readout involves the

formation of bonds between proteins and DNA bases. This suggests that DNA base pairs carry a
‘molecular signature’ of potential bond patterns. The signature can be determined
by examining the
chemical groups in the major and minor grooves, where bases are exposed to the solvent. In the
major groove,the patternof bond-forming groups is unique
to eachbase pair, thus themajor groove
is used most often for nonambiguous sequence readout (Figure 17.3). In theminor groove, the patterns are degenerateallowing discrimination between A/T and G/C pairs only. Certain individual
bond positions in the major groove are also ambiguous, thus both the
major and minorgrooves may
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Figure 17.3 Molecular signaturesof DNA base pairs in the major and minor grooves. The major groove
of bonds is
allows specific discrimination between all four possible base pairs because the distribution
asymmetrical. Conversely, the distributionof bonds in the minor groove is symmetrical, so it is difficult to
discriminate between A T and T A base pairs, and betweenG:C and C:G base pairs. The thick bonds show
where each base is joined to the DNA backbone.

be used to recognize degenerate sequences. While some transcription factors, restriction enzymes,
etc. recognizestrictly invariant binding sites, others tolerate a degree of degeneracy at certain positions, e.g. discrimination between purines and pyrimidines, between keto and amino bases or
between strong and weak bondbases (see legend, Table 16.2 for explanation and basesymbols).
Readout amino acids in proteins.
The discovery of families of proteins with conservedDNA bind-

ing domains naturally led to the question of whether there was a specific set of rules governing
sequence specific interactions,i.e. an aminoacid codefor nucleotide recognition. The larger families
(HTH, zinc finger, basicdomain) contain examples of structurally very similar domains withdiffering sequencespecificities. These permit a subtle mutational investigation which can be considered
on three levels: (i) domain swaps; (ii) partial swaps (substitutions); and (iii) structural analysis.
Domain swap experiments involve the exchange of DNA binding domains betweenproteins.
Such experiments havebeen used in many cases to confirm that the DNA binding domainis necessary and sufficient forboth general DNA binding ability and sequence specificity.Isolated domains
are often able to bind to DNA alone, and hybrid proteins take on the binding characteristics of the
protein from which the DNA-binding domain originated.
Partial domain swaps,at the finest levelinvolving the replacementof single residues, can identify the parts of the DNA-binding domain whichcontrol sequence specificity. The exchange ofspecific residues can alter recognition specificity, and the comparison of proteins with highly related
binding domains butdifferent recognition sequences often shows that only a few critical residues
are involved. The systematic replacement of these residues with those from second protein may
bring about a change in binding specificity to match that of the second protein. Systematic substitutions have been superseded recently by the advent of p h g e display (q.v.), which allows DNAbinding domains to be randomly altered at one or more positions, a repertoire of variants to be
displayed on the surface of bacteriophage and selection according to binding specificity. This technique has beensuccessfully applied to the analysis of zinc fingerDNA binding proteins, as
discussed below.
The structural analysis of protein-DNA complexes by X-ray crystallography or N M R spectroscopy (seeBox 22.2) is the only way to determine the spatial arrangements of intermolecular bonds
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at atomic resolution.A large number of protein-DNA structures have nowbeen solved, and such
s
e
f
u
lfor showing the conformational changes
inboth the DNA and
studies have been particularly u
the protein which accompany binding, and the role of water molecules in protein-DNA complexes.

A putative zinc finger DNA recognition code. Through systematic domain swap experimentation
and the analysis of highresolutionprotein-DNA complex structures,it has emerged that there isno

universal code governing all sequencespecific protein-DNA interactions.This reflects thediversity
of recognition structures, and the different ways in which the same recognition structure, e.g. an
a-helix, can be presented toDNA. In some families of DNA-bindingproteins, the interactions are
complex and highly degenerate because the same
tertiary structure can be produced in may different ways. This is particularly evident when the same structure
can mediate both sequence-specific
and generalized interactions
with DNA (e.g. the site-specific recombinase
I N T and its
close relative,
the general DNA bindingprotein HU).
However, incertain protein families interactionswith DNA are characteristicallysimple because
the same few amino acid side chains are used to contact the bases. This is true of at least some
Cys2His2zinc finger proteins, where a partial stereochemical code
has been
defined (Table 17.2). The
interaction between DNA and zinc finger modules related to Zif268 has beenwell characterized.
Three or four particular side chains in the recognition helix make the majority of base contacts, and
most of these are simple one-to-one bonds.The zinc finger code is reminiscent of the genetic code
(q.v.) inthat i t is degenerate but nonambiguous. At present, the code is based on a small number of

Table 17.2 A partial DNA recognition code for zinc finger proteins related to Zif268
~

~

~ ~ ~ ~ ~ _ _ _ _ _ _

Position of base in tridet
Base
A
C
G
6+Ser,
Thr T

5'

6+Arg;
6+Ser,
Thr
+ 2+Asp
3+His
Val
+ 2+Asp
3+Ala,
Ser,

Middle
3+Asn
3+Asp, Leu, Thr, Val
-1
+Am;

3'

-1+Gln

+ 2+Ala

-1+Arg
-1+Gln

+ P+Asp
+ 2+Ser

3 and 6 in the recognition
Bases are recognized by specific amino acids, particularly those at positions -1,2,
a-helix of the zinc finger module (left panel).
As an example, the interaction of finger lfrom the Drosophila
Tramtrack proteinis shown (right panel). In many cases, there
is 1:l binding between base and amino acid sid
chain. In others,
two amino acid side chains buttress each other to recognize a single base. In the ta
is specified when positionn of the helix + contains amino acidx, y, or z. If two residues buttress each other,
the second residueis shown following a+.Bases are arrangedas triplets, and different amino acids are used
to recognize the same base in different positions within the triplet.
is because
This the pitch
of the recognition
helix is such that the residues at positions
-1,3 and 6 do not fall on the same helical face and thus lie at di
ferent distances from the DNA. Amino acids of the same class but with side chains of differing leng
used for base recognition (e.g. valine, leucine, isoleucine). Like the genetic code, therefore, the zinc finger
is degenerate but rarely ambiguous. It also involves base triplets, but this
is a superficial property concerning
the structure of the zinc finger module: the code itself does not involve
3:l translation like the genetic code.
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structures and is incomplete;it is likely to become more complexin the future as more
structures are
solved and assimilated, and the contributions of other side chains to base recognition are revealed.
Sequence-specific RNA recognition. Relatively little is known aboutthe mechanisms of sequence-

specific protein-RNA interactions, principally because so few structures of proteins bound to their
RNA substrates have beensolved. Those which have,three amino acyl-tRNA synthetases, the U1A
spliceosomal protein bound to the U1 snRNA hairpin, and the coat protein of bacteriophage MS2
bound to an RNA hairpin, have yielded few unifying principles. Part of the reason for this is the
diverse roles of RNA in the cell, and the concomitant diverse range of structures it can form.
The amino acyl-tRNA synthetases are a disparate group of enzymes which have been shown
to
interact with their substrates in an idiosyncratic manner. It is therefore not surprising that the
detailed structures show little similarity. Theenzymes can be divided into two classes according to
which of the two hydroxyl groups of the tRNA terminal adenosine residue is charged with the
amino acid. Class I enzymes charge the 2' hydroxyl group, and the structure of the E . coli Glu-tRNA
synthetase has been solved. Class I1 enzymes charge the 3' hydroxyl groupand the structures of the
S. cereuisiue Asp-tRNA synthetase and T. thmophilus Ser-tRNA synthetase have beensolved. Each
enzyme binds in a distinct manner to tRNA. Asp-tRNA synthetase binds to the acceptor stem on
the major groove side, whereas Glu-tRNA synthetase binds onthe minor groove side (the enzymes
also have distinct catalytic mechanisms). Bothenzymes interact with the anticodon loop of tRNA to
read it,but doso in different ways.Ser-tRNA synthetase does notinteract with the anticodon loop,
but a coiled coil structure interacts with the W C and variable loops. Both direct and indirect readout mechanisms appear to be in use.
17.5 Techniques for the study of protein-nucleic acid interactions
Characterizingnucleicacidsequences
that interact with proteins. The analysis of nucleic
acid-protein interactions often begins with the study of DNAorRNA sequences involved in
protein binding. A number of methods have been developed to identify and characterize such
sequences, and these exploit either the separation of nucleic acid-protein complexes from naked
nucleic acids or the protection of nucleic acids from chemical or enzymatic degradationdue to protein binding. Details of these techniques are providedin Table 2 7.3and Figure 17.4.
Methods for purifying proteins that interact with nucleic acids. Traditional methods for purifying

proteins (e.g. HPLC) give poor results for nucleic-acidbinding proteins such astranscription factors
because of their low abundance. However, it is possible to obtain small quantities of very pure
or RNA sequences. Firstly,
nucleic acid-binding proteins by exploiting their affinity for specific DNA
protein extracts are mixed with total genomic DNA or nonspecific RNA (e.g. yeast tRNA) to subtract nonspecific binding proteins. Then oligonucleotidesdesigned arounda consensus DNA binding site, or specific RNA molecules, are used to extract the protein@)of interest. An early and very
simple method for isolating RNA-binding proteins was simply to filter the mixture through nitrocellulose, so that RNA would bind (retaining its associated protein) and other proteins would be
washed through; RNA-binding proteins can also be isolated by cutting the bands from retardation
assay gels. An efficientand widelyused means for isolating DNA-binding proteins is affinity chromatography, where the specific oligonucleotide is bound to the solid matrix of a chromatography
column, allowing extracts to be passed through the column, trapping interacting proteins in the
process. Affinity capture using the biotinstreptnvidin system (q.v.) can be usedin the same way.
Proteins isolated bythe above methodscan be microsequencedby automatedEdman degradation
(q.v.) to give partial polypeptide sequences. These can
be usedto design degenerate oligonucleotide
probes or primers, to screen a cDNA library and isolate clones corresponding to the DNA binding
proteins. Alternatively, a cDNA expression library can be screened using an oligonucleotide probe
carrying the nucleic acid recognitionsequence (a processtermed southwestern screening for
DNA-
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Table 17.3 Techniques for characterizing nucleic acid sequences that
bind proteins

- see Figure 17.4

Methods for studying protein-nucleic acid interactions
Technique: gel retardationassay (electrophoretic mobility shift assay, bandshift assay, gelshift assay)
Principle: DNAIRNA-protein complexes move more slowly through an electrophoretic gel than naked
DNNRNA
Uses: to identify and characterizeprotein binding sites in DNA or RNA
Comments: labeled DNAIRNA fragments are
subjected to gel electrophoresiswith and without prior
incubation with protein extract. Successfulbinding is revealed as a bandshift, a differencein band
mobilities between treated and untreated samples due
to gel retardation(relatively slow movementof
protein-DNNRNA complexes). Proteinscan be identified by antibodies which cause a further bandshift (or
supershift) because of increased retardation. Precise characteristics ofbinding site can be investigatedby
adding an excess of acompetitor oligonucleotide of specific base sequence.If the competitor binding
site is suitable, the oligonucleotide will sequester all
the protein away from the labeled DNNRNA and the
shifted band will disappear.If the competitor binding site is not suitable, it should have no effect. This
type
of experiment can be usedto precisely define consensusbinding sites

.

Technique: DNase I footprinting
Principle: DNA with bound protein is protected from nuclease digestion
Uses: to identify the exact nucleotides covered by a particular protein
Comments: DNA is labeled at one end only and digestedwith limiting amounts of DNaseI to generate a
nested set of labeled fragments,
with and without prior incubationwith protein extract. The fragmentscan
be separated by electrophoresis to give a ladder of bands. Protein
binding to the fragment protects it from
nuclease activity generating a gapin the ladder. The cleavageproducts can be run against a sequencing
reaction of the same fragment
(q.v. Mawam and Gilbert sequencing)to identify the precise nucleotides
on
involved. DNase I footprinting allows the simultaneous characterization of several protein-binding sites
the same DNA fragment, and competitor oligonucleotides can be used
to investigate bindingspecificity as
discussed above
Technique: modification protection(e.g. Dimethylsulphateprotection assay)
Principle: proteins bound to DNNRNA can protect specific basesfrom chemical modification (c.f.
modification interference)
Uses: to identify the specific bases that interact
with proteins
Comments: dimethylsulfate (DMS) specifically methylates guanine residues allowing
the nucleic acid to be
cleaved at the modified siteby piperidine. Proteinbinding to guanine residuesprotects them from
methylation and hence prevents cleavage.
DNNRNA is incubatedwith protein extract and then treated
by absence of a cleavageproduct compared to
with DMS.A protected guanine residue is revealed the
naked DNA. DMS protection can also be carried out
in vivo to investigate DNA-protein reactions in the cell
(invivo footprinting) rather than in the artificial environment in vitro. Cells are permeable to DMS, which
thus methylates guanine residuesin the genome. DNA is subsequently isolated, treated with piperidine
and amplified byPCR to identify protected and unprotected products. If primer sites flank the protected
guanine, protein binding would be detected as an extra
PCR band
Technique: modification Interference
Principle: a base which normallybinds a protein may notdo so if it is chemically modified (c.f. methylation
protection)
Uses: to identify specific bases that interact
with proteins
Comments: in the DNA methylation interferenceassay, DNA fragments are subjected to limiting DMS
with protein extract and separatedby
treatment so methyl groupsare introduced at random, then mixed
gel retardation electrophoresis. If a particular guanine residue
is responsible for protein binding,
methylation will interferewith that binding and all fragments containing that
modified residue will appear in
the unretarded (naked)DNA band. The retarded and unretarded bands
are excised andthe DNA cleaved
with piperidine. Becausethe unretarded band contains a unique fragment, a unique cleavage product
will
be generated whose size should reveal
the position of the interacting residue. A similar methodology,but
using different chemicals, can
be used to investigate the roles of other basesin DNA. For RNA,
diethylpyrocarbonate(DEPC) can be used to carboxyethylate purine bases, and hydrazine cleaves
pyrimidines. Both prevent RNA-protein interaction and allowRNA cleavage by aniline
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Figure 17.4 Analysis of protein-nucleic acid interactions. Labeled DNA
or RNA is mixed with protein
extracts, treatedas shown and separated by electrophoresis. Details ofthe methods are provided in Table
77.3.(a) Gel retardation assay. Protein-nucleic acid binding is revealed as a 'bandshift', a differencein band
mobilities due to gel retardation of protein-nucleic acid complexes.(b) DNase Ifootprinting. Precise proteinbinding sites can be identified by labeling
DNA at one end and digesting with limiting amounts of nuclease to
generate a nested set of labeled fragments. Protein binding
to the fragment protects it from nucleaseactivity
and generating a gap inthe ladder of bands. (c) DMSprotection. Dimethylsulfate(DMS) specifically
methylates guanine residues which can then be cleaved
by piperidine. Proteinbinding protects guanine from
methylation and prevents cleavage. Protein bindingto specific guanine residues is thus revealed by a missing
cleavage product.(d) DMS interference. Similar to above except that modification is carried out before
incubation with protein extractsso that protein bindingis prevented. The separation of naked DNA from
protein-DNA complexes thus isolates the fragment containing the guanine that
normally binds the proteininto
the nonretarded band. Isolationof the DNA from each band followedby cleavage with piperidine and further
electrophoresis reveals a bond-forming guanine by generating extra cleavage products.

binding proteins andnorthwestern screening for RNA-bindingproteins; q.v. nucleic acid hybridiza-

and
tion). Once a c D N A has been isolated, it can be cloned into an expression vector overexpressed
in E. coli to generate large amounts of recombinant protein suitable for further functional studies
(q.v. expression cloning).
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ldentifjdng essential ribonucleoprbteins.RNA-protein interactions reflect a wide rage of cellular

functions and ribonucleoproteins are often complex structures containing several RNA molecules
and many proteins (q.v. ribosome, spliceosome, signal recognition particle, editosome, infornosome). It is
useful to study complex ribonucleoprotein structures by determining their structural organization
(i.e. which componentsare in contact with each other) and the functional significance of different
components. Structure can be investigated by the biophysical methods discussed in Box 22.2, and
by techniques such as cross-linking, co-immunoprecipitation and affinity capture to investigate
interaction between different components. Functionally, it is useful to remove one componentat a
time to investigate its role in the complex. RNA can be removedby RNaseA digestion, but specific
RNA molecules or parts thereof can be removed by firsthybridizing to a DNA oligonucleotide and
then digesting with RNaseH, which specifically digests RNA strands in DNA/RNA duplexes.
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Chapter 18

Oncogenes and Cancer

Fundamental concepts and definitions

Cancer is a diseaseof multicellular organisms whose basis is abnormal, unregulated cell proliferation, often accompanied by abnormal differentiation (neoplasia). Cancers are generally
caused by the accumulation
of mutations (see below); they are common in higher vertebrates,
but many other organisms do not manifest cancer because they do not live long enough.
Cancer is well studied in animals,
but tumors also occur in plants
(q.v. crown guZZ diseuse).
When cancer occurs,it is analogous to natural selection, but involving the somatic cells within
an individual rather than competing organisms. Normally, somatic cells obey a developmental
program which ensures controlled growth for the overall benefit and survival
of the organism.
A single cell which loses growth control will multiply more rapidly than its neighbors and
establish a localized populationof proliferating cells. By a processof oncogenesis (or tumorigenesis), this may develop into a discrete growth (a neoplasm or primary tumor) which can
contain uncharacteristic differentiated cell types, and may recruit blood vessels, etc. Tumors ar
benign if they remain in one place, because they can often be removed surgically. Malignant
tumors are metastatic - cells break off, disseminate and then colonize other tissues. At this
stagecancerbecomesdifficulttocontrolandisultimatelylethal,
due todisruption or
compression of vital organs.
Cancer is caused by the disruption
of cell proliferation control mechanisms, either through the
activity of a virus (or occasionally bacterial signaling) at the levelof protein function, or by
mutation of critical growth regulation genes. Two classes
of genes have been identified: oncogenes promote cell proliferation, and cancer results from their inappropriate activity (gainof
function mutations), whereas tumor suppressor genes (TSGs) inhibit cell proliferation and
(lossof function mutations). There are many signal
cancer results from their reduced activity
transduction systems and regulatory mechanisms which control cell proliferation and differentiation. In principle, disruptions to any
of the pathways could cause cancer (see Signal
Transduction, The Cell Cycle, Developmenk Molecular Aspects). Other genes often found to be
involved in cancer are those which function
DNA
in repair or cellular responses to
DNA damage. Although mutations in these genes are not tumorigenic
per se, they causean increase in the
mutation rate, making a subsequent oncogeneTSG
or mutations more likely.
The developmentof cancer occurs in several stages, usually starting with a mild growth disorder
(dysplasia), which gradually becomes more serious (tumor progression). Similarly, primary
cultured cells are initially like cells
in vivo (i.e. they show serum dependence, contact inhibition,
finite life span, etc.). They can become converted into cancerous cells lacking these inhibitions by
a multistep processof growth transformation. Early in this process, cells become immortal but
are otherwise normal. However, later, cells lose serum dependence, etc., and become progressively more virulent. This progressive increase in severity reflects the fact that single mutations
in genes controlling cell growth and differentiation are not usually sufficient to cause cancer.
Rather, cancer results froman accumulation of mutations whose effects are manifest gradually
and in a stepwise manner (the multiple
hit hypothesis). This reflects the existence of multiple
cell proliferation control mechanisms, a safety feature necessary for the success of animals, such
as humans, which contain cells and live a long time. Given the average mutation rate of
10-6per gene per generation, cancer resulting from a single mutation would affect many thou4-6 indesands of cells in every individual, and the species could not survive. A requirement
for
pendent mutations in any one cell reduces the risk considerably.
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18.1 Oncogenes
The basis of oncogene activity. Oncogenes are genes whoseactivity has the potential to promote
tumor development.They were originally discoveredthrough the analysis of tumor viruses, whose
infection can result in the induction of tumor growth. DNA and RNA viruses cause tumor growth
by different mechanisms. The DNA tumor viruses encode products whosefunction is to interfere
with host cell growth regulation at the protein level these products haveno counterparts in the
host genome (see later). TheRNA tumor viruses stimulate cell proliferation in two ways, either by
carrying hyperactive derivatives of host genes whose normalfunction is to promote cell proliferation, or by activating the endogenous genes with
strong viral regulatory elements whenthey integrate at anadjacent site. In either case, the corresponding host genes canbe identified, and mutations affecting those genes (in the absence of viral infection) are also tumorigenic.

-

viraloncogenes and proto-oncogenes. Some RNA tumor viruses can induce tumorsin their hosts
immediately after infection, and are termed acute transforming retroviruses. Their oncogenic
potential arises from extra information in the viral genome, which usually comprises a single viral
oncogene (designated v-om). The oncogeneis often included at the expense of viral genomic information; thus the acute transforming retroviruses are defective and require a helper virusto supply
missing functions. The firstretrovirus from which anoncogene was identified, Rous sarcoma virus,
is anomalous in this respect: the v-src geneis present in addition to the entire viral genome.
Each viral oncogene has a cellular counterpart, a cellular oncogene or proto-oncogene (designated c-om), with a similar or identical structure. The proto-oncogenes are cellular genes whose
function is to process signals regulating cell growth and differentiation. Viral oncogenes are thus
transduced (q.v.), modified copies of the cellular sequences and are inappropriately active. Protooncogenes can be divided into a number of categories according to the type of cellular functions
carried out by their products (Table 28.2). The many signaling pathways which promotecell growth
are discussed elsewhere (see Signal Transduction),and oncogene functions correspond to most components of these pathways. In principle, inappropriate activity of any signaling protein is potentially oncogenic. Of particular interest, however, are the most downstream componentsof these pathways, the transcription factors that directly control the genes responsible for growth control and
which integrate the complex signals arriving at the cell surface. Someof these factors can act alone
(e.g. Ets, Myb), whereas others act as complexes, either with other oncoproteins (e.g. Fos and Tun)
or with different proteins (e.g. Myc with the ubiquitous protein Max). Many of the oncogenic transcription factors are expressed in low amounts and regulated at the protein level by phosphorylation. Mutations leading to overexpression, or those which abolish regulation, are responsible for
oncogenic activity.

Table 18.1: Major functional categories of oncoproteins and examples of proto-oncogenes that encode them
Oncoprotein

c-sis,
factor)
(growth
protein
Secreted
receptor
Transmembrane
Adaptor
GTP-binding
kinase Intracellular
factorTranscription
or elongation
Transcription
RNA-binding
Cell
regulator

wntl

vav
c-H~~s
c-ab/,c-SE, c-raf
ell
ews
cycDl, cdc25A

The oncogenes originally identified as viral oncogenes (e.g. v-myc) are identified as cellular oncogenes using
a prefix c (e.g. c-myc).
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Retroviruses are likely to preferentially transduce oncogenes because the viruses can only replicate in dividing cells, and oncogenes allow them to induce proliferation in their. hosts. Some
I oncogenes originally identified as viral oncogenes, and the functions of the corresponding protooncogenes, are listed in Table 28.2.

’

~

~

Oncogene activation by mutation. Although many oncogenes have beenidentified by the analysis
of acute transforming retroviruses, most cancers occur in the absence of viral infection. Another
approach to identifying oncogenes is the direct analysis of tumor cell DNA, either structurally, by
looking for differences between the DNA of normal and neoplastic cells, or functionally by transfecting tumor cell DNA into cultured cells and assaying for growth transformation. Mouse 3T3
fibroblasts are ideal for this assay because they readily undergo growth transformation, having
already accumulated several mutations required for cancerdevelopment. The3T3 assay has identified many of the same oncogenes originallydiscovered through thestudy of retroviruses, as well as
additional genes whosepresence in transforming retroviruses has not been reported (e.g. m t - l , trk,
ret, Ick and &cl-2).
Comparisons of corresponding v-onc and c-onc sequences, and of c-onc sequences from normal
and transformed cells,has shown that
the oncogenic potential of a proto-oncogenearises either from
a change in structure (a qualitative change which causes inappropriate activity) or increased expression (a quantitative change which causes excessive amounts of the oncoprotein to be produced)
(Figure 28.1; Table 28.3). Qualitative changes have the most severe effects where the normal oncoprotein is constrained by its structure (e.g. a receptor which needs to be activated by its ligand),
whereas quantitative changes havethe most severe effectswhen the activity of the normal oncoprotein is regulated by its abundance (e.g. a transcription factor). Thesimplest qualitative changes are
gene mutations, either point mutations or truncations, which alter the structure of the oncoprotein
and make it hyperactiveeven when produced
in normal amounts.Quantitative changes caninvolve
mutations in regulatory elements increasing the transcriptional activity of the gene, or mutations
increasing mRNA or protein stability. Alternatively, increased gene expression
may be brought about
by gene amplification or by translocations which bring a proto-oncogene under the influence of a
strong heterologous promoter or enhancer. In humans, oncogenic gene amplification isoften associated with the EGF receptor gene, the RAS and MYC genes, or a region of chromosome 11which
contains several oncogenes, including BCL2, INT2 and ETSI. Amplification is often a secondary
response to lossof p53 protein function (see
below) which allows replication even in the presence of
Normal promncogene

-

Qualltatlve changes hyperactive product producedat normal rate
Point mutation

4

I

Truncation

-

Quantitative changes normal product ovemxpmMd
Promoter mutationor translocationto stronger promokr/enhancer
l
Gene amplification

L
Ectopic activation

-

Compound changes novel product

Trans~ocationand gene fusion

Figure 18.1: Mechanisms of oncogene activation.
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Table 18.2: Oncogenes originally identified in acute transforming viruses and the functions of their cellular
counterparts; most are named after
the viruses which transducethem
Oncogene

Transducing
retrovirus

Species

ab/

Ableson leukemia
virus
Avian
erythroblastosis
virus

Mouse

Lymphoma

Chick

Leukemia, sarcoma

erbA

ProducP
tumor
Principle

erb8

Tyrosine kinase
(cytosolic)
Transcription factor
(thyroid hormone
receptor)
Receptor tyrosine
kinase (EGF
receptor)
Receptor tyrosine
kinase ("CSF
receptor)
Transcription factor

fms

Feline sarcoma
virus

Cat

Sarcoma

fos

FBJ murine
osteocarcinoma
Fujinami sarcoma
virus
Avian sarcoma
virus
Feline sarcoma
virus

Mouse

Chondrosarcoma

Chick

Sarcoma

Chick

Sarcoma

Cat

Sarcoma

Mouse

Sarcoma

Chick
Chick

Leukemia
Myelocytoma,
sarcoma

Transcription factor
Transcription factor

Mouse, chick

Sarcoma

Rat

Sarcoma
erythroleukemia

Serinefthreonine
kinase
Ras GTPase

Turkey

Leukemia

Transcription factor

Monkey

Sarcoma

Growth factor
(PDGF p chain)

Sarcoma

Membraneassociated tyrosine
kinase

fPS

jun
kit
mos

mYb
mYC
raf
H-mS

K-~s
rf?i

sis

sis
SIC

Moloney murine
sarcoma virus
MO-MuSV
Avian myeloblastosis
Avian
myelocytomastosis
virus
Murine sarcoma
virus
Murine sarcoma
virus (Harvey
strain) (Ha-MuSV)
Murine sarcoma
virus (Kirsten
strain) (Ki-MuSV)
Reticuloendotheliosis
virus
Simian sarcoma
virus
Feline sarcoma
virus
Rous sarcoma
virus (RSV)

Cat
Chick

Tyrosine kinase
(cytosolic)
Transcription factor
Receptor tyrosine
kinase (Steel factor
receptor)
Serinelthreonine
kinase

Most viruses carry a single oncogene although some carry more, e.g. AEV carries two, v-erbA and v-erb8,
which are unrelated. Many oncogenes are specific
to one particular virus, although v-sis
is carried by two unrelated viruses. Some viral strains carry alternative forms ofthe same oncogene, e.g. MuSV carries alternative
forms of v-ras.
Abbreviations: EGF, epidermal growth factor; M-CSF, macrophage colony stimulating factor;PDGF,
platelet-derived growth factor).
aFor information concerning the roles of these products
in cell growth, see Signal Transduction.
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Table 18.3 Mechanisms of oncogeneactivation
Change

Qualitative
ationPoint

Truncation

Quantitative
Amplification

Increased transcription

Translocation
Position effects

Fusion oncogenes

Example
C-raS:
Ras is a GTP-binding protein involved in the transduction of signalsfrom
growth factor receptors. Receptor activation promotes GTPbinding to Ras
by recruiting a guanine nucleotide exchange factor. Ras-GTP can recruit
the
intracellular kinase Raf
to the cell membrane, causing it to be activated and
thus transducingthe growth signal. The Ras protein possesses GTPase
activity and rapidly inactivates itself, resultingin a transientburst of signaling
activity. Point mutations in the ras gene, specifically those affecting amino
acids at positions 12 and 61, decrease GTPase activity, resulting
in
exaggerated responseto growth factors and excessive cell proliferation
v-erbB:
The c-erbB gene encodesthe epidermal growthfactor receptor, a
transmembrane receptor tyrosine kinase. The viral oncogene v-erbB
is
truncated at both ends and hence lacksboth the N-terminal ligandbinding
domain (allowingthe receptor to dimerize in the absence of its ligand) and
the C-terminal inhibitory domain (allowingconstitutive signaling). The
receptor is thus constitutively activein the absence of its ligand, leadingto
unregulated cell proliferation
c-myc:
Cancer is often caused by simple amplification
of a structurally normal protooncogene, especially where growth
is limited by the q u a n t i of an oncoprotein.
This is seen forthe c-myc gene, which encodes a transcription factor usually
available in limiting quantities. The gene is amplified several hundred-fold in
certain cancers, including breast cancer (4.v.DNA amplification)
v-mos,
c-myc,
c-myb:
In other cases where growth regulation reflectslimited quantities of a
particular oncoprotein, cancer may
be caused by increasing the transcription
of an oncogene. This occursin several ways. Regulatory mutations can
increase transcriptionalactivity of an oncogene, andthis has been observed
for c-myc. In other cases, viraltransduction may bring a structurally normal
proto-oncogene underthe control of a strong viral promoter:
the transduced
viral oncogene v-mosis identical to c-mos, and oncogenicity appearsto
reflect overexpressionfrom within the virus, driven bythe viral LTR promoter.
Proto-oncogenes may also be cis-activated
by adjacent integrationof a
retrovirus. The c-myc, c-myb andc-raf genes are activated inthis manner,
and in the c-myc locus, retroviral integration may occasionally generate
chimeric mRNA
MYC
In humans, translocation t(8;14)(q24;q32) bringsmost of the MYC gene
to the IgH locus and places
it under the influenceof the strong immunoglobulin
enhancer. This translocationis believed to be the basis ofBurktt’s lymphoma.
There is no structural disturbanceto the MYC protein,but the gene is
upregulated. Translocations involvingthe immunoglobulin loci and the T-cell
receptor loci are often associated with cancer because
the V@)J recombination
system providesan opportunity for aberrant rearrangements, and each locus
is
under the control of a strong enhancer
(q.v. V(DN recombination).
ABLIBCR
The ABL gene is located on chromosome9 and the BCR gene on
chromosome 22. Reciprocal translocation generates a compound
Continued

258

Advanced
Molecular

Biology
chromosome (thePhiladelphia chromosome) where most of the ABL gene
is spliced to a variable 5’-end segmentof the BCR gene. The fusion product
lacks the N-terminal kinase regulatory domainof ABL,and its active state
may be stabilized by the BCR protein segment. The result is a constitutively
active fusion tyrosine kinase. Many other oncogenic fusion proteins have
been described, most of which are transcription factors

doublestrand breaks. Translocations which bring oncogenes under the influence of stronger transcriptional regulation are known in at least 50 types of cancer. However, translocation can also
generate fusion oncogenes: the products may function normally but may be overexpressed (e.g.
MYC in Burkitt’s lymphoma), or they may have unusual or inappropriate activity (e.g. ABL/BCR
fusion proteins in chronic myeloid leukemia). Mostof the fusion oncogenes which havebeen characterized encode fusion kinases or fusion transcription factors with altered substrate specificities.
Whichever route is chosen, mutations whichactivate oncogenes are all gain offunction mutations
(i.e. a gain of growth-promoting activity) and are dominant over the wild-type allele. In the case of
retroviral transduction, the transduced oncogene must exert its effect over two wild-type alleles.
Oncogene activation by slow RNA tumor viruses. Whereas the acute transforming retroviruses
transform their host rapidly by transducing a hyperactive or overexpressed viral oncogene into the
genome, a second class of RNA tumor viruses can promote tumor developmentonly after a long
period of latency following infection. Theseslow transforming retroviruses are not defective and
do not carry v m c genes. The mechanismof oncogene activation is retroviral integration adjacent to
a normal proto-oncogene so that it becomes activated by the strong promoter present in the viral
long-terminal repeat (q.v. retroviruses). The latent period reflects multiple cycles of retroviral replication and integration until the virus fortuitously integrates at a site where activation of an adjacent
proto-oncogene can occur. Different retroviruses preferentially activate different oncogenes, e.g.
avian leukosis virus preferentially activates c-myc. This may reflect regional specificityof retroviral
integration particular to each viral group.

18.2 lbmor-suppressor genes
The basis of tumor-suppressor gene activity.Tumor suppressor genes(anti-oncogenes, recessive

oncogenes or onco-suppressor genes) are genes whoseinactivity has the potential to promote tumor
growth. The existence of TSGs was predicted from the results of cell fusion experiments, where
growth-transformed cells could be rescued (i.e. the tumorigenic phenotype couldbe corrected) by
fusion to normal cells. Such experimentsidentify TSGs with recessive loss of function alleles (e.g.
RB-I), but many TSGs act as dominant negatives (4.v.) when mutated (e.g. TP53 and WT-1) (Figure
18.2). The normal function of TSGsis to restrain cell growth, and many of the TSG products that have
been identified are regulators of the cell cycle (q.v.) or transcriptional repressors of growth-related
genes (Table 18.4).
Familial cancer and Knudson’s two-hit hypothesis. Most cancers caused by oncogenes are not

familial but arise through somatic mutation. This is because oncogenesexert dominant effects, and
dominant constitutional loss of growth control in an embryo would be lethal. Familial cancers,
transmitted as Mendelian characters, are therefore further evidence for the existence of recessive
tumor suppressor genes. Ironically, familial cancers tend to be transmitted as autosomal dominant
traits, although with incompletepenetrance.
Knudson‘s two-hit hypothesis offers an explanation for this apparent paradox. The first familial cancer to be studied was retinoblastoma, a rare childhood tumor of the retina. Retinoblastoma
occurs both as familial (60%) and sporadic cases (40%), and thefamilial cancer istransmitted as an
autosomal dominanttrait. Most sporadic cases are unilateral, whereas bilateral tumors are common
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Figure 18.2 Mutations and the classificationof tumorigenic genes.

in familial retinoblastoma. Knudson suggested that two independent mutations (two hits) were
required to generate a retinoblastoma cell. In familial retinoblastoma,
the first mutation is present in
the germline, so only one somatic mutation is required. Since the probability of mutation is approximately 10-5, and there are approximately lo6 cells in the retina, a retinoblastoma founder cell will
be generated in most individuals with the germline mutation, i.e. the cancer will have strong but
incomplete penetrance. In sporadic cases, a cell would have to undergo two independentsomatic
mutations, and this would occur oncein every 10000individuals ( W 5X le5X lo6 = 104).The dominant inheritance and incomplete penetrance of familial retinoblastoma thus reflects the probability
of a 'second hit' somaticmutation, not a dominance effect exhibited by the germline loss of function
allele, which is recessive.
Thetwo-hit hypothesis is supported by frequent loss of heterozygosity in tumor cells. If
retinoblastoma cells are typed for linked markers using normal cells of the same individual as a
control (e.g. from blood), it is oftenfound that markers which are heterozygous in controls are hemizygous in tumor cells. This is because second-hit
mutations are often chromosome deletions, which
remove the retinoblastoma locusand anyassociated markers all together.Although this is not always
the case (the second mutation can be apoint mutation in the RB-2 gene, or a deletion which does not
affect flanking markers), loss
of heterozygosity can be used to identify
and mapMendelian TSGs onto
a panel of genome-wide markerssuch as microsatellite repeats (see Gene Structure and Mapping).
DNA tumor viruses. Most DNA viruses of eukaryotic cells establish lytic infections,which result in

death of the host cell. Occasionally, however,certain DNA viruses may become latent in cells which
are nonpermissive for lytic infection.
Of these, the DNA tumor viruses (including the polyomavirus
family (e.g.SV40), the human papillomavirus @"V) family, and the adenovirusfamily) are capable
of transforming the host cell. This is achievedby the synthesis of viral oncoproteins which interact
with andinhibit host TSG proteins. Theproducts of the tumor suppressor genes were
first isolated
through their interaction with these viral proteins which, unlike the oncoproteins of the RNA
viruses, have no direct counterpart in the host genome. The polyomavirus family produces two
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TaMe 18A: Some well-characterized tumor-suppressor genes and their functions

TSG

Function of protein

R61

The
retinoblastoma protein R61 plays
a critical role in cell cycle control by binding
to and inhibitingthe activity of E2F family transcription factors and components of
the basal transcriptional machinery ofRNA polymerases I and 111, notably UBF
(9.v. RNA polymerase The E2F proteins are requiredto activate genesfor entry
into S-phase (e.g. c-myc, c-myb and cdc2), whileRNA polymerases I and 111
synthesize rRNA and tRNA. Thus RB1 controlscell proliferation not onlyby arresting
the cell cycle, but also limitingthe rate of protein synthesis.R61 is regulated by
phosphorylation. It is inactive in its phosphorylated form, andit is phosphorylated
several hours beforethe onset of S-phaseby cycliwCDK complexes containing
cyclin D l (see The Cell Cycle). Other proteins interactwith and inhibit RB1, e.g.
the product of the cellular oncogene
MDM2. The products of several DNA tumor
virus oncogenes also inhibit RB1, eitherby sequestering the protein into an
inactive complex, orby targeting it for degradation(e.g. SV40 T antigen)
The p53 protein is atranscription factor that regulates cell proliferation and
responds to signals, includingDNA damage, by arrestingthe cell cycle or
inducing apoptosis. Cell-cycle arrestis facilitated by transcriptional activation of
the genes encodingthe p21/p27 family of cyclin-dependent kinase inhibitors, and
repression of genes suchas MYC whose activity leads to proliferation. p53 may
have a broader rolein recognizing and respondingto DNA damage, as it
possesses a 3'-5' exonuclease activity which may reflect aDNA repair function.
The p53 protein induces apoptosisin certain cell types in response to oncogenic
cell behavior, partly through regulation of the
BAX and BCL2 genes (9.v.
apoptosis). Point mutations or deletionsin TP53 are seen in over 60% of all
human cancers andtend to cluster in the central DNA-binding domain. Mutations
are often dominant negatives, since p53
acts as a tetramer. Germline mutationsof
TP53 are associated with the rare familial Li-Fraumeni syndrome,which is
characterized by a diverse spectrum of tumors. Like
RB1, p53 activity is inhibited
by the MDM2 oncoprotein, and interacts
with the oncoproteins of severalDNA
tumor viruses
NF1 is a MS-GTPase activating protein (GAP), i.e. a protein whosefunction is to
antagonize RAS signaling by acceleratingthe RAS intrinsic GTPase activity. RAS
is a guanine nucleotide-binding protein;
it is active when bound byGTP but
inactive when bound byGDR Active RAS recruits RAF to the cell membrane,
where it is phosphorylated and then able
to initiate the MAP kinase signaling
cascade (see Signal Transduction).
Loss of NFI results in the inability of the cell to
shut down RAS signaling, and henceconstitutive activation of the mitogenic MAP
kinase pathway. This occurs even whenthe ubiquitous GTPase activating protein
GAPP12O is present. Germline mutationsin NF1 are associated with neurofibromas
and chronic myelogenous leukemia
The W1 gene encodes at least four zinc finger proteins
by alternative splicing. The
main splice variant is a transcriptional repressorof several genes involvedin
growth regulation, including BCL2, IGF-l/ andMYC. Mutations in the W1 gene
which abolish DNA-bindingare often seen in cases of Wilm's tumor of the kidney
and the Denys-Drash syndrome. W 1 acts as a dimer andW1 mutations are
therefore often dominant negatives
p21isageneralcyclin-dependentkinase
inhibitor (q.v.) and is activated by p53 in
response to DNA damage. p16 is a specific inhibitor of CDK4 and
CDK6-D cyclin
complexes. Loss of function mutations in the genes encodingboth inhibitors
prevents normalgrowth inhibitory signalsblocking the cell cycle at GI. D cyclins
are responsible for initiating the events which promote entry intothe S-phase (see
The Cell Cycle)
BRCAl and BRCA2 mutationsareresponsible for mostfamilialcasesof combined
breast and ovarian cancer, and about half the
of cases where breast cancer
appears alone. The proteins are very similar. Each contains a zinc finger module
and each is regulated by phosphorylation duringthe cell cycle. Their precise
functions are unknown, but a developmental rolefor BRCA1 has been suggested.
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tumor antigens, T and t, which are required for tumorigenesis. T is known to interact with and inactivate both RB-l and p53, to release thecell cycle frominhibition. Similarly adenoviruses synthesize
two proteins, ElA andElB, the former having been shown to interact with RB-1 and the latter with
p53. The HPV E6 protein also inhibits p53 function, whereas E7 inhibits RB-l. It thus appears that
P53 and RB-l play a decisive role in the infection strategy of the DNA tumor viruses, and as suggested by other studies, are the central regulators of the cell cycle.
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Chapter 19

Organelle Genomes
Fundamental concepts and definitions
In sexually reproducing eukaryotes, each parent contributes equally to the nuclear genome,
generating transmission patterns typicalof Mendelian inheritance (q.v.) (c.f. parental imprinting,
as biparental.
sex linked inheritance). Nuclear inheritance is thus described
The nucleus contains chromosomes and, in some eukaryotes, plasmids. The nucleus, however,
is not the only source
of genetic material in the cell. Certain organelles carry own
theirgenome
(mitochondria and chloroplasts are the major examples), and cells may also harbor cytoplasmic
organisms ranging from parasites and viruses to endosymbionts.
These cytoplasmic sourcesof genetic information follow rulesof inheritance which are different from those
of nuclear genes. Cytoplasmic (or extranuclear or extragenomic) inheritance
is
usually uniparental, i.e. transmission to the zygote is from one parent only. In animals, cytoplasmic inheritance is synonymous with maternal inheritance because only female gametes
contribute cytoplasm to the zygote. In plants, maternal inheritance is predominant, but some
species show paternal inheritance and in others either parent is capable
of cytoplasmic transmission (although notat the same time). In plants and lower eukaryotes where both gametes
contribute equivalent amountsof cytoplasm to the zygote, the cytoplasmic genes transmitted
by one of the parents are often selectively destroyed or inactivated,
so that inheritance remains
functionally uniparental. The progeny
of such a cross thus have a genotype depending on only
that of the contributing parent, irrespective
of the genotypeof the other (Figure 19.1).
Organelle genomes share many structural and functional properties with those
of eubacteria.
Accordingly, they are believed to have arisen
from endosymbiotic organisms colonizing early
eukaryotic cells. There is a high level
of functional integration between the organelle and
nuclear gene products required for organelle function, and this is indicative
of substantial gene
transfer to the nuclear genome
during organelle evolution.
19.1 Organelle genetics
Maternal inheritance. Maternal inheritance is the transmission of genes, and the traits they control,

solely through the maternal line. This reflectsthe fact that in manyhigher eukaryotes, the mother
provides all the cytoplasm in the egg whereas the father provides only the paternal nucleus. The
consequences of maternal inheritance are shownin Figure 19.1. In a cross between two contrasting
lines where oneallele shows full dominance,the results of a reciprocalcross are identical for nuclear
genes but different for maternally inherited genes and dependent onthe genotype of the mother.
Maternal inheritance should not be confused with the maternal effect (q.v.), which reflects maternal
control of early development, butinvolves nuclear inheritance and shows normalMendelian segregation ratios (see Figure 6.2).
Oqanei/e mutants. Mutations affecting organelle genomes cause deficiencies in either photosynthesis or oxidative phosphorylation. Chloroplast mutants often show clear morphological phenotypes (e.g.leaf variegation) whichhave beenexploitedin
studies of maternal inheritance.
Mitochondrial mutations have been extensively studied in microbial eukaryotes, where they generate a slow growth phenotype(termed 'petite' in yeast and 'poky' in Neurospo~ucrassu).In yeast,
cytoplasmic inheritance is biparental (although this is not the case with other fungi) which allows
the behavior of mitochondrial mutants to be studied in the heteroplasmic state (i.e. where organelles
with different genotypes coexist in the same cytoplasm). Different classes of petite mutant are
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Figure 19.1: Nuclear (Mendelian) inheritance and maternal inheritance. Color variationin plants is often
caused by mutations in genes controlling chloroplast function. Some of the genesinvolved are carried by the

chloroplast and show maternal inheritance. Others are located in the nucleus and show Mendelian
inheritance. If green (normal pigment)is dominant to white (loss of pigment, a null mutation),distinct patterns
of transmission are observed. The equal contributionof the parents in Mendelian inheritance means that the
results of reciprocal crosses are the same (plantsdo not possess heteromorphic sex-chromosomes like
those of mammals, and the complication of sex-linked inheritance (9.v.)
does not arise).
classified in Table 19.1, according to their mode of inheritance and their dominance overwild-type
mitochondria. Table 19.2 gives definitions of some termsused in organelle biology.
In humans, mitochondrial mutant phenotypes are complex because they show tissue-specific
effects reflectinginteractions between mtDNA products andcell typespecific nuclear-encoded proteins - they cause degenerative disorders termed mitochondriopathies. Familial casesof a severe
myopathy, Kearns-Sayre syndrome, are associated with deletions in mtDNA, but are inherited in a
Mendelian fashion like yeast pet mutations. Such diseases result from the loss of nuclear genes
which control mtDNA stability. Other diseases, such as Leber's hereditary optic neuropathy, show
maternal inheritance and reflect specificmutations in the mtDNA, analogous to yeast mit mutants.
In all human mitochondriopathies, cells are heteroplasmic forwild-type and mutantmtDNA. Thus,
like yeast rho mutants, the mutant organelles are dominant to normal organelles. The mechanism
by
which heteroplasmy and dominanceis maintained is unclear, but selfish replication of the mutant
mtDNA is likely, as most mutant mtDNAs retain both origins of replication (see below).
19.2 Organelle genomes
General featuresof organelle genomes.The molecular characterization of organelle genomes has
been facilitatedby a range of techniques which exploit structural and function differences between
nuclear and organelleDNA.These techniques include the selective inhibition of nuclear and
organelle gene expressionusing different antibiotics, the analysis of transcription and protein synthesis in isolated organelles,the in vitro expression of organelle DNA and RNA, linkage mapping,
restriction mapping, hybridization analysis, and sequencing. Organelle genomes differ fundamentally from nuclear genomes in terms of their structure, organization, stability and mechanisms of
gene expression and regulation. Someof the unusual properties of organelle genomes are listed in
Table 19.3.

Organelle
Genomes
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Table 19.1: Four classesof mitochondrial dysfunction mutants in yeast

ameOriginal
Mitochondrial petite
Shows cytoplasmic inheritance
Segregational petite
Shows normal Mendelian
inheritance of slow growth
phenotype
Suppressive petite
Generates all petite colonies
when crossedto wild-type

Loss of function mutation in
single mitochondrial gene due
to point mutation
Mutation in nuclear gene
affecting mitochondrial
function

Loss of much of mtDNA leaving
behind a small selfishly
replicating circle which may
outcompete wild-type
mitochondria

Neutral petite
Generates all wild-type colonies
when crossedto wild-type

Loss of all mtDNA. Mitochondrial
biogenesis is controlled mainly
by the nuclear genome, so
mitochondria are constructed
even in the absence of their
entire genome

Similar classes are seen in chloroplast mutants and animal mitochondrial mutants, reflecting
two common
(2) the ability of
themes: (1) dual controlof organelle function by the organelle and nuclear genomes, and
mutant organellesto dominate wild-type organelles inthe same cell.

Table 19.2 Some terms usedto describe the behavior of organelle genomes
Term

Definition

A characteristic conferred by an agent
in the cytoplasm rather thanin the
nucleus. Can refer not onlyto characteristics specified by cytoplasmic
genes, but also to characteristics specified by the products of nuclear genes
which are synthesized in and function in the cytoplasm (e.g. q.v. P-elements,
hybrid dysgenesis)
From 'homozygous cytoplasm' - an individualwith organelles of uniform
Homoplasmic
genotype
From 'heterozygous cytoplasm'- an individualwith a mixtureof organelles of
Heteroplasmic
different genotypes
Heteroplasmic cells. Higher eukaryotic cells
tend to be homoplasmic unless a
Cytohets
spontaneous mutation arises, although cytohets can alsobe produced by
cell fusion. Cytohets arise naturallyin lower eukaryotes with biparental
cytoplasmic inheritance. In those species where
the cytoplasmic genes of
one parent are destroyed, cytohets can arise when this process fails. Such
aberrant cells are termed biparental zygotes
The production of homoplasmic cells from heteroplasmic cells duringmitotic
Cytoplasmic segregation
division. Reflects the random partition of the organelle population between
daughter cells, a stochastic process leadingto bias whichwill be
exaggerated through further roundsof division. Eventually, after several
generations, all daughtercelk are homoplasmic. Similarin principle to the
segregation of multicopy plasmids (see Plasmids)
These terms concern nuclear rather than cytoplasmic genes
but are often
Heterokaryon,
confused with cytoplasmic inheritance andare included here for claritv. A
homokaryon, synkaryon
heterokaryon is a cell containing more than one nucleus and
the nuclei are of
different genotypes. A homokaryonis multinucleate but all nuclei havethe
same genotype. A synkaryon contains diploid
a
nucleus. A zygote may be
called a synkaryon
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Table 19.3 Some unusual propertiesof organelle genomes
The genome is generally circular and present as several to many copies

tRNA, rRNA, RNA polymerase). There
Most organelle genes are dedicated to gene expression functions (e.g.
are some genes encoding organelle functions (e.g. proteins for photosynthesis or oxidative
phosphorylation),but most such proteins are encoded by nuclear genes and imported
The genome often existsas mixtures of sequence variants generated by recombination
Transcription and translation are regulatedby prokaryote-like control sequences and trans-acting factors
Organelle gene expressionis sensitive to antibioticsbut not to inhibitors of the eukaryotic nuclear genesthis phenomenon is useful for the study of nuclear and organelle genesin isolation
Transcription is often complex, involving multiple initiation sites and polycistronic messages
Organelle genes are regulated primarilyby posttranscriptional mechanisms including modulationof mRNA
stability, RNA processing, protein synthesis and protein turnover
Gene expression is often characterized by complex RNA processing reactions including cleavage, cis- and
trans-splicing, RNA editing and degradation
Organelles often use variantsof the universal genetic code, reflectinga smaller repertoireof tRNA species
with enhanced wobble interactions (see The Genetic Code)
Organelles may carry plasmids in addition to their genome, which often confera phenotype on the host by
mediating gene rearrangements (see Plasmids)
Plastid genomes. The plastome is the DNA isolated from a plastid (one ofvarious plant organelles

related to the chloroplast). The analysis of such DNA shows that each plastid contains the same
DNA, which is the same as chloroplast DNA (ctDNA). The genomeis circular, with a narrow size
range between 110 and 150 kbp. It encodes proteins and structural RNAs required for chloroplast
gene expression, including tRNAs sufficient for all codons, rRNA, some ribosomal proteins and
RNA polymerase. Additionally, the chloroplast encodes products with a direct function in photosynthesis, including components of photosystems I and 11. Most polypeptides used in the chlom
plast, however, are encoded by the nuclear genome and imported(q.v. protein targeting). The degree
of nuclear/cytoplasmic integration is high;mostchloroplast-encoded
proteins associate with
nuclear-encoded proteins at some time. In many plants, for instance,the large subunit of the dimeric enzyme ribulose 1,5-bisphosphate carboxylase-oxygenase (RuBisCO) is encoded by the chlomplast and the small subunit bythe nuclear genome.
The chloroplast genomein some plant species isan almost totallyunique sequence; others, however, are organized as two unique sequence
regions separated by inverted repeats, the repeats containing several genes including the rRNA genes. Recombination occurs frequently between the
repeats, generating inversion isomers and concatemers.
Chloroplast genesare controlled by cis-acting
elements similar in structure to bacterial promoters
and are able to function in E. coli. Transcription is often complex, generating polycistronic mRNAS
(4.v.) of differing sizes which may be cleaved at specific processing sites. Gene regulation occurs
primarily at the levels of RNAstability and protein synthesis, and a number of host-encoded proteins
with roles in posttranscriptional regulationof chloroplast geneshave been isolated.Many chloroplast
genes contain self-splicing introns of the class 11 type (q.v.), and demonstrate other intriguing RNA
processing reactions such as truns-splicing and RNA editing (q.v.). For protein synthesis, ribosome
binding sites are similar to those found in E . coli and chloroplasts appear to use the unmodified
universal genetic code.
Mitochondriel DNA: Size, gene content and genome organization.

Mitochondrial genomes are
extremely diverse and show striking characteristic differences between taxa in terms of size and
structural organization. Likechloroplast genomes, however,mitochondrial genomes predominantly
encode genes with gene expressionfunctions (rRNA, tRNA, RNA
splicing enzymes) as well as a few
polypeptides concerned with mitochondrial function, although most mitochondrial proteins are
synthesized in the cytoplasm andimported.
Yeast mitochondrial DNA (mtDNA) is approximately 80 kbp in length, which is about the
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maximum size for fungal mtDNA. It contains some noncodingAT-rich DNApunctuated withGCrich regions containing origins of replication. Many yeast mitochondrial genes havelarge introns,
which may contain open reading frames encodingproteins which control intron splicing and transposition (q.v. homing introns). All three classes of selfsplicing intron (q.v.) may be found in mitochondrial genes. tRNA genes are often found in functional clusters, whereas rRNA genes are dispersed. The mtDNA of other fungi contains less repetitive DNA and the smallest genomes are
approximately 20 kbp.
Plant mtDNA shows an incredible diversity in size from 100 kbp to over 2.5 Mbp, the larger
genomes containing a high proportion of repetitive DNA. In some species, the genomeis of uniform
size, but in many plants it has a complex organization involving linear and circular molecules of
various sizes and structure generated by recombination. The full genome version is termed the
master circle; smaller derivatives are subgenomic circles. Master circlescontain repeats which are
sites of recombination - generally a profile of recombination products is seen for each genome.
Abnormally rearranged mtDNAs, sublimons, maybecome amplified,perhaps by selfishreplication
like rho mutants in yeast.
Animal mitochondrial genomes, by contrast, are typically small (less than 20 kbp) and organized
parsimoniously. There are no introns, little space between genes anda single region of noncoding
DNA which controls replication and gene expression. The space-saving features of animal mtDNA
are remarkable, including pangenomic transcription (see below), overlapping genes and missing
termination codons(these are addedposttranscriptionally by polyadenylation of the RNA).
Mitochondriaigene expression. Animal and fungal mitochondrial transcription is polycistronic (q.v.),

although there are many promotersin fungal mtDNA and only asingle promoter for eachstrand of
animal mtDNA, which is initially expressed as a pangenomic (full genome) transcript. In plants
most mitochondrial mRNAs are monocistronic (the majorexception being the rRNAgenes),
although they are transcribed from multiple initiation sites. All mitochondria use similarprokaryote-like promoter sequences and encode RNA polymerases related to prokaryotic enzymes, including the use of accessory factors similar to the o-fctor (q.v.). Yeast and animalmtDNA transcription
requires a transcription factor relatedto the HMGfamily of proteins (q.v.).
RNA processing in mitochondria takes many forms.In plants, the rRNA transcripts are cleaved
and matured,introns are spliced (although no transsplicing -as seen in chloroplasts is observed),
and some genes may be subject to RNAediting. In animals, processing involves cleavingthe polycistronic messageinto single gene fragments, a process possibly facilitated
by the dispersed arrangement of tRNA genes which could provide secondarystructure motifs for endonuclease activity.In
animals both mRNA and rRNA from mitochondria may be polyadenylated. RNA processing in
fungal mitochondria involves a 12-nucleotide3’ signal which controlsmaturation of the transcript.
Translation in mitochondria from plants, fungi and animals involves a modified genetic code.
The modifications are taxon-specific and reflect smaller repertoires of tRNA genes, and in some
cases unusual tRNA structures. The loss of tRNA species is compensated by a modification to
wobble pairing, so more degeneracy is tolerated (see The Genetic Code).Plant mitochondria usual- .
ly encode a completeset of tRNAs, although incertain species some are encoded the
by nucleus and
imported. Some algal and protozoan mitochondria possess a dramatically reduced set of tRNA
genes or none at all. In these cases, many tRNAsare imported from the nucleus. Translation initiation involves prokaryote-like ribosomebinding sites, and N-formylmethionine isthe initiator amino
acid (see Protein Synthesis). Translation is predominant
a
level of gene regulation in mitochondria.

-

Replication of mitochondrial DNA. Origins of replication have been identified in some plant and

fungal mitochondria, but the replication mechanism is not understood: in some plant species, the
system controlling replication must discriminate between the master circle and subgenomiccircles
(see Replication). In animals,leading strand (heavy strand,or H-strand) replication is initiated by a
large RNA primer synthesized by RNA polymerase, which is cleaved by the ribonucleoprotein
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endonuclease MRP (q.v. dmyrze).DNA synthesis is then initiated by D N A polymerase y (q.v.),
extending the primer anddisplacing the resident strand to generate a D-loop. The extension is often
aborted at this point, probablydue to motifs (termination associated sequences) withinthe D-loop.
Readthrough of these sites, or reinitiation of a terminated strand, results in successful replication.
Replication of the complementary strand (light strand, or Gstrand) is initiated on theopposite side
of the circle to the heavy strand and involves a specific mitochondrial primase. This unusual,
continuous replication mechanism means that mtDNA is single stranded most of the time, which
perhaps contributes to its relatively high mutation rate (q.v.).
Kinetoplast DNA. Protozoans contain a single, highly specialized mitochondrion termeda kineto-

plast which, like other mitochondria, contains its o w n genome (kinetoplast DNA, LDNA). The
organization of the kDNA genome is remarkable, with full genome-size maxicircles interlinked in
a complex network witha multitude of shorter derivatives termed minicircles. Both maxicirclesand
minicircles appear to replicate using a rolling circle mechanism. Primary transcripts from kDNA
demonstrate the most prolific RNA editing (q.v.), in extreme examplesinvolving the deletion of more
than 50% of nucleotides. This is facilitated by guide RNAs (q.v.), which appear to be the
only products synthesized by the minicircles. Other unusual properties of protozoan kinetoplasts (often
shared with algal mitochondria) are the lack of organelle-encoded tRNAs (see above)and the synthesis of rRNA in short fragments. The rRNA genes are broken up and dispersed throughout the
genome. Functional RNAs are presumed to arise by intermolecular base pairing.
Otgane/leplasmids. Many plant mitochondria carry plasmids along withtheir genomes. These are
diverse in structure (with genomes of linear or circular double-stranded DNA, or single-or doublestranded RNA), but many appear
to be associated
with the characteristic of cytoplasmic malesterility (cms), where cytoplasmic factors blockthe production of viable pollen. This promotes outcrossing and may therefore beof overall benefit to the plant. The cms phenotypecan be suppressed by
the expression of nuclear genes. Mitochondria of the cmsT line, for instance, produce a novel,
plasmid-encoded protein which is responsible for the sterility phenotype in a poor@ understood
manner. Thephenotype can be suppressed by increasing expressionat two nuclear loci, Rfl and Rj2
(for restoration of fertility),.whichact bypreventing synthesis of the protein.
Plasmids in fungal mitochondria may be cryptic or they may confer the characteristics of
longevity (extended life span) or senescence (cell death). The latter trait is inherited in a cytoplasmic fashion and appears to involve rearrangement of the mitochondrial genome, induced by
plasmid integration. One example is the linear kalilo element of Neurospora CYUSSII, although the same
phenotype may be conferred by self-mobile introns,
some of which can also exist as plasmids.
DNA. Organelles probably evolved from prokaryotes
which formed an endosymbiotic relationship with primitive eukaryotic cells. The evidence for this
model includes similarity in genome structure, gene expression mechanisms, and antibiotic sensitivity between organelles and present day bacteria, and also reflects similarity between their gene
and polypeptide sequences. Over an evolutionary time scale, both chloroplasts and mitochondria
have lost genes to the nucleus and have thus become dependent on their hosts. The existence of
promiscuous DNA (sequences of organelle origin inserted either into a different type of organelle
or into the nuclear genome) supports this. Promiscuous DNA sequences may represent recent
transposition events, and although the transposition mechanism is unknown, it is clear that rare
gene transfer from the cytoplasm to the nucleus does occur.

Endosymbionttheoryandpromiscuous

Other f o m s of cytoplasmic inheritance. Mitochondrial DNA and chloroplast DNA are the most
common and best-tharacterized forms of cytoplasmic inheritance. Other organelles, however, are

also believed to contain DNA (e.g. centrioles),although less is known of their coding potential and
functions. Cytoplasmic genetic
information is also found in the form of endogenous microbes which
exist in a parasitic or symbiotic relationship with their host. Several instances have beendescribed
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where viruses, bacteria and even protozoansare harbored in the cytoplasm of a larger eukaryotic
cell, are transmitted maternally and confer a phenotype upon their host. The two major examples
are foundin Drosophila: one is a virus, sigma, conferring sensitivity to carbon dioxide, and theother
a protozoan cell which produces a toxin that specifically kills male flies. This sex-ratio regulator is
not transmitted to the (relatively few) males that survive.
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Chapter 20

Plasmids
Fundamental concepts and definitions
Plasmids are autonomous extrachromosomal replicons found commonly in pmkaryotes, but
also in eukaryotes and their organelles. They are generally covalently closed and supefioiled
circles of double-stranded DNA with sizes ranging from
1to 300 kbp. They contain fmm one
to
over 100 genes. Some plasmids integrate into the host genome and are described as episomes.
Plasmids are parasitic structures(seysh DNA (q.v.)) which move between populations by con(see Gene Transfer in Bacteria). Minimally,
jugation, transformation, transduction or cell fusion
plasmids encode products required for their replication and maintenance in the host. Many
also carry genes which promote self-transfer between cells (q.v. conjugative plasmids). Most
bacterial plasmids also carry genes conferring a desirable but dispensable phenotype upon
their host (e.g. antibiotic resistance). Such genes are often found on transposable elements
which can jump between different plasmids in the same cell. Conversely, eukaryotic nuclear
plasmids are generally cryptic plasmids (they confer no phenotype) and some appear to have
originated from chromosomal DNA.
Terms used in plasmid biology are defined Table
in 20.2.
The fundamental distinction between plasmids and viruses is that the former are maintained
as stable extrachromosomal replicons which do not encode the coat proteins that enable viruses to form infectious particles (they can therefore only exist outside the cell
as naked DNA).
Some viruses can exist as plasmids, e.g. the P1 prophage is maintained as a plasmid during
temperate infection, but the converse is never true.
Plasmids are used widely
as cloning vectors(see Recombinant DNA),but this chapter primarily
concerns the behaviorof natural plasmids.
20.1 Plasmid classification
Classification byphenotype. Plasmids can be classifiedin a number of ways. The simplest but least
useful criterion is the phenotype they confer upon the host cell (Table 20.2). In bacterial plasmids,

genes which are nonessential for replication, maintenance or transfer are often carried on mobile
elements which can transpose to other plasmids and into the host chromosome. The phenotype
conferred by a bacterial plasmid does not, therefore, reflect any intrinsic property of the plasmid
molecule itself, and several distinctphenotypescanbe
conferred bythesameplasmid.
Megaplasmids carry genes for resistance to many antibiotics and are of great concern to health
authorities. Furthermore, because of the abundance of mobile elements andthe tendency for plasmids to undergo recombination, plasmid structure itself is fluid. It istherefore difficult to devise a
methodical system of nomenclature for plasmids based on phenotype alone (Table 20.3). Many
eukaryotic plasmids lack a phenotype upon whichto base such a classification system;for others,
the phenotype arises from the behavior of the plasmid (e.g. integration and rearrangement of the
chromosome), rather than from any encodedfunction.
Classiffcation by strvctum. Although most plasmids exist as double-stranded closed circles of
DNA, the definition of a plasmid does not exclude other structures. A number of single-stranded

circular DNA plasmids have been identified in Streptomyces and Clostridium species; and linear
double-stranded DNA plasmids havebeen isolated from several bacterial and eukaryotic sources,
e.g. linearplasmids in Borrelia hermsii encode variant surface antigens and are responsible for relapsing fever. In eukaryotes with linear plasmids, it is not always clear which elements should be
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Table 20.1: Definition of some terms usedin plasmid biology
Term
Basic replicon

Definition

The minimal region of a plasmid able
to replicate in the same manner as
the full-sized plasmid- typically containsthe origin of replication and
plasmid maintenancesequences, elements that regulatereplication
and plasmid maintenance(q.v.)
Conjugative and
Plasmids which can, or cannot, promote their
own transfer by conjugation
nonconjugative plasmids
(q .v*)
Copy number
The average number of plasmids per cell, usually measured
by direct
quantification of plasmid DNA or an encoded geneproduct
cop mutant
A plasmid carrying a mutation which affects
copy number
Cryptic plasmid
A plasmid with no apparent phenotype
Curing
Spontaneous or induced plasmid loss. Spontaneouscuring occurs at low
frequency, but can be induced by intercalating agents and some
antibiotics
Dislodgment
The rare displacement of a resident plasmid
by a second, compatible
plasmid, a phenomenon often interpreted as
incompatibility (q.v.), but
which may reflect,e.g., the activity of a restriction endonuclease
encoded by the second plasmid
Episome
A plasmid or virus capable
of both extrachromosomalreplication and
integration into the host genome, e.g. the F-plasmid (see Gene Transfer
in Bacteria)
Homoplasmid,
Describing cells containing one
type of plasmid, ortwo distinct types of
plasmid (q.v. plasmid segregation)
heteroplasmid
Incompatibility
The inabilityof two differen! types of plasmidto coexist in the same cell for
more than a few generations
in the absence of selectionfor both
plasmids, reflecting common replication or
partition mechanisms
A linear plasmid in eukaryotes with long, perfect, inverted terminal repeats
lnvertron
A maintenance system which ensures
that cured daughter cells are
Killer system
destroyed (see Table 20.4)
A system which ensures that plasmids are maintained
in a population of
Maintenance system
dividing cells (seeTable 20.4)
The basic replicon of a large plasmid
such as the F-plasmid
Miniplasmid
A phenomenon wherethe introduction of plasmid type 1 into a population
One-way incompatibility
of cells where plasmid type2 is established resultsin incompatibility, but
introduction of plasmid type 2 into a population where plasmid type 1 is
established does not. This reflects similar
but not identical replication
mechanisms in thetwo plasmids
Partition is thedistribution of plasmids into daughter cellsduring cell
Partition, partition system
division. Partition systems are maintenance systems
which ensure equal
partition (see Table 20.4)
An autonomous, extrachromosomalreplicon which is nonessential under
Plasmid
normal growth conditions and not part ofthe cellular genome
The plasmidlocus where DNA replication begins
Plasmid origin
The separation of different types
of plasmid into separate daughter cells at
Plasmid segregation
cell division (dueto incompatibility)
Promiscuousplasmid
Abacterial plasmid with abroadhostrange(usually
including both
(broad host-range plasmid)
gram-positiveandgram-negativebacteria)
Prime
plasmid
plasmid
A
episome
which
has excised
aberrantly
and
carries
part
of the
host chromosome. TypeI prime plasmids have exchanged plasmid
genes for host genes,type II prime plasmids carry all plasmid genes
plus extra host genes(q.v. F 'plasmid)
Relaxed plasmid
plasmid
A
whose
replication
does
not
require
continued
protein
synthesis
and whose copy number increasesif protein synthesisis blocked, due to
the removal of a negative regulator protein
Stringent
plasmid
A plasmid
whose
replication
requires
continued
protein
synthesis
and
whose copy number thus fallsif protein synthesis isinhibited
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Table 20.2 Some phenotypes conferred bv plasmids

Example
Phenotype

None (cryptic plasmid)
Antibiotic resistance
Antibiotic synthesis
Antigen gain
Gas vacuole synthesis
Heavy metal tolerance
Carries host genes
Longevity
Metabolite utilization
Restriction modification system
Senescence
Siderophore synthesis (iron transport)
Sterility
Toxin synthesis
Tumor induction
UV protection (SOS system)

andof plasmid

host species

Saccharomyces cerevisiae,2p plasmid
Enterobacteria, R6K
Enterobacteria, ColEl
Yersinia pestis, Vwa plasmid
Halobacterium spp. ‘satellite DNA’plasmids
Pseudomonas spp., FP2
Saccharomyces cerevisiae,31.1 plasmid
Podospora anserina, pAL2-1
Pseudomonas spp., OCT plasmid
Promiscuous plasmid N3
Neurospora crassa (mitochondria),kalilo
Enterobacteria, certain ColV plasmids
Zea mays (mitochondria), S1 and S2
Enterobacteria, Ent P307
Agrobacterium tumorfaciens, Ti plasmid
Promiscuous plasmid R46

described as plasmids and which as chromosomes (i.e. which elements are extrachromosomal and
which are part of the genome). In essence, there is no structural distinction between plasmids and
chromosomes. The usual definition of a bacterialplasmid as nonessential under normal growth conditions is meaningless unless ’normal’ growth conditions are defined unambiguously. For instance,
a yeast artificial chromosome is nonessential, as is the mammalian Y-chromosome, but neither
element is routinely defined as a plasmid.
There are also RNA plasmids. Viroids (q.v.) are specialized single-stranded circular RNA plasmids
which carry no genes. Some bipartite, linear, double-stranded RNA elements found in yeast also
conform to the definition of a plasmid. Theseare known as killer factors because they confer a killer
phenotype upon the host (Table 20.3). They encode a coat protein which encapsulates the genome
rather like that of an RNA virus but cannot infect other cells and are transmitted intracellularly. The
killer factors thus occupy a middle ground between a plasmid and a virus, and can be classified as
either (also q.v. subviral agents). Note that killer factorsare not the same as killer plasmids; the latter are
more conventionalyeast DNA plasmids which also confer a killerphenotype upon the host cell.
CIassification onthe basis of intrinsic properties. A better plasmid classification system uses intrinsic properties such as transfer, replicationand maintenance mechanisms.
In bacteria, plasmid transfer occurs by four routes - cell fusion, transformation, transduction
and conjugation (see Gene Transfer in Bacteria). The
first three processes are passive with respect to
the plasmid, whereas conjugation is active and many plasmids carry genes which promote selftransfer between cells by this method. Bacterial plasmids may thus be classified into two major
groups, conjugative and nonconjugative. Conjugative plasmids are subdivided into families based
on their particular conjugation mechanism (Box 20.1).
In eukaryotes, plasmid transfer mechanism is a less useful criterion for classification.Horizontal
plasmid transfer generally occurs only when cells fuse (e.g. syngamy,or the formation of a hyphal
network in fungi) oroccasionally by mechanical transfer (viroids spread in this manner).
Occasionally, bacteriatransfer plasmids to eukaryotes, as occurs in bacteria to yeast conjugation and
in the specialized case of the Agrobacterium tumorfaciens Ti plasmid (q.v.).

20.2 Plasmid replication and maintenance
P/asmid copy number. Plasmid replication and maintenance is a totally intrinsic property applica-

ble to all plasmids, allowing them to be classified according to replication and partition strategy and
how their copy number is regulated.
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Table 2 0 . 3 Classification and nomenclatureof plasmids basedon phenotype

rLpe of plasmid

Phenotype

Examples

Bacteriocinogenic

AgK84, CloDF13, ColEl -K30,
COIV, I-K94
Designation by encoded
bacteriocin (e.g. agrocin 84,
cloacin DF13, colicin El,
colicins V and la)

cryptic
Degradative

Encode bacteriocins (proteins
which kill or inhibit growth of
other bacteria,e.g. agrocins
and colicins). Also encode
immunity functions so that
the host cell is not destroyed.
Killer plasmids in yeast
are analogous
None
Catabolic

F

Fertility (conjugal transfer)

R

Resistance (e.g. to antibiotics,
heavy metals)
Usually antibiotic resistanceused as dominant selectable
marker (q.v. plasmid vectors)

Recombinant (constructedin
vitro from parts of naturally
occurring plasmids)

Virulence

Enables host to cause disease.
Specifically refersto those
plasmids encoding direct
virulence functions (e.g. toxin
synthesis, tumor induction),
but also appliesto indirect
functions such as antibiotic
resistance (which increases
virulence by making host
resistant to medical treatments)

2p, Mauriceville
Lac, TOL, Cit
Designation by substrate (e.g.
lactose, toluene, citrate)
The F-plasmid (see Gene Transfer
in Bacteria)
R1, R46, RK6, multiple resistance
plasmids
pBR322, pML31, pBluescriptll
Recombinant plasmids usually
designated ‘p’ followed by
letters and numbersidentifying
originating laboratory.
Commercial recombinant
plasmids usually giventrivial
names indicative of uses
Ent plasmids, Ti, Ri

This is an arbitrary systemwhich is not based onany intrinsic property of the plasmid. The nomenclatureis
therefore not systematic, reflectingthe abundance oftrivial names and the fact that many plasmids encode
several distinct functions.
Plasmid replication autonomous,
is
but may be coupled to the replication of genome
the host
and
may be influenced by the host andt
s
i environment. Generally, plasmids require use of the hostencoded replication machinery(e.g. DNA polymerase, RNA polymerase, DNA primase), but encode
i and
s
regulation. Initiationoccurs at a specific
other factors required for the initiation of replicationt
origin and is the rate-limiting
step in plasmid replication. The
frequency of successful initiation establishes the characteristic average number of plasmid molecules per cell, the copy number.
In bacteria, larger plasmids usually havea copy number of 1-3: their replication is coupled to
are usually conjugative.
that of the chromosome. These are termed single-copy plasmids and they
Smaller plasmids have higher copy
numbers, typically 10-30, and are termed multicopy plasmids.
Replication occurs randomly and isself-regulated. The plasmids are usually nonconjugative. The
replication controlmechanisms which maintain thecorrect copy number doso by measuring the
of a key
relative concentrationof originsin the cell(see below). I f a mutation disrupts the function
to plasregulator, the copy number can
change substantially. Severelyrepressed replication can lead
mid loss, and unregulated replication (runaway replication)
can increase the copy number10-fold.
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Runaway replication is capped only when another
component, e.g. an enzyme substrate
or
for DNA
replication, becomes limiting. A plasmid carrying such
a mutation isknown as acop mutant.
The behavior of eukaryotic plasmids
has been studiedin the yeast S. cerevisiae. Plasmids with the
2p origin are maintained athigh copy number
although replicationoccurs only in the S-phase
(q.v.) and is coupled genome
to
replication. Conversely, plasmids which
resemble chromosomes(i.e.
those possessing ARS origins and a centromere) are maintained at a copy number of 1-2. The
centromere is dominant to plasmid
origins, so that artificial plasmids containing
centromeres, ARSs
chromosomes (q.v. yeast cloning vectors).
and 2p origins behave like

(<loo),

Plasmid maintenance. A s w e l l as controlling self-transfer and replication, plasmids also encode
maintenance functions, ensuring both daughter
cells inherit plasmids following cell division. The
distribution of plasmids to the daughters
a dividing
of
cell is partition. Withoutmaintenance, spontaneous curing (Table 20.1) can occur during partition. Cells without plasmids
are more competitive
than plasmidtontainingcells under normal growth conditions(i.e. in the absence of selection for
the phenotype conferred by the plasmid) because they do not divert theirresources to plasmid
functions - therefore, cured cells rapidly increase in the population at the
expense of the plasmidcontaining cells. Maintenance functions have been well characterized in bacteria and fall into
several groups (Table 20.4). The existence of maintenance functions places plasmids, along with
viruses andtransposable elements, within the categoryofselfish DNA (q.v.).
Plasmid incompatibi/ity. Incompatibility is the inability of two plasmids
coexist
to in the same host
strain unless conditions are imposed which select for the phenotype conferredby both plasmids.
Incompatible plasmids rapidly segregate in a growing unselected population to yield two homoplasmid strains.
Incompatibility occurs between plasmids with similar strategies for the control of replication
and/or partition. The control of plasmid copy number is predominantly by negative regulation;
thus two distinctsingle-copy plasmids with the same regulatory mechanism in the same cell wil
Table 20.4 Plasmid maintenance functions
Maintenance function

Description

Partition (per) system

A systemfound in low-copy numberplasmids that accuratelyandequally

Killer ( M ) systems
(addiction systems)
Celldivision delay
Recombinationsystems

distributes plasmid copiesto either side of the cell priorto division.
Partition systems requireboth trans-acting factors and a cis-acting
element located on the plasmid, and may involve attachmentof the
plasmid to the cell membrane. The bacterial chromosome uses a similar
partition mechanism (see TheCell Cycle). High copy number plasmids
lack specificpartition mechanisms and rely onthe high probability that
each daughter will receive at least onecopy
A system in which the plasmidencodesastable killerprotein (a protein
which is lethal to the hostcell)andanunstable‘antidote’moleculeacting
as an antagonist ofthe killer protein itselfor an inhibitor of its synthesis.
In cured cells, the killer protein outlaststhe antidote and the cell is killed
A system whichdelayscelldivisionatlowplasmidcopynumber.The
F-plasmid is able to delay cell division by inducing the
SOS response (9.v.).
Theplasmidencodesasite-specificrecombinationsystem
(q.v.) which
counteracts homologous recombination events leading
to multimerization
and ensures that monomers are available for partition.
A similar function,
encoded by the xerC and xerD
genes of E. coli, ensures chromosome
monomerization. The yeast2p plasmid also encodesa site-specific
recombination system which increasesits copy number

Note that partition systems, killer systems andcell division delay systems ensurethat plasmid segregationis
better thanrandom by preventingthe birth of cured cells. Conversely, recombination systems
do not prevent
the birth of cured cells, and they can only achieve at best random plasmid segregation.
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repress each other's replication until cell division,when they become segregated and repression is
lifted. Mixed multicopy plasmids also demonstrate mutual repression until cell division. In the
daughter cells, repression is lifted, and because multicopy plasmidreplication is random, eachtype
of plasmid has an equal chance to undergo replication. The type which succeeds will then achieve
a higher copy numberand will be at anadvantage at the next round of division, eventually leading
to the generation of homoplasmid cells. Multicopy plasmids thus take longer to segregate than
single-copy plasmids. Single-copy plasmids with the same partition mechanism segregate due to
competition for the same 'partition site', which is presumably represented only twice in the cell.
Plasmid incompatibility provides a useful system of classification according to replication and
partition strategy. Mutually incompatible plasmids (i.e. those with similar strategies) are placed into
an incompatibility group(Inc group), of which there are approximately 30 for E. coli and related
enterobacteria (Box 20.2).
Mechanisms ofplasmid DNA replication.Most ofthe typical closed circulardouble-stranded DNA

plasmids of bacteria replicate similarly to the chromosome, with initiation characterized by the
binding of specific initiation proteins called Rep proteins to repetitive elements at the plasmid
origin (see Replication). For many plasmids (e.g. F, Rl), Rep facilitates unwinding of the origin,
allowing the loading of helicase and the establishment of either a single replication fork, or two
replication forks. In other plasmids (e.g. pT181 of Staphylococcus), the Rep protein is a nichse (q.v.)
which initiates rolling circle replication (q.v.). ColEl-related plasmids do not require Rep proteins
because the host RNA polymerase is used to transcribe through the origin to generate a primer for
the leading strand; such plasmidsare thus under relaxed control (see below).
Linear bacterialplasmids are similar to linearvirus genomes, e.g. they possess covalently sealed
ends (e.g. Borelliu plasmids) or terminal proteins and inverted repeats (e.g. Streptomyces plasmids)
and mayreplicate using the samestrategies employed by viruses (see Replication foroverview and
Viruses for specific examples). Linear plasmids of eukaryotic organelles often encode their own
polymerases, which are presumably utilized for autonomous replication. The discussion below
relates to strategies for the regulation of replication unique to plasmids.
Many larger plasmids have multiple origins (often associated with
different control mechanisms), makingit difficult to assign such plasmids to single incompatibility
groups. In some plasmids (e.g. the F plasmid), one particular origin is favored, and the role of the
extra origins is uncertain. In others (e.g. R6K) the alternative origins are used with equal frequency.
Many recombinant plasmid vectors have been deliberately
designed to incorporate both prokaryotic
and eukaryotic origins, allowing themto be maintained in both types of cells (q.v.shuttle vector).
Plasmid origins are often characterized by essential repetitive sequences termediterons. These
are common motifs in plasmids (e.g. plasmid RK2) and in some phages which can replicate like
plasmids (e.g. bacteriophages P1 and h),as well as the bacterial chromosome itself (q.v.origin ofreplication). Plasmid iterons are binding sites for the Rep proteins, which mayact alone or may associate
with host initiator proteins (e.g. DnaA in E. coli). In plasmid RK6, for instance, regardless of which
of the three origins is used, a sequence of seven direct tandem repeats located within the y-origin is
essential for replication.

Multiple origins and iterons.

Control of piasmid replicationby antisense RNA. Plasmids witha ColEl type origin of replication

(including the vast majority of plasmid cloning vectors)initiate leading-strand DNA synthesis from
a single RNA primer generated by the host RNA polymerase (q.v. primer, priming strategy). The
origin is actually transcribed on both strandsto yield two transcripts, RNA Iand RNA II. RNA 11is
the primer, whereas RNA I,which is complementary topart of RNA 11,acts as a repressor by sequestering RNA I1 into an inactive duplex. DNA synthesis begins at the origin, but transcription of RNA
I1 begins 555 bp upstream of the origin and continues through it and beyond. The transcript must
therefore be processed by cleavage at the origin to yield a functional primer. This processing is
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carried out byRNaseH (q.v. nucleases) and is facilitated by the three-stem loop secondary structure
adopted by RNA II.
Interaction between RNA I and RNA I1 culminates in their full hybridization (q.v.), which disrupts
the secondary structure of RNA I1and prevents it hybridizing to theDNA. Thisin turn prevents the
cleavage reaction and results in a replication block.In vitro, RNA I is able to anneal to RNA 11only
when the latter is between 100 and 360 nt in length. T h i s means that RNA I must hybridize to the
nascent RNA 11transcript during the early phase of its synthesis to repress replication. A plasmidencoded protein called Rom enhances the rate of RNA I: RNA 11hybrid formation once RNA 11 is
greater than 200 nucleotides in length and is thus a key regulator of ColEl replication.
The replication of the R1 plasmid is also regulated by antisense RNA. The plasmid-encoded
initiator protein, RepA, is essential for the initiation of replication, but transcription of an adjacent
gene generates an antisense RNA (copA) which binds to the leader region of the repA mRNA
(designated copT) to prevent its translation (q.v. antisense RNA, translational control). The copA and
copT RNAs both form secondary structures, and mutational analysis has shownthat the interaction
between themmay involve these secondary structures rather than full duplex formation (a so-called
kissing complex).
The prevalenceof antisense RNA regulators in plasmids suggests that RNA offersa unique strategy for replication control for which protein is insufficient. In many diverse plasmids the same
mechanism occurs:a short antisense inhibitory factor anneals to the 5' end of an essential functional
RNA and blocks its activity. A possible explanation is that the maintenance of plasmid copy number requires an unstable regulator so that the plasmid population can respond rapidly to deviations
from the standard copy number. RNA is a suitable candidate for such an unstable regulator (q.v.
antisense RNA).
Relaxed and stdngent control. Plasmid replication may be under relaxed or stringent control. If

cellular protein synthesis is inhibited, for exampleby chloramphenicol, some plasmidscontinue to
replicate and their copy number increases above normalvegetative levels. These are relaxed plasmids, andare typically small multicopy plasmids. Other plasmidscease to replicate along withthe
host chromosome when de novo protein synthesis is inhibited. These are described as stringent
plasmids, and are typically large, single-copy, conjugative
plasmids. Most general purpose plasmid
cloning vectorsare underrelaxed control.
The ability of relaxed plasmids to continue to replicate in the absence of host protein synthesis
reflects the stability of host proteins required for the initiation of replication, and the instability of
plasmid-encoded regulators. For instance, plasmidColEl is under relaxed control because the initiation factorRom has a negative role- it prevents initiation by facilitating the pairing of an antisense
RNA with the leading stand primer. In the absence of Rom, plasmid replication is derepressed and
copy number increases (very high
number cloning vectorshave no functional rom gene). Conversely,
stringent plasmids suchas F require a positively acting Rep protein for initiation. In the absence of
Rep, plasmid replication is blocked regardless the
of availability of host DNA replication proteins.
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Box 20.1: Inc groups
Problems
associated
with incompatibility. conjugative plasmids have unique replication stratePlasmids are assigned to incompatibility groups gies.Plasmids from nonentericbacterialspecies
(Inc groups) based on their mutual incompatibility, have also been assigned to incompatibility groups.
In Pseudomonas spp., Inc groups are designated
aphenomenon in whichagrowingpopulationof
hetemplasmidcells (9.v.) segregates into two homo- IncP1, P2, P3 etc., representing 15 or more different
plasmid subpopulations (q.v.) because the plasmids replication systems,the conjugation systems being
have identical replication or partition control strat- less well characterized. There is overlap between
egies. Incompatible plasmids can appear compati- the enterobacterial and Pseudomonas Inc groups
representing the broad host-range plasmids; thus,
ble, however, if they undergo recombination, or if
the same as
there is a high copy number and segregation takes e.g., groups IncPl, IncP3 and lncP4 are
many generations. Conversely,
compatible plasmids enterobacterial groupsIncP, lncC and IncQ, respeccan appear incompatible if they undergo dislodg- tively.
ment (q.v.) or if the cell contains several undetected
Basisof
conjugation systemclassification.
cryptic plasmids which expressincompatibility.
Conjugation systems in enterobacteria are classiFinally, large plasmids often have multiple distinct
fied according to pilus morphology (which may be,
origins (multirepliconplasmids) andcannot be
for example, rigid or flexible, thick or thin) and the
assigned unambiguouslyto a unique Inc group.
types of bacteriophage which adsorb to the pilus
F-type conjugation systems, for
Inc group nomenclature.In enterobacteria, incom- (seeViruses).
patibility (Inc) groups are designated
by a letter rep- instance, are characterized by a thick but flexible
pilus to which M13-like DNA phagesand RNA
resenting a particular plasmid conjugation system,
followed by roman numerals and/or Greek letters
to phages such as Qp and R17 adsorb. Incompatibility
indicate incompatibility status (reflecting
the replica- groups IncFl and IncFll represent two groups of
tion and partition mechanism). Plasmidswith F-type plasmids with F-type conjugation systemsand
conjugation systemsare divided intotwo incompat- distinct replication strategies, the first exemplified
ibility groups, IncFl and IncFII,with different replica- by the F-plasmid itself, the second by plasmids R1
tion control strategies, but other naturally occurring and R100.
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Chapter 21

The Polymerase Chain Reaction (PCR)
Fundamental concepts and definitions
The polymerase chain reaction (PCR) is a technique for amplifyingDNA sequences in vitro,
i.e. the DNA is not replicated in a cell, as is the case in molecular cloning (q.v.), but using
purified enzymes.
The basicPCR uses pairs of oligonucleotide primers designed to flank
the target for amplification. The primers anneal to opposite DNA strands and face inwards, so that DNA synthesis
proceeds across the central region. The reaction involves three stages carriedout at different
temperatures: denaturation of the double-stranded DNA (carried out at above9O"C),annealing of primers to the resulting single-stranded templates (carried =5O"C,
out atthe optimal temperature depending on the primer sequence), and primer extension to synthesize DNA
new
across the target region (carried
out at =7OOC). Each group of three reactionsis termed a PCR
cycle and theoretically doubles the amount
of the original target sequence
(Figure 21.1).
The PCR is performed in a small volume(20-100 pl) either in individual tubesor in multiwell
plates, usinga heating block with an automated thermal cycler for precise temperature control.
The reaction contains the source DNA, the primers, the four deoxyribonucleoside triphosphates, a thermostable DNA polymerase and its reaction buffer, the most critical component
of
which is Mg2+.
The PCR is advantageous because itis quick and sensitive compared to transditional cloning
methods, and remains efficient even when the source DNA is heavily degraded
or must beisolated from difficult sources such
as fixed tissue. However, the cycling tends to be error prone,
the sizeof the products is limited and there is an absolute requirement for prior knowledge
of
target sequence.

21.1 Specificity ofthe PCR reaction

\

Amprirication of unique sequences. Since all DNA polymerases require primers (q.v.) to initiate

strand synthesis (see Replication), the target for PCR amplification can be specified by designing
primers to anneal to particular unique DNA sequences. PCR primers are chemically synthesized
oligonucleotides (q.v.) and their design is crucial for the success of the PCR. The most efficient
primers for specific amplification reactions are 17-30 nucleotides in length, as this represents a
sequence unlikely to be repeated by chance in the unique sequence DNA (q.v.) of higher eukaryotes.
Primers usually have a GC content of approximately 50% and lack runs of the samenucleotide or
significant secondary structures, both of which can cause loopingout of primer residues and stabilization of the primer at an erroneous binding site. Additionally, primer pairs should not be selfcomplementary, as they thenform primer dimers which
act as templates for extension, resulting in
spurious products.
The PCR is advantageous because it is quick and sensitive compared to transditional cloning
methods, and remains efficient even when the source DNA is heavily degraded or must beisolated from difficult sources such as fixed tissue. However, the cycling tends to be errorprone, the
size of the productsis limited and there is anabsolute requirement for prior knowledge of target
sequence.
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Figure 21.1: The basic PCR reaction. In the first PCR cycle, the original target sequence(l),shown as
hatched lines, is denatured (2) and primers anneal as shown (3). Primer extension across the central region
(4) doubles the amountof target sequence, although the sizes of the first-cycle products (shown
in black) are
nonspecific. In the second cycle, the amplified target sequence
is denatured and primers anneal as shown
(5). Primer extension (6) doubles the amountof target sequence. The second-cycle products are shown
in
white. Half of them are nonspecific in size, whereas the otherhalf are defined by the primer annealing sites
and exactly correspond to the sizeof the target sequence.In subsequent cycles, these specific products
accumulate exponentially,whilst the nonspecific products accumulate in a linear fashion and contribute little
to the final product mix.

Some loss of specificity may occur if primers anneal at lower temperatures, as mismatches are
tolerated and then become stabilized on the template by primer extension. This occurs when the
components of the reaction are mixed at room temperature and can be avoided by hot-start PCR,
where anessential component, usually the enzyme, is added to the reaction when it has reached the
annealing temperature. Specificity canalso be increased bythe use of nested primers, where products from one amplification are subsequently amplified with a secondset of primers whichflank the
same target site but internal to the original primers. Any spurious products amplified in the first
reaction by misprimingare unlikely to also possess the correct sites for the internal primers, so only
genuine productswill be amplifiedin the second reaction (nested PCR).
App/ications for unique sequence amplification.There are many applications for the amplification

of unique sequences. As a diagnostic technique it can be used to confirm the presence of a given
sequence in a complex source (e.g. to confirm the presence of a transgene or a plasmid insert), to
detect polymorphisms (e.g. variation in minisatellite DNA; q.v. DNA typing) and to detect unknown
mutations. Potentially unique sequencescan be used to generate sequence tagged sites (4.v.) forapplications in genome mapping and positional cloning (see Genomes and Mapping, Recombinant
DNA). The inabilityof a primer to bind can also be diagnostic. Allele-specific
PCR can identify, for
example, point mutations responsible for diseases,if primers are designed to anneal at the site of the
mutation andcan anneal only to particular alleles. Thistype of detection is more sensitive than conventional hybridization analysis (q.v.) because it candetect minor sequencedifferences which might
be undetectable by Southernhybridization. Additionally, since onlysmall amounts of source material are required, it is useful where clinical samples are limited, e.g. chorionicvillus sampling.
The PCR can also be used
as a preparative technique to amplify specificfragments of DNA from
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complex sources without recourse to molecular cloning. Themain disadvantageof the PCR in this
respect is its size limitation. PCR amplification is of little use for genomic cloning and tends to
generate only partial cDNA fragments,equivalent to expressed sequence tugs (EST.) (q.v.). Also, there
is an absolute requirement for some previous knowledge of target sequence, so although PCR is
quick and economical, it is unlikely to fully replace conventional library-based methods of screening which providea direct route to full-length clone isolationand allow diverse screening strategies
such asimmunological and complementationscreening (q.v. expression cloning).
Amp/fication of related sequences. Not all PCR applications aim to generate specific products. It

is possible for the PCR to identify families of related sequences or to amplify DNAfrom onespecies
based on sequence information from another.
In such cases, specific primers may be designed arounda highly conserved domain, allowing
products withdiffering internal sequences to be identified. Another approachis to use degenerate
oligo-nucleotide primers (DOP-PCR) a mixture of primers with alternative nucleotides at certain
positions. This strategy, known as homology screening, involves the design of primers around a
conserved domain but
incorporating all known sequencevariations in the family. Such an approach
has successfully expanded several gene families, including the POU domain transcription factors
(q.v.) and the cyclins and cyclin-depmdmt kinases (q.v.). A further use of degenerate primers is to
amplify a specific target sequence correspondingto a known protein, when only the polypeptide
sequence of the protein is known. In this case, the use of DOP-PCR reflects the degeneracy of the
genetic codeand is analogous to the use of degenerate oligonucleotide probes to isolate clones from
cDNA libraries (see Recombinant DNA).
Amplification of unrelated sequences.A major application of PCR is the identification of microor-

ganisms in, for example, infected tissue or contaminated water, allowing the correct treatment or
cleansing strategy to be employed.Traditional tests based on morphological, metabolic and behavioral phenotypes are laborious and available for only a few species. The PCR can be used as a
simple diagnostic test allowing the unambiguous identification of microorganisms based on their
nucleotide sequence. Anadded advantageis that manydifferent species can be assayedat once by
using multiple sets of primers in the same reaction (multiplex PCR), each of which generates a
specific diagnostic-sizedproduct.
Amplification of a&itmrY sequences. In certain cases, the aim of the PCR is not to generate one or

more specificproducts or related products, but to produce a collectionof purely arbitrary sequences
which are used as the basis of further analysis. Thetwo major applicationsof this strategy are cDNA
cloning and gene mapping. The amplificationis achieved using arbitrary primers, i.e. short primers
(9-15 nt) which anneal
to many sites and amplify arandom collection of unrelated products. The
arbitrary amplification of cDNA produces a libraryof partial cDNA fragments,ESTs, which can be used
in the same wayas sequence-tagged sites for genomemapping, but withthe advantage of pinpointing actual genes. ESTs can also be used to characterize differentially expressed
genes (q.v. differential
display PCR,below). The arbitrary amplification of genomic DNA may also be usefulin producing
markers for genetic and physical mapping. RAPDs are randomly amplified polymorphic DNA
markers used extensively to map plant genomes. Arbitrary genomicPCR products are separated by
electrophoresis, and polymorphic products are easily identified as variable bands. Cosegregation
of a trait with a particular polymorphic marker is evidence of linkage, and by characterizing the
product and developing more specific primers,RAPDs can be convertedinto sequence-tagged sites
for physical mapping.(See Genomes and Mapping).
The ultimate form of arbitrary PCR is to amplify all
target sequences. One wayto achievethis is
to add linkers (9.v.) to all source DNA molecules and amplify indiscriminatly using primers that
recognise the linkers (ligation-adaptor, PCR, linker-primed PCR). Alternatively, DOP-PCR can be
carried out withcompletely degenerate oligonucleotides so all sequences are recognised.
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PC/? mutagenesis and augmentation. Primer designcan be used not only to amplifysequences but

also to alterthem. This has two major applications, the introductionof point mutations (a form of
in vitro mutagenesis, q.v.) and end-modification of PCR products tofacilitate further manipulation.
to
with theirtarget, and
In thefirst approach (PCRmutagenesis) primers are designedmismatch
conditions are chosen so that annealing is still permitted.
Amplification thus introduces the mutation into the amplified product, although only at the ends, which are specified by the primer. If
a central replacement is required, the mutant product can itself be used as a large primer (a
megaprimer) on theoriginal template for extension, or an overlapping pair
of PCR reactions can be
carried outfollowed by combination of the two products, either by
restriction digestion andligation
(if sites are available), or by end-to-end recombination PCR.These strategies are compared in
Figure 21.2.
In thesecond approach, novel sequences are added to the
5' primer endswhich do not pair with
the templateDNA, but allow extra sequences to be added onto each end of the PCR product. This
has numerousapplications: the additionof restriction endonuclease sites to facilitate subcloning, the
addition of universal primer binding sitesfor sequencing, and the addition of bacteriophage promoters tofacilitate in vitro transcription.
Downstream appkatlons. Where a PCR product is required in large quantities and for numerous

downstream applications, traditional subcloning techniques (q.v.) are still the most convenient form

3

I

Figure 21.2 PCR mutagenesis. The introduction of mutations into PCR products can be achieved using
mismatching primers, but this only allows mutationat the ends of the PCR product. Two strategies allowany
site in a given target fragmentto be mutated.In the megaprimer strategy, amplification using mismatching
primer A and primerB (1) generates a half-product (2) which can be usedas a large primer, in combination
with primer C (3), to generate the full-length mutated sequence (4). In the recombination PCR strategy, two
amplifications are performed (1)to generate two half-products (2). Two mismatched primersare used with
opposite polarities (Aforward, A reverse) so the ends of the products overlap. The products can be mixed
and joined by end-to-end recombination PCR (3)or, if there is a convenientrestriction site, by ligation (4).
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Table 21.1: Methods for cloning PCR products
Method

disadvantages
and
Advantages

Any PCR products maybecloned in this mannerbut,e.g. 789 productsrequire
polishing (removal of overhanging terminal bases to generateblunt ends).
Subcloning is nondirectional
5' thymidylate
residues
and
allow
efficient
cloning
T-vectors
T-vectors
have
overhanging
of, e.g.Taq polymerase products which possess overhanging 3' adenylate
residues. No processing of products is required, but subcloning is
nondirectional
Linker
primers
Inclusion
of linker sequences in primers adds restriction sitestothe end of
PCR products. Products require restriction digestion prior to subcloning, but
the process is efficient and directional if different 5' and 3' sites are used.
The absence of internal restriction sites in the PCR product must be
confirmed prior to subcloning
DISEC/TRISEC
Dinucleotide/trinucleotidesticky-end
cloning.
Products
and
vector
require
partial filling and exonuclease treatment, but subcloning is efficient and
directional

Blunt-endcloning

of in vitro manipulation. Thus, PCR products must be inserted into cloning vectors and treated in
the same manneras any other passenger DNA molecule (see Recombinant DNA). The error-prone
thermostable DNA polymerases, such as Tuq polymerase, tend to add a single nucleotide (usually
dATP) to the 3' end ofPCR products in a template-independent manner, whereas proofreading
enzymes suchas Pfu polymerase generate blunt-ended products. There are several choices of subcloning strategy for PCR products, which are listed in Table 21.1.
21.2 Advances and extensionsto basic PCR strategy
Revetsetranscriptase PCR (RT-FCR). The PCR amplification of cDNA is termed RT-PCR as it

involves an initial reverse transcription step prior to amplification. The firststrand cDNA synthesis
reaction is carriedout in a conventional manner (q.v.
cDNA synthesis), but the secondstrand is synthesized in the first PCR cycle. Thermostable DNA polymerases
with reverse transcriptase activity have
recently been described, which may allow
R'T-PCR to be performed as a single reaction
in the future.
RT-PCR is an extremely sensitive method for amplifying the sequences of RNA molecules, and
can therefore be used to detect and isolate cDNA sequences from complex sources.Its advantages
as a preparativetechniqueoverconventional
library-based cDNA cloning methods (see
Recombinant DNA) include speed, the requirement for only small amounts of target material, and
tolerance of large amounts of contaminating rRNA and tRNA, allowing wholecellular RNA to be
used as the source. Its disadvantages include the tendency to produce only part-length products
(ESTs) and that, unlike a library, it is not a permanent resource. Arbitrary RT-PCR, using either
randomhexamers or longer arbitrary primers and oligo-dT primerswhich hybridize to the
polyadenylate tails of mRNA molecules, can beused to generate representative pools of expressed
sequence tags for further analysis. One application, as discussed above, is the assembly of collections of markers for physical genome mapping - expressed sequence tags are more likely to be
unique sequences than
those found in noncoding DNA. A second application is the identification of
differentially expressed genes. In this technique, known as differential display PCR or mRNA
fingerprinting, ESTs are amplifiedfrom different sources and compared side-by-side by electrophoresis. Differentially expressed genes are identified as extra or missing bands on the gel,
and this can be a sensitive approach for detecting regulated gene products. A similar approach identifying differences in genomic DNAdue to changes in the number or size of restriction fragments is
termed representational difference analysis (RDA).
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As a diagnostic technique, RT-PCR can be adapted to both quantify and localize gene pmducts.
Quantitative PCR involves the amplification ofa target cDNA in competition with known amounts
of competing fragments addedto the source prior to amplification. The
amount of product generated
by amplification of each competing fragment provides
a linear scale which allows quantification
of the
in its natural location in the cell,
true target. In sib PCR is a RT-PCR reaction which amplifies mRNA
and allows the precise localization of even the most Scarce transcripts. In each case, the PCR-based
approach is more sensitivethan the traditional hybridization-basedmethods (4.K n o r t h blot, RNase
protection, in situ hybridization).
hplification of Unknown sequences. The basic PCR reaction is limited to the amplification of DNA

lying between two defined primers, and therefore requires a previous knowledge of the sequence.
However, it is often necessary to characterize the (unsequenced) DNA flanking a region for which
the sequence is known, e.g. to clone a full length cDNA starting with an expressed sequence tag, or
to examine the regulatory elements whichlie upstream of an amplified gene segment.
Inverse PCR (or inside out PCR) allows the amplification of flanking sequences in genomic
DNA. If DNA is digested with a restriction endonuclease, the target sequence for a given PCR will
be embeddedin a larger fragment of DNA containing both 5’ and 3’ flanking regions. Thisfragment
can be circularizedusing DNA ligaseand the flanking regions amplifiedusing the same primer pair
which generated the original (internal) product, but instead facing outwards so that they amplify
the remainder of the circle. Other strategies with similar aims involve the addition of linkers to the
ends of linear DNA molecules(to be used as primer bindingsites), and the exploitation of intramolecular secondary structures such as stem-loops (panhandle PCR) and internal bubbles (vectorette
PCR) for strand specific priming. Linkers are added to the ends of restriction fragments,and amplification is carried out with a known (gene-specific) primer and a linker primer. Products generated
by amplification across the region between the two primers correspond
to unknown flanking DNA.
If the genespecific primer is biotinylated, the products can be captured with streptavidin (capture
PCR), and those nonspecificproducts generated by amplification between twolinkers are discarded (q.v. biotin streptavidin system). A similar strategy is used to produce full-length cDNAs from
expressed sequence tags. This technique, termed RACE (rapid amplification of cDNA ends) utilizes a genespecific primer andan oligo-dT primer whichhybridizes to the polyadenylate tail of the
cDNA to specifically amplifythe 3’end (3’RACE). The 5’ end can be amplifiedin a similar fashion
by adding anartificial tailto the second cDNA strand using terminal transferase (q.v.). Alternatively,
a linker addition strategy similar to capture PCR can be employed (5’ RACE).

/W?.

In the PC& discussed above,the primer pairsare added inequal amounts to generate equivalent numbers of copies of each target strand and thus producea population of doublestranded amplification products. Another deviation from the standard PCR methodology is asymmetric PCR (single-stranded PCR (ssPCR)), where oneof the primers is added in great excess, so
that after a limited number of rounds of normal PCR amplification, one of the primers becomes
depleted and the reaction switches to a linear accumulation of single strands. There are many applications for this technique, including the production of singlestranded DNA for conformational
electrophoresis testing (q.v. mutation detection), for probe synthesis, or for sequencing. DNA
sequencing canalso be carried out in a variation of single-stranded PCR where only one primer is
used and dideoxyribonucelotide triphosphates are added to the reaction (q.v. cycle sequencing).

Asymmetric

21.3 Alternative methods forin vitro amplification
Other amplification systems. The PCR is the most widely applied method for in vitro enzymatic
amplification, but it is not unique. Several other techniques have been developed for particular
applications and these are listed in Table 21.2.
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Table 21.2 Alternative in vitro amplification methods

ption
System
Ligasechain reaction (LCR)

Atechniqueusedfor the sensitive detection of a DNAsequence
variation and discrimination between alleles.
Two primers are used
which anneal at adjacent siteson target DNA. If the target sequence
is present, the primers canbe ligated together andwill act as sites
for further annealing and ligation, leadingto amplification ofthe
primer ligation product.In the absence ofthe target, no ligation and
no amplification occurs. Conditions can be chosen where only
exactly complementary primers anneal, allowing sensitive
discrimination between alleles differing
by a point mutation
(allele-specific ligation) (also q.v. allele-specific hybridization,
padlock probes)
Transcription-based amplification; A rapid amplification procedure basedon transcription and reverse
nucleic acid sequence-based
transcription. The targetDNA or RNA is amplified by standard
techniques using primers carrying a phage promoter. Further
amplification (NASBA)
amplification is then carried outby transcription using phage RNA
polymerase. Thetranscripts are reverse transcribedto generate
cDNA for further amplification. Thetranscription reaction can
generate a one thousand-fold amplification at each round compared
to two-fold for PCR
StranddisplacementreactionAtechniquesimilar
to PCR but not requiringadenaturation step in
each cycle. After extension, primers are separated
from their
extension product by restriction endonuclease cleavage. Further
extension then proceedsby strand displacement fromthe resulting
nick. The amplifiedDNA must be protected from cleavage
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Chapter 22

Proteins: Structure, Function and Evolution
Fundamental concepts and definitions
Proteins are macromolecules composed of one or more polypeptide chains, eachof which is
a seriesof amino acid residues linked end-to-end by peptide bonds. The primary structure
of
a polypeptideis the linear sequenceof residues, which is derived from a basic of
set21 amino
(see The Genetic Code).
acids specified by the genetic code
Once incorporated into a polypeptide chain, individual amino acids may undergo cotranslational or posttranslational modification. This may involve simple chemical modification
(e.g.
methylation, hydroxylation), or the addition
of large chemical groups (e.g. glycosylation, acylation). Minor modifications may be permanent and necessary for correct folding and protein
function (e.g. hydroxylation
of proline and lysine residues in collagen); more often, minor modifications are reversible, allowing the regulation of protein activity (e.g. phosphorylation of
serine,threonineandtyrosineresiduesineukaryoticsignalingproteins;
see Signal
Transduction). The covalent addition
of bulky chemical adducts is usually a permanent modification, and concerns either protein trafficking and processing in
the cell (e.g. many secreted
proteins are glycosylated),or the joining of a conjugated protein to its prosthetic group (e.g.
conjugation of the heme group to cytochrome C).
A newly synthesized polypeptide must fold into
its native conformation (the conformationin
which it is biologically active). Several levels
of structural organization are observed in native
proteins. Secondary structure refers
to repeating local configurations
of residues, e.g. a-helices
and ksheets, generated mainly
by the need for hydrogen bonds
to form between peptide bond
units. Secondary structures often group together to form larger and more complex arrangements (suchas helix-turn-helix motifs), which may have particular roles interacting with other
cellular components. Tertiary structure refers
to the overall three-dimensional configuration
of
a polypeptide, reflecting many different types
of chemical bonds, both covalent and noncovalent, which stabilize the most energetically favorable folding conformation. Quaternary structure refers to the arrangement of polypeptide subunits in a multimeric protein. It is unclear
exactly how proteins adopt their native state given the very large number
of alternative (denatured) conformations available. Folding is guided, either intrinsically (using a nucleation
center or a seriesof favorable intermediate states), or extrinsically (using proteins termed
molecular chaperones). Many proteins can exist in alternative stable conformations which show
differential activity. Switching between these states can be regulated by covalent modification
or noncovalent interactions with other molecules (allostery).
Proteins can be grouped into families based on structural and functional similarities. In classical families, related proteins have evolved by gene duplication and divergence: an ancestral
gene duplicates, and the nonallelic copies diverge by accumulating mutations. The mutations
cause divergence of sequences, structures and expression patterns, allowing adaptation
to
novel functions. In some tandemly arranged gene families, the divergent pressure
of mutation
is countered by sequence homogenization, caused by nonallelic recombination events, i.e.
unequalexchange and/or geneconversion.Morecomplexpatternsofevolutioninvolve
chimeric proteins, which have arisen by recombining modules (contiguous functional segments) of preexisting proteins. The evolutionof chimeric proteins has been facilitated by the
intron/exon organizationof eukaryotic genes: single exons may duplicate in tandem, resulting
in a repetitive protein module within a single polypeptide (exon repetition); alternatively,
exons may duplicate by dispersal, and colonize other genes to generate chimeric proteins (exon
shuffling). Some protein modules, such as the zinc finger DNA-binding module, are very
widely distributed.
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Proteins represent the predominant levelof gene function, but whereas the resolutionof protein structure is becoming routine, the determination
of protein function is not always straightforward. In principle, the functionof a protein can be determined by the analysis
of structure,
expression patterns, the effects
of mutation and interactions with other cellular components. In
some cases a single approach may be sufficient, but a combination is often required where o
approach is uninformative (e.g. where mutation has no effect because
of genetic redundancy).
It is not yet possible to predict protein tertiary structure from primary sequence information,
of primary sequence information, the
but thanks to the availability
of an ever growing resource
structures and functionsof many proteins can be inferred by homology to previously characterized molecules. The intensive analysis
of single proteins is likely to be surpassed in the near
future by genome-wide functional analysis (functional genomics), involving systematic investigation of the structure, expression, mutation and interactions
of all the proteins synthesized
in the cell (the proteome).
22.1 Protein primary structure
The structure of polypeptide chains. Polypeptides are linear chains of amino acid residues (Box
22.2) covalently joinedby peptide bonds (bonds
formed by condensationof the amino(-NH2) and
carboxylic acid (-COOH) groups of adjacent amino acids; Figure22.2). The first residue in the
polypeptide chain retains its amino group, and the last retains its carboxylic acid group. The ends
of a polypeptide are thus termed the N-terminus and C-terminusrespectively. The primarystructure of a polypeptide is the amino acid sequence, conventionally read in the N+C direction. This
is analogous to the primary structure of nucleic acids - the nucleotide sequence - and the N 4
polarity of a polypeptide is colinear with the 5’+3’ polarity of its cognate mRNA (see Nucleic Acid
Structure). All nascent polypeptides begin with methionine(see Protein Synthesis), although this is
often cleaved off posttranslationally. In prokaryotes and eukaryotic organelles, the amino groupof
the N-terminal methionine is blocked by formylation after conjugation to the initiator tRNA (q.v.).
Bond conformationsin polypeptide chains.As polypeptides are macromolecules built from amino

acid monomers, it is tempting to think of them as beads on a string, with the amino acids representing rigid beads and the peptide bonds representing flexible linkers that allow folding. In fact,
the converse istrue. The peptide bonds adopta rigid,planar conformation whereas the bonds within the aminoacid residues, the +bond (Ca-N bond) andthe y-bond (Ca-C‘ bond), show different
degrees of rotation (Figure 22.2). The peptide bonds (*bonds) usually adopt a trans-configuration
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Figure 22.1: Bond conformation in the polypeptide backbone. Polypeptides consistof amino acyl residues
(shown as AA1, AA2, AA3 in the left panel) linkedby peptide bonds (m-bonds), shownas thick lines. The
by circles) usuallyin the trans-configuration. The 0 and
peptide bonds form planar, inflexible structures (defined
bonds of the amino acids rotate and allow protein folding. The permitted4 and bond combinations are
shown by the Ramachandran plot (right panel) where p = p-sheet, a R = conventional right hand a-helix and aL
= left hand a-helix. Col is the central, tetravalent carbon,
C’ is the carbonyl carbon of each peptide bond.
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(180" rotation), although rotation is prevented in the context of proline residues because of the ring
structure of the secondary amino group. Peptide bondsflanking proline residues therefore adopt the
cis-conformation.
A Ramachandran plot is a scatter graph with @ and angles plotted on alternative abscissa
(Figure 22.1). It showsthe combinations of $ and yf angles that are energetically favorable, i.e. not
restricted by steric effects involving side chains and the polypeptide backbone. For most amino
acids, permitted combinations fall into three main areas corresponding to the conformations of
right-handed a-helices, P-strands and left-handed a-helices (see below). Glycine,which has a small
side chain comprising a single hydrogen atom, canadopt a wider variety of conformations and thus
plays a crucial role in the variability of protein structure. However, the overall folding of the
polypeptide backbone can also force other aminoacids to adoptunfavorable bond conformations.

22.2 Higher order protein structure
Secondary sfrvcfumSecondary structures in proteins are regular and repeating local configura-

tions generated by intramolecular hydrogen bonds and other weak bonds. Although hydrogen
bonds areformed by polar amino acid side chains (such as those of serine and threonine residues),
the polypeptide backbone is itself polar because the amino nitrogen atom of each peptide bond unit
can actas a hydrogen bond donor, and the carbonyl oxygen atom can act as a hydrogen bond acceptor. Theperiodic spacing of peptide bond units throughout
the polypeptide allows regular ordered
structures to form. Three broad classes of secondary structure are recognized, and are defined as

Figure 2 2 . 2 Major secondary structuresin proteins. (a) a-helix. Hydrogenbonds form between carbonyl
oxygens and amino nitrogens four resiudues apart to generatea right handed helix with 3.6 residue

periodicity. The arrows indicate hydrogen bonds andpoint to the positive poleof the dipole moment.
(b) P-sheet. Extended P-strands can form sheets in antiparallel or parallel when interstrand hydrogen bonds
by turns, whereas parallel strands are often
are generated (arrows). Antiparallel strands are often separated
separated by an a-helix. Carbons with the thick outline areC a atoms. a-helicesand P-strands are often
represented by cylinders (or coils) and arrows respectively in protein topology diagrams.

290

Advanced
Molecular

Biology

helix, sheet andturn. Of these, a-helices andpsheets are the most common, and occur when consecutive residues have the sameQ and \v bond angles(Figure 22.2). Secondary structures not fitting
any of the threecategories are described as coil.
*helices are usually right handed in polypeptides made from L-amino acids and occur where
consecutive residues have average Q andangles
of approximately - 6 O O and
respectively,
(Figure 22.1).
corresponding to block
a
of values in the lowerleft quadrant of the Ramachandran plot
The curvature of the backbone allows hydrogen bonds to form between peptide bond units four
residues apart.This aligns the peptide bonds throughout a-helix
the
in the same orientation,
which
amplifies the slightly polarized charge distribution of each peptide unit, so giving the helix a
significant dipole moment. Interactions involving helices thus reflect not only the chemical groups
of individual residues, but the cumulativecharge distribution over the entire structure.
Helices vary
in length from four toover 40 residues (1-12 turns of helix). There is some bias to the amino acids
appearing in helices, with hydrophobic residues such as alanine and
leucine found commonly and
some other residues such as serine found only rarely. An amphipathic *helix has hydrophobic
residues on one surface and charged or polar residues on the opposite surface. This generates a
structure that can interact with both
polar and nonpolarchemical environments (q.v. leucine zipper,
ion channel).
&sheets form from regions of the polypeptide chain termed bstrands, where bond angles are
almost fully extended, corresponding to a broadrange of values in the upperleft quadrant of the
Ramachandran plot (Figure 22.1). Several Pstrands align in parallel, antiparallel or mixed arrays,
allowing hydrogen bonds to
form between peptide bond units in different strands. These structures
are often termed pleated sheetsbecause the C a atoms withineach strand aredisplaced alternately
above and below the plane of the sheet. Psheets are usually twisted in a right handed direction,
sometimes to suchan extent that they form propeller-like structures. In some proteins, Pstrands are
arranged in perpendicular arraysto generate alattice type sheet arrangement.
a-helices and P-sheets are joined together by linker residues which may adopt their own
secondary structuresby hydrogen bonding, in which case they are described as turns.The simplest
turns arevery short -a p-turn, forinstance, is generated when hydrogen bonds
form between peptide bond units located three residues apart, resulting
in a hairpin turn
in the polypeptidebackbone.
Alternatively, linker residues may have no secondary structure,
in which case they aredescribed as
loops. Lacking intramolecular hydrogen bonds, loops often form hydrogen bonds with water and
are therefore usually found atthe surface of proteins.
Supersecondary stnrctures. Almost all proteins contain some regions which adopt eithera-helical

or P-sheet structure, connected by turns orloops. Two or more secondary structuresoften combine
to form a more complexstructural unit which
may be termed a supersecondary structure or
motif1.
Some combinations are particularly common and form the basis of structural domains (see below),
or facilitate specific interactions with other molecules in the cell. A supersecondary structure
observed in three or more otherwise unrelated proteins is termed a superfold. Numerous supersecondary structureshave been described, and somecommon examples are listed in Table 22.1. They
form when sidechains from adjacent a-helices andP-sheets pack against each other.
Tertiary, quaternary and interactive structure. Protein tertiary structure refers to the overall three-

dimensional conformation of a polypeptide and
reflects the packing together of secondary and supersecondary structures to form compact globular domains. A domain is the smallest unit of protein
tertiary structure (c.f. module) and may be considered a unit of independent or quasi-independent
function. Small proteins may comprise a single domain, but large proteins often assemble from
lThe term motif is used in an alternative way to describe a short regionof a polypeptide sequence recognized
as disbecause itis conserved in two or more proteins.A motif in thissense is not necessarily a structural motif
in the chapter).
cussed above(see section on motifs, modules and domains later
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Table 22.1: A selection of commonly occurring supersecondary structures
in proteins. Many of thesecan be
viewed on the SCOP database (seeend of chapter)
Structure

Components

Simple supersecondary structures: @helices
Coiled coil
Two or
more
a-helices
coiled
round
each
other.
This is particularly
a
stable
structure often found in fibrous structural proteins suchas a-keratin,
collagen and fibrinogen. Atwo helix coiledcoil is formed by dimerization of
leucine zippers(q.v.). The helical repeat of a normal a-helix
is 3.6 residues,
but in a two helix coiled coil,distortion reduces the periodicity to 3.5
residues allowing interaction between leucine residues at every seventh
position (see Nucleic Acid-binding Proteins)
Helix-turn-helix
Two a-helicesjoinedbyaturn.Thisstructure
is acommonprokaryoticand
eukaryotic DNA-binding motif (see Nucleic Acid-binding Proteins)
found in the
Helix-loop-helix
Two a-helicesjoined by alinkingregion of loop.Acommonmotif,
dimerization modules of some DNA-binding proteins(e.g. Achaete-scute,
Sisterless-a, MyoD) and in their inhibitors (e.g. Id, Deadpan)(q.v. basic helixloop-helix, sex determination) andin calcium-binding proteins, where the
helices designated E and F adoptan orthogonal helix-loop-helix structure
termed an EF-hand
Simple supersecondary structures:Psheets
p-hairpin
Two
antiparallel
p-strands
joined
byloop.
aFound
in many proteins
either
alone or as part of a larger p-sheet. There
is no specific function associated
with this structure
p-a-p motif
Two
parallel
P-strands
separated
by an
a-helix.
Most p-sheets
containing
parallel P-strands are formed using
this motif, as the two ends of the pstrands which are joined lie at
opposite sides of the sheet
p-arch
structure
A
formed
by two adjacent
P-strands
linked
byloop,
a
but where
the
strands lie in different sheets
p-bulge
Extra
residues
inP-strand
a which
cause
distortion
a
inp-sheet
a
Complex supersecondary StNCtvres: a-helices
FourhelixbundleFourantiparallela-helicespackedtogether
to formahydrophobiccore
with
hydrophilic residual groups exposed. Found
in many predominantly a-helical
proteins including Rop and ferritin
Globin fold
Eight
a-helices
arranged
in complex
a
manner so that
helices
adjacent
in the
polypeptide primary structure are not necessarily adjacent
in the secondary
structure. The helices define apocket which forms the active site of the
protein. The globinfold is highly conservedin evolution: in the hemoglobins
and myoglobins it binds the heme group
Complex supersecondary structures:psheets
p-barrel
structure
A
formed
by large
a antiparallel
p-sheet
when
it rolls up so that the
first p-strand is joined to the last by hydrogen bonds and a closed cylinder
is formed. Each p-strand is joinedto the next by a hairpin turn or loop.
These structures oftenform pockets for binding small molecules,e.g.
the retinol binding protein contains a P-barrel which accommodates
the
retinol molecule
A p-sheet
which is twisted so that strands
adopt
radial
a arrangement.
The
p-propeller
influenza virus neuraminidase protein comprises six P-propeller motifs, each
comprising four antiparallel P-strands.The six motifs are arranged to form a
symmetrical barrel-like domain
P-sandwich
Two
more
or p-sheets
which
pack
on top each
of other
Greek
key
four-strand
A
antiparallel
P-sheet
where
the
four
p-strands
in the
primary
sequence (1-2-3-4) are arranged with the topology 4-1-2-3. Found in many
proteins with antiparallel p-sheets
Continued
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Four Greek key motifs adopting a barrel structure, so-called becauseof the
way the polypeptide backbone wraps around the barrel. Found
in e.g.
influenza virus hemagglutinin

Complex supersecondary structures: cthelices and
Psheets
ap-barrel
A structure
formed by sequential p-a-p motifs
which
roll
up into a cylinder in
which p-strands are parallel and enclosed by a-helices. Common motif in

ap-open sheets

Rossman
fold
Alternating

enzymes, e.g. pyruvate kinase, aldolase, enolase, RuBisCO, glucose
isomerase and Triosephosphate IsoMerase (often termed
a TIM barrel for
this reason)
Structuresformed by sequential p-a-p motifs
which
do
not
roll
up and thus
form sheets in which parallel p-strands are flanked by a-helices on each
side. A highly variable motif found in many proteins including hexokinase
and phosphoglycerate mutase
p-a structures which
fold
to
form
a motif
comprising a central p
sheet surroundedby a-helices. Common in nucleotide binding proteins
and ribosomal proteins

Other stmctures

Omega
loop

This is not
strictly a
secondary structure because there are
no hydrogen bonding interactions
within the IOOD

A long
loop
whose
termini
lie
close
together.

~~~

multiple domains which, theoretically, can fold and function in isolation or as part of a chimeric
protein (q.v.foldon, chimeric profein,fusion protein, domain swap).
Whereas many polypeptides function in isolation, others assemble into oligomeric or multimeric
complexes containing either copies of the same polypeptide (homomultimers,e.g. P-galactosidase)
or different polypeptides (heteromultimers, e.g. hemoglobin). An additional level of quaternary
structure can be recognizedin multimeric complexes, reflecting the spatial organization of the individual components (protomers) and the chemical bonds formed between them. Individual protomers may function either independently or interdependently within the complex. In the latter
case, quaternary structure is important in the regulation of protein activity (q.v. cooperative binding).
A further level of structural organization is seen when proteins interact with nonprotein molecules: cofactors, ligands and substrates. Proteins which function only in the presence of a nonpolypeptide cofactor are termed conjugated proteins. They are usually noncovalently associated
with their cofactors (e.g. coenzymes, nucleotides,
metal ions), and may betermed apoproteinsin the
absence of cofactor and holoproteinsin the presence of cofactor. Some cofactors, however,
are covalently joined to their cognate proteins, in which case they are termed prosthetic groups (e.g. the
heme groupin hemoglobin). In each case,the activity of the protein is altered byits association with
the cofactor, both by the influence of the cofactor on protein structure and by any unique chemical
properties possessed by the cofactor. Protein interaction with ligands and substrates may also
involve covalent and noncovalent bonds, although the former are usually reversible (c.f. suicide
enzyme). The change in conformation caused by ligand or substrate binding may be important for
the protein to function (9.v. allostery, inducedfif).
Secondary structure forms predominantly under the influence of hydrogen bonds, but many
different types of chemical bond (covalent and noncovalent) contribute to tertiary, quaternary and
interactive structure. Owing to the complexity of these bonds, it is currently impossible to predict
higher order structures from primary aminoacid sequence withaccuracy. Tertiary and quaternary
structure, and the structure of proteins interacting with cofactors, ligands and substrates, must
therefore be characterized directly using biophysical methods (Box 22.2).
Covalent bonds in higher order protein structure.
In some proteins, the only covalent bonds are
those of the polypeptide backbone and amino acid residual groups. Many proteins, however,
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achieve their native states through additional covalent interactions in the form of disulfide bonds
which form between the sulfydryl (-SH) groups of cysteine residues. Intramolecular disulfide
bonds are necessary for stable tertiary structure in many proteins, but intermolecular disulfide
bonds can also form to stabilize quaternary structure. This may involve the formation of bonds
between copies of the same polypeptide or between polypeptides encoded by different genes (e.g.
during antibodysynthesis, disulfide bonds join the two immunoglobulin heavy
chains, but also join
each heavy chain to a light chain). Insulin provides an interesting variation. There are three disulfide bonds in the mature protein, one intramolecular bond within the A-chain, and twointermolecular bonds joining the A- and B-chains. However, in the nascent polypeptide, all three bonds are
intramolecular because the A- and B-chains are encoded by the same geneand are initially joined
by an interstitial C-peptide which is removed by cleavage after disulfide bonds have formed.
Covalent bonds are also used to join prosthetic groups to proteins, e.g. the heme group of
cytochrome C is attached covalently to several residues. Coordinate bondsare often responsiblefor
metal ion binding, as in zincfinger (q.v.) modules andbacterial cupric and mercuric ionbinding proteins, but the iron atom of the heme groupis covalently joined to all its cognate proteins, including
cytochrome C andhemoglobin.
Noncovalent bonds in higher order protein structure. Amino acids can be roughly divided into

those with hydrophobic(nonpolar) side chains and those with hydrophilic (polar or charged) side
chains (Box 22.2). In a protein, it is thermodynamically unacceptable to expose predominantly
hydrophobic residues to water, therefore soluble proteins possess a hydrophobic core where the
nonpolar residues are sequestered, and a polar or charged surface exposed to the solvent.
There are few charged residues buried in the interior of a protein, but polar residues are not
excluded and the backbone, which is itself polar, must run through the core. Polar atoms generally
make hydrogen bonds withwater, but where this is not possible, as in the hydrophobic core of a
protein, the hydrogen bondingpotential must be taken up by secondarystructure. Otherwise, the
protein can be denatured-the free energy of stabilization is typically equivalent to that generated
by oneor two hydrogenbonds. The formation of secondary structures, predominantly a-helices and
psheets, neutralizes the polar atoms of the backbone, and polar side chains can also beneutralized
by hydrogen bonding with the backbone and with each other. The hydrophobic core is further
stabilized by van derWaals' interactions (hydrophobic attraction), which increase as neutral atoms
approach each other until the point of contact. This is reflected by close packing of atoms in the
protein core, through surface complementarity of the various secondary structural elements.
Protein surfaces are generally richin polar and chargedresidues although nonpolarresidues are
also exposed. In this manner, proteins can make noncovalent contacts with other molecules using
electrostatic forces, hydrogen bonds and van
der Waals' interactions. Electrostatic forcesare important where protein and target have opposite charges, as in the 'salt-bridge' interaction between highly basichistones and the negatively charged phosphate backbone of DNA. Van der Waals' forces are
particularly important for interactions between complementarysurfaces, where water is excluded
and binding brings the appropriate chemical groups into close proximity. Conversely,water molecules can playan active bridging role in protein interactions involving hydrogen bonds,particularly
in the interaction of proteins with DNA (see Nucleic Acid-bindingProteins),
Protein folding.Polypeptides are synthesized linearly (see Protein Synthesis)and mustfold to adopt

their correct secondary andtertiary conformations. The 'correct' structure is the native state of the
molecule, i.e. the structure it adopts whenbiologically active. Thereis an infinite number of alternative denatured conformations, and the Levinthal paradox states that a random search through all
these conformations would take an infinite length of time. Thus, protein folding must follow a
defined pathway directed by energetically favorable interactions. Three models havebeen devised
to explain the protein folding problem,i.e. the sum of processes which allowproteins adopt their
native state.
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Two models propose the existence of stable intermediate states through which folding could
proceed. In the framework model, adjacent residues throughout the polypeptide interact to form
secondary structures without
forming a defined tertiary structure.The number ofpossible arrangements of the secondary structures limited,
is
and randomdiffusion of these preformed structuresis
sufficient to identify and adopt
the native conformation. The hydrophobic collapse model predicts
that the energetically favorable process of excluding water molecules from nonpolar side chains
would drive an initial folding reaction to form the hydrophobic proteincore, and that theremainder of the protein could then reorganize in the more limited spectrum of conformational arrangements available. In each case there is a compact late intermediate,a molten globule, which isrich
in secondary structure and is arrangedapproximately
in
the right conformation but
loosely packed.
The consolidation stage of protein folding would thus
involve a reorganization of this intermediate
to generate the native state.
Alternatively, the nucleation model suggests that protein folding is initiated
by specificresidues
in the polypeptide which form a nucleus around which other structures build.
This global folding
needs no intermediates andcould occur using a well-defined nucleus ora weakly defined nucleus
which condenses as structureforms around it (nucleation-condensation).Most studies of protein
folding have identified intermediate folding states which support the framework or
collapse
models. More recently, however, several small proteins have been shown to fold in a simple twostate manner with no intermediates, and a single transition state. Such globally folding units are
termed foldons. Therefore, while the formation of a native-like molten globule from a series of
productive but dynamic intermediate statesis an attractive foldingmechanism for most proteins,
others mayfold in a single step usinga nucleation mechanism.
Molecular chaperones. In vivo,many newly synthesized proteins are unable fold
to into their native

conformations spontaneously (self-assembly), either
because the foldingprocess requires the transition of an energetically unfavorable intermediate state or
because there areseveral, equally stable
alternative folding pathways
available, only one of which is native. In these cases, correct folding is
directed by proteins termed molecular chaperones, which
recognize denatured statesby binding to
exposed residues normally buried in the native protein (e.g. hydrophobic residuesexposed to the
solvent). Correct folding reflects a cycle of chaperone-substrate binding andrelease which is often
dependent on ATP hydrolysis and the activities of chaperone accessory proteins (cochaperones).
Molecular chaperones are necessary to preventillegitimate interactions between denatured proteins
in the cell, which could result, for example,in proteinaggregation (q.v. inclusion body, prim).
Chaperones direct protein folding, unfolding, refolding and assembly at many levels, including:
(i) initial folding following protein synthesis; (ii) refolding following, for example, heat induced
denaturation (many heat shock and other stress-induced proteins are chaperones); (iii) unfolding
and refolding to allow translocation across membranes; (iv) interconverting alternativeconformations of allosteric proteins; (v) refolding e.g. enzymes which become denatured as partof their activity; (vi) preparing proteins for degradation; and (vii) controlling the formation of multimeric and
protein-ligand complexes.
There are many chaperone families, differing in their specificities and foldingmechanisms. The
nucleoplasmins are nuclear
chaperones which control nucleosome assembly (see Chromatin). Other
important chaperone families include the Hsp70 class, which stabilize nascent polypeptides and
facilitate membrane translocation, and the chaperonins, which control initial folding. The mechanisms of chaperone activity have become clearerrecently following the solutionof the structureof
E. coli DnaK (a member of the Hsp70 family which works in concert with two cochaperones, D n J
and GrpE, required for substrate binding andrelease), and the determinationof structural changes
in both the chaperone and its substratein the foldingcycle of E. coli GroEL (the archetypal chaperonin). GroEL forms a 14-mer structure comprising two inverted heptameric
rings, capped at one end
by a heptamer of the cochaperone protein GroES. Each GroELsubunit bindsATP, which is used to
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provide energy for substrate folding. GroES facilitates the release of correctly folded product.
Several rounds of ATP hydrolysis are required for full folding.
Other, less well-characterized chaperone families include &p90 and HsplOO, which act predominantly after protein synthesis and may functionto prevent and/or reverse protein misfolding
and aggregation under stress. Furthermore, while some chaperonesare predominantly cytosolic,
others, such as Grp78 in eukaryotes and proteins encoded by the E. coli sec genes, function specifically in the secretory system (Box 22.3).
Allostery and cooperathi@. The interconversion of alternative conformers (conformational

isomers) or alternative quaternary states can be usedto regulate protein activity. Protein confromation is controlled byinteractions with other molecules, and may involve either reversible posttranslational covalent modifications,or noncovalent associations.In either case, the result is a reversible
switch in protein function.
The regulation of protein activity by covalent modification is common in eukaryotic signaling
pathways andin the control of gene expression. Manyproteins are regulated by phosphorylation, e.g.
intracellular signaling proteins such as MAP kinase, and transcription factors such as the retinoblasthe reversible acetylationof
toma proteinRB1 (see Signal Transduction, The Cell Cycle). Furthermore,
histones is important in the control of chromatin structure (see Chromatin). Covalent modifications
control protein activity in two ways. Firstly, they can alter protein tertiary structure and affect
quaternary interactions and interactions with other molecules, e.g.
by exposing or sequestering a particular domain, such as a catalytic site. Secondly, the modification may play a direct role in interactions with other molecules. Tyrosine phosphorylation, for example,
adds negative charge to the protein causing compensatory reorganization of tertiary structure. However, phosphorylated tyrosines
also act as direct binding sites for certain ligands,such as proteins containing SH2 domains (q.v.).
The regulation of protein conformation by noncovalentinteractions involves the induction of
a conformational change at one site byligand binding at another. Proteins may possess several
active centers that communicate with each other by conformational changes, a phenomenon
termed allostery. The ligand may be a small effector molecule (e.g.in the control of transcription
- q.v. transcriptional regulation, lac operon, nuclear receptor family), another protein (e.g. in the
spread of prion diseases, see below) or anintercellular signaling protein (e.g. in the activation of
a receptor tyrosine kinase by a growth factor, or the opening of a ligand-gated ion channel; see
Signal Transduction). Prions may represent a unique example of an allosteric control chain reaction: prions are pathological conformational isomers of a normal cellular protein calledPrP.
Contact betweena prion and normal PrPmay induce a conformational changein the latter, resulting in its conversion into a prion (q.v. refolding model). This causes the accumulation of prions
which, being misfoldedconformers, aggregate in the cell to form pathological plaques (q.v. transmissible spongiform encephalopathies).
A further example of the conformational control of protein activity is cooperative binding. In
this case, regulation occurs at the quaternary level: the binding of aligand to one protomer changes
its conformation and through quaternary interactions increases the affinity of other ProtomerS.
Hemoglobin binds oxygen cooperatively: oxygen binding to one globin causes a conformational
change in the other globins which increases their oxygen-binding efficiency. Some proteins bind
each other cooperatively. The binding of singlestranded DNA-binding protein (SSB) to DNA
causes a conformational change in the protein which allows other SSB molecules to bind with
greater efficiency, resulting in a filament of protein surrounding the DNA.
22.3 Protein modification
Classes of protein modification. During or following synthesis, all polypeptides undergo some
form of covalent modification before they form functional proteins (Table 22.2). Structurally, such
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Table 2 2 . 2 A summary of programmed enzymatic protein modifications with roles in protein structure and
function, protein targeting or processing and
the flow of genetic information
Covalent modiication

Examples

Substitutions (minor side chain modifications)
Minorsidechain modification
Hydroxylationofprolineresidues
in collagenstabilizes triple helical
- permanent and associated
coiled coil tertiary structure
Sulfation of tyrosine residues in certain hormones
with protein function
Iodination of thyroglobulin
y-carboxylation of glutamine residues
in prothrombin
Formation
of
intraand
Formation
of
disulfide
bonds
in many
extracellular
proteins,
e.g.
immunoglobulins
insulin,
intermolecular
bonds
Minorsidechain modification
Phosphorylationoftyrosine,serineandthreonineresiduesregulates
-reversibleandassociatedenzymeactivity,
e.g. receptor tyrosine
kinases, cyclin dependent
with regulation
activity
kinases
of
(q.v.)
Many side chains are also methylated although
the function of this
modification is unknown
Acetylation of lysyl residues of histones(q.v.) regulates their ability
to form higher-order chromatin structure and plays an important
role in the establishment of chromatin domains(q.v.)
Augmentations (major sideor main chain modifications)
Additionofchemicalgroups to
Addition ofnucleotidesrequired for enzyme activity (e.g. adenyl
sidechains - associated with
groupsadded to glutaminesynthase in E. col0
protein
function
Addition of N-acetylglucosamineto serine
threonine
or residues
of
some eukaryotic cytoplasmic proteins
Addition of cholesterol to Hedgehog family(q.v.) signaling proteins
controls their diffusion
Addition of prosthetic groupsto conjugated proteins,e.g. heme
group to cytochrome C or globins
Addition of chemicalgroups to
Acylationofcysteineresiduetargets
protein to cell membrane
Addition of GP1 membrane anchor targets proteinto cell membrane
side chains- associated with
N-glycosylation of asparagine residuesin the sequence Asn-Xaaprotein targeting or trafficking
Seflhr is a common modification in proteins enteringthe
secretory pathway(Box 22.3)
0-glycosylation of Serflhr occurs in Golgi (Box 22.3)
Ubiquitination of proteins targeted
for degradation (Box 22.3)
End
group
modification
Acetylation
N-terminal
of
amino
acid of many
cytoplasmic
proteins
appears to relate to rate of protein turnover
Acylation of N-terminal residue targets proteins
to cell membrane,
e.g. myristylation of Ras (q.v.)
Cleavage (removalof residues)
Cleavage
of peptide bondsCO-orposttranslationalcleavageof
initiator methionineoccurs in
most cytoplasmic proteins
Cotranslational cleavage of
signal peptide (q.v.) occurs during
translocation across endoplasmic reticulum membrane
(Box 22.3)
for secreted proteins
Maturation of immature proteins(proproteins) by cleavage: e.g.
activation of zymogens (inactive enzyme precursors) by
proteolysis, removal of internal
C-peptide of proinsulin, cleavage
of Hedgehog proteins into N-terminal and C-terminal fragments
Processing of genetic information: e.g. cleavage of polyproteins
(q.v.) synthesized from poliovirus genome and mammalian
tachykinin genes, splicing out of inteins(q.v.)
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modifications can bedivided into three groups: (i) minor substitutions
minor changesto amino
acid side chains; (ii) augmentations - the addition of bulky chemical groups to particular amino
acidresidues; and (iii)cleavage - the removal of residues from the nascent polypeptide.
Functionally, modifications may be classed as neutral or essential for protein function, or required
for protein folding, traffickingand processing. Mostaugmentations arerequired for protein sorting
(some are also essential forprotein function). Severaltypes of modification play a rolein the rate of
protein turnover and degradation.
Modifications may also be classed as permanent or reversible. Cleavages and most augmentations are permanent.Substitutions may be permanent with
an essential structural role (e.g. formation of disulfide bonds between cysteine residues), or reversible, fulfilling a regulatory function
(e.g. phosphorylation of tyrosine residues). While theseare enzymaticmodifications programmed
by the cell, other modifications occur in a nonenzymatic manner and are usually associated with
protein aging. Such modificationsinclude oxidation, deamidation and, for blood proteins, reaction
with glucose.
22.4 Protein families
Conventional gene and protein families: moleculartaxonomy. A gene family is a group of genes
with a significant level
of sequence identity,and a protein family is asimilarly related group of gene
products. Members of gene andprotein families whichbear particular resemblance to each other are
grouped into subfamilies, and more distant relationships require superfamilies and megafamilies
representing higher orders of molecular taxonomy.
Conventional gene families are conserved in sequence throughout the entire length of the
coding region. The evolution of such families can be explainedin two ways -by divergence from
a common ancestor or by convergence from unrelated ancestors. The average protein is approximately 300-350 amino acid residues in length, corresponding to a coding region size of approximately 1kbp. The chanceof random independentconvergence upon the samenucleotide sequence
is therefore 1:4'Ooo, and the chance that two sequences will independently evolve to 50% identity is
1:45m. Sequence conservation over the moderate to large physical distances spanned by genes is
therefore taken as prime facie evidence for homology', a term which means relationship through
common ancestry. Conversely,there is a significant chance
that small sequence motifs, such as transcriptional regulatory elements andsplice sites, canarise independently bystochastic processes.
Sequencedivergencereflects the accumulation of mutationsover time, andassequences
continue to diverge, eventually there comes a time when homology can no longer be detected
through sequence conservation. Thirty percent
sequence identity can bedetected by alignment and
the sequences thus related are clearly homologous. Distant homology, where sequence identity is
< 30%, requires computer analysis.Homologymaybeinferred
from conserved protein folds
(i.e. conserved tertiary structure), but at this point it is often likelythat the same tertiary structure
~

i.e. two sequences are either homologous ornot
there isno degree of
'Homology is strictly an absolute term,
homology. To quanhfy the relatedness between sequences the terms percent identity (the frequency
of exactly
conserved bases/amino acids) or percentage similarity (the frequencyof exactly conserved amino acid and
conservative changes) are used (however, chimeric proteins may be described as partially homologous, see
main text). The degreeof relatedness between homologous sequences reflects the time since divergence (4.v.
molecdur clock). The comparisonof orthologous sequences therefore allows the creation
of molecular phylogenies, and the comparison
of paralogous sequences provides information concerning the evolution
of gene families. A problem with sequence alignments is the introduction of gaps. Sequences may diverge by the deletion
or insertionof nucleotides or amino acids, as well as by substitution. The problem
is that by introducing gaps
at will, any pair of sequences can be made to match,so there must be a gap penalty in sequence alignments
which reduces the level
of identity between sequences
as more gaps are introduced. This is usually an arbitrary
a preexisting gap.
penalty, whichis higher for gap introduction than for extending
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could have arisen by convergence, but using entirely different sequences. The ’protein structure
code’ which converts amino acid sequences into tertiary structure is highly degenerate; thus many
different sequencescan adopt the same structure. Homology inferred through structure is therefore
uncertain unless backed up by intermediate sequence relationships.
Gene family relationships may be described as orthologous or paralogous. Orthologous relatiomhips refer to genes which have diverged by speciation, i.e. family members represent genes
performing the same functions in different species (e.g. human P-globin and mouse P-globin).
Paralogous relationships refer to genes which haveduplicated and diverged withina genome, i.e.
paralogous genesare members of multigenefamilies (q.v.) (e.g.human Pglobin and human
a-globin).
In large multigene families, particularly closely related genes may be placed into paralogous subgmups, e.g. the mouse Hox genes are paralogous, but those representing equivalent positions
within each cluster are more closely relatedto each other than anyof them are to the remainingHox
genes (see Development: Molecular Aspects).
Gene dup/rCation and dfvemnCt3; the o m h of new functions. The evolution of complex organisms
from simpler ones presents a problem: from where do new functions arise? Increasing biological
complexity(e.g. the transition from unicellular to metazoan organisation)i.equires increasing
numbers of functions, ultimately specifiedby genes. Thus,the origin of new functions must reflect
the creation of new genes, or diversification ofthe use ofpreexisting genes. Both processes Seemto
have occurred during evolution: total gene number has increased with biological complexity (see
Gene Structure and Mapping)as hasthe production of multiple products from single genes, particularly through the use of alternative splicing (q.v.).
New genescan in principle arise from three sources: (i) through import fromother genomes; (ii)
through intrinsic duplication of preexisting genes; and (iii) spontaneously from random, noncoding
DNAby the accumulation of point mutations. The third source can effectively be discounted
because it is very unlikely (see
earlier probability calculation). The
import of genes (horizontal gene
transfer) is a comparatively rare event (see Gene Transfer in Bacteria; q.v. Ti plasmid, promiscuous
DNA, acute transforming retrovirus) and does not strictly generate new functions, although they may
be new to the importer. Most new genes thus arise by intrinsic gene duplication followed by
divergence. The frequency of such events explains the predominance of multigene families in
cellular genomes.
Once gene duplication takes place, the cell has two copies of essentially the same locus, and the
genes-will initially behave in a manner which appearssuperficially allelic(q.v. pseudoalleles, genetic
redundancy). If the gene productis essential, selection will acton only one locus allowing the other
to mutate (Figure 22.3). In most cases,the accumulation of mutations results in loss of function and
the production of a pseudogene (q.v.) which is eventually lost altogether. Occasionally, mutations
alter the structure of the gene product in sucha way that it can adopt a new function. More often,
however, novel functions arise initially from the acquisition of new expression patterns, followed
later by structural diversification. Asan example, many enzymesin metazoans are foundas multiple isoforms (isoenzymes, isozymes) encoded bydistinct differentially expressed genes. In mammals, there are three isoforms of the glycolytic enzyme enolase, one distributed ubiquitously, the
others expressed specifically in mature neurons andmuscles, respectively. This presumably represents an early stage of diversification, as each protein carries out the same catalytic reaction,but may
have adaptedto suit each particular intracellular environment, e.g. chloride tolerance in the case of
neuronspecific enolase. Even significantlydiverged proteins, such as the Drosophila proteins Paired
and Gooseberry and the mouse Pax-3 protein, can substitute for each other if the genes are driven
by heterologous regulatory elements (e.g. gooseberry, expressed under the paired promoter, can
rescue paired- mutant flies). Evolution may therefore be driven as much by mutations in cis-acting
DNA elements as by those affecting protein structure.
Another, more complex route to independent function is combinatorial action,where the initial-
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Figure 22.3 The evolution of protein families. A single ancestral genemay duplicate, in which case selection

pressure applies to only one copy and the other can accumulate mutations (lines). The divergence may lead
to a novel function or to loss of function (creatinga pseudogene). In tandem gene clusters, sequence
homogenization through nonallelic recombination events can result in concerted evolution.
ly redundant gene
copies diverge but maintaina related functionand can cooperate to generate further functional diversity. For example, extensive
duplication of an ancestral G-protein-coupled
receptor gene has provided the multitude of alternative odorant receptors in humans and other
mammals. These receptors act alone and in complex combinatorial signaling networks to identify
distinct smells.
With the adoption of new functions, duplicated genes become nonallelic. The genetic consequences of gene duplication and divergence therefore begin with full redundancy, progress to
partial redundancy andeventually to full functional independence. However, it is also possible for
unrelated gene products to converge upon a single function, especially in the complex signaling
pathways of eukaryotes which diverge, convergeand engage in
cross-talk (see Signal Transduction).
An example isthe vertebrate organizer which secretes at least three unrelated proteins - Noggin,
Follistatin and Chordin - to block signaling by bone morphogeneticproteins (see Development:
Molecular Aspects).
Mechanisms of gene duplication. Gene duplication, the creation of paralogous genes, can occur at

'

1

1

three levels: (i) an isolated gene duplication event; (ii) whole genome duplication; and (iii) a large
scale duplication involving a whole chromosome or chromosome segment.
Selective gene duplication events can occur by a number of different mechanisms depending
upon the existing copynumber of the gene. If there is already more than one copy of the gene in the
genome, unequal crossing over, unequal sister chromatid exchangeand replication slipping (q.v.) can all
generate duplications (as well as deletions) in repetitive DNA. How do the copies arise in the first
place? The duplication of a single copy gene involves more complex mechanisms,including: (i)
replicative transposition encompassing genomic DNA; (ii) chromosome breakage followed by out
of register end joining of sister chromatids; and (iii) unequal exchange at short sequence motifs
which have arisen by chance. More complex rearrangements involving large sections of unlinked
DNA may also contribute to isolated gene duplications (4.v. gene amplification).
Many paralogous gene relationships, particularly in larger genomes, may reflectancient whole
genome duplicationevents. Comparative analysis of genome size and gene number suggests that
the human genome arose through at least two rounds of whole genome duplication. Many genes
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represented once in the Drosophila and C. elegans genomes are present as fourparalogous copies in
mammals, the primaryexample beingthe four Hox gene clusters (q.v.). Whole genome duplication
is frequent in plants and, although deleterious in mammals, is tolerated by many invertebrates
(q.v. polyploidy). There is a single Hox cluster in the genome of Amphioxous, which is regarded as
the closest living relative of the vertebrates. It is likely, therefore,that anancestral species predating
the vertebrate lineage underwent a series of genome duplication events followed by divergence at
the chromosome level to restore diploidy. The tetraploid state was presumably transient in the
mammalian lineage, as large scalechromosome rearrangementswould restrict homologous
chromosome pairing tospecific partners during meiosis (many fish,however, are tetraploid).
Divergence occurring at the gene level at thesame time, would involve the loss of Some genes and
the rearrangement of others. Eventually, only a few traces of the ancient duplication event would
remain, as paralogous chromosome segments.For example, human chromosomes12 and 17 each
contain one of the four HOX clusters and paralogous members of several other gene families
(collagen, enolase, retinoic acid receptor, keratin,
integrin, WNT and aldehyde dehydrogenase), with
broadly conservedlinkage.
Large scale chromosome rearrangements have also contributed to the evolution of multigene
families. The comparative mapping (q.v.) of mammalian genomes has shown that such rearrangements have occurred frequently, so that syntenic regions (q.v.) are restricted to small chromosome
segments. As wellas obscuring the evidence of tetraploidisation, chromosome rearrangements have
resulted in large scale subgenomic duplicationevents. In particular, the two armsof human chromosome 1appear to be paralogous, each containing genes for glutamic-oxaloacetic acidtransaminase, blood coagulation factors, two different types of tRNA, and a ferritin heavy chain. This suggests that chromosome 1, the largest human chromosome, may have arisen through an ancient
Robertsoniun translocation event (q.v.), involving two smaller chromosomes.
As discussed above, gene duplication is typically
followed by sequence divergence which mayresult in the acquisition of new functions or, altematively, loss of function for one of the copies. If duplicated genes do evolve new functions, thesetend
to be conservedin later speciation events with the result that the orthologous genes are morehighly conserved thanparalogous genes. This situation is observed for most dispersed multigene families, e.g.the
enzyme isoform families such as enolase, where mammalianorthologs are morehighly conserved
than the paralogs within each species.
In tandemly arranged gene families, however, the high frequency of nonallelic recombination
events, such as unequal crossing over, unequal sister chromatid exchange and gene conversion,
results insequencehomogenization.
In such cases, paralogs are more closelyrelated than
orthologs, because independently arising mutations are likely to be fixedin each species. Thisphenomenon, definedas concerted evolution, is common fortandemly clustered genes, e.g.the histone
genes, but does not apply
to all clusters. The globin
clusters, for instance,show evolution more typical of dispersed genes (i.e. orthologs are more highly conserved thanparalogs), probably because
the genes have individual roles in development and sequence homogenization would
be deleterious. The rRNA genes (q.v.) provide an unusual example whereconcerted evolution also occurs in
dispersed repeats (in this case, eachdispersed repeat comprises a series of tandemly arrangedrRNA
genes). This reflects the close associationof rDNA clusters in the nucleolus, allowing frequent nonhomologous recombination events in trans to maintain sequencehomogeneity (q.v. satellite associution). Trans-interactions between dispersed genes are otherwise rare events (q.v. homology-dependent
silencing, co-suppression, trans-sensing).

Sequencedivergenceandhomogenization.

Protein chimeras: motifs, modules and domains.
Conventional genefamilies are homologous over

their entire lengths, and their evolution can be discussed in terms of simple duplication and divergence. However, a family relationship can also involve a particular conserved region, which is
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present in two otherwise entirely dissimilar proteins. Anyunit of conserved sequencein a gene or
protein may be termeda box or motif' - motifs range from short sequence elements suchas the
DEAD box RNAhelicase motif,to larger functional units such as zinc fingers, which may properly
be designated modules. A module is a contiguous segmentof a protein which performs a specific
function. Modules are typically made up of several motifs, although the zinc finger is an exception.
A module differs from aprotein domain in that the latter is a unit of tertiary structure and does not
necessarily form from contiguous elementsof primary sequence. Theimportance of this distinction
is that modulescan be inserted into or deleted from proteins by moving a contiguous segmentof
DNA fromone geneto another; this may not bepossible for allprotein domains. Unfortunately, the
terms motif, module and domain are often used loosely and interchangeably.
Genes and proteins which are partially homologous (i.e. homologous over a particular conserved segment) may
arise due to intense selection for a specific
module, whilethe remainder of the
protein is free to mutate and diverge. In other cases, however, the same motif or module may be
found in proteins which are very obviously derived from totally distinct lineages. Through a
variety of gene rearrangementprocesses, modules can become combinedin new ways to generate
novel chimeric proteins. These complicate molecular taxonomy because the proteins can contain
modules representing several different familiesat the same time, and the source of each module is
often impossible to determine.
Evolution of modular structure. The evolution of repeated modules within single proteins and

related modules in different proteins involves the same mechanisms which
cause whole geneduplication (tandem or dispersed), but on a subgenic scale. Modular evolution is prolific in eukaryotes,
because the presence of introns allows recombination of segments of coding DNA without the need
for precise recombination junctions.
Repetitive modules within genes can arise by exonduplication (exon repetition) wherea single
exon undergoes tandemduplication. This can offertwo immediateevolutionary advantages: (i) for
structural proteins, exon duplication can extend a specific structural domain (e.g. the triple helical
domain of collagen, which is encodedby multiple similar exons); (ii)for other proteins, exonduplication increases the dosage of a specificfunctional domain (dosagerepetition), which may increase
protein activity, or in exceptional cases, allowposttranslational cleavage to generate multiple functional units (e.g. tachykininand ubiquitin genes). Likewhole gene duplication and divergence, exon
duplication is usually followed by exon divergence, leading to structurally conserved modules with
alternative functions. Recombination may cause exondeletion aswell as exon repetition, resulting
in the removal of a particular module from aprotein.
The dispersive duplication of exons can introduce single exons into the intron of a preexisting
gene. If the exon corresponds to a protein module, a new function would be conferred upon the
recipient protein. This type of event couldoccur by recombination between nonallelic genes,
perhaps involving short repetitive elements or trunsposons (q.v.) within nonallelic introns. However,
this would tend to cause gene fusion rather than single exon integration, unless there was a rare
double crossover event. A more likely explanation for exoninsertion is transposable element activity, e.g. aberrant excision (where some flankinghost DNA is transposed at the expense of part of the
element) orby cooperative transposition (where two elementscooperate to transpose an interstitial
segment of DNA) (see Mobile Genetic Elements). The generation of chimeric proteins by mixing
preexisting modules is termed exon shuffling. It provides a rapid route for the production of novel
proteins from modules which have been functionally honed by conventional evolution.
'The term motif is used in an alternative way to describe a ofunit
supersecondary structure in a protein, i.e.a
specific configurationof two or more secondary structural elements.A conserved sequence motif maycorrespond to a structural motif, but not
thisnecessarily
is
the case. Note that theboxterm
is used not only
to describe
motifs in genes and proteins (e.g.
DEAD box), but also motifs in noncoding
DNA (e.g. TATA box).

302

Advanced
Molecular

Biology

A further form of chimeric protein evolution is whole gene fusion,exemplified by eukaryotic
multienzyme proteins whoseprokaryotic orthologs are encoded by separate genes. For example,
vertebrates possess a multienzyme protein with three nucleotide biosynthesis activities: glycinamide ribonucleotide synthetase (GARS), aminoimidazole ribonucleotide synthetase (AIRS) and
glycinamide ribonucleotide transformylase (GART). In vertebrates, each activity is carried out by a
different module of one protein, encoded by the single GART gene. In bacteria, three enzymes are
encoded by three sepurute genes, whereas in yeast GARS and AIRS are carried by one enzyme and
GART is encoded separately. The situation is more complex in Drosophila, where the multienzyme
protein has four domains because the AIRS module hasbeen duplicated. Originally, it was thought
that such whole gene fusion events involved recombination between the last intron of one gene and
the first of another. However, the discovery of a polyadenylation site within the intron separating
GARS and AIRS modules in the vertebrate protein suggests the fusion may have occurred in intergenic DNA, followed bythe modification of regulatory elements and splice signals to allow cotranscription and processing.
An important aspect of allforms of exon rearrangement - repetition, shuffling, deletion
and whole gene fusion - is intron phase (Figure 22.4). This refers to how the coding region is
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Figure 22.4: Intron phase and consequences
for exon rearrangements. (a) Intron phases are definedby the
position within the codon where the coding region is interrupted. (b) Exon phase is defined the
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are three types of in-phase exon and six types of out-of-phase exon
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examples are shown). (c) The endogenous gene has
two exons in phase 0,O.Insertion of a further0,O phase
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is usually deleterious unless
the exon is
small. Insertion of an out-of-phase exon resultsin an uncorrected frameshift.Both transient and permanent
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or moving the exon-intron boundary
through splice site mutation (exon sliding).
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interrupted and therefore applies only to coding region introns. The most common introns are
phase 0; these interrupt the coding sequence between codons (i.e. between the third base of one
codon and the first base of the next). Phase 1 and phase 2 introns interrupt the coding sequence
between bases one andtwo, or two andthree of the codon, respectively. Whilethe phaseof a single
intron isirrelevant, the phaseof a fusion intron, generated by
exon rearrangement is vitally
important in the translation
of the newgene. Exons can be defined according to the phase
of the twoflanking introns andthose which begin and end at the sameposition with respect to codon boundaries
(i.e. the flanking introns havethe same phase) are termed in-phase exons: These can undergo unlimited duplications andcan participate inexon shuffling events because they do not disturb theoverall reading frame.Conversely, out-of-phase exons begin and end at different positions within the
codon (i.e. the flanking introns havedifferent phases) and the insertionof such anexon generates a
a
frameshift.Even in-phase exons can cause an internal transient
frameshift if they are inserted into
gene by fusion to introns withdifferent phases. The interpretation of the newexon is unpredictable
in these cases and may cause truncation by uncovering an adventitious termination codon. Such
alterations to gene function may be corrected by point mutations which result
in exon sliding, the
shifting of the exon start and stop positions with respect to the surrounding introns. This can be
caused by small insertions or deletions andby mutations affecting the position of the splicesites.
Exon sliding can also 'correct' shuffling events inwhich the participatingexon is out-of-phase.
Evolutionary origins of introns. In higher eukaryotes, most genes are interrupted by

introns,
whereas the genesof bacteria and many lower eukaryotes generally
lack introns (q.v. genearchitecof introns and
ture). Since their discovery in 1977, there has been intense debate about the origin
their function. One theory is thatspliceosomal introns evolved from self-splicing introns byacquisition of the ability to splicein trans (the selfish DNA model of intron origin). The similar splicing
mechanisms of nuclear introns and group I1 self-splicing introns supports this model (see RNA
Processing), however, the splice sites recognized by thetwo types of intron are distinct. is
It possible that nuclear spliceosomal introns and groupI1 introns evolved from a common lineage. Other
models suggest that nuclear introns
evolved separately as byproductsof the intergenicDNA that
separated ancientgenes, or as coding segments that
were discarded during the evolutionof alternative splicing.The last model is particularly provocative, because it suggests that splicing
evolved
before introns, a hypothesis supportedby some modem-day genes whichcan undergo differential
exon splicing in the absence of introns.
A further contentious issue is the age
of introns. Early intron theories propose that introns
were
present in the earliest genes, and have been selectivelylost from the prokaryoticlineage. Theearly
introns may have arisen from self-splicing introns, or may have evolved from the noncoding DNA
separating the ancient genes and spreadby reverse splicing. In the latter model, the evolution of
splicing was driven
by the advantageof increasing gene size. Early intron theories are supported by
the positional conservation of introns in ancient gene families, such as the globin gene family, and
by the correspondence between exons and functional protein modules (presumably
the relics of the
original genes). Late intron theories propose that introns have inserted into relatively
genes
recently. They are supportedby evidence for random introninsertion, i.e. insertions which are neitherconserved in gene families nor dividing proteins into neat
modules, such as the introns found
in the collagen gene family.
Whatever their origins, introns have proliferated rapidly during eukaryote radiation andhave
facilitated both modular evolution
(exon repetition and shuffling) and alternativesplicing as advantageous mechanisms to increase the functional repertoire of the eukaryotic genome. The size of
introns has also increased, so that many vertebrate genes are notonly rich in introns, but are predominantly represented by intron material (q.v. gene architecture; c.f. Pufferfishgenome).
Selecthe expansion of protein families.The analysis of information from genome and EST projects

(see Gene Structure and Mapping) has
allowed the distribution and abundance
of particular protein
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modules to be documented. Data from the complete genome sequences and the many genome
sequencingprojects underway has shown
that certain protein families are highly successful, but that
success is often lineage-dependent. Many of the protein modules which are ubiquitous, including
those making up metabolic enzymes andcore components of the protein synthesis machinery, show
minimal proliferation. Conversely, other modules, such as zinc fingers, immunoglobulin modules,
G-protein-coupled receptors and protein tyrosine kinases, have multiplied disproportionately, but
only in certain groups of organisms. One of the largest protein families in yeast is the GALA transcription factor family (q.v. zinc binucleur cluster), but this appears to be entirely restricted to fungi.
Similarly, immunoglobulin modules are found only in animals, and are particularly abundant as
tandemly repeated modules within proteins. In some cases, the proliferation of distinct protein
families with related functions in different kingdoms suggests a stochastic influence. For example,
protein kinases are widely used as signaling molecules by all living organisms, but while
serine/threonine and tyrosine kinases represent two of the largest protein families in eukaryotes,
they are scarce in bacteria. Conversely, histidine kinases are well represented in bacteria but not in
eukaryotes. In other cases, the expansion of protein families may reflect functional
a
innovation during evolution: the proliferation of EGF and immunoglobulin modulesin animals probablyreflects
their ability to mediate cell-cell contacts, which is advantageous for the complex cell interactions
.
which occur during development (see Development: Molecular Aspects).

22.5 Global analysis of protein function
The proteome. The genome is the full complement of genetic
information in a cell(see Gene Structure
and Mapping), and is the store of the global program required to manage and reproducethe cell (or
multicellular organism). Theproteome represents the entire collection of proteins which are encoded bythe genome andhence the global functionalspectrum of the genome. The proteomeis a complex system,even thoughit represents only a fraction
of the genome (i.e.the codingsequences). This
is because there are numerous ways to use single genes to generate multiple products (see Gene
Expression and Regulation), so the proteome contains many overlapping, structurally similar products. Theproteome interacts with the environment to generate the phenome, a representation of the
total sum of characters displayed by an organism.
Functional genomics.In recent years,there has been an explosion inthe amount of sequence infor-

mation due to the success of genome mapping and sequencing
projects and concerted effortsto characterize cDNA sequences(see Gene Structure and Mapping). Functions can be tentatively assigned
to
new gene sequencesby comparison with previously cloned geneswhose products have already been
functionally characterized. However, many novel genesshow no relationship to previously characout on an individual basis, by lookterized families,and de novo functional analysis is usually carried
ing at expression patterns,the effects of mutation, and interactionwith other cellular components.
To make sense of the large amount of data arising from sequencing projects, the intensive functional analysis of single genes must bereplaced, or at least complemented by genome-wide
approaches to functional analysis (functional genomics). This involves the systematic analysis of
the expression, mutation andinteractions of the proteome.
Several techniques have been developed recently for the simultaneous analysis of the expression
of all genes in the genome, providing anaccurate characterization of cell type-specificgene expression profiles and the response of a cell to the environment. DNA microamays and oligonucleotide
chips allow cDNAsor oligonucleotides to be precisely gridded andhybridization analysis facilitates
the qualitative and quantitative detection of RNA expression. The serial analysis of gene expression (SAGE) technique is a PCR-based methodwhere short sequence tags corresponding to specific
RNA molecules are amplified, concatemerized and cloned, providing a linear array of markers to
identify expressed genes. These techniques are useful to probe cell responses, and complement

l
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approaches such as high throughput in situ hybridization (q.v.) to assemble gene expression databases and to help with the constructionof genetic networks (see below).
Mutation approaches to the determination of gene function are widely used on a single gene
basis inall model
organisms. Inthe most genetically amenable organisms, the systematicdisruption
of all genes is feasible and such a project is already underway for the fully sequenced S. cerevisiue
genome, with an internationalconsortium of laboratoriesworking to disrupt each of the 6000genes
using targeting vectors (q.v.) containing oligonucleotides cassettes which can be identified by PCR.
Gene targeting (q.v.) in yeast is very efficient, but this is not thecase for othereukaryotes.
Additionally, for the large genomes ofmodel vertebrates (e.g. mice), an enormous input of resources
would berequired for a systematicknockout project, and this approach appears unlikely to be used
in the near future. However, it may be
possibleto generate library
a
of embryonic stem cells (q.v.) with
each gene disrupted.Such a library couldbe used in concert with a complete genome sequence
to
provide a resource for the production of mice lacking any particular gene. This approach obviates
the need for housing and breeding large collections ofmutants (4.v. gene trapping).
A t the protein level, techniquesfor the simultaneousmonitoring of the abundanceand state of
modification of all proteins in the cell are being developed. One approach is based on 2-D electrophoresis (Box 22.2) and another is chip-based, but using antibodies instead of oligonucleotides.
The analysis of protein interactionsis a powerful approach to the
determinationof protein function.
A number of differenttechniques can reveal protein-protein interactions and the interaction
between proteins and nucleic acids, but phage display (q.v.) and the yeasttwo hybrid system (q.v.) are
particularly applicable to high throughput studies, and a project to systematically catalog the interaction of all yeast proteins is currently underway. One problem with biochemical approaches to
functional interactions is that many of theinteractionsdiscovered are not physiologically relevant.
This may be
because the
productsare not usually expressed at the sametime or inthe samecell type,
i.e. the interaction is adventitious. Here, a combination of approaches
interactions, expression
patterns and mutant phenotypes, are needed for thef
u
lelucidation of protein function.

-

Box 22.1:Amino acids
Standard amino acids. Amino acids are ampho- containing either amide or hydroxyl groups that can
teric molecules (they can function
as acids or bases) formhydrogenbonds;otherscontaincharged
with the general structure H2N-CHR-COOH. They
residues which can form salt bridges. The figure
are abundant in living organisms, occurring either
as belowshowsagenericaminoacidandtheside
free dipolar ions (zwitterions), short peptides (e.g.
chains of the 21 standard types grouped according
hormones) or in proteins.
Each has a central tetrava-totheirchemicalproperties.Substitutionswithin
lent carbon atom (Cot) with four coordinated groups,
groups are often conservative (q.v.) whereas those
threeofwhich(theaminoandcarboxylicacid
between groups are usually nonconservative (9.v.).
groups and the hydrogen atom) are invariant. The
The first carbon atom in the side chain
is Cp and the
fourth group, which is known
as the residual group thick bar represents the Ca-Cp bond. Amino acids
(R) or side chain is variable and determines the
are abbreviated using either a three letter or one
physical and chemical properties of the molecule.
letter assignment and the specific assignments are
There are hundreds of different types of amino acid,
shownforeachaminoacid.Therearealsothree
each with a different side chain, but proteins are
assignments for ambiguous residues: Glx,2 speciformed from a basic repertoire of21 standard types fies glutamine or glutamic acid and Asx,
B specifies
specified by the genetic code (q.v.). One of these,
aspartame or aspartic acid (these pairs are difficult
selenocysteine, is veryrare(q.v.selenoproteins).
to distinguish in some types of chemical analysis).
Theaminoacidscanbeplacedintocategories
Xaa or X is used where the nature of a residue is
basedonthechemicalpropertiesoftheirside
unknown or, in a consensus sequence, unimportant.
chains: some are composed entirely of hydrocarbon All amino acids except glycine exist
as stereoisogroupsandarehydrophobic;othersarepolar,
mers because the tetravalent Ca carbon atom is a
Continued
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:hiral centre. However, almost all amino acids found be modified beforeincorporation, to generate Nn proteinsare L-isomers, reflectingthe specificity of formylmethionineandselenocysteinerespectively.
:he proteinsynthesisenzymes(this
specificity is Ineachcase, the modificationtakesplace on a
is different fromthe tRNA used
:hought to have evolvedby chance, a 'frozen evolu- charged tRNA, which
:ionary accident'; conversely, most sugars
in biolog- to incorporate the standard amino acid (theinitiator
then tRNAMet for methionine,and
cal systems are D-isomers). Proline
is classed as one tRNArather
it contains tRNASeC rather than tRNASw for serine). While NDf the standard amino acids but, because
3. secondary amino group,
it is actually an imino acid. formylmethionine and unforrnylated methionine are
Nonstandard amino acids. Individual amino acids functionally equivalent (blocking the formylation
nay be subjectto cotranslational or posttranslation- reaction has no effect), selenocysteine performs a
to that of serine,
SI chemical modification, increasing
the repertoire of specialized role completely different
Dond forming capabilities of proteins. Such modifi- and it is thus regarded independently as a standard
amino acid, even thoughthe route to its synthesis is
zationsmaybepermanentorreversibleandmay
of incorporation of
or the addition of large chem- unorthodox. Another example the
Involve minor changes
nonstandard
amino
acids
in
proteins
is the D-alanine
cat groups(see discussion in the main text).
Importantly, all these modifications occur after the residues in the peptidoglycan of bacterial cell walls.
standard amino acid has been incorporatedinto the Peptidoglycan is composed of glycosylated tetra+
polypeptide chain. There are also a number of situa-alanine units cross-linked by penta-L-glycine
bridges. It is this unusualcross-linkingreaction
tions where unusual amino acids are used as subwhich
is prevented by the antibiotic penicillin.
strates for incorporation. Methionine and serine may

PaIUnly

Lplne
L,Lp

side &IN

Aginine
R,Arg

Hlstidlne
H,His

Aspartk kM Gluhmk Add
D,Asp
E,CIu

Clyclne
G. Gly
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Box 22.2: Methods for studying protein structure
Methods for studying gross properties of prohistochemistry). Antibodies can be used to purify
teins. Proteins canbe separated by electrophoresis proteins, by immunoprecipitation or affinity chro(q.v.) on the basis of theirmassorcharge.Sizematography, and labeled antibodies can
be used as
fractionation is achieved by SDSPAGE (polyacry- a sensitive quantitative assay for antigens, e.g. in
lamide gel electrophoresis in the presence of the the enzyme-linked immunosorbent assay(ELISA),
detergent sodium dodecylsulfate). SDS has a large
Methods for studying primaly potypeptide strucnegative charge and binds to protein main chains.
ture. The quickest routeto the determination ofpriThe amount of SDS bound to a protein is therefore
mary polypeptide structure is not by direct analysis
roughly proportional to its size,and the excess
of the polypeptide, but by cloning and sequencing
negative charge of many SDS molecules effectively
the corresponding cDNA.However,
this is not
cancels any charge carried
by the protein itself. This
always possible, and cDNA sequences
provide only
allows separation on
the basis of size alone by sievthe sequence of the nascent polypeptide, whereas
ing through poresin the gel. Separationby charge is
the functional protein may be cleaved and modified.
achieved by isoelectric focussing, where proteins
The direct analysis ofpolypeptide sequence is facilmove to their isoelectricpoint (pH equilibrium point)
itated by automated Edman degradation, where
in a pH gradient. The two techniques can be comthe terminal amino acid residue is labeled and then
bined in 2-D electrophoresis forhighresolution
specifically cleaved and identified. This process has
protein separation. Electrophoresis can be used to
been automated using machines termed sequenafractionate,identifyandisolateproteinsand
to
tors, and the complete sequence of polypeptides
determine their approximate mass by using markup to 50 residues in length can be determined in a
ers. Masses can be determined more accuratelyby single run. Larger proteins can be characterized by
ultracentrifugation (q.v. Svedbergunit) and,more
firstcleaving the protein into short peptide fragrecently,byaninnovation
in massspectrometry
ments using specific proteases or dipeptide-specific
where proteins are sprayed
into the spectrometer in chemicals (e.g. hydroxlaminespecificallycleaves
a volatile solventwhich evaporates rapidly.
asparagine-glycine
bonds).
Protein
microseAntibodies in protein analysis.Antibodies
are quencing is carried out by gas phase automated
Edman degradation followed by high pressureliquid
secreted immunoglobulins (q.v.) which havegreat
chromatography. This allows direct sequencing of
specificity for their cognate antigens. These molecules can therefore be exploited
to detect and puri- picomole amountsof protein, such as bands eluted
fy proteins. Antibodies can be produced
by injecting frompolyacrylamide gels,and providesa direct
antigen into rabbits and purifying antibodies from route to the design of degenerate oligonucleotides
theblood.Suchantibodies
are polyclonal (pro- which canbeused to isolate the corresponding
duced by different B-lymphocytes) and usually rec- cDNA from a suitablelibrary (q.v.).
ognize more than one featureepitope
or
of the anti- Methods for studying higher order protein strucgen. Monoclonal antibodies are generated by fus- ture. It is not yet possible to determine higher order
ing B-lymphocytes to myelomacells to produce
proteinstructurefromprimarysequencedataand
clones of immortalized lymphocytes termed
therefore a collectionof biophysical methods are used
hybridomas. Hybridomas produce a singletype of
to probe tertiary and quaternary structures directly.
antibodyandareimmortal.Morerecently,
it has
Circulardichroism (CD) describes the optical
been possible to produce antibodies using recombiactivity
of asymmetric molecules characterized by
nant DNAtechniques.Aswellas
producing antibodies for detecting and purifying proteins, recom- differing absorption spectrain left and right circularbinantantibodiescanbeengineered
with novel ly polarized light. CD spectrophotometry between
properties, suchas catalytic activity (abzymes) and 160 and 240 nm allowsrapidcharacterization of
proteinsecondarystructurebecausea-helix,
pas tools for gene therapy(q.v. intrabodies).
Antibodies can be conjugatedto radioactive, flu- sheetand coil generate distinct CDspectra. acharacteristic
orescent or enzymatic labels fordetection of specif- helices, for instance,generatea
ic proteins immobilised on solid supports following absorbance spectrumwith a peakof positive differentialabsorption (AA) atabout 190 nm and twin
electrophoresis (western blot, immunoblot) or as
part of alibraryscreen
(immunoscreening, q.v. peaks of negative differential absorption at about
expression library).The same principle can be used 210 and 220 nm.
Two techniques, X-ray crystallography and
to detect proteins in situ, to determine the temporal
and spatial distribution of proteins (in situ immuno- nuclear magnetic resonance spectroscopy, can be
Continued
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used to study protein atomic structure. X-ray crys- applicable only to molecules of low molecular
tallography uses precisely oriented protein crystals weight.Thebasis
of NMR is that somenuclei,
to scatter X-rays onto a detector. X-rays are scatincluding hydrogen,nitrogenandphosphorus(as
tered by electrons andthe amplitude of the scatter- well as rare isotopes of carbon and oxygen) posing effect is proportionate to the number of elecsess intrinsic magnetism and can switch between
trons in the atom. The waves can reinforce or can- magnetic spin states in an applied magnetic
field by
cel each other, andthe manner in which this occurs absorbing electromagnetic energy (a similar techdepends upon the spatialorientation of different nique, electronspinresonance
(ESR) specatoms in the protein. The resulting image, a series
of troscopy, is applied to paramagnetic materials, i.e.
spots or reflections of differing intensities, can be those containing unpaired electrons). Absorbance
used to reconstruct an image ofthe protein using a can be recordedas a resonance frequency,which is
mathematicalfunction termed aFourier transform. specific for each type of nucleus. Additionally, the
The data are used to determine electron densities resonance frequency is influenced by surrounding
and phases to create an electron density map. The electron density,so that atoms in different chemical
interpretation ofthe map depends onthe amount of environments undergo achemical shift and absorb
data usedin the Fourier synthesis, and this governs energy at different resonance frequencies. This can
the resolution of the final structure. The maximum be used to discriminate between different chemical
resolution of X-ray crystallography is approximately groups(methyl,aromatic,
etc.).Themanner
in
0.1-0.2nm.
which nuclear magnetic resonance decays after a
Neutron scattering can be used to enhance X- magnetic pulse is also highly informative, because
it
ray crystallographic images because neutrons gen- depends on molecular structure and spatial configerate strong diffraction patterns from small atoms,
uration. The nuclear Overhauser effect (NOE) is
including hydrogen. Fiber diffraction, using X-rays the result ofthe transfer of magnetic energy through
or neutrons, can be usedto analyze the structure of space and occurs only if interacting nuclei are less
than 0.5 nm apart.Two-dimensionalNOE
specelongatedfibers such as nucleicacidsandlong
fibrous proteins (e.g. collagen, keratin). Unlike crys- troscopy (NOESY) identifies atomswhich are close
tallographic analysis, which generates precise together as symmetrical peaks superimposed over
three-dimensional images, fiber diffraction patterns the typical onedimensional NMR chemical shift
spectrum which lies along the diagonal of the plot.
represent a two-dimensional average of the cylindriSpin-spin coupling is thetransferofmagnetic
cal cross-section ofthe fiber (9.v. double helix).
Nuclear magnetic resonance (NMR) spec- energy through chemical bonds to neighboring
troscopy is used to analyze the structure of nuclei. This can alsobe investigated by other forms
proteins in solution. The resolution is similar to that of two-dimensional NMR, termed COSY and
of X-ray crystallography, but the technique is TOCSY.

Box 2 2 . 3 Protein targeting,sorting and processing
Proteintraffic in the cell. Proteintargeting
describes the processes directing proteins to particular destinations in the cell (c.f. gene targeting). In
bacteria, the choice of destination is between the
cytoplasm, the inner and outercell membranes, and
the periplasmic space between them; proteins can
also be secreted. In eukaryotes, proteins can also
be targeted to any one of severalintracellular
organelles, as well as to the nucleus. Since all bacterial proteins andmost eukaryotic proteinsare synthesized in the cytoplasm, targeted proteins must
carry recognizable sequences or structures which
allow them to be transported to the appropriate

cellular compartment. This process is termed
protein sortingor protein trafficking.
The nature of sorting information. Many proteins
destined for particular cellular compartments contain eithera specific amino acid sequenceoran
arrangement of residues with particularchemical
characteristics which interact with the cell’s sorting
machinery.Theseconservedresiduesaretermed
signal sequences. Theyare often found at the
termini of polypeptides (signal peptides) and may
be cleaved off whenthe protein reachesits destination. A protein with a signal sequence that is later
discarded is termed a preprotein, and the signal
Continued
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The signal sequence is cleaved as the polypeppeptide a presequence. This differs from a protein
activated by proteolysis
(Table 22.2) which is termed tide enters the ER lumen by a pentameric signal
a proprotein (proteinswith presequences which are peptidase. Proteinswith asparagine residues in the
Asn-Xaa-SerTThr (known asa
also activated by proteolysis are termed
prepropro- tripeptidemotif
teins, e.g.preproinsulin).Where
aproteinmust
sequon) are N-glycosylated with preformed
cross several interfaceswithin the cell, a number of oligosaccharide units. Not all sequons are glycosysignalsequencesmaybearranged
in seriesand
lated so other residues may also be involved in the
may act sequentially. N-terminal signalpeptides are determination of a glycosylation
site or the structure
the first structures ofthe nascent proteinto emerge of the protein itself may inhibit the glycosylation of
from the ribosome, allowing protein sortingto occur certain polypeptides.
cotranslationally.C-terminalandinternalsignals,
Transmembrane proteins possess an iniernal
e.g. those for nuclear or peroxisomal localization,
hydrophobic stop transfer sequence which lodges
and signal patches - signals formed on the sur- the protein in the ER membrane. The remainder are
face of the protein by folding, but whose compo- packaged into vesicles and passto the Golgi appanents are notcontiguous in the primary sequence- ratus, although those
which are to be retainedin the
function posttranslationally.Proteinshave
tobe
ER lumen are recognized and selectively returned
to
maintained in an unfolded state or must be unfold- the ER. Such proteinsoften have a retention signal
ed before being transported across membranes, a
with the consensus sequence KDEL.
process which is facilitated by molecular chaperIn the Golgiapparatus,A!-linkedglycanchains
ones (see main text). Whereas signal
peptides act
can be further modified and de novo O-glycosyladirectly to target proteins, signal patches
tend to act
indirectly, as sites for glycosylation, the sugar tion of serine, threonine and hydroxylysine residues
residues being recognized by the sorting apparatus mayoccur. In somecases, the glycosylationis
required for correct protein
folding and function (q.v.
of the cell. Sorting signals can be disguised by interexpression
cloning)
whereas
in others the glycosylaaction with other proteins and this can be used a
regulatory mechanism, e.g. the transcription factor tion itself acts as a targeting signal. Proteinswith a
NF-KB has a nuclear import signal which is masked signal patch are modified by addition of mannose-6by the inhibitory factor I-KB, thus regulatory systems phsophate, which targets them to the lysosomes.
Theremainderofproteinsaresecreted,although
which destroy I-KB allow nuclear uptake of NF-KB
and activation of the genes it controls (see Signal some may possess sequences which cause them
tobe retained in the membraneofoneof
the
Transduction, Transcription).
organelles in the secretory pathway(see below).
The secretory pathway. In eukaryotes, proteins
In bacteria, proteins destined to be secreted are
destinedforsecretion are initiallytargeted to the synthesized as preproteins with N-terminalsignal
endoplasmicreticulum (ER).Thisrequiresan
N- sequencessometimestermed
leader. peptides.
terminal hydrophobic signalpeptide which is recog- Bacterial signal sequences are short(I25 residues)
nized by a cytoplasmic ribonucleoprotein complex
and comprise a hydrophobic central core
which can
termed the signal recognition particle (SRP). The
adopt an a-helical structure, flanked
by regions conSRP comprises six proteins and a small cytoplasmic
to the Alu taining several charged residues. A number of chapRNA (7s RNA),whichishomologous
element (q.v.). It binds to the signal sequence as it erone proteins can bind to the nascent protein as
emerges from the ribosome and stalls protein syn- the leader peptide emerges from the ribosome, to
thesis until the complex reaches the ER.Here, the prevent misfolding.One such protein, SecB, plays a
SRP binds to its receptor, a dimericdocking protein predominant rolein protein export because it binds
another component of the secretory system, Sec&
locatedon the endoplasmicreticulummembrane
(the SRP has three functional domains which spon- achaperone associated with the translocation
apparatus. SecA mediates translocation by feeding
sor signal binding, receptor binding and elongation
the substrate protein through the translocation
arrestrespectively).Theribosomethenassociates
with its own receptor, a trimeric transmembrane pro-apparatus (comprising transmembrane proteins
SecE and SecY) in a manner which is dependent on
tein called Sec61,and proteinsynthesisrecommences. Thepolypeptide is fed into the ER lumen, a ATP hydrolysis. The leader peptide is then cleaved
called leader peptidase. In the
process termed vectorial discharge or cotransla- by anenzyme
matureprotein,aminoacidswithsmallresidual
tional import, throughthe Sec61complex(some
groups are often found adjacent to the cleavage site
proteinsrequireanadditionalcomponentcalled
TRAM). After synthesis, GTP exchange releases the (the -1 position)andthenextbut
one upstream
ribosomefromthe
SRP, and the SRP itself is residue (the -3 position).Thisphenomenon,
is
released from its receptor back into the cytoplasm.
known as the -1 and -3 rule.
Continued
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Targeting proteins to membranes. In eukaryotes,
many proteins entering the secretory pathway are
destined to be retained in a particular membrane.
The stop transfer sequence allows a protein to be
retained in the ER membrane itself, but by combining varioussimilarsignals
(membrane anchor
signals) with particular retention signals, a protein
can also be targeted to the Golgi or lysosomal membrane. Any membrane-associated proteins lacking
retention signals will eventually arrive at the cytoplasmic membrane, but this is only one of several
routes to this destination.Proteins in the Golgi
which carry aGP1 sequence become conjugatedto
a GP1 (glycosyl-phosphatidylinositol) anchor which
attaches the protein to the inner membrane surface.
Proteins in the cytoplasm which become modified
by fatty acylation (e.g. myristolyation) arealso
targeted to the membrane.

by the translocation apparatus. Further signals are
required for targeting to alternative compartments.
Organelle localization signals are arrangedin a hierso alternativesignalsbecome
archicalmanner,
activewhen the N-terminaltransitsequence
is
cleaved. The peptidase which removes the transit
sequence is located in the matridstroma, so
organelle proteins must transiently enter the
matridstroma even if their final destination is elsewhere.Proteinswhichareinsertedintothemembrane contain hydrophobic
stop transfer sequences.

Proteindegradationpathways.
Proteins vary
widely in stability, with half lives ranging from a few
minutes (e.g.manyregulatoryproteins)
to several
weeks or longer (e.g.many structural and storage
proteins:collagen,hemoglobin).Thereareseveral
distinct degradationpathways in the cellwhose
activities can vary according
to nutritional status and
Protein transport into the nucleus and intracel- signaling from other cells, and which may involve
lular organelles. Small proteins can diffuse readily protein modification. Many characteristically unstathrough nuclear pores but larger proteins (> 50kDa) ble proteins contain PEST sites (i.e. rich in proline,
glutamine, serine and threonine) and target them
for
destined for the nucleusmustbeimported,a
process which involvesthe recognition of anuclear rapid proteolysis(q.v. cydins). Other proteins may be
targeted for degradation by posttranslationalmodifilocalization sequence (NLS).NLSsaregenerally
cation,eitherinvolvingchemicalmodification
of
short,and rich in prolineandbasicresidues,but
specific residues (e.g. phosphorylation) or conjugalackinginhydrophobicresidues.SomeNLSsare
contiguous, e.g. the SV40 T antigen NLS (Pro-Pro- tion to the small protein ubiquitin. The N-terminal
its state of modification can
Lys-Lys-Lys-Arg-Lys), while some
are bipartite, with residue of a protein and
twoprolinehasic-rich
regions interrupted by a also play a role in the regulation of protein turnover
sequence of polar residues
(e.g. the p53NLS is Lys- by specifying the protein as a potential target for
ubiquitinization. This is known asthe N-end rule.
Arg-Ala-Leu-Pro-Asn-Asn-Thr-Ser-Ser-Ser-ProThe lysosomal pathwayis a ubiquitin-independent
Gln-Pro-Lys-Lys-Lys). A dimeric cytoplasmic protein, importin, is required for the docking stage of pathwaywhichgenerallyinvolvesrelativelystable
nuclear import. lmportina binds the NLS ofthe sub- proteins. Proteinsare internalized by the buddingoff
microautophagy.
strate and importin
p recognizes and bindsto a com- ofvesicles,aprocesstermed
may be
ponent of the nuclear pore,nucleoporin. A GTF’ase During starvation some cytoplasmic proteins
called Ran then causesthe importins to dissociate. It taken into the lysosome directly, by recognition of a
signal
is thought that nuclear import may involve a series
of peptide.
Ubiquitin-dependent degradation is the principle
such reactions, with the substrate being docked at
degradation pathway for cytosolic proteins, involvnucleoporins running through the
pore.
the smallproteinubiquitin,
Proteins destined for import into mitochondria or ingtheactivationof
which is transferred to its substrates by a carrier
chloroplasts can be targeted to various compartprotein and targets them for degradation in a large
ments: the outer or inner membranes, the intermembranespace,
the internal matridstoma, and in multiprotein complex termed the proteasome.
chloroplasts, the thykaloidmembraneor
lumen. Ubiquitin is activated by conjugation to a protein
Proteins for importinto organelles usually contain
an called El.It is then transferred to protein E2, which
N-terminal transit sequence. This is a 15-70 residue in turn transfers ubiquitin to its target protein, identified by binding to protein E3 (ubiquitin ligase).
sequence, rich in polar and basic residues (chloroplasttransitsequences tend to be richer in polar Substrate specificity is controlled by both E2 and
residues than those of mitochondria), which is rec- E3, of which there are several isoforms which may
E2 transfers ubiquiognized by a receptor onthe organelle surface. The target different types of protein.
transit sequence by default targets proteins to the tin to the E amino group of lysine residues on the
mitochondrial matrix or chloroplast stroma, wherein target protein.Ubiquitin itself then becomes a target
it is cleaved by a specific peptidase. The protein is for ubiquitinization on Lys 46, resulting in a polyutranslocated across outer and inner membranes at biquitinated substrate, which is the signal for
the same time, where they are brought into contact proteasome-mediated degradation.
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Chapter 23

Protein Synthesis
Fundamental concepts and definitions
Proteinsynthesisisthelevel
of geneexpressionwheregeneticinformation
camed as a
messenger RNA (mRNA) molecule is translated into a polypeptide.
The components of the protein synthesis machinery aremRNA, the template which contains
the code to be translated, ribosomes, large ribonucleoprotein particles which are the sites of
protein synthesis, transferRNA (tRNA), versatileadaptor molecules which carry amino acids
to the ribosome and facilitate the process
of translation, and accessory factors associating transiently with the ribosome, required for ribosome assembly and disassembly, and its activity
during elongation.
Like other polymerization reactions, protein synthesis has stages
of initiation, elongation and
termination, each of which may be regulated. The protein synthesis mechanism is similar in
prokaryotes and eukaryotes, but there are subtle differences in the nature
of the components
and their order of assembly. There are major differences, however, concerning the context in
which protein synthesis occurs. In bacteria, transcription and protein synthesis
occur simultaneously in the cytoplasm (allowing cross-regulation between different levelsof gene expression) andmRNA may be polycistronic. In eukaryotes, transcription is confined to the nucleus
and the mRNA is exported to the cytoplasm for translation. Nascent mRNA is extensively
processed before export andis usually monocistronic(see RNA Processing).
Following synthesis, a polypeptide undergoes further processing before becoming active. It
must fold correctly,a process sometimes requiring the assistance
of a molecular chaperone (q.v.).
It may be cleaved, and specific residues may be chemically modified or conjugated to small
. molecules. Such modifications are often associated with the targeting of proteins to specific
compartments in the cell or for secretion. Proteins may need to associate noncovalently with
activity. Fora discussion of these
other proteins or with nonpolypeptide cofactors for full
their
processes, see Proteins: Structure, function and evolution.
23.1 The components of protein synthesis
Messenger RNA.Messenger RNA (mRNA) is the template for protein synthesis. It has two essen-

tial features: an open readingframe (a sequence of translatable codons) and a ribosome binding
site (where the small ribosome subunit binds and the rest of the ribosome assembles). There are
important distinctions between prokaryotes and eukaryotes with respect to the organization of
these sites, and also concerning other aspects of the life of a typical mRNA molecule. These differences and their consequences are summarized below.
(1)In bacteria, transcription and translation occur simultaneously in the samecellular compartment, whereas in eukaryotes, transcription is restricted to the nucleus and RNA must be exported
into the cytoplasm for translation.
(2) Bacterial mRNA has a limited half-life (several
minutes for the most stable transcripts). Some
eukaryote mRNAs are also unstable, but most are stable for hours or even days(e.g. in eggs).
(3) Bacterial transcripts are used directly for translation,
whereas eukaryotic transcripts are
extensively processedand modified beforehand. Processing reactions
include the splicing of introns
and 3' end polyadenylation; both may regulate the efficiency of translation, either directly or by
modulating mRNA stability. A further modification is the synthesis of a 5' end 7-methylguanosine
cap, which has a direct role in ribosome binding. Some transcripts are also edited (q.v. RNA editing).
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(4) Ribosome binding in bacteria depends on a conserved motif in the mRNA which complements part Of the ribosomal 16s rRNA. Binding occurswherever this sequence is found, including
internally, allowing bacterial transcripts to be polycistronic. Eukaryoticribosomes aredocked onto
the mRNA by a protein which recognizes the modified 5' cap. Thereforebinding cannotoccur internally, and eukaryotic mRNAs are almostuniversally monocistronic (some RNAviruses, however,
have managedto circumvent this restriction in order to express genes located on their own -polycistronic -genomes; q.v. infernal ribosome entry site). The structures of typical bacterial and eukaryotic mRNAsare shown in Figure 8.2 (see The Gene).
The broad consequences of these differences
are reflected in the regulatory strategies used bybatteria and eukaryotes. Bacterial mRNA is transcribed, translated and degraded in quick succession,
and the close association of these three processes allows a significant amount of cross-regulation
between different levels of gene expression
(q.v. attenuation, refroregulation).Conversely, in eukaryotes
there is a considerabledelay between transcriptionand translation while the mRNA is first processed
and then exported from the nucleus. Both of theseevents are potential targets for regulation.
Ribosomes. Ribosomes are large, abundant ribonucleoprotein complexesupon whichprotein SF-

thesis occurs. They are found free in the cytoplasm and, in eukaryotes, associated with the membrane of the rough endoplasmicreticulum. Ribosomes mayfunction alone (monosomes) although
it is common to see them in clusters concurrently translating the same mRNA (polysomes).
Polysomes can beextracted from cellsand used to purify mRNA (q.v. poly(A)+ RNA).
All ribosomes comprise twodissimilar sized subunits, the large and small subunits.Each subunit consists of several ribosomal RNAs (rRNAs) and numerous ribosomal proteins(r-proteins).
Their relative sizes are often expressed in Svedberg units (Box 23.2).In E. coli, the 70s ribosome is
composed of a small 30s subunit and a large 50s subunit. The small subunit contains 21 different
proteins (named Sl-S21), and the 16s rRNA. The large subunit comprises 34 proteins (named
Ll-L34) and the 23s and 5s rRNAs. Some proteins are common to both subunits (e.g. L6 = S20).
Eukaryote ribosomes are larger (80s) and contain more components. The small (40S)'subunit comprises 33 proteins and the 18s rRNA whilst the large (60s)subunit contains 50 proteins and three
rRNAs of 28S,5.8S and 5s.The 5.8s rRNA is homologous to the 5' portion of the bacterial 23s rRNA
and forms complementary pairs with the equivalent eukaryotic 28s rRNA. Archaen ribosomes
resemble those of bacteria, but somegenera contain extrasubunits similar to those of eukaryotes.
The spatial organization of the ribosome is complex. rRNA makesup 6045% of the total mass
and is essential for structural integrity and function, adopting complex tertiary and quaternaryconformations by intra- and intermolecular base pairing. The manner in whichproteins interact with
the RNA and each other within this network hasbeen studied in great detail for the E. coli ribosome
using cross-linking and footprinting studies, and structural analysis by neutronscattering and diffraction. Although the primary nucleic acid sequences of rRNAs from different species vary considerably, it appears that most of the secondary structures are conserved, suggesting that all ribosomes share a common organization.
Several domains of the ribosome have particularly important functions during protein synthesis.
The small subunit contains a binding site for mRNA and two major binding sites for tRNA. The
A-site (amino acyl-tRNA site) binds incoming charged tRNAsduring elongation, whilst the P-site
(peptidyl-tRNA site) bindsthe tRNA carrying the nascent polypeptide chain. Bacterial ribosomes
possess athird E-site (exit site) to whichspent tRNAs aredispatched prior to ejection. The largesubunit possesses a petidyltransferase domain, which provides the catalytic activity for peptide bond
formation, and a GTPase domain, whose activities are required for translocation of the ribosome
along the mRNA. The roles
of these sites during protein synthesis are discussed in moredetail below.
Transfer RNA. Before the genetic code (q.v.) was understood, Francis Crick proposed the adaptor
hypothesis to explain how the nucleotide sequence in mRNA could be translated into protein. The
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model predicted the existence of an adaptor molecule whichwould recognize both the nucleic acid
sequence of the message and the appropriate aminoacid, bringing thetwo together at the ribosome.
The adaptor molecule is transfer RNA (tRNA). TheW A S are a relatively homogeneous family of RNA molecules, usually 75-100 nucleotides in length, which areextensively processed during
their production (see RNA Processing). They possess a characteristic secondary and tertiary structure (Box 23.2), most importantly the acceptor stem (to which the amino acid binds) and the anticodon loop (which carries the three nucleotide anticodon that forms complementary base pairs
with codons in the mRNA). Bacterial cellscontain up to 35 different tRNA, andeukaryotic cells up
to 50. This number is lower than the number of possible codons in the genetic code, but greater than
the number of amino acids specified by the code. This indicates that individual tRNAs can recognize more than one codon (reflecting wobble pairing, q.v.), but that different tRNAs may be charged
with the same aminoacids (these are isouccepting tRNA,q.v.).
The tRNAs are charged (conjugated to their corresponding amino acids) by enzymes termed
amino acyl tRNA synthetases. There is one enzyme for each amino acid, and therefore each
synthetase recognizes all its cognate isoaccepting tRNAs. The charging mechanism and its regulation are considered in detail elsewhere (see The Genetic Code).

23.2 The mechanism of protein synthesis
Overview. The initiation stage of protein synthesis includes the assembly of the protein synthesis
components, the positioning of the ribosome at the translation start site, and the placement of the
first amino acid in the polypeptide (Figure 23.2).Initiation ends when the first peptide bond is
formed. In both prokaryotes and eukaryotes, the small ribosome subunit bindsto the mRNA before
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Figure 23.1: Initiation of protein synthesis in bacteria and eukaryotes. In bacteria (left) the smallsubunit
(1) binds to the Shine-Dalgarno (SD)
sequence (2) and recruits the initiator tRNA (3),whereupon the large
subunit binds (4). In eukaryotes (right), the small subunit (1) associates with elF-2-GTP and the initiator tRNIA
,.
to form a preinitiation complex (2)which recognizes the cap-binding protein(CBP) at the 5' cap of the
mRNA, binds, and scans along until it finds an initiator codon in the correct context (3) before the large
subunit binds (4). For clarity, the small ribosomesubunit is shown to span just six bases, although in reality it

spans 30-40 bases, allowing it to interact with the bacterial SD sequence (or the eukaryotic Kozak
sequence) and the initiation codon simultaneously. The A-site and P-site of the ribosome are indicated.
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the large subunit, and bindingrequires a number of initiation factors(IFS), which are released when
the large ribosome subunit is recruited. It is thus the small subunit that recognizes the ribosome
binding siteon the mRNA. The first amino acid is attached to a special initiator tRNA,which has
the unique property of being able to enter the partial P-site on the small ribosome subunit. The
initiator codonis usually AUG; it marks the beginning of the openreading frame andsets the reading framefor the rest of the polypeptide. All other elongator tRNAsenter the mmplete A-& in the
fully assembled ribosome during the elongation stage. Elongation involves a cycle of three reactions
recruitment, transpeptidation and translocation. Each step requires elongation factors (EFs) and
the hydrolysis of GTP provides energy. Thenet effectof the three reactions is totransfer amino acids
from the cytoplasm
onto the nascent polypeptide chain and to shunt the ribosome along the mRNA
in units of three nucleotide residues. Protein synthesis ceases when the ribosome encounters a terminationcodon,where
release factors attachto the ribosome and causethetranslation
machinery to disperse.

-

hitiation in bacteria

-

detailed mechanism.In eubacteria, the 30s ribosomal subunit binds tothe
mRNA only when associated with initiation factor IF3, which stabilizes the structure of the small
subunit andprevents premature interaction with the large subunit. Although IF3 controls the ability of the small subunit to bind to the mRNA, the specificity of the recognition is provided by the
ribosome itself. The ribosome binding site on the mRNA is the Shine-Dalgarno sequence (consensus UAAGGAGG) and formsbase pairs with a complementary sequencein the 16s rRNA of the
ribosome. Theinitiator codon (usually AUG but sometimes GUG or UUG) lies -10 nt downstream
of the Shine-Dalgarno sequence andcorrect positioning of the ribosome aligns the initiator codon
with the P-site of the ribosome subunit.
The initiator codon specifies the amino acid methionine. There are two tRNA carrying methionine in E. coli. One (tRNAPt) specifically recognizes initiation codons and the other (tRNAmMet)
recognizes internal AUG codons (internal GUG and UUG codons are recognized by tRNAVa1and
tRNALeU, respectively). Once theinitiator tRNA has been charged, the methionine is modified by
formylation of the amino group. The signal for this may be unpairedresidues in the terminal position of the double-stranded acceptor stem, which are paired in elongator tRNAs (methionyltRNAmMetcannot be formylated). Thissignature also prevents the initiator tRNA entering the ribosomal A-site during elongation, and the modification, since it blocks the amino group, prevents N formylmethionine formingpeptide bonds with upstreamresidues. The initiator tRNA is recruited
to the P-site of the small ribosomesubunit duringinitiation. The Psite provides a special molecular
environment which allows access only to the initiator tRNA, and not to the elongator tRNAs. The
specificity of the initiator tRNA is conferred by three G:C base pairs in the anticodonstem, which
are absent from elongator W A S . N-formylation is not required for initiator specificity - initiator
tRNAs containing ordinary methionine are as efficient as correctly modified initiators.A degreeof
wobble (q.v.) in the third anticodon position allows AUG, GUG and UUG to act as initiators, but
t R N A P t recognizes these codons with diminishingefficacy; thus the choice of start codoncan be
used to establish a constitutive control over the efficiency of the initiation of protein synthesis.
The initiator tRNA is carried to the P-site by IF-2 in the presence of GTP. IF-l then binds to the
complete initiation complex to stabilize it. All initiation factors are released when the 50s subunit is
recruited. This process requires the hydrolysis of GTP to provide energy.

-

detailedmechanism. Eukaryotic and bacterial initiation mechanisms are
similar, the major differences reflectingthe order of assembly of the components, the larger number
of eukaryotic initiation factors, and that normal methionineis used both for initiation and elongation in eukaryotes. Thus the initiator and elongator methionyl-tRNAs (tRNAimetand tRNAmmet,
respectively) carry identical amino acids and differ only in the structure of the tRNA itself.
In eukaryotes, the small ribosomesubunit is unable to bind to the mRNA without first becoming
associated with the initiator tRNA. A ternary complex of tRNAimet, eIF-2and GTP bind the small

hitiation in eukaryotes
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subunit to form the preinitiation complex, which then associates with the mRNA. The ribosome
binding site is defined by the initiation codon, although the sequence context surrounding this may
be important and is known as the Kozak consensus (ACCAUGG). Initially, the preinitiation complex binds atthe 5' 7meG cap structure and scans along themRNA to find the first available initiation codon. Several initiation factors are required for this process, including a cap binding protein
(eIF-4F), eIF-3, eIF-4Aand eIF-4B. The cap bindingprotein facilitates initial binding of the 40s subunit. eIF-4A and 4B cooperate to removesecondary structure from the 5' untranslated region (UTR),
then these and eIF-3 assist 40s subunit bindingto form the initiation complex. The largesubunit is
associated with a further initiation factor, eIF-6. Bindingof the large subunit to the initiation complex involves the loss of eIF-2 and eIF-3 fromthe preinitiation complex and the loss of eIF-6 from the
large subunit, a processmediated byeIF-5. Initiation factors eIF-2 and eIF-6 are both antiassociation
factors: they prevent ribosome subunits interacting in the cytoplasm. Theother initiation factors disassociate fromthe ribosome as the large subunit binds, a processrequiring GTP hydrolysis.
The elongation cycle.The elongation cycle, essentially identical in bacteria and eukaryotes, occurs
in three stages - recruitment, transpeptidation and translocation (Figure 23.2).
Following initiation, the initiator aminoacyl-tRNA occupies the ribosomal P-site and the next
codon is aligned with the A-site. The first elongator aminoacyl-tRNA enters the A site and its
anticodon pairs with the codon, a recognitionmediated by anelongation factor (EF-Tu in bacteria,
eEF-1 in eukaryotes, each associatedwith GTP).
The peptide bond joining the initiator tRNA in the P-site to methionine is then broken and a new
peptide bond is formed between methionine and
the amino acid occupying the A-site. Theinitiator
tRNA is discharged. This transpeptidation reaction is mediated bythe peptidyltransferase activity
of the large ribosomal subunit. The GTP associated with EF-Tu (or eEF-1) is hydrolyzed and the
elongation factor is ejected. EF-Tu/GDP is inactive, and the nucleotide is displaced by a second
elongation factor EF-Ts, which is itself displaced by GTP.EF-Tu can now be reused. There appears
to beno counterpart to EF-Ts in eukaryotes, although eEF-1 is an aggregate of several polypeptides,
one of which may perform the function of EF-Ts.

+GDP

Figure 2 3 . 2 The elongation cycle of protein synthesis. (1) Recruitment: a charged tRNA enters theribosomal
A-site. (2)Transpeptidation: the peptide bond joining the amino acyl residue to the P-site tRNA is transferred
(3)Translocation: the spenttRNA is ejected from the P site
to the amino acyl residue occupying the A-site.
and the ribosome translocates three bases downstreamon the mRNA, shifting the A-sitetRNA to the P-site
and aligning the next codonwith the A-site, ready for recruitmentof the next charged tRNA. The A-site and
P-site of the ribosome are indicated.
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Figure 2 3 . 3 Termination of protein synthesis. When the ribosome encountersa termination codon,a release
factor binds in the A-site.This releases the nascent polypeptide from the peptidyl-tRNA in the P-site and
disassembles the ribosome, allowing the componentsof protein synthesis to be recycled.

The next stage is translocation. The initiator tRNA occupying the P-site is ejected (in bacteria it
is moved to a further ribosomal domain termed the E-site, whereas in eukaryotes the tRNA dissociates from the ribosome). The methionyl residue is thus tethered to the amino acid occupying the
A-site by a peptide bond, and the
tRNA in the A-site is now referredto as the peptidyl-tRNA. The
ribosome then translocates three bases along the mRNA while the peptidyl-tRNA remains associated with its codon. The peptidyl-tRNA is thus transferred to the P-site and the mRNA moves
through the ribosome so that the next codon is aligned with the A-site. Thegeometry of the translocation step depends upon themRNA-tRNA interaction: mutant tRNAs with four base anticodons
cause four base translocations, resulting inframeshifting orfiumeshif suppression (q.v.). Translocation
requires a secondelongation factor (EF-G in bacteria, eEF-2 in eukaryotes, also associated with GTP)
and involves GTP hydrolysis. In E. coli and some other bacteria, translocation also requires a free
rRNA species, 4.5s rRNA, whose role is unclear.
Termination of pmtein synthesis. Termination occurs when the ribosome encounters one of three
termination codons (q.v.). These usually have nocognate tRNAs,and translation ceases (however,c.f.
selenocysteine insertion, nonsense suppressors).The completed polypeptide is released and the tRNA,
mRNA and ribosomal subunits disperse and are recycled forfurther translation events (Figure 23.3).
Termination requires a number of protein release factors (RFs) which bindin the A-site and recognize the nonsensecodons,These
facilitate the release of thepolypeptidefromthelast
peptidyl-tRNA, the ejection of the discharged tRNA from the ribosome, and the disassembly of the
ribosome. In E . coli there are two release factors recognizing differentpairs of termination codons:
RF1 recognizes UAA and UAG, whereas RF2 recognizes UAA and UGA. Each is assisted by a third
factor, RF3. In eukaryotes, a single GTP-dependent factor (em) recognizes all three termination
codons, but not with the same efficiency. Readthrough may therefore occur, especially at weak
termini, reflecting competition between release factors and tRNA. The misreading of termination
codons is an importantaspect of translational regulation (discussed below)and may be influenced
by secondarystructure in the mRNA.

23.3 The regulation of protein synthesis
Constitutive contml of protein synthesis. The efficiency of protein synthesis is under constitutive

control, but mayalsoberegulated

either globallyor

at the level of individual transcripts.
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Constitutive levels of protein synthesis are dependent upon
mRNA structure and reflect such factors
as mRNA stability, the sequence and context of the ribosome binding site, the presence of secondary
structure, thechoice of initiation codon, and codon bias throughout the open reading
frame.
Secondary structure and the choice of termination codon also permit a group of regulatory
phenomena collectively described as programmed misreading, where the normal interpretation
of
the sequenceof codons is suppressed. Examples of programmed misreading include readthrough,
selenocysteine insertion, and frameshifting. Readthrough occurs at weak termination codons (i.e.
termination codons where release factors are limiting), and there is competition between release
factors and tRNAs with tolerable anticodon sequences. Selenocysteineinsertion occurs at thetermination codon UGA, and requires a secondary structure, the selenocysfeine insertion sequence (q.v.).
Frameshifting or recoding
occurs when theribosome pauses at a secondary structure or rare
codon,
shifts forwards or backwards
by a single nucleotide, and continues translation
in a different reading
frame. This can be used to change the reading frame midway through translation(e.g. in the retroviral pol gene) to induce early truncation (e.g. the M S 2 lysis gene) or to prevent truncation and
extend a gene product (e.g. in theE. coli dnaX gene).
In bacteria, the operon environmentallows a novel form of translational regulation where the
translation of downstream genes is dependent on the translation of upstream genes in a polycistronic message. Thespacing of the individualopen reading frames is important.Where the space
between successive open reading frames is greater than approximately 30 nucleotides, translation
begins with discrete initiation events and each locus is independent. If there is a shorter gap, the
ribosome can reinitiate by bridging the open reading
frames, i.e. without first dissociating from the
template. The initiation signal is different from the normal SDsequence, and spontaneous
assembly.
of ribosome subunits in the typical manner occurs with low efficiency. A mutation whichblocks or
interrupts translation of the upstream gene therefore also effects translation of the downstream
gene; this istermed a polar mutation (e.g. q.v. lac operon).
The translation of eukaryotic mRNA is usually cap-dependent andfacilitated by scanningfor the
first initiator codon. The picornavirus family provides an exception, in that the genomes contain
internal ribosome entry sites
(IRES), i.e. motifs which form secondary structuresallowing internal
initiation of protein synthesis. Internal initiation is not dependent upon the cap-binding protein
eIF4F, and occurs when this protein is inactive (the picornaviridae block host protein synthesis by
inhibiting eIF-4F as partof their infection strategy).However, no viral proteins are
required for IRES
function, i.e. initiation is dependent upon other host initiation factors. Internal initiation may also
occur for certain cellular transcripts, including Drosophila Anfennapedia and mouse
The abundance of IRES motifs and their significance in the control of gene expression is unknown; they have
been defined in functional terms and appear to share noconserved structural features.

fs.

Gl~balregulation of protein synthesis.The components of the 'basal apparatus' of protein synthesis (theinitiation, elongation and termination factors, and the components of
the ribosome) may be
regulated and may exercise a global control over protein synthesis. For example,several eukaryotic
viruses shut down host protein synthesis by phosphorylating the initiation factor eIF-2, and this
strategy may also be usedby the cell itself where global repression of protein synthesisis required
(e.g. when cells are subjected to heat shock). Phosphorylation of eIF-2 in S. cerevisiae allows leaky
scanning, where the ribosome can skip weak initiators and bind to strongones. This lifts translational repression of genes such as GCN4, where there are several unproductive AUG codons
between the cap and the
definitive start codon on the mRNA. When eIF-2 is unphosphorylated, the
ribosome attempts to initiateprotein synthesis at thefirst AUG, which is followed by an in-frame
termination codon.

Narrow domain regulation of protein synthesis. The translation of specific mRNAs can also be

regulated individually. Well-characterized examples include the mammalian ferritin mRNA and
ribosomal protein W mRNA in E. coli.
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In the ferritinsystem, translation of ferritinmRNA is blocked when the concentration of intracellular iron is low. The inhibition
depends upon iron-response elements( I R E S ) in the transcript,
and is mediated
by IRE-bindingprotein, which is inactivated
in the presence of iron. The ferritin
IRE
is present in the 5’ untranslated region of the transcript and
IRE-BP binding inhibits protein
synthesis by preventing ribosomescanning. In the ferritinmRNA, IREs are n o t associated with AUrich mRNA instability sites and do not
affect mRNA turnover, as is the case for transferrin receptor
mRNA (see RNA Processing).
The W system represents a feedback control for the synthesis of ribosomal components.
Ribosomal proteinS8 binds toa stem loop structure formed
by residues 588-651 of the16s rRNA.
A similar structure is formed
by the 5’ untranslated region and the 30
first
bases of the coding regio
of the W ribosomal proteinmRNA. Protein S8 binds toW mRNA (albeit with lower efficiency than
does 165 rRNA) and inhibits protein synthesis. Excess 16s rRNA sequesters all theS8 protein and
thus derepresses W translation, whereas if 16s rRNA is limiting (and there istherefore n o need for
W translation), the excess S8 protein preventsW translation.
A final example of specific translational regulation is provided
by antisense RNA (q.v.). This is found
mainly in prokaryote systems (e.g. in the control ofQ protein synthesis inbacteriophage h, in the control of plasmid replicationgenes, and in the control oftransposase synthesis in various transposons,
see Viruses, Plasmids, Mobile Genetic Elements), but also in eukaryotes (e.g. in the control ofFgf-2 synthesis in the chick limb bud). More recently, antisense suppression of translationhas been usedas a
strategy to blockgene function without in vitro or targeted mutagenesis allowing the effects of nullphenotypes to be determined without
gene disruption (q.v. transgenic organisms, gene therapy, cosuppression).

Box 23.1: Measuring the mass of macromolecules
Relative molecular mass. The mass of a molecule
is often represented as a relative molecular mass
(Mr),which is its mass relativeto that of onetwelfth
of a carbon atom (one atomic mass unit or one
dalton). Thus the mass of macromolecules such as
proteins and nucleic acids is often stated in kilodaltons (kD,kDa), which areequivalent to 1000
atomic mass units. The M, of a molecule can
be
determined theoreticallyby adding together the M,
of each atom, or empirically by sizing against markers of known mass (e.g. by gel electrophoresis).

sedimentation coefficient determined by ultracentrifugation. This is measured in second(s)and
reflects the rate ofsedimentation in aunitfield.
Sedimentation coefficients for macromolecules
tend
to lie within the range lxlOl3 to 2xlOl5, with
lX 1 013 sec equivalent to one Svedberg unit (S).
Svedberg units are often usedto express the mass
of ribonucleoprotein particles and RNAmolecules
such as ribosomal RNAsand ribosomesubunits
(also q.v. spliceosome, signal recognition particle).

Conversions. Using the sedimentation coefficient,
Nucleic acids. Nucleic acids, which are often larger M, can be determinedas follows:
thanproteins, areusuallymeasured
in terms of
the number of nucleotide subunits they contain. The
RTs
M, =size of single stranded nucleic acids
is expressed as
4 1 - VP)
bases (b) or nucleotides (nt) (which are the same),
or for larger molecules, kilobases (kb). The size of where R is the gas constant, Tis the temperature, S
double-strandedmolecules is expressedas base is the sedimentation coefficient, D is the diffusion
pairs (bp), kilobase pairs (kbp)or, for large DNA constant, v is the partial specific volume andp is the
molecules such as chromosomes, megabase pairs density of solvent. As a rule of thumb, the average
(Mbp).Themonomersofnucleicacidsaremore
M, of one base pair of DNA is taken to be 650 Da,
evenly distributed and more homogenous in weight and that of one base ofRNA 335 Da. These arethe
compared with those of proteins, and thusthe rela- average values for nucleotide subunits and include
tive molecular mass can be derived from length in
one phosphate group per nucleotide residue. They
bases or base pairs bases with reasonable accuracy.
can be used to estimate lengths in bases or base
Svedberg units. The mass of macromolecules and pairs from M, or Svedberg units and convert length
cell components can also be estimated from their measurements into M,.
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)ox 23.2: The structure andfunction of tRNA (also seeNucleic Acid Structure)
jrimary structure. All tRNAs are of similar length,
'5-100 nt, and possess up to 10% modified and
rypermodified bases. About 20% of the bases in
RNA are invariant or semi-invariant (i.e. the type
If base purine or pyrimidine is conserved) and
)lay an essentialrole in the adoption oftertiary
structure or interact with other components of the
ranslation machinery. More than half of the bases
ire variable but form intramolecular complementary
lase pairs. Forthese bases, the ability to form pairs,
,ather than the specific base itself is an important
jeteminant of tRNA structure and function. Other
rariable bases are found in unpaired loops, includng the anticodon loop. Some variable bases give
?ach tRNA a specific signature recognized by the
mino acyl-tRNA synthetases (q.v.). In some tRNAs,
:he anticodon loop plays a rolein this specificity, but
n others external residues alone are involved and
substitutioncan switch the identity of the tRNA,
:ausing it to be charged incorrectly and
to introduce
:he incorrectaminoacidevery
time its particular
:odonarises. In some cases, this identity can be
ssolved to a single base pair (e.g.tRNAAla).The
mticodon alone,however,is
responsible for the
specificity of translation:iftheaminoacidona
:hargedaminoacyl-tRNAis
chemically modified,
:he modified amino acid is inserted in the nascent
Dolypeptide.Thus,
likeimmunoglobulins, tRNAs
lave common effector functions mediated by constant residues and idiosyncratic functions (interactions with amino acyl-tRNA synthetases and interaction with mRNA) mediated by variable residues.
The remainder of the bases in tRNA appear to be
expendable: some of these occurin the D-loop, but
most in the extra arm (see below).

-

-

-

Secondarystructure
thecloverleafmodel.
Several regions ofhyphenated dyad symmetryin
the tRNA primary sequence allow the formation of
four double-stranded stems.The ends of the tRNA
pair to form the acceptor stem, which contains an
invariant 3' terminal CCA motif.Duringcharging,
amino acids are attachedto the terminal adenosine
residue of this motif, either to the 2' or 3' hydroxyl
group (q.v. amino acyl-tRNA synthetase). The internal residues of the tRNA fold to form three major
loops: theW C loop, so-called because of
its invariantsequence GWCRANYC (Y is the modified
residue pseudouridine); the D-loop, so-called
because it often containsthe modified residue dihydrouridine; the anticodon loop, which carries the
three-nucleotide anticodon sequence
that pairs with
codons in the mRNA.Thereare
4-5 residues

between the W C arm and the anticodon arm in
class 1 tRNAs. This may expand to form an extra
arm in class 2 tRNAs, the largest secondarystructure in the molecule, containingup to 25 bases. The
function of the extra arm is unknown.
3'

A

\OR

R

Anticodon

Consensus structure of tRNA. Invariant and semi-invariant bases are identified, variant bases are shown as circles.
Underlining indicates a base is usually modified, although
the type of modification vanes. V is psuedouracil. AKOWS
indicate the positions where extra bases may be inserted,
whichintheD-loopinclude
the modified base dihydrouracil.Theshadedbasesareimportantininitiator
tRNAs, where the anticodon stem carries three consecutive
G:C base pairs and the acceptor stem terminal bases are
unpaired.

Tertiary structure. The tertiary structure of several
transfer RNAs have been solved by X-ray crystallography.Themolecules
adopt a compact, Lshaped conformation with the W C and acceptor
stems forming one continuousdouble helix and the
D loop and anticodon loop forming another. These
helices are held perpendicular to each other, with
the W C loop and D-loop forming a rigid core and
the acceptor stem and
anticodon loop forming flexible arms atopposite ends of the molecule.
Nomenclature.EachtRNAmolecule
is named
according to its cognate amino acid usingthe threeletter designation, e.g. tRNAlle is the tRNA carrying
isoleucine. lsoaccepting tRNAs are given numbers,
tRNAlle2.
e.g.The
nomenclature
of
the
initiator tRNAs is different, and,is discussed in the
main text. Amino acyl-tRNA synthetases are named
Continued
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Chapter 24

Recombinant DNA and Molecular Cloning
Fundamental concepts and definitions
0

Recombinant DNA is generatedin vitro by covalently joiningDNA molecules from different
sources. The technology associated with the construction and application
of recombinant DNA
is referred to as genetic engineering, gene splicing or gene manipulation.
The basis of recombinant DNA technology is a key
of enzymes
set
and techniques which allow
DNA to be manipulated and modified precisely. The major enzymes used are listed inTable
24.1. The most fundamental techniques include:
(i) cutting DNA with sequence-specific bacterial endonucleases (restriction endonucleases) to generate defined
DNA fragments, and using
the enzyme DNA ligase to join them; (ii) separating nucleic acids on the basis of size by
gel electrophoresis; (iii) detecting specific sequences in complex mixtures by nucleic acid
hybridization; (iv) introducingDNA into cells; and (v) amplificationof specific DNA molecules, either by molecular cloning or using the polymerase chain reaction.
In cell-based molecular cloning, theDNA fragment of interest is amplifiedin v i m in a population of proliferating cells. ADNA molecule is unableto replicateif it lacks anorigin ofreplication (q.v.) so this is provided by a cloning vector, a genetic element derived from a plasmid
or virus which is exploited to carryDNA
extra
(donor, foreign,insert or passengerDNA). The
This is introdonor and vectorDNAs are covalently joined, producing a recombinant vector.
duced into host cells, and replicates as the cells proliferate, producing many copies (clones)
of
the donorDNA. The recombinant vector is episomal and can therefore be separated from chromosomal DNA on the basisof its unique physico-chemical properties, and this facilitates the
recovery of large amountsof cloned donorDNA from bulk cultures.
The alternative techniqueof in vitro DNA amplification using the polymerase chain reactionis
quicker and easier than molecular cloning and
is extremely sensitiveand robust. However, only
be amplified bythis method and theenzymes used tend tobe less
relatively short sequences can
accurate than those found in cloning hosts, leading to some heterogeneity in
PCR p d u c t s .
Additionally, no previous knowledge of the donor DNA sequence is required for molecular
cloning, whereas thePCR requires primers designed to anneal at sites flanking a specific DNA
target. The PCR not
is discussed further thin
ischapter (see The Polymerase Chain Reaction (PCR)).
The DNA inserted into a vector for cloning arises from either a primary or secondary source.
A secondary source is a previously isolated
DNA clone, the donor DNA being isolated from
within that clone for further manipulation, in a procedure known as subcloning.
On the other
hand, primary cloning is the isolation
of donor DNA from is original or primary source, which
is either whole genomic
DNA or a populationof cDNAs. Although it is occasionally possible
to isolate a particular cDNA or genomicDNA fragment directly from a source of low complexity, primary cloning usually requires aDNA library, a representative collection of all the
DNA fragments from a given source cloned in vectors. The desired clone must be isolated fro
this library by exploiting some unique property
of the donorDNA, e.g. its sequence, or a structural or functional property
of the protein it encodes. This process is known as screening.
Once a particularDNA clone has been isolated, it may be exploited
in a great number
of ways.
However, research applications fall into one or more
of the following broad categories, which
are discussed in more detail below: (i) characterizationof gene and genome structure, andof
gene expression; (ii) physical gene mapping and positional cloning (see Gene Structure and
Mapping); (iii) expression cloning; (iv) functional analysis
of genes and their products, andof
regulatory elements; (v)in vitro mutagenesis; and (vi) gene transfer and transgenesis.
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Table 24.1: Principle enzymes usedto manipulate DNA in vitro, with their activitiesand major applications

Enzyme

applications
andproperties
Principle

Klenow Fragment (part of
E. co/i DNA polymerase I;
see Replication)
T4 DNA polymerase

T7 DNA polymerase
Thermostable DNA polymerases
(e.g. Taq DNA polymerase)
Reverse transcriptase
RNA polymerase (l7,T3, SP6)
Restriction endonucleases
S1 nuclease, mung bean nuclease
RNaseA
DNase I
T4 DNA ligase
Calf intestinal alkaline
phosphatase
T4 polynucleotide kinase
Terminal deoxynucleotidyl
transferase

Lacks 5’+3’ exonuclease activity
Used for general DNA synthesis purposes, e.g. labeling by random
priming, end-filling, second-strand cDNA synthesis, primer
extension
Active 3’+5’ exonuclease activity
Used for replacement labeling, generatingblunt-ended DNA
Rapid and highly processive.
Modified version, Sequenase, lacks5’+3’ exonuclease activity and
is used for DNA sequencing
Function at elevated temperatures
Used for PCR, and applications where DNA secondary structure is
problematical
RNA-dependent DNA polymeraseactivity
Used for first strand cDNA synthesis, RNA sequencing
DNA-dependent RNA polymerase with strong promoter-specificity
Used for in vitro transcription, RNA labeling
Sequence specific DNA endonucleases, over 1000 commercially
available
Used for clone mapping and preparing
DNA fragments
Single-strand-specific DNA endonuclease.
Used for mapping DNA:RNA hybrids, cleaving single-strandedDNA
General RNA endonuclease
Used to remove contaminatingRNA from DNA
General DNA endonuclease
Used to introduce nicksinto DNA and remove contaminating DNA
from RNA
Generates phosphodiesterbonds
Used for ligation of cohesive and blunttermini
Removes 5’ phosphate groups fromDNA and RNA
Used to block self-ligation andfor 5’ end-labeling
Adds 5’ phosphate groups to DNA and RNA
Used for 5’ end-labeling
TemDlate-indeoendent DNA polymerase
Used for 3‘ end-labeling, tailing

24.1Molecularcloning

Principles of molecular cloning.Molecular cloning is inanvivotechnique for producing large quan
tities ofa particular DNA fragment. Essentially, there arefour steps in the procedure(Figure 24.1):
(i) construction of a recombinant vector, which involves cutting, modifying and joining donor
and vectorDNA in vitro;
(ii) introduction of the recombinant vector into
a suitable hostcell;
(iii)selective propagation of cells containing the vector (this is the cloning
step);
(iv) extraction and purification of the cloned
DNA.

Cuffing, modirjring and joining DNA molecules. DNA can be cleaved randomly by a number of
mechanical, chemical or enzymatic
methods, the extent of the treatment governing average
the
size
of fragment produced
(Table 24.2). While such methods may be useful for generating random, o
lapping fragments of genomic DNA, the only way to generate precise and defined fragments is
to use restriction enzymes (Box 24.1), bacterial endonucleases which recognize short specific
nucleotide sequences termed restrictionsites. Most class I1 restriction enzymes recognize restriction
sites with dyad symmetry, and cleave phosphodiester bonds at the
same position in the halfrecognition sequence o n each DNA strand. A few enzymes cleave at the axis of symmetry and produce
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Figure 24.1: The principle of molecular cloning. The donorDNA to be clonedis ligated into a vector,
generating a recombinant molecule. This
is introduced into host cells andthe cells are spread on a solid
medium. The recombinant vector replicates as
the cells proliferate, and clones canbe identified as colonies
or plaques. Individual clones arepicked and placed into liquid culture, from which large quantities of
homogenous recombinantDNA can be isolated.

Table 24.2: Sources of DNAfor cloning and strategiesfor cutting, modifying and joining
DNA moleculesto generate recombinant vectors
Sources of DNA for cloning:
Genomic DNA
cDNA
Previously isolated clone (subcloning)
PCR product
Chemically synthesized oligonucleotide
Mechanisms of DNA cleavage:
Random cleavage by mechanical shearing
(e.g. sonication, vortexing), chemical treatment(e.g. acid/alkali
hydrolysis), or nonspecific endonucleases+ ragged fragments
Precise cleavage using sequence-specificrestriction endonuclease + blunt orsticky fragments
End modification strategies:
End-filling and trimmingwith T4 DNA polymerase + blunt fragments
Partial end-fillingwith Klenow DNA polymerase + alternative sticky fragments
Addition of linkers followed by restriction enzyme digest + sticky fragments
Addition of adaptors + sticky fragments
Mechanisms of DNA joining:
Ligation of cohesive termini
Ligation of blunt termini
Homopolymer tailing
See also Table 21.1 for PCR subcloning strategies.
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Incompatible Hind ID fragment

Figure 24.2 Cutting, modifying and joining DNA.(a) Thesequence GAAlTC is the recognition site for the
restriction endonuclease EcoRI.It has dyad symmetry (i.e. the sequences on each strand read the same
in
the 5’+3’ direction) but the cleavage sites(small arrows) are displaced from theaxis of symmetry (dashed
line) so that four-nucleotide 5‘ overhangs are generated, i.e. cohesive termini.(b)These can associatewith
foreign DNA fragments (black strands) bearing the same termini, facilitating covalent joining
of the strandsby
DNA ligase to generatea recombinant molecule. (c) If the foreign DNA has incompatible ends, one strategy
is to blunt both fragments with T4 DNA polymerase and then join them. Otherstrategies for joining
incompatible molecules are discussedin the text.

blunt-ended fragments, but most cleavagesites are displaced from the axis of symmetry,so that the
fragments produced have complementary single-stranded overhangs (cohesive or sticky ends)
(Figure 24.2).By hydrogen bonding, these can associate with the ends of other DNA fragments
generated by the same enzyme (or one with the same specificity). The base pairing between the
overhanging ends holds
the terminal residues of each fragment inadjacent positions allowing them
to be efficiently joinedby DNA ligase (Figure 24.2).
The simplest strategy for cloningis thus to cut the donor andvector DNAwith the same restriction enzyme andjoin them with DNA ligase. However,this allows the vectorto reclose without an
insert, generating a high backgroundof nonrecombinant vectors. There are two procedures which
prevent vector self-ligation: (i)
the open vector can be dephosphorylated using
the enzyme alkaline
phosphatase - the 5’ phosphate groups at each end of the linearized vector are required for ligation and if these are removed, the vector cannot reclose unless 5‘ phosphate groupsare provided by
a bridge of donor DNA; (ii)the vector and donor can be prepared using
a pair of restriction enzymes
which generate incompatible ends -the vector cannot reclose unless the gap is bridged by an
insert
prepared using the same enzymes. A further advantage to the second strategy is that the orientation
of the insert can be predicted(directional cloning).
In many cases, compatibleends are not available for ligation(e.g. where donor andvector must
be cut with incompatible enzymes,where the donor DNA is randomly sheared and thus has ragged
ends, or where the donor is cDNA). Under these circumstances,there are alternative joining strategies which involveDNA end-modification (Table 24.2).One common method is to make allthe fragments blunt-ended byfilling or trimming overhangingtermini. Bacteriophage T4 DNA polymerase
performs bothfunctions, and is routinely used
to generate blunt fragments. Bluntend ligation is less
efficient than sticky end ligation and is nondirectional,but the efficiency ishigh enoughfor mostsubcloning applications. Anotherstrategy is to add linkers or adaptors to the ends of the donor and/or
vector DNA. Linkers are doublestranded oligonucleotides which, in this case, contain restriction

Recombinant DNA andMolecularCloning

327

sites. These canbe ligated onto blunt donor DNA, which is then digested with a restriction enzyme
to generate cohesive fragments suitable for ligation. Adaptors are predigested linkers. Ligation of
adaptors to a blunt donor DNA generates a fragment ready for ligation without prior restriction
endonuclease treatment; this is useful where the donor DNA has an internal site for the restriction
donor andvector noncovalentlyby homopolymer
endonuclease beingused. It is also possible to join
tailing. Blunt or ragged donor DNA is extended (tailed) by addingnucleotides tothe 3' end of each
strand using the enzyme terminal deoxynucleotidyl transferuse (q.v.). If only one type of nucleotide is
be added
used in the reaction, homopolymer tails are formed. A complementary homopolymer tail can
to the 3' end of each strand of the linearized vector.When the two are mixed, base pairing between
the tails forms a relaxed circle. This can
be transformed into bacteria and is repaired in vivo.
Cloning vectors. Molecular cloning involves the amplification of donor DNA by replication in a
host cell. However, sincedonor DNA generally lacks an origin of replication, it must be joined to
a suitable replicon to facilitate cloning. Such a repliconis termed a cloning vector, and is a derivative of aplasmid, virus or chromosome. Ideal cloning vectors display the following properties:
(i) they are episomal, i.e. they are not integrated into the host genome, so they can be separated
easily frombulk chromosomal DNA;
(ii) they replicate autonomously, and to a high copy number, thus facilitating the amplification of
any foreign DNA they carry;
(iii) they allow vector-carrying cells to be selected over those lacking vectors;
(iv) they allow cells carrying recombinant vectors to be selected over those carrying nonrecombinant vectors;
(v) they are versatile, with convenientlyplaced unique cloningsites, and ancillary functions
enabling them to be used for downstream manipulativeapplications after cloning.
Naturally occurring plasmids andbacteriophages make poor vectors because they lack cloning
versatility. An important initial step in vector development wasthe construction of plasmids with
unique restriction sites (cloning sites), allowing the insertion of donor DNA at a specific position
without loss of vector sequence. Ideally, thesesites are placed within a selectableor visible marker
gene to facilitate recombinant selection
by insertional inactivation. Mostvectors in current use have
a multiple cloning siteor polylinker, a cluster of unique restriction sites which provide a convenient position for the introduction of donor DNA prepared using a variety of enzymes.
Alternative vectorsystems are used for cloning different sized DNA fragments for differentpurposes (Table 24.3). General purpose plasmidvectors are used for subcloning and downstream manipulations because they are small, easy to handle and extremely versatile. Plasmid vectors carry
markers allowing the selection of transformed cells, which form colonies on selective media.
Bacteriophagehvectors are used forDNA library constructionbecause they have a greater
capacity than plasmids, they are more stable in long-term storage, and plaques are easier to screen
than colonies. Cells carrying phage are not selected as such, it is the phage themselves which are
selected on the basis of their ability tolyze bacterial cellsand thusform plaques onbacterial lawns.
A number of vectors also exploit features of both phageand plasmids. Cosmids are plasmids carrying a h cos site, allowing them to be packagedinto phage heads. The basic cosmidis very small, so
these vectors can accommodate large donor DNA fragments andare used for genomic library construction and contig mapping(q.v.). Phagemids are plasmids carrying the bacteriophage M13 (or similar) origin of replication, which allows the plasmid to replicate as a single-stranded DNA phage
when appropriate phage functions are supplied in trans. These vectors are used to produce singlestranded DNA forapplications such as sequencing, in vitromutagenesisand probe synthesis. Finally
phasmids are composite h-plasmid vectors, basically h insertion vectors containing an entire plasmid. Such vectors, e.g.ZAP, are extremely versatile, allowing cDNA libraries to be constructed in
phage vectors but excised as plasmids for easy downstreammanipulations, without subcloning.
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Table 24.3 Principle features and applications
of different cloning vector systems
Generalpurpose cloning vectors
Plasmid vectors
Basis: naturally occurring multicopy relaxed plasmids,
Most Contemporary plasmid vectors are basedon the
ColEl replicon (see Plasmids)
lntroduction into host Transformation of naked plasmidDNA, either by chemically assisted transformation,
electroporation orlipofection
Vector Selection: vectors carry dominant selectable marker genes,
e.g. antibiotic resistance markers,
allowing vector-containing cellsto form colonies on selective media
Recombinant selection: usually by insertional inactivation of selectable or visible marker
Size of donor DNA: 0-20 kbp, although inserts above
5-10 kbp are unstable
Major applications: subcloning and downstream manipulation, cDNA cloning and expression
Comments: most plasmid vectorsare high copy number vectors, which facilitates amplification ofthe donor
DNA. Occasionally, cloned DNA may affect the host cell, e.g. by titrating out host-encodedtranscription
factors etc., and a number oflow copy number vectors have been designedto clone sequences which
cause dosage sensitivity(poison sequences). Some low copy number vectors provide inducible
control of
replication, so that a burst of plasmid synthesis can occur when
cell numbers have increased sufficiently
(runaway vectors).Many improvements have been made
to plasmid vectorsto increase their versatilityin
downstream applications. Transcription vectors incorporate bacteriophage promoters flanking
the
multiple cloning site and allowthe production of sense and antisenseRNA by in vitro transcription.E. coli
promoters can be includedto facilitate protein overexpression, and insertion in-frame
with an upstream
gene fragment allows the production of fusion proteins and proteins targeted for secretion
(q.v. expression
cloning). Reporter genes(q.v.) can be incorporatedto allow analysis of regulatory elements. Origins
of
replication from other species allow replication and maintenance
in E. coli and a foreign host(q.v. shuttle
vector). Also q.v. phagemids, below
Phagemid vectors
Basis: plasmid replicon with additional bacteriophage M1 3 (or similar) origin
of replication
lntroduction into the host: as for plasmids
Vector selection: asfor plasmids
Recombinant selection: as for plasmids
Size of donor DNA: as for plasmids
Major applications: production of single-stranded DNA
Comments: Originally, single-stranded DNA virusessuch as M13 andf l were usedto generate singlestranded recombinant DNA for sequencing, probe synthesis, etc. These phages were poor vectors,
however, lacking dispensible genes and unstable with even moderately sized inserts. The phage origin
allows the plasmid to replicate as a single-stranded DNA phage genome if phage functions are supplied
in
trans by a helper phage. Phagemids thus combine
the versatility of plasmidswith the abilityof the phage to
generate ssDNA
Bacteriophageivectors
Basis: Bacteriophage h
lntroduction into host: transfection of naked phage
DNA or in vitro packaging of recombinant phage
into h.
capsids followed by transduction of donor
DNA through natural infection route
Vector selection: lytic phage form plaques on bacterial lawns
Recombinant selection: insertion vectors- by insertional inactivation of visible marker (interruption
of c l
gene prevents lysogeny and therefore phage
form clear rather thanturbid plaques; contemporary vectors
carry lyacZ gene allowingbluewhite selection), Replacement vectors- Spi- phenotype(loss of
sensitivity to P2 infection) caused byloss of gam and red loci on central 'stuffer fragment'. Positive
selection for large insert size
(hcannot form plaques if genome falls below75% wild-type size)
Size of donor DNA: insertion vectors- 0-1 0 kbp; replacement vectors4-23 kbp. Insert size range defined
by efficient plaque formation between
75105% wild-type genome size
Major applications: insertion vectors- cDNA cloning and expression libraries; phage display. Replacement
vectors - genomic DNA cloning
Comments: there aretwo types of h vector. Insertion vectorshave unique restriction sites which allow the
cloning of smallDNA fragments in additionto the h genome. Phasmids (q.v.) are insertionvectors containing
a plasmid.Replacement vectors have paired sites defining a central
stuffer fragmentwhich contains genes
Continued
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for lysogeny and recombination, not essentiai
for the lytic cycle. The stuffer canbe removed and donorDNA
inserted between thearms
Cosmid vectors
Basis: plasmid containing bacteriophageh cos site
lntroduction into host: in vitro packagingof recombinant cosmid into h capsids followed by transduction
through normal infection route
Vector selection: asfor plasmids
Recombinant selection: insertional inactivationof visible marker and positive selection
for minimum insert
size
Size of donor DNA: 30-45 kbp. Insert size range defined
by efficient plaque formation between
75-1 05%
wild-type h genome size
Major applications: genomic libraryconstruction
Comments: cosmids exploitthe h packaging site both for efficient deliveryto the host cell and selection for
large insert sizes. Cosmids are widely used
for genome mapping andcontig assembly

High capacity cloning vectors
Bacterial artificial chromosomes (BACs,
fosmids)
Basis: E.coli F plasmid
lntroduction into the host: electroporation
Vector selection: dominant selectable marker
Recombinant selection: size of insert
Size of donor DNA: > 300 kbp
Major applications: analysis of large genomes
Comments: low frequency of rearrangement and chimeraism. Vector maintained at onetwo
or copies per cell
and thus generates a low yield of donor DNA
P1 vectors and P1 artificial
chromosomes (PACs)
Basis: bacteriophage P1
lntroduction into the host: in vitro packaging andtransduction
Vector selection: dominant selectable marker gene
Recombinant selection: various
in one system, positive selectionfor interruption of a lethal markeris
used
Size of donor DNA: -1 00 kbp
Major applications: analysis of large genomes
Comments: low frequency of rearrangement and chimeraism. Vector maintainedlow
at copy number but can
be amplified by inducing bacteriophageP1 lytic cycle

-

Yeast artificial chromosomes (YACs)
Basis: S. cerevisiae centromere, telomeres and autonomously replicating sequences (chromosome origins of
replication)
lntroduction into the host: Transfection of yeast spheroplasts
Vector selection: Dominant selectable marker (rescue of auxotrophy)
Recombinant selection: Sizeof insert
Size of donor DNA:> 2000 kbp
Major applications: Analysisof large genomes, YAC transgenic mice (q.v.)
Comments: YACs arethe highest capacity cloning vector
but suffer from several disadvantagesincluding
high frequency spontaneous deletions and clone chimeraism. The sizetheofrecombinant vector requires
specialized electrophoresis systems
for resolution andit is sometimes difficult to separate YACs from
endogenous yeast chromosomes. Maintained at low
copy number (usually one per cell)

Finally, the analysis of large eukaryotic genomeshas demanded the development of high
capacity vectors - artificial chromosomes - for genomic mapping and the structural and functional analysis of large genes and gene complexes. The yeast artificial chromosome is the most
developed of these vectors and has the greatest capacity, but shows a high frequency of clone
chimeraism (coligation and maintenance of unlinked donor DNA fragments). More recently, a
number of artificial
chromosome vectors basedo n bacterial plasmids have gained popularity. They
have a smaller capacity than
YACs, but chimeric insertsare much less common.
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DNA transfer to cloning host. Once a recombinant vectorhas been constructed in vitro, it must

introduced into host cells for cloning. E. coli is the major host for general cloning purposes, but this
bacterium is not naturally competent to take up DNA from the surrounding medium.An artificial
state of competence canbe brought about by
chemical treatment,such as incubation in the presence
of divalent cations. A brief heat shock stimulates DNA uptake, allowing the generation of 107-9
bacterial coloniesor
h plaques per pg of vector DNAunder optimalconditions. The uptakeof
plasmid DNA by bacteria is termed transformation and that of naked phage DNA transfection,
although the mechanism is in each case identical (transformation and transfection have different
meanings when applied to eukaryotic cells, see Table 24.21 below). Electroporation (electrotran*
formation) is an alternative technique where DNA enters cells through pores created by transient
high voltage. This is also a highly efficient method for introducing DNA into cells and can generate
up to lo9 colonies per pg vector DNA. It is especially useful for low copy number plasmid
vectors
such as BACs.
Although these techniques are adequate for subcloning, a higher efficiency of DNA transfer is
required for the construction of representative h libraries. Phage and cosmid vectors can be transferred with high efficiency by transduction, which involves first packaging the vector in bacteriophage h heads (in vitropackaging). This is accomplished by mixingrecombinant vector DNAwith
phage headprecursors, tails and packagingproteins, and then infecting bacterial cultures with the
packaged clones. DNA enters the cells through the normal phage infection route and up to 106
colonies (cosmids) or plaques (hvectors) can begenerated per pg vector DNA.
The introduction of DNA into yeast cells is discussed in Box 24.4 and DNA transfer to animal
and plant cells is discussed in Table 24.10.

le5

Vector and recombinant selection. Neither DNA manipulation nor gene transfer procedures are

100% efficient. Thus,at the start of any cloning experiment, there will be alarge population of cells
lacking the vector, and of those containing the vector, a moderate proportion will contain nonrecombinant vectors. Boththe empty and nonrecombinant cells may proliferate at the expense of the
recombinant population, so it is desirable to identify and preferably eliminate such cells.
Vector selection is selection for cells
carrying a vector-this is usually positive and direct selection, i.e.the vector possesses or confersproperty
a
which can beselected. Bacterial cellstransformed
with plasmid vectors are positively selected for dominant antibiotic resistance markers carried by
the plasmid, effectively maintaining a population of plasmid-containing cells. Alternative markers
are used in eukaryote systems, e.g. rescue of auxotrophy (q.v.) is used to select YACs in yeast,
although this requires special auxotrophic host strains. For phage vectors, the phage itself is
selected by its ability to form plaques representing areas of lyzed cellson a bacterial lawn.
Recombinant selection is the selection of cells carrying recombinant vectorsover those carrying
nonrecombinant vectors. A number of different selection systems areemployed depending on the
vector *e. Recombinant plasmids are usually identified by insertional inactivation of a second
marker, either a second antibiotic resistance marker (a process requiring a replica plating selection
step) or a visible marker.A current popular strategy is blue-white selection. Plasmids carry a nonfunctional, truncated allele of the ZucZ gene, which encodes a small N-terminal
fragment of the
P-galactosidase protein termed the @peptide. This can be complementedby an allele encoding the
remainder of the polypeptide, which is found in specially modified host strains such as J M l O l
(@complementation). Functional P-galactosidase
converts the colorless chromogenicsubstrate X-gal
(see Table 24.7) into a blue precipitate. TheAlacZ gene containsan integral polylinker allowinginsertional inactivationby donor DNA. Therefore recombinant cellsform whitecolonies and nonrecombinants form blue colonies
on the appropriate detection media.A number of direct negative selection
plasmids have also been designed where the second marker gene is a conditional lethal, allowing
cells containing nonrecombinant vectors to be counterselected under restrictive conditions on the
basis of their loss of sensitivity to the marker. However, many of these vectors require
specialized host strains and selection systems which are not widely available.
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Recombinant h insertion vectors are usually selected visibly(either by disruption of the cl gene
-which prevents lysogeny and thusgenerates clear rather than turbid plaques -or by disruption
of an integrated dacZ gene as discussed above). Recombinanth replacement vectors are subject to
dual positive selection for their ability to infect bacteria lysogenic forphage P2, and for the size of
donor DNA. Wild-type phage havean Spi+ phenotype because they are sensitive to P2 infection, i.e.
they will not superinfect cells already infected with phage P2. This sensitivity is conferred by the
gum and red loci on the stuffer fragment, which is removed and replaced by donorDNA. Hence only
recombinant vectors form plaqueson P2 lysogens. Additionally,h only formsinfectious particles if
the recombinant genome is 75105% of the wild-type genome size. Theupper limit of 105% dictates
the maximum insert size in both insertion and replacement vectors. However, while the genome
size of nonrecombinant insertion vectors is approximately 100%wild-type size, nonrecombinant
replacement vectors lacking the stuffer fragment fall below the 75% lower limit and do not form
plaques. The same principle applies to cosmid vectors because they are packaged in phage heads:
vector selectionis dependent onantibiotic resistance like conventional plasmid vectors, but recombinant selection depends onsize of insert-like standard h vectors.
It is not always necessary to select for recombinant vectors.In simple subcloningexperiments,
the ligation reaction canbe controlled so that a very low backgroundof nonrecombinants is generated and there is a high probability that randomcolony pickingwill identify the desired clone. Also,
where colonies or plaques are to be assayed by hybridization, nonrecombinants simply fail to
hybridize to the probe andcan be eliminated from further analysis (q.v. colony screening, plaquel$).
Recovery of clonedDNA. After transfer of recombinant DNAto host cells, the cells are cultured for

a short time to allow recovery and then plated out (spread on solid medium) to form colonies or
plaques underthe appropriate selective regime. Usually, each colony
or plaque represents a cloneof
identical cells or phage and can be picked into (removed from the plate and transferred to) liquid
medium for a second round of cloning (this time in isolation from other clones). Plating out is the
process whichfractionatesthe heterogeneous population of recombinant vectors into isolated homogeneous clones, and indicates that on average, each host cell takes up a single recombinant molecule. Plating is a vital step in DNA library screening, where each colony or plaque represents a
different part of the genome, or a different cDNA.
The final step in molecular cloning is the recovery of the cloned DNA. Traditional methods
involve cell lysis followed by a series of selective precipitation, sedimentation and dialysis steps
which are laborious, expensive andtime consuming. More recent innovations include the purification of DNA by adsorption to glass beads or to resin in spin columns. A number of convenient kits
are available commercially to obtain high yields of pure plasmid or phage DNA from cells and
lysates within a fewhours.

24.2 Strategies for gene isolation
/solating DNA fragments from simple and complex
sources. The techniques discussed above allow

any DNA sequence to be inserted into a vector and cloned to facilitate further analysis and manipulation. Under circumstances where thesource DNA isnot complex, or where it is highly enriched
for a particular sequence, it may be possible to isolate the desired donor DNA fragment directly,
and insert it into a vector for cloning. This is applicable to genomic DNA fragments from small
genomes (i.e. those of plasmids, some viruses and animal mitochondria), previously obtained
clones, PCR products and cDNAs representing superabundant messages in particular tissues (e.g.
the globins, ovalbumin).
In most cases, however, the source of a particular target sequence is complex (e.g. the average
human gene isdiluted one millionfold by the DNA of the human genome). It is therefore necessary
to construct a DNA library, a representative collection of all DNA fragments from a particular
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Table 24.4 Screening strategiesto isolate specific genes from cDNA or genomic libraries,depending on the
source andthe information available

strategy
Screening
available
Information

-

Functional cloning no expression required
Transcript is superabundant in
Enrichment cloning- clones isolated randomlyfrom cDNA
particular
a source
tissue
library
and
sequenced
to confirm product
Partial nucleotide
Screen librarywith oligonucleotide probea
sequence known
Partial clone available(e.g. cDNA
Screen librarywith cloned fragment orwith homologous gene at
used to screen
genomic
library),
lower
stringencp
or screen based on homology
to related cloned sequence
Partial polypeptide sequence known
Screen librarywith degenerate oligonucleotides(guessmers)a
Differential expression between
Plus and minus screening
two tissues
Enrich libraryfor differentially expressed clonesby subtractive
hybridizationa(9.v. difference cloning)
Functional cloning involving cDNA expression
Mutant available
Screen
by complementation of mutant
phenotype
(phenotypic
rescue)
Antibody
available
Screen
expression
library
by immunologicaldetection
Specific
properties of product
Screen
expression
library
by specialized
technique e.g.
southwestern blotting for DNA-binding protein, interaction
two hybridsystem (q.v.),
with other proteins using yeast
substrate conversion byenzymes, etc.
Positional cloning
Structural
mutant
available
mutant
If caused
by
deletion,
clone

from genomic subtraction
library (q.v. difference cloning)
Mutant
caused by transposon
If mutant
caused
by
insertion
of transposable
element,
screen
generated
insertion
library
from
transposon
using
mutant
sequence
as
probe and isolate clone by plasmid rescue
(q.v. transposon
tagging, plasmid rescue)
Position of gene on chromosomePositionalcloningbychromosomewalking
(q.v.) from linked
marker, or chromosome breakpoint. Marker maybe a
transposable element for enhancer trap vectors (q.v.)

Nonscreening methods
Genome mappingandsequencingSystematicanalysisofclonesspanningentiregenome
Gene Structure and Mapping)
Expressed
sequence
tags
Industrial
scale
cloning
and
characterization
clones (q.v. expressed sequence tags)

(see
of random
cDNA

aA PCR-based approach canbe used as an alternative (see Polymerase ChainReaction (PCR)).
source cloned in vectors. There are two major types of library: genomic libraries, prepared from
total genomic DNA and cDNA libraries, prepared by reverse transcription of a population of
mRNA molecules. The challenge is then to identify the
sequence of interest in the (usually large)
background of unwantedsequences by a process termed screening. The screening strategy chosen
depends upon the information available
(Table 24.4).

Genomic libraries. The size of a genomic library (i.e. the number of individualclones required to
represent the whole genome) depends not only on the
average size of donor DNA fragments and
a given region of the genome
wil be
the size o f the genome, but also o n the desired probability that
to
a library upon the principle that every
sequence
represented. It is not sufficient simplygenerate
is represented once. Due to differential cloning efficiency and sampling errors
during vector
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construction and gene transfer to the host, there will be some sequences
represented more thanonce
and some not represented at all. It is also desirable to have overlappingfragments, as this facilitates
the assembly of clone contigs to generate complete physical maps and gene sequences(see Gene
Structure and Mapping). Overlapping fragmentsof the desired average size can be generated by
random shearing of total genomic DNA or by a minimal restriction digest using pairs of 4tutter
restriction enzymes (these have abundantrestriction sites whose distribution is essentially random,
thus by cutting these sites infrequently, random and overlapping fragments are produced). The
latter strategy is convenient because the fragment ends are cohesive and donor DNA can be
directly ligated into the vector.
The following formula is used to estimate the total number of clones, N , required to achieve
inclusion of all sequences with probability p , given that n is the number of clones theoretically
required to span the genome once, i.e. a genome equivalent

This predicts that to achieve a 95% probability of including a given sequence ainlibrary, 3 4 1clones
must be prepared, and to achieve a 99% probability (the usual gold standard) the library must
contain 4 5 n clones. An E. coZi genomic library prepared in h vectors (average insert size 20 kbp)
would thus require 800-1000 clones, whereas the equivalent human library would require more
than half a million clones to achievethe same probability of inclusion.
Library size can be reduced by using larger insert sizes in higher capacity vectors for initial
screening (i.e. cosmids or artificial chromosomes). Additionally, if the chromosome locus of the
desired gene is known, it is possible to create chromosome-specific genomiclibraries by isolating
individual chromosomes and cloning from them. Chromosome separation may be achieved by
fluorescence-activated chromosome sorting (FACS), where chromosomes are separated according to their differential ability to bind certain dyes, or by the use of monochromosomal somatic celZ
hybrids (q.v.). It is also possible to generate libraries from specific regions of chromosomes, either
by using chromosomes carrying deletions as the source material for library construction, or by
chromosome microdissection.
cDNA libraries. cDNA is complementary DNA, i.e. DNA which complementary
is
to mRNA. cDNA

libraries are prepared by reverse transcribing a population of mRNAs and preparing doublestranded cDNA clones. cDNA libraries thus differ from genomiclibraries in sequence representation, gene sequencearchitecture and application of screening methods:
(i) cDNA libraries represent a source of mRNA where particular transcripts will be abundant and
others rare. Thus, unlike genomic libraries which theoretically represent all gene sequences
equally, cDNA libraries will be comparatively enriched for some sequencesand depleted for
others. This can exploited to isolate abundantly represented cDNAs, but on the other hand
cDNAs representing rare transcripts can be difficultto isolate. cDNAlibraries prepared from
different celltypes (or different developmental stages, or cells
exposed to different treatments)
will contain some common sequences and some unique sequences. This can be exploited to
isolate differentially expressed genes (q.v. difference cloning).
(ii) cDNA libraries represent only expressed DNA, thus they lack introns, regulatory elements
and intergenic DNA. cDNA libraries are therefore of little use for investigating gene structure
or regulation, but the clones are generally smaller than genomic clones,and eukaryotic cDNAs
can be expressed in bacteria (which
cannot splice introns). Splicevariants will generate different butpartially overlapping cDNA clones.
(iii) Genomic libraries are screened by hybridization. However, because cDNA can be expressed
in bacteria, expressionlibraries (q.v.)canbeusedfor
diverse screening strategies, such as
immunological screeningand screening by complementation (Table 24.4).
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Figure 24.3 cDNA cloning. First strand cDNA is prepared by reverse transcribing poly(A)+RNA using either
(a) random hexanucleotide or(b) oligo(dT) primers. Second-strand synthesis may be(c) self-primed or (d) the
first strand may be tailed, and a complementary primer used for second-strand synthesis. Self-priming
but directional cloning is possible. DNA is
involves some loss of 5’ sequence due to nuclease treatment,
shown as thick lines and RNA as thin lines.

The preparation of a cDNA library (Figure 24.3) typically involves the isolation of poly(A)+
RNA,
which represents the majority of mRNA in the cell (rRNAand tRNA can be isolated directly
by fractionation because of their abundance and size homogeneity). Poly(,A)+ RNA selection can be
achieved by the extraction of polysomes or, more usually, by passing total cellular RNA through a
column containing polyuridine or polydeoxythymidine immobilized to the matrix (affinity selection). Purified poly(A)+ RNAthen
is reverse transcribed. A common strategy is to prime first strand
cDNA synthesis with and
oligo(dT) primer,although this tends to generate a 3’ end bias in the final
library because long mRNAs are not fully reverse transcribed. An alternative strategy is to use random hexanucleotides which anneal at arbitrary positions along all RNAs and produce overlapping
cDNA fragments which can be assembled into full-length cDNAs. Second strandcDNA synthesis
may be self-primed, as the first strand has the tendency to loop back to form a hairpin. This can be
exploited for directional cDNA cloning
(Figure 24.3) but involves some loss of 5’ sequence. A more
efficient method is to tail the first cDNA strand (e.g. with polycytidine) and then use an oligo(dG)
primer to initiate second strand synthesis. Double-stranded cDNAs prepared in this manner may be
inserted into vectors either by addition of linkers/adaptors or by homopolymertailing.
Scmenlng strategies. Classical screening strategies require some knowledgeof the biochemistry

of the gene, either some sequence information, or an exploitable property of the product which
will allow the geneto be isolated from an expression library. These approaches arelisted in Table
24.4 under the heading functional cloning and can be employed
in the absenceof any idea of the
position of the gene. The opposite approach is positional cloning, the isolation of a gene without
any biochemical or functional information but a knowledge of its approximate location on a
chromosome map.
Although bothfunctional and positional cloning strategies are useful, if laborious, approaches to
gene isolation, they are being superseded by recent developments in factory-style nonscreening
strategies involving the systematic cloning and characterization of genomic DNA and cDNA. This
is demonstrated by the wealth of knowledgeemerging from the genomeprojects and the
analysis of human expressed sequence tugs (q.v.) (see Gene Structure and Mapping).
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Functionai cloning. Functional cloning strategies can be divided into three groups involving: (i)
exploitation of sequence i n f i t i o n - this does not require expression of the cloned gene; (ii)
exploitation of information about gene expression
this does not require expression of the cloned

-

gene; and (iii) exploitation of proteinfunction -this does require
expression of the cloned gene, and
is hence specific to cDNA
libraries.
Traditional sequence-based approaches involve the use
of partial sequence information to isolate
clones by hybridization (see Box 24.3). A simple example is the useof a cDNA clone to isolate the
cognate genomic clone or vice v m . Alternatively, clones may be isolated by homology to related
but nonidentical sequences which have already been cloned (e.g. another member of the same
multigene family, or a similar gene from a different species, or a highly conserved module suchas
the homeobox). If a polypeptide sequence is known, oligonucleotide probes may be designed to the
corresponding nucleotide sequence, although in this case some degeneracy (q.v.) must be built into
probe design toincorporate all possible codes for the same peptidefragment.
Approaches which use information about geneexpression but do not actually require the clone
to be expressed exploit differences in the representation of particular cDNA clones, reflecting the
abundances of the corresponding RNAs in the sourcematerial. Such approaches include theisolation of a cDNA clone because it is superabundant ina particular library (enrichment cloning) and
the.exploitation of differencesbetween libraries or RNA sources toisolate differentially expressed
genes (q.v. difference cloning).
Screening strategies which rely on cDNA expression exploit the structure of function of the
encoded polypeptide.The moststraightforward of these procedures is the
immunological screening
of an expression library, where a labeled antibody is used to identify clones expressing a particular
polypeptide. Similarly,a variety of other molecules can beused as probes, including DNA and RNA
to detect nucleic acid-binding proteins, and proteins to detect protein-protein interactions. The
activity of a protein canalso be screened, e.g. by testing clones encoding enzymes for their ability to
carry out a specific reaction,or by testing for rescue of a mutant phenotype.
,

'
~

Positional cloning. If the approximateposition of a gene is known, it may be cloned on that basis
with no knowledge of its sequence or biochemical function. Positional cloning starts with the
identification of a nearby marker which has alreadybeen cloned. The proximity of the marker to the
target gene (e.g. an unknown gene responsible for an inherited humandisease) may be determined
by linkage analysis or low resolution physical mapping (see Gene Structure andMapping).
In humans and other animals, the first stage in positional cloning is a chromosome walk. This
involves using the proximal marker as a probe and screening a genomic library for overlapping
clones. Positive clones can then be used as probesfor subsequent steps until the
region to which the
gene was mapped has
been covered,and a set of contiguous clones has been prepared spanning the
region of interest. The direction and progress of the walk can be assessed by in situ hybridization to
metaphase chromosomes. This technique is simple inprinciple, but long-range chromosome walks
are technically challenging owing to the presence of repetitive DNA or unclonable sequences (which
will not be represented in the library). Such obstacles can effectively be bridged by chromosome
jumping: large fragments of genomic DNA are cloned in cosmid vectors so that DNA sequences
originally located many kbp apartin the genome are broughttogether as thevector closes. The DNA
from the closure sites can be subcloned to generatea jumping library which allows rapid progress
along the chromosome. The effects of repetitive DNA can becontrolled to some degree by competitive hybridization toCot-l DNA,the DNA which anneals quickly in reassociation experiments (4.v.
Cot analysis) and correspondsto satellite DNA and superabundant transposableelements.
Once the mapped locus has been cloned, there are numeroustechniques which can be used to
identify candidate geneswithin the region (seeTable 12.10).However, as the number of mapped and
.cloned genes rises, itis becoming increasingly possible tQ select a group of candidate genes
by scanning genome databases forgenes already mapped to the region covered by the walk. Once such a

..
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group of candidate genes hasbeen identified, it is thennecessary to confirm which one of them is
the targetgene by showing thataffected individuals have mutations and unaffected individuals
do
not. Some methods for mutation screening arelisted in Table 24.5.
In plants, the abundance of repetitive DNA makes chromosome walking impossible, but the
availability of highdensity physical maps in many species based on markers suchas MPDs (q.v.)
means that markers are often found close enough to genes to be included on the Same genomic
clone. Sincethis procedure allows a suitable marker to used
be directly as a probe toScreen a genomis analogous totranspmon tagic library, the procedure has been termed chromosome landing and
sing (q.v.).
Diffemnce cloning. Difference cloning isa functional cloning approach which exploits differences
in representation between DNA sources to isolate differentiallyexpressed genes. The majority of
genes expressed in any tissue are housekeepinggenes and are present inmost cDNA libraries. To
specifically target the uniquegenes, an approachtermed differential screening orplus and minus
screening involves screening duplicate cDNA libraries with labeled mRNA or cDNA from two different tissues. The labeled mRNAfrom the librarysource hybridizes tomost of the clones, whereas
the labeled mRNA from the second source hybridizes to only a proportion of the clones, those
representing thecommon housekeeping genes. The clones
identified by one probebut not the other
are differentially expressed and can be isolated for further characterization.
A more efficient route to identifying differentially expressed genes is to generate a library
enriched for unique clones. This can be achieved by subtractive hybridization, wherecDNA from
one sourceis used to remove common RNA froma second source,leaving behind the uniqueRNA
to be used
for library construction. The use of biotin-labeled cDNAand streptavidinaffinity capture
(Box 24.4) has been invaluable in the developmentof this technique. cDNAs from one source are
prepared by incorporating biotin-labeled nucleotides. The cDNAs are denatured, mixed with mRNA
from a second source and allowed to hybridize. If an excess of labeled cDNA is used, most of the
common RNA will form cDNA:RNA heteroduplexes which can be isolated by affinity to immobilized streptavidin beads along with any
cDNA homoduplexes and single strands.
If several rounds
of subtraction areused (i.e. by adding fresh cDNA), the remaining population of mRNAs is highly
enriched for unique transcripts andcan be used to construct a subtracted cDNA library.
The same general strategy can be used genomic
in
libraries for the positional cloningof genes
localized by the analysis
of chromosomal deletions. If genomic DNA can be preparedfrom normal
and mutant (deleted)sources, subtractive hybridization can enrich for genomic clones spanning
the deletion. This technique led to the successful cloning of the Duchenne muscular dystrophy
(DMD) gene.
Difference cloning can also be carried out using PCR-based techniques (q.v. representational

difference analysis, differential display, suppression
PCR).
24.3 Characterization of cloned DNA
Restriction m8pPhg. Once a novel clone has been isolated, the first stage of analysis is the creation

of a restriction map, a physical clone map showing the
relative positions of the restriction sites fora
number of different restriction enzymes. The vector isdigested with a panel of restriction enzymes
and the restriction fragments separatedby gel electrophoresis (Box 24.2). The position of each restriction site isresolved by determining the sizes of fragments produced by single and double
restriction
digests, and partial digests (an
example is shown inFigure 24.4). As wellas simple analysisby electrophoresis, end-labeling the donorDNA can help to identify the borders of the map and individual
restriction fragments can be labeledand used to identify overlapping fragments by hybridization to
a Southern blot (Box 24.3). The restriction map shows thesize of the donor DNA, and identifies sites

Recombinant DNA andMolecularCloning

337

Table 24.5 Mutation screening for identifying mutationsin cloned DNA

s Technique

of detection

Techniques for detecting various types of mutation in the whole genome
Cytogenetic
mapping
Identification
chromosome
of
aberrations
by cytogenetic
analysis.
May show correspondence between phenotype and particular
rearrangement
Comparative genome hybridization A
form of competitive in situ hybridization which allows the
identification of differentially amplified genes.
Very useful for
(see Oncogenes
detecting amplification mutants causing cancer
and Cancer)
High resolution techniquesfor the localizationof point mutations and indels to particular
DNA fragments
RFLP
analysis
Analysis
of cloned DNA for restriction fragment length
polymorphisms (q.v.) caused by creation/obliteration of restriction
sites (point mutations) or repeat expansiordcontraction
(indels)
Denaturing
gradient
gel
Duplex
DNA migrates
through
gel
a
in which
there is an
electrophoresis (DGGE)
increasing
gradient
denaturant
of
until the strands
separate.
Homoduplexes of different alleles, and heteroduplexes denature
under slightly different conditions generating individual bands
Constant
denaturant
capillary
Homoduplexes
of
different
alleles
and
heteroduplexes
electrophoresis
(CDCE)
demonstrate
different
mobilities ingel
when
a partially
denatured
under constant denaturing conditions
Single-stranded fragments ofDNA are amplified by PCR and
Single-strand conformational
separated by electrophoresisin a nondenaturinggel. Point
polymorphism (SSCP) analysis
mutations affect the tertiary structure
adopted by single strands
and influences their mobilities. This technique does
not precisely
localize a mutationbut since it can only be appliedto short
fragments (c300nt) it can scan for mutationswithin genes
Restriction
endonuclease
More
refined
SSCP
analysis
where
amplified
DNA
from different
fingerprinting
digested
alleles
is
with restriction enzymes to generate
different
sized fragments containing the mutation, at least one of which
is
likely to show conformational polymorphism. The
position of the
mutation can then be localized
by creating arestriction map (9.v.)
Protein truncation test
Coupled
in vitro transcription and
translation of cDNA
clone
followed by analysis of proteinsby electrophoresis. Detects
protein truncations caused bydeletions/rearrangements and
point mutations
Techniques to detect the exactposition of point mutations withinDNA fragments
ChemicalcleavageofmismatchHeteroduplex
DNA is specificallycleavedatmispairedcytosines
(by
piperidine following modification by hydroxylamine) and thymines
(by osmium tetroxide), and fragments separated
by
electrophoresis on a sequencing gelto determine the position of
the mismatch
EnzymemismatchcleavageCleavageofheteroduplex
DNA by T4 endonuclease VI1 followed by
electrophoretic separation and analysis as described above
MismatchrepairenzymecleavageCleavageofheteroduplex
DNA by mismatch repairenzymes.For
example E.coli MutY detects A G and A:C mismatches. Other
enzymes can be usedto detect different setsof mismatched
bases. Followed by electrophoretic separation and analysis as
described above
Sequence
comparison
Sequencing,
to directly
identify
positions
of indels
and
mismatches
Note that while mutation screening
is used for identifying unknown mutations,
mutation detection (q.v.) is used
for identifying known mutations. Manyof the high resolution screening techniques
exploit heteroduplex DNA,
either to locate mutations as mismatches or through their differing mobilities
in electrophoretic gels compared
to homoduplexes. The origin of heteroduplex DNA reflects the common strategy of amplifying pools ofDNA
from heterozygotes, by PCR resulting in the random association of wild-type and mutant strands during the
thermal cycling.
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Figure 24.4: The principle of restriction mapping. By digesting e.g. a plasmid with a panel of restriction
enzymes, a physical map can be constructed based on restriction sites. By analyzing the sizeof
electrophoretic bands generatedby single and double digests(a),the relative positions of different sites can
by their initial
be deduced (b) forming a complete plasmid map. Restriction endonucleases are identified
letters (B= BamHI, E= EcoRl and H = Hindlll; BH, BE and EH are double digests;M is the marker lane,
where restriction fragmentsofknown size arerun for comparison). Fragment sizes are
in kb pairs. Note that
where different fragments of similar size are generated, they comigrate on the gel.This can be seen in the
BamHIEcoRI double digest.

which may be used for subcloning. The
pattern of restriction fragments generated may also be used
to identify overlapping clones forcontig mapping (q.v. restrictionfiagmentjngerprinting).
Standard &utter enzymes such
as EcoRl and HindIII are useful for mapping plasmid and phage
clones becausethe restriction sites occur on averageonce in every 4 kbp. For larger vectors such as
cosmids and artificial chromosomes, rare cutters are useful (Box 24.1). This is termed long range
restriction mapping and requires specialized electrophoresis methods to separate the large fragments generated (Box 24.2).
The ultimate characterization of a cloned DNA is to determine its nucleotide sequence. This is
not possible for large clones, which
must be subcloned
to provide fragmentssmall enough for direct
sequencing. Techniques for DNA
sequencing andits role in genomeanalysis projects are considered
in Box 12.2).
mnscript ana&sis. Transcript analysis is the investigation of gene structure and expression at the
RNA level.It is important to characterize both genearchitecture and expression parameters, and the
methods used are discussed in Table 24.6. Northern blotting is a useful technique which can determine whetheror not a gene is expressed in a given tissue,and if so at whatlevel. It also shows the
size of a transcript and reveals any alternative products (e.g. splice variants). An important step in
gene characterization is to map the transcriptional start and termination (or polyadenylation) sites
and intron/exon boundaries. Such precisestructural details can be obtained by nuclease mapping
and primer extension, techniques which exploit the structural differences between mRNA and the
corresponding genomic DNA(Figure 24.5). One of the most powerfultranscript analysis techniques
is in situ hybridization, which allows the cellular and subcellular characterization of RNA expression patterns (see also Box 24.3).
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Table 24.6 Techniques for the analysis of gene structure and gene expression at
the RNA level

rolethe
study
in

Method
Principle,
and
Northernblotting

Nucleasemapping
(Figure 24.4)

Primerextension
(Figure 24.4)

In sttu hybridization

RT-PCR

I

of RNA
structure

and
expression

Principle: total RNAorpoly(A)+RNA
is transferred to a filter following
electrophoretic separation andis hybridized to a complementaryprobe
Structure: shows transcript size and presence splice
of
variants, but only useful
for relatively abundantRNAs
Expression: provides rough comparison of levels
of RNA in different cell lines
or tissues
Principle:exploitsenzymes which cleavesingle-strandednucleic acids but not
double-stranded
nucleic
acids
(nuclease
S1 from Aspegillus o w e , RNase
A). A genomic restriction fragment is labeled and hybridized to RNA. Duplex
regions (wherethe genomic DNA and RNA are colinear) areprotected
from nuclease activity,but single-stranded tails not represented in the
RNA are not
Structure: comparison of denatured fragmentsfrom nuclease-treated and
untreated samples reveals size difference
which can locate
transcribed/nontranscribedsequence boundaries(i.e. transcriptional start
site) and introdexon boundaries
Expression: RNase protection assay can alsobe used as a sensitive method
to
quantitate RNA levels
Principle:aprimer(anoligonucelotideprimerora
restriction fragment of a
clone) is annealed
near the 5' end
of
mRNA
and
extended by reverse
transcription
Structure: comparison of denatured fragmentsfrom extended and unextended
samples reveals size difference which
can locate transcriptional start site.
5' heterogeneity andstart site usage (q.v.
Particularly useful for addressing
multiple start site, alternativepromoter usage)
Principle:alabeled cRNA probe is hybridized to endogenous RNA in situ, i.e. in
its normal cellular location
Expression: invaluable method for the determination ofdetailed expression
patterns atthe cellular and subcellular levels. The techniquecan be applied
to tissue sections, isolated cellsand, for smaller specimens, in wholemount
(requiring nonisotopicprobes). In situ hybridization to tissue sections or
isolated cells can be used
to quantitate expression levels
Principle:
reverse
transcriptionmRNA
of
followed by PCR resulting
on cDNA
Structure: inverse PCR (9.v.) can be used to map introdexon architecture by
amplifying from an exon-specific primerinto a neighboring intron. The most
important application of PCR to transcript analysis, however, is the isolation
of full length rare cDNA clonesby RACE (q.v.)
Expression: quantitative RT-PCR can be usedto determine the levels of
particular RNA molecules even if they are very rare. Expressionpatterns can
be determinedby in situ PCR For further discussion of all these techniques,
see The Polymerase Chain Reaction (PCR)

See figure 24.4 for examples of nuclease mapping and primer extension analysis.

24.4 Expression of cloned DNA
Rationale for the expressionof cloned DNA. While thevectors discussedabove have been designed
isolation, many plasmid and
h-based vectors are
simply toclone DNA fragments and permit their
equipped with functional regulatoryelements which allow the donor
DNA to be expressed. There
the production of large
are several reasons for attempting to express cloned genes, including (i)
quantities of labeled cRNA to use as probes; (ii)
the construction of expression libraries (cDNA
DNA of each clone is expressed, allowing screening for structuralor funclibraries where the donor
tional properties of the encoded polypeptide);
(iii)
the analysis or exploitation ofgene function at
proteins; (v) the production ofantibodies; and
the proteinlevel; (iv) the commercial production of
(vi) the entrapment of interacting
molecules.
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Figure 24.5 Transcript analysis to position the transcriptional start site
of a gene. An end-labeled restriction
fragment is denatured and the antisense DNA strand hybridized to RNA. In nuclease protection, the partof
the restriction fragment projecting beyond the start site remains single stranded and is degraded by a singlc
strand-specific nuclease suchas S1 nuclease. In primer extension, any single-stranded RNA projecting
beyond the restriction fragment 'primer' can be copiedby reverse transcription extensionof the primer. In
each case, comparative electrophoresisof treated and untreated samples revealsa size difference whichcz
approximately locate the transcriptional start site.If the fragments arerun next to a sequencing ladder, the
exact position of the start sitecan be mapped. The same techniques can be used to determine any
structural differences between RNA and DNA, e.g. intronlexon boundaries. DNA is shown as thick lines and
RNA as thin lines.

It is convenient to carry out expression cloning in E. coli because it is the major cloning host, an
by adding appropriate transcription and translation control sequences to a basic cloning vector,
becomes an expression vector which facilitates the overexpression of donor DNA. E . coli plasmi
expression vectors carry strong and usually inducible promoters such as the lac or trp opera
promoters, or the T7 late promoter (with the T7 RNA polymerase gene expressed from an inducib:
promoter). Expression vectorsalso contain a transcriptional terminator and a ribosome-binding sii
containing a consensus Shine-Dalgamosequence. Thearrangement of these elements is optimize
to produce stable RNA and highyields of protein.
A problem with anyexpression strategy is the stability of the expression vector. Cells expressin
large amounts of a foreign protein (or even an endogenousprotein) grow more slowly thanwilc
type cells,hence there is selectionfor mutants which have either lost the expression vectc
altogether or have reduced expression levels. The use
of inducible promoters can help to avoid th
problem, as large quantities of cells containing the vector can be grown, then expression can 1:
induced andthe cells harvested quickly. Other importantaspects of expression strategy include tk
control of vector segregation and the design of expression vectorsto limit the likelihood of sponti
neously occumng structural mutations. The addition of a leader peptide (q.v.) sequence to the vectc
allows the expressed protein to be secreted from the cell. This may increase stability by removir
overexpressed protein from the intracellular environment andit may be necessaryfor cell surviv,
if the expressed protein is toxic. In any case, secretion facilitatesthe purification of the protein fro1
cell culture. A vector containing a leader peptide upstream of the expression cloning site is
secretion vector.
Native and fusion pmteins. Dependingupon the particularapplication,cloned

genes can 1
expressed to produce native proteins (intheir natural state)or fusion proteins, where tl
foreign polypeptide is fused to a vector-encoded polypeptide, e.g. a bacterial leader peptide (i
discussed above) or a fragment of a larger protein such as P-galactosidase. Native proteins a
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preferred for therapeutic use because fusion proteins can be immunogenic in humans. However,
fusion proteins are usually more stablein E. coli because they resemble endogenous proteins, whereas native proteins can be targeted fordegradation. Fusion proteins also offer other advantages: they
can be easily purified (e.g. by affinity to an antibody whichrecognizes the vectorderived polypeptide) and the function of the vector polypeptide is often retained in the fusion product allowing it to
be used as a reporter. It is sometimes possible to cleave the vector-derived polypeptide from the
fusion protein using specific proteases,to yield native protein.
For native protein synthesis, donor cDNA is inserted into the expression vector downstream of
the transcriptional and translational regulatory elements, and often carries its own initiation codon.
For fusion protein synthesis, the open reading frame of the donor DNA must be inserted in-frame
with that of vector gene fragment so that they are read contiguously. Thiscan beaccomplished by
careful choice of subcloning strategy, but it is more convenientto use a shotgun approach where
the
correct reading frame is achieved by chance. Suitable strategies include the use of three vectors
which havecloning sites in different reading frames, using a downstream fusion protein and selecting for readthrough
of the insert, or by inserting the donor DNA into the vector using homopolymer
tailing, which generates homopolymer joints of random length.
Disadvantages of expression cloning inE. coli. Although the overexpression of cloned genes in E.

coli has facilitated the industrial-scale synthesis of many prokaryotic and eukaryotic proteins, there
are a number of problems associated with this system. As discussed above, native eukaryotic proteins can be unstable in E. coli, and this reduces the protein yield, sometimes to minimal levels.
Another problemis that overexpressed foreignproteins can form insoluble inclusion bodies which
must bebroken up by harsh chemical treatments, although the size and number of inclusionbodies
can bereduced by growth at lower temperatures, and byoverexpression of the E. coli molecular chaperones (q.v.) GroEL and GroES.
Even if a foreign protein is expressed successfully, however, it may not function in the same
manner as its natural, endogenously synthesized counterpart. Whereas some overexpressed eukaryotic'proteins are produced in an active form (e.g. granulocyte-colony stimulating factor), many
others are not (e.g. epidermal growthfactor, EGF), reflectingthe absence of correct posttranslational
modification. Once apolypeptide is expressed, it must becorrectly folded and processed in order to
function (see Proteins: Structure, Function and Evolution). However, E. coli often fails to fold and
process eukaryotic proteins - it does not cleave or glycosylate proteins, nor does it form correct
disulfide bonds, probably because it lacks the molecular chaperones (q.v.) present in eukaryotic cells.
Failure at any of these stages can result in the absence of functional protein even if the polypeptide
is efficiently expressedand stable. Activeproteins expressed in E. coli may reflecttheir limited structural constraints, e.g. some glycosylated proteins, such as interleukin-3, appear tofunction equally
well in the presence or absence of glycosylation.
Eukaryote expression hosts. Where bacterial cells fail

to process expressed proteins correctly,
eukaryote cells may be used as alternative expression hosts. Expressingproteins in eukaryotic cells
also allows the analysis of protein functionin a eukaryotic environment, andthe use of intracellular
signal sequences allows protein targeting to particular organelles (see Proteins: Structure, Function
and Evolution). Three types of eukaryotic host are used for protein overexpression: yeast, insect
cells and mammaliancells, eachwith tailored expression vectors and harvesting strategies.
Yeast are often the first recourse for expressing eukaryotic genes which yield poor results in
bacteria: as microorganisms, they are genetically amenable, easy to handle and can be used for
large-scale cultures. Yeast are useful not only for their ability to express foreign eukaryotic proteins,
they also provide a suitable environment for studying eukaryotic protein function (surrogate
genetics), they provide a system for studying protein-protein interactions (q.v. two hybrid system)
and they provide large capacitycloning vectors for genome analysis (q.v. yeast artificial chromosomes).
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There has therefore been a considerable interest in the developmentof yeast cloning and expression
vectors (Box 24.5). Yeast expression vectors are usually based on the 2p plasmid (YEps) although
MPS may be used for stable integration of DNA into the genome. The expression vectors contain
strong, constitutive or inducible yeast transcriptional control sequences (e.g. the phosphoglycerate
kinase gene promoter) usually in combination with a 2p plasmid terminator and a yeast selectable
marker for reversion to prototrophy (q.v.). Few yeast proteins aresecreted, but most posttranslational modification takes place in the secretory pathway,so yeast secretion vectors are required for the
expression of glycosylated mammalian proteins (as well as for toxic proteins). Such vectors carry a
yeast 5' leader peptidesignal sequence, oftenthat of the secreted mating factor pheromone (q.v. mating type switching).
Yeast cells do not perform all the correct posttranslational modifications required for the function of mammalian proteins. Many mammalian proteins function correctly with different glycosylation patterns, but those expressed for therapeutic use are often immunogenic if incorrectly modified. Theuse of yeast glycosylation mutants can sometimes address this problem. The baculovirus
expression systemprovides an alternative where foreign genes are expressed from the strong promoter of the nonessential polyhedrin gene in cultured insect cells. The yield of protein in this system is impressive - up to 100 pg of recombinant protein from lo9 infected cells - and the range
of posttranslational modifications carried out is well documented.Otheradvantages of the
baculovirus system include its capacity - inserts of up to 20 kbp havebeen successfully clonedand more than one foreign gene can be expressed
simultaneously allowing the expression and study
of protein complexes.
Mammalian cells provide the ultimate expression system for human therapeutic proteins but are
the least efficient. Few mammalian expression vectors are maintained episomally, so long-term
expression requires constructs that integrate into the genome (q.v. transient transfection, stable transfection). Mammalian expression constructs may be based on bacterial plasmids, which are transfected into cells, or mammalian viruses, which transduce DNA into the cells. Mostviral vectors are
recombinant integrating viruses (e.g. retroviruses, adenoviruses) although vectors containing a
herpesvirus origin of replication are maintained episomally.Efficient mammalian expression
vectors carry a strong, constitutive viral promoter (e.g. the SV40 early promoter and enhancer), or
an inducible promoter (e.g.the heat shockpromoter, or a modified E. coli lac promoter).
Heterologous inducible promoters are advantageousbecause only the foreign gene is induced, and
not other endogenous mammalian genes. Expressionvectors also carry a strong translation initiation sequence (q.v. Kozak consensus), a polyadenylation site, and usually an intron, which may be
essential for the efficient expressionof some genes. Some of the most efficient mammalian expression vectors exploit gene amplfication (q.v.). Certain genes are maintained at a highcopy
number by drug selection, e.g. the dihydrofolate reductase (DHFR) gene in cells are exposed to
methotrexate (see Box 15.3). Analysis of the amplified regions (amplicons) has shown that they
contain much moreDNA than the amplified gene itself,i.e. nonselected DNA is co-amplified.
Expression vectors which contain the DHFR gene adjacent to the cloning site for the foreign gene
are integrated into the genome and selected for amplification. The foreign
gene is thus co-amplified
with DHFR and is strongly expressed.

24.5 Analysis of gene regulation
Reporter genes. Analogous to the principle of expressing cloned genes by subcloning them invec-

tors withsuitable regulatory elements, clonedregulatory elements can be 'expressed' by
subcloning
them in vectors providing a suitable gene to regulate, facilitating an assay for gene regulation. In
principle any gene will suffice, but it is convenient to use a gene whose expression can be determined easily and quantitatively using a simple assay, and whose product is absent from the host
cell. Examples of such reporter genes are listed in Table 24.7. Alternative reporter vectors are

Recombinant DNA andMolecularCloning

343

Table 24.7: A comparison of reporter genes

Reporter genes (and
products)

Usesa

lacZ(P-galactosidase)from E. coliWidelyusedreportersystem.Theenzymeconverts
chromogenic substrate X-gal into blue precipitate for
localization of gene expression. Converts ONPG into soluble
yellow product for quantification. Inducible by IPTG (9.v.
lac operon)
luc (luciferase)
from
fireflies
Highly sensitive
reporter
which
generates
a bioluminescent
product when exposed to substrate luciferin
A useful reporter forin vitro assays but protein gives poor
cat (chloramphenicol
resolution in situ. CAT acetylates chloramphenicol and the
acetyltransferase (CAT)) from
extent to acetylation can be determined by thin layer
E. coli Tn9
chromatography in a CAT assay
GUS (&glucuronidase)from E. coliGenerallyusedreporter
in plant systems,convertschromogenic
substrate X-gluc into blue precipitate for localizationof
gene expression
A reporter which, because it is autobioluminescent, has the
gf,, (green fluorescent protein)
distinct advantage thatit can be used in living systems
from jellyfish
ax-gal = 5-bromo-4-chloro-3-indolyl-~-~-galactopyranoside;
X-gluc = 5-bromo-4-chloro-3-indolyl-~-~glucuronide; ONPG = O-nitrophenyl-P-D-galactopyranoside;IPTG
= isopropyl-P-D-thiogalactopyranoside.
available for the analysis of different regulatory elements: promoter probe vectors contain a
reporter gene downstream of a polylinker, for the insertion and testing of putative promoter
elements; enhancer probe vectors contain a reporter gene driven by a minimal promoter and a
polylinker for the insertion of putative enhancer elements. Thereare also terminator probevectors
for the analysis of bacterial transcriptional terminators.
The analysis of gene regulation may involve comparing the activity of a series of reporter constructs (reporter geneswithupstream
cloned regulatory elements), in which the regulatory
elements havebeen modifiedby in vitro mutagenesis (q.v.).
Such analysis can becarried out by in vitro
transcription using different cell lysates,by transient transfection of reporter constructs into cells, or
for multicellular organisms, by introducing the construct into the germline (a reporter transgene,
q.v. transgenic animals and plants). The in vitro transcription and cell line approaches are simple
experiments butrestricted in the information they provide. A particular disadvantage of the cell line
approach is that the transiently episomal vectors do not accurately represent in vivo regulatory conditions, lacking the level of control afforded by chromatin structure and distant cis-regulatory
elements. Additionally,the high copy number
of the vector may titrate out transcription factors (q.v.
squelching). Reporter transgenic!?provide a moreaccurate representation of endogenous generegulation and allowthe spatial and temporaleffects of modulating regulatory elements to be addressed.
However, the reporter transgene may besubject to position and dosage effects, resulting in ectopic
or restricted expression patterns and variable expression levels.
DNA-pmtein interaction. By comparing reporter constructs with different mutations, it is possible

to localize putative regulatory elements quite accurately. However, to define those elements precisely, the reporter construct approach must be complemented by (i) sequence analysis to identify
functional motifs, and (ii) experiments to demonstrate protein-DNA interactions. There are several
in vitro techniques for the analysis of protein-DNA binding, including the electrophoretic mobilifys h 9
assay, DNase lfootprintingand methylation interference (for discussion of these techniques, see Nucleic
Acid-Binding Proteins). The identificationof protein-binding motifs in DNA also provides a direct
route to the isolation of clones encoding novel transcription factors. Oligonucleotides corresponding
to the putative regulatory elements can be labeled and used to screen an expression library for interacting proteins in a procedure knownas a southwestern screen (seeNucleic Acid-Binding Proteins).
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circularizationof the genomic DNA
followed by transformation into bacteria
will isolate the desired clone.

Figure 24.6 Entrapment vectors. (a) There are three types
of entrapment vector: theelnhancer trap, which
carries a minimal promoter and responds to endogenous enhancer elements; the gent9 trap, which carries a
splice acceptor siteand responds to endogenous splice donors following intron insertion; and the promoter
trap, which carries a simple initiation codon and is activated by insertion into thefirst exon. (b) Strategies for
cloning trapped genes include isolatingtagged DNA from a genomic library (by hybridlization or inverse PCR)
or plasmid rescue.Enhancer trap vectors may integrate some distance from the endcIgenous gene
influenced by the enhancer, and cloning the endogenous gene involves chromosome\Nalking.

Entrapment vectors. Reporter genes are widely used to assay cloned regulatory elements, but they
can also be used to characterize the expression patterns of unknown endogenol1s genes. Entrapment

vectors are constructs containing a reporter gene which integrate into the genome at random
positions and respond to nearby cis-acting regulatory elements by generating a reporter expression
pattern. There are three types of entrapment vector (Figure 24.6)
whose proper ties are listed in Table
24.8. The technique was pioneered in Drosophila using recombinant P-elemenIt vectors, but is now
applied to other organisms including plants (Ac-Ds elements) and mice (recombinant retroviruses
or simply randomlyintegrated DNA; q.v. random insertion transgenesis). AdvarIces in trapping technology have facilitated the development of modified gene trap vectors whic:h can target specific
classes of gene, e.g. those encoding secreted proteins.
With each type of vector, it is usually possible to directly clone the end ogenous gene which
activates the trap because it is tagged with the vector sequence (Figure 24.6), Transposon tagging
tion, and entrapment
(q.v.) is a widely used technique to isolate genes mutated by transposon inser
vectors (many of which are recombinant transposable elements) can be exploiited in the same way.
The vector is used as a probe to screen a genomic library, and isolated genornic clones containing
the vector sequence also carry genomic DNAflanking the site of insertion. Thi!5 can be used to identify overlapping genomic clonesand cognate cDNAs.If the vector also contains backbone sequences
from a plasmid cloning vector, simple circularization of digested genomic DNA will yield
a plasmid
containing flanking genomic DNA. This technique,known as plasmidrescue, allows rapid molecular characterization of interesting mutants andreporter expression patterns.
a
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Table 24.8 Entrapment vectors
Entrapment vector

Structure

Enhancer trap

Minimal
promoter
upstream
Activated
reporter
of gene

Gene trap

Promoter trap

Properties

by insertion adjacent to endogenous
enhancer. Orientation
independent
and
does
not necessarily depend onthe expression of
endogenous targetgene@).Occasionally
mutagenic. Often possible to clone endogenous
genes from genomic libraryby chromosome
walking from vector insertsite (9.v. positional
cloning)
Splice
acceptor
site
Activated by insertion into intron.
Dependent
on
upstream of reportergeneorientation,readingframeandexpression
of
surrounding gene. Usually mutagenicdue to exon
insertion. Gene may be cloned from genomic or
cDNA library by transposon tagging(q.v.)
Translational initiation
Activated
insertion
by
intoexon.
anDependent
sequence
upstream
on
orientation,
reading
frame
and
expression
of
reporter
of gene
surrounding
gene.
Usually
mutagenic
due to exon
interruption. Gene maybe cloned from genomic
or cDNA library by transposon tagging(q.v.)

Gene and promoter trap vectors generate fusion proteins and are reading frame dependent as well as orientation dependent. The use of internal ribosome entry sites (q.v.) upstream of the reporter gene has alleviated
this restriction.

24.6 Analysis of proteins andprotein-protein interactions
Antibodies to detect
and purHy proteins.The interaction between antibodies and their cognate anti-

gens is highly sensitive and specific. Antibodies can therefore beexploited as probes to study gene
expression at the protein level inmuch the same waythat nucleic acidprobes are used at the DNA
and RNA levels, In principle,antibodies can beused in three ways: (i)to isolate and purify proteins
(e.g. affinity chromatography andimmunoprecipitation); (ii) todetect proteins on membranesor in
situ (e.g. western blot, immunohistochemistryand immunological screening of expression libraries)
and (iii) tointerfere with or modifyprotein function (q.v. intrabodies, abzymes). For further discussion
of these techniques, see Proteins: Structure, Functionand Evolution.
The yeast two hybrid system. Traditional methods for analyzing protein-protein interactions
include immunoprecipitation (the precipitation of an antigen following antibody binding, and the
elution and analysis of any interacting proteins), and screens for suppressor and enhancer mutations
(which respectively ameliorate or augment the phenotype associated with a given mutation, and
often identify interacting proteins; see Box 15.4). The yeast two hybrid system is an expression
library-based system used to characterize protein-protein interactions. It takes advantage of the
modular nature of eukaryotic proteins, specificallythat the DNA-binding and activation domains of
transcription factors canfunction independently (q.v. domain swap). Furthermore, several transcription factors have been identified whose DNA-binding and activation domains are encoded by
separate genes, so that noncovalent association facilitatestranscriptional activation (e.g. Oct-l and
the herpes simplex virus W16 transactivator; see Transcription). The yeast two hybrid system
detects proteins which interact with the product of a cloned gene and facilitates the isolation of
cDNAs encoding these unknown interacting proteins (Figure 24.7). The known gene is expressed as
a fusion protein with a classic DNA-bindingdomain suchas thatof GALA -this is the bait for the
interaction trap. An expression library constructed
is
where cDNAs are expressed as fusion proteins
with a transcriptional activation domain, and anyinteractors, proteins which interact with the bait,
recruit the activation domain to the DNA-binding domain. The final component of the system is a
reporter gene which is activated by
the hybrid transcription factor. Interactors are thusidentified by
reporter gene expression, and the corresponding cDNA can be isolatedand characterized.
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Figure 24.7 The principle of the yeasttwo hybrid system. The aimof the experimentis to identify proteins
This is expressed as a fusion protein with a DNA-binding domain
interacting with the bait protein (B).
(DNAB). An expression library is constructed where clones are expressed as fusion proteins with a
transcriptional activation domain(ACT). Cells expressing the bait fusion protein are transformedwith
expression vectors from the library and reporter constructs containing a binding site for the bait DNA-binding
domain. Neither the bait protein nor any putative interactor protein (l) can activate the reporter gene alone.
However, any library proteins which interactwith the bait activate transcriptionof the reporter gene allowing
positive clones to be identified.

Phage display. This technique involves the expression of foreign peptides on the surface of bacte-

riophage by cloning oligonucleotide cassettes in-frameinto phage coat protein genes. Theresulting
fusion phage retain their infectivity and can form plaques in the usual manner. A phage display
library can be screened in the same way as a conventional expression library, using antibodies or
other proteins as probes. The majorapplication of phage display technology is the screening of p e p
tides generated by random mutagenesisfor improved affinity or
binding specificity. This is usefulin
protein engineering, for improving the performance of commercially important enzymes, etc., and
for the construction of recombinant antibodies. In the latter case, phage display equates to artificial
affinity maturation (q.v. somatic hypermutation), and circumvents the need for hybridoma cells lines.
Interacting phage particles can be purified from a background
of up to l@noninteracting phage.
24.7 In vitm mutagenesis
Altering cloned genes.
Once a DNA molecule
has been cloned,in vitro mutagenesis techniques can

be used to introduce sequence changes. These canbe (i) specificmutations whichallow functional
comparison between mutant and wild-type clones, e.g. to identify critical amino acid residues or
regulatory elements, or (ii) random mutations at a defined region which allow the screening of
many variants, e.g. to identify those with improved performance (e.g. q.v. phage display). Cloned
DNA subjected to in vitro mutagenesis can be used to replace the homologous sequence in the
genome of a cell, or of an entire animal or plant, for functional testing in vivo (q.v. transplacement,
gene targeting). This is a reverseapproach to classical genetic analysis, in which random mutations
are generated and screened to select mutants for the gene or system of interest (q.v. genetic screen).
lntroducing specific point mutations.
The introduction of specific base substitutions or small indels

at defined sites in a cloned DNA molecule
is site-directed mutagenesis, and several approaches can
be used. Cassette mutagenesis involves the excision of a fragment of donor DNA using restriction
endonucleases andits replacement bya synthesized oligonucleotide carrying the desired mutation.
Alternatively, oligonucleotide mutagenesis requires the donor DNA to be cloned in an phagemid
vector so that singlestranded DNA is produced. The desired mutation is contained in anoligonucleotide which anneals to the singlestranded vector leaving a mismatch. Theoligonucleotide acts
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Figure 24.8 Site-directed mutagenesis.To introduce a specific point mutation in vitro, a small restriction
fragment may be removed and replaced by a synthetic linker containing the desired mutation (cassette
mutagenesis). If this is not possible, the insert may be cloned in a phagemid vector which produces
single-stranded DNA, and replicative form synthesis may be primed with a mismatching primer. This
generates a heteroduplex replicative form which produces wild-type and mutant replicative forms
in the
subsequent round of replication.

as a primer for DNA synthesis so that the replicativefom (q.v.) of the vector is a heteroduplex, containing one mutant and one
wild-type strand (PCR mutagenesis (q.v.) employs a similar primer mismatch strategy). Subsequent replication produces homoduplex wild-type and mutant vectors, the
latter being identified byhybridization analysis. This is an efficient mechanism forgenerating mutations, but requires disablement of the host mismatch repair system andthe selection of mutant vectors over the wild-type. Numerous strand selection strategies facilitate this process, e.g. protection
of the mutant strand with restriction enzyme-resistant thionucleotides, allowing the wild-type
strand to be digested.
Systematic mutational analysis. The functional analysis of for example a regulatory sequence in

DNAoften begins with the generation of large deletions and substitutions (using restriction
endonucleases and exonucleases) to determine the position of essential regions.Deletion mutagenesis involves the use of restriction enzymes to remove segments of donor DNA from a clone.
Unidirectional deletions can begenerated with exonucleases such as E. coli exonuclease W, which
act upon a particular type of DNA end substrate. Unidirectional deletions allow the creation of a
nested set of deletions (where one end is common and the other variable). These are useful for
analyzing regulatory elements andalso for mapping point mutations. Scanning mutagenesisis the
systematic replacement of each part of a clone to determine its function. In the analysis of regulatory elements, linker scanning mutagenesis allows the deletion of small blocks of sequence and
replacement by oligonucleotide linkers (q.v.) at each position along the clone, thus preserving the
spatial relationship of the remainingDNA motifs. In the functional analysis of proteins, homologscanning mutagenesis involves replacing each segment of the protein with a homologous region
from a related protein to identify functionally specific residues. Thistechnique can be extendedto
systematically replace eachamino acid with a different residue, which is achieved by site-directed
mutagenesis (q.v. domain swap).

'
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Random mutagenesis.Where site-directedmutagenesis allows the accurate introduction of specific

point mutations, random mutagenesis is the most rapid way to analyze large numbers of different
mutations for their effects. Randompoint mutations canbe introduced by using an error-prone DNA
polymerase (e.g. reverse transcriptase, Tuq DNA polymerase) underconditions where inaccuracy is
favored and in a host strain where all DNA repair systems havebeen disabled. Random mutations
can also be targetedto a specific regionof a cloneusing degenerate (q.v.) oligonucleotides for cassette
mutagenesis, oligonucleotidemutagenesis or PCR mutagenesis. More recently,techniques have been
developed involving the PCR-mediated repair of randomly fragmented genes byin vitro homologous recombination. Although not widely used, this technique has been very successful for generating variants of the enzyme P-lactamase with higher activity that the wild-type enzyme.
24.8 Transgenesis: gene transferto animals and plants

One of the most important basic
techniques of molecular cloning isthe introduction of DNA into cells. As discussed above, there are
several highly efficient procedures used routinely to introduce DNA into bacterial and yeast cells,
facilitating the cloning and expression of animal andplant genes. However, the functional analysis
of animal or plant DNA often requires the reintroduction of cloned DNA into the species of origin.
A range of techniques allows the introduction of DNA into eukaryotic cells (Table 24.9). Most
involve forcing cells to take up naked DNA (transfection), but some gene transfer techniques are
based on the transduction of DNA packaged in viral capsids, and uniquely in plants, there is a
procedure based onthe conjugal transfer of a bacterial plasmid (also see Gene Transfer in Bacteria).
Most bacterial and yeast vectors are episomal, i.e. maintainedoutsidethegenome
as
autonomous replicons. In contrast, higher eukaryotes tend to lack nuclear plasmids and latent
episomally maintained DNA viruses (herpesvirus-based vectors in mammals are an exception). The
consequence of this is that DNA cannot be maintained episomallyin higher eukaryotes as conveniently as it can in bacteria and yeast. In some cases, this is not importantbecause it is unnecessary
for DNA to be stably maintained: many experiments, such as reporter gene assays, can be carried
out relatively quickly and transient transfection, (where DNA introduced into the cell but is
eventually lost by dilution and degradation) is sufficient. Stable transfection is required for techniques such as protein overexpression, and in the absence of episomal vectors, this is generally
achieved by the stable integration of DNA into the genome. DNA transfected directly into higher
eukaryotic cells frequently integrates randomly into the genome, providing a relatively easy mechanism for the genetic transformation of animal andplant cells in culture.

Mechanisms of gene transfer into higher eukaryotic cells.

Transgenic animals and plants.
In multicellular organisms, application of the gene transfer technol-

ogy discussed above to totipotent (q.v.) cellsallows the generation of animals andplants where every
somatic cell has the same modified genotype. Such organisms are described as transgenic', and
transmit their newly acquired genetic
determinants through the germline as simple Mendelian traits.
The route to transgenic plants is relatively simple because of the naturally occurring and highly
efficient Ti plasmid-based gene deliverysystem andbecause differentiated plant cells are totipotent
and, at least in some species, canbe persuadedto regenerate into whole adultplants under the appropriate conditions (Box 24.6). Differentiated animal cells, by contrast, are restricted in their potency,
thus transgenic animals must be generated by the manipulation of eggs or cells derived from early

'Transgenesis was originally definedas the introductionof an alien gene (i.e. one from a different species) into
germline maniputhe germlineof an animal or plant, but it is convenient to use the term to cover allof forms
lation including the introductionof extra copies of an endogenous gene, targeted disruptions, and the introtargeted rather than transgenic to describe
duction of antisense genes. Some researchers prefer to use the term
animals and plantsif the germline alteration is subtle (as in the double replacement strategy to generate poin
mutations) orif it involves genes solely derived from that species.
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Table 24.9 Methods for introducing DNA into eukaryotic cells

I

Method
Cell transfection methods (uptake of naked DNA)

Polyethylene
glycol
Protoplast
fusion
or
direct
uptake
of
DNA
in
presence
of
Ca2+
ions
and
polyethylene glycol. Efficient but labor intensive and, in yeast and
plants, requires regeneration of cells from
spheroplasts/protoplasts
Chemical
transfection
Many
methods,
e.g.
lithium
acetate
transfection
of
yeast,
calcium
phosphate or DEAE-dextran transfection of animal cells. DNA
is
internalized by endocytosis. These methods are generally efficient for
both transient and stable transfection, except DEAE-dextran
transfection of animal cells, whichis inefficient for stable transfection
Lipofection
DNA
complexed
with
cationic
liposomes
endocytosis.
taken
and
by
up
A highly efficient method for transfecting animal cells and yeast and
plant spheroplasts/protoplasts. Often works on mammalian cells
difficult to transfect using other methods
Electroporation
Naked
DNA
taken
into
cells
through
transient
pores
created
brief
by
pulses of high voltage. A very efficient method for the transfection of
yeast, plant and animal cells
Direct
injection
100% efficient
though
labor-intensive
method
introducing
for
DNA
into
cells. Routinely applied to animal oocytes, eggs and zygotes and to
cells which are difficult to transfect by other methods
Microballistics(biolistics)Theuseof
microprojectiles, tungstenorgoldparticlescoatedwith
DNA, which are fired into cells at high velocity using
a gun
gene
(originally a modified shotgun, but recently more refined apparatus
has been developed using high pressure blasts of air or electric
discharges). Gives efficient transfection of plant cells without
removing cell walls. Can alsobe used to transfect whole plant and
animal tissues

Transduction methods (DNA transferred in viral capsid)

Recombinant
viruses
Viral
vectors
are
used
predominantly
in
mammals.
Several
viruses
are
exploited as vectors herpesviruses are maintained episomally,
retroviruses and adenoviruses integrate into genome (also q.v.
baculovirus expression system). Plant viruses have been developed
as vectors but not widely exploited due to success
Ti of
plasmid
vectors. Viral promoters are often exploited in expression vectors to
drive high level constitutive gene expression

-

Conjugation methods (DNA transferred
to eukaryotic cell by bacterial conjugation)

vectors
Ti Living
plants
and
plant
culture
cells
in transformed
are
T-DNA
by

excized from the Ti plasmid of Agrobacterium fumorfaciens.
Recombinant T-DNAis a highly efficient gene transfer vector,
although only dicotyledonous plants are transformed (Box
24.6)

Transfection,when applied to eukaryotic cells, means the uptake of any naked DNA (not just phage DNA
as
in bacteria). Conversely,transformation refers to a change in genotype brought about by the integrationof
DNA into the genome (in bacteria, transformationis the process of introducing naked, nonviral DNA into the
cell and is equivalent to eukaryotic transfection). The terms transformation and transfection tend to
be used
synonymously in yeast.

embryos. Thereare three ways to produce transgenic animals (Box 24.7). The most widely usedis the
simple injection of DNA into the nucleus of an egg, leading to random integrationof DNA into the
genome. In mice, transgenic technologyis more refined and gene targeting (q.v.) in embryonic stem
(ES)cells allows specific genetic modifications.
As well as germline transformation, techniqueshave
also been developed for the transferof genes tosomaticcells inlivingorganisms. The most ambitious
application of somatic transgenesis is in gene therapy, the
use of nucleic acid to treat or evencorrect
human diseases (Box 24.8).
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Transgenic animals andplants provide an unparalleled resource for the study of gene function.
Unlike similar investigations in vitroor in cultured cells, the inserted genetic material in a transgenic
organism, the transgene, can be studied in the context of the whole organism (i.e. in terms of
spatial and developmental expression). This can be exploited in the analysis of lossand gain of gene
function effects, and the testing of regulatory elements. Particularly important in this context is the
use of transgenic mice as models of human disease and cancer. Another important application of
transgenic technology is the overexpression offoreign proteins. Animal phaming is a euphemistic
term to describe the production of commerciallyvaluable proteins - especially drugs in animal
milk, by driving transgenes with promoters from endogenous milk-protein genes. This approach
provides an abundant and renewable
source of recombinantproteins in a form that is readily purified. Similarly,transgenic plants provide a resourcefor the production of chemicals, fuels,drugs and
novel foods. Transgenic technology canalso be used to increase the performance of commercially
important animals and
plants by adding newtraits (e.g. herbicide-and pest-resistance) and improving on existing ones (e.g. the yield or quality of fruit, grain, meat andmilk).

-

The fate of DNA transfemd to eukaryotic cells. As discussed above, DNA transferred to higher
eukaryotic cells is rarely maintained episomally, but is integrated into the genome. Exogenous DNA

can interact with the genome in three ways: (i) it can integrate randomly byillegitimate recombination; (ii) it can integrate at a specific site by single cross-over homologous recombination (cointegration or fusion); and (iii) it can replace a fragment of the genome by doublecross-over homologous recombination or gene conversion (transplacement).
In yeast, homologous recombination is extremely efficient and most genome integration events
occur either by single cross-over integration or transplacement. In mammals, illegitimate recombination occurs lo5 times more frequently than homologous recombination because of the highly
active end-joiningrepair system. Forthis reason, most DNA introduced into animal and plantcells
is randomly integrated at sites of where adventitious DNA strand breaks have occurred, and careful strategies are required to select forrare homologous recombination events (Figure 24.9).
A vector designed specifically to introduce DNA into the genome is described as a gene delivery vector or suicide vector (the latter because it is meant neither to be maintained norrecovered).
Homologous interactions between the host genome andvector occuronly if there is a shared region
of homology, and such interactions are stimulated by vector linearization because linear DNA initiates recombination by invading the homologous duplex(see Recombination).

-

Random integration transgenesis

gain of function effects.The simplest strategy for introducing
germline changesinto an animal or plant genome isto allow exogenous DNA to integrate randomly. This is the only available approach for most organisms andis sufficient to study or obtain both
the gain of function and dominantloss of function effects of transgene integration.
Gain of function effects resultnot only from introducing a foreign gene
into the genome, but also
from increasingthe level or scope of expression
of an endogenous
gene (e.g. by introducing extra copie
under the control of a strong viral promoter- overexpression studies - or an alternative cell typespecific promoter - ectopic expression studies). The expression of foreign genes is often aprimary
goal in the biotechnology industry whereas the research communitytends to focus on the analysisof
gene functionand regulation. The analysisof reporter gene expressionunder the control of a normal
and modified regulatory elements
has been extensively employedin the study gene regulation.
Several problems are associated with random integration approaches to transgenesis: (i) transgenes areoften subject to position effects which may cause silencing, varying ectopic or restricted
expression patterns and variable expression levels; (ii) transgenes may be subjectto dosage effects
- the number of integrating copies cannot be controlled; (iii) particularly in plants, but also in
mammals, the integration of multiple copies of a DNA sequence into the genome results in epigenetic silencing phenomena (see DNA Methylation and Epigenetic Regulation); (iv) there may be
unspecified effectsupon endogenous geneexpression.
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Figure 24.9 Gene targeting. Targeted DNA integration may
be achieved using oneof two classes of
targeting vector: (a) an insertion vector (single cross-over site,with ends in) or (b) a transplacement vector
(two cross-over sites,with ends out). The insertion vector integrates completely
into the genome whereas
the transplacement vector replaces partof the genome with the homologous vectorsequence. In both
cases, large segments of the vector remainin the genome because of the need to use dominant selectable
markers (arrow). To achieve subtle targeted mutations, such as point
a
mutation (shown as M'), a second
round of replacement is therefore necessary (c). Homologous recombination
is a rare occurrencein
mammalian genomes while random integration
is very common. Dual positive-negative selectionis therefore
employed (d) e.g. the using the E.coli neo and herpesvirustk genes. The neo gene allows positive selection
for resistance to the antibiotic G148, whilethe tk gene confers sensitivityto the thymidine analogue
gancyclovir. The tk gene is placed outsidethe homology domainof the targeting vectorso that it is only
introduced into the genome by random insertion. Therefore only those cells having undergone homologous
recombination will be resistant to both gancyclovir and G148.
to alleviate integration position
effects.
Recent refinements in transgenic technology have helped
These reflect (i)
the influenceof heterologous regulatory elements and chromatin domain structure at
the site of integration, and (ii)
the factthat transgenes are often small and lack the distant regulatory
elements that normallyconfer position independence upon them. Inboth animals and
plants, it has
been found that by flanking the transgene with boundary elements (4.v.) position effects can be
reduced, perhaps by specifying the transgene as an independent chromatin domain. The recent
more
development ofYAC transgenics, mice carryingyeast artificial chromosome transgenes, has allowed
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large segments of DNA to be integrated into the mouse genome so that genes standa good chance
of being influencedby all their endogenous regulatory elements. YAC transgenics are invaluable for
the study of large genes and longrange regulatory phenomena such as the activity of locus control
regions and enhancers, chromatin domaineffects, parental imprinting and somatic hypermutation.

-

Random intwration transgenesis /OS of function effects. The study of loss of function effects
often requires targeted disruption of a particular gene followed by breeding to homozygosity (see
next section). However,
randomly integrated transgenes can also be usedto studyloss of gene function, although usually only if they are dominant to wild-type (because introducing a recessive
mutant allele into the genome will have no effect). Occasionally, arandomly integrating transgene
will happen to disrupt an endogenous gene
(insertional inactivation), in which case a phenotype
may be produced in the heterozygote (dominant mutations, usually due to haploinsufficiency) or
the homozygote (recessive mutations). This is a crude and accidental form of mutagenesis and is
untargeted. However, the principle of random insertional mutagenesis byintegration of a transgene
can be exploitedin large scale geneticscreens (9.v. trunsposon tugging, gene trap)
Dominant loss of function effects can begenerated in several ways: (i)if a mutant allele acts in a
dominant negative manner, arandomly integrating transgene will disrupt the function of the wildtype alleles; (ii) selective cell ablation can be achieved by expressing a toxic protein such as ricin
under the control of a tissue-specific promoter; this can be used to investigate the effects of killing
all cells in which a particular gene is expressed; (iii) dominant or partially dominant gene knockdown effects can be achieved by expressing antisense RNA or a ribozyme construct targeted to a
specific gene -these may inhibit gene function by degradingor inactivating the mRNA (Box 24.8);
(vi) similarly, gene knockdown at the protein level can be achieved by expressing a recombinant
antibody, which bindsto and inhibits the activity of a specific protein (see Box 24.8).

Gene tatgeting by homologous recombination. Gene targeting is a form of in vivo site-directed
mutagenesis involving homologous recombination between a targeting vector containing one allele
and an endogenous generepresented by a different allele.Two types of targeting vector are used:
integration vectors (ends-in vectors) where cleavage within the homology domain stimulates a
single cross-over resulting in integration of the entire vector; and transplacementvectors (ends-out
vectors), where linearization occurs outside the homology domain and a double cross-over or gene
conversion event within the homology domain replaces part of the genome with the homologous
region of the vector (Figure 24.9).
There are many applications of gene targeting:
(i) Gene knockout(targeted disruption) which can be achievedby inserting a cassette anywhere
in the integration vector, or within the homology domain of a transplacement vector (shown
as a black arrow in Figure 24.9). This cassetteis usually a dominant selectable marker,such as
the bacterial neo gene, which allows selection of targeted cells.
(ii) Allele replacement. One allele is replaced by another, e.g.
to investigate the effects of a subtle
mutation. This requires two roundsof replacement because the need for selectionmeans that
both integration and transplacement vectors leave vector
sequence in the genome (Figure24.9).
(iii) Gene knock-in, a novel application where one gene is replaced by another (nonallelic) gene.
This is achieved by inserting the incoming gene as a cassette within the homology domain,
and is most readily achieved when swappingalternative members of multigene families.
(iv) Gene therapy. Inthis case, amutant nonfunctional allele is replaced by a normal allele (seeBox
24.8).
Gene targeting is an efficient process in yeast and is being actively applied in the systematic
targeting is carried out bytransfection of ES cells
project to knockout of all 6300 genes. In mice, gene
and is a very inefficient process compared to random integration. The positivenegative strategy
required to select the rare targeted cells is shown in Figure 24.9. Notwithstanding these limitations,
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the technique has been invaluable in the analysis of gene function, including many genes with
important roles in development. However, one unexpected finding from such experiments is the
high level of genetic redundancy for developmental genes, with the consequence that many null
mutant mice show surprisingly mild phenotypes (q.v. redundancy).
inducible transgene activity. An extra level of control can be engineered into transgenic organisms
by placing the transgene under inducible control. Two forms of control are commonly used: (i)
inducible promoters to switch gene expression on and off; and (ii) inducible site-specific recombination systems which facilitate not only the control of gene expression, but also cell type-specific
gene deletions and chromosome rearrangements.
Inducible transgenes have been widely used for overexpressionand ectopic expression studies.
Heat shock induction is often used in Drosophila and plants. In mice, a number of different systems
have been tried with varying results. Heterologous regulation systems have been most successful
because there is little residual activity and induction is specific to the transgene rather than coactivating endogenousgenes. Examples include the Drosophila ecdysone promoter, which responds to
the Drosophila moulting hormone, and the Tet system, which responds to tetracycline induction.
Site-specific recombination (q.v.) is a form of recombination involving short conserved sequences
(recombinators) and proteins which recognize them and catalyze recombination between them
(recombinases). The particular arrangement of pairs of recombinator elements can stimulate deletion, inversion or translocation (cointegration) events (see Box 25.4). If a recombinase gene and the
recombinator elements recognized by theencoded enzyme are inserted into a transgenic organism,
targeted DNA arrangements occur.Targeted deletions can be used forgene knockout (e.g. bydeleting the entire gene) or gene reactivation (e.g. by deleting an insert which separates a gene from its
promoter). Targeted chromosome rearrangements can also be produced. The power of this technique derivesfrom control of the recombinase. The recombinasegene can be activated in a cell type
specific manner or under inductive control. In the first case, this allows cell type specific gene knockouts to be generated, and in the second case,gene knockouts can be generated at any stage inthe
life cycle of the organism, which is useful e.g. if the gene to be knocked has pleiotropic effects (q.v.)
but is embryonic lethal. TheCre-lox recombinase system hasbeen widely exploited particularly in
transgenic mice and the S. cerevisiae 2p plasmid FLP-FRP system has been welldeveloped in
Drosophila. The endogenous functions of these systems are discussed in Box 25.4.

f

Box 24.1: Essential tools and techniques
I: Restriction endonucleases

Enzyme class

Features

Class I

Three subunit complex with individualrecognition,endonucleaseandmethylaseactivities
Mg2+,ATP and S-adenosylmethionine (SAM) required for activity
Recognition site is bipartite and cleavage occurs atrandom site > 1 kb away
Endonucleaseandmethylaseareseparatesingle-subunitenzymesrecognizing
the
same target sequence
Mg2+ required for activity
Recognition site usually shows dyad symmetry-there are severalsubclasses based
on recognition site structure. Cleavage occurs at precise sitewithin or near to recognition site on both strands
Endonucleaseandmethylaseareseparatetwo-subunitcomplexes
with one subunit in
common
Mg2+and ATP required for activity. SAM stimulatory but not essential
Recognition site is unipartite. Cleavage siteis variable, about 25 bp downstream of
recognition site. Cleavage occurson one strandonly

Class II

Class 111

Continued
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Classes of re!jtriction endonudeases. Restriction Properties of classII restriction sites andrestricendonucleases (restriction enzymes) are bacterial tion fragments. Class II restriction sites generally
endonucleaseswhichrecognizespecificnucleotide
show dyad symmetry.If cleavage occurs at the axis
sequences (restriction sites) typically 4-8 base pairs ofsymmetry, blunt or flush ends aregenerated.
in length. Their physiological role is
host contmlled However, if the cleavage positions are not directly
restriction &d modification (q.v.) hence each endonu- opposite eachother, a staggered break
is generated,
clease is associated with a cognate
DNA methylaseto producing either5' or 3' overhanging termini(sticky
or cohesive ends). Generally, restriction fragments
protect host DNA from autorestriction. There are at
produced by the same enzyme are compatible and
leastthreerestrictionenzymeclasses(seetable
below) but only the class II enzymes are useful for those produced by different enzymes are incompatible. Some exceptions are discussed below.
constructing recombinant DNA molecules:they
Thesame
restriction endonucleasedoes not
always cleave DNA at precisely
the same phosphodiester bond relativeto the restriction site and generatealways generate compatible fragments. Restriction
sites may bespecific, in which casethe nucleotide
defined products restriction fragments.
sequence is invariable and all ends generated
by the
Nomenclature. Restriction endonucleases are endonucleaseare compatible (e.g. Hindlll always
designated by a three letter species identifier
in italic cuts at the sequence AAGClT). Other sites contain
more
ambiguous nucleotides, which
(e.g. €CO = E. coli, Hin = H. infhenzae) followed, if one or
necessary, by furtherlettersand/ornumbers
in increases the frequency ofthe sequence in random
the enzyme
roman type to indicate strain type or vector if the DNA but means that ends generated by
restriction phenotype is conferred by a plasmid or a are not always compatible (e.g. Hindll cuts at the
phage (e.g. EcoRI, Hind, BamH). Finally,
if more than sequenceGTYRAC,andproducesfourdifferent
unipartite
one restriction system exists in the same cell it is types of sticky ends). Restriction sites are
designated by a roman numeral,e.g. Hindlll. Where if the recognition sequenceis continuous or bipartite if it showshyphenateddyadsymmetry
(e.g.
necessary, the endonuclease and cognate methylaseofarestriction-modificationsystemcan
be EcoNl cuts at the sequence CCTNNNNNAGG where
N is anynucleotide).Cleavageata
bipartite site
specified by the prefixes R. and M. respectively,e.g.
does not generate universally compatible fragments
R.BamHI, M.BamHI.
becauseof the arbitrarynature of the central
Distribution of class I1 restriction sites and fre- residues. Under suboptimal conditions, the speciquency of cleavage. The frequency with which a ficity ofsome restriction endonucleasescan be
class II restrictionendonucleasecleavesDNA
is reduced so that only part of the normal recognition
dependent upon the size of its restriction site (the site is recognized. This is known as star activity
enzymes may be described as 4-cutters, 6-cutters, (e.g. at suboptimal pH, EcoRI, which usually recogetc.).The
frequency of any motif in random nizes the site GAAlTC will recognize only the intersequence DNA is 1/4", where n is the size of the nal AAlT sequence). The enzyme Bcgl is unique in
motif.Hence,4-cutterenzymessuch
as Sau3Al that it cleaves the DNA twice on eachstrand,
(GATC) tend to cleave DNA once every -250 bp, generating a tiny fragment containingthe restriction
in that it recognizes two
whereas 6-cutters such as EcoRl(GAATTC) gener- site. Taqll isunique
unrelated
sites.
ate fragmentswith an average size of 4kbp and 8Different restriction endonucleases may generate
cutters such as Not I (GCGGCCGC) generate fragcompatiblefragments.Restrictionendonucleases
ments with anaveragesizeof
65 kbp.Fragment
which recognize different sites can sometimes gensizes also depend on the base composition of the
erate compatible stickyends.This occurs ifone
substrate. Rare cutters have large recognitionsites enzyme recognizes asite which is embeddedin the
and/or recognize sequences which are underrepre- largersiteofanother,a
nested site. BamHl recsented in a particular genome. Not1 is an 8-cutter ognizes the sequence GGATCC and Sau3Al recogwhose restriction site is GC-rich (and thus slightly
nizes the internal tetranucleotideGATC; both generunderrepresented in mammalian
genomes
ate GATC 5' overhangswhicharecompatible.
40%GC) and contains two CpG motifs (which are Joining,however,generatesa
hybridsite which
heavily depletedin mammalian DNA). The estimated may be cleaved by only one of the original enzymes
average fragment size for a Not I digest of mamor both, or in some cases neither (in the example
malian DNA is thus-95 kbp. Rare cutters are useful Sau3Al cleaves the BamHIISau3Al hybrid site, but
for preparing cosmid libraries and long-range BamHl cleavage depends on the flanking residues.
restriction maps (q.v.) (also q.v. intron-encoded Restrictionenzymes from differentsourcesmay
endonucleases, H0 endonuclease).
recognise the same restriction site. Such enzymes

-

-
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restriction enzymes however, due to the nature of
their restriction sites, are also sensitiveto genomewide methylation such as Dam and Dcm methylation in the E. coli genome, and the methylation of
CG or CNG motifs in eukaryote genomes(see DNA
Methylation and Epigenetic Regulation). The availability of isoschizomers differing
in methylation sensitivity (heterohypekomers) is useful for mapping
Methylation sensitivity. Every restriction endonu- methylated DNA. For instance, both Hpall and Mspl
recognize the sequence CCGG but only the former
clease has a cognatemethylase which modifies
restriction sites in the host genome by methylation is sensitive to methylation of the internal cytosine.
andpreventsautorestriction
(q.v. host restriction These enzymes can thus be used to determine the
higher
and modification). Thus, all restriction endonucleas- positions of methylated CpG motifsin
es are to some degree methylation sensitive. Some eukaryotic genomes(q.v. HTF island).

aretermed isoschizomers if theycleaveat
the
same position and neoscizomers (or heterosciSmal
zomers) if they cleave at a different positions.
andXmal both recognize the hexanucleotide site
CCCGGG. However, whereas Smal cleaves at the
axis of symmetry and generates
blunt fragments,
Xmal cleaves betweenthe first and second cytosine
residues and generatesCCGG 5' overhangs.

r

Box 24.2 Essential tools and techniques11: Gel electrophoresis

Gel electrophoresis. Electrophoresis is the sepa-

lution (required e.g. for DNA sequencing). In each
ration of molecules in an electric field onthe basis of case the average pore sizeof the gel canbe altered
their charge and size. Gel electrophoresis is the by changingits concentration, and different concenstandard method used to resolve mixtures of large trations can be usedto resolve different size ranges
molecules (i.e. proteins and nucleic acids) because of nucleic acids. Nucleic acids in agarose gels are
usually detected by staining with the intercalating
there is no convection in gels,allowingindividual
dye ethidium bromide which fluoresces under UV
fractions to form sharply defined bands. Samples
in polyacrylamidegels areusually
are loaded in a narrow zone at one end of the gel, light.Bands
detected by autoradiography, although silver staindefined by wells formed during gel casting. An electric field is then applied across the gel and
the sam- ing can also be used.
ples move out of the wellsatdifferentvelocities
AdaptationsforlargeDNAmolecules.
Nucleic
according to size and charge. Since all nucleic acids
have the same negative charge on the phosphate acids change conformation as they move through
compact
backbone, their mobility is determined only by size gels,alternatingbetweenextendedand
and shape. Proteins have different charges and are forms. Their velocity depends uponthe relationship
separated accordingto both charge and size,but by between the pore size of the gel and the globular
denaturing proteinsin the presence of the detergent size of the nucleic acidsin their compact form,with
larger molecules moving more slowly. Once
critical
a
sodium dodecyl sulfate, the charges are equalized
allowing separation by molecular weight (q.v. size has been reached, however, the compact molecule is too large to fit through any of the pores and
westem blot).
can move onlyas an extended molecule, a process
Standard gel electrophoresis for nucleic acids.
termed reptation. At this point, the mobility of DNA
DNA and RNA moleculesranging from oligonu- becomes independent of size, resulting
in the comicleotides to 20 kbp restrictionfragmentscan be gration of all large molecules.
To fractionate large
resolved in standard electrophoresis gels. Two types DNA molecules such asYACs
andlong-range
are used: horizontal agarose gels for the analysis restriction fragments, electrophoresis is carried out
and preparation of fragments between 100 bp and with a pulsed electric field. Theperiodic field caus20 kbp in size with moderate resolution, and vertical es the DNA molecule to reorient; longer molecules
polyacrylamide gels for the analysis and prepara- take longer to realign than shorter ones,
so delaying
tion of small molecules with single nucleotide reso- their progress throughthe gel and allowing them to
Continued
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be resolved. DNA molecules up to 200 Mbp in size and separation in the second dimension primarilyon
have been separated by various pulsed field-based
the basis of molecular weight. 2-D electrophoresis
methods
(summarized
DNA
below).
allows
separation
of molecules
of
with the
same size but different conformations (e.g. topoiso2-D e l ~ t ~ P h o ~ sElectrophoresis
is.
in two dh~en- mers, conformational isomers, replication intermediSions exploitsdifferentproperties OfmOleCUleS in ates).2-DDNAelectrophoresisinvolves
separation
each dimension and allows finer resolution. 2-D pro- in the first dimension on the basis of size, followed
tein electrophoresis involves isoelectric focusing in by the addition of ethidium bromide to induce conthefirstdimension(separation
on the basisofformationalchangesallowingresolutionofstructural
charge in a pH gradient) followedby addition of SDS isomers in the second dimension.
Method (GE= gel electrophoresis)

Brief
description

Constant field orientation methods
Pulsed
field
(PFGE)
Field
applied
short
inpulses:
resolution
molecules
of
Field
inversion
(FIGE)
Field
pulsed
and
alternates
Variable field orientation methods
Pulsed field gradient (PFGGE)
Orthogonal
field
alternation (OFAGE)
imDroves
Transverse alternating
field fLAFGE)
Contour
clamped
sunounded
Gel
homogenous
electric
fields
pathway:
resolution
(CHEF) and programmed
autonomously controlled
electrodes (PACE)

in polarity;
resolution
of

< 400 kbp
c 800 kbp

Fieldpulsedandalternatesorthogonally;resolutionof
c 2 Mbp
above,
As
alternate
but fields
at
45' instead
of
90°, which
intermetation
mobilities
bandof
As' PFGGE bui orthogonal field runs transversely through gel
by multiple
electrodes
arranged
c 7Mbp

polygonal
in a

1

Box 24.3 Essential tools and techniques111: Nucleic acid hybridization

Nucleic acid hybridization. Complementary base may be intramolecular intermolecular.
or
pairing between single-stranded nucleic acids Hybridization can occur between nucleic acids
in
underliessomeofthemostimportantbiological
solution, or where one is in solution and the other
processes: replication, transcription, protein synthe- immobilized (either on solid
a support or fixedin situ
sis and its regulation, RNA splicing, recombination in a cell).
and DNA
repair.
Nucleicacidhybridization
Hybridization parameters. The stability of a duplex
describes a range of techniques which exploit the
nucleic acid is dependent upon both intrinsic and
ability of double-stranded nucleic acidsto undergo extrinsicfactors.
intrinsic propertiesinfluencing
denaturation or melting (separation into single duplexstabilityreflectthenumberofhydrogen
strands) and for complementary single strands
to bondsholding two singlestrandstogether,and
spontaneously anneal (form a duplex). Duplex DNA include the length of the duplex,
its GC content and
can be denatured and the same strands can then
the degree of mismatch between the complemenreanneal or renatureto form homoduplexes. tary partners. The shorter the duplex,the lower the
Alternatively, single strands can anneal
to alternative GC contentandthemoremismatchesthereare,
complementary partners, such as a labeled nucleic the fewerhydrogenbonds
hold the two strands
acid probe to form a hybrid duplex or heterodu- together,andtheeasiertheyare
to denature.
plex. The power of the technique is that a labeled Extrinsic properties influencing duplex stability
nucleicacidprobecandetectacomplementary
reflect the presence of environmental
factors which
molecule in a complex mixture,with great specifici- interfere with hydrogen bonds. Increasing temperature causes the disruption of hydrogen bonds, thus
ty and sensitivity. Hybridization can occur between
DNA and DNA, DNA and RNA or RNA and RNA, andduplexesbeing to meltastemperatureincreases
Continued
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thermal melting). Thechemicalenvironment
is of single-stranded nucleic acidsin solution (includIISO important: Na+ ions increasethe stability ofthe ing primers for PCR,in vitro mutagenesis, primer
random priming;
luplex whereas destabilizing agents such as for- extension,cDNAsynthesisand
and in techniques such as subtractive hybridization,
namide disrupt hydrogen bonds.
is
The intrinsic propertiesof a given duplexare con- nuclease protection andhomopolymertailing)
stant, so the ability of a given duplex to be main- taking advantage of solution hybridization.
:ainedcancontrolled by modulating the extrinsic Simple filter hybridization. Filter or membrane
:onditions, which are collectively defined as strin- hybridization improves the detection of hybridized
aency.The intrinsic stability of aduplexcan be moleculesbyimmobilizingthedenaturedtarget
neasured by determining its melting temperature nucleic acid on asolidsupport.Thetransfer
of
T,,) in a constant chemical environment.The
nucleic acids onto such a support, which is often a
jenaturation of double-stranded nucleic acids nitrocellulose filter or a nylonmembrane, is termed
:auses a shift in the absorbency of UV light at 260 blotting. The simplest form of blotting is when the
1m wavelength, a hypochromic effect which can denatured sample is placed directly onto the mem>e assayed by measuring optical density (OD260). brane (a dot blot). Alternatively, the target can be
rm is defined as the temperature corresponding to applied
througha slot, which allowsthe area of the
50% denaturation, i.e. where the OD260 is midway filter covered bythe target to be defined(slot blot).
3etween the value expectedfordouble-stranded
Once transferred,the nucleic acidis immobilized on
3NA and single-stranded DNA. The,T of perfectly the membrane. This is often achieved by baking or
:omplementary duplexes ofvarious compositions cross-linking underUV light, although contemporary
:an be calculated as shown below. The Tm falls by
chargednylonfilters
bind nucleicacidsspontal0C for each 1% of mismatch, and 0.6OC for each neously. Themembrane is thenincubated in a
1% of formamide in the hybridization solution.
hybridization solution containing the probe and
Nucleic acid hybridization experiments can therehybridisationis carried outfor several hours. Thefilfore be used to determinethecomplementarity
teristhenwashedand
the probe detected (q.v.
between two nucleic acids by establishing the Tm.
nucleic acid probes for discussion of probe synConversely, the Tm can be usedto direct hybridiza- thesisanddetection).This
is a rapid diagnostic
tion at precise stringency, allowingthe hybridization technique which allows the presence or absenceof
of somemoleculesandnotothers.Undersome
particular sequences to be confirmed and quantificircumstances, it may be desirable to detect only
cation of the target sequence.
fully complementarysequences, in which case high
stringency conditions areused. In other cases, it Southern andnorthern hybridization. Amore
maybe desirable to detect fullycomplementary
sophisticated approach involves the separation of
sequencesand related sequences, in which case
DNA fragments or RNA by electrophoresis in a gel
lower stringency conditions can be chosen
to detect before blotting. The capillary transfer of eleca particular degree of complementarity.
trophoretically fractionatedDNA from a gelto a solid
support was first carried out by Edward Southern
DNA:
Tm = 81.5 + 16.6(loglo[Na+]) +
and is called a Southern blot. By extension, a sim0.41(%GC) 500Aength
ilar technique for the immobilization of elecRNA;RNA-DNA
Tm = 79.8 + 18.5(loglo[Na+]) +
trophoretically fractionatedRNA is a northern b l o r
0.58(%GC) + 11.8 (%GC)2 The principle behind these techniques is that the
820Aength
position of DNA fragments orRNA molecules on the
Oligonucleotides: Tm = 2(no. of AT pairs) + 4(no.
filter
representstheirpositions
in thegel which
of GC pairs)
reflect size fractionation.
Solution hybridization. Thehybridization of two
Southern blots have manyapplications, and these
nucleic acids mixedin solution allows the investiga- are divided into two groups:(i) simpleSouthern
tion of sequence complexity, genome organization hybridization and (ii) genomic Southern hybridizato complemeni
andgenestructure.
In the past,Cotanalysis
of tion.SimpleSouthernsareused
restriction mapping studies ofcloned DNA, to idengenome complexity and gene distribution, and Rot
tify overlapping fragments and assemble clone conanalysisof transcript abundanceandexpression
the digestion oi
parameters were majorapplications of solution tigs.GenomicSouthernsinvolve
hybridization (see Box 72.7),but the advent of whole genomic DNA and its fractionation by elecgenome mapping and sequencingprojects has ren- trophoresis. For most genomes, digestion with standard six-cutter enzymes generates millions offrag
dered this type of experiment obsolete. However,
any molecular reaction which involves
the annealing ments of varying lengths which produce ar

-
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Jnresolvable smear on an electrophoretic gel,
but single mismatch resultsin hybridization failure. This
Iybridization can identify and characterize individual
can be exploited to detect specific alleles generated
fragments.Onemajor
application ofgenomic
by point mutations (mutation detection, c.f. rnutaSoutherns is to identify structural differences tion screening).SimilarPCR-based
techniques
Detween genomes, through the alteration of restric- involveprimerswhichlikewisefail
to hybridize at
tion fragment sizes (restriction fragment length polysinglebasemismatches
(q.v. allele-specificPCR,
morphisms, RFLPs). Many pathogenic mutations in oligonucleotide ligation assay, ligase chain reaction).
humans can be identified by Southern blotting in
Reverse hybridization. Classic Southern and
thisway.Point
mutationscancreateorabolish
northern hybridization involves using a simple
restriction sites and therefore alter the pattern of
two homogeneous probeto screen a complex mixture of
bands observed. Large deletions can remove
immobilized target molecules. Reverse hybridizaconsecutiverestrictionsitesandhencedeletean
entirerestrictionfragment
(q.v. loss of hetemzy- tion (reverse Southern, cDNA Southern) involves
30sity). Increases in restriction fragment sizes are the opposite approach of immobilizing the cloned
also seenwhen
DNA
has
integrated into the DNA and hybridizing to it a complex probe mixture
genome, e.g. through the insertion of a transposablesuch as labeled whole RNA or cDNA. This technique
element or of foreign DNA in transgenic mice. The is useful for the rapid, high throughput expression
analysis of RFLPs in hypervariable DNA allows the studies where multiple clonesare tested simultaneto confirmthateachcloned
gene is
characterization of microsatellite polymorphism
(q.v. ously,e.g.
DNA typing). A second major application of expressed in agiventissuewithoutperforming
many individual hybridizations.
genomic Southerns is to study families of related
DNA sequences. A probe may identify not only its *Southern blotting is named after its inventor and
cognatetarget, but alsoothertargetswhichare
should always be used with an initial capital letter,
unknown, and the number of identified targets may but northern blotting (of RNA) and western blotting
increase as stringency is reduced. The same strin- (of protein) were namedby analogy and should not.
gencyconditionscanbeused
to screen DNA There have been several attempts to popularize the
libraries in an attempt to isolate the related clones
eastern blot, most recentlyas a technique for separepresenting novel members of a multigene family.
rating and immobilizing lipids, but the term is not
The same technique may be usedto identify related widely used.
There
are
southwestern and
sequences between species (q.v. zoo blot).
northwestern blots, which are modifiedwestern
blots in which the probe is a labeled nucleic acid,
Allele-specific hybridization. A major application
used to detectnucleicacid-bindingproteins
(9.v.
forDNA blots(Southernblotsanddotblots)
is western blot).
allele-specific hybridizationin theanalysisof
Colony blots and plaque
lifts. Another example of
humandiseaseloci.Oligonucleotideprobesare
nucleic acid blotting being used to precisely reproexquisitelysensitive
to basemismatches,and
so that a duce a pattern iscolony blottingor plaque lifting.
hybridization conditions can be controlled
Southern
Blot

Reskictiondigest

Northern Blot

DoUSlot
Blot

Colonv/Plaque Lift

l

clone

Obtain
nucleic acid

Transfer to
d i d support
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-the cytoIn these techniques, which are usedto screen DNA technique has three major applications
geneticmapping of cloned genes onto chromolibrariesoranalyzetheresultsofcloningexperiments, a nitrocellulose or nylon membrane
is laid somes (also usefulfor the characterization of chroover bacterial colonies or phage plaques on a plate mosomeaberrations: q.v. FISH), the detection of
the localization ofmRNA
in order to transfer some cells/phage onto the sup- virusgenomes,and
expression. The latter is a powerful andrapid techport. The DNA is then denatured and immobilized,
andscreened
for a particular donor DNA by niquefordetermininggeneexpressionpatterns,
to detect
hybridization. Positive signals can be referred back complementing the useofantibodies
protein
expression.
Cells
or
tissues
are
fixed,
perto the original plate where the corresponding colony
meabilizedand incubated with antisenseRNAor
orplaquecan
be removed,culturedandlarge
oligonucleotide probes, eitheras tissue sections or
amounts of donor DNA isolated.
in wholemount. Advances in nonradioactive probe
In situ hybridization. In situ hybridization is the technology allow the expression of several genes
to be analyzed simultaneously using different
hybridizationofanucleic
acid probe to atarget
colorimetric assays.
which remains in its normal cellular location. This

Box 24.4: Essential tools and techniques IV: Nucleic acid probes
Probe structure. A probe is a nucleic acid which
has been labeled, i.e. chemically modified in some
way which allowsit, and hence anythingit hybridizes
to, to be detected. There are three major types of
probe: oligonucleotide probes, which are syntheDNA probes,
sizedchemicallyandend-labeled,
which are cloned DNAs or PCR
products and may
either be end-labeled or internally labeled during in
vitro replication,andcRNA probes (complementary RNA probes, riboprobes) which are internally
labeled during in vitro transcription of cloned DNA.
RNA probes and oligonucleotide probes are generLabeling
method

Probe

ally labeled as single-stranded molecules. DNA may
be labeled as a double-stranded or single-stranded
molecule, butit is only useful as a probe when single
stranded and must be denatured before use.
Probe labeling. The different ways of generating
probes are shown in the table below. Probes of the
highest specific activity(proportion of incorporated
label per mass of probe) are generated by internal
labeling, wheremanylabeled
nucleotides are
incorporated during DNA or RNAsynthesis. Endlabeling involves either adding labeled nucleotides

Comments

5' phosphate group with labeled yphosphate group of
free nucleotide catalyzedby T4 polynucleotide kinase
3' endlabelingOligo/DNATailingwithlabelednucleotidesusingterminaltransferase
Nicktranslation DNA
Nicksintroduced into dsDNA by DNase I andfree 3' endsextended by
DNA polymerase I using labeled nucleotides.
Random
DNA
Short
random
primers
annealed
to denatured
DNA
and
extended
by DNA
priming
polymerase
using
labeled
nucleotides.
Higher
specific
activity
probes
than
nick translation
Primer
DNAAsabove
butusingaspecificprimer.Usede.g.
to label PCR products
cling
thermal
during
extension
Single strand
DNAssDNAproduced
byMl3/phagemid vectorsor by asymmetric PCR
(q.v.)
nucleotide.
labeled
Strand-specific
synthesis
using
In vitro
RNAssRNA
producedby in vitro transcriptionusinglabelednucleotide.
ecific transcription
5' end-labeling Oligo/DNA Replacement of

Continued
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lo the 3' end of a DNA strand or exchangingthe 5'
Jhosphate group for a labeled moiety. DNA probes
nay also be end-labeled for specific applications
where identifying one end ofthe molecule is important (e.g. q.v. restriction mapping, DNase footprinthg, transcript analysis).
Isotopicandnonisotopiclabeling
systems.
Traditionally, nucleic acids have been labeled with
radioisotopes such as 32P and 35S (andmore
recently 33P)which are detected by autoradiography. These radiolabeled probes are very sensitive,
but their handlingis subject to stringent safety precautionsand the signaldecaysrelativelyquickly.
More recently, aseriesof
nonisotopiclabeling
systems havebeendevelopedwhichgenerate
colorimetric or chemiluminescent signals. A widely
used label is digoxigenin, a plant steroid isolated
from digitalis. This can
be conjugated to nucleotides
and incorporated into DNA, RNA or oligonucleotide
probes and then detected using an antibody.
Another system usesbiotin, a vitamin, andthe bacterial proteinstreptavidin which binds to biotin with
extraordinary affinity. Biotin-conjugated nucleotides

are incorporated as alabeland
detected using
streptavidin. The detecting molecule can be conjugated to fluorescent dyes or enzymes which facilitate signal detection. The advantage of such
systems is that they can also be used to extract
nucleic acids from complex mixtures (affinity
capture). The biotidstreptavidin system is widely
exploited to capture and extract specific DNA fragments from complex mixtures (e.g. q.v. subtractive
hybridization,capture PCR).
Padlock probes. A recent development in probe
technology is a probe structure consisting of two
segments complementary to the target joined by a
nonspecific link. The two ends of the probe
hybridize to adjacent segments of the target (ends
in) and canbe joined by DNA ligase to form a topologically closedloop wound around the target DNA.
Such padlock probes are thus extremely sensitive,
because a locked probe will remain in contact with
its target even under superstringent washingconditions.Pointmutations
which prevent ligation are
thereforesimple to detect by this method, compared to allele-specifichybridization (q.v.) which
requires precise controlof stringency conditions.

Box 24.5 Yeast cloning vectors
Classification and applications of basicyeast
vectors. The first yeast vectors, yeast integrative
plasmids (Ylps),werebased
on E. coli plasmid
vectorsandtransformedcellsat
low frequencies
due to infrequent random integration into the yeast
genome;theyare
notmaintainedepisomally.
All
yeast plasmid vectorshave an E. coli origin of replication (q.v. shuttle vector), one or more selectable
markers which function in both yeastand E. coli
(usually markers which select for reversion of auxotrophy)andoneormorecloningsites
to insert
donor DNA. Other yeast plasmid vectors differfrom
YIPS in possessing a yeast origin of replication (in
addition to the E.coli origin) allowing maintenance
outside the yeast genome. Yeast episomal plasmids (YEps) carry the origin of replicationfrom the
S. cerevisiae 2p plasmid. Such vectors are maintainedepisomally at ahigh copy numberand
transform yeast cells at high frequency. Yeast
replicating plasmids (YRps) contain an ARS element
(q.v.), the yeast chromosomal origin of replication:
these are unstable and usually remain
in the mother

cell during budding; occasionally they may integrate
like Ylps. Yeast centromere plasmids (YCps) contain acentromere.Theyaremaintainedata
low
copy numberandare
transmitted as Mendelian
traits. Yeast artificial chromosomes (YACs) contain a centromere, an ARS element and telomeres.
These high capacity vectorsare used to clone large
DNA fragments (Table 24.3) and more recently for
the generationoftransgenicmice.
Yeast vectors
basedon the retrotransposon Ty amplify in the
genomeby
transposition and allow high level
expression of integrated genes. The principle
features of the yeast vectors are summarizedin the
table below.
Yeast targeting vectors. Ylps containing homology
regions with endogenous genes be
can
used forgene
targeting. Two vector types are used. Standard YIPS
possess a unique restriction site within
the homology
region which favors a single cross-over and hence
insertional interruption atthe target locus. Multicopy
integration vectorshave been developed using this

Continued
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principle, by targeting the reiterativerRNA genes. The into yeast cells in much the same way as bacteria.
second type of vector(yeast transplacement plas- An efficient method using intact cells isto suspend
mid) stimulates a double cross-over and replaces a cells in 0.1 M lithium acetate and
add DNA and polysegment of chromosomal DNA, producing a stable, ethylene glycol (PEG), followed by a brief heat shock.
single-copy integration at a defined site. Similar prin-Yeast cells can alsobe transformed by electroporaciples are used in mammalian targeting vectors (q.v.
tion.Ahighlyefficient
but laborious method is to
gene targeting) although homologous recombination remove the cell wallandgenerate spheroplasts,
israrecompared to randomintegrationevents in which then readily take up DNA in the presence of
calcium ions and PEG. The intact cell methods are
mammalian genomes.
suitable for most applications, but spheroplasts are
lkansformation of Yeast DNA can be introduced required for transformation of YAC vectors.

Vector
Properties

Components

YlpMp

E. coli plasmid
origin

YEP

2p plasmid
origin

Yeast chromosomalARS
element

Yeast chromosomalARS
element and centromere
Yeast
YAC

TY

centromere, ARS
element and telomeres

retrotransposon

Low transformation
frequency. Not
maintained episomally,
only as integrated
element (cannot
be recovered).
High transformation
frequency, stable
episomal maintenance at
approx. 100 copies
per cell
High transformation
frequency but unstable
maintenance dueto
association with
mother cell.
Is maintained as
integrated element
(see YIP)
High transformation
frequency, stable
episomal maintenance
with low copy number
Stable maintenance as
chromosome if length
above 50 kb, 1-2 copies
per cell

Stable transformation
Useful for surrogate
genetics

Disarmed Ty vectors in
YEps are strong
expression constructs.
Autonomous Ty vectors
integrate into host
chromosome

High yield expression

Functional analysisby
complementation

Functional analysisby
complementation, or
stable integration

Functional analysis
especially if gene dosage
effects deleterious
Highest capacitycloning
vector available, useful
for generating librariesof
large eukaryote genomes
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Sox 24.6 Genetic manipulationof plants

:mwn gall disease.Agrobacterium tumorfaciensis remaining vir loci, each of which is an operon conI Gram-negative soil bacterium which causes
taining multiple open reading frames. The functions
:mwn gall diseasein many dicotyledonous plants. of several of the downstream vir genes are known.
The bacterium infects wounded cells at soil level VirDl and VirD2form the endonuclease which nicks
the crown of the plant) causingthem to proliferate the T-DNA andinitiatestransfer. T-DNA is transo form a tumor or gall. Crown gall cells demonstrate
ferred as a single strand (theT-strand) coated with
WO novel properties: they proliferate
in the absence a single-stranded DNA-binding protein encodedby
If plant growth hormones and they synthesize one viE2. The VirE2 protein has a nuclear localization
)r more modified amino acids termedopines.
sequence whichis responsiblefor the transfer ofthe
T-DNA to the plant nucleus. The T-DNA integrated
h e Ti plasmid. Theoncogenic potential of A.
into the plant genome has a precise right-hand
bor'umorfaciens is conferred by aplasmid, the Ti
der located within 1-2 bp of the 25 bp repeat but a
yumour-inducing)plasmid, whichranges in size
variable left border which can be located at the left
'rom 5-450 kbp depending on the strain. There are 25 bp repeator up to 100 bp inside the T-DNA.
:WO types of Ti plasmid each inducing the synthesis
Adjacent to the right-handborderisasequence
D f a different class of opine, either
octapines or called overdrive which enhances the transfer
nopalines. Generally, all Ti plasmids share four con-process and binds proteins encoded by the
served regions. The most important of these is the virC operon.
T-DNA whichcarriesgenesencodingplanthormonesand opinesynthesisenzymes.Crowngall
Ti plasmids as plant gene transfer vectors.Their
diseaseresults from transformationoftheplant
ability to introduce foreign DNA into the plant
genome with this part of the plasmid in a process genome with highefficiencymakes
Ti plasmids
analogous to bacterial conjugation (q.v.). This attractive vectors for gene transfer into plants. The
requiresasecondregionoftheplasmid,
the vir natural plasmids are unsuitable as vectors for two
region containing the virulencegenes. A third reasons: firstly they are oncogenicandsecondly
regionoftheplasmidcarriesconjugationgenes
they are large and are thus unsuitable for
in vitro
concerned with wholeplasmidtransferbetween
manipulation. The oncogenesis problem has been
bacteria.Afinalconservedregionencodesfuncsolved by the use of disarmed Ti plasmids where
tionsconcerned with opineutilization.Thus,
by the oncogenes have been disrupted or deleted.
The
infecting and transforming a wounded plant cell,
the genes carried bythe T-DNA play no partin its ability
bacterium converts the crown of the plant into a to transform the host genome,so the internal region
safe refuge and factory producing specialized nutri- can be manipulated atwill.The
strong opine
ents which it is able to utilize.
synthase promoters are exploited to express bott
novel transgenes and dominant selectable markers
Structure of the T-DNA. The T-DNA region of the Ti
for recombinantselection.Thesizeproblem
ha:
plasmid is defined by 25 bp imperfect direct
been addressed in two ways. In the first strategy
repeats. Its structure differs between octapine and
the T-DNA region is cloned into a small intermedinopalineplasmids. In the former,the T-DNA is
divided into two segments with TL carrying the plant ate vector for manipulation and then reintroducec
into A. tumorfaciens where it may recombine witb
hormonegenesand the gene encoding octapine
synthase, and TR carrying genes
for the synthesis of the endogenous Ti plasmid. The targeted Ti plasmic
other opines, e.g. agropines. The nopaline plasmid can then be usedfor transformation. In the Seconc
strategy, abinary vector systemis used wherethc
T-DNAis asinglesegment
with planthormone
T-DNA
is cloned and manipulatedin a Small plasmic
genes and nopaline synthase genes the
on right and
and the vir genes are suppliedin trans on aSeconc
genes for the synthesis of other opines on
the left.
plasmid. In both cases, the manipulated T-DNA i!
Transfer of T-DNA to the plantgenome. The trans- transferred to the plant genome efficiently.
fer process (see figure)
is controlled by the virulence
geneswhich are located in the vir region of the Transformation of dicotsand monocots. Tht
generalstrategy for transformingdicotyledonou!
plasmid.virAandvirGencoderegulatorswhich
respond to thephenoliccompoundsreleased
by plants is to cut leaf discs (causing cell injury) an(
then incubatewith Agrobacterium carrying recombi
wounded plant cells.VirAisareceptorwhich
becomes autophosphorylated when stimulated by nant disarmed Ti vectors. The discs can then bc
its ligand and transfers the phosphate group
to the transferred to shoot-inducing medium and simulta
VirGprotein,a
transcriptional activator of the neously selectedfor markers carried on the T-DNA
Continued
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Mer a few weeks, shooteddiscs are transferred to rice, wheat, corn and maize), alternative techniques
have been developed. Electroporation of protoplas?oot-inducing medium, and after another few weeks
Aantlets can be transferred to soil. Although the Ti ts is suitable for some of these species, although
dasmid-based transformation systemis an efficient not all can be regenerated from single cells. The
and widely used mechanism of gene transfer, it is most widely applicable technique is microballistic
astricted primarily to dicotyledonous plants which transfection, which has been used to transform a
are susceptible to infection. Forthe manipulation of wide varietyof both dicot andmonocotplants,
including rice, wheat andmaize.
Dther plants(including the majorcerealspecies:
I

Ti plasmid DNA

1

..

.

VkD112 nickase
.

"

T-DNA transfer to the plant genome
\

1

1

Box 24.7: Transgenic animals

Routes to the germlinetransformation
of Microinjection of DNA. To generate transgenic mice
by this approach, DNA is microinjected directly into
animals.Unlikeplantcells,differentiatedanimal
cells are unable to regenerate into entire organisms. the male pronucleus of a recently fertilized egg (the
Transgenic animals must thus be generated by the male pronucleus is chosen because it is larger than
the female pronucleus). Fertilized eggs are obtained
manipulation of totipotent cells such as eggs and
the cells ofveryearlyembryos.Generally,
three from the dissected oviducts of superovulated females
recently mated to fertile males. Only the transgene
forms of genetic manipulation have been used to
needbeinjected
(i.e.no vectorisrequired).The
generate transgenic animals (see figure): (i) microinsurviving embryos are cultured until the blastocyst
jection of DNA; (ii) infectionwith recombinant retro- stage and then implanted into pseudopregnant foster
viruses;and (iii) transfection of embryonicstem
females. DNA integration often occurs as a tandem
cells. All three routes have been used to generate array (transgenome) resulting from end-to-end jointransgenicrodents,butmicroinjection
is thepreingoftheinjected
DNA fragmentsbyillegitimate
recombination. There is usually only one integration
dominant routeto other transgenic animals.
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site, and the transgenome is transmitted in a
Wendelian fashion, thus up to 50% of offspring may
)e transgenic. Occasionally, integration may not take
or two early cell divisions, in
)lace until after one
Nhichcasethemouse
is ageneticchimera.The
’andom integration position and
copy number means
:hattransgenes are oftensubject to positionand
aene dosageeffects.Theymayalsooccasionally
jisrupt endogenous genes.
The microinjection of eggs or early embryos is
Jsed to generate transgenic cows, goats, sheep,
3igs, frogs (Xenopus), fish (e.g. the zebrafish),
Norms(Caenorhabditis)and flies (Drosophila). In
3rosophi/a, germline transformation is mediated by
-ecombinant defective P-elements (q.v.) which are
:loned in plasmids and injected into embryos
dong with a second plasmid containing a cisjefective (wings-clipped)P-element, i.e. one which
suppliestransposase in trans but is unable to
mobilize itself. If the recombinant P-element is
ntroduced into the germline ofan
M-cytotype
strain (which lacks endogenousP-elementsand
thus has no endogenous transposase), the transaene will become stably integrated intothe
aermline (9.v. hybrid dysgenesis).

Retroviral transduction. Preimplantationmouse
embryos which are exposed to retroviruses often
integratesinglecopiesof
the provirus into the
genome of one or more cells. Recombinant defective retroviruses cawing transgenes can therefore

be used to integrate foreign DNA into the mouse
genome. Retroviruses have several disadvantages
compared with pronuclear microinjection. The
transgene DNA has to be clonedin a suitablevector
which has a limited capacity of 8-9 kbp, a helper
virus is needed for integration (anddespite precautions, this can result in the proliferation of the virus
after transduction, causing arbitrary gene disruption), and the transgene may not be expressed due
to de novo methylation of the integrated provirus
(see DNA Methylation and Epigenetic Regulation).
Retroviruses are therefore useful for some applications but not versatile for the production of transgenic mice.

Embryonic stem (ES) cells. A third way to generate
embrytransgenic mice involves the use of totipotent
onic stem cells, immortalized cells derived fromthe
inner cell mass of an early embryo. Such cells can b
transfected with naked DNA or transduced with a
recombinant retrovirus, and transformed cells can
be
injectedintoblastocysts wheretheymaybecome
incorporated into the embryo and contribute to the
developing mouse. The ES cell method is advantageous for a number of reasons: successfully transformed cells can be selected priorto transfer to the
embryo, so the success rate is higher, and ES cells
canthereforebeused to detect rare homologous
recombination events and
are thus suitable for genertext). The
atingtargetedmutantmice(seemain

-- “.

Routes for the production of transgenic mice
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black phenotype), thefirst generation animalswill be
injection of ES cells into blastocysts generates cell
cell chimeric, i.e.they will have patches of each color
chimericmice, so the animalsborn to thefoster
dependingon the clonalextentofeachcellline.
mothers must be mated before germline transmission
can
estabof the transgenecanbeestablished.
ES cells are Germline transmission of the transgene be
advantageous in this respect because sex and coat lished by the agouti phenotype in the second generthe successoftransmissioncan
be
color can be used
as cell and genetic markers. If male ation,and
increased by matingchimericmales
with black
ES cells from mouse strain 129 (with the dominant
agouti coat color phenotype)are injected into female females, because the male ES cells are likelyto have
produced thechimera's reproductive tissue.
blastocystsof C57B10/J mice(withtherecessive

30X

24.8: Gene therapy

to be repeated).
f i e scope of gene therapy. The recombinant DNA expression and treatment may need
SeveralGAT clinicaltrials arecurrentlyunderway
svolution hasfurnished the medicalcommunity
including cystic fibrosis, adenosine deaminase defiNithmany newapproaches in the fightagainst
iuman disease. As well as providing new diagnostic ciency and familial hypercholesterolemia.
:ools and animal disease models, a number of novel
:herapeuticstrategieshaveresulteddirectly
from Gene inhibition therapyat the nucleic acid level.
For the treatment of dominant negative
loss of func:he ability to clone and manipulate human genes.
tion mutations, and gainof function mutations, gene
rheseinclude the expressioncloningofhuman
augmentationtherapyislesspowerful:additional
gene products, the development of novel vaccines,
functional copies ofadominantlymalfunctioning
and the engineeringoftherapeuticantibodies.A
gene are unlikely to affect the phenotype. In princi:ompletely differentapproachinvolves the thera- ple, a valid approach to the treatment of such disDeutic use of DNA to alleviate disease. Such gene eases would be targetedcorrection (i.e.allele
therapy can involve genetic modification of cells in replacement) or gene knockout to remove the
3 living patient (in vivo gene therapy)or the genetic
mutant allele.However, this is a very inefficient
modification of cultured cells which are then process in practice, even in cultured cells, and its
'eturned to the patient (exvivo gene therapy). In application to the correction of genetic defects in
tivo gene therapy encompassesboth genetic mod- many somatic cells, especially
in vivo, awaits further
'fication of target cells (somatic transgenesis) and
technicalimprovements.Anovelapproach
which
&he therapeutic use of DNAasan
epigenetic may playarole in genetherapy in the futureis
treatment (i.e. without changing the nucleotide targeted correction at the RNA level by using
sequence). The therapy can be used to ameliorate ribozymes orRNA
editing enzymes to correct
or correct conditions caused by human gene muta- pathogenic mRNAs.
tion, or to prevent infectious disease (e.g. by interAn alternative strategy, which is presently underfering with the life cycle of avirus).
going clinical trials for the treatment of several types
of cancer, is the use of nucleic acidsto inhibit gene
Gene
augmentation
therapy.
The
traditional expression. The advantage ofthis approach is that
approach to gene therapy is where DNA is added to the inhibitor can be tailored to inhibit aspecific
the genome to replace a lost function, and can be allele, so expression of any normal functioning alledescribed asgeneaugmentationtherapy
(GAT). les is not affected.The introduction ofantisense
The aim of gene augmentation therapy is to correct genes allows the stable and permanent expression
a loss of function effect,e.g. caused by a deletion, by of antisense RNA, which binds to (mutant)mRNA
adding the functional allele. Transferred genes may
andpreventstranslation(itmayalsotargetthe
be stably integratedinto the genome (in which case mutuant mRNA for degradation). Furthermore,
there is thepotential to permanentlycorrect the increasinguse is beingmadeofantisense
condefect, especially if stem cells are transformed) or
structs containingribozymeswhichdegrade
the
be
may be maintained episomally (in which case there
is mRNAs to which they bind. Oligonucleotides can
used for epigenetic gene therapy(i.e. therapy which
aninevitabledecay
in themaintenanceofgene
Continued
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joes not involve changes to the genome) and can Methods of gene transfer and exprhsion. The
3ct in two ways. Antisense oligonucleotides act in most efficient gene transfer vectors are based on
:he samewayasantisense
RNA, bybinding to mammalian viruses, specifically retroviruses, adennRNA and causing inhibition and degradation (in
oviruses and the adeno-associated viruses (which
thiscase, probably by recruiting RNaseH, which integrate into the genome and may therefore
jigests the RNA strand of DNARNA hybrids). mediate permanent correction of genetic defects)
Secondly, pyrimidine-rich oligonucleotides can and the herpesviruses (whichare neurotrophic and
potentially form triple helix structures with purine- remain episomal). More direct approaches to gene
rich strands of DNA (by Hoogsteen base pairing, transferinclude injection (e.g. into muscle)and
q.v.), which blocks transcription (triple helix thera- microballistic techniques which are used successpy). Peptide nucleic acid (PNA) isananalogof
fully to generate transgenic animals and plants. A
DNA where the phosphate backboneis replaced by transfer procedure basedon the packaging of DNA
a neutral peptide backbone. PNA oligonucleotides in liposomes is also popularin cancer gene therapy,
can be used as probes, and as agents
for gene ther- although the transfer efficiencyis low.
apy. They form very stable triple-helix structures.
The specificity oftherapeuticgeneexpression
Gene inhibition therapy attheprotein
level. may be an important factor in disease control or
Targeted inhibition of gene expression can also take correction. Transferred genes can be linkedto celleffect atthe protein level, by the expression within a type specific promoters, but this regulation is leaky
cellofgeneticallyengineeredantibodies
(intra- due to the influence of endogenous regulatory elements on integrated genes. Specificity can also be
bodies) which bind to andinactivatemutantproteins. Antibodies are not the only molecules being achieved if particular cells can be targeted in some
developed for protein-level gene therapy.
Any protein manner. Direct targetingto specific cell types is possible by exploiting the tropic properties of viruses,
acting a multimer is a potential target for a dominant
negativeinhibitoryproteins,and
this strategy is by conjugating DNA to ligands for cell-specific
being explored to prevent viral coat protein assem- receptors (allowing the DNA to be internalized by
by controlling
bly, including that of the HN. A novel approach is to. receptor-mediatedendocytosis)or
use degenerate oligonucleotidesto identify specific the site of deliverymechanically(injectionand
to
oligonucleotide sequences which interact with microballisticapproaches).Aerosolsareused
proteins. These oligonucleotides, or aptamers, can introduce recombinant viral vectors into the lungs
then be usedto Inactivate specific mutant proteins. (e.g. for the treatment ofcystic fibrosis).
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Chapter 25

Recombination
Fundamental concepts and definitions
Recombination is any process generating new combinationsof preexisting genetic material.
Intermolecular or interchromosomal recombination generates new combinations
by mixing
discrete chromosomes (independent assortment of eukaryotic chromosomesat meiosis, and
reassortment of segmented viral genomes), whereas intramolecular or intrachromosomal
recombination is an enzyme-dependent process where new combinations
of genetic material
arise by cuttingandjoiningDNA.Therearefivetypes
of intramolecular recombination
(Table 25.2), although the molecular reactions
- cleaving DNA,.exchange of strands between
duplexes, DNA repair and resolution- are similar in each case.
Recombination and mutation are regarded as two discrete mechanisms
of genetic change:
recombination rearranges information already present, and mutation introduces new information to the genome. Although these are useful definitions, mutation and recombination are
intertwined at the molecular level. Many recombination events (especially transposition and
illegitimate recombination) cause gene disruption and are described
as mutations. Conversely,
recombination is required to repair potentially mutagenic or lethal DNA lesions.
Recombination is exploited in two ways: to map genetic loci and
to manipulate genes and
genomes. Genetic mapping works on the principle further
that the
apart two loci lie on chrothe
mosome, the more likely isitthat a homologous recombination event will occur between them.
Therefore, the proportion of recombinant products of a given cross provides an estimate of
physicaldistance (see GeneStructureandMapping).Homologousrecombination
is also
exploited for gene targeting, whereas site-specific recombination facilitates inducible deletion
and chromosome rearrangement. Transposition and illegitimate recombination are also exploited, and can be used for gene transfer and integration(see Recombinant DNA and Molecular
Cloning, Mobile Genetic Elements).
25.1 Homologousrecombination

-

Homologous recombination

roles and mechanisms. Homologous recombinationis homologydependent, but not sequence-dependent, so any two DNA molecules of related sequence can
undergo recombination bythis process. There are two primary roles for homologous recombination, genetic mixing and DNA repair, although it is not clear which role the process first evolved
to fulfill. Other processes also rely on homologous recombination: the passive movement of transposable elements (see MobileGeneticElements), the replication of certain bacteriophage (see
Viruses), mating-type switching in yeast and related phenomena (see below), and chromosome
segregation during meiosis (see below). Homologous recombination is exploited for genetic mapping (q.v.) of eukaryotic genomes (see Gene Structure and Mapping)and gene targeting (q.v.) -the
deliberate replacement of one allele with another following artificialintroduction of DNA into the
cell (see Recombinant DNA and Molecular Cloning).
Homologous recombination models fall into three classes. In copy-choice models, recombination occurs during DNA replication:the nascent strand switches onto a new template as it elongates.
In breakage and reunion models,recombination occurs in the absence of DNA replication: DNA
strands are broken, exchanged between duplexes and religated. There are also hybrid models
combining features from both of the above. All three types of recombination occur under different
circumstances. Homologous recombination during meiosis is primarily by strand breakage and
reunion, whereas DNA repair by recombination involvescopy choice or hybrid mechanisms.
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Table 25.1: Different types of intramolecular recombination
Homologous recombination
Requires homology between the recombining partners. The proteins mediatingthis process (e.g. RecA in
E. col0 are not sequence-specificbut are homology-dependent. Long regions of homology are often
involved (e.g. during meiosis)
Site-specHic recombination
Does not require homology between recombining partners. The proteins mediating
this process (sitespecific recombinases)recognize short, specific DNA sequences in the donor and recipient molecules,
and interaction between theproteins facilitates recombination. Homology often exists between the donor
and recipient sites becausethe same recombinase protein bindsto both recognition sites
lhnsposition
Does not require homology between recombining partners. The proteins mediating this process
(transposases, integrases)recognize short, specific DNA sequencesin one of the recombining partners
only, which is a transposable element (the siteof recognition is usually at the junction between the
transposable element and the host DNA). The recipient site
is usually relatively nonspecificin sequence,
and recombination integrates the transposable element
into the host DNA (see Mobile Genetic Elements)
Illegitimate recombination
Requires little or no homology between recombining partners and results
from aberrant cellular processes.
Unequal crossing over
Includes illegitimate end-joining, and strand-slipping or looping during replication.
(q.v.) is often described as illegitimate, although the mechanism is normal (albeit misplaced) homologous
recombination
Artificial recombination
Recombination carried out by DNA rigation (q.v.) in vitro using purified enzymes and substrates (see
Recombinant DNA)

(a): Synapsis. Homologous duplex- align.

(h): Initiation. Nicked strand from initiaiting duplex invadesthe
recipient duplex displacingthe resident strand.

(c): Strand exchange. The displaced strand pairswith the gapin
the initiating duplex. A point of crossing over, a Holliday
junction, is established.

(d): Bnnch migralion. The Holliday junction may move from I t s
original point by exchange of strands between duplexes. This
may increase or decrease the amountof heteroduplex DNA
depending uponthe directionof migration (the diagram shows
branch migration in the direction
of the arrowdecrrasblg the
amount of heteroduplex DNA).

Figure 25.1: The Holliday model of homologous recombination between intact duplexes, showing synapsis
and strand-transfer stages. The classic model involves duplexes
with nicks in equivalent positions. However,
this is an unusual situation normally, only oneof the duplexes is nicked and the invading strand displaces
the resident strandas a topologically sealed unit a D-loop (displacement loop).Recombination can also
occur between two intact duplexes, in which case topoisomerase(q.v.) is required to allow the exchanged
strands to wind round their complementary partners (9.v. paranemic
joint, plectonemic joint).

-

-
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Steps i
nhomologous mmbinaffon. Homologous recombinationis divided into four stages: synapsis,

strand transfer, repairand resolution. Synapsisand strandtransfer are shown in Figure 25.2.
(1) In synapsis, homologous duplexes arealigned.
(2) During strand transfer,a single DNA strand istransferred from one duplex to the
other. The
first strand transfer marks the initiation
of recombination asit invades thehomologous duplex and
(if the recipient duplex is intact) displaces a resident strand. This process may generate a short
region of heteroduplex DNA duplex DNA comprising strands from different parental molecules
which may contain base mismatches reflecting sequence differences (different alleles) in the parental
duplexes. If the recipient duplex is intact, the displaced resident strand isable to pair with the
free
strand of the initiating duplex. The two transferred strands cross each other, forming a structure
termed a cross bridge, cross branch or Holliday junction.The site of the Holliday junction may
move in relation to its original position by progressive strand exchange between duplexes. This is
branch migration, andmay increase or decrease the amount of heteroduplex DNA.
(3) Repair and resolution are shown
in Figures 25.2 and 25.3; they do not occur in a fixed order
as this depends upon the
recombining partners and theavailability of appropriate enzymes. Repair
refers to three different processes. In the simplest case, the recombining duplexes areintact (i.e. there
is no genetic information missing from either duplex) and repair involves religation of the broken
strands. This is conservative recombination.
The Holliday junction can then beresolved in either of
two planes, as shown in Figure 25.2, to generate one of two products - a patch of heteroduplex
DNA in a nonrecombinant background, or a splice of heteroduplex DNA with recombination of
flanking markers.
However, if genetic information is missing from either duplex(i.e. if there isa single-strand gap,
or a break) DNA repair synthesis replaces the missing information using information from the homologous duplex as a template (Figure 25.3). Recombination including the synthesis of new DNA is
nonconservative recombination.In the extreme case where an entire chromosome segment is missing, resolution of the Holliday junction yields a replication fork which can duplicate the missing
segment (also see Mutagenesis and DNA Repair). The third type of DNA repair, mismatch repair of
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Figure 2 5 . 2 Resolution of the Holliday junction in either of two planes, generating different products.Only
one resolution pathway generatesa molecule which is recombinant for flanking markersA and B, although
1 both pathways generate a region of heteroduplex DNA, known as a splatch (generic of patch and splice).
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Figure 25.3 Homologous recombinationas a mechanism to repair damaged DNA. Repair of single-strand
gaps (a) and double-stranded breaks(b) involves new replication across thelesion using a strand from the
undamaged duplex as a template. Completion of the replication is followed by strand ligation, forming
Holliday junctions which can be resolved as shown in Figure 25.2. Recombination involving a partial
chromosome (c) generatesa Holliday junction intermediate, whichis resolved as a replication fork.AKOWS
represent the directionofnew DNA synthesis.

heteroduplex DNA, is generally random in its direction (cf. post-replicative mismatch repair) and may
cause geneconversions (see below).
Moleculm' basis of homologous recombination. In E. coli, proteins responsible for all the major

stages of recombination - synapsis, strand exchange, branch migration and Holliday junction
resolution - have been identified (Box 25.1). The remaining requirementfor recombination,singlestranded DNA, appears to be provided bya number of overlapping pathways.
The RecBCD pathway is the major source of recombinogenic substrates in E. coli. The products
of the genes recB, recC and recD combine to form a large complex, the RecBCD enzyme or exonuclease V, which has three activities: (1) ATP-dependent exonuclease activity; (2) ATP-enhanced
endonuclease activity; (3) ATP-dependent helicase activity.
Recombination is stimulated by cis-acting sites termed chi (GCTGGTGG), which occur approximately one every 5 kbp in the E. coli genome and represent preferential cleavage sites for the
endonuclease. RecBCD cuts the strand containing the chi sequence approximatelyfive bases to the
3' side in an orientationdependent manner. Chi sites are thus recombination hotspots (q.v.). Bluntended linear duplex DNA is the substrate for the helicase activity. The enzyme binds to the DNA
and progressively unwinds it, producing paired single-stranded loops in its wake. These loops are
occasionally cleaved by the endonuclease activity of the enzyme, and following cleavage further
unwinding generates the single-stranded tail necessary forhomologous recombination.
Although the RecBCD pathway is important for recombination, recBC mutants retain up to10%
homologous recombination activity,
indicating the presence of other pathways for producing recombinogenic DNA. Additionally, almost full recombination proficiency can be restored
to recBC mutants
by mutationsat other loci, notablysbcA, sbcB and sbcC. The analysisof mutant strains with the genotype recBC sbcBC has facilitated the identification of further recombination genes. Thesehave overlapping functions, and collectively define
the RecF pathway. Another system, revealedby studying
recBC sbcA mutants, involves upregulation of the recE gene. These recombination genes and their
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Table 25.2 E. coli recombination genes involved in the production
of recombinogenic DNA

Gene
RecBCD pathway
RecBCD
reCB, recC, recD

Function
an
is
ATP-dependent
exonuclease
and
helicase
(exonuclease
V)
which bindsto double-strand breaks and unwinds theDNA introducing
recombination
nicks as it does so, preferentially at sites called chi (q.v.
hotspots). The RecBCD enzyme thus generates substrates upon which
RecA can act

RecF pathway
recF, reco, recR
Facilitate
strand
pairing
recN
repair
double-strand
breakin
Role
nuclease
5'-3' single-stand
recJ
recP
Unknown
recQ
Helicase
RecE pathway
recE
recT

Exonuclease Vlll
Homologous
strand
pairing
protein
concert
which
work
may
inRecE
with

proposed functions are shown in Table 25.2.Many are SOSinducible (q.v. SOS response), suggesting
that their normal role in the cell may be recombination-mediated DNA repair. Some bacterial
strains
used for molecular cloning (see Recombinant DNA and Molecular Cloning) are deficient for all
recombination genes to avoid, for example, recombinationwithin large plasmids, or between plasmids andthe chromosome.
25.2 Homologous recombination and genetic mapping
Linkage. The term linkage has three distinct meanings in genetics. Firstly, linkage (or linking)

describes the coiling of double-stranded DNA and is used to quantify topological parameters of
duplex DNA (see Nucleic Acid Structure). Secondly, linkage indicates when a particular gene (and
by extension, its associated phenotype) is found on a certain chromosome, e.g. genes and thecharacters they control associatedwith theX-chromosome are described as X-linked (q.v.sex-linked i n h itance). Finally, genetic linkage refers to genes which tend to be inherited as a unit rather than
assorting independently. This reflects close physical linkage, i.e. the genes are physically joined
together on the same chromosome. Terms associatedwith genetic linkage are defined in Table 25.3.
Linkage and meiosis in eukaryotes. In sexual reproduction, a diploid cell undergoes a specialized
form of division, meiosis, in
order to halve the number of chromosomes and producehaploid gametes

for fertilization. Meiosis involves two sequential divisions without .an intervening mund of DNA
replication (c.f. mitosis). The first division isthe reduction division, where the homologous chromosomes segregate to opposite poles
of the spindle. The second division
is the same as a mitotic division,
where chromatidsare segregated. The first meiotic division differs from mitosis
in several ways.
(1)Meiosis Iusually has a protracted prophase, divided into five separate stages - leptonema,
zygonema, pachynema, diplonema anddiakinesis1 - characterized by the behavior and appearance of the chromosomes. The chromosomes first become visible
at the leptotene stage.
(2) During the zygotene stage, homologous chromosomesbecome aligned. This process, termed
synapsis, is poorly characterized and involves a proteinaceous synaptonemal complex which forms
between the two pairs of sister chromatids. Synapsis may be initiated at the telomeres (q.v.). The fourstrand structure, containing two homologouschromosomes, is abivalent.

1Prophase meiosis I is divided into five stages named leptonema, zygonema, pachynema, diplonema and diakineis
are widely used, but these
are strictly adjectives.
The terms leptotene, zygotene, pachytene and diplotene
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Table 2 5 . 3 Some terms associatedwith genetic linkage
Term

Definition

Linkage

Close
physical
association
between
two loci on
chromosome,
a
preventing
independent assortment
The
nature
linkage
of between
alleles
in a double heterozygote.
The
phase
of two loci is in coupling (or in the cis-configuration) if both dominant
alleles andboth recessive alleles segregate together, or
in repulsion (or
in the trans-configuration) if the dominant allele of each gene
segregates with the recessive allele of the other
Specific order andconfiguration of alleles on one chromosome
(1) Syntenic genes lie on the same chromosome. They may or may
not
demonstrate linkage- widely separatedgenes are effectively unlinked
by the effect of multiple cross-overs (q.v.)
(2) Synteny is a term usedto describe genes arranged in the same order
on chromosomes of different species. Corresponding segments of
chromosomes from different speciesare syntenic regions (q.v.
comparative genomics)
A collection of genes which demonstrate linkage and therefore
map
together. In physical terms, a linkage groupis equivalent to
a chromosome
For two or more polymorphic loci in a population,the equal representation
of all combinationsof alleles in the gametes is termed linkage
equilibrium. A pair of alleles at a singlelocus reaches equilibriumin one
generation in a randomly mating population.Where two or more loci are
considered simultaneously, there is initiallylinkage disequilibrium where
particular combinations of alleles are more common than others.
Equilibrium is established over several generations the
if genes are
unlinked, but takes longer ifthe genes are linked because it is dependent
on cross-over eventsoccurring between them. Hence, the closer the
linkage betweentwo loci, the longer disequilibrium persistsin the
population. Linkage disequilibrium in natural populations thus indicates a
mutation which has arisen recently or selection for a particular haplotype
The
situation
where
loci on separate
chromosomes
appear
to
be linked.
This is seen in translocation heterozygotes, and can alsooccur when a
tetraploid species undergoes diploidization, forming alternative
homologous pairings between four related chromosomes

Phase

Haplotype
Synteny

Linkage group
Linkage equilibrium/
disequilibrium

'

Pseudolinkage

(3) In most organisms, homologous recombination occurs between thesynapsed chromosomes
and is required for proper segregation. This occurs at the pachytene stage and involves large,
protein complexes termed recombination nodules which contain recombination
enzymes.
(4) The mechanics of segregation areunique to meiosis
I, involving the resolution of recombination rather than
centromere division. The synaptonemal complex breaks during
down the diplotene
stage and homologous chromosomes remain associated due to chiasmata (points where crossing
over has occurred). Desynapsis continuesduring diakinesis, where thechromosomes becomefully
condensed. The chromosomes then align on the
metaphase plate and the resolution
of recombination intermediates marks the
onset ofanaphase, where homologouschromosomes aresegregated.
I f two markersare located o n separate chromosomes (i.e. i f they are not physically joined), they
Second Law (q.v.). This can be
seen in a douundergo independent assortment accordingMendel's
to
ble heterozygote, where the parental and recombinant combinations ofalleles are recovered with
equal frequency (Figure 25.4). Conversely, i f the two markersare located o n the same chromosome,
the alleles found oneach homolog would be
expected to segregate as a unit because they are physalleles in
ically joinedtogether. One might therefore expect to recover the parental combination of
all meiotic products, but such total linkage happens only rarely because crossing-over usually
occurs between aligned homologouschromosomes during meiotic prophase. A cross-over is a site
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Figure 25.4: Linkage and chromosome segregation. Homologous chromosomes are shown pairing at

meiotic prophase (paternal chromosomes in black, maternal in white). Only one strand is visible in each
a duplex DNA molecule. The
chromosome atthis stage, although there are two chromatids, each carrying
individual undergoing meiosis is heterozygous at two loci, A and B, and the parental (input) haplotypes are
AB (paternal) and ab (maternal). Boxes represent daughter cells. (a)
If two genes are locatedon separate
chromosomes, theywill assort independently. The parental(AB, ab) and recombinant (Ab, aB) combinations
of alleles arise with equal frequency, reflecting random orientation of the chromosome pairsat the
metaphase plate (thin line). (b)If two genes are located on the same chromosome, the parental combination
of alleles might be expected 100% of the time because alleles of each parental haplotype are physically
joined together (linkage). However, due to homologous recombination between synapsed chromosomes (c),
the recombinant combinationof alleles may be generated.
of chromosome breakage andstrand exchange - a Holliday junction in molecular terms -leading
to homologous recombination between the parental chromosomes andthe production of recombinant combinationsof alleles (Figure 25.4).
Linkage and genetic mapping. Homologous recombination during meiosis occurs essentially at

random - this is an oversimplification, but is generally applicable (c.f. recombination hotspots and
coldspots) - thus the probability of recombination, occurring between any two heterozygous
markers increases the further apart they lie on the chromosome. The recombination frequency (q.v.),
measured as the proportion of recombinant offspringof a given cross, therefore reflects
the physical
distance between the markers. Thisprinciple underlies the meiotic mapping of eukaryotic genomes,
discussed in detail elsewhere (see Gene Structure and Mapping), although as cloning technology
becomes more advanced, the use of genetic maps is being progressively replaced by brute-force
physical mapping methods. Linkage can also be exploited for gene mapping in other ways, for
example q.v. radiation hybrid mapping, HAPPY mapping, interrupted mating mapping, cotransformation
and cotransduction mapping.
Mitotic recombination. Although homologousrecombination in eukaryotesusually occurs during

meiosis (when homologouschromosomes are aligned), synapsis and exchange also occur at other
times,especially in species such as Drosophila, where homologous chromosome pairs remain
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associated in somatic cells. Any recombination occurring in the absence of meiosis (i.e. in the
absence of sexual reproduction) is termed parasexual exchange, and this is the form of genetic
exchange predominantly seen in bacteria (see Gene Transfer in Bacteria). Parasexual exchange in
eukaryotes occurs between organelle genomes (q.v.) and between nuclear chromosomes in somatic
cells (mitotic recombination).
Mitotic recombination between homologous chromosomes can lead to mitotic segregation,
whereheterozygous loci segregate into somatic daughtersomatic cells generating reciprocal
homozygous clones identifiable by their distinct phenotypes. The first evidence for mitotic recombination came from Drosophila, where adjacent patches of reciprocally homozygous tissue (twin
spots) were observed in a heterozygous background. Like other forms of aberrant chromosome
behavior, mitotic recombination can be stimulated by exposure to X-rays, which generate doublestrand breaks in DNA. This suggests that the process may be a by-product of DNA repair. Mitotic
recombination between homologous chromosomescan be used to derive genetic maps. These are
colinear with meiotic maps,but the calculated geneticdistances are not the same, indicating that at
least some of the factors promoting meiotic and mitotic recombinationare distinct. This is supported
by the identification of genes in yeast which are dedicated to either meiotic or mitotic recombination (Box 25.2)
A second form of mitotic recombination occurs not between homologous chromosomes, but
between identical chromatids - sister chromatid exchange (SCE). This is also stimulated by
damage to DNA, and its relative predominance overthe nonsister chromatid exchange discussed
above reflects the close physical associationof chromatids throughoutthe latter half of the cell cycle
(q.v. harlequin staining, DNA repair disorders).

25.3 Random and programmed nonreciprocal recombination
Nonmcipmcal recombination. Reciprocal recombination is both symmetrical and conservative, i.e.

information is exchanged between duplexes and is neither lost nor gained. Thus, if recombination
occurs betweenparental chromosomes carrying alleles AB and ab, the reciprocal recombinantsare Ab
and aB. Nonreciprocal recombinationinvolves a unidirectionaltransfer of information. An example
of nonreciprocal recombinantsarising from the above cross would beAb and AB, where information
has been transferred unidirectionally from
A to the a allele and the a allele has been lost. Thistype of
recombination is also calledgene conversion, because it appears that one allelehas been converted
to the other. Nonreciprocal recombination,or gene conversion, occursunder twocircumstances.
Firstly, consider the fate of the heteroduplex DNA which arises during strand invasion and
branch migration. When the Holliday structure is resolved,heteroduplex DNA, which contains base
mismatches, can be subject to mismatch repair (q.v.). The repair can be in either direction because
meiotic strand exchange occurs well after replication and the cell can no longer discriminate
between the parent and daughter strands (c.f. postreplicafive mismatch repair). To be involved in a
gene conversion event, a locus must lie close to the site of strand exchange within the scope of
branch migration, and the phenomenon is therefore most commonly observed when considering
the recombination of closely linked markers. Becauserepair is nondirectional, gene conversion may
be obscured in a population of meiotic products whereequal representatives of each repair process
may be found. It is therefore most easily observed in fungal tetrads, which represent individual
meioses (q.v. tetrad analysis).
Secondly, gene conversion occursduring the recombinational repair of gaps andbreaks. Singlestranded gaps may be filled by a strand from a homologous duplex prior to repair (Figure 25.3)
which, as above, generates heteroduplex DNA that may be repaired in either direction. Doublestranded breaks are often targets for exonucleases,and there may besubstantial loss of information
prior to repair (Figure 25.3). In this case, conversion is always inthe same direction, i.e. towards the
homologous (undamaged)chromosome, because this is the only information available. The repair
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of chromosome breaks by gene conversion occurs where DNA becomesdamaged by agents in the
environment, but itis also exploited as a mechanism of genetic rearrangement. Transposons which
mobilize conservatively exploitgene conversion to increase their copy number (q.v. passive transposition, mobile introns). The switching of gene cassettes e.g. to specify yeast mating typeor
immunoglobulin structure, also occurs bythis process (see below).
lnfonnation cassette switching. Nonreciprocal recombination can be programmed to vary information present at a specific gene locus. This mechanism of gene regulation, termed switching,

requires an active locus where informationcan be expressed and silent loci where alternative forms
of the information, termed cassettes, are stored in a constitutively unexpressed state. Nonreciprocal
recombination between a silent locus and the active locusis induced by a double-strand break at the
active locus whichinitiates recombinational repair andgene conversion.
Cassette switching is a form of passive transposition which is guided by the cell. It differs from
active transposition and otherforms of information exchange, such as the use of alternative antibiotic resistancecassettes in bacterial integrons, because the mechanism of recombination is different.
In both active transposition and integron modulation (which involves site-specific recombination),
the locus where the cassette is integrated is initially empty. In the case of switching, there is always
information present at the active locus,i.e. switching is always a replacement process rather thanan
integration process.
Mating-fype switching in yeast. Mating-type switching in yeast is a simple form of differentiation

(q.v.). In Saccharomyces cerevisiae, the two mating types are termed a and a. The mating-type phenotype, which reflectsthe particular pheromone and receptor expressed by the cell, is determined at
the MAT locus, which may express either the MATa or M A T a alleles in a mutually exclusive
manner. In homothallic yeast (which switch mating type athigh frequency), a functional allele at the
H 0 locus encodes an endonuclease with a long target site, which specifically cleaves DNAat the
M A T locus, generating a double-stranded break. TheH 0 gene is regulated by swI5, a transcription
factor synthesized in a cell-cycle-dependent manner, linking mating-type switching with cell-cycle
regulation (see The Cell Cycle). Recombination can occur
between the M A T locus and eitherof two
silent information cassettes, H M L a and HMRa, located several kilobases away from M A T on the left
(5') and right (3') sides, respectively. Thestructures of MAT, HMLaand HMRa are similar, as shown
in Figure 25.5. There are four regions of homology, and the a and a alleles differ only in the Y region,
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Figure 25.5 Structure and activityof the yeast-mating-type locus
M A T and the silent information cassettes
HMLa and HMRa. The three loci are structurally similar, each comprisinga series of homologous sequence
blocks, although HMRa is shorter than HMLa. The mating type is determined by the Y region present at the

M A T locus. Recombination between the silent informationcassettes and M A T usually occurs through the
pathways indicated by thick arrows, which results in a mating-type switch. About 10% of recombination
events involve the pathways shown by broken arrows, and the M A T allele is replaced by the same allele.
Recombination is initiated by a double-stranded break at the borderof Y and 2,generated by H0
endonuclease. Both the expression and endonuclease cleavageof the silent information cassettes is
prevented by their repressed chromatin structure.
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which contains regulatory and coding
information. The 24 bp target sitefor H0 endonuclease overlaps the border betweenY and Z and is identical in the silent-mating-type cassettes and the MAT
locus itself. The silencing mechanism is not intrinsic to the silent-mating-type cassettes, but lies
outside in flanking silencer regions which are targets for SIR proteins which modulatechromatin
structure (see Chromatin).
Switching is initiatedby the double-strandedbreak induced byHO, and nonreciprocal recombination involves MAT and either of the silentcassettes. Heterologous recombination occurs 90% of
the time, suggesting that the structure adopted
by the Y region demonstrates substratepreference.
Mutations which disrupt silencing allow the silent cassettes to act as recipients in geneconversion.
Thusthe mechanism of gene silencing, the heterochromatinization of the silent-mating-type
cassettes, is also responsible for protecting them against theendonuclease.
Antigenic varjation in trypanosomes. Antigen switching describes a defense mechanism used by

trypanosomes andBorreZia to avoid the immuneresponses of their vertebratehosts. This mechanism
involves changing the structure
of a protein which covers the entire surface
of the cell and is the
only
antigen exposed to the host. In trypanosomes, this is the variable surface glycoprotein (VSG),
whilst in Borrelia, it is the variable major protein.
Switching occurs frequently during aninfection,
so that pathogens recognized and destroyed by antibodies are replaced by a second wave with
different antigenic properties. This antigen switchingprocess can occur many times during aninfection, producing a series of variant antigenic types(VATS).
Trypanosoma bruceibrucei has many genes and gene segments representing the VSGs, many
carried on nonessential minichromosomes which seem to have no other purpose than to carry
VSG
genes. There are probably thousands of VSG sequences in the genome but only one hundred or so
are ever expressed, and the collection of potential antigenic types thus produced is termed a
serodeme. Of the expressible genes, only one, the expression-linked copy or expression-associated
gene, is active at anyone time. Theexpression-linked copy is always foundat one of several telomeric expression sites, although the
position of these sites is not in itself important as transcriptionally silent basic copiesare found both attelomeric and internal sites. Antigenic switching occurs in
two ways: firstly gene conversion can occur, involving a basic copy being transferred to an expression site. This is mechanisticallysimilar to yeast mating-type switching (see above),and nxombination involving the large number of VSG gene segments furtherincreases the potentialvariability of
surface proteins. Secondly, switching can be achieved by shutting downone expression site andactivating another. The precisemechanisms involved in these processes are not understood, but
regions
controling the activity of expression sites have been characterized and may, like yeast mating-type
switching, involve the modulationof chromatin structure.
25.4 Site specific recombination
The site-specific recombination reaction.
Site-specific recombination requires short, specific DNA
sequences in the donor and targetmolecules and iscatalyzed by dedicated proteins, recombinases,
recognizing these sequences. Sitespecific recombination therefore differs from homologous recombination in its requirement for a specific recombinogenicsequence, and because homology between
the donor and target molecules is not a criterion for recombination. Depending upon the system
involved and the orientation of recombining sites, site-specific recombination can mediate three
types of reaction:
(1)intermolecular site-specific recombination results in integration or fusion;
(2) intramolecular site-specific recombination between direct repeats of the recombining sites results
in excision or resolution, thereverse of integration and fusion;
(3) intramolecular site-specific recombination between inverted repeats of the recombining sites
results in inversion.
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Sitespecific recombination systems fall into two classes. The h integration/excision reaction (2,
integrase family) has relaxed topological requirements and can undergo any of the three reaction
types described above. h integrase-like systems include the FLP/FRP recombinase system in the
Saccharomyces cerevisiae 2p plasmid and the integration of antibiotic resistance cassettes at integron
resolution reaction (Tn3 resolvase
sites in the E. coli genome (see Mobile Genetic Elements). The Tn3
family) requires precise topological structure and the reaction products obtained are precisely
defined. Tn3 resolvase-like systems include the invertible genome segments which control phase
variation in Salmonella typhimurium and host range in bacteriophage Mu. Well-characterized sitespecific recombinationsystems are discussed in Box 25.2.

25.5 Qeneration of immunoglobulin and T-cell receptor diversity
The mie of recombination in antigen receptor diversify. The vertebrate immune system produces
two types of antigen-recognizing protein: immunoglobulins (Igs), which may be membrane-bound
as B-cell receptors (BCRs) or secreted as antibodies, and T-cell receptors (TCRs) (Box 25.3).Antigen-

recognizing proteins may be generated for any conceivable antigen, i.e. the immune system must
recognize between lo6 and lo8 different molecularconfigurations. This remarkable diversity reflects
both underlying diversity in the corresponding genes (germlinediversity), and the ability of individual lymphocytes to rearrange gene segments bysite-specific recombination to create new combinations (somatic diversity). The idiotypic diversity of antigen specificity reflects this somatic
recombination activity and is unique to individual lymphocytes.
Igs and TCRs also demonstrate allotypic diversity (diversity between individuals of a species
reflecting the presence of allelic variants, i.e. polymorphism) and isotypic diversity (diversity present in all individuals of a species,usually reflecting the expression of closely related genes or alternative splice variants). In the immunoglobulin heavy chain locus, a novel type of isotypic diversity
arises, onceagain by site-specific recombination. Thisdetermines the structure of the constant part
of each Ig (i.e. the region concerned with effector functions rather than antigen recognition).
idiofypic diversify by WOJ recombination. The antigen-binding specificity (idiotypic diversity) of
Igs and TCRs is determined bythe variable regions, which are assembled from V, (D) and Jsegments

by somatic recombination,
i.e. recombination occumng in somatic pre-Band pre-T cellsrather than
in the germline. Of the three hypervariable complementarity-determiningregions of the molecules,
CDRl andCDR2 are determined solely bythe V-segment, and CDR3, which showsmost variability,
by the V(D)J assembly. Diversity
is generated not only by the particular combinationsof V-, (D-) and
J-segments chosen, but also by their imprecise joining - variation at the coding joints can be
Table 25.4: Mechanisms of idiotypic diversity generationin antigen-receptor genes
Diversib mechanism
Molecular
basis

of different V, (D)and segments
J
The use of multiple D segments
Junctional
diversity
Exonucleolytic
degradation
the
atcoding
joint
leading
to variation in the
position of the junction between the gene segments
N-region
diversity
Addition
random
of nucleotides
coding
at joint
by terminal
deoxynucleotidyl transferase
V-gene
replacement
Further
recombination
between
assembled
an
but unproductive
V(D)J
exon, and remaining V segments
region
to
facilitate
affinity
Somatic
hypermutation
Point
mutation
of residues in a variable
maturation; occursin immunoglobulin loci only (see Mutation
and Selection)
Combinatorial
diversity
The
use

Further diversity is generated at the protein levelby the combinationof different heavy and light chains (Igs)or a,
p, y and 6 subunits VCRs).
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generated by both insertion and deletion of nucleotides (Table 25.4). Further diversity is produced
by thegeneration of random mutations throughoutthe variable region (q.v. somatic hypermutation).
Where diversity segments are found, D-J joining occurs first, followedby the joining of V-segments
to the DJ assembly; the joining reaction is preceded by, and is dependent upon,transcription of the
pre-rearranged gene. The segments used in a given rearrangement are chosen randomly, although
there may be preference forcertain combinations.
Mechanism of VOJ recombination. V@)J recombination is a site-specific recombination reaction

occurring at recombinationsignal sequences(RSSs) flanking the V-, D- and J-segments. =Ss are
found downstream of V-segments, upstream of Jsegments, and on
both sides of D-segments, where
AT-rich nonamer with the
consensus
they occur. TheRSS comprises a palindromic heptamer and an
sequences CACTGTG and GGTTTITGT. Theheptamer is always adjacent to the gene segment and
is separated from the nonamer by a nonconserved spacer region of either 12 bp or 23-24 bp (corresponding to one and twohelical turns,respectively). Recombinationonly takes place between =Ss
with different sized spacers, the 12-23 rule. Alignment of two Rsss within a synaptic complex
containing the proteins RAGl and RAG2 results in cleavage of the DNA at the junction of each
heptamer andgene segment (Figure 25.6). Transesterification formsa coding jointbetween the two
gene segments and a signal jointbetween two heptamermotifs. Thesignal joint is precise, and the
circularized DNA segment is excised from the genome and degraded.The coding joint, conversely,
is imprecise. Up to ten nucleotides may be removed from either coding end by an unspecified
exonuclease activity, or added at the joint by terminal deoxynucleotidyl transferase (these untemplated residues comprise the N-region).

I

HMGl/Z
DNA-dependent PK

"_"_

v -

_".

Coding Joint (imprecise)

\a-

Signal Joint (precise)

Figure 25.6 The mechanism of VJ recombination in the IgL loci. Synapsis of recombination signal
sequences (RSSs) with different sized spacers in a complex containing RAGl, RAG2 and HMG proteins
allows DNA cleavage between theRSS and the V- and J-segments. This forms a precise signal joint (which
is discarded along with the residual recombination complex) and an imprecise coding joint (which may be
subject to exonucleolytic degradation and the insertionof untemplated N nucleotides).
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RAGl and RAG2 proteins are sufficient to confer V@)J recombinaseactivity on nonlymphoid
cells in culture, and can perform efficient V(D)J recombination in vitro using cloned RSSs. RAGl
possesses a helix-turn-helix motif (q.v.) and bindsto the nonamer sequenceof the RSS, regardless of
spacer size. RAG2 is recruited to RAG1-RSS complexes with greater efficiency if there is a 12 bp
spacer, suggesting a basis for the 12-23 rule. RAG protein binding is stimulated by HMGl and
HMG2 (q.v. high mobilitypoup proteins) which sharply bend theDNA and may facilitateinteraction
between different cis-acting sites. After cleavage,the synaptic complex of RAG and HMG proteins
remain bound to the signal joint, whereas the coding joint is released, and this may protect the
signal joint from exonucleaseand terminal deoxynucleotidyl transferase activities.
The resolution stage of V@)J recombination is carried out not byspecialized recombinases, but
by the general double-strand break repair (DSBR) machinery commonto all cells (see Mutagenesis
and DNA Repair). The link between V(D)J recombination and DSBR has been established by the
sensitivity of mouse SCID cells’to X-rays, and the failure of V(D)J recombination inDSBRdefective
cells transfectedwith RAGZ and RAG2 cDNA. Themouse Scid gene encodesa component of a multimeric DNA-dependent protein kinase whichis recruited to damaged DNA; other components of
this enzyme are encoded by the X-raysensitive XRCC genes.
Individual B-cells and T-cells are monospecific, i.e. they produce
immunoglobulins or receptors of a single antigenic specificity. However, because lymphocytesare
diploid and there are two immunoglobulin light-chain loci, it is in theory possible to produce up to
eight types of functional immunoglobulin and four types of T-cell receptor by combining different
polypeptides. The observed monospecificity reflectsallelic exclusion (expression of one allelic copy
of each gene only)and, in the case of the IgL loci, isotypic exclusion (expression of only one lightchain gene). The exclusion mechanism isnot fully understood, but it is random and is activated by
antigen binding to a B- or T-cell receptor. The most likely mechanism is that the first productive
rearrangement of each locusallows the synthesis of a receptor,and thatits activation by antigen binding represses further V(D)J recombination by feeding back
through BCR or TCR signal transduction.

AI/e/ic and isofypic exclusion.

/sotypic diversityby C

~ S switching.
S
The effector functions of immunoglobulins are determined by
the constant region of the immunoglobulin heavy chain (CH). There are five isotypic classes of
immunoglobulin: IgM,IgD, IgG, IgE and IgA, and subclasses of both IgG and IgA.The
immunoglobulinclass synthesized by aBcell is determined bythe particular C-gene segment which
lies downstream of the recombined VDJ exon. The C-gene
segments representing each classand subclass (eight in mice and nine in humans) are arranged in tandem (Figure 25.7). Class switching

Human IgH

Mouse IH

Figure 25.7: Organization of the human and mouse IgH C-gene segments,with filled circles representing
switch regions. The human IgH locus contains two pseudogenes andspans nearly 1.2 Mbp of DNA.
Recombination initially occurs between the Cp switch and any other switch3’ to it. Subsequently, further
switch recombination can occurin the 5’+3’ direction.

%CID is severe combined immunodeficiency, i.e. deficiency for both the cell-mediated and humoral immune
In
systems. SCID canbe caused by many defects, which resultin the failure of B-cell and T-cell development.
humans, 30% of SCID cases are causedby mutationsin the RAGZ or RAG2 genes vjhich control the early stages
of V(D)J recombination. In mice, the major form of SCID involves a defect in DSBR which controls the later
stages of V(D)J recombination, and the effects are not restricted
to lymphocytes.
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involves recombination between switch regions (S regions), which lie upstream of all the C-gene
segments except CS, a process which deletes the intervening DNA and brings the appropriate Cgene segmentadjacent to the WJexon; the excised DNAis released as a circle. The recombined
WJ
gene segment is initially expressed with Cp, generating immunoglobulins of isotype IgM. Switch
recombination can occur between the switch region upstream of Cp and the switch region located
upstream of any of the 3' C-gene segments except C6 (classswitching from IgMto IgD occurs not by
genomic rearrangement, but by alternative RNA processing, causing the Cp gene segment to be
spliced out atthe RNA level. RNA processingat the IgH locus isalso used to generate the secreted
and membrane-bound i s o f o m of immunoglobulins).Several sequential switch mombination
events can occur, always in the 5'-3' direction, generating antibodies of differentisotypes without
affecting their antigenic specificity. Switch regions are 1-10 kbp sequences consisting mainly of
simple sequence tandem repeats. Unlike WJ recombination, switch recombination can occur at
many sites within the switch region. A number of cis-acting elements upstreamof and within switch
regions have been identified as protein binding sites, and although several binding proteins have
been identified (including NF-KB, NF-Sm ( S N P ) , LR1 and Paxd), their role in recombination and
its regulation is unclear. Switchingappears not to beprogrammed, butthe particular rearrangement
carried out can be regulated by cytokines,whichthereforespecify
the production of certain
immunoglobulin classes and subclasses. Transcription precedes recombination,but it is the subsequent splicing that is crucial forswitching to occur. This may reflect
splicing factors recruiting recombination proteins to the DNA during transcription, the formation of a triple-stranded RNA-DNA
triplex structure, or the placing of the DNA in the correct nuclear compartment for switch recombination to occur. Switching is accompanied by mutation in the DNA flanking the switch junction,
suggesting that error-prone DNA synthesis forms part of the recombination mechanism. Switch
recombination maythus involve acopy-choice rnechnisrn (q.v.).
lmmunoglobulln diversity in other vertebrates. The mechanisms of immune system diversity

discussed above relate specifically to mammals, and in particular to mice and humans. In other
vertebrates, and even inother mammals, there are subtledifferences in the mechanisms involved.
In the chicken, for instance, although the immunoglobulin loci are divided into noncontiguous
segments similar to those of mammals, only oneparticular copy of each type of segment is ever
expressed, and the diversity of immunoglobulin structure arises by gene conversion involving
multiple silent copies of the V-, (D-) and J-segments. These are formally identified as pseudogenes, but are no different in principle from the silent mating-type cassettes of yeast and VSG
cassettes of trypanosomes (see above). In lower vertebrates, there appears to be
considerable preexisting germline diversity. Again, there are V-, D- and J-segments, but in many cases, these
appear to be already rearranged in the germline, either already joined together or associated in
such a close manner that onlya single type of rearrangement is possible. Although the potential
for combinatorial diversity is therefore limited, the coding joint is imprecise -as it is in mammals
- and considerable junctional diversity arises by deletion and insertion of nucleotides.

25.6 Illegitimate recombination
End-loining, aberrant replication and recombination. Illegitimate recombination describes the

promiscuous recombination mechanisms, requiring little or no homology between recombining
partners, usually representing normal cellular processes using incorrect substrates. Illegitimate
recombination often causes mutation by gene disruption, and is prominent in human genetic diseases and cancer. Some mechanismsare summarised in Table 25.5.
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Table 25.5: Mechanisms of illegitimate recombination

ecular
Mechanism
Illegitimate end joining

Illegitimate replication

Illegitimate strand exchange

Unequal crossing over

Aberrant site recognition

Illegitimate V-@)J joining

This reactionoccurs frequently in eukaryotes, which repair double-strand
chromosome breaksby direct religation ofthe ends. Repair by ligation is
thought to have evolved becausethe large and highly repetitive genomes
of higher eukaryotes make homology searchingdifficult and error-prone.
The abundance of noncoding DNA reduces the danger of gene
disruption when this process does go wrong and, as DNA is packaged
into chromatin, it is possible that broken chromosome endsare held
together by higher-order structure. Whenthis repair system actson
illegitimate ends, however, it can cause translocations and other
rearrangements. It also allows transfected linearDNA to be integrated
into the genome (q.v. transfection, transgenic animals). Endjoining is less
common in prokaryotes which cannot ligate
DNA without sticky ends
This occursin repetitive DNA and in DNA which forms stabilizing
secondary structures (hairpins, cruciforms). The primer strand
jumps out
of register with the template and generates insertions and deletions.
Repeats and self-complementarymotifs stimulating illegitimate
replication are often mutation hotspots (q.v. fidelity of replication,
trinucleotide repeat syndromes)
All three classes of normal recombination -homologous, site-specific and
transpositional generate single strands as reaction intermediates.
Illegitimate strand exchangeoccurs when these free strands become
joined to the wrong partner, e.g. a single strandwhich just happens to be
in the vicinity of the reaction. This can alsooccur with systems not
usually involving recombination, such as topoisomerases
(q.v.) and the
nickases (q.v.) which initiate replicationin plasmids
This occursif homologous duplexes synapseout of register dueto the
presence of repetitiveDNA. Following resolution, it generates an insertion
in one duplex and a deletionin the other. Although unequal crossing over
is unorthodox, the mechanism is normal homologous recombination
rather than illegitimate recombination
- homology is requiredfor it
to occur
Where recombination relieson the recognition of a specific sequence by a
protein, the chance presence of a similar sequence
(a cryptic
recognition site) in nearby DNA sometimes resultsin an aberrant
reaction involving extraDNA. This type of recombination is responsible
for most aberrant excision events involving transposons and
site-specific
episomes
Illegitimate recombination betweenRSS elements in the immunoglobulin
and TCR gene loci and cryptic elements located elsewhere in the
genome is responsible for a spectrum of chromosome aberrationsoften
associated with lymphoid tumours. Additionally, tumours can arise
if the
recombinase genes, usually expressed only during earlyB- and T-cell
development, become activated ectopically. CrypticRSS elements are
also found within the antigen receptorloci themselves. The kappa
deleting element is one suchcryptic site whose involvement in
recombination causes deletion ofthe lgLK constant region, a process
termed RS recombination in mice. Similarly, the delta deleting element
causes loss of the TCR 6 chain. In SClD mice, aberrant exonuclease
activity occurs where DJ joiningis blocked, and deletion occurs on both
sides of the DJ coding joint in IgH, TCRP and TCRy loci, resultingin an
inability to produce matureB- and T-cells

-
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Box 25.1: Genes for homologous recombination
Recombination proteins in E. c o / L RecA is a multi- protein can catalyze the transfer of the displaced
functionalprotein facilitating synapsisandstrand
strand to the unpaired strandin the initiating duplex,
exchange, as well playing the primary role in SOS thus generating a Holliday junction. RuvAB protein
repair. recA mutants neither carry out recombinationpromotes branch migration in the direction of RecA
nor induce the SOS response (q.v.)andare thus strand exchange, and RecG promotes branch
exquisitely sensitive
to DNA damaging agents. RecA migration in the opposite direction. RuvCcleaves
can form a complexwith single- or double-stranded Holliday junctions and generatespatch- and spliceDNA, although the single strand is a more efficient type recombinants with equal frequency (also q.v.
substrate.RecApolymerizesaround
the DNA to D-loop mutagenesis).
form spiral, presynaptic filamentswithin which the
Recombination proteins in eukalyotes. The isolaDNA is extensivelyunwound (50% longerthan
tion
of yeastmutantsdeficient
in DNAdamage
normal). The RecA-DNA complex can interact with
repair and blocked during meiosis has been useful
duplex DNA to form aternarycomplexandifa
region of homology is found, strand transfer is initi- for the identification of recombination genes. The
ated. Ternary complexes alsoform in the absence of RAD52 epistasis group (q.v.) of genes is involved in
sequence similarity, and this is thought to reflect an recombinational repair. Predominant amongst these
ill-fated search for homology by the protein. The is RAD51, which is homologous to E. coli recA.
RAD57 homologshavebeenisolatedfrommany
protein filament has a definite polarity, coincident
eukaryotesand the S. cerevisiaeRAD51gene is
with the 5'+3' polarity of the invadinganddisinducible by DNAdamage.Thereappear
to be
placed strands. The protein promotes base pairing
between the single strand and its complementary several RAD51 homologs in eachspecies. In for
strand in the homologous duplex, first by forming a example S. cerevisiae, the DSTl gene encodes a
ternary complex containing RecA and both recom- RAD51-like product whose activity is restricted lo
bining partners, and thenby displacing the resident meiotic cells. Other genes have mutant phenotypes,
strand of the recipient duplex as a tail or loop. It is indicating a role in both mitotic and meiotic recombination.RAD50encodesaDNA-binding
protein
thought that this reaction involves triple-stranded
double-strand
DNAand possiblyunorthodoxbasepairing
(see which functions in the repairof
Nucleic Acid Structure). Strand invasion and breaks in mitotic cells, and induces and processes
displacementoccurs in the 5'+3' direction with suchbreaks in meiotic cells.The product of the
RAD52 geneis essential for both mitotic and meiotrespect to the invadinganddisplacedstrands.
Initially, matching must be perfect, but once strand ic recombination, the repair of double-strand DNA
breaks and mating-type switching; it interacts with
transfer has started, mismatches can be tolerated,
for
leading to the generationofheteroduplex
DNA. RAD51.RAD54 encodesahelicaserequired
recombination and other formsof DNA repair.
Once strand transferhasbeeninitiated,RecA
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30x 25.2: Site-specific recombination systems

ntegration and excision
of bacteriophage L Two Phenotypic variation by site-specific inversion.In
c-encodedproteins,IntandXis,arerequired
for several systems, e.g. phase variation in Salmonella
ntegration and excision (for a discussion of their
typbimurium andhost-rangevariation
in bacterio>xpression and regulationduring the h infection phage Mu, alternative patterns of gene expression
:ycle, see Viruses). These
act in conjunction with rely on inverting a small genetic element. This inverlost proteins IHF and FIS to mediate site-specific sion is facilitated by site-specific recombination
,ecombination between sequences termedaltach- systems of the Tn3 resolvase class using inverted
nent sites, the bacteriophage attachment siteaffP repeats flankingthe invertible element. The mechamd the bacterial attachment site affB. Int and IHF nisms of phase variation and Mu host-range variation
Ire required for integration, whilst Xis is required in are shown in the figures below, although similar sysIddition to these two proteins for excision
(FIS stim- tems control host range
in bacteriophage P1 and the
dates, but is notessential for excision).Strand
inversion of a smallDNA segment of unknown funcsxchange reactions occur in sequence, first at the tion in the E. coli chromosome. The recombinases
eftsite
of the attachmentregion, followed by involved in these systems, Gin, Cin, Hin and Pin, are
wanch migration to theright-handsidewherea
homologous and functionally interchangeable,
second strand transfer occurs. These reactions pro-although the cis-actingelementsinvolved
in the
zeed throughacovalentintermediatewhere
the inversions are not. In the Gin/Cin systems of bacteDNA is bound to Int.
riophages Mu andP1, the gene for the recombinase
also contains a cis-acting enhancer of inversion and
is located outside the invertible segment, whereas
genes involved in the variation are within
it. In the Hin
system of S. typbimutium, the recombinase gene and
enhancer are within the invertible segment whilst
the
genes involved in variation lie outside.
attP
attB

attR

I

P

l01

~rs
1

]B l O l B l

I
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Site-specific recombinationin bacteriophage h integration
excision.
and
has
The
attP,
attachment
phage
site,
the
structure POP',where P and P'are complex elementscontaining binding sites for Int, Xis,
IHF
and FIS, and 0 is the
regionofoverlap lying betweenstrand-transfer sites. The
bacterial attachmentsite attB is simpler andhas the structure BOB',where B and B'are binding sites for Int. Sitespecific recombination generates hybrid sites attL (BOP')
and attR (POB')
which flankthe h prophage.

beision
xis

fit*
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b
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I
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Promoter HI

Promoter1
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HZ

Promoter HI

hixR

Phase variation in Salmonella typhimurium.The flagella of S. fyphimurium are composed mainly of the protein flagellin,
which occursas two antigenically distinct forms, H1 (specific phase antigen) and H2 (group phase antigen).
H1 and H2 am
H2 locus is tightly linkedto a third gene r H 7 , which encodes
encoded by distinct
genes which are never coexpressed as the
H-segment lying betweenhixL and hixfi
a repressor ofH7 expression. The promoterfor H2 and r H 1 is located on invertible
sites which allowsitespecific inversion under controlof Hin. In one orientation, Promoter drives expression
of H2 and r H 7 ,
repressing H7. In the other, H2 and r H 7 lack the promoter, thus
H2 is not expressed andH7 expression is derepressed.The
host protein FIS stimulates inversion by
binding to an enhancerwithin the hin gene.
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protein. Unlikek integration and excision, resolvase
activity is directional. Fusion (integration) reactions
are notcatalyzed by this enzyme, reflecting the
specific topological requirements of the system. It
has been shown that Tn3 resolution in vitro always
produces reactionproducts of the same topological
state.
The
reaction proceeds via two-strand
exchangereactioninvolvingacovalently
bound
DNA-resolvase intermediate.
Another site-specific .recombination controlling
resolution is the Cre-loxP system of bacteriophage
Host-range variation in bacteriophage Mu. There are two P1. This is entirely independent of the Cin-cixUR
tail fiber genes in bacteriophageMu (S and
The S gene system describedabove, and its primary function is
has a constant part (Sc) lyingoutsidetheinvertible
G to resolve plasmid dimers, facilitating accurate
region andalternativevariable parts (Sv, S'v) which lie partition during cell division (phage P1 exists as a
within it. Alternative versionsof U (U.U')also lie within the low-copy-number plasmid, andin its lysogenic state
G region. Inversionof the G-regionis catalyzed by the pro- is propagatedliketheF-plasmid;seePlasmids,
tein Gin which facilitates recombination between the flank- Viruses).The Cre recombinase acts on direct
ing gixR and gixL sites.Thehostprotein FIS stimulates repeats of the loxP recombination site to facilitate
inversion by binding to an enhancer outside the G region, resolution, but can also catalyze circularization of
the linear phage genome and (rarely) may integrate
within theg h gene.
the plasmid into the host genome.TheFLP-FRP
Resolution
by
site-specific
recombination.
system of the yeast 2~ plasmid is also thought to
Followingreplicativetranspositionoftransposon
function to resolve plasmid multimers, and may play
Tn3 from one genome to another, a cointegrate is a role in the increase of copy number. Unlike Tn3
generated which containsadirectrepeatof
the resolvaseand
Cre,however,FLP
recombinase
transposon (q.v. replicativetransposition, cointe- belongs to the )L integrasefamilyandcatalyzes
grate). Site-specific recombination occurs between inversionsandfusionsaswellasresolution.Of
sites termed res within the transposon, to resolve thesesystems,FLP-FRP and Cre-loxP have been
the cointegrate into two DNA elements each cany- widely exploited as tools for genome manipulation
ing one copy of Tn3. This recombination reactionis and gene regulation (q.v. transgenic animals, knockcatalyzedby the transposonencoded resolvase out mouse).

U).

Box 2 5 . 3 Antigen receptors and their genes
The proteins. Immunoglobulins and T-cell receptors are antigen-binding proteins synthesizedby Blymphocytes and T-lymphocytes, respectively.
Immunoglobulins may be displayed on the cell surface asB-cell receptors or secreted asantibodies:
both types of molecule have
a
fundamental
heterodimeric structure,two identical heavy chains
and two identical light chains, stabilized by disulfide bonds. There is one type of heavy chain (IgH)
but two types of light chain (IgLK and Iglh), either of
which may contribute to the immunoglobulin molecule. There are four types ofTCR monomer (a, p,y
and S) and theseform two types of heterodimer (the
aP-TCR and the yS-TCR).
Both immunoglobulinand TCR chainshavea
similar organization comprising,an N-terminal vari-

able region which is concerned with antigen binding andaC-terminal constant region, which is
concerned with effector functions (those common
to all molecules of a given subtype, regardless of
antigenicspecificity).Theoverall
structure of an
immunoglobulin is Y-shaped due to the heavychain hinge regions: the fork of the Y contains the
variable regions ofboth heavy andboth light chains
and binds to theantigen in a pincer movement. The
variableregion consists ofmoderatelyvariable
framework regions and hypewariable regionsor
complementarity determiningregions (CDRs),
the former holding the latter in the correct threedimensional configuration to interact directly with
the antigen. There are several different classes and
subclasses of immunoglobulinwhich have different
Continued

Recombination

oles in the immune system, and the classis specfied by the structure ofthe
constant region.
(Iternative constant regions are also
found in TCRP
md TCRy molecules. The structures of a generic
rnmunoglobulinandthe
yG-TCR, indicating the
,ositionofconstantandvariableregions,are
;hown below.
N

Vs

G

J-segments are provided, allowing variable regions
of different structureto be generated by combinatorial joining.The variable regions ofthe IgL and T
cell a and 6 genes are assembled from V and J
segments only. The number and nature of the different segments differ between
the different loci,
and those from the mouse and human genomes
are shownin the table below.Generally,
the
immunoglobulingenesshowarelativelysimple
organization, with the various gene segments lying
in the same orderin which they are assembled. The
T-cell receptor genes have a more complex structure.The TCRD geneliesembedded
within the
TCRA gene and the V segments are mixed.
Additionally, V segments lie both upstreamand
downstreamof the correspondingC-genesegments, and rearrangements involving downstream
V-gene segments cause large inversions.
Locus and number
Comments
of segments

Species
V

C

C
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D

J

C

Man

86
-30 9
9 (+2~)
IgH
Thegenes. Themammalianimmunoglobulinand
lgLK
7 6 5
1
7
7
JC
5 2 TCR genes are unique in that each must be assem- l g n
combinabled in somatic cells from a series of alternative nontions
contiguous building blocks provided by the germline
predetergenome.Thisso-called germlineconfiguration is
mined
nonfunctional, and gene reamangement
is essential for
the production of functional receptors and antibodies.
Mouse
The constant regions of each molecule are spec- IgH
>l500 12
4
8
ified by C segments which lieat the 3' end of each>200IgLK
4 (+lyf)
1
locus (in the immunoglobulin loci, the C segments I g U
2
4
4
JC
combinaarearranged in atandemarrayrepresenting
the
tions
constantregionofeach
isotypic subclass).The
predetervariable regions of the IgH andTCR p and y genes
mined
are assembled from three types of gene segment
- V (variable) segments, D (diversity) segments V indicates a pseudogene.
and J (junctional) segments. Arrays of V-, D- and
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Chapter 26

Replication
Fundamental concepts and definitions
Replication can be broadly defined as genome duplication,
an essential process for the propagation of cellular genomes and thoseof 'molecular parasites' - viruses, plasmids and transposable elements. The genome to be duplicated is the parental genome, and the copies are
daughter genomes.
All cellular genomes are double-strandedDNA. However, viruses and other genetic elements
with single-stranded DNA or RNA genomes must also replicate, and the propagationof the
agents responsible for thetransmissible spongzform encephalopathies (q.v.) can also be thoughtof
as a type of replication occurring at the proteinlevel.
At the biochemical level, replication is defined as a template-directed nucleic acid synthesis
reaction where the template and nascent (growing)
strand are the same typeof nucleic acid.
This differs from transcription and reverse transcription where one strand is DNA and the
other RNA (Box 26.1). The replication of double-stranded DNA begins with the parental
duplex which separates intotwo strands; each can actas a template to generatetwo identical
daughter duplexes in a one-step process, direct replication (Figure 26.1). The two daughter
duplexes are sister duplexes with respect to each other (hence terms such assister chromatid
exchange). However, because each newly synthesized strand is complementary to the parental
strand rather than identical to it, the replication of a single-stranded genome mustproceed
through a two-step process, the first synthesis reaction producing
an intermediate of opposite
sense to the parent strand, which can itself act as a template
to generate replicas of the parental
molecule. Such indirect replication and may involve any of the four types of nucleic acid
synthesis reaction(Figure 26.1).
Replication is a polymerization reaction and can be divided into ofstages
initiation, elongation
and termination. The elongating replication center requires the coordination
of many different
enzyme activities, collectively describedas the replisome.
26.1 Replicationstrategy
Models for the replication of DNA. The replication of cellular DNA was originally conceived as two

models: conservative and dispersive. Following conservative replication, the parental DNA
remains unchanged and gets passed to one daughter cell, whereas newly synthesized DNA gets
passed to the other. Following dispersive replication, new DNA synthesis is interstitial, and each
daughter cell receives amixture of parental and newly synthesized DNA.
In a third semiconservative replication model, proposed by James Watson and Francis Crick
following their elucidation of the double-helical structure ofDNA, the parental strands remain
unchanged, but the duplex is separated into two halves. Eachparental strand acts as a template for
replication and the daughter duplexes have one parental strand and one daughter strandeach. The
semiconservative model holds for cellular DNA, but the single-stranded genomes of viruses and
some plasmids replicate conservatively - the structure of the (single) parental strand is conserved
following replication. [The Meselson-Stahl experiment. In 1958, Matthew Meselson and Franklin
Stahl showed that the replication of bacterial chromosomal DNA was semiconservative. E. coli were
grown for many generations in a medium containing l5N, so that their DNA became universally
labeled with the isotope (heavy DNA). The cells
were then shifted to a medium containing normal
I4N and DNA was isolated from cellsafter one and two rounds of replication. The DNAwas ana-
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Figure 26.1: Replication of single- and double-stranded genomes. The replicationof double-stranded DNA
genomes involves a single roundof DNA replication and no intermediate is required. The replicationof
single-stranded genomes can involve any type
of nucleic acid synthesis reaction because an intermediateis
involved. Black strands are DNA,white strands are RNA.

lyzed by buoyant density centrifugation, which discriminates between heavy DNA, normal light
DNA and intermediate DNA containing one heavy strand and onelight strand. After one roundof
replication, the DNA was all of intermediate density, and after two, there were equal amounts of
intermediate density and light DNA. These results were consistent only withthe semiconservative
model. All cellular genomes replicate semiconservatively.In eukaryotes, semiconservative replication can be demonstrated by the incorporation of bromodeoxyuridine into chromosomal DNA.
Incorporation over two rounds of replication allows sister chromatids to be discriminated on the
basis that one has bromodeoxyuridine incorporated in both strands, and the other in only one
strand. The chromatids then stain differently (q.v. har2equin staining)].
Semidiscontinuous replication. Watson and Crick’s semiconservative model of DNA replication

predicted the existence of a replication fork, a dynamic Y-shaped structure with a barrel composed
of parental duplex DNA and arms composed of daughter duplex DNA, each daughter duplex
consisting of one parental and one daughter strand (Figure 26.2). At the center of the fork, the
parental duplex would be unwound and nucleotides would be added to the growing daughter
strands. The existenceof replication forks has beenconfirmed directly by incorporating radioactive
nucleotides into replicating bacterial DNA and observing the intermediate structures by electron
microscopy. However, this model reveals a paradox whichcan be summarized as follows:
(1) cellular DNA replication is semiconservative;
(2) both daughter strands are extended simultaneously;
(3) the strands of the parental duplex are antiparal2eZ (q.v.);
(4) DNA polymerases extend DNA only in the 5’+3’ direction.
How can simultaneous 5”+3’ elongation of both daughter strands occur at a replication fork
when the parental templates have opposite polarity? This can be achievedby semidiscontinuous
replication, where one strand is extended continuously and the other is synthesized discontinuously as a collection of short fragments. The mechanismof semidiscontinuous DNA replication can
be formally expressed as the leading strand - lagging strand model. The leading strand is the
nascent strand which is synthesized continuously in the direction of fork movement because its 3’
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Figure 2 8 . 2 A model for semidiscontinuous DNA synthesis at the replication fork. The replisome contains
two DNA polymerases which start in the same place.As the duplex unwinds, leading-strand synthesis is
continuous and in the directionof fork movement. This reveals a portion of the lagging-strand template, and
a second DNA polymerase synthesizesa short Okazaki fragment in the opposite direction to fork movement.
When it reaches the previous Okazaki fragment the enzyme dissociates and returns to the original position
where a further lengthof template has been uncovered. Note that although the relative directions of the two
enzymes are different, they need not necessarily be physically separated. The same result can be obtained
by looping the retrograde template around the enzyme, orby pulling the retrograde template backwards past
the enzyme to createa loop. Black stands are parental DNA, white is the leading strand, and gray is the
lagging strand. Circles representDNA polymerase (the directionof synthesis and polymerase movement is
shown by small and large arrows, respectively). For clarity,RNA primers are not shown.

end is exposed tothe DNA polymerase. The leading strand template is thus the forward template.
The lagging strand is the nascent strand which is synthesized discontinuously in the opposite direction to forkmovement because its 5’ end, the end which cannot
be extended, is exposed to the DNA
polymerase. The lagging-strand template is thus the retrograde template. The mechanism can be
summarized as follows: as the replication forkmoves forward andthe leading strand is extended, a
portion of retrograde template is exposed. DNA polymerase can then synthesize a small fragment
of DNA, an Okazakifragment, by moving backwards over
the template in relation to the fork progression. The lagging strand is so called because the leading strand must be synthesized first to
uncover the corresponding portion of lagging strand template. The enzyme dissociates from the
template when it reaches the previously synthesized Okazaki fragment, by which time a further
portion of retrograde template has been exposed. The enzyme can then reinitiate and synthesize a
new Okazaki fragment. By repeating this back-stitching process over and over, the lagging strand
would appearto grow in the 3’+5’ direction (Figure 26.2). Because DNApolymerase cannotinitiate
de novo strand synthesis, each Okazaki fragment needs to be individually primed. The dissociation-reassociation cycle therefore requires a priming step (q.v.).
Evidence supporting the leading strand-lagging strand model includes the presence of DNA
primase at the replication fork in both bacterialand eukaryotic replisomes. Also,both replisomes are
asymmetrical, reflecting the presence of one highly processive DNA polymerasefor leading-strand
synthesis and one distributive DNA polymerase for lagging-strand synthesis. Pulse chase experiments
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confirm that 50% of nascent DNA in cellular replication occurs
as low molecular weight fragments.
Displacement replication. Cellular genomes and those of many DNA viruses and plasmids repli-

are
cate using the semidiscontinuous mechanism described above,in which both daughter strands
extended simultaneouslyand replication forksare required. Other double-strandedDNA replicons
use a distinct strategy where only one strandis initially used as a template, and continuousextension of the nascent strand displaces the other parental strand. This is displacement replication and
the dynamic structure representing the site of continuous nascent strand synthesis is a displacement
the displaced strand eventually acts as a template
fork. In many suchreplicons (e.g. plasmid ColEl),
for discontinuous synthesis, and the overall mechanism is identical to semidiscontinuous replication. In others (such as mitochondrial DNA and the adenovirus genome), continuous synthesis of
the leading strand uncovers a second origin on the displaced parental strand, which facilitates
continuous synthesis in the opposite direction. In this case there is noneed for Okazaki fragments
and there is no lagging strand; the process maybe defined as continuousreplication.
A special type of displacement replication is facilitated by nicking one strand of a circular
doublestranded genome and extendingthe free 3’ end. In this case, strand extension will displace
the resident parental strand, but continued displacement can occur by circling the template more
than once, leading to the extrusion of a concatemeric strand, which may then act as a template for
second strand synthesis. This rolling-circle replication strategy is favored by manybacteriophages
and by most plasmidsof Gram-positive bacteria.
Reprication of single-strandedgenomes.

Thereplication of singlestranded DNA and RNA
genomes alwaysinvolves a replicative intermediate of opposite sense to the genome (sometimes
termed an antigenome). The replicative intermediate may act as a distinct template for daughter
genome synthesis,or the genome and antigenome may
stay associated in a doublestranded replicative form from which daughter genomesare produced by displacementreplication. In the special
case of the retroviruses, the parental RNA genome is destroyed once the DNA antigenome hasbeen
synthesized, and is replaced by a second DNA strand - daughter genomesare produced by transcription from this doublestranded provirus. For futher discussion see Viruses.
26.2 The cellular replisome and the enzymology
of elongation
The replisome. The replisome (replication complex, center, machine etc.) is the dynamic complex
of enzymes andother proteins found at the replication fork during elongation. Despite the elegant

simplicity of the underlying mechanism of replication, the logistics of the operation require many
different enzyme activities to be coordinated for continued, accurate DNA synthesis. There is a
formidable energy requirementto unwind the supercoiled DNA, and in eukaryotes, DNA is organized into chromatin which mustbe negotiated bythe replisome (see Chromatin). The components
of the cellular replisomeand their functions are listed in Table 26.1, and the bacterial and eukaryotic
replisome components are compared in Table 26.10. The replisome assembles from its components
during initiation and is only foundat the replication fork- it does not exist as a separate entity in
the cell. Simpler replicons
may require fewer replisome components,the minimal requirement being
a single polymerase enzyme.
Replication-deficient mutants. The elucidation of the components of prokaryotic and eukaryotic

replication systemshasdepended
onthe isolation of DNA replication-deficient mutants.
Replication isan essential process,so the proteins have been identified through the use of conditional
mutants (q.v.), mostly temperature-sensitive. In bacteria, replicationmutants fall into two categories:
quick stop and slowstop. Quick-stop mutants do notfinish the current round of replication when
shifted to the nonpermissive temperature, and identify genes critical for elongation. Slow-stop
mutants finish the current round of replication, but fail to reinitiate. They identify genes required
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Table 26.1: Generic componentsof the cellular replisome
ReDliSOrne cornwnent

Function
durinn

DNA helicase
Unwinds
DNA
fragments
Joins
ligase
DNA
polymerase
DNA
synthesis,
gaps
repair
inof
'

rwlication

DNA ahead of replication fork
of lagging
repaired
strand
lagging strand.
The
replisome
may contain severaldistinct forms of DNA polymerase, one
for leading-strand synthesis, onefor lagging-strand synthesis
and onefor lagging-strand repair

smase
DNA
DNA topoisomerase
Releases
torsional
strain
caused

by helicase
activity.
Decatenates linked circlesfollowing replication (q.v. DNA
topology)
RNA
Removes
RNaseH
primers from lagging strand
Single-stranded binding proteins
Stabilizes
single-stranded
regions
of replication fork.
May
interact with other replisome componentsto stimulate
their activity
Topoisomerases are not found at the replication fork, but are nevertheless indispensable for replication in
torsionally constrained DNA. See Table 26.70 for the specific components of the bacterial and eukaryotic
replisome.
Table 26.2: Some E, coli replication-deficient mutants andthe functions of each locus
Locus
~~

Initiator
dnaA
dnaB
dnaC
Quickand

Slow-stop
Quick-stop

slow-stop alleles
Forms
complex

@olC)
dnaE
Quick-stop
dnaG
dnaN
Quick stop
dnaQ
Quick
stopmutator
and
alleles
dnaT
Slow-stop
stop
k
dnaX
SYfA
and
Quickslow-stop alleles
SYfB
and
Quickslow-stop alleles
g
i
l
deficient
Repair
On'
conditional)
(not Lethal
polA
deficient Repair
rnhA
ssb
Quick-stop
ter
None
tus
None

with DnaB
helicase
and
assists loading at origin
a subunit of pol 111 holoenzyme
Primase
p unit of pol 111 holoenzyme
E subunit of pol 111 holoenzyme
Primosome component
y and T subunits of pol 111 holoenzyme
DNA gyrase subunita
DNA gyrase subunitp
DNA ligase
Origin of replication
DNA polymerase I
RNase H
Single-strand binding protein
Terminus of replication
Termination protein

This table lists those cis-acting elements and genes whose products
function at the replication fork or at
initiation or termination. Genes affecting general aspects
of DNA metabolism or competencefor the
replication of phage or virus genomes
are not listed.

for either initiation or termination. Some genes have both quick-stop and slow-stop alleles and
therefore act at more than
one stage. Several also have mutator alleles (q.v.); they influence the fidelity of DNA replication or DNA repair (q.v.). Notably, many replicationdeficient mutants are also
deficient in other aspects of DNA metabolism (recombination, repair, transcription), indicating that
some genes have a general rolen
i the processingof DNA. Table 26.2provides a list of E. coli replicationdeficient mutantswhich identify replisome components.
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Table 2 6 . 3 Intrinsic enzyme activities associated with DNA polymerases
Activities of DNA polymerases

Function

Activities of all DNA polymerases
Template
ng
Nucleotide
activity
5'+3' polymerase
ivity F'yrophosphorylysis

Activities associated with some DNA polymerases
vity 3'+5' exonuclease
sionPrimer
5'+3'activity
exonuclease
Primase
Table 26.4: Comparison of the properties of the DNA polymerases of E.coli

5'+3' polymerase
3'+5' exonuclease
5'+3' exonuclease
Structure
E. coli gene

pol I

pol II

pol 111

.I
.I
.I

.I
.I

.I
.I

X

X

Polypeptide
polA

Polypeptide
pols

Multimeric complex
dm€, dnaN, dnaQ,
dnaX, other subunits
unassigned

epair
onePrinciple
Function
inducible)

polymerase,
polymerase
primer
excision

(SOS

polymerase

DNA polymerases. Enzymes catalyzing DNA synthesis on a DNA template are DNA polymerases.

They perform two primary functions in the cell: the synthesis of DNA during genome replication,
and the resynthesis of missing DNA following damage or recombination, and following primer
excision fromthe lagging strand. In both prokaryotes and eukaryotes, specialized DNA polymerases are dedicated to replication and repair functions, the former sometimes being termed DNA
replicases. All DNA polymerases possess a 5'+3' polymerase activity and a pyrophosphorylysis
activity, which together facilitate DNA synthesis. Unlike RNA polymerases, DNA polymerases are
unable to initiate de novo strand synthesis and therefore require a primer. Most DNA polymerases
also possess further intrinsic activities (Table 26.3).The most important is a 3'+5' exonuclease
activity, which is the basis of proofreading (see Mutagenesis and DNA Repair fordiscussion of the
enzymology of replication fidelity).--

The DNA plymerases of E. coli. The E. coli genome encodes three DNA polymerases (DNA polymerases I, I1 and 111, or pol I, pol I1 and pol111). The properties of these enzymes are summarized
in Table 26.4. Pol I and Pol I1 are single polypeptides whose primaryrole appears to be DNA repair.
Pol I (also known as Kornberg polymerase)is the predominant polymeraseactivity in the cell and
possesses a unique 5'+3' exonuclease activity which facilitates primer excision from the lagging
strand during repair synthesis in vivo (q.v. nick translation). Although all the enzymatic activities
of pol I lie on a single polypeptide of 109 kDa, each arises from a specific domain and proteolytic
cleavage cangenerate a large C-terminal fragment (Klenow fragment, Klenow polymerase) which
lacks the 5'+3' exonuclease activityand is useful for in vitro applications where excision would be
undesirable (e.g. q.v. random priming, in vitro mutagenesis). Klenow polymerase is produced commercially by expressing a truncated poZA gene.
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Table 2 6 . 5 Subunits of theE.coli DNA polymerase 111 holoenzyme and their proposed functions
Subunit
Gene

Properties and proposed function

Core subunits
a
E

e

dnaf @o/C)
dnaQ (muto)
Unassigned

Accessory subunits
7
dnaXa
Y
dnaP

& F ,x. \Ir

P

Unassigned
dnaN

5'+3' polymerase activity, requiredfor DNA synthesis
3 ' 4 ' exonuclease activity, required for proofreading
Function uncertain, may helpto assemble other subunits
DNA-dependent ATPase, required for initiation. Promotes dimerization
Associates with four peptides (see below)to form a DNA dependentATPase known as the ycomplex, required for initiation, facilitatesP
subunit binding
Associate withy to form the y complex (see above)
'Sliding clamp' which increases processivityof the holoenzyme. p binds
to DNA to form a preinitiation complex, a process which requires the
ATP-dependent activity of they complex. dnaN is inducedby the
SOS response (q.v.)

&r and yare encoded by a single gene,dnaX, which was previously dividedinto two overlapping ORFs
termed dnaX and dnaZ, with y representing the N-terminal two-thirds of A cotranslational frameshift (9.v.)
allows synthesis ofy.

'5.

Pol II is a minor componentof the cell during normal growth but
is inducible by the SOS response
(q.v.). It appears that this enzyme allows nucleotide incorporation opposite AP sites (q.v.), i.e. lesions
which stall pol Iand pol 111- it thus facilitates translesion synthesis (q.v.).
The principle replicative DNA polymerase of E . coli is Pol III which, unlike the other enzymes,
is a multisubunit complex, the Pol I11 holoenzyme (Table 26.5).The holoenzyme functions as a
heterodimer of complexes at the replication fork,with each monomer seeing to the synthesis of one
daughter strand. In vitro, the a,E and 0 subunits associate to form the core enzyme,which contains
the essential enzyme activities. Addition of the other subunits promotesdimerization and increases
the processivity of the enzyme. The assemblyof the holoenzymein vivooccurs as follows: the p subunit functions as a dimer and formsa ring or clamp which can slide along single-stranded DNA.
This is a processivity factor which keepsthe core enzyme attached to the template. Thep subunit is
loaded ontothe template-primer by the y complex, an ATP-dependent process, to formthe preinitiation complex. Theloading of the p subunit allows the core enzyme to bind, and addition of the 7
subunit facilitates dimerization. The structure of the completed holoenzymeis shown in Figure 26.3.
The holoenzyme is symmetrical except forthe y complex, which is associated with only oneof the
monomers. They complex is required forboth loading and unloading the p subunit from DNA,and

,

I

Subnssernbly without ycomplex is highly
processive,and pmbahly functinrsin
leading s t r a n d synthesis

Subassemblywithy complex can dissociate
from template, andpmhahly functionsin
lagging strand synthesis

Figure 2 6 . 3 Heterodimeric assembly ofE. coli pol 111 to facilitate simultaneous leading- and lagging-strand
synthesis.
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hence controls the processivity of the enzyme. The presence of the y complex allows the p subunit
to disassociate from the template primer when the polymerase encounters the 5' end of a previously
synthesized Okazaki fragment on the retrograde template. The lagging-strand core enzyme will
thus be released from theholoenzyme when it hascompleted the Okazaki fragment and can reassociate with a preinitiation complex which has loaded at the next available template primer,
provided by DNA primase.
The DNA polymerases of other bacteria are similar to those of E. coli, and in fact all DNA polymerases can be grouped and classified according to the structure of six conserved domains. The
most remarkable polymerases are those of thermophilic and hypothermophilic prokarytoes, which
can catalyze DNA synthesis at temperatures above 100°C, greatly in excess of the T , of DNA. In
such organisms, the melting of DNA is likely to occur passively,
but the polymerases must demonstrate an extraordinary capability to clamp the primer onthe template in order toextend it. Taq DNA
polymerase, originally isolated from Thermus aquaticus, is widely used in the polymerase chain reaction (q.v.) and is produced commercially by overexpressionin E. coli. It is homologous toE. coli pol
I, although itlacks 3'+5' exonuclease activityand therefore does not carry out proofreading. Other
thermostable DNA polymerases do possess proofreading activity (e.g. Pfu polymerase from
Pyrococcus jilriosus).
Eukaryotic DNA polymerases. Eukaryotic cells contain four nuclear DNA polymerases and a fifth
which is responsible for organelle genome replication (Table 26.6). The nuclear enzymes are DNA
polymerases U, p, 8 and e. DNA polymerases a and 6 are responsible for chromosomal replication.
DNA polymerase a has an associated primase activity but no3'+5' exonuclease activity,whereas
DNA polymerase 6 has a proofreading capability. DNA polymerase 6 binds an accessory factor
called proliferating cell nuclear antigen(PCNA), a cyclin (4.") analogous to the E. coli pol III p subunit in that itacts as a sliding ringto increase enzyme processivity. DNApolymerase 6 synthesizes
both the leading and lagging strands. The function of DNA polymerase a is to extend the RNA
primer on the lagging strand and provide the template for an accessory factor,replication factor C
(W-C) whose role may be analogous to that of the E. coli y-complex, i.e. to load DNA polymerase
and control the processivity of replication on the lagging strand. The role of DNA polymerase E is
unclear. It is structurally very similar to DNA polymerase 6 but does not associate with PCNA. It
may have a role in the replication fork, or it may be involved in DNA repair, like DNA
polymerase
p. p is the smallest of the five enzymes andthe one with the lowest fidelity and processivity. DNA
polymerase y (similar to E. coli pol I) is responsible for the replication of mitochondrial DNA, and a
similar enzyme hasbeen isolated from plant chloroplasts.

Table 26.6 Properties and proposed functions of eukaryotic DNA polymerases

name

a

Mammalian

Yeast
p013
POL2 Yeast genePOL3
Location
Number of subunits
5'+3' polymerase
3 ' 4 ' exonuclease
Primase
Associated factors
Processivity

P

Y

6

E

poll
polM
p014
MIPl
POL4
POL
1
Nuclear
Mitochondrial
Nuclear
Nuclear
Nuclear
1

4

.I

.I

4

.I

X
X

None
None
Moderate

None
Low

X

pol2

74

4
.I

2

$

X

X

X

High

PCNA
High with
PCNA

None
High

Unknown

agging- Function
replicative
polymerase
polymerase
strand
priming

polymerase
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DNA primases. DNA primases are enzymes whichsynthesize RNA primers (q.v.) for DNAsynthesis

(they can use both NTPs and dNTPs as substrates and mixed primers are common). Primases
perform two functions. Firstly, they initiate leadingstrand synthesis at the origin (this needs to be
done only once); secondly, they facilitate
the repetitive initiation of Okazaki fragments during
elongation. For cellular genomes,the same primingstrategy is used for both functions (see section
on primers and primingbelow).
In E. coli, DNA primase is encoded at the dnaG locus. For the replication of oriC-type replicons
(e.g. the chromosome itself),the primase depends onthe DnaB helicase for efficientpriming activity. Primase andhelicase forma functional complex, the primosome. Phagereplicons have different
primase requirements. The bacteriophage G4 origin is recognized by primase directly and there is
no primosome. Replicons of the $X class (e.g.bacteriophage (1x174)require a complex primosome,
which contains six prepriming proteins: DnaB (helicase), DnaC, DnaT, PriA, PriB
and PriC. PriA is
required for recognition of the origin (or primosome assemblysite, pas) but the precise functions of
PriB, PriCand DnaT are unclear. These factors assemble
to form a preprimosome recognized by the
DnaG primase. In both types of origin, the primosome is a mobile complex whichtranslocates along
the DNA in anATP-dependent manner in the same direction as fork movement (i.e. in the opposite
direction to lagging-strand synthesis) laying down RNA primers for each Okazakifragment.
In eukaryotes, two polypeptides associated with DNA polymerase a possess primase activity.
This is a fundamental difference between the eukaryotic and bacterial replisomes, i.e. a single principle replicative DNA polymerase in E. coli (pol 111) extends bothstrands, whereas in eukaryotes a
distinct enzyme extends the primers on the lagging strand, and only this needs to be associated with
primase. Cellular primases and helicases may interact, but they are distinct enzymes. However,
several eukaryotic viral encoded proteins have bothhelicase and primaseactivities.
DNA helicases. DNA helicases are enzymes whichtranslocate along single strands of DNA and use

energy derived from ATP hydrolysis to break hydrogen bonds and separate duplex molecules.
Helicases are required for many cellular processes (q.v. e.g. nucleofide excision repair, homologous
recombination, transcriptional termination, conjugation, Ti plasmid), and are essential during replication
to provide singlestranded templates - they are the first components to join the replisome.
Helicases usually translocate in one direction only alongDNA and are classified according to their
5'+3' or 3'+5' polarity. In topologically constrained DNA, helicases
work together with a topoisomerase to relieve torsional strain. The properties of some bacterial and eukaryotic replicative helicases are listed in Table 26.7.
DNA fopoisomerases. DNA topoisomerases are enzymes catalyzing the interconversion of DNA
topoisomers (different topological forms of DNA, see Nucleic Acid Structure: Box 26.2) and are

required during replication to relax the torsional strain generated when helicases unwind the
duplex; they perform similar functions during transcription and recombination. They also remove
knots and resolve catenanes (interlocked circles)which arise during replication and recombination.
In E. coli, many reactions involving nucleicacids (including replication, transcription, homologow
recombination and the transposition of some mobile elements) are favored by negative supercoiling
(q.v.). In eukaryotes, topoisomerases are part of the nuclear scaffold and facilitate the organization
of DNA into functional domains (see Chromatin); they also play a major role in the separation of
sister chromatids duringmitosis.
Topoisomerases are divided into two functional classes (Table 26.8). The major difference is the
reaction mechanism: class I topoisomerases cleave only one strand and can thus catenate/decatecan therefore
nate only substrates containing a nick; class II topoisomerasescleave both strands and
catenate/decatenate covalently closed circles. Most
topoisomerasescatalyze the relaxation of supercoils, but cannotactively introduce supercoils into relaxed DNA. Exceptionsare E. coli DNA gyrase,
which can generate negative supercoils, and reverse gyrase isolated from Sulfolobus acidocaldarius,
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Table 26.7: Replicative helicases and their functions

Helicase

function

and

Bacterialreplicative helicases
DnaB protein
PriA
protein
polarity.
3'+5'
Rep

(n', v)

Polarity
polarity.
5'+3'
Major
helicase
in E. coli chromosomal
replication;
dnaB has aquick-stop phenotype (Table 26.2) and is the only
helicase requiredin in vitro systems
3'+5'
polarity.
Component
of the primosome
Absolutely
required
for
rolling circle replication.
Role
in cellular replication unclear

Eukaryote replicativehelicase9
DNA helicase
A

Enzymes isolated from yeast
and
calf
thymus.
Copurifies
with DNA
polymerase a:primase
5'+3' polarity.
Copurifies
with DNA
polymerase
6
DNA helicase 6
DNA helicase
3'+5'
polarity.
ECopurifies
with DNA polymeraseE
RF-A associated
helicases
Several
enzymes
from different
species,
either
copurify with RF-A or
are stimulated by it
RF-C associated
helicase
Copurifies
with replication factor C
In bacteria, the roles of replicative and other helicases are well characterized.
In eukaryotes, more than30
helicase activities have been described and additional putative helicases have been identified
in the yeast
genome sequence, but few have had a precisefunction assigned.
aHelicases which have been copurifiedwith replication proteins.
Table 2 6 . 8 Topoisomerases of E. coli and eukaryotes
Class
Class I topoisomerase

strand
Cleavage
One

AL

Steps of 1
Mechanism
Enzyme
binds
noncovalently
to DNA.
One strand cleaved and 3' phosphate
group covalently attachedto active site
tyrosine residue. Intact strand passed
through break. Broken strand religated.

No
top0 I (m protein)
topo 111
Relaxes negative supercoils
Eukaryotes
Topoisomerase
1. Relaxes
positive
and
negative supercoils
Topoisomerase 111. Relaxes negative
supercoils (weak activity),
no decatenation

ATP required
E. coli

II topoisomerase
Both strands
Steps of 2
Enzyme binds noncovalentlyto DNA. Both
strands cleaved andthe 5' phosphate
groups covalentlybound to active site
tyrosine residues (this involves a
4 bp
stagger for both gyrase and eukaryotic
topoisomerase 11). An intact duplex is
passed throughthe gap (facilitatedby
a conformation change involvingATP
binding). Broken duplex religated and
DNA released.
Yes
Gyrase (topo 11). Introduces negative
supercoils
top0 IV. Decatenates linked circles
Topoisomerase It. Relaxes positive and
negative supercoils
Topoisomerase IV. Relaxes negative and
probably also positive supercoils

A L , change in linking number (q.v.).

which can generate positive supercoils. The role of gyrase is likely to be to maintain
DNA in an
energetically favorable state. The function ofreverse gyrase is less clear; it may concern keeping the
high temperatures in which S. acidoculdarius lives (also
chromosome in a duplex conformation at the

q.v. thermostable polymerase).

Replication

399

Table 26.9: Properties of single-stranded DNA binding proteins in E.coli and eukaryotes
E. coli

Protein
SSB
(single-strand

Eukaryotes

binding protein)

RP-A (replication protein A) or HSSB

(human SSB)
Heterotrimer of 70 kDa, -30 kDa and
-1 5 kDa subuhits
Stabilizes single-stranded regions during
Function
Stabilizes
single-stranded
regions
during
replication, recombination and repair
replication, recombination and repair
Directs priming to origin of Mlbrelated
Interacts with pol a: primase to prevent
nonspecific priming events
genomes
Interacts with transcription factors, repair
Associates with PriB in primosome
protein
XP-A and
several
helicases
complex
(possible priming function)
(possible specific rolesin transcription
and repair?)
Properties
ssDNA-specific
nobut
sequence
ssDNA-specific,
partial
sequence
specificity.
Cooperative
binding
specificity.
Activity
modulated
by
phosphorylation
Genes
ssb
RP-A 1 , RP-AP, RP-A3

Structure
Homotetramer

of 19 kDa subunits

Single-stranded binding proteins.Single-stranded binding proteins (SSBs) are replication acces-

sory proteins lacking enzymatic activity, but required for efficient activityof other enzymes inthe
replisome (Table 26.9).SSBs perform many functions in the cell concerning the stability of singlestranded regions of DNA (e.g. q.v. homologous recombination; see also hnRNP proteins). In replication,
this involves stabilizing the melted origin, sustaining the activity of helicases, removing secondary
structures from the DNA template (q.v.fmmeshiffidelity) and the inhibition of nuclease activity.The
proteins have a high affinity for single-stranded DNA but not for double-stranded DNA nor for
RNA. They bind cooperatively to DNA and coat it with a protein polymer. There is some base
composition preferencebut little sequence-specificity to the binding.
SSBs also interact directly with various components of the replisome to stimulate their activity.
In both E. coli and eukaryotes, the SSB interacts with primase or components of the primosometo
facilitate specificpriming activity. E. coli SSB also directs the priming of single-stranded genomes by
covering all available DNA exceptthe origin, which is characterized by a hairpin secondary structure. The SSBs encoded bybacteriophages T4 and l7 directly stimulate the activities of the phageencoded DNA polymerases.
Nucleases. Nucleases are enzymes which digest nucleic acids by hydrolyzing phosphodiester
bonds. Nucleases are deoxyribonucleases (DNases) if their substrate is DNA and ribonucleases
(RNases) if their substrate is RNA. Exonucleases require a free end and digest the molecule stepwise, whereas endonucleases are able to hydrolyse internal phosphodiester bonds andcan therefore use a covalently closed circular template as a substrate. Excinucleases facilitate the release
(excision) of an oligonucleotide fragment. Nucleases vary widely in their substrate specificity.
Exonucleases may be single- or double-strand-specific, may have aspecificpolarity, and may
require a particular end structure to initiate digestion. Endonucleases mayalso possess single- or
double-stranded substrate preference, and may demonstrate various degrees of sequence specificity; a nickase is an endonuclease which
cleaves one strand of a duplex. Nucleases play roles in many
systems (e.g. q.v. restrictionendonucleases, UvrABC nuclease, AP endonucleases,RecBCDnuclease,
retroviruses, conjugation, cDNA synthesis, recombinant DNA, RNA processing,transposase,integrase,
ribozyme, spliceosome).
Several sources of nuclease activity are required during replication. Generally, the recycling of
nucleotidesbyDNasesandRNasesprovides
substrates forbothreplication
and transcription
(salvage pathways),and mutations in genes controlling these
pathways generate quick-stop phenotypes
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(q.v.). Three specific nuclease activities are needed during replication. Proofreading requires a 3 ' 4 '
exonuclease activity, which is intrinsic to the DNA polymerase enzymes (discussed above). Primer
removal requiresthe combined activity of RNaseH (which specifically digests the RNA
strand from a
DNA.RNA hybrid) and a 5'+3' exonuclease activity.In E. coli, the latter activityis intrinsic to the principle repair enzyme, DNA polymerase I, whereas in eukaryotes it is supplied by the exonuclease
MF-1. RNaseH is not sufficient to remove primers in
E. coli, and presumably in eukaryotes, becauseit
is unable to cleave phosphodiester bonds linking ribonucleotides to deoxyribonucleotides. RNaseH
digestion of primers thus leaves at least a single ribonucleotide residue attached
to the Okazaki
fragment, and because of the promiscuity of DNA p h a s e , there may be several internal ribonucleotide residues needing to be excised. RNaseH also processes the leadingstrand primer forColEl
plasmid replication (see Plasmids).
DNA ligases. DNA ligases are enzymes catalyzing phosphodiester bond formation between adja-

cent nucleotides in double-stranded DNA. The 5' nucleotide must havean intact phosphate group
and the 3' nucleotide an intact hydroxyl group. In bacteria, DNA ligases require a NAD cofactor,
whereas in eukaryotes and archaea, ligases require ATP. In both cases, the cofactor supplies an
adenylate group which becomes covalently linked to the active site of the enzyme. This group is
then transferred to the 5' nucleotide which is subsequently attacked by the 3' hydroxyl groupof the
adjacent nucleotide to form aphosphodiester bond.DNA ligases control the final stage in all DNA
repair pathways, the sealing of nicks remaining on onestrand of a double-stranded DNA. Mammals
appear to possess at least four ligase activities, DNA ligase I being the principle enzyme involved
in lagging-strand repair (also q.v. bacteriophage T4 DNA ligase).
Comparison of the bacterial and eukaryotic cellular replisomes.
Important parallels exist between
the structures and functions of the bacterial and eukaryotic replisomes: their asymmetrical organization, the presence of a highly processive polymerase and a distributive polymerase to synthesize
leading and lagging strands, respectively, and the similarity of their enzymology. There are also
important distinctions, e.g.the strategies for priming andrepairing the lagging strand. These properties are compared in Table 26.20. Bacteria and eukaryotes also differ significantly with respect to
how DNA replication is organized in the context of the cell division cycle - see The Cell Cycle
for discussion.

26.3 hitiation of replication
General principles of initiation. Genome replication begins at one or more cisacting sites termed

origins of replication (or simply, origins). These increasethe efficiency of initiation by providinga
site for the assembly of the protein factors and enzymesrequired for replication,which wouldotherwise bind randomlyto DNA. The initial, static assembly
of proteins, an orisome, becomes a replisome whenit begins to move away from the origin. Origins also provide a target for the regulation
of replication, and thus initiation is the predominant stage of replication control. The initiation of
replication is controlled by dedicated initiation factors, but may be influenced byother proteins and
by properties of the DNA itself. Origins can be identified physically by
examining labelled replication intermediates using electron microscopy (Box 26.2), by labelling and isolating nascent DNA
chains, or by separating DNA structures by 2D electrophoresis. Likeother cis-acting elements, origins can befunctionally mapped byin vitro mutagenesis (q.v.).
In bacterial chromosomes and the genomes of viruses and plasmids, a single origin is used to
initiate replicationl. Such elements thus constitute a single replicon, which is defined as a unit of
origins,but only oneis used per repli'Note that many plasmids and viruses may possess several alternative
DNA)
cation cycle. Double-strandedDNA genomes which undergo continuous replication (e.g. mitochondrial
possess two origins,one on each strand, andmay be thought of as two replicons
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Table 28.10 Components and properties of
the bacterial and eukaryotic replisomes

pertyhomponent
acteria
Replisome

Comparison of general properties
Origins
Rate of elongation
100
1-2
fragments
Okazaki
generates
Primase
primer
strategy
Priming
Replicative
polymerase
Heterodimer
Topology

kbp min-1
kbp
Extended by pol 111
with monomers of
differing processivity
Balance between relaxing and
winding, net negative supercoil

Comparisonof replisome components
Replicative
polymerase
pol 111 holoenzyme
p subunit
Processivityfactor (clamp)
y complex
loading
Clamp
factor
Primase
Helicase
(DnaC
DnaB
required for loading)
removal
RNaseH
and
Primer
pol I
Lagging-strand
repair
pol IDNA
and
ligase
NA Topoisomerase
SSB
binding
Single-strand

Many
2 kbp min-1
100-200 bp
Primase generates primer
Extended by pol a
Completed by pol 6
Separate enzymesfor each
strand, with differing
processivities
Negative supercoil constrainedin
nucleosome structure. Higher
order structure influences
topology
pol 6/pol a
PCNA
RF-C
pol a:primase
? several candidates
RNaseH1 and MF-1 nuclease
pol 6/pol E and DNA ligase I
top0 II
RF-A

the nature of helicaseloading
Table 26.11: Modes of replication, reflecting origin location and
Replication
Semidiscontinuous mechanisms
Coupled
bidirectional
Helicases
loaded
Sequential
bidirectional

Unidirectional

Displacement mechanisms
Unidirectional
displacement
Origin

onto both strands and
two replication complexesare
assembled
helicase
One
loaded
at
initiation and
promotes unidirectional replication
until a second priming site is
uncovered which caninitiate in the
opposite direction
helicase
one
Only
is loaded at initiation
and discontinuousstrand synthesis
thus arrests at the origin

oric
R6K plasmid

ColEl plasmid

is melted
then
cleaved
by
pT181
an
endonuclease before helicaseis loaded

replication under common cis-control. The larger chromosomes of eukaryotes have many origins
and may be thought asoftandemly arrangedreplicons.

The nature of origins and initiation strategy. The modeof replication (Table 26.11) depends on the
nature and distribution of origins and initiation strategy. In double-stranded DNA genomes, the
origin is where the duplex is initially unwound. In most cases, unwinding is followed by primer
synthesis, although for rolling-circlereplication, one strand is nicked to providea primer terminus.
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For single-stranded DNA genomes, neither unwinding nor nicking are necessary and the origin is
simply the site of primer synthesis. In each case, the precise position of the origin corresponds to the
beginning of nascent DNA synthesis and is therefore where the primer terminus is generated. In
practice, however,the origin often cannot be defined exactly:primer length varies over a short range
(8-10 nucleotides) and, because of the promiscuity of DNA primase, the primer may be composedof
mixed ribonucleotide and deoxyribonucleotidesubunits. In RNA replication,the origin is analogous
to a promoter (q.v.), i.e. a site where RNA replicasecan bind to its substrate and
initiate synthesis.
For the semidiscontinuous replication of doublestranded DNA genomes (all cellular genomes
and those of many plasmids and viruses), initial opening of the duplex at the origin establishes
either one or two replication forks. Unwinding is usually mediated by a specific initiation protein
which recruits helicase and primase, although in some systems (e.g. ColEl-related plasmids) RNA
polymerase performs this role as well as that of primer synthesis. Helicase is required for continued
unwinding of the parental DNA, and an important function of initiator proteins is recruit
to
helicase
to the replication fork (occasionally, the initiatorprotein itself has helicase activity, e.g. the SV40 T
antigen). At most origins, helicases are loaded onto both strands togive two replication forks, and
replication is bidirectional. In some plasmid systems, a single helicase is loaded and replication is
unidirectional. Usually, the leading strand is primed extended
and
for some distancebefore the first
Okazaki fragment is primed on the retrogradetemplate.
For continuous replication, a single priming event isrequired (one on each strand for doublestranded genomes). The priming site of a single-stranded DNA genome is often recognized by its
secondary structure,or for linear plasmid and virusgenomes, the origin is the 3' end of each strand.
In doublestranded genomes, a displacement fork is established which allows continuous strand
synthesis in one direction, progressively displacing a resident parental strand. At some stage, a
further origin on the displaced strand is revealed, allowing secondstrand synthesis tobegin. This
strategy isused during thereplication of mitochondrial DNA and thereplication of adenovirus and
several related linear plasmids with terminalproteins.
Bacterial otigins of replication. The origin of the E. coli chromosome1is designated oriC and isessential for normal replication. The minimalsequence is 245 bp long, and contains a series of tandemly

repeated elements, or iterons,comprising four nonomers and three 13-mers. Thenonomers arebind-

ing sites for the DnaA initiator protein and arespread over a 'recognition site'; the three 13-mers are
located together in an adjacent region which is generally AT-rich. Mutant alleles of dnaA have a slowstop phenotype, indicating that the function of the DnaA protein is restricted to initiation. DnaA
binds cooperatively toits recognition site in an ATP-dependent manner,so that 30 DnaA molecules
are eventually present. DnaAbinding promotes duplex unwinding at the
three 13-mers which have
low torsional stability, and the DnaBC helicase complexis then loaded, a process stimulated by RNA
polymerase acting at two nearby promoters (also q.v. bacterial artijiciul chromosome). This initiation
sequence is summarized in Table 26.12.
A striking feature of oriC is the presence of 14 Dammethylation sites. Hemimethylated origins,
which would arise directly following the initiation of replication, are unableto promote reinitiation
and bind tocomponents of the cell membrane. It is possible, therefore,that DNA methylation (q.v.)
contributes to the control replication timing during cell division. The structural arrangement
described above is strongly conserved in the origins of other Gram-negative bacteria. Both the
sequence of the iterons and their spatial relationship appears to be important. In Gram-positive
bacteria, the sequences are different but theoverall architecture remains the same.
The organization of rolling-circle origins is distinct from that of 8 origins althoughthey possess
binding sitesfor initiation proteins andAT-rich elements which are melted. The melting uncovers a

'Bacterial plasmid and bacteriophage replication origins are discussed elsewhere
-see Plasmids, Viruses.

Replication

403

Table 26.12 Stages in the initiation of replicationin E. coli
Initiation
DnaA binds to nonomer DnaAboxes
No ATP required
DNA melted in 13-mer region
Requires ATP, and HU protein which controls DNA structure
(q.v. nucleoid)
DnaBC helicase loaded. DnaC released
from the complex
DNA unwound by DnaB. Primase and pol 111 added
Topoisomerase and SSB proteins recruited, elongation
beains

Initial complex
Open complex
Prepriming complex
Priming complex
Elongation

Table 26.13 Components of simple eukaryotic origins
Origin
on-core
Originrecognitionelement

Site for initial binding of initiation factors - facilitate DNA
unwinding andloading of replisome,components
Sitewhere DNA is unwoundandwhere
replication machinery
enters the duplex
A motif associated with most simple origins which has
T-rich
and
A-rich strands. Easily undergoes bendingwhich may facilitate
DNA melting at DUE and/or interaction between initiation
proteins and the ORE

(ORE)

DNA unwindingelement (DUE)
AT-rich
element

ori-aux
Auxiliary
elements
Transcription
factor

.

binding sites which enhance the efficiency of
replication initiation if bound by transcription factors. It is
possible thatthe control of replication using transcription
factors allows replicationto be regulatedin a cell-type-specific
and developmentally programmed fashion (and differential
activation could control earlyand late replicationof
transcriptionally active and repressed chromatin). Transcription
factors could enhance replication by facilitating the binding of
initiator proteins, by altering their activity, by
or modulating
chromatin structure orthe structure of DNA. In mitochondrial
DNA, they may support transcription through the origin to
generate a primer

this
the overallinitisite for strand
cleavage, so generating the primer terminus. Despite difference,
ation process is similar in all bacterial replicons, involving origin recognition and unwinding
followed by loading ofhelicase.

Odgins in simpre eukaryotic systems.Origins in simple eukaryoticsystems (plasmids, viruses.and
unicellular eukaryotes) are similar to prokaryotic origins in their modular nature (Table 26.13).
Typically, they comprisea core sequence (ori-core)containing an origin recognition
element, a DNA
unwinding element and an AT-rich element. Outside the core there are one or more auxiliary
elements which act as binding sites for transcription factors. These are thought to increase the
efficiency of replication initiationin the same way that theyaffect transcriptional initiation, i.e. by
interacting with core components of the system, in this case the orisome (q.v. basal transcriptional

apparatus). Simpleoriginscanfunction

as autonomouslyreplicating sequences (ARSs), i.e.
sequences which when linked
to any other fragment of
DNA confer upon it the ability to replicate
autonomously in the cell from which the ARS was derived
(q.v. yeast cloning vectors).
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OrigfnS in chromosomes Of mU/tiCe//U/8f organisms.h contrast to simpleorigins, origins in metazoan chromosomes have been difficult to characterize. Functional studies have suggested that the
length of the DNA, rather than anyspecific sequence, is thecritical factor for replication. However,
the physical analysis of origins by identifying sequences at replication initiation by PCR has shown
specific sequences to be involved. The site at which DNA synthesis begins, a primary origin (or
origin of bidirectional replication- most primary origins are bidirectional), may be flankedby a
number of secondary origins.The primary origin is usually 0.5-2 kbp inlength, whereas secondary
origins may span upto 50 kbp, delineating theso called initiation zone.
Of the known metazoan origins of replication, only some demonstrate ARS activity when subcloned in a plasmid, and it is thought that
chromatin structure may therefore play an important
role
in origin function. A number of transcription factor binding sites are usually found
flanking origins,
although transcriptionitself is not an
essential prerequisite for initiation. Rather, the factors provide
an open chromatin domainfor initiation factor assembly,and mayalso directly assist theassembly
process
this is directly analogous to their function in transcription. Potential DNA unwinding
elements havebeen found in several origins, although the AT-rich elements of simple origins have
not been described. There are sites with hyphenated dyad symmetry whichhave the potential to
form cruciform structures whose function is unclear. There are also sites for attachment to the
nuclear matrix (q.v.).
A striking feature recently described for two hamster origins is a densely methylated island
(DMI) of 100-500 bp where all thedeoxycytidine residues of both strands are methylated.
This is
not the typical CpG methylation pattern observed in mammals, as the context of the methylated
cytosines appears unimportant (cf. CpG island). The role of methylation in these origins is unclear,
but it may influence chromatin structure ortranscription factor binding, or itmay regulate replication timing, as in bacteria.

-

26.4 Primers and priming

The rationele for priming.The requirement for priming in DNA synthesis may reflect the evolution
of proofreading. Proofreading is facilitated by the inability of DNA polymerases to extend a primer
that is not paired with thetemplate, but at the
very beginning of strand synthesis, there is no primer
to extend so the enzyme would have to tolerate some inaccuracy in order tobegin synthesis at all.
For leading-strand synthesis, mutations would accumulate at the origin. However, for laggingstrand synthesis, a 'primerless' mechanism would introduce periodic mutations throughout the
genome. Priming initiation with a short stretchof RNA allows the replisome to identify these inaccurate regions where initiation has occurred, and replace them with DNA when a DNA primer
terminus becomes available. Priming thus preservesthe integrity of the genome.
Priming strategies.RNA primers synthesized by DNAprimase are used to prime both
leading- and
laggingstrand synthesis in all cells.Theprimer,
initiator RNA (iRNA), is usually about 10

nucleotides long. In prokaryotes, the primer is directly extended by DNA polymerase m, whereas
in eukaryotes, 4-5 deoxyribonucleotide residues are addedto each primer by DNA polymerase U
(this is termed initiator DNA, iDNA), and the DNA primer terminus is extended by DNA polymechanism
merase 6. Short RNA primers synthesized by DNA primase are the universal priming
for lagging-strand synthesis. Noncellular replicons, however,have developeda series of alternative
strategies for initial priming of the leading strand(Table 26.14).

26.5 Termination of replication
Completing the replication of circular templates. The replication of circular genomes may terminate ata specific sequence,a terminus region (defined fer), as for the E . coli chromosome and some
plasmids. Alternatively, replication may simply cease when two replication forks approaching each
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Table 26.14: Mechanisms for miming leading-strand synthesis at an originof replication
Priming

RNA
oligoribonucleotides
nascent
Short
primer Cellular

DNA

synthesized by DNA primase
Specific transcripts synthesized
by RNAplasmid
polymerase
Annealing of a preformed tRNA
primer

Mitochondrial DNA, ColEl
Retroviral reverse transcription

virus
with
Hairpin-priming
Single-stranded
template
Endonucleolytic priming

Invasive priming
Terminal
protein

priming

Oligonucleotide priming

inverted terminal repeats may
fold back to form a hairpin
Endonuclease
cleavage
of a
&DNA generates
nick.
The
aGram-positive
bacterial

Rolling-circle
replication many
of

plasmids
exposed 3"OH group can be
used as a primer terminus
A 3'introduced
may
end
be into
T4 replication
late
an intact duplex by homologous
recombination
replicons
Some
linear
Adenovirus
have
terminal nucleotide-binding
proteins which facilitate priming
Anneal
oligonucleotides
to
a
Polymerase
chain
reaction,
template
for in vitro
extension
random
priming,
cDNA
synthesis, etc. (q.v.)

other from opposite directions meet, as occurs in the SV40 genome. The terminus region in the E.
coli chromosome comprises two pairs of inverted repeats. These bind a protein factor, Tus, which
blocks the advance of the replication fork, a process facilitated by inhibiting helicase activity. The
terminus region divides the replicating E. coli genome into two halves, termed replichores, each
beginning at the bidirectional originand endingat the terminus. The ability of fer-Tus to block replication is orientation-dependent. The advantage of a specifictermination strategy is unclear: deletion
of the f e r site or tus gene in E. coli has no effect. Terminationmay providean opportunity for regulating the decatenation of interlocked rings.
Completing the replication of linear templates.Linear DNA genomes require special strategies to
complete their 5' ends. DNA polymerases, which can only synthesize DNA in the 5'+3' direction
and require a preformed primer, cannot complete the extreme 5' ends of each lagging strand
because there is nothing upstreamfor the primer to bind (Figure26.4). Without special strategies for
completion, the chromosome would shorten with each round
of replication. Circular genomes have
an advantage in this respect, and manylinear replicons solve the termination problem by adopting
a circular conformation for part of their replication cycle (e.g. bacteriophage A). A number of
further, elegant strategies have evolved for completing lagging-strand synthesis, and these are
listed in Table 26.25.
Eukaryotes solve the replication problem by adding preformed
blocks of nucetoides to the chromosome ends to form telomeres (q.v.). The telomere repeat sequences are added by a specialized
enzyme, telomerase (q.v.), to maintain chromosome length. The recently generated telomerase knockout mouse (q.v.) is phenotypically normal, but mutations beginto show their effects after six generations, when the existing telomeres are eventually fully deleted. As well as the effect of deleting
terminal genes, the mutant mice also show chromosome mutations, e.g. fusions and translocations,
reflecting another function of telomeres - to distinguish natural chromosome ends from random
breaks. For further discussion of telomeres, see Chromosome Structure and Function.
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Figure 26.4 The replication problemat the end of linear templates. (1) A replication fork proceeding towards
the right of the diagram has a leading strand (upper)
and a laggingstrand (lower). Parental strands are black,
nascent strands are white, primers are hatched; notethat there is a single primeron the leading strand and
multiple primers for the lagging strand. (2) The 3' end of the leading strand reachesthe 5' end of the
template. Meanwhile,the final lagging-strand primeris synthesized, priming the final Okasaki fragment on
the lagging strand. (3) There is nothing forthe next primerto bind, so the final segment of lagging strandis
never made. The chromosome remainsas shown in (2).

Table 26.15 Strategies forcompleting the 5' ends of linear genomes
Strategy

example

Concatenation
Linear
genomes
possess
redundant

Terminal protein priming

Hairpin priming
Covalently sealed ends
Telomeres

and Mechanism
termini which
allow
circularization
or concatenation.These structures canbe cleaved to generate single
genomes with 5' overhanging termini whichcan be filled by
conventional DNA synthesis, e.g. bacteriophages l
7 and h
Viruses which initiate strand synthesis with terminalproteins do not
need a specific termination mechanism: they initiate at
the 5' end of
each strand and can complete up to the 3' end, e.g. adenovirus,
bacteriophage $29
Another priming strategy which initiates strand synthesisfrom the
extreme 5' end of the strand, e.g. parvoviruses
Some viruses, which are superficially double stranded andlinear, have
covalently sealed endsso that melting generates a single-stranded
circle which can be replicated like a circular replicon,
e.g. viroids
Enzymes termed telomerasesadd oligonucleotides to the
ends of linear chromosomes. Although extreme5' sequences are lost
in this method, post-replicative telomerase activity can replenishthe
telomeres so that no actual genesare lost in successive roundof
replication (see Chromosome Structure and Function)

26.6 The regulation of replication

Temporal control of replication.All cells coordinate genome replication
with cell division to preven
gain orloss of DNA (see The CellCycle), whilst the replicationof plasmids is often copy-numberdependent (see Plasmids). Given the much slower rate of elongation and the much larger g
eukaryotes, rapid replication is
increased by increasing the number of functional origins per
chromosome (e.g. during the cleavage stage of development in Xenopus). Replication in eukaryotes i s
temporally controlled so that not all origins
are activated simultaneously and different regions of
the genome are replicated in a regulated temporal sequence. The temporal control of replication
broadly correlates with genetic activity, i.e. housekeeping genes replicate early whereas cell-typespecific genes generally replicate earlyin the cells where theyare expressed and latein cells where
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they are transcriptionally silent. The temporal control is developmentally regulated cell-typemany
specific genes are late-replicating in the embryobut switch to early replication when the appropriate cell type
differentiates; X-linked genes switch from early
to late replication when the
X-chromosome is inactivated(q.v. X-inactivation).
The regional nature of replication
timing can be investigatedby.pulselabelingchromosomes dur- .
ing the S phase. Labeling early replicating DNA with bromodeoxyuridine produces a pattern of
bands whichcorrelates with light G-bands and DNase Isensitive regions
(q.v. chromosome banding,
isochore). Early replicatingDNA thus appears to identifygene-rich, active areas of thechromosome.
High resolution banding of prometaphase chromosomes reveals a pattern of sub-bands dividing
each major band into regions
1-2 Mb in length. Repliconsinmammalian chromosomes are50-300 kb
in length, suggesting thateach replication time zone
contains a number of synchronized
origins, and
this has been conformed directly
by observing tandem originsby autoradiography.
Translocations have shown that the timing of replication is not an intrinsic propertyof any
particular origin,but is position-dependent. Therefore, temporal control may be mediated
by cis-acting sites. Several candidate elements have been identified, including telomericsequences and the
locus control region of the P-globin locus(q.v.). In mammals, replication forkswith similar timing are
clustered togetherin the nucleusas replication foci, probably dueto common interactionwith the
nuclear matrix (q.v.). A relationship between replication
timing, chromatin structure, DNA methylation and transcriptional activity has thus been established. However, the causal relationships
between the components
are not fully understood.

F

Box 26.1: Nucleic acid synthesis
Template-directed nucleicacid
synthesis. In
template-directed synthesis, a preexisting
nucleic acid acts as the template for the assembly
of nucleotides to form a new strand, and dictates
the order in which the bases are incorporated by
complementarybasepairing.This
is thebasisof
informationtransferbetweennucleicacids.There
are two types of nucleic acid, DNA and RNA, and
there are thereforefour
types of nucleic acid
synthesisreaction,eachcatalyzed
by aspecific
template-dependent nucleic acid polymerase (or
synthetase), as shown below. These enzymes are
unique in that the template as well as the enzyme
itself determines substrate specificity.

As used in the table, the terms DNA polymerase
and RNA polymerase are misleading. ADNA polymerase is strictly any enzyme with DNA synthesis
activity (i.e. the term encompasses both reverse
transcriptases and terminal
deoxynucleotidyl
transferases as well as the DNA polymerases
involved in DNA replication).Similarlyan
RNA
polymerase is anyenzyme with RNA synthesis
activity (including transcription enzymes, viral RNA
replicases, DNA primase and polyadenylate polymerase). DNA polymerase may alsobe called DNA
replicase, and RNA polymerase may alsobe
called transcriptase. Individual enzymes may
possess multiple polymerase activities, e.g. most

Copying process

Enzyme: systematic
nomenclature (common name)

DNAjDNA (DNAreplication)

DNA-dependent DNA polymerase
(DNApolymerase)
RNA-dependent RNA polymerase
(RNAreplicase)
DNA-dependent RNA polymerase
(RNApolymerase)
RNA-dependent DNA polymerase
(reverse transcrbtase)

RNAjRNA (RNAreplication)
DNAjRNA (transcription)
RNA+DNA (reverse transcription)

Continued
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reverse transcriptases possess additional DNAClependent DNA polymerase activity.

1)olymeraseaction. All template-directed nucleic
Eicid synthesis reactions involve a structure termed
ii templateprimer.
Theprimer is the nascent
:itrand, and is so called because it primes its cont inued elongation by providing a terminus
for exten:ion; the template strand supplies the information
for primer elongation. The substrates for the react,ion are nucleoside triphosphates: elongation
involves nucleophilic attack by the terminal 3'
tIydroxyl groupof the primer strand on the aI~hosphategroup of the incoming nucleotide. This
f'orms a 5'+3' phosphodiester bond and eliminates
I~yrophosphate,as shown.
NA,

+ NTP

NA,+I

+ PPI

Addition of excess pyrophosphate to an in vitro
system causes reversal of the reaction (pyrophosIphorylysis). In vivo, pyrophosphate is removed from
1:he cell by conversion to inorganic phosphate, making the reactionessentiallyirreversible.Extension
Isy formationofsequential5'+3'phosphodiester
Isonds thus causes chain growth exclusively in the
l
5'43' direction, which is known as t a i l growth. The
Ipolymerasereactionmay be processive (if many
Ipolymerizationstepsoccurwithoutreleaseofthe
(snzyme)or distributive (if the enzyme dissociates
iafter every addition). Polymerases are often found
in
iassociation with other proteins which enhance pro(cessivity
by modulating enzyme
or
template
structure.
#

RNA synthesis.
Althoughallnucleicacidsynthesisreactionsare
similar in mechanism,DNAsynthesisdiffersfrom
IRNA synthesis in threeimportantaspects.Firstly,
ldifferent substrates
are used - deoxyribonucleoside
IDifferencesbetweenDNAand

1

Terminaldeoxynucleotidyl
transferase (TdT)
Polyadenylate
polymerase
(PAP)
mRNAguangyltransferase
Polynucleotide
phosphorylase

triphosphates forDNA synthesis and ribonucleoside
triphosphates forRNA synthesis. Secondly, at initiation, RNA polymerase reactions can beginde novo,
i.e. the enzyme can insert the first nucleotide opposite the template strand without a preexisting
primer.
The first nucleotide in an RNA strand thus retainsits
5' triphosphate moiety, and acts as the primer for
furtherelongation.Conversely,
DNA polymerase
reactionscannot begin de novo andrequirea
preexisting primer. All DNA polymerases (including
reverse transcriptases) need a primer,
with the single
exception of mitochondrialreversetranscriptase
from Neurospora crass. In cells,theprimerisa
short RNA moleculesynthesized by adedicated
enzyme within the replication center.Forother
genomes,
a
variety of priming strategies are
employed (Tab/e 26.74). Primers increase thefidelity
of DNA replication but complicate the completion of
the 5' end of linearproducts (see main text for further
discussion).Finally,becauseDNA
synthesis is
primarily a means of genome duplication, whereas
RNA synthesis is primarily a means of gene expression, many (but not all) DNA polymerases possess
associated exonuclease activities which allow
proofreading - the identification and removal of
mispaired nucleotides at the primer terminus. RNA
polymerases do not possess this activity.
Untemplated nucleicacid synthesis. In templateindependent synthesis, nucleotides are added to
the ends of preexisting nucleic acids without
template instructions. Such reactions fall into two
classes: specific reactions, where the substrate is
chosen by the enzyme itself, and nonspecific
reactions,whereany
nucleotides canbeused
generating random sequences.Some templateindependentenzymesandtheircellularfunctions
are listed below.

Responsible for adding extra nucleotidesinto the junctions during
V-D4 recombination (see Recombination); adds deoxyribonucleotides nonspecificallyto DNA with terminal 3' hydroxyl groups
(also q.v. labeling, homopolymer failing)
Responsible
adding
for adenosine
residues
to the 3' end of
eukaryotic
mRNAs
(q.v. polyadenylafion)
Responsible for adding7-methylguanosine cap to the 5'end of
eukaryotic mRNAs(q.v. capping)
Bacterial
nonspecific
ribonucleotide
polymerase.
Unique
in using
nucleoside
diphosphates
rather
triphosphates
than
as substrates
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Box 26.2: Replication strategy and replication intermediates
Replication intermediates. Replication intermediates are the structures observed when a genome is
partially replicated (c.f. replicativeintermediate).
Thesecan be seen byincorporatingradioactive
nucleotides into replicatingDNA,then isolating the
replicon and observingthe structure by autoradiography. The analysis of replication intermediates allows
the mechanism of replication to be determined, and
can also be usedto map origins of replication.

8 and e structures. Circular replicons of dsDNA
can form four major types of intermediate, divided
into 6-typeandC-typestructures.
&type structures are generated by initiation at internal origins.
The classic &structure resembles the Greek letter
6 and is indicative of semidiscontinuous replication,
which may be termed&replication or Cairns replication. A similar structure is formed
by internal displacement replication, although the displaced
strand is unlabeled so the intermediate appears as
a simple circle during the first round of replication
and a 6-structure in the second round. This is a
displacement loop (D loop), similar to that seen

during recombination with a free DNA strand (see
Recombination). e-type structures also come in
two varieties.Theclassic e-structure resembles
the Greek letter U and is indicative of rolling-circle
replication, with the tail of the letter representingthe
extruded concatemeric strand. Rolling-circle replication is thus sometimes termed e-replication. In
some replicons undergoing rolling-circle replication,
the displaced strand remains attached to the
nascent strand by a protein, and forms a doubleloop intermediate, alariat structure.
Intermediates in linear replicons. Early replication
by internal initiation generates a replication eye or
replication bubble whether the replicon is circular
orlinear(c.f.
transcriptionbubble). In linear replicons, however, internal bubbles can meet to
generate larger bubbles, or they can reachthe end
to generatea Y-structure. AY-structure is also
generated by internal displacementas one resident
strand is peeled off, although like D-loops, theseare
not seen during first round replication because the
displaced strand is unlabeled.
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Chapter 27

RNA Processing
Fundamental concepts and definitions
RNA processing describes the structural and chemical maturation
of newly synthesizedRNA
molecules. The modifications occur during transcription (cotranscriptional modification) and
afterwards (posttranscriptional modification); they may be essential
RNAfor
function or may
represent a mechanismof gene regulation.Such reactions fall into ten categories, as shown in
Table 27.1.
An RNA molecule copied from a DNA template is a transcript. During transcription, it is a
nascent transcript, and when transcription is completeit is a primary transcript - an exact
copy of the DNA from which it was transcribed. After any modification, the product is a
mature transcript and may no longer an
beexact copyof the DNA.
Not all RNA is modified: bacterial mRNAs are rarely processed (indeed protein synthesis
usually initiates before transcription is complete), and eukaryotic
5s rRNA is transcribed as a
molecule with mature ends. The precursorof fully processed and functional RNA is termed
pre-RNA. EukaryoticpremRNA is also describedas heterogeneous nuclear RNA (hnRNA)
because, unlike the other forms
of nuclear RNA, it has a great size diversity, reflecting varying
gene sizes and the presence
of partially processed molecules.
In eukaryotes, transcription and RNA processing do not occur 'free' in the nucleus, but are
localized at discrete foci in the nuclear matrix. Certain mRNA processing factors (specifically
the spliceosome and polyadenylation enzymes) are attached to the C-terminal tail ofRNA
polymerase I1 in the elongation complex, so that transcription and processing are directly
linked. The localization of mRNA processing complexes in the nuclear matrix may facilitate
export. RNA is associated with proteins in the nucleus and (if appropriate) the cytoplasm,to
form ribonucleoprotein particles.
Table 27.1: Categories of RNA processing reactions
Processing reaction

Examples

rRNA
Cleavage
Release
of

and tRNA from polycistronic transcripts
Termination of eukaryoticmRNA transcription
Exonucleolytic degradation
ProcessingrRNA and tRNA to generate mature ends
Nucleotidyl transfer
Transfer of CCA trinucleotide to 3' end of some tRNAs
Chemical modification of bases
Occasional methylationin mRNA and rRNA
Extensive base modification in tRNA and snRNA
Nucleotide excision and replacement
Hypermodification of guanosine residuesin tRNA to produce
queuosine and wyosine
Addition of 7-methylguanosine to 5' end of eukaryotic mRNA
Capping
Addition of polyadenylate tail to 3' end of most eukaryotic
Polyadenylation
mRNAs and a few bacterialmRNAs
Splicing
(tansesterification)
Removal
of
most
introns
(usually
in cis, but occasionally in trans)
of
Removal
(ligation)
Splicing
tRNA introns
Editing
information
Changing
carried
the
in mRNA by
modification,
base
insertion and deletion of residues from the coding region

27.1 Maturation of untranslated RNAs
tRNA cleavage and maturation. Some tRNA genes may be transcribed singly, others as partof a
polycistronic unit. In E. coli, some tRNA genes are cotranscribed with rRNA genes ina common
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operon. Depending upon itssource, pre-tRNA may be subject to up to Seven distinct processing
reactions. In polycistronic tRNA, or mixed tRNA and rRNA transcripts, individual tRNAs are
coli this is the funcreleased bycleavage at the mature5' end (usually a guanidylate residue).E.In
tion of ribonuclease P. The immature 3' end isprocessed by exonucleolytic degradation (possibly
CCA motif,
involving ribonucleaseD) until the trinucleotide motifCCA is reached. If there is no
the trinucleotide is transferred to the 3' end of the molecule by a tRNA nucleotidyltransferase
(the product of the E. coli cca gene). All mature tRNAs end with CCA. In eukaryotes and the
archaea, some tRNA genes contain introns which must be spliced out, which involves
cleavage,
end-modification and RNA ligation (q.v. tRNA nucZear introns). Pre-tRNA is subject to further
processing in the form of base modification: most of the bases
in tRNA are major bases (q."), but
approximately 10% become modified during tRNA synthesis, usually by posttranscriptional
chemical modification in situ. The hypermodified guanosine derivatives queuosineand wyosine,
however, are inserted by specific nucleotide excision and replacement reactions analogous to
nucleotide excision repairin DNA (q.v.). Uridine residues in the small nuclear
RNAs are also extensively modified; hence the alternative termU-RNA.
rRNA cleavage and maturation. Both bacteria and eukaryotessynthesize polycistronic rRNA tran-

scripts. In E. coli there are seven rRNA operons (m)
which contain the genes for all three rRNA
species as well as certain tRNA genes. The16s and 23s pre-rRNA segments form a stem loop struc
ture by complementary base pairing. This appears to be a substrate for ribonuclease 111, which
cleaves in the stem to release the individual precursors. The mature ends are generatedby exonucleolytic processing.
In mammals,the 5s rRNA, which is transcribed as amonocistronic unit by RNA polymerase 111,
is transcribed as a mature lengthmolecule and requires no processing. RNA polymerase I synthesizes a 45s pre-rRNA containing theremaining 5.8S, 18s and 28s rRNAs. Occasionalribose moieties
are methylated throughout thepolycistronic transcript andmost are retained in the maturerRNAs,
suggesting their role may be todefine which regions of the transcriptare to be retained and which
are tobe discarded. The 455 rRNA associates with aribonucleoprotein complex in the nucleolus as
it is synthesized, and thisis where processing occurs. The complex is termed a processosome or
snorp (the latter a colloquialism for small nucleolar ribonucleoprotein,snoRNP, and contains the
U3 snRNA). The sizes of the processing intermediates suggest that endonucleolytic cleavage
generates both mature endpoints and rough divisions
which must be processed further. As well as
undergoing cleavage reactions, some lower eukaryotic rRNAs contain self-splicing introns which
must beremoved to generate functional rRNA.

27.2 End-modification and methylation of mRNA
mRNA processing in bacteria and eukaryotes. In bacteria, mRNA is generally unstable and is

seldom modified - it is often synthesized, translated and degraded
in the spaceof a few minutes.
Conversely, eukaryotic mRNA is generally stable and undergoes extensive processing in the
nucleus before export. Eukaryotic pre-mRNA may undergo several types of processing reaction:
end-modification by capping andpolyadenylation; internal modification by splicing and occasionally RNA editing; chemical modification by methylation of internal adenine residues (thefunction
of this lastprocess is unknown).Eukaryotic pre-mRNA does notexist as naked RNA in the nucleus, but is associated with a numberof abundant proteins toform heterogenous ribonucleoproteins
(hnRNFk). Cross-linking has helped to characterize many of these proteins; they possess RNAbinding motifs (see Nucleic Acid-Binding Proteins) but bind to RNA with differing specificity,
reflecting preferences for certain types of base composition. The proteins may act in the same way
as single-stranded DNA-binding proteins (q.v.) to remove secondary structure and facilitate interactions withcomponents of, for example, the splicingmechinery. Theymay also act as specific docking sitesfor RNA processing factors, such as splicing proteins.
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Capping. As soon as transcription commences, nascent eukaryotic mRNAs are capped by the addi-

tion of an inverted guanosine triphosphate residue at the 5' end (there are no known examples of
capped transcripts in
bacteria). This rapid reaction is catalyzed by the enzyme guanylyl transferase
(mRNA guanyltransferase) and generates an unusual 5'+5' phosphodiester bond. The enzyme
may be associated with a component of the RNA polymerase II initiation complex, because not only
mRNAs but also RNAP II-transcribedsnRNAs are capped (RNAP IJl-transcribed s n R N P s , such as
U6 snRNA, are not). The structure (a 5' end capor simply a cap) is then methylated at position G7
by the enzyme guanine methyltransferase, generating
the type zero cap whichis predominant in
yeast. In higher eukaryotes, a further methyl group is transferred to position 02' of the ribose
moiety in the next residue (originally the first residue in the transcript, corresponding to position
+l)to generatea type 1 cap. If this residue is adenine, the base may also be methylated at position
N6.In some species, the subsequent residue (position +2) is also methylated (type 2 cap), again at
position 0 2 ' of the ribose.
The 5' cap is essential for several R N A functions in eukaryotes. It is required for export through
nuclear pores; it is essential for ribosome binding - which explains why almost all eukaryotic
mRNAs are monocistronic (see Protein Synthesis, but cf. trans-splicing, internal ribosome entry site) and it also prevents 5' RNA degradation. The capping reaction can be used to regulate protein
synthesis, a strategy utilized by some animals during egg maturation. Most RNA viruses captheir
genomes andmRNAs, whilst the picornaviridae, whose infection strategy exploits their lack of capdependence, block the 5' end of their genome witha viral protein. The orthomyxoviridae (e.g. influenza virus) do not cap their genome segments but steal preformed caps from host mRNAs, a transesterification process whichhas been termed capsnatching.
Polyadenylation. The precise mechanism of RNAP II transcriptional termination in eukaryotes is
not understood, and occurs up to several kilobases downstream of the mature 3' end of the transcript. The 3' endis generated by endonucleolytic cleavage, which is usually followed by

polyadenylation; i.e. the addition of a variable number (usually approximately 200) of adenylate
residues to generate a polyadenylate or poly(A) tail. In higher eukaryotes this occurs 10-30 nt
downstream of a highly conservedpolyadenylation site(AAUAAA).Polyadenylation sites inyeast
genes show more sequence variation.
Cleavage and polyadenylation are carried out by a multisubunit complex comprising a trimeric
cleavage polyadenylation specificity factor (CPSF) recognizing the polyadenylation site, an
endonuclease comprising two cleavage factors which carries out the cleavage reaction,the enzyme
polyadenylate polymerase(PAP) which catalyzes the addition of adenylate residues, and several
other uncharacterized components. These are thoughtto comprise part of the RNAP II elongation
complex and associate with the phosphorylated C-terminal tail of the enzyme. Initial polyadenylation is slow because PAP dissociates after adding each adenylate residue. However, after a short
oligoadenylate sequence has been generated, a further component, polyadenylate binding protein
(PABP), attaches to the tail and increases the processivity of PAP. PABP, through an unknown
mechanism, controls the maximum length of the polyadenylate tail.
The precise role of polyadenylation is not clear. It may influence transcript stability, and in
certain cases has been shown to play a critical role in translation. The Drosophila bicoid mRNA, for
instance, is not translated until after fertilization when three proteins facilitate the extension of the
polyadenylated, the most notable examples
polyadenylate tail. A few eukaryotic transcripts are not
being the histone mRNAs and the genomes of certain plant viruses. A secondary structure adopted
by the histone transcripts is responsible for3' end maturation, which involves U7 snRNA and associated proteins. While most bacterialmRNAs lack polyadenylate tails, short andrelatively unstable
oligoadenylate tails have been identified in somespecies, e.g. Methanococcus vannielii.
Polyadenylationcanbeexploitedfor
in vitro RNA manipulation or purification by using
synthetic oligo-dT sequences which selectively
hybridize to them. The cellularRNA purified in this
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manner, consisting mostly of mRNA, is termed thepoly(A)+RNA fraction, the remainder (rRNA,
tRNA, etc.) comprising the poly(A)- fraction. It is useful to be
able to purify mRNA because it is a
minority component (<5%) of the total RNA in the cell (q.v. transcriptanalysis, cDNA cloning,

RT-PCR).
27.3 RNA splicing
lnfrons and spking reactions. R N A splicing describes the precise removal ofintrons, the noncoding elements predominating in the genes of higher eukaryotes, but also found in those of lower
eukaryotes andoccasionally bacteria (q.v. intron, interrupted genes). Introns are classified according
to splicing mechanism, of whichthere arefour types(TabZe 27.2). With the exceptionof the pre-tRNA
introns, all splicingmechanisms involve a pair ofsequential transesterificationreactions. Inthe first
reaction, a nucleotide carryinga free hydroxyl groupattacks the phosphodiester bond joining the

intron and the upstreamexon. This liberates the3’ end of the exon which
carries t
is own hydroxyl
group. Inthe second reaction, the free hydroxyl groupattacks the phosphodiester bond
joining the
intron to the downstream exon. The second reaction joins the exons together and ejects the free
intron, which is usually
degraded. The three typesof transesterification introns differ
in their structure, the source of the initial hydroxyl group donor, the nature of the intermediate formed and
whether the reaction i s autocatalytic or requires a splicing apparatus to be supplied
in trans.
Autocatalytic intronsare termed self-splicing introns and may be regarded
as ribozyrnes (q.v.).

Nuclear pm-mRNA introns. Most introns foundin eukaryotic nucleargenomes are unable to splice
Table 27.2 Properties of different classesof intron and summariesof their splicing mechanisms
Characteristics
Intron
class

ofsplicing
intron
and
mechanism

intron
Transesterification introns - Splice recognition sites within
Nuclear
pre-mRNA
introns
Structurally
diverse
Initial donationof free hydroxyl group made by adenosine residue at
internal branch site
Lariat intermediate formed
Large trans-actingsplicing assembly required
Self-splicing
introns
class
I
Conserved
secondary structure
Initial donation of free hydroxyl
group made by guanosine nucleotide
cofactor
No lariat formed
Autocatalytic splicing
II
Conserved
secondary structure
Self-splicing
introns
class
Initial donationof free hydroxyl group made by adenosine residue at
internal site
Lariat intermediate formed
Autocatalytic splicing
Self-splicingintronsclass 111
Similar to group II introns but smaller (100-1 20 bp), containing a
restricted number of domains
Twintrons
Multiple embedded self-splicing introns,
often
group
mixed
II or
group II
and group 111. Usually spliced in a particular order
Nontransesteriflcationintrons - Splice recognition involves exonstructure
Nuclear
tRNA
introns
Splicing
mechanism
similar
to tRNA maturation - involves
cleavage
followed by ligation
No intermediate formed- intron excised as linear fragment
Several processing enzymes requiredin trans
Note that nuclear mRNA introns and classII self-splicing introns use very similar
splicing mechanisms
although onlythe latter are autocatalytic.
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7gure 27.1: Splicing through a lariat intermediate. Top panel showsthe typical structureof a nuclear
branch (B)
and acceptor (A) sites indicated. Upstream from the acceptor
Ire-mRNA intron with the donor (D),
,ite is a polypyrimidine tract which is the recognition site for oneof the splicing factors. Lower panel shows
he splicing reaction, with the terminal guanidylate residues of the intron and the active adenylate residueof
he branch site enclosed in circles. This pathway is also followed by class II self-splicing introns. For nuclear
ltrons, the reactionis catalyzed by a trans-acting spliceosome,whilst for class II introns, theRNA itself is
:atalytic.

lutocatalytically and are identified as nuclear pre-mRNA introns. These are highly divergent in size
md structure, but several short conserved elements have been identified which are cis-acting sites
or the control of splicing (Figure 27.2).Of these, the donor site(5’ site, left splice site), the acceptor
lite (3’site, right splice site) and the branch site are directly involved in the splicing reaction. The
Ionor and acceptor sites possess the highly conserved consensus sequencesGU and AG, respecively (the GU-AG rule) embedded within a weaker consensus. These sites determine the intron
,oundaries, and mutations which alter or delete them disrupting splicing (q.v. aberrant splicing,
)elow). Thebranch site in yeast has the sequence UACUAAC; in higher eukaryotes the sequence is
joorlyconservedexceptfor
the penultimate adenylate residue (shown initalic in the yeast
lequence) which is the initial hydroxyl group donor.
The splicing reaction occurs in the following way (summarized in Figure 27.2).The free 2’
lydroxyl group carried by the active adenylate residue at the branch site attacks the phosphodiester
Jond linking the upstream exon to the intron. This first transesterification reaction joins
the internal
adenylate to the guanidylate residue of the 5’ splice site through a 5’+2’ phosphodiester bond,and
generates a lassooshaped structure termed a lariat. The 3‘ hydroxyl group of the upstream exon
then attacks the phosphodiester bondlinking the intron to the downstream exon. This second transesterification reaction at the 3’ splice site ligates the exons together and releases the intron as a
lariat intermediate, which is linearized (debranched) and degraded.
The splicing reaction is catalyzed by a 40-60s ribonucleoprotein complex, the spliceosome,
which forms from its components uponpre-mRNA during transcription. The spliceosome consists
of small nuclear ribonucleoproteins (snRNPs, snurps), each containing several proteins and one or
two small nuclear RNA (snRNA) molecules. As discussed above, the snRNAs are often termed
U-RNAs because of their modified uridine content, and are identified as U1, U2 RNA, etc. The
snRNPs are named according to the particular species of U-RNA they contain. Thosewhose role in
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Table 27.3 Splicing of nuclear pre-mRNA introns
-the splicing pathway and roles of the principle componen
Presplicing
complex
Principle
components
events
and

E complex

(early
or
commitment
complex)

mplex A
B1 complex
B2 complex

C l complex

transesterification
occurs
C2
Second
reaction
complex

U1 and U2AF

U1 binds
to
donor
site
Splicing factor U2AF binds to pyrimidine-rich sequence near
acceptor site (this is required for subsequent binding
of U2)
U1. U2 and U2AF
U2 to binds to branch site
ATP hydrolysis required
U1, U2, U4lU6, U5 and U2AF
U4AJ6AJ5 binds to presplicing complex
U5 interacts with 5' exon, U4N6 binds to U2
U2, U41U6, U5 and U2AF
U1 released from presplicing complex
U5 repositioned to intron
U6 binds to donor site
ATP hydrolysis required
U2,
andUS, U6
U2AF
U4 released
U5 repos,itioned to acceptor site
First trakesterification reaction occurs
ATP hydrolysis required

Splicing factors ejected with lariat intermediate

The spliceosome does not exist in the cell as a preformed complex, but is assembled in stages, termed
presplicing complexes, upon pre-mRNA.

splicing has been characterized are U1,
U2, U4/U6
(which contains two snRNAs) and U5. Each
s n R N P contains between 10 and 20 individual proteins, some of which are common to all the
s n R N P s . Other proteins transiently associated with the spliceosome, but not themselves s n R N P
components, are termed splicing factors. The splicing pathway and roles of the principle spliceosome components andsplicing factors are summarized in Table 27.3.
One remarkableaspect of nuclear pre-mRNAsplicing is the precise manner in which most genes
are spliced, given the generic nature of the splice signals. All splice sites are essentially the same,
and therefore any 5' site can in principle join to any 3' site, but in most genes withmultiple introns
there is usually no exon skipping and only the principle splice sites,not cryptic sites (q.v.),are used
(c.f. alternativesplicing,
below). Investigation of splicing intermediateshas
revealed a
preferred splicing pathway for many genes. Thissuggests that splice-site choicemay bean intrinsic
property of the transcript, perhaps reflecting changes in secondary structure as splicing occurs (i.e.
the order and specificity of splicing may be controlled by making illegitimate splice sites unavailable by sequestration into secondarystructure, but once a splice has been successfully completed,
a change in conformation reveals further splice sites). The precise basis of recognition remains
unknown, but commitment maybe mediated by splicing factors known as SR proteins (because
they are serine/arginine-rich), which interact with both the U1 snRNP and U2AE Essentially, the
interactions facilitating commitment may bemediated in two ways:the SR proteins could span the
intron and define the segment of RNA to be removed (intron bridging), or they could spanthe exon
and define the segment of RNA to be retained (exon definition). It is likely that since exons are
relatively small compared withintrons, exon definitionmay bethe mechanism used. In support of
this theory, U1 snRNP stimulates the binding of U2AF to an upstream3' splice site.
Group I/ self-splicing introns. Group II introns are found in plant and lower eukaryote organelle
genomes. Likegroup I introns (see below) they splice autocatalytically,
but unlike group I introns the
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Figure 2 7 . 2 Self splicing of group1 introns. See text for detailed mechanism.

splicing mechanismis closely relatedto that used by nuclear pre-mRNA introns. Splicing is initiated
by the 2' hydroxyl group of an internal adenosine residue which attacks the phosphodiester bond
linking the intron and upstreamexon, generating a lariat and a free exon with a terminal 3' hydroxyl
group. This group then attacks the phosphodiester bond linking the intron to the downstream exon
in a second transesterification reaction which joins
the exons togetherand releases alariat intermediate (Figure 27.2). The autocatalytic activityof group 11introns arises from a characteristicsecondary
structure comprising six stem-loop domains which bring the exons close together. The secondary
structure of group II introns is similarto the structures adopted by the branch site of nuclear introns
and the U2 and U6 snRNAs, suggesting that nuclear introns may have evolved from class11introns
by transferring the information responsible for splicing from theintron itself to a trans-acting regulatory complex. This has allowed nuclear pre-mFWA introns to diversify in size and structure,
whereas groupII introns have remained homogeneous (for discussion
of intron evolution, see Protein,
Structure Functionand Evolution.
Group /self-splicingintrons. Group I introns are found in mitochondrial genomes and, more rarely,

in the nuclear genomes of unicellular eukaryotes (e.g. the rRNA genes of Tetrahymena thermophilia).
The rare introns of prokaryotic systems are also group I introns (e.g. in the bacteriophage T4
thymidylate synthase gene). Group I introns are autocatalytic and use a guanosine-containing
nucleotide cofactor to provide the free hydroxyl group. The splicing reaction proceeds as follows.
The free 3' hydroxyl group of the cofactor attacks the phosphodiester bond linking the intron and
upstream exon, extending the intron by adding guanosine to its 5' end and producing a free exon
with a terminal 3' hydroxyl group. In the second transesterification reaction, the upstream exon
attacks the phosphodiester bondjoining the intron to the downstream exon, ligating the exons and
releasing the intron as a linear fragment with a 5' terminal guanidylate residue (Figure 27.2). This
fragment may become circularizedby a third transesterification reactionin whichthe 3' end of the
intron becomes joinedto the guanidylate residue.
The specificityof the reaction is controlled
by the highly conserved secondarystructure of group
I introns, which comprisesnine hairpins, of which three are directly involved in the recognition of
exon sequences.In particular, hairpin P1 comprises the distal end of the upstream exon and the first
few basesof the intron. This is termedthe internal guide sequence(IGS) because it was originally
thought to juxtaposition the exons bypairing with the proximal regions of both, and thusto be the
sole determinant of splicing specificity.

II contain open reading frames encoding
proteins which facilitate intron splicing. Suchproteins are termed maturases, and althoughthey are

Intron-encoded proteins. Some introns of classes I and
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required for splicing, they are not catalytic (they presumably have a structural role). Other introns
1introns often
encode functions concerned with intron mobility (see Mobile Genetic Elements). Class
encode endonucleases which cleave DNA specifically at the site of intron insertion, allowing
passive transfer of the intron to intronless alleles of the gene in the same cell by repair-mediated
recombination. This process is termed homing and the introns areknown as homing introns (q.v.).
Class II introns may encode proteins with reverse transcriptase and endonuclease activity, allowing
them to mobilise like a retroposon (q.v.). This process is termed retrohoming. some intronencoded
proteins have both homing andmaturase activities.
In higher eukaryotes, entire genes (some containing their own introns) may be embedded within an intron of a larger gene, either in the same orientation or reversed (q.v. overlapping genes, nested
genes, T-cell receptor genes). Introns may also contain transcriptional regulatory elements (q.v..
enhancer, silencer).
Nuclear tRNA introns. A uniqueclass of introns is found innuclear tRNA genes. Splicingproceeds

not by sequential transesterification reactions, but by cleavage followed by ligation. The intron is
removed from the pre-tRNA by an unusual endonuclease reaction which generates a 5'-hydroxyl
POUP and a 3' cyclic phosphate group. The ends are processed separately to generate conventional
S'-phosphate and 3'-hydroxyl termini for ligation. The modified ends, which are juxtaposed by
intramolecular base-pairing in the tRNA, are then joined by RNA ligase. Other features of the tRNA
introns arealso unusual. There appears to be no conservation in the sequence or structures of the
tRNA introns, i.e. recognition of the intron is facilitated by exonstructure. In yeast, although introns
in different tRNA genes are unrelated, they are all found in homologous positions -one nucleotide
downstream of the anticodon. The introns do contain sequences complementary to the anticodon
which allows them to pair with the anticodon loop. This secondary structure may be required for
correct splicing:mutations disrupting itreduce splicing efficiency.
Generating diversity through splicing.For many genes, splicing is an invariant processing step. The
same mature transcript is generated in all cellswhere the gene is transcribed, and a single product
is synthesized. This is constitutive splicing.
For other genes, RNA splicing may be used as a mechanism of gene regulation, i.e. a gene may
be expressed differentlyin two tissues even though is
it transcribed in exactlythe same manner and
at the same rate. Such regulation occurs in two ways.
In the first case, processing or discard regulation, the primary transcript is processed in some
tissues and left unspliced in others. In some lower eukaryotes (e.g. sea urchins) this is a major
regulatory mechanism, with most genes transcribed in most tissues, and the decision as towhich
genes are translated involving regulation of processing. In Drosophila, a similar mechanism is used
to control synthesis of P-element transposase (q.v.) and restrict P-element transposition to the
germline, although in this case only a single intron is left unspliced. The transposase gene contains
three introns which, in germ cells, are spliced out to yield a mature transcriptencoding functional
transposase. In other tissues, however, the third intron is left intact, and as it contains an in-frame
stop codon, it causes truncation of the transposase protein and prevents somatic P-element transposition. Similar strategies are used for endogenous genes, e.g. the mammalian GABAA receptor E
subunit pre-mRNA is misspliced in all tissues except brain.
In the second case,differential or alternative splicing,the primary transcriptcan be processed
in different ways byalternative usage or definition of exons. The family
of related mature transcripts
generated produces different gene products, which may be termed splice variants or splice isoforms. Alternative splicing occurs in several ways (Figure 27.3):
(1) omission of 5' exon@)by alternative promoter usage;
(2) omission of 3' exon(s) by alternative polyadenylation site usage (in both these cases, regulation
is at the level of transcription: differential RNA processing is a secondary consequence of the
use of alternative transcriptional control elements);
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Figure 27.3 Forms of alternative splicing. Primary transcripts and splicing pathways are shown on the left,
and mature transcripts are shown on theright. Exons are represented by blocks and introns by horizontal
lines. Diagonal lines represent splicing reactions,with alternative splicing reactions shown above and below
(2)
the primary transcript and alternative products shownin corresponding positions. (1) Constitutive splicing;
alternative promoter usage generates different products from the Drosophila alcohol dehydrogenase genein
larvae and adults;(3) differential polyadenylation site usage generates secreted and membrane-bound forms
of the immunoglobulin heavy chain;(4) alternative 3’splice site usage produces functional and nonfunctional
forms of the Drosophila transformer mRNA; (5) exon skipping generates different formsof the Drosophila
doublesex mRNA; (6) mutual exclusion of exons 16 and 17 generates alternative formsof the rat troponin T
mRNA; (7)failure to splice outa single intron generates functional and nonfunctional forms of the Drosophila
P-element transposase- this can be regarded as a single intron processing or discard regulation.

(3) choice between alternative 5’ or 3’ splice sites in exon definition;
(4) choice between alternative 5‘ or 3’ splice sites to skip an exon;
(5) mutual exclusion of exons.
These processes are regulated at the level ofRNA processing and the factors involved are
discussed below.
Control of alternative splicing. As discussed above, the commitment to splicing is initiated by the

U1 snRNP and the splicing factor UUF, together with SR-proteins which interact with them. The
alternative splicing mechanism directs these splicing components to specificsites on thepre-mRNA,
either by stimulating or inhibiting the use of particular splice sites.Two types of splice control can
be distinguished: one acts constitutively and is based on the quantity of particular splicing factors;
the second acts in a tissue-specific manner and involves dedicated splicing control proteins.
Quantitative control often occurs
where alternative 5’ or 3‘ sites are usedfor differential splicing.
For example, analysis of differential splicing in the SV40 T/t antigen gene identified an alternative
splice factor (ASF), an SR-protein which was shownto be identical to the constitutive splice factor
SF2. Subsequently, it was shown that where alternative 5‘ splice sites are available, higher concentrations of ASF/SF2 favor the use of the most proximal site,whereas lowerconcentrations favor the
use of the most distal site. A second factor, hnRNPA1,has the opposite effect to SF2. Differences in
the relative levelsof the two factors in different cells can explain cell-type-specific differences
in the
predominance of the two splice isoforms.
The quantitative model cannot adequately
explain situations where splice isoformsare produced
in a strict cell-type-specific manner. Many situations where this occurs have been described in
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Figure 27.4: Sex determination in Drosophila. Alternative splicingof exon 3 of the sex lethal (sxl) gene
generates a functional proteinin the female and a truncated protein in the male. Sxl is a splicing factor which
promotes productive splicingof its own gene and of the downstream gene transformer(tra). Under the
influence of Sxl, tra pre-mRNA splicing favors a distal 3’ splice site and omits exon2 which causes
truncation of the protein in the male-specific default pathway. Tra is also a splicing factor, which together
with a further splicing factorTra2 alters the male-specific default splicing
of the doublesex (dsx) gene and
initial production of Sxl is dependent on the balance mechanism
initiates female-specific differentiation. The
(q.v.) of sex determinationin Drosophila (see Development: Molecular Aspects).

eukaryotes. In Drosophila, perhaps the most remarkable exampleof alternative splicing is the hierarchy of splice control signals controlling sex determination (Figure 27.4). Tissue-specific splicing
factors promote the use of, or specifically inhibit, particular splice signals by binding cis-acting
elements (splice enhancers and splicerepressors) in the primary transcript, in a manner which is
analogous to transcriptional regulation (see Transcription). Tissue-specific splice regulators have
been identified using genetic screens in Drosophila, but a number of tissue-specific variants of the
general splicing machinery have also been identified in mammals, including the protein SmN,
which is restricted to heart and brain.
Unusual splicing pathways.Aberrant splicingmay occurwhen a wild-type splice site is destroyed
by mutation or if a new splice arises by the same mechanism. Cryptic splice sites are weakconsensus sites which may be revealed by loss of a genuine site, and several cryptic sites are often
revealed at once, resulting in the production of several types of aberrant mature transcripts where
exon sequences have beendeleted or intron sequences included. Many forms of thallasemia have
been traced to mutations in splice sites, whichgenerate aberrant globin transcripts (see Box 15.1).
Another unusual form of splicing is hum-splicing, where exonsare joined from two separate
RNAs, i.e. the primary transcripts of two or more distinct genes (the normal process is &-splicing).
Trans-splicing occurs in some chloroplast genomes, where divided genes (q.v.) are represented by
dispersed exons in different orientations (see Organelle Genomes, The Gene). Trans-splicing also
occurs in the nuclear genomes of lower eukaryotes: trypanosomes provide the extreme example
where the same35 nt 5’ leader sequence, the spliced leader RNA (SLRNA) is added to all mRNAs
by this process. C. eleguns also adds a 22 nt leader to several mRNAs, including three actin tran-

RNA Processing

421

scripts. In this case, alternative trans-splicing allows polycistronic pre-mRNAsto be converted into
several forms of mature transcript where each gene can be translated (q.v. operon). Generally, the
transspliced leader has a 5' splice site but no 3' acceptor site, and the 3' gene has an upstream
unpaired acceptor site. SL RNA adopts a secondary structure with three stem loops and a singlestranded region which is thought to function in the same wayas the U1 s n R N P . Influenza virus capsnatching (q.v.)is also a form of transsplicing.

27.4 RNA editing
RNA editing. Under most circumstances, the information in a protein-encoding gene is unaltered
when it comes to be translated. The gene may be interrupted by introns which are spliced out, and
the information in the gene may be used selectively, the actual sense of the information is not
changed. RNA editing is a co- orposttranscriptional mechanism whichalters the information contained within the exon sequencesof mRNA. This processis largely restrictedto organellar genomes,
although there are several examples of minor editing in mammalian nuclear mRNAs. Genes subjected to extensive RNA editing are termed cryptogenes: the structure of the gene product cannot
be deduced from the genomic DNA sequence. The significance of RNA editing in evolutionary
terms is unknown, althoughthe predominance of pyrimidine insertions in major editing processes
indicates that it may have evolved as a mechanism to introduce pyrimidines into purine-rich
sequences. Editing can have importantfunctional consequences, e.g.in mammals; it determines the
properties of some ion chanels and G-protein-coupled receptors. Thereare four categories of RNA
editing (Table 27.4).

27.5 Post-processing regulation
RNA export and subcellular localization.In eukaryotes, mRNA is synthesized in the nucleus and

must betransported to the cytoplasm for translation. It is thought thatthe restriction of RNA processing complexesto discrete foci in the nucleus plays a direct role in the subsequent export of RNA
through nuclear pores. The exact mechanism
of export is still not fully understood. It is known that
there is selective transport of mRNPs, and that export is dependent uponATP hydrolysis. It is also
known that the 5' cap plays a major rolein nuclear export (uncapped transcripts such asrRNA and
U6 snRNA are not exported), and that the presence of spliceosome components blocks export (thus
preventing the translation of partially spliced transcripts). Some hnRNP proteins are removed from
the transcript before export, and some dissociate followingtransport and return to the nucleusto be
reused. Processed mRNA associatesimmediately withribosomes as it leaves the nucleus.
RNA export from the nucleus represents a potential regulatory target in eukaryotes, but to date
only viral RNA has been shown
to be controlled in this manner. The best-characterized
system is the
HIV genome, where splicing and export are controlled by the Rev protein andcis-acting elements,
Rev response elements, in the introns. Rev appears to facilitate the export of RNA with bound
spliceosomes, and thusallows partially spliced HIV genomes to be exported. It is not clearly understood how Rev circumvents the normal nuclear inhibition of this process (see Box 30.3).
Once in the cytoplasm, mRNAs associatedwith ribosomesmay diffuse freely,or may be targeted to a particular region of the cell. Partially translated transcripts encoding secreted proteins are
often transported to the membrane of the rough endoplasmicreticulum so that the polypeptide can
be translocated into the lumen of this organelle(q.v. signa2 peptide). Whereas this relies upon a localization signal in the polypeptide, in other cases the signal is carried by the RNA itself(RNA targeting). Certain transcriptsbecome associated withthe cytoskeleton, andare localized to
specific regions of the cell. The latter is a common phenomenon during animal developmentas it
provides a mechanism to localize positional signals as cytoplasmic determinants (q.v.) in the egg
(e.g. bicoid and nunos mRNA in Drosophila development, vg-l mRNA in Xenopus development; see
Development: Molecular Aspects). In other cases, localization can be directly related to function
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Table 27.4 Four RNA editing mechanisms
Editing
Simple editing

Insertional editing

Pan-editing

residue
Single
conversions
Posttranscriptional

Insertion of single
nucleotides or small
runs of nucleotides
Cotranscriptional
Insertioddeletion of
multiple uridine
residues
Posttranscriptional

Insertion of multiple
cytidine residues
Polyadenylationediting

Addition
of
adenosine
residues at end of
transcript to complete
stop codons

C+U transition in the
mammalian
apolipoprotein mRNA
A+G transition in
mRNA for mammalian
glutamate receptor
subunits and
serotonin receptors.
Editing alsooccurs in
introns
C+U transitions in
plant organelles
G insertions during
transcription of the
paramyxovirus P gene
U insertions/deletions
in trypanosome
kinetoplast mRNA
(q.v. kinetoplast DNA)

C insertions in at least
four Phisarum
polycephalum
mitochondrial mRNAs
Polyadenylationof
several vertebrate
mitochondrial mRNAs
(see Organelle Genomes)

Modification by specific
cytidine deaminase
Modification by dsRNA
deaminase converts
adenosine to inosine
(q.v.). Three genes
have been identified
Unknown
Transcriptionalstrand
slipping
Editing sequence
provided by external
antisense guide
RNA (gRNA) which
pairs with pre-edited
mRNA in a
ribonucleoprotein
particle, the
editosome, and
identifies positions to
be edited as
mismatches. gRNA
has polyuridylatetail
which supplies uridine
residues for insertion.
Editing has 3 ’ 4 ‘
polarity
Unknown

Pre-mRNA lacking a
stop codon is
polyadenylated, with
the first one or two
adenylate residues
providing the missing
information

For more details of pan-editing,q.v. kinetoplast DNA.
(e.g. the localization of a-actin and p-actin mRNAs during myoblast differentiation) or may be
is
In
essential for cell survival
(e.g. translation of myelin
basic protein in the wrong location lethal).
each case, the localization signal is found
in the 3’ UTR of the transcript and
associates with one or
more proteins required for
t
i localization.
s

mRNA turnover. The abundance of a particular transcript is controlled both
by its rate ofsynthesis
and its stability, which reflects its rate of degradation. The stability of mRNA determines h o w
quickly the steady-state levels of themRNA change when the rateof transcription isaltered, and
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thus how much
is available for protein synthesis. Like other forms of gene regulation, RNAstability
can beconstitutive or regulated. Changes in the
rate of mRNA degradation, which can be expressed
as the mRNA half-life, can effect rapid and transient alterations to the abundance of a particular
mRNA without any change transcriptional
in
activity.
mRNA turnowerand~troregulationin bacteria. Bacterial mRNAshave shorthalf-lives, in the order
of several minutes for the most stable transcripts, which allows the rate of protein synthesis to be
altered rapidly in response to the environment byregulating the rate of transcription. mRNA degradation in prokaryotes is mediated by RNA endonucleases (also called RNA restriction enzymes)
and 3’+5‘ exonucleases. The secondary structure of mRNA is important in the determination of
stability, with the most stable transcripts possessing multiple hairpins and stem-loop structures in
the 3’ untranslated region which may protect the transcript from exonuclease activity. Transcripts
which contain endonuclease target sites are particularly unstable. The specific enzymes which
degrade RNA in bacteria are not well characterized, although mutations which disruptthe E . coli
ribonuclease E protein induce a 2-3-fold increase in RNA stability.
The close associationof transcription, protein synthesis and degradation in bacteria permits an
unusual form of gene regulation, termed retroregulation, where RNA degradation is regulated at
the level of transcriptional termination. Gene expression depends upon whetheror not a cis-acting
element located downstream of the gene is transcribed. If it is, the nascent RNA adopts a structure
favoring rapid degradation andtranslation is prevented. If transcription terminates prior to this site,
the RNA is relatively stable and protein synthesis proceeds. Retroregulationis used, for example,by
bacteriophage h to control the expression of its integrase gene (see Box 30.1).
mRNA turnover in eukaryotes. Eukaryotic mRNAs are generally much more stable than bacterial
transcripts. The half-life of yeast mRNA ranges from -5 to -45 minutes, and metazoan mRNA is
even morestable, with an average half-life of about 10 hours, reflecting the relatively constant envi-

ronment of cells in multicellular organisms. The polyadenylate tail present on most mammalian
mRNAs appears to confer stability by bindingthe PABP, which maintains tail length. Deadenylation
or depletion of PABP results in rapid mRNA degradation in mammalian
cells, but in yeast cells,the
presence of PABP appears to be a signal for degradation, so its precise role is unclear. eukaryotes,
In
exoribonuclease degradation of the polyadenylate tail is the first stage in mRNA degradation.
Histone mRNAs, which lack polyadenylate tails, are degraded by a specific exonuclease. Thereis
also evidence for endoribonucleases active in eukaryotic cells.
Some eukaryotic regulatory proteins are required in transient bursts, and their mRNAs are consequently unstable like bacterial transcripts. These include the transcripts of many immediate early
genes, the genes induced bysignal transduction cascades and required to produce a short-lived regulatory responses (e.g. c-fos, c-jun; see The Cell Cycle, Oncogenesand Cancer, Signal Transduction).
Many unstable eukaryotic mRNAs contain specific instability elements, often AU-rich elements
(AUREs, ARES) such as multiple copies of the sequence AUUUA, generally located in the 3’ UTR
(e.g. in interleukin 1, interferon P and c-fos mRNAs), although in several cases, within the coding
region (e.g. in P-tubulin and c-mycmRNAs). Although the mechanism by which instability is
conferred is not understood, AUREs have the ability to form stem-loopstructures, suggesting that
factors which influence RNA folding may regulate RNA stability. Instability elements appearto be
relatively independent, as they can confer instability on
heterologous mRNA when inserted into the
3’ untranslated region. However, there may be some dependence on secondarystructure and/or
context as similar elements havebeen identified in a number of stable transcripts such as neuronspecific enolase mRNA.
The stability of a few eukaryotic mRNAs can beregulated by trans-acting factors which bindto
the instability elements. This occurs in the transferrin receptor mRNA which, in the presence of
excess intracellular iron levels, is degraded, presumably bythe same process which controls degra-
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dation of the constitutively unstable transcripts
described above. When iron levels fall, however,a
protein factor binds toan iron response element (IRE) in the transcript and prevents degradation.
IRES are 30 bp motifs which form stem-loop structures with instability elements in thestem. The
presence of the IRE-binding protein is thought to block access to the instability elements. In other
transcripts, the sameIRE is used to regulate translation (see Protein Synthesis).
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Chapter 28

Signal Transduction
Fundamental concepts and definitions
0

0

Cells respond to their environment by reorganizing their structure, regulating the activity
of
proteins and altering patterns
of gene expression. The stimulus for such responses is termed a
signal, and may be a small molecule, a macromolecule or a physical agent, such as light.
Signals interact with the responding cell through molecules termed receptors.
Small molecules often act as diffusible signals. In unicellular organisms, diffusible signals may
beenvironmentalinoriginormaybereleasedfromothercells(e.g.yeastmating-type
pheromones, CAMP inDictyostelim). In metazoans, signals may
be released from nearby cells
and diffuse over short distances (paracrine signaling), or they may be released from distant
cells and reachtheirtargetthrough
the vascularsystem
(endocrine signaling).
Macromolecular signals are often associated with the extracellular matrix or displayed on the
surface of neighboring cells (juxtacrine signaling). A molecular signal that binds to a receptor
is termed a ligand.
Signals may be processed in three ways. Certain chemical signals may penetrate the plasma
membrane of the cell and interact with internal receptors (e.g. steroids, nitric oxide). Most
signals, however, are hydrophilic molecules remaining outside the cell. These interact with
transmembrane (membrane-spanning) or membrane-associated receptors and cause a change
of receptor structure.The interaction may result signal
in
transport, i.e. the signaling molecule
is internalized (either by carriage caused by the conformation change
of the receptor, by the
creation of a pore, e.g. in the case
of ion channels, or by receptor-mediated endocytosis).
Alternatively, the conformational change in the receptor may induce enzyme activity inside the
cell which mediates downstream effects while the ligand remains on the outside (signal transduction). Physical stimuli may also interact with receptors or may mediate their effects directly. Lightstimulates the G-proteins linked to rhodopsin and cone opsin receptors when photons
cause a conjugated light-sensitive molecule ll-cis retinal to change to the all-trans conformation. Conversely, the response to heat shock and similar stresses is mediated directly by
increases in denatured protein in the cell.
Signal transduction involves pathways
of sequential enzyme activation and modulation of the
levels of small molecules termed second messengers. This allows the amplification
of the original signal (direct diffusion and signal transport provide only a linear response). Signal transduction pathways can converge and diverge, allowing multiple stimuli to generate similar
responses, and individual signals to effect different responses. Further diversity is generated by
different responsesto the length and intensity
of the stimulus,and the cellspecific synthesis of
different receptors and signaling components. Signal transduction pathways are subject to
complex regulatory networks, and the response depends upon a balance
of opposing forces in
the cell.
Delivery of the signal involves the activation or repressionof transcription factors, enzymes
of phosphorylation.
and structural components
of the cell, usually by altering their state

28.1 Receptors and signaling pathways
Cell-surface receptors and their ligands. Cells respond to a diverse range of signals through an

equally diverse range of receptors. In metazoans,many signals are small polypeptides. Locally acting (paracrine) polypeptide signals are termed growth factors (or cytokines in the hematopoietic
system) and can be assigned to families according to structural or functional similarities. These
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molecules are concerned not only with cell growth, butalso with differentiation, motility and other
cellular functions. Hormones are endocrine
signaling molecules and "anyare peptides like growth
factors, but there are also large glycoprotein hormones and steroid hormones, the latter able to
diffise directly though the plasma membraneof the cell and interact with cytoplasmic and nuclear
receptors. Another important class of peptide signaling molecules is the neuropeptides, which
mediate neurotransmission and neuromodulation in the central and peripheral nervous systems.
Cells can also respond to numerous small molecules such as amino
acids, nucleotides and bioactive
amines, as well as macromolecules embedded in the extracellular matrix or displayed on the surface
of adjacent cells, which control cellmotility and adhesion. Some receptors bind contra-mceptorson
adjacent cells, so that the interaction between cells induces reciprocal signaling.
Receptors show less overall diversity than their ligands because thecell has a smaller repertoire
of responses than it does stimuli. Thus many ligands effect the Same type of response (e.g. growth
arrest, proliferation, transcription of specific genes), and this is achieved by channeling many
signals into common pathways. Thus, whereas there is great diversity in the ligand-binding domain
of any class of receptor, receptors as a whole can be grouped into a small number of families with
common effector structure and signaling mechanisms. A current problem for researchers is to find
out whythere are so many subtypesof receptors, allapparently doing the Same thing. The structure
and activity of several of the more common receptor classes is discussed below.

/on channels. Ion channels are water-soluble pores in the cell membraneswhose activity is
controlled by opening and closing, thus allowing or preventing the movement of ions and other
small molecules in or out of the cell. Ionchannels are closed as a default state but open in response
to a specific signal. Someare ligand-gated, i.e. they open in responseto the binding of a particular
ligand (e.g. glutamate andy-aminobutyric acid(GABA) receptors). Others, particularly those found
in neurons, are voltage-gated, i.e. they open inresponse to the electrical changes associated with an
action potential. Finally, there are second-messenger-gated ion channels, which respond to second
messengers in the cell, e.g. calcium ions, cyclic
nucleotides and lipids (see second messengers below).
Ion channels may allow the passive movement of ions along an electrochemical gradient, or may
actively pump ions against such a gradient, a process which requires ATP hydrolysis.
The transmembraneregion of ion channels comprisesseveral amphipathic helices (q.v.) which pack
together so that hydrophobic residues surround a hydrophilic core. Somechannels are single, large
proteins with a number of similar domains. Others are multisubunit proteins. Neurotransmittergated ion channels
have been particularly well characterizedand comprise five similar
subunits, each
of which possesses a four-helixtransmembrane domain. One of the four helices is amphipathic, and
the pore of the channel is lined by the amphipathic helices from each subunit. The opening and
closing of ion channels is mediatedby conformational changesstimulated by the gating mechanism
(i.e. binding of a ligand or voltage changes). Theparticular arrangement of charged residues at the
entrance to the pore, and lining it, controlthe ion selectivityof the channels.
G-protein-coupled receptors. The G-protein-coupled receptors (GPCRs) are single polypeptides
whose central, hydrophobic region forms a seven-span transmembrane domain.The external, Nterminal region is often the ligand-binding domain, although some ligands (e.g. adrenaline) bind
within the membrane domain. The internal, C-terminal regionis associated with a trimeric guanine
nucleotide binding protein, or G-protein. The genes forseveral hundred GPCRs have been cloned
and characterized. The receptors demonstrate remarkable conservation considering the diversity
of their ligands, which include small molecules such as adrenaline and serotonin, peptides such
as glucagon, the neurokinins and the opioids, and large glycoproteins such as follicle-stimulating
hormone. Further GPCRs are stimulated by odorants and light. GPCRs are also widely distributed
- as well as the hundreds of vertebrate receptors identified, GPCRs are responsible for the
transduction of yeast mating-type signals, and the response to CAMP in Dictyostelium discoideum.
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Table 28.1: G-protein a-subunit families, majorsubtypes, their effectors and the second-messenger responses

activated
of effector

Family
Major
Function

Response of second
Example

subtypes

Gs

GI

G,
G12

Stimulates
adenylate
cAMP increases,
Histamine
Ca2+
cyclase
Ca2+
and
channels
open
channels
Golf
Stimulates
adenylate
CAMP increases
Olfaction
receptors
cyclase
Gila, Go
Inhibits adenylate
cAMP decreases
cyclase
in membrane
Stimulates K+ channelsChange
potential
Inhibits Ca2+channelsCa2+channelsClose,
Gt
Stimulates
cGMP-PDE
cGMP
decreases
Gzreceptors
Ggustr
Taste Unknown
Unknown
G,, Gll,
Ins(l,4,5)P3
Activates
Tachykinin
increases,
receptors
G14-l6
phospholipase C-p
DAG increases
glutamate
Some

(H2receptor)

G,

G12
G13

Stimulateshnhibits
Change
Na+/H+
exchange

6receptor
opioid

a2 adrenergic
receptor

Rhodopsin

receptors

in pH

~~~~

Abbreviations: cA(G)MP, cyclic adenosine (guanosine) monophospahte; PDE, phosphodiesterase;
lns(4,5,6)P3,inositol-4,5,6-trisphosphate;DAG, diacylgtycerol.
Two putative GPCRs have also been identified in viral genomes, although their functions are
unknown. A membrane protein with similar structure, but no sequencehomology, is also found in
the halophilic bacterium Halobacterium hulobium.
G-proteins are heterotrimeric complexes (comprising a,p and y subunits) which associate with
GDP in their inactive form. Activation of the receptor by ligand binding stimulates an interaction
which increases the rate at which GDP dissociates from the G-protein. Dissociation allows GTP to
replace GDP because it is more abundant than GDP in the cell, and this causes the a-subunit to
separate from the py dimer. G-proteins have intrinsic GTPase activity, and slowly hydrolyze their
cognate GTP thus inactivating themselves, whereupon they reassemble into trimers.
More than 20 different types of a-subunit and also multiple types of the and y-subunits have
been identified in mammals: potentiallyhundreds of combinatorial trimers can form,some of which
can be coexpressed in a particular cell type. The a-subunit is often the primary activator of downstream effector molecules, and four major families of G-proteins have been identified whose asubunits interact with different types of effector and have different effects on the availability of
intracellular second messengers (Table28.2).The py dimers also mediate downstreamresponses, e.g.
the STEl and STE2 proteins of S. cmevisiue activate a kinase which links G-protein signaling into the
I
"
kinase pathway (see below). The preciseresponse to G-protein activation is governed both by
the particular a,p, and y subtypes and the particular isoforms of downstream targets. For example,
the various isoforms of adenylate cyclase show differential responses to G, and Gi regulation.
Receptor @msfne kinases. Receptor tyrosine kinases (RTKs) are single membrane spanningrecep-

tors with intrinsic, ligand-activated protein tyrosine kinase activity on their cytoplasmic domains.
Over 50 RTKs have beencharacterized. They are divided into 14 major familiesbased onstructural
motifs found in the extracellular domain (Figure 28.2).The tyrosine kinase domain is strongly
conserved across all families, although in the PDGFR, FGFR and VEGFR subfamilies the domain is
divided by aninternal sequence which binds to other signaling molecules.
In the absence of the ligand, RTKs are monomeric and have nokinase activity. Although notall
receptor activation mechanisms have been investigated, activation is probably brought about in
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Figure 28.1: Structure of receptors with intrinsic or associated tyrosine kinase activity.1-14 are examples of
the different subfamilies of receptor tyrosine kinases. 1, ARK; 2, DDR; 3, EGFR (epidermal growth factor
receptor);4, Eph; 5, FGFR (fibroblast growth factor receptor); 6,HGFR; 7, insulin receptor; 8, NGFR (nerve
growth factor receptor TrkA); 9, PDGFR (platelet-derived growth factor receptor);10, c-RET; 11, RORl; 12,
C-Ryk; 13, TIE; 14, VEGFR. 15-1 7 are examples of different subfamilies of cytokine receptors.
15, gp130; 16,
IL-6R (interleukin-6 receptor). These are class I receptors. 17, IFNAR1 (interferon-a receptor), a classI1
receptor; 18, an immunoglobulin B-cell receptor.

each caseby oligomerization, which stimulates kinase activity and autotransphosphorylation(the
phosphorylation of one receptor monomer by another). Many RTKs are active as dimers, dimerization being brought about by
ligand binding, often because the ligands themselves are dimeric and
can bindtwo receptors simultaneously (e.g. PDGF).The insulin receptor family is anomalous in this
respect as the receptors are constitutively dimeric, the two subunits beingheld together by disulfide
bonds. In this case, ligand binding is likelyto induce a conformationalchange facilitating activation
of the kinase domain.
Once the receptor is activated, RTK signaling can be initiated in two ways: (a)by phosphorylating downstream targets, and (b) by recruiting signaling complexes including proteins which specifically recognize phosphotyrosine residues. Several domains of other proteins interact specifically
with phosphotyrosine, including the SH2 domain and the PTB domain (see below). The insulin
receptor family is again slightly different from other RTKs in that many, if not all, of its downstream
reactions are mediated bya small protein, insulin receptor substrate-l (IRSl), which is phosphorylated by the insulin receptor tyrosine kinase. Majorsignaling pathways initiated by RTK activation
include the Ras-Raf-MAP kinase pathway, and the phospholipase C-y-activated second-messenger
system, discussed below.
Receptors with associated tymsine kinase activity. A number of receptors phosphorylate target
proteins upon activation but possess no intrinsic enzyme activity. Such receptors, which include
many cytokine receptors and the receptors which process antigens in the immune system, recruit
and activate cytoplasmic protein tyrosine kinases upon ligand binding.
There are two major familiesof cytokine receptors. ClassIreceptors include most hematopoietic
and immune system cytokine receptors and three ubiquitous receptors: gp130, DC and Yc. The
distantly related class II receptors include the interferon receptors and the interleukin 10 receptor.
Receptors of each classare identified by conserved motifs in both the extracellular and intracellular
domains of the molecule (Figure 28.1).
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Table 28.2: Signal transduction componentsof the class I and class II cytokine receptors

ruitment
and
complex
Receptor

motif

Class Ireceptors
EPOR

XXYLVW

G-CSFR
GHR
GM-CSFR (PC)
IL-2Rb (F)

DAYLSL, DAYCTF

IL-3R (PC)
IL-4R (F)
IL-5R (PC)
IL-6R (gpl30)

XGYKPFG, GYKAFS

XXYXPQX
XXYXXQ

STATs
JAKs

Jak2
Jakl ,Jak2
Jak2
Jakl ,Jak2
Jakl ,Jak3
(also Lck, Syk)
Jakl ,Jak2
Jakl, Jak3
Jakl, Jak2
Jakl,
STAT1,
Jak2, Tyk2
Jakl , Jak3
Jakl ,Jak2, Tykl
(also Yes, Hck)

IL-7R (F)
LIFR (gp130)

STAT5
STAT3
STAT1
STAT5
STAT5
STAT5
STAT6
STAT5
STAT3
STAT5
STAT3 >> STATl

Class I1 receptors

IFNARl
IL-1OR
lNFAR2
INFGR

XXYXXQ

STATl

TYk2STAT2
Jakl ,Tyk2

Jakl
Jakl ,Jak2

STAT1,
STATl , STAT3
STATl ,STAT3

For class I receptors which heterodimerizewith one of the ubiquitous receptorsgpl30, Pc or F,the
particular common component is indicated in parentheses; the others actas homodirners. Some cytokine
receptors interactwith tyrosine kinases which do not belong to the Janus family - the alternative kinases
are also indicated in parentheses. For some receptors, the phosophotyrosine motifs which recruitSTATs
have been identified by mutation.
Abbreviations: EPOR, erythropoietin receptor; G-CSFR, granulocyte colony stimulating factor receptor;
GHR, growth hormone receptor;GM-CSFR, granulocyte macrophage colony stimulating factor receptor;IL,
interleukin; LIFR, leukemia inhibitory factor receptor; IFNA(G)R, interferon a (9 receptor; JAK, Janus kinase;
STAT, signal transducers and activatorsof transcription.
Ligand binding inducesreceptor dimerization which juxtaposes the intracellular domains of two
monomers. Many classIreceptors functionas homodimers, whereasothers form heterodimers with
the ubiquitous receptors p130, pc and yc.Heterodimerization is nonpromiscuous, so the hematopoietic cytokine receptors can be divided into three functional subfamilies depending upon whichof
the ubiquitous molecules eachinteracts with. Within each subfamily there is a degree of functional
redundancy, reflectingthe role of the common receptor monomer. Class 11receptors are formed from
multiple subunits, many of which are uncharacterized. However, activation of the class 11receptors
also involves oligomerization.
The intracellular domain of each receptor is constitutively associated with a protein tyrosine
kinase of the Janus family (JAG; Table 28.2). Dimerization stimulates autotransphosphorylationof
reciprocal JAKs, which become activated and phosphorylate the receptor itself. Phosphotyrosine
residues on the receptors then recruit STATs (signal transducers and activators of transcription)
through their SH2 domains (Table 28.2). Phosphorylation of the STATs induces dimerization and
translocation to the nucleus, where they act as transcriptional regulators.
Antigen receptors are unique because of their idiotypic diversity generated through somatic
recombination (q.v. V(D)Jrecombination), and in the case of the immunoglobulins, somatic hypermutafion (q.v.). Theyare multicomponentreceptors, with ligand-binding subunits of variable structure
associated with invariable subunits whosefunction is to recruit signaling complexes upon activation. The invariable subunits of all antigen receptors contain a motif known as an ITAM (immune
tyrosine activation motif; see Figure 28.1) which interacts with, and activates, acytoplasmic protein
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Table 2 8 . 3 The TGF-P superfamily ofgrowth factors, their classI and classI1 receptors and downstreamtargets where known

Type I receptor

Ligands
Family

rLpe l1 receptor
Targets
where
known

I5
TPR-II
(Alk-5)TPR-I
TGFP-2
TGFP-3
Actividinhibin
Act-IB,
ActR-l,
Activin
(Atr-ll)
Punt
Several inhibins
BMP (DPP)
DPP/
(Atr-ll)
Smad
veins
Thick BMPQ
BMP-4
(OP-l)
BMPd
Vgr-VBMP-6
OP-l/BMP-7

TGF-P1 TGF-P

2
Atrl
Punt

Smad
3) (Smad

Act-RII, ActRllB

MAD Saxophone,
1 (Smad 5)

BMPR1A, BMPRl
BMPR-II
B
ACtR-l, BMPR-lA,
BMPR-l
BMPR-II,
C14B

Act-RII,
Act-RIIB,

OP-2/BMP-8

5/CDMP-1(GDF-5)
(BMP-3)

GDF-6ICDMP-2
GDF-7
BMP-3
GDF-10

VS-1IGDF-1
BMPs
Other

Unclassified

Dorsalin/Screw/
BMP-9
Nodal
GDF-3Ngr-2
GDNF
GDF-9
MIS

C l4

There is a degree of cross-talk between different pathways,
as can be seen, e.g., by binding of activin
receptors by both activins and BMPs. The receptors for many TGF-p molecules have yetto beidentified,
and there are several orphan receptors.
Abbreviation: TGF-P, transforming growth factor-p: BMP, bone morphogenetic protein: Dpp,
decapentaplegic (Drosophila BMPQ homolog); OP, osteogenic protein; CDMP, cartilage-derived
morphogenetic protein; GDF, growth/differentiation factor;GDNF, glial-derived neurotrophic factor:MIS,
Mullerian inhibiting substance.

tyrosine kinase. Of the many nonreceptor tyrosinekinases k n o w n (see Figure 28.3), Lck, Fyn and
Zap are critical for T-cell
receptor signaling, Blk, Fyn, Lyn, Syk and members of Tec
thefamily forB
cell receptorsignaling, and Csk kinase plays an apparent regulatory
role.

Receptor serinelthreonine kinases. Receptors for members of the
TGF-P superfamily of signaling

molecules (Table 28.3) are classified according to size and ligand-binding specificity. A number of
type I and type11 receptors are known to possess an intrinsic serine/threonine kinase activity. Trpe
I receptors typically possess asmaller cysteine-rich extracellular domain anda smaller C-terminal
tail than the type
I1 receptors, and also have a unique GS domain (glycine and serine rich)
adjacent
to the kinase domain.
Signal transduction involving receptor serine/threonine
kinases may require receptor oligomerization. TGF-P initially binds to the
class I1 TGF-P receptor, which isa constitutively active kinase.
Binding recruits a class I TGF-P receptor, which isactivated by phosphorylation on serine residues
and can itself phosphorylate downstream
targets. Other signaling molecules
in the superfamily can
bind directly to type
I receptors, notably the bone morphogenetic proteins.
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Several ofthe downstreamtargets for TGF-p signaling are cyclindependentkinase inhibitors (see
The Cell Cycle
and q.v. tumor suppressor genes),which, byinactivating cyclindependent kinases, pmvent phosphorylation of theretinoblastoma protein and block progression intothe S-phase.
Activated type I receptors also phosphorylate proteins of the SMAD family on the C-terminal
consensus motif SSV/MS. SMADs then form heterodimers and translocate to the nucleus, where
they interact with DNA-binding proteins and influence transcription, or bind to DNA directly. More
than 10 SMAD proteins have been identified in vertebrates and invertebrates, some of which are
pathway-specific. Smad4 and the homologous Drosophila protein appear to be common to both TGFp and BMP signaling pathways. Smad6 and Smad7 are thought
to be inhibitors of SMAD phosphorylation, thus acting as feedback controls.
other membrane receptors. The four receptor types discussed above represent nearly all known

receptor molecules involvedin signal transduction in animalcells. Somesignals, however, are transmitted through receptors with distinct signaling mechanisms. The atrial natriuretic peptides, for
instance, bind receptors with intinsicguanyl cyclase activity. These
increase the intracellular levels
of cGMP and activate protein kinase G (PKG). A number of receptors with protein tyrosine phosphatase activity have also been described, including the leukocyte common antigen CD45 receptor.
The tumor necrosis factor receptor family signal using death domains whichbind to cytoplasmic
proteins with similar domains (q.v. apoptosis). For other receptors well characterized at the genetic
level, the signal transduction mechanisms remainfar from clear (e.g. Notch
and Delta whichcontrol
lateral inhibition (q.v.) in the nervous system).
Slgnal transduction through cyfoplasmlc and nuclear receptors. Most receptors for extracellular

signals are on thecell surface because the signaling molecules are hydrophilic and unable to penetrate the plasma membrane. Other molecules cancross the plasma membrane directly and interact
with cytoplasmic or nuclear receptors, and these ofteninitiate simplesignal transduction pathways.
Examples of such signals include the steroid and thyroid hormones and retinoic acid, which are
lipid-soluble, and the gas nitric oxide (q.v. receptor guanylate cyclases).
The steroid hormone receptor superfamily includes receptors for steroid and thyroid hormones,
and vitamins A and D and their derivatives, including the important developmental molecule
retinoic acid. Interaction with the ligand causes a conformational change (transformation) which
stimulates DNA binding activity. Some receptors are located in the cytoplasm (e.g. the glucocorticoid receptor), and transformation allows nuclear translocation. Others are already present in the
nucleus. The transformed receptors are transcription factors and interact with DNA through a
highly conserved zinc-binding domain (see Nucleic Acid-binding Proteins). They can be divided
into several families basedon the architecture of the recognition site. The activity of some receptors
can be regulated by phosphorylation as well as ligand-binding (e.g. the progesterone and estrogen
receptors), allowing integration with other signaling pathways.

28.2 Intracellular enzyme cascades
lntracellular signaling. The activation of receptor tyrosine kinases or receptor-associated tyrosine

kinases has been discussed as a mechanism for transducing a signal across the cell membrane
without transferring the ligand into the cell. Since the ultimate targets of the signal transduction
pathway are usually not found at the plasma membrane, there must be further intracellular signal
transduction. This is often mediated by a cascade of sequential enzyme activation: one signaling
component phosphorylates and activates a second component, which performs the same process on
a third, and so on untilthe ultimate target is reached. Thesignaling process may also be inhibitory.
Some signaling pathways aresimple. TheJAK-STAT and TGF-P/SMAD pathways have already
been described; both involve the phosphorylation of receptor-associated proteins which then
translocate to the nucleus and act as transcription factors or their components. Other pathways
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Figure 2 8 . 2 The Ras-Raf-MAP kinase cascade. Ligand binding stimulates dimerization and
autotransphosphorylation of receptor tyrosine kinases. Proteinswith SH2 domains recognize the
phosphotyrosine residues and recruit signaling complexes. The adaptor proteinGRB2 has SH2 and SH3
domains: the latter binds the guanine nucleotide exchange factor(GNEF) SOS. This stimulates the activation
of membrane-bound Ras which recruits Raf. Raf becomes phosphorylated by an unknown membraneassociated kinase, and then induces a phosphorylation cascade involving Mek and MAP kinase. MAP kinase
phosphorylates a number of latent transcription factors(Elk-l is used as the example in the figure). The
various kinase activities are inhibitedby cytoplasmic phosphatases, and Ras activityis inhibited by GTPaseactivating proteins (GAPs) which are also recruited by RTK signaling, thus switching off the signal onceit has
been transduced.
involve many steps and provide ampleopportunity for branching and integration. The interaction
of different pathways is reflected bythe recurring motifs found in signaling molecules, which allow
interactions with other proteins. Some of these motifs are discussed in Box 28.1.
The Ras pathway. Ras family proteins are small membrane-associated proteins whose activity
depends upona bound guanosinenucleotide cofactor. Ras itself
is a central component in many
signal transduction pathways. The related proteins Rac and Rho are involved in the control of cell
mobility and cytoskeletal organization. Ras cycles between active (GTP-associated) and inactive
(GDP-associated) states, a process regulated by enzymes termed GAPs (GTPase activating proteins) and GNRPs or GNEFs (guanine nucleotide releasing proteins, guanine nucleotide
exchange factors). The GAPs act by stimulating the intrinsic GTPaseactivity of Ras thereby inactivating it, whereas GNRPs have the opposite effect. Both GAPs and GNRPs interact with RTK signaling complexes through SH2 or SH3 domains (Figure 28.2; Box 28.1); thus signal transduction can
either stimulate or inhibit Ras activity, depending upon the receptor and the abundance of each
enzyme in an active form. Activated Ras interacts with and stimulates the activity of downstream
proteins, the best-characterized of which is the serine/threonine kinase Raf (linking to the MAP
kinase pathway). Activation is brought about by recruiting Raf to the plasma membrane (Raf is
normally a cytoplasmicprotein) where it may interact with other proteins, possibly protein kinases.
Recombinant Raf protein which is constitutively membrane-bound is also constitutively active.
Thus, bringing Raf to the plasma membrane is sufficient to activate its kinase activity. Few other
targets for Ras have beenidentified; one likely candidate is the enzyme phosphoinositide3-kinase
(pI(3)K) (seesecond messengers, below).
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Table 28.4: The FlTl-Ras pathway linked to the MAP kinase pathway through phosphorylation of Mek by Raf
C. eregans

D. mdanoaaster Mammals

Receptor
Adaptor
GNRF
Ras

Let-23
Sem-3

Sevenless
Drk

Let-60

Rasl

Raf

Let45

D-Raf

Mek-2
Mpk-l/
Sur-l

D-Sor
Rolled

SOS
Ha-Ras, KiRas, N-Ras
c-Raf, A-Raf,
B-Raf
Mekl, Mek2
Erkl, Erk2

Lin-l,

Pointed Rsk,

C-FOS

Species

S. cerevisiae

SOS

Mek

SE7

MAPK

FUS3,
KSSl
S E 12,

Targets

S. pombe

FAR1

Byrl
Spkl

Many
Grb2

Lin-31

Yeasts lack RTKs, but signals are transduced through G-protein-coupled receptors which activate M
theAP
kinase pathway throughMek kinase. The yeast pathways are transducing mating pheromone signals, the
C. elegans pathway is involved with vulval specification and the Drosophila pathwayis involved with the
specification of the R7 photoreceptor cell during eye development. The mammalian pathway has many
redundant components.
Three Ras genes have been characterized in humans (Ha-ras, Ki-ras, N-ras), all three of which
have been identified as cellular and/or viral oncogenes (see Oncogenes and Cancer).
The MAP kinase signaling cascade.MAP kinase (mitogen-activated protein kinase, also known as

'

Erk, extracellular-signal regulated kinase) is a serine/threonine protein kinase activated by many
growth factors. Thepathway to MAP kinase activation involves Ras and Raf, with Raf phosphorylating a kinase upstream of MAP kinase, termed MAP kinase kinase (MAPKK) or Mek (MAPK/Erk
kinase) (Figure 28.2). MAP kinase requires phosphorylation of tyrosine and threonine residues to
become activated, and Mek is an example of a dual specificity kinase, with the combined activities
of both a tyrosine kinaseand a serine/threonine kinase.
The MAPkinase pathway channels mitogenic signals (signals driving cell proliferation) from the
ceH surface to the nucleus, and many components of the pathway are therefore oncogenic when
inappropriately activated (see Oncogenes and Cancer, The Cell Cycle).
The activation of MAP kinase
causes it to be translocated to the nucleus, where it phosphorylates andactivates a number of transcriptional regulators including Elk-l, C/EPBP and c-Myc (see below). MAPkinase also phosphorylates a further kinase called Rsk which translocates to the nucleus and may activate other transcription regulators, such as the serum response factor (SW).
The MAP kinase pathway is highly conserved in eukaryotes. As well as mediating an important
growth responsein mammals, pathways withhomologous components are found in Drosophila and
C. elegans (where they control cellular differentiation;see Development: Molecular Aspects)and in
yeast, where thefunction is environmental monitoring(Table 28.4). In vertebrates, there is considerable redundancy of signaling components in the MAP kinase pathway, with multiple genes encoding the adaptors, Ras activating and inhibiting proteins, Ras and Raf, Mek and MAP kinase itself.
These components may have varying
substrate specificities and someare cell-type-specific or developmentally regulated, allowing themto play specific rolesin signal transduction.

(SAPkinases) are serine/threonine
kinases, related toMAP kinase, which activate the transcription factor c-Junin response to stresses
such as UV-irradiation and inflammatory cytokines,but only poorly
in response to growth stimulation. TheS A P kinase pathway is also active during T-cell development and can induce proliferation
in somecells. There are at least eight SAP kinase proteins, derived from three genes byalternative

Stress-activatedkinases. Stress-activated protein kinases
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splicing. The individual SAP kinases are named Jnk-l, Jnk-2, etc. reflecting their substrate specificity: they phosphorylate the N-terminal Ser63 and Ser73 residues of Jun (hence Jun N-terminal
kinase) as well as other transcription factors such as Elk-l and ATF-2.
Like the MAP kinases, SAP kinases require tyrosine and threonine phosphorylation for activaidentified, which are
tion. Several families
of putative MAP kinase-related moleculeshave now been
discriminated on the basis of their dual phosphorylationsites. MAP kinases, for instance, are identified bythesequence
Thr-Pro-Tyr, whereas SAP kinases are identified bythesequence
Thr-GluiTyr. The dual specificity kinases lying upstream of the SAP kinases are designated Sek
. (SAPK/Erk kinase) and are closely related to the yeast proteins STE7 (S. cerevisiae) and Byrl (S.
pornbe). A protein isolated in mammals on the basis of its homology to STEll and Byr2, which are
upstream activators ofSTE7 and Byrl, was initially termed MAP kinase kinase kinase (or Mek
kinase) becauseit was able to phosphorylate Mek in vitroand in vivo when overexpressed. It is now
thought thatMek kinase does not phosphorylate
Mek under physiological conditions and is specific
to the Sek-SAPK pathway. Mammalianhomologs of the proteins found upstreamof Mek kinase are
beginning to be identified.
As
discussed above, responses to signals depend not only upon the nature of the signal itself (which
reflects the availability of different signaling components) andthe state of the respondingcell, but
also on the duration of the signal. This reflects the time taken toswitch a signal off once activated.
The 'damping-down' of signal transduction pathways is essential so that signaling mechanisms do
not become saturated, and for every active component of a signaling pathway, there is also an
inhibitor. Inhibitors can bethought of as acting in several ways.
(1) When signal transduction pathways are activated, one of the components activated is usually
an inhibitor of the same pathway. Theinhibitor acts slightly later than theactivator so that the
signal is switched off, but not before a pulse of information transfer.
(2) The launch of a signal in the first instance may depend upon the balance of activators and
inhibitors of the pathway.
(3) The purpose of some signals is to inhibit the transduction of others, through the activation of
specific inhibitors.
The cell canthus be thought of as a processing centre where information arriving at its surface
is converted into the synthesis and activation of different molecules with opposing activities, such
as kinases and phosphatases,(Figure28.3). Signaling pathways arecontrolled by a complex system
of cross-links and feedback loops which rely on the balance between opposingforces in the cell. The
arrival of new information disrupts the equilibrium maintained inthe cell and causes, for example,
a particular kinase to become transiently more activethan the opposing phosphatase. This allows a
burst of kinase activityculminating in the activation of a giventranscription factor or enzyme before
the signal is shut off by feedback and a new equilibrium is established.

Networks of cytoplasmic kinases and phosphatases which regulate signaling information.

28.3 Second messengers
The second-messengerconcept Cells respond to a diverse range
of signals, and require ahuge repertoire of receptors. However, the range
of responses is much smaller. Many
of the signals amving atthe
cell surface, for instance, cause
the cell to either divide or withdraw from the cell cycle.Others induce
the expression of characteristic groups of genes which protect the cell from stress.
this For
reason, early
signaling pathways converge into a smallnumber of intracellular signaling networks,and this allows
the cell to convert the complex information
amving atthe cell surfaceinto simple biochemical signals
in the cytoplasm. The molecules involved
in this processare termed second messengers.
Cyclic nucleotide second messengers.The earliest second messengers to be discovered were the

cyclic nucleotides CAMPand cGMP. The levels of these molecules in the cell are controlled by the
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Figure 2 8 . 3 Cytoplasmic protein tyrosine kinases and phosphatases, which are responsible for the complex
regulatory pathways controlling intracellular signaling. Kinases are grouped into families based on domain
(Csk, Sm, BrWRak and
structure and size.'1' represents the domain structure common to four families
LydLykIBlk) which differ in size; only theLydLyWBlk family possesses the SH4 domain. 2, Tec family (rec,
Src, Yes, Fyn); 3, Syknap family; 4, Fes family; 5, Ack; 6, Fak; 7, Janus family; 8, AbVArg. Phosphatases are
classified according to the structureof their noncatalytic domains: 1, PTPl B; 2, SHPTP; 3, PTPl H; 4, MEG
2; 5, PTP-PEST; 6, YOP 2b; 6, VH1; 7, Cdc 25A; 8, MKP-1. 6-8 are dual specificity phosphatases;MKP-1 is
thought to be the MAP kinase phosphatase which inactivatesMAP kinase. Specificbinding domains are
shown where appropriate.

opposing activities of nucleotidylate cyclases, which catalyze the reaction NMP+ cNMP, and cyclic
nucleotide phosphodiesterases (PDEs) which catalyze the reverse reaction. Several earlysignaling
pathways influence the activity of nucleotidylate cyclases. G-protein-linkedreceptors of the G, and
Gi families stimulate and inhibit adenylate cyclase, respectively,whereas transducin (Gt) stimulates
cGMP PDE activity. A small number of cell surface receptors have intrinsic guanidylate cyclase
activity. There are also receptor guanidylate cyclases that bindnitric oxide via aheme group.
Downstream of the cyclic nucleotides are effectors dependent on cyclic nucleotides for their
activity: protein kinase A (PKA),which is CAMP-dependent, and protein kinase G (PKG), which is
cGMP dependent, are serine/threonine kinases with a variety of substrates (see below). There are
also cyclicnucleotide-gatedion
channels and feedback pathways involving cyclicnucleotidedependent PDEs. Other PDEs are regulated by phosphorylation or by calmodulin(q.v. calcium signaling below). The controlof cyclic nucleotide levels in the cell is summarized inFigure 28.4.
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Figure 28.4: Cyclic nucleotide second messengers.cAMP is synthesized by adenylate cyclase which is
stimulated by G-protein cl, subunits and inhibited by G-protein ai subunits (pysubunits may also influence
AC activity);it is removed from the cell by cAMP phosphodiesterases (PDEs). cGMP is synthesized by
guanylate cyclase domains of membrane-spanning or cytoplasmic receptors. Both cAMP and cGMP activate
cyclic nucleotide-dependent kinases and ion channels. cGMP also activates a cGMP-dependent PDE in a
negative feedback loop.

Protein kinase A phosphorylates a wide range of proteins in the cell including many enzymes,
receptors, ion channels and transcription factors. One example of the latter is the transcription
factor CREB which bindsto a cis-actingelement termed the cAMP response element(see below).A
smaller number of targets for PKG have been determined, including several G-proteins, and the
Ins(1,4,5)P3 receptor. PKA and PKG function as homodimers, although PKA exists as an inactive
tetramer with catalytic and regulatory subunits, the latter being released upon CAMP-binding. The
catalytic and regulatory subunits of PKG are part of a single polypeptide chain. There are several
isoforms of PKA and PKG, which may display differential substrate specificities. In addition, there
is adegree of cross-talk between the enzymes, as PKA can be activated by cGMP and PKG by cAMP
in certain cells. Theactivities of PKA and PKG are reversed by a collectionof protein phosphatases
with varyingsubstrate specificities and complex transcriptional and posttranscriptional regulatory
pathways. The response of the cell to a particular signal depends upon the
balance of specific kinase
and phosphataseactivities.
Lipids as second messengers. A well-characterized second-messenger system involves products of

the hydrolysisof a minorphospholipid component of the inner cell membrane,phosphatidylinositol4,5bisphosphate (PtdIns(4,5)P,). Activation of G-protein-linked receptors associatedwith G, family
proteins (G,,G11,G12)
stimulates the activity of phospholipase C-P (PLC-P). PLC enzymes cleave
PtdIns(4,5)P2 into two components,inositol-l,4,5trisphosphate(Ins(l,4,5)P~)and 1,2-diacylglycerol
(DAG). Another PLC isoform, PLC-y, is activated byRTK signaling by recruitmentto the membrane
through its S H 2 domain. Both Ins(1,4,5)P3 and DAG are important second messengers(Figure 28.5).
Ins(1,4,5)P3mediates calcium release from
the endoplasmic reticulum (ER) or sarcoplasmic reticulum (SR) by activating Ins(l,4,5)P3-gated Ca2+ channels (q.v. calcium signaling, below). Its effects
can be mimicked byionophores: ion transporters such as A23187, which act likeconstitutively open
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Figure 2 8 . 5 Phospholipid and calcium ion second messengersin the cell. PhospholipaseC (PLC) converts
the lipid membrane component Ptdlns(4,5)P2 into
inositol-4,5,6-trisphosphate
(Ins(l,4,5)P3) and
diacylglycerol (DAG). Different forms of PLC are stimulated by G, proteins and phosphotyrosyl residues on
activated receptor and nonreceptor kinases. Ins(l,4,5)P3 activates Ins(l,4,5)P3-dependent calcium channels
in the endoplasmic reticulum(ER) membrane releasing calcium ions into the cytoplasm which cooperate with
DAG to activate phosphokinaseC (PKC). This has many substrates, including phospholipase D (PLD). Ca2+
also binds to calmodulin (CaM) which activates Ca2+/CaM-dependent kinases. Phosphatidylinositol (Ptdlns)
can be phosphorylated at several positions and five phosphorylated derivatives can be interconverted. The
enzyme phosphoinositide 3-kinase(Pl(3)K)adds phosphate groups to the3 D position, initiating a number of
downstream responses. This process is reversed by the enzyme 3-phosphatase(3-P).

calcium channels. Someh(1,4,5)P3 is further phosphorylated to inositol-1,3,4,5-tetrakisphosphate
(Ins(1,3,4,5)P4), whose effects are largely uncharacterized. Ins(1,4,5)P3 is also able to interact specifically with various proteins, including phospholipase C-6 and SOS, thus initiating alternative
signaling cascades. DAG, in combination with calcium and another membrane phospholipid phosphatidylserine, activates several isoforms of calcium-dependent protein kinase (protein kinase C,
PKC). This effect can be mimicked by plant-derived phorbol esters which activate PKC directly.
There are at least 11 PKC isoforms, grouped into four major families based on domain structure.
They are cell-type-specific and differentially localized within the cell. Gene knockout, overexpression and selective inhibition studies have shown that
they have overlapping substrate specificities
and mediate different effectsin different cells, but assuch techniques disrupt the in vivo subcellular
localization, it has been difficultto establish the specific targets of each enzyme under
physiological
conditions. One substrate of PKC is phospholipase D (PLD), which hydrolyzes membrane phospholipids although at the terminal phosphodiester bond, producing phosphatidic acid (PLD can
also be activated by G-proteins).
Another lipid intracellular signaling system involves phosphatidylinositides phosphorylated at
the D3 position. Theenzyme phosphoinositide %kinase
(PI(3)K) can add a D3-phosphate groupto
basic PtdIns as well as PtdIns(4)P and PtdIns(4,5)P2 to generate PtdIns(3)C PtdIns(3,4)P2 and
PtdIns(3,4,5)P3, respectively (Figure 28.5); there are three classes of PI(3)K which can use different
subsets of phosphatidyl inositides as substrates. These lipids are absent in unstimulated cells but
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accumulate following extracellularsignals and oncogenic transformation. They bind specifically or
with differing affinities to a number of downstream effectors, recruiting them to the membraneand
initiating secondary signaling cascades. PtdIns(3,4,5)P3 appears to be the most importantof these
second messengers: it interacts with multiple targets through S H 2 and PH domains (e.g. Src, PI(3)K,
phosphokinase C-&and -h isoforms, and specific PtdIns(3,4,5)P3-dependent protein kinases PDK-l
and PDK-2). The targets of PtdIns(3,4)P2 overlap with PtdIns(3,4,5)Pg but PtdIns(3)P has been
shown to bind withgreat specificity toAdaptin, a protein involved in protein trafficking.
Lipid second messengers may also signal between cells. Phospholipase A2 synthesizes arachidonic acid and lysophospholipids, which are intracellular second messengers. However, they are
also intermediates in the production of prostaglandins and leukotrienes. There are nine different
classes of prostaglandins, synthesized and secreted by many different cell types. Theyact as local
(paracrine) signals and, unlike most lipid signaling proteins, bind to receptors on thecell surface.
calcium ionsas second messengers. The levelof calcium ions in the cell controlsdiverse processes

including metabolic processing, proliferationand specialized functionssuch as membrane excitability
and muscle contraction. The calcium signaling pathway involves calcium-binding proteins which,
when activated by calcium, associate with inactive proteins and stimulate them thus effecting a
number of downstream pathways. The level
of Ca2+in the cytoplasm is maintained at a low concentration by active export,
but is up to 10000-fold higherin the extracellular fluidand in certain intracellular compartments. Upstream signals originatingat cell-surface receptorsinduce the release of Ca2+
into the cytoplasm byopening calcium channels,thus increasing the abundance of activated calciumbinding proteins and inducing downstream signalingpathways (Table28.5). Two majorpathways stimulating calcium releaseare the G-protein-linked receptors associatedwith G, family proteins,and the
RTKs. Both these receptors stimulate phospholipases which increase levels
of Ins(1,4,-5)p3 (Figure 28.5),
leading to the opening of Ins(lt4,-5)P3-gated Ca2+ channels
in the ER membrane.
There are many different calcium-binding
proteins in the cytoplasm. Although most act as buffers
(an additional mechanism for reducing cytoplasmic Ca2+ concentration), a few
act as calcium monitors and signaling proteins. Theannexins are calcium-dependent membrane-bindingproteins which
may reorganize cytoskeletal elements of the cell; they also inhibit phospholipase A2. The major
regulatory calcium-binding proteins belong to the EF-hand superfamily (see Proteins: Structure,
Function and Evolution) and include calmodulin (CaM) and troponin C. WhereasCaM is a
ubiquitous and multifunctional protein, troponin C is muscle-specific and controls the interaction
Table 2 8 . 5 Modulation of calcium ion levels in the cytoplasm
C&+ transport

Mediators

Importfromextracellular space

Voltage-gatedCa2+channelsreleaseCa2+intocellfollowingmembrane
depolarization
Ligand-gated Ca2+ channels release Ca2+ into cell following ligand
binding (e.g. NMDA receptors)
CRAC channels (calcium release activated Ca2+ channels which are
stimulated by Ca2+ release fromER
Ins(l,4,5)P3gated channels
Ryanodine receptors which release Ca2+ upon activation by cyclic
adenosine diphosphate ribose(cADPR) derived from NAD+
Ca2+can activate release of Ca2+ by stimulating both the above
channels
- uses the energy derived from transporting Na+
Na+/Ca2+ exchange
along its electrochemical gradient to export Ca2+ against
its
electrochemical gradient
Ca2+ ATPasesin plasma membrane and EWSR which actively export
Ca2+ from cytoplasm

Import from EWSR

Export
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between actin and myosin during muscle contraction. CaM activates a number of protein kinases
(CaM kinase11,elongation factor kinase),phosphatases (calcineurin) and cytoskeletal elements,and
also activates Ca2+ATPases, thus promoting Ca2+ removal fromthe cytoplasm. CaM also interacts
with the components of other second-messenger systems including isoforms of adenylate cyclase,
IP(3)K and nitric oxidesynthetase.
Cross-talk Several welldefined signaling pathways and second-messenger systems have been

described in the preceding paragraphs, but asdiscussed, there is extensive interaction between the
pathways so that individual stimuli can activate several pathways in the cell and different signals
can produce the same effects. This can occur by
several mechanisms.
Receptor-ligandpromiscuity, where ligands activate multiple receptors or manyligands
activate the same receptor, or where receptors comprise multichain oligomers with distinct
signaling specificities.
Divergence, where the stimulus of a receptor activates'two parallel pathways. An example is
the activation of the Ras-Raf-MAP kinase pathway and phospholipase C-y (which increases
levels of the second messengers Ins(l,4>)P3 and DAG) by RTK activity. This is mediated by
different signaling molecules possessing domains, in this case the S H 2 domain, which can
interact with the activated receptor.
Cross-talk, where one pathway branches off and interacts with another (Figure 28.6). All the
major signaling pathways inthe cell use protein kinases and phosphatases. There isa high level
of interaction between them, e.g. protein kinase A, which is activated by G-proteinmediated increases in C A " levels, inactivates Ras. Conversely, protein kinase C, which is
calcium-dependent, stimulates Ras. The major second-messenger systems of the cell are also
interdependent: Ins(1.4,5)P3 induces calcium transport from the ER and DAG cooperates with
calcium to activate protein kinase C. The calciumdependent molecule CaM regulates the
activities of PI(3) kinase and adenylate cyclase, which control the levels of Ins(l,4,5)P3 and

Figure 28.6 Examples of cross-talk in signaling pathways. The MAP kinase pathway can be activated by
RTK signaling through Ras and Raf, but Ras may also be activatedby cross-talk from cytokine receptors
and protein kinase C (PKC), which is regulated by calcium. Some RTKs may also directly regulateSTATs (e.g.
EGF receptor). Ras is inactivated by protein kinase A (PKA) which is activated by CAMP. The major
secondary-messenger systemsof the cell are also interdependent, with Ins(l,4,5)P3and CAMP both

influencing calcium release, and calcium controlling the activityof phosphoinositol 3-kinase (Pl(3)K) and
adenylate cyclase (AC) through kinases dependenton the calcium-binding protein calmodulin (CaM). The
link different signaling pathways into a
cytoplasm contains numerous other kinases and phosphatases which
complex network. Proteins are represented by circles, second messengers by rectangles. CR, cytokine
receptor: RTK, receptor tyrosine kinase: GPCR, G-protein-coupled receptor.
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CAMP,respectively. CAMP canactivate ion channels and hence influence the levels of Ca2+in
the cytoplasm.
With these myriad interconnections superimposed upon a regulatory network of broad specificity kinasesand phosphatases, it is a wonder that any signaling specificity is maintained at all; the
mechanisms of signaling specificity are a major topicof current research. However, cellssynthesize
only asubset of the many signaling molecules that have been described, so that individual cells can
respond only tocertain signals and can respond through pathways
restricted bythe particular components andactive in the cell. Another mechanism which could
be usedto regulate signal response
is the global regulation of gene expression. Thus activated transcription factors in the nucleus would
find different arrays of genes available to themthrough selective epigenetic silencing (see
Chromatin, DNA Methylation and Epigenetic Regulation).
28.4 Signal delivery
Response to signak Diverse signals arriving at the cell surface are transduced into cascades of

sequential kinase activity, or the production of second messengers which themselves exert their
effects by modulating the activity of cellular kinases. The kinase cascade is controlled by protein
phosphatases whose abundance and
activity are subject to complex regulation. Signal
delivery can
be defined as theend of the signal transduction pathway, where the components of the cell which
are targets for the initial signal are phosphorylated. In this respect, phosphate groupsare a universal signaling currency causing changes to protein shape and therefore activity, although the same
effect can be brought about byother forms of modification (q.v. histone acetylation, protein modification). Signalsmediate their ultimate effects in two ways.
(1) By modulating the activity of a protein already present in the cell. Protein kinase A, for
instance, phosphorylates several enzymes withkey roles in metabolism (e.g. in muscle cells it
phosphorylates (and inhibits) glycogen synthase but leads to the activation of glycogen phosphorylase, thus switching the cell to net glucose use). Cytoskeletal proteins are also regulated
by calmodulin-dependent kinases (e.g.neuromodulin, Tau; also q.v. M-phase kinase).
(2) By modulating the activity of a transcriptional regulator or translational regulator and thus
influencing gene expression.
These effects can be distinguished by blocking de nmo gene expression with inhibitors of transcription or protein synthesis.
Activation of transcription factors. Many signal transduction pathways terminate at the nucleus.

The downstream targets may be components of the cell-cycle machinery, allowing control of cell
growth or transcription factors, which elicit specific patterns of gene expression through response
elements(q.v.) on target genes. Many transcription factors have been shown to be activated by
specific signaling pathways, and in many cases, the diversity of response is increased bythe availability of different isoforms of transcription factor components. A selection of well-characterized
pathways is shown inTable 28.6. Within about six hours of receptor stimulation, approximately 100
immediate early genes are activated. These include some proto-oncogenes (e.g. c-jun, c-fos), genes
for many other transcriptional regulators (e.g. ets, srfi hormone receptors), and structural proteins
(fibronectin, actin). Manyof the genes are activated in response to both growthstimulatory signals
(e.g. RTK-Ras-Raf-MAP kinase) and growth inhibitory signals (e.g. TGF-WDI).

Signal
Transduction

441

Table 28.6 Signal deliveryto transcription factors
Transcription
factor

Signal delivery mechanism (activation)

AP1 (c-Jun)

Dephosphorylationof DNA-binding domainby inhibition of certain
kinases by Rsk-l, which is activated by MAP kinase
Phosphorylationof Ser-63 and Ser-73in transactivation domainby SAP
kinase
Induction of c-fos gene expression by activation of Elk-l (see separate
entry)
Phosphorylation of Thr-232in transactivation domainby FRK, a
Ras-activated kinasedistinct from MAP kinase
(Phosphorylation of C-terminal serinehhreonine residues causes
c-Fos
to silence transcription of the c-fos gene)
Phosphorylation at Ser-133by PKA allows interactionwith accessory
protein CREB binding protein (CBP) which interactswith initiation
complex
Phosphorylationon Ser-l17 required for transactivation
Phosphorylation by Pelle kinase stimulates release of inhibitory
factor
Cactus (IK-B)revealing nuclear localization sequence and allowing
translocation to the nucleus
Phosphorylation ofElk-l on C-terminal Ser residuesby MAP kinase (a)
allows construction of a stable complexwith SRF and other
regulatory components, and (b) stimulates the transactivation domain
DNA damage causes increased translation of p53mRNA and increased
protein stability
Phosphorylation stimulates dimerization and translocation
to the
nucleus.
Ligand-binding causes conformational change which allows
DNA
binding
Some receptors also regulated
by phosphorylation on serine residues.

(C-FOS)

CREB
CREM
Dorsal (NF-kB)
Elk-l/SRF
P53
STATs
Steroid receptor superfamily

I

Box 28.1: Src homology and other conserved signaling domains

Domain structure of signaling
proteins. Many sig- further binding domain,preferentially interacting
nal transduction proteins contain conserved with proline-rich motifs. SH4is a short domain regdomains facilitating interaction betweenthe various ulating the myristoylation of glycineresiduesand
components of signal transduction pathways. These
thusallowingmembrane
docking (only the Src
were first identified as common modules found in family kinases and certain isoforms of Ab1 contain
nonreceptor tyrosine kinasesof the Src family, and
an SH4 domain). Several other conserved signaling
were termed Src-homology (SH) domains. SH1 is
modules have been identified, including the phosthe kinase domain itself andis the most highlyconphotyrosine-binding (PTB) domain, whichis distinct
servedmodule.SH2
is found in manytyrosine
from
SH2, and the pleckstrin homology (pH)
kinases and other molecules (see figure) - it is a
function is unclear, but
phosphotyrosine-bindingmotif, i.e. it allows pro- domain,whoseprecise
whichinvolves lipid binding andinteractions with
teins to bind to phosphorylated tyrosine residues
such as those found on activated RTKs. SH3 is a P-subunits of G-proteins through WD40 motifs.
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The figure shows diversity

amongst signaling proteinswith
conserved domains SH2. SH3, Pro (proline-rich,putative
SH3recognitiondomains) and PH (Plekstrinhomology).
c-Ab1andc-Srcarekinases,
PLC? is a phospholipase,
SHP-2 is aphosphatase, PARK is a receptortyrosine
kinase and STAT1 is a transcription factor,SOS is a guanosine nucleotide exchange factor and GRB2 is an adaptor
protein. Note that the PH domain of PLC-y is interrupted by
the S H M H 2 - S H 3 module.
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Chapter 29

Transcription
Fundamental concepts and definitions
Transcription is the synthesis
of RNA using DNA as a template.
In vivo, transcription is the first
level of gene expression and the predominant level of gene regulation. Additionally, RNA
primers for cellularDNA replication are generated by transcription, and transcription plays a
major role in the replication cycle
of the retroid vinrses (q.v.). The componentsof several badein vitrothe
transcription,
rial and eukaryotic transcription systems have been defined, allowing
and coupledin vitro transcription and translationof cloned genes.
Unlike DNA replication (q.v.), transcription is asymmetric
-only one strandof the DNA is used
as a template (Figure 29.1). The nascent RNA is analogous to theleading strand (4.") in DNA
replication, i.e. is
it transcribed continuously. Each
RNA molecule isa transcript, and the region
of DNA from which it was transcribed is a transcription
unit (q.v.gene, cistron, operon). The first
+l of the transcription unit. The nucleotide
nucleotide in the transcript is defined as position
immediately preceding this on the corresponding
DNA strand is defined as position
-1; there
is no position0.
Enzymeswhichcatalyzetranscriptionaretermed(DNA-dependent)RNApolymerases.
Unlike DNA polymerases, RNA polymerases initiate strand synthesis de nmo (i.e. without
primers) and do not proofread their transcripts (see
Box 26.1).
Successful transcription requires
RNA polymerase to be recruited to a cis-acting promoter site
upstream of the active gene. Prokaryotic RNA polymerases bind to DNA directly, whereas
eukaryotic enzymes require other proteins to form
an initiation complex at the promoter. The
efficiency of RNA polymerase recruitment may be influenced by transcription factors acting
either positively or negatively, and binding at the promoter, or at more distant enhancer (positive) or silencer (negative) sites, which interact with the initiation complex by theoutlooping
of intervening DNA.
29.1 Principles of transcription
Stages of transcription. Like other polymerization reactions, transcription is divided into three

stages: initiation, wherethe RNA polymerase bindsto the DNA and begins RNA synthesis, elongation, where the RNA strand is extended and the majority of RNA synthesis takes place, and
termination, where elongation ceasesand thetranscript dissociates fromthe template. The detailed
mechanisms differbetween prokaryotes and eukaryotes, but similar principles apply.
At initiation, RNA polymerase recognizes and binds to a cis-acting element, the promoter,
located closeto the transcriptional start site of the gene. Initial binding generates a closed promoter
complex. Successful initiation converts this assembly into an open promoter complex where the
DNA is locally unwound. Transcription begins with the insertion of the first ribonucleotide (usually a purine nucleotide). The end of initiation is signified by promoterclearance, where the RNA
polymerase moves away
from the promoter site without dissociating, freeing the promoter for further initiation events. Promoter clearance occurs only if the open promotercomplex is stable, and
usually follows a number of abortive initiations where shorttranscripts are generated. This is a
general property of RNA polymerases and appears to be required for de nmo strand synthesis.
Initiation is usually the rate-limiting step in transcription, and isthe primary level of gene regulation in both prokaryotes and eukaryotes. Regulatory factors whichbind to cis-acting sites
surrounding the promoter, and also at more distant sites, interact with the initiation proteins to
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Figure 29.1: Nomenclature of DNA strands in a transcription unit. It is necessary to discriminate between the
two DNA strands because only oneacts as the template for transcription. The
template strand is
complementary to the transcript, whereas the
nontemplate strandcarries the same sequenceas the
In protein-coding genes, the nontemplate strand carries
transcript, except that thymidine replaces uridine.
the sameinformation (codons)as the mRNA and is described as the coding strand, sense strand" or (+)
strand, whereas the template strandis the anticodingstrand, antisense strand' or (-) strand; the
anticoding strand has the same sequenceas antisense RNA. The sense of the genomicDNA strand often
switches because adjacent genes differin their orientation.Only in certain virus genomes are all genesin the
same orientation,so that the entire genome can be designatedas (+) or (-) sense (alsoq.v. ambisense RNA,
nonsense codon, missense mutation, countertranscriptRNA).There is some disagreement as to the use of
the termssense and antisense when referring to DNA strands. The definition given here is the logical and
popular one (i.e.sense DNA strand = mRNA sequence; antisense DNA strand = antisense RNA sequence)
although this differs from its original usage.

modulate either initial binding of the enzyme, the formation of the stable open promoter complex
or the efficiency of promoter escape.
Once successful initiation has beenachieved, the RNA polymerasemoves processively along the
template synthesizing nascent RNA in the 5'+3' direction. The double-stranded DNA is unwound
ahead of the elongation complexand rewound behindit; in eukaryotes, this involves disruption of
the nucleosome structure of DNA (see Chromatin). Thetranscript is thus paired with the template
only transiently. The dynamic,
transiently melted structure representing the site of transcription i s a
transcription bubble. The elongation rate is usually constant, although it may be perturbed by
secondary structure in the template (q.v. cotranscriptional regulation, transcription-coupled repair). In
prokaryotes, continued elongation may depend uponconcurrent protein synthesis (q.v. attenuation).
Transcription may terminate by several different mechanisms:
secondary structures in the nascent
transcript, termination sites inDNA or cleavage of the transcript. Termination of transcription
involves release of the enzyme and any associated factors,and liberation of the nascent transcript.
Three components oftranscriptionalactiwify. Transcriptional activity is the rate of RNA synthesis,

e.g. the number of full-length transcripts synthesized per minute. Initiation is usually rate-limiting,
so transcriptional activity directly reflectsthe efficiency of transcriptional initiation. The control of
initiation is divided into three components: basal, constitutive and regulated.
Basal components serve primarily to recruit RNA polymerase to the start of transcription, permitting the initiation of RNA synthesis.
Constitutive components control the efficiency of initiation in the absence of regulation and
therefore dictate the default level of transcriptional activity of each gene,allowing different genes to
be expressed at different rates to suit the fundamental needs
of the cell.
Regulatory components alter initiation efficiency, allowing the transcriptional activity of
individual genes to be modulated in response to changes in the environment. In multicellular
organisms, the regulation of transcription also playsa major role in specifying and maintaining
differentiated cells.
These threecomponents of transcriptional control differ betweenprokaryotes and eukaryotes, as
discussed below (seeTable 29.1).
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Table 29.1: Comparison of prokaryotic and eukaryotic transcriptional
initiation control

Bacteria

Eukaryotes

Basal promoter
element

-1 0 and -35 sequences (context at start
site and downstream alsocontribute
to initiation)

Recognition
Control of
constitutive
expression

o-factor of RNA polymerase
Depends entirely on basal promoter
sequence, context and architecture

Regulated
expression

Controlled predominantlyby proteins
binding to regulatory elements lying
adjacent to or overlapping promoter.
Distant enhancers rare

Strategies

Functionally relatedgenes often clustered
as operons and cotranscribed. Close
spacing of genes allows regulationby
countertranscription. Rapid response
strategies are important, hence
predominance of allosteric modulation
in transcription factor regulation,
antisense RNA control, unstablemRNA
and linked regulation of transcription
and protein synthesis

Class I: Core promoter
Class Il/some Class111: Usually initiator
andlor TATA box
Class 111: Internal bipartite promoter
TBP and/or other GTFs
Depends both on basal promoter
structure andthe presence of
constitutive transcriptional activators
bound at cis-acting sites in
promoter/enhancers
Class I genes are constitutive.
Class II and 111 gene expression
controlled by proteins binding to
regulatory elementsin upstream
promoter and distantenhancehilencer
elements which interact with the
promoter by looping out the
intermediate DNA
Functionally relatedgenes often
dispersed (c.f. p-globin cluster,Hox
genes) with overlapping sets of
regulatory elements- absence of
operon organization(see text for
exceptions), but some examplesof
coordinated cis-regulation(e.g. q.v.
locus control region). Genes widely
spaced - countertranscription
uncommon (c.f. parental imprinting.)
Both rapid and slow responses
common. Rapid responses usually
linked to signal transduction, hence
predominance of covalentmodification
in transcription factor regulation. Slow
responses include differentiation,often
involving de novo synthesis of
transcription factors

TBP, TATA-binding protein: GTF, generaltranscription factor.

- basal and constitutive components

29.2 lkanscriptionalinitiation in prokaryotes

RNA polymerases. In prokaryotes, a single RNA polymerase transcribes all genes. The E. coli polymerase has a tetrameric core enzyme containing a-and p-type subunits with the stoichoiometry
a2pp'. This is sufficient for transcriptional elongation, but initiation requires a further subunit
termed a, which completes the holoenzyme. The o-factor has two functions: it recognizes the promoter and it converts the closed promoter complex into an open promotercomplex. Once transcription is initiated, the a-factor dissociates from the holoenzyme. The core enzyme can bind to
DNA in the absence of a, but with l o w efficiency and n o specificity. The primary function of the
o-factor is thus to
increase the binding efficiency of RNA polymerase at the promoter and
decrease
nonspecific binding.
A single a-factor (a70 in E. coli) initiates the transcription of most genes, but other a-factors,
recognizingvariant promoters, may be synthesized toinducethecoordinated
expression of
specialized genes (e.g. those involved in the heat shock response). Some bacteriophages (e.g. T4)
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encode their own a-factors which subvertthe host core enzyme intotranscribing the phage genes.
Others (e.g. T3, T7)encode their own RNA polymerases, which are single polypeptides withgreat
affinity forthe phage promoters.
Other bacteria contain similar RNA polymerases to E. coli although the number of subunits
varies. Conversely,the archaean RNA polymerases are similar to the eukaryote enzymes.
Basal t~/~scriptione/
initiation. Transcriptional initiation in bacteria begins with the bindingof the
RNA polymerase holoenzyme to the promoter, situated at the 5’ side of the gene (this bindingis
facilitated bythe a-factor, as discussed above). Initially, theenzyme bindsloosely and reversibly to
duplex DNA (loose binding) as itsearches for the promoter sequence -this is the closed promoter
complex.When the correct sequence is recognized, the DNA at the promoter site is locally
unwound. The interaction between the enzyme andDNA then becomes irreversible (tight binding)
and characterizes the open promoter complex. Transcription begins de novo, usually with GTP or
ATP, and unlike the subsequent nucleotides, the initial residue retains its triphosphate moiety.
Processive transcription often fails after a short oligonucleotide has been synthesized, and the
enzyme returns to the start (abortive initiation). Successful initiation usually follows the assembly
of 10 or more nucleotide subunits on thetemplate, by which timethe enzyme hascleared the promoter. The a-factor then dissociates from the core enzyme.

-

Constitutive control promoter architecturn. Bacterial promoters are relatively simple. E. coli promoters consist of two consensus motifs, the -10 sequence (Pribnow’s box) and the -35 sequence
(Figure 29.2), which interact directly with the a-factor. Thesequence of each motif and their relative
positioning are critical for successful initiation. Mutations in the -35 sequence affect the efficiency of
initial binding, whereas mutations in the -10 sequence affect the rate of open complex formation.
This indicates that the -35 site is the initial recognition motiffor the a-factor causing the -10 sequence
to be unwound, a process facilitated by its multiple weak AT bonds (q.v. thermal melting). The distance between the two sites represents a single turn of helix, allowing the two motifs to interact with
the a-factor simultaneously. Mutations which alter this spacing change the efficiencyof initiation by
affecting the ability of a to interact with both motifs; the alteration of DNA topology or conformation has similar effects. The sequence at the start site itself can also influence the efficiency of
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Figure 29.2: Basal promoter structure. Architectureof the E.coli consensus promoter, and eukaryotic class
1,

class I1 and class 111 promoters. There are four typesof eukaryotic class I1 promoter which may or may not
possess a TATA box and an initiator consensus. The class111 promoter is that of the 5s rRNA gene. Other class
111 promoters are reminiscentof class I1 promoters and may possess a TATA box and initiator-like element.
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initiation and often includes the trinucleotide motif CAT, with the central purine corresponding to
position +lof the transcript. Additionally, the efficiency of promoter clearance is modulated by the
nature of the first fifty or so bases in the transcribed region.
The efficiencyof 'default' transcriptional initiation in E. coli varies throughthree orders of magnitude, reflecting deviations from the consensus promoter sequence. The weakest promoters lack a
-35 sequence altogether, the default expression rate is close to zero, and additionalactivator proteins
are required to facilitate RNA polymerase binding (q.v. catabolite repression). The different a-factors
of E . coli recognize different consensus sequences, although the bipartite architecture appears to be
broadly conserved. Similarpromoters are found in many other bacteria, although there may be variation in the relative positions of the conserved motifs.

-

29.3 TLanscriptional initiation in eukaryotes basal and constitutive components
RNA polymerases. Eukaryotes possess three DNAdependent RNA polymerases, each responsible
for the transcription of different classes of gene; their properties are summarizedin Table 29.2.The
enzymes can be distinguished by their differing sensitivities to a-amanitin, a fungal toxin. Thesubunit structureof theeukaryotic RNA polymerases is relatively poorly characterized, although each
has 10 or more subunits, someof which are common to all three enzymes. The largest subunits of
each polymerase are homologous to each other and to the a, p and p'subunits of E. coli RNA polymerase. The P'-like subunit of RNA polymerase II has a flexible C-terminal domain which plays an
important role in transcriptional initiation and elongation (see below) and binds splicing and
polyadenylation factors (see RNA Processing). Thereis no counterpartto the bacterial a-factor,and
the eukaryotic RNA polymerases are consequentially unable to recognize or bind to their promoters
without the assistance of additional proteins.
Overview of basal transcriptional initiation.
Eukaryotic RNA polymerases require accessory protein
factors, the transcription initiation factors (TIFs) or basal or general transcription factors(GTFs),
to assist them in the recognition of the promoter. The GTFs must bind to the DNA first to form a
complex which recruits RNA polymerase to the DNA at the transcriptional initiation site.
Recruitment of the enzyme and further basal factors to the DNA forms the preinitiation complex.
This maybe converted froma closed toan open DNA configuration by the activities of one or more
of the GTFs. The GTFs,in concert with the RNA polymerase itself, comprise the basal apparatus of
transcriptional initiation.
The GTFs associated with the three eukaryoticRNA polymerase enzymesare distinct, but contain
common components. The most significant
of these is the TATA-bindingprotein (TBP),which makes
sequence-specific contactswith DNA in certaintypes of promoter (see Nucleic Acid-binding Proteins).

Table 29.2 General properties of the eukaryotic RNA polymerases
Enzyme
RNA polymerase I

RNA polymerase II
RNA polymerase 111

Transcription of the 45s rRNA
precursor, a single
polycistronic unit
containing 5.8S, 18s and 28s rRNA
genes (class I genes)
Transcription of all
protein
encoding
Inhibited
genes and most genes for small
nuclear RNAs (class I1 genes)
Transcription of tRNA genes, 5 s rRNA
U6
genes
and
genes
encoding
snRNA and the various scRNAs
(class 111 genes)

Insensitive
a-amanitin,
to
sensitive
to
actinomycin D
by a-amanitin

Moderatelysensitive to a-amanitin
depending on species
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Overview of constitutive control. The basal initiation complexes formed by the eukaryotic RNA
polymerases support only minimal
transcriptional activity: in the absence of other interacting proteins, they assemble slowlyand are unstable. The efficiencyof initiation is increased by interaction
with protein factors bound at cisactingsites surrounding the promoter and, in the case of class II
genes, at distant sites termed enhancers. Thesetranscription factors provide a suitable environment
for the assembly of the initiation complex and/or interact with its components to stimulate their
binding or their activity, i.e.they are transcriptional activators. The presence ofSome transcription
factors in an active form is regulated, and such factors contribute to the regulation of their target
genes in response to external stimuli etc. Others are active in all cellsand thuscontribute to the constitutive transcriptional activity of the gene. A major distinction between transcriptional initiation
in bacteria and eukaryotes is therefore that the bacterial RNA polymerase h o l o a q m e can efficiently initiate transcription on a consensus promoter without the assistance ofbrther components,
whereas eukaryotic RNA polymerases require GTFs for promoter recognition and assembly of the
initiation complex, and need constitutive regulatory factors for the assembly process to be efficient
and stable enough to sponsor transcription, men on strong con~en~us
promoters. This reflects the
general negative regulatory strategy in eukaryotic genomes - there are lots of genes and most are
inactive most of the time, so gene expression is usually mediated byselective activation. Thereare
also examples of active repression,however (q.v. silencer, repression domain).
hitiation of RNA polymerase I transcription. There is a single class I transcription unit in eukary-

otic genomes, encoding several ribosomal RNAs as a polycistronic transcript. The control of RNA
polymerase Itranscription is simple. The vertebrate RNA polymerase Ipromoter is bipartite, consisting of a core promoter which surroundsthe transcriptional start site and an upstreamcontrol
element (UCE) about 100 bp 5' to the start site. The corepromoter alone is sufficient forbasal transcription, but the presence of the UCE strongly increases transcriptional activity. A protein called
UBFl binds to GC-rich motifs in both elements and serves as a recognition point for a tetrameric
complex SL1, which contains theTATA box-binding protein TBP and other components required to
load RNA polymerase onto the DNA. The activity of UBFl is influenced by interaction with the
retinoblastoma protein(q.v.), coupling rRNA synthesis to the cell cycle. Insome lowereukaryotes, the
SL-l homolog itself binds toDNA and there is no UBF1.
hitiation of RNA polymerase/I transcription. RNA polymerase II promoters arethe most diverse,
reflecting the great variety of regulatory elements controlling the complex expression patterns of

the many protein-encoding genes. Generally, such promoters can be divided into the basal promoter located at the transcriptional start site and the collection of upstream promoter elements,
comprising both constitutive and regulatory motifs. Basal promoters show some variability, but
can beplaced into four major classes. However,the upstream promoter elements
of different genes
appear to have distinct configurations of constitutive and regulatory elements, allowing great
diversity of transcriptional regulation (see later). The basal promoter consists of an initiator (Inr)
sequence, which is found at t b transcriptional start site and has the consensus YYCARR, and/or
a motif termed the TATA box (also known as the Goldberg-Hogness (GH) Box) positioned at
about -25, which has the consensus TATAWAW. These motifs are similar to the bacterial start site
(CAT) and -10 sequence (TATAAT), respectively, although the relative positions differ. Theinitiator
and TATA box serve as recognition sites for the general transcription factors and function to position the initiation complex accurately at the start site. Some class
11genes lack both a TATA box and
initiator and may rely on downstream elements for binding. These promoters usually have multiple transcriptional initiation sites (multiple start sites), reflecting a lack of accurate polymerase
localization. Thefour types of class I1 basal promoter are shown inFigure 29.2.There is noevidence
that any particular promoter type is consistently more efficient than any other, and mutations in
the conserved motifs have different effects indifferent genes. This suggests that the context of the
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promoter andits relationship with other proximal elementsis probably importantfor the efficiency
of transcriptional initiation.
The first stage of transcriptional initiation is the recognition of the TATA box by the TFIID factor,
which comprises the TATA-binding protein TBP and a variety of "BP-associated factors (TAFs).
TBP makes sequence-specific contacts with DNA at the TATA box though the minor groove (see
Nucleic Acid-binding Proteins).TAFs are important for two reasons: they may recognize non-TATA
elements in the core promoter and may thusplay an important role in the recognition of initiatoronly promoters and
null promoters (Figure 29.2), and they also allow TFIID to respond to transcriptional activators and silencers. The particular assembly of TAFs at the basal promoter therefore
dictates how the initiation complex interacts with upstreamactivators, enabling the basal promoter
itself to demonstrate somecell-type specificity. For instance,
the lymphoid-specific expression of the
terminal deoxynucleotidyl transferase gene and the myeloid-specific expression of the interferon-y
gene are both deregulated if their basal promoter architecture is altered. Similarly, the promoter
usage changeover between embryonic and
adult flies in the Drosophila alcohol dehydrogenase gene
depends onthe structure of the initiator element.
Further multimeric factors then bind sequentially to the promoter (Figure 29.3). TFIIA is the first
to be recruited and is responsible for blocking the binding of factors such as DRI, which inhibit
TFIID activity. TFIIB then binds and acts as a bridging protein for the recruitment of TF'IIF. TFIIF
carries the RNA polymerase 11 enzyme into the complex. TFIIB and TFIIF may together promote
specific interactions between RNA polymerase 11 and the start site. The enzyme facilitates the
recruitment of TFIJE, which in turn recruits TFIIH (and stimulates its activity) and TFIIJ. TFIIH is
essential in the preinitiation complex: it possesses helicase activitywhich controls promoter melting, and kinase activity which phosphorylatesthe C-terminal domain (CTD) of RNApolymerase 11.
Phosphorylation releases the enzyme from the initiation complex and facilitates promoter clearance,
leaving a residual initiation complex at the promoter. TFIIH also phosphorylates other basal components and different forms of the protein are involved in transcription-coupled repair (q.v.). Like
bacterial RNA polymerases, RNA polymerase II may make abortive initiations before promoter
clearance. The firstnucleotide inserted is usually a purine, which is modified immediately bythe
enzyme mRNA guanyltransferase to generate a distinctive cap (q.v.). The transcription start site in
RNA polymerase I1 genes is thus sometimes termedthe cap site.

Promoter

+
+
m,m
+

TrmD (TBP & TAFs)

TFIIF-RNA Polymerase U

Initiation and Elongation

Formation of open promoter complex
CTD phosphorylation
Initiationof transcription
Promoter clearance
Loss of TFIIB, TFIIE, TRIH,'IFIIJ

Figure 29.3: Stages in the activationof transcription at RNA polymerase II promoters.
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hfii8tiOn of RNA po/ymerase /l/ transcription. RNA polymerase 111 promoters fall into three cate-

gories. The 5s rRNA and tRNA genes,and genes encodingseveral scRNAs possess internal control
sites (ICs), promoters which lie downstream of the start of transcription and become transcribed
I promoters andrequire the binding of three GTFs
into RNA (Figure 29.1). 5s rRNA genes have type
(TFmA, TFIIIB and TFIIIC) to load the RNA polymerase. The tRNAgenes havetype I1 promoters
and require the binding of only TFmBand TFIIIC. Type I11 promoters control snRNA gene expression and resemble typical RNA polymerase I1 promoters, possessing TATA boxes and RNA polymerase 11-like regulatory motifs; these promoters are thus more complex than type I and 11 promoters and can drive cell-type-specific gene expression. TFIIIB and other accessory factors are
required for polymerase recruitment on type 111 promoters. TFIIIB is the common component in
each type of RNA polymerase 111promoter. It contains the TATA-binding protein and ineach case
recruits the RNA polymerase to the initiation complex. In type 111 promoters, TFIIIB interacts
directly with the DNA, whereas ontype I and 11promoters it binds to the preinitiation complex by
protein-protein interactions with theother GTFs. This is analogous to the different assembly pathways of TATA-box promoters andTATA-less promoters of RNA polymerase I1 genes.

-regulatory components

29.4 manscriptional initiation

prinCip/eS Of transcription f8aCtOf 8CtiVit)f. The concept of transcription factors binding to sites
surrounding the basal promoter or beyond, and controlling the assembly, stability or activity of the
initiation complex, was introduced above in the context of eukaryotic constitutive transcriptional
activators. In both prokaryotes and eukaryotes, the basal promoter may also be surrounded by short
sequence motifs which are binding sites for reguZafory transcription factors. These proteins employ
the same operational mechanisms as constitutive transcription factors, but may acteither positively,
to increase the rate of transcriptional initiation (transcriptional activators), or negatively to decrease
it (transcriptional repressors). Furthermore, unlikethe constitutive factors, their presence or activity
is limited, e.g. by external signals,enabling the genes they control to be similarly regulated.
In principle, transcription factors act in four ways:
(1) by binding to DNA and interacting with the basal initiation apparatus;
(2) by binding to DNA and altering its structure or conformation;
(3) indirectly, by binding to DNA and interacting with another regulator to influence its activity;
(4) through protein-protein interactions (i.e. without binding to DNA at all), either directly with
components of the basal apparatus or indirectly with other regulators.
Transcription factors in bacteria and eukaryotes can be divided into a small number of families
based on their domain structure. They may possess several domains, typically a DNA-binding
domain and an activation (or repression) domain, but often also a dimerization domain, and
domains for interaction with effector molecules or signal transduction components. DNA-binding
domains are not discussed in this chapter (see Nucleic Acid-binding Proteins).
The transcriptional activity of a given gene thus depends upon
its invariant, intrinsic properties,
which set its default expression rate (i.e. the structure of its regulatory elements and, in eukaryotes,
the presence of constitutive activators) and variable extrinsic factors (i.e.the availability of regulatory transcriptional activators and repressors). Housekeeping genesare controlled predominantly
by promoter architecture and constitutive transcription factors, whereas inducible or repressible
genes, and genes expressed in a cell-type-specific or developmentally restricted manner, are also
controlled by regulatory transcription factors.

-

Regu/atory elements promoters and enhancers. Regulatory cis-acting elements are often found
near the basal promoter, facilitating local interactions
with RNA polymerase (in bacteria)
or the pminitiation complex (in eukaryotes). Most bacterial regulatory elements flank the promoter, whereas in
eukaryotes, constitutiveand regulatory transcription factors
usually bind at sites located 5' to the basal
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promoter, in the upstream promoter region. As well as these proximal sites, additional cisacting
elements may be found hundredsor even thousands of base pairs away from the gene they control.
Such distant regulatory elements are termedenhancers if they act positively, or silencers if they act
negatively; they are common in eukaryotes but rare in bacteria -e.g. in E. coZi, enhancers are associated only with genes transcribed under the control of the @-factor. Enhancers act similarlyto pmmoters in that they are cisacting elements which bind
regulatory and (in eukaryotes) constitutive transcription factors, and interact with the basal initiation complex to control transcriptional initiation.
However,because of theirdistance, such interactionsare mediated by the looping out of the
intervening DNA, allowing enhancers to act in a position-and orientation-independent manner hence they may be located upstream,downstream or even within the gene they regulate. Promoter
regulatory elements are more restrictedin this respect, and promoters thusfunction in one orientation
only. Some interactions occur by adjacent
binding so that the position of the regulatory elementin the
promoter is essential forits function - most bacterial operators and activator/initiator sites fall into
this category. Other interactions require localbending and folding of the DNA round the initiation
complex and the position of the regulatory element is more flexible
-this applies to many eukaryotic
transcription factorsbound to the upstream promoter region.Table 29.3 gives asummary of cis-acting
sites and trans-acting factors in transcription.
Locus control regions. A locus control region (LCR) is a eukaryotic cis-acting element, usually

located a 'considerable distance from the genes it regulates, which is essential for transcriptional
activity because it establishes an independent chromatin domain. The importance of the LCR is
demonstrated by the analysis of globin gene expression in transgenic mice, and from this type of
experiment, the operational definition of an LCR is derived. The p-globin gene maybe introduced
into cultured erythroid cells by transfection and is maintained episomally for a short time. If the
construct contains the Eglobin promoter and enhancers, it may be expressed at high levels.
Conversely, if the same construct is introduced into the mouse genome, it may demonstrate only
minimal activity, even in erythroid cells, becauseit is inhibited by the adjacent chromosome regions.
This cis-acting inhibition is alleviated if the construct is joined to the locus control region, which
allows the P-globin transgene to be expressed in the erythroid lineage of the transgenic mice. The
LCR not only allows integration position-independent expression, but the transgene expression
levels are also directly proportional to copy number. However,the LCR has noeffect on transcription in transfected cells, i.e.it is not simply anenhancer.
Like the promoters andenhancers, the globin LCR contains many bindingsites for transcription
factors, some constitutive and some erythroid-specific. Because it does not affect the transcription
rate in cultured cells but doesso in vivo, the LCR is thought to act by modulating chromatinstructure
(episomally maintained DNA is not packaged into chromatin andis therefore free of the constraints
of cis-repression). How the LCR mediates its effect isunknown, butit is in some way
connected with
the temporal regulation of the genes of the p-globin cluster (see Box 29.1 for further discussion).
Bacterid transcription factorsthat interact with RNA pdymerase. Many transcription factors func-

tion by directly influencing initiation through interaction with oneof the components of the initiation complex. In bacteria, such transcription factors interact with RNA polymerase itself. In E. coli,
a simple model fortranscriptional repression in the lac operon involves the Lac repressor binding to
the major operator site which overlaps the promoter, directly blocking the access of RNA polymerase to the promoter. Alternatively, both the Lac repressor and RNA polymerase may bind to the
DNA, and interaction between the repressor and the enzyme could prevent opencomplex formation. There are examples of both strategies in other operons. There is an obvious overlap between
the promoter and operator in the aroH and trp operons, suggesting that blocking/displacement is
the likely mechanism of inhibition, whereas adjacent binding of CAP and RNA polymerase is
responsible for activation of transcription at the lac and gal operons under conditions of catabolite
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29.3

Table
Summary of the cis-acting elements and trans-acting
factors which control transcriptionalinitiation
in bacteria and eukaryotes(+), positively acting: (-), negatively acting
Element

Definition and function

Bacteria
Promoter (+)

In bacteria, the site where
RNA
polymerase
binds.
In E. coli and
many
other bacteria, the promoter consists of two motifs at positions -35
and -10, recognized by the o-factor of RNA polymerase. Equivalent
to eukaryotic basalpromoter
Initiator/activator (+); operator (-) Positively/negatively acting regulatory elements in bacteria which
usually overlap or abutthe promoter and influenceRNA polymerase
binding or activity
A distant,
positively
acting
regulatory
element. Bound factors interact
Enhancer (+)
with the promoterby looping out of the interstitial DNA

Eukaryotes
Promoter (+)

Enhancer (+); silencer (-)

Upstream activator site (+);
upstream repressor site(-)
(UAS, URS)
Locus controlregion (+)

In eukaryotes,
a
control site proximal to the gene which contains two
components: a basal promoter where RNA polymerase binds
(equivalent to the bacterial promoter), and anupstream promoter.
The latter containsboth constitutive elements and regulatory
elements, which togethercontrol transcriptional initiation. Promoters
can extend some distance fromthe gene, but act in an orientationdependent manner. Most promotersare found immediately 5’ to the
gene, although RNA polymerase 111 promoters may lie withinthe
transcribed region(internal control sites)
Enhancers are positively actingcontrol sites in eukaryotes, often
containing both constitutive and regulatory elements, which can
increase the transcriptional activity of their target gene
by up to
1000-fold from very great distances (c50kbp). Enhancers are
orientation- and position-independent because they interactwith the
basal apparatus by looping out interstitialDNA, but do not show
promoter activity because they lack basal components. Enhancers
may contain functionally clustered groups
of binding sites termed
enhancons. They may regulate more than one promoter, resulting
in enhancer competition in some systems. Silencers are negatively
acting control siteswith the same operational properties
as enhancers
Enhancer-orsilencer-like sites found in yeast, which function in a
similar manner but are incapable of operating downstreamof the
gene theycontrol
Distant regulatory elementscontrolling gene expressionby establishing
an open chromatin domain. Alleviate cis-repression caused
by
chromatin silencing, allowing position-independent andcopy
number-dependent transgene expression, but do not enhance
transcriptional activity in transient transfection assaysin the manner
of a classicenhancer

Transcription factors vs)

Definition
and

Bacteria
Sigma factor
Transcriptional
activatorshepressors

Subunit
of
RNA
polymerase
which recognizes the promoter
Proteins which bind to initiator/activator
and
operator
sites
and
influencepolymerase
RNA
binding/activity

Eukaryotes
Basal TF
General TF

A transcription factor suchas TFllD which is part of the peinitiation
complex at the basal promoter and is required
for RNA polymerase

function

Continued

Transcription
Transcription
initiation
factor ( I F )
Constitutive
TF
Transcriptional
activatorshepressors
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binding activity.
or Nomenclature
according
to the
system TFab,
where a is the
cognate
RNA
polymerase
and
b reflects the order of
discovery. Hence TFllD was the fourth transcription factor discovered
in the RNA polymerase II initiation complex.
A transcription
factor
such
as
Spl which
present
is all
in
cells
and
has
to constitutive
a general positive role in gene expression. Binds
elements in the upstream promoter and enhancer
transcription
A
factor
such
MyoD1
as whose
presence
active
an
in
form
itself
is regulated.
Binds
to regulatory
elements
the
inupstream
promoter and enhancer and facilitates regulated gene expression

repression (see Box 29.2). Positive interactions also occurbetween RNA polymerase at thepromoter
and transcription factors bound at bacterial enhancers bythe looping out of intervening DNA. RNA
polymerase bindsto the promoter of the glnA gene to form a closed promoter complex, but open
promoter complex formation requires interaction with NtrCtranscriptional activators bound at twin
enhancers located 150bp away. Direct physical contact
between the activators and RNA polymerase
is required for DNA unwinding. In certain cases, the activity of a transcription factor can influence
the specificity of RNA polymerase for its promoter. Theprogress of sporulation in B. subtilis is controlled by the regulated synthesis of several distinct 0-factors and additional transcription factors
which control promoter specificity (seeBox 6.2).
Bacterial transcription factorsthat modulate DNA structure. In prokaryotes, the topological prop-

erties of DNA can influencetranscription. Cryptic operons can be derepressed by mutations inthe
gene encoding D N A gyrase (q.v.), or transposon insertion, presumably altering the level of supercoiling and allowing the DNA to be recognized by RNA polymerase. Furthermore, several transcriptional repressors function by isolating the promoter in a topologically constrained loop of DNA
so that open promoter complex formation is inhibited. The dual promoters of the gal operon in E .
coli are flanked by operators which cooperatively bind the Gal repressor. Repressor monomers
bound at each site associate to form a dimer, isolating the promoter in a 114 bp DNA loop within
which the duplex cannotbe unwound. Asimilar loop is formed in the lac promoter byinteraction
between Lac repressor bound at the major operator and oneof the two minor operators.
1

fukagfotic transcription factors that interact with the preinitiation complex. In eukaryotes, most

transcription factors directly interacting with the preinitiation complex are transcriptional activators. The analysis of transcription factor domain structure has shown that the activation domains
(which contact the basal apparatus to facilitatetranscriptional activation) can be assigned to a small
number of families (see Box 29.3 and also q.v. domain swap), as for DNA-binding domains (see
Nucleic Acid-binding Proteins). The acidic activation domain is highly interchangeable between
transcription factors from different species,suggesting that all transcription factors of a given activation family interact with the same, highly conserved component of the basal apparatus. The
phenomenon of squelching supports this conclusion - a gene is squelched when a transcription
factor is overexpressed and notonly activates all its target genes, but sequesters, by protein-protein
interactions, components of the basal apparatus of genes it does not normally regulate, causing
global downregulation. Activation domains of all three classes stimulate the recruitment of TFIIB to
the initiation complex, and acidic activation domains induce a conformational change in TFIIB
which increases its affinity for RNA polymerase. Activation domains also influence the activities of
several components of the basal apparatus, including RNA polymerase itself. A multicomponent
complex termed mediator has been identified in yeast and humans which assembles on the RNA
polymerase Il C-terminal domain to transmit signals from transcriptional activators. The TATAbinding protein is also a target, and activation is mediated through interaction with the TAFs.
Different transcription factors have been shown to interact with different TAFs, and different TAFs
assembleon promoters with different architecture. This allows the basal promoter tocontrol
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cell-typespecific gene expression, by dictating the availability of TAFs to interact with particular
upstream transcriptional activators (Box 29.3). Several transcription factors are known to act as inkPators of multiple signals: CBP, for example,is a @antintegrator protein with tens of binding sites
for differenttranscription factors, interacting by the looping of DNA. Transcriptionalactivators may
also interact with several other GTFs, including TFIIH. Thus transcription is regulated by multiple
factors acting on multiple targets in the preinitiation complex to increase its rate of assembly, its
stability and its activity.
Unlike most bacterial repressors, which directly interactwith RNA polymerase, most eukaryotic
transcriptional repressors act passively by inhibitingthe function of an activator (see below). Some
direct repressors have been isolated, however,
and these appear to mediate their function analogously
to activators, i.e. by interacting directly
with the basal initiation complex. These factors interact by p
tein-protein contacts, as is the case for DR1 which inhibits
the assembly of the preinitiation complex,
in the promoter or in distant silencer elements and may
whereas others have discrete &-acting sites
act either to inhibitthe assembly or activity ofthe preinitiation complex(e.g. the Drosophih pair-de
protein Evenskipped andthe mammalian thyroid hormone receptorin the absence of its ligand).
Eukaryotic transcription factors
that alter DNA StNCtUre. In eukaryotic promoters, the function of

some transcription factors is to displace a nucleosome, thereby
creating a DNase I hypersensitive site
(q.v.). This may be a direct route to transcriptional activation, by permitting the binding of other
transcription factors in the near vicinity previously blocked by nucleosome positioning, or it may
generally facilitate the rearrangement of chromatin in the promoter andalleviate repression caused
by higher-order chromatin structure. Examples of such factors include the ubiquitous GAGA factor
in Drosophila, and the SWI/SNF complex which is associated with the C-terminal domain of RNA
polymerase 11in yeast and vertebrates (q.v. histone acetylation). Some transcription factors bound at
enhancers andsilencers can act similarly, by propagating a change of chromatin organization over
a wide area. For example,the yeast mating-type cassettesHMLa and HMRa (4.v. mating-type switching) are endowed with their own promoters, but are kept in an inactive state (and protected from
endonuclease cleavage) by heterochromatinization directed by silencers located several kilobases
away. A protein termed R A P 1 recognizes these silencers (and telomeric silencing sites also) and
recruits SIR3 and SIR4, two of the four SIR proteins (silent information regulators) which interact
with histones H3 and H4 andmay polymerize as partof the heterochromatinization process; they
may also attach the silenced region to the nuclear matrix.
Some eukaryotic transcription factors function primarily by introducing bends into DNA, which
facilitates the interaction of other components. Many are Hh4G-proteins, related to the ubiquitous
HMGI/Y and HMG 14/17 proteins that play animportant role in chromatin structure (see
Chromatin). The tacticalpositioning of HMG-box transcription factors such asSry (which controls
sex-determination in mammals), Sox-2, s o x 3 and Sox-l1 (whichare involved in neural differentiation) and Lef-l (which controls lymphocyte-specific gene expression) can organize DNA into a
specific three-dimensional conformation wherein all the various transcriptional activators interact
productively with each other (such a structure is an enhanceosome).This provides another example of how the positioning of a cisacting site in a promoter may be critical for its activity - the
repositioning of a DNAbend can disrupt the ordered packing of other bound proteins causing nonproductive interactions and loss of transcriptional activity (also q.v. VCD)]recombination).
Transcriptional regulation by transcription factor interactions. Most eukaryotic transcriptional
repressors act passively byinterfering with the function of activators, rather than bydirectly regulating the preinitiation complex. One common mechanism of repressor activity is simply to occupy
the binding site of an activator, or a site which overlaps or lies adjacent to it, in such a way that steric
hindrance prevents the binding of the activator. Inthis case, the fate of the regulated gene depends
upon competition between activators and repressors for binding, and upon the relative affinity
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which each transcription factor has forits binding site. A weakly boundactivator, for instance, could
be displaced by a high-affinity repressor.An example of transcriptional regulation by competition
for binding sites is provided bythe Drosophila even skipped gene, which is regulated by competition
between the various gap proteins for occupation of upstream binding sites (see Box 6.5). In other
cases, competition can occurbetween positively and negatively acting proteins for interaction with
a transcriptional activator in solution, the result of the interaction dictating whether the activator
can bindto the DNA, or whether it can activate transcription once bound. The simplest case of this
type of interaction is the dimerization of transcription factors of the helix-loop-helix and leucine
zipper families. Dimerscan formcontaining either two active monomers (which bind to DNA and
activate transcription), or one active and one inactive monomer, producing an inactive heterodimer
which cannot bind to DNA. Examples include the inhibition of myogenic bHLH proteins by Id,
which lacks a DNA binding domain, and the control of Drosophila sex-determination (q.v.) by the
balance between active bHLH proteins such as Sisterless-a and inhibitory HLH proteins such
as Deadpan.
Other mechanisms of indirect silencing are not based on competition, i.e.increasing the level of
the activator has noeffect. This is seen in the phenomenon of quenching, wherean inhibitor binds
to a site in DNA which obstructs the activity of a bound activator, oftenby blocking its access to the
basal apparatus or masking its activation domain. By extension, it is probable that activators could
also occasionally act in this manner,i.e.'unquenching'
bound repressors by obstructing their
inhibition domains.
Regulation of transcription factors. Only under very exceptional circumstances are the cis-acting

elements surrounding a gene themselves regulatable (q.v. phase variation, mating-type switching).
More usually, transcriptional control depends on the regulated availability of active transcription
factors. In principle, transcription factors canbe regulated in two ways- by controlling their availability and controlling their activity. Both systems are used in bacteria and eukaryotes, but inbacteria
the latter is predominant: most transcription factors are synthesized constitutively and regulated
posttranslationally.
The regulated de novo synthesis of transcription factors is economical (resources are not wasted
on the synthesis of proteins that will not be used), but there is a considerable delay betweenthe decision to synthesize the factor and its appearance, atthe correctlevels, in the cytoplasm.
Consequently, de novo synthesis as a mechanismof transcription factor regulation is useful where a
long-term transition of transcriptional activity is required, but not wherethe cell needs to make a
rapid and transient response to an external stimulus. It is therefore predominant in the regulation
of developmental processes in multicellular organisms and in the maintenance of differentiated
states. In bacteria,de nom synthesis is used tomediate long-term fundamental responses to the environment, e.g. sporulation in B. subtilis.
The regulation of transcription factor activity solves the regulation chain problem - if a transcription factor is regulated at the level of the transcription of its gene, then there must beanother
transcription factor to mediate this control, the problem of regulation has simply been shifted one
link along the chain. Regulationof activity alsoallows a prompt responseto external stimuli, especially where the activity of the transcription factor is directly coupled to the stimulus. In the most
extreme case, the stimulus itself is the transcription factor: lactoferrin released by neutrophils in
response to bacterial infection istaken up by surroundingcells and bindsto DNA, acting as a transcriptional activator to induce transcription of a number of genes controlling defence against bacterial infection. One step away fromthis, the stimulus becomes an allosteric modulator of the
transcription factor. Thisis very common in bacteriawhere metabolites in the environment control
the transcription factors whichregulate the genes involved in their synthesis or degradation. In the
lac operon, allolactose, a metabolicproduct of lactose, binds to the Lac repressor and inactivates it,
allowing transcription of the genes which encode lactose utilization enzymes (Box 29.2). Similarly,
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in mammals, steroid hormones act as allosteric modulators of their receptors, which are also transcription factors. A further step away generates a signal transduction pathway - the stimulus, a
signal, binds to a receptorwhich directly or indirectly activates a transcription factor. The JAK-STAT
signal transduction pathway is direct - the signal, a cytokine,binds to a cell surface receptor and
activates an intracellular JAK kinase which phosphorylates and activates a transcription factor of
the STAT family. Other signals reach their transcription factor targets by a longer journey involving
many components(see Signal Transduction).
Signal transduction pathways exemplify another mechanism for controllingtranscription factor
activity: covalent modification. Many transcription factors
in eukaryotes are activated (or inactivated)
by phosphorylation, which can influence their ability
to bind DNA (e.g. c-Jun),
their ability to activate
transcription (e.g. c-Fos, CREM), their abilityto form dimers (e.g. STATs), and their abilityto interact
with other proteins which mediate their effects (e.g. CREB, which interacts with CREB-binding
protein CBP when phosphorylated by protein kinase A). The same mechanism is seen in bacterial
signal transduction pathways, e.g. NtrC, which
binds the enhancer upstream of the gZnA gene, must
be phosphorylated in order to bind; it is phosphorylated bythe NtrA kinase whichis responsive to
levels of nitrogen in the environment. Alternatively,the target of the pathway may bean inhibitor of
transcription factor activity. Thepredominant example is the activation of NF-KB by the phosphorylation, and subsequenttargeted degradation, of the inhibitory protein I-KB. In this case, the factor is
regulated by both activationand availability. I-KB masks the nuclear localization signalof NF-KB and
prevents its interactionwith DNA by sequestering it in a different cellular compartment.
Combinatorial and context-dependent regulation.
The effects of two different transcription factors
acting simultaneously upon the same gene are often unexpected, given the effects of each acting
independently. One example of this is synergism, wherethe transcription activity of a gene driven
by two transcription factors is greater than the additive effects of each individual factor. The transcription factor Pit-l acts synergistically with the estrogen receptor in the prolactin gene probably
by increasing the activity, stability or recruitment of different components of the basal apparatus. In
other cases, two transcription factors which independentlyactivate a gene can incombination cause
silencing. Such context-dependent regulation may depend upon the abundance of a transcription
factor, or indeed the presence of specific regulatory sites in the DNA. The p53 factor provides an
example of multiple-level context-dependent regulation: it is a strong activator of gene expression
if there is a p53 recognitionsite available in the promoter, but if there is no site, it binds to TFIID
directly and inhibits transcription. Additionally, while the W1 protein is a transcriptional activator
alone, itacts as a transcriptional repressor when bound byp53. Alsobinding specificity may change
due to differential dimerization (this occurs for many of the Drosophila homeodomain transcription
factors which bindto alternative sites when associated with cofactors).

29.5 Strategies for transcriptional regulation inbacteria and eukaryotes
Characteristic mgulatory strategies
of bacteria. Bacteria livein a dynamic environment where
rapid

and appropriate responses to varying levels of metabolites and other molecules is essentialfor survival. To streamline these responses,the bacterial genome is organized
so that genes with a common
function (e.g. those encoding enzymes in
a common metabolicpathway) areoften grouped together
in units termed operons under common transcriptional &-regulation (see Gene Structure and
Mapping). Thegenes of the operon are transcribed into a polycistronictranscript and can thus beactivated and repressed as a unit at the level of transcription. This depends on the ability of bacterial
ribosomes to initiate at internal sites (see Protein Synthesis). The regulation of transcription occurs
predominantly at two stages: promoter control, which regulates transcriptional initiation,
and attenuator control, which regulatestermination (attenuator control is discussed later in this chapter).
The rapid induction and repression of transcription is mediated by allosteric control circuits, the
predominant form of promoter control in bacteria, where transcription factors are synthesized
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Figure 29.4: Allosteric control circuits in bacteria. (a) Negative inducible regulation. Default state of gene is
OFF because the regulatory element(operator) is bound by a negatively acting factor(repressor protein).
Addition of a small effector molecule(inducer) causes a conformational change in the repressorwhich
causes it to release the operator and bind nonspecifically to DNA. The gene thus becomesderepressed and
is transcriptionally active. Example: the lac operon, a catabolic operon repressedin the absence of lactose,
induction by allolactose, an analog of lactose. (b)Positive inducible regulation. Default state of gene is OFF
because the positive regulatory factor(activator protein)is unable to bind the regulatory element (the
initiator, or activator). In this state the activator proteinis known as the apoactivator and binds
nonspecifically to DNA, Addition of a small effector molecule(coactivator) causes a conformational change
in the apoactivator which allowsit to bind with great specificity to the initiator element thus allowing
transcriptional initiation.Example: catabolite repression of the lac operon- CAP protein is apoactivator,
binds DNA only in presence of CAMP (coactivator)
to facilitate initiation. (c) Negative repressible regulation.
Default state of geneis ON because the negative regulatory factor (therepressor protein) is unable to bind
to the operator. In this state it is known as an aporepressor and binds nonspecifically to DNA. Addition of a
small effector molecule(corepressor) causes a conformational change in the aporepressor which allowsit to
bind specifically to the operator and inhibit transcriptional initiation.Example: the trp operon, encoding
enzymes involved in tryptophan synthesis. Tryptophan itselfis the corepressor and facilitatesthe shutdown
of its own synthesis (negative feedback). The
Trp repressor also represses its own gene (autogenous
regulation). (d) Positive repressible regulation. Default state of geneis ON because the regulatory element
(initiator) is bound by a positively acting factor(activator protein). Addition of a small effector molecule
(repressor) causes a conformational changein the activator which causesit to release the initiator andbind
nonspecifically to DNA. The gene thus becomes repressed andis transcriptionally silent.
constitutively, but their activity is modulated
by their interaction with small effector moleculesin
the environment, whose presence is indicative of the need for the regulated gene products. An
example is the lac operon (Box 29.2). The genes encoding the transcription factors may be under
autogenous control (i.e. regulated by their o w n product) or may be entirely unregulated(i.e. the
rate of transcriptional initiation is dependent only upon promoter
architecture). There arefour types
of allosteric circuit, as shown in Figure 29.4.
Long-term responses in bacteria are often mediatedby synthesizing a new componentofRNA
polymerase which recognizes a distinct promoterstructure. In E . coli, new o-factors are synthesized
in response to heat shock and nitrogenstarvation; in B. subtilis, a cascade of o-factors control sporulation (see Box 6.2).
Because bacterial genes are close together, a form of transcriptional repression can be exploited
where transcription fromone promoter can block transcription fromanother. This is termed countertranscription, and the antisense RNA producedby transcribing througha gene in the unorthodox direction is termed countertranscript RNA. Countertranscription is extensively exploited by
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bacteriophage h in the control of lysis and lysogeny (see Box 30.1); it may work bypreventing transcriptional initiation at the normal promoter, by disrupting elongation, by forming triplex structures, or byantisense effects. An example fromthe E. coli genome is the CAP protein, which inhibits
the transcription of its own gene by activating transcription from a counterpromoter withinits transcription unit. Countertranscription also occurs occasionallyin eukaryotes(q.v. parental imprinting).
Characteristicmgu/atory strategies of eukaryotes. In eukaryotes, all genes are inactive as a default

state because they require the presence of constitutive transcriptional activators for expression.
Rapid responses to external stimuli in eukaryotes are therefore predominantly mediated by
positive
inducible regulation, i.e. by the activation of a latent transcriptional activator. Allostericregulation
is pivotal in bacterial systems,but the integration of many signaling pathways in eukaryotes makes
covalent modification of either the transcription factor itself, or a protein that interacts with it, the
principle mechanism of transcription factor regulation in eukaryote inducible systems. Such transcription factors bind to so-called response elements in the target genes (Table 29.4). Long-term
processes, such as differentiation in multicellular organisms, are controlled predominantly by the
synthesis of new transcription factors. However, cell-typespecific and developmentaltranscription
factors also function by binding to regulator elements in the promoters and enhancers of their
target genes, and examplesof these are also shown inTable 29.4.
A major difference in regulatory strategy between bacteria and eukaryotes is that eukaryotes
lack operons. With few exceptions, eukaryotic
all
transcripts are monocistronic, reflectingthe inability of eukaryotic ribosomes toinitiate protein synthesis from an internal site. Some eukaryotic genes
are clustered and under common cis-regulation(4.v. locus control region,Hox genes, parental imprinting) and a distant enhancer can interact with more than one promoter, allowing coregulation (this
can be shown in the immunoglobulin locus by placing two promoters under the influence of the
kappa enhancer). However, in these examples the genes are not cotranscribed.Consequently,
eukaryotic genes which needto be coregulated are often dispersed but under common trans-regulation. Genes with common regulatory elements can be coactivated, and genes with overlapping
sets of elements can be individually activated, which allows flexibility in transcriptional control. In
eukaryotes a group of genes under common trans-regulation is a gene battery (the equivalent in
bacteria is termed a regulon). A genebattery or regulon may consist of several to many dispersed
genes and operons controlled by the same transcription factor. Thereare three occasions where polycistronic RNA occurs in eukaryotes: (1) ribosomal RNA genes, which are not translated and therefore do not use ribosomes; (2) bicistronic transcripts in C. elegans, which are subject to alternative
transsplicing to generate mature transcripts with caps upstream of each open reading frame; (3)
polycistronic picomaviral genomes. The picornaviruses possess internal ribosome entry sites (q.v.),
allowing ribosomes to bindupstream of each open reading frame (theseelements havebeen extensively exploited forgene manipulation; q.v. gene knockout, reportergene).
29.6 Transcriptional elongation and termination
Elongation and polymerase pmcessivity.
The biochemistryand kinetics of elongation are similar in
bacteria and eukaryotes. Elongation is not smooth the RNA polymerase pauses if it encounters an
impediment, such as a secondary structure, and this may progress to arrest (where the enzyme
looses contact with the end of the transcript) or termination (where it also looses contact with the
template). In eukaryotes, a number of general elongation factors are associated with the enzyme
during elongation and act to suppress pausing (e.g. elongin) and prevent arrest (e.g. TEFb, TFIIS).
TFIIS (also known as SII) may prevent arrest by cleaving the nascent transcript, placing a new 3'
terminus at the active site of the enzyme (the nascent strand may continue to elongate when the
enzyme pauses, thus placing the reactive 3' hydroxyl group outside the active site). While elongation is constitutive for most eukaryotic genes, pausing and consequenttermination can be regulat-
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Table 29.4: A selection of regulatory motifs found upstream of eukaryotic genes involved in the control of
constitutive, inducible, cell- or lineage-specific and developmentally regulated gene expression,the
and
transcription factors which recognize them
sequence
Consensus

Transcription
Comments
Motif name
factor (class)
Distribution
Ubiquitous
Ubiquitous
Ubiquitous but high
levels in liver
Ubiquitous
Ubiquitous
B-lymphocytes

Constitutive sites
GCCAATCT

CAAT box

CTF/NFl
CP family
CEBP (bZIP)

GGG CGG
ATGCAAAT

GC box
Octamer

SPl (a)
Octl (h)
Oct2 (h)

Response elements
CNNGAANNTCCNNG
CCATAlTAGG

HSE
SRE

HSF @ZIP)
SRF

lTNCNNNAA

IGRE

STAT 1

Stimulus
Heat shock
Growth factors in
serum
Interferon-y

E-box
KB site
NRSE

GATA-l (tr)
Pit-l (POU)
MyoD1(bHLH)
NF-KB
NRSF/REST (zf)

Cell type
Erythroid
Pituitary
Myoblasts
Lymphoid cells
Nonneuronal cells

Cell-type-specific elements
GATA
ATATCAT
CANNG
GGGACllTCC
TWAGNACCRCGGASAGNRCC
Developmental mgulator
sites
TCCTAATCCC

Bicoid (h)

GCGGGGGCC

Krox-PO (a)

TAATAATAATAATAA

Antennapedia (h)

TCAATAAATGA

Fushi tarazu(h)

Developmental system
Drosophila AP axis
specification
Vertebrate hindbrain
development
Drosophila homeotic
gene
Drosophila pair rule
gene

Transcription factors are classified by DNA-binding/dimerizationdomain where known (bHLH, basic
helix-loop-helix; bZIP, basic leucine zipper;H, homeodomain; POU, POU domain; zf,zinc finger). CEBP
(CAAT/enhancer binding protein) binds to two distinct sites, the CAAT box and the enhancer core sequence
TGTGGWWWG. Abbreviations: CTF/NFl,CAAT transcription factohuclear factor 1; CP, CAAT-binding
protein; HSE/F, heat shock elemenVfactor; SRVF, serum response elemenVfactor; IGRE, interferon-?
response element; STAT, signal transducer and activator of transcription;NRSE/F, neural restrictive silencer
elemenVfactor.

able: c-Myc protein levels
in myeloid cells are regulated predominantly at the level of transcription
elongation and termination. In mature granulocytes, full-length c-myc mFWA is synthesized and
translated, whereas in undifferentiated cells, transcription terminatesin the firstexon. Pausing also
pmregulates transcription of the HIV genome, with a low level of mostly truncated transcripts
duced during early infection and a high level of mostly full-length transcripts producedsubsequently, In this example, regulation is mediated by a viral-encoded trans-acting factor called Tat
which binds to
a cis-acting element in the RNA called Tar. Tat increases the frequency of initiation
as well as alleviating polymerasepausing.
The size difference between bacterial and higher eukaryotic
genes means that while the completion ofbacterial transcription israpid, the transcription of the larger eukaryotic
genes takes several
hours - 16 h in the case of the 2.5 Mbp human dystrophingene, the largest gene known. Recent
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evidence suggests that elongating RNA polymerase II is associated both with the polyadenylation
apparatus anda spliceosome as it translocates along the DNA, both complexes interacting via the
C-terminal domain. Thusthe dystrophin gene and others are spliced cotranscriptionally.
Termination of transcription in bacteria. In bacteria, transcription terminates at discrete sequences,
terminators (t), and caninvolve two mechanisms, both of which respondto a signal in thetranscript
itself rather than in the gene.
The most common is intrinsic termination (p-independent termination): transcripts adopt
particular secondary structures, causing RNA polymerase to pause and the DNA-RNA hybrid
nucleic acid to dissociate. A common terminator motif is a GC-rich inverted repeat followed by a
poly-U sequence:the GC-rich palindrome formsa hairpin, stalling the elongation complex, leaving
the DNA and RNA paired by a run of weak A:U base pairs which cause the RNA polymerase to dissociate fromthe template. It is not clear exactlyhow this dissociation occurs.It is unlikely, as originally thought, that the weakness of the multiple A U base pairs itself causes dissociation. An alternative model suggests that interaction between RNA polymerase and its product is the pivotal
determinant: the weak pairing may facilitate displacement of the nascent RNA terminus from the
template and its loss from the active site of the enzyme. This causes arrest, and the conformation
adopted by the polymerase
at this point may allowthe hairpin loop to displace it.
The alternative termination mechanism, pdependent termination is rare in the bacterial chromosome but common for phage. It requires a protein called p (rho) which bindsto free RNA and
separates it from DNA by interacting directly with the RNA polymerase, perhaps by wedging itself
into the DNARNA hybrid at the active site of the enzyme. p does not bind directly to the hybrid
duplex but to a specific site in the transcript, which is probably identified by a cytidine-rich and
guanosine-poor region between 50 and 100 nucleotides in length. It is thought that p may translocate along the transcript towards the elongation complex and release the transcript from the DNA,
although there has been no direct proof that the molecule translocates along RNA, and there is evidence that p remains attached to its initial binding site. In the hot pursuit model, the elongating
transcript outruns p, and p fails to catchup to the transcription bubble until the polymerase pauses. It is not known what causes the enzyme to pause at p-dependent terminators. In some cases, a
hairpin structure has been identified (e.g.the fR1 terminator in bacteriophage h and inthe E. coli his
operon), but much of the pausing activityisretained
when these structures are removed.
Antitermination (q.v.) usually occurs at p-dependent terminators.
Termination of transcription in eukaryotes. The termination of transcription in eukaryotes is poorly

characterized. Terminationof RNA polymerase I transcription occurs at a site approximately 1kb 3’
to the end of the mature rRNA and involves the recognition of aspecificcis-actingelement.
Termination of RNA polymerase 111 transcription occurs at sites similar to bacterial p-independent
terminators (i.e. GC-rich sequences followed by polyuridine tracts), but the GC-sequence does not
appear to form a secondary structure and termination occurs at the second uridylate residue,
suggesting disassociation at a weak run of deoxyadenylate: uridylate residues is not the key mechanism. Most RNA polymerase II transcripts are processed by 3’ cleavage and polyadenylation (q.v.
RNA processing) so the intrinsic termination reaction is not clear; it is possible that transcription continues beyond the 3’ end of the gene. However, recent evidence showing that the cleavage and
polyadenylation apparatus is associated with the elongating RNA polymerase suggests that cleavage and polyadenylation may also belinked to arrest, and dissociation of RNA polymerase II from
the template.
The regulationof termination in bacteria. Bacteria can regulate transcription at the level of termination either positively (by stimulating readthrough of a terminator site -a process termed antitermination) or negatively (by inducing prematuretermination -a processtermed attenuation), both
processes may be used
in the context of operon organization to add or subtract reading frames from
a polycistronic mRNA.

Transcription

461

Antitermination occurs in the temporal control of bacteriophage h gene expression and in the E.
coli rRNA operon. The RNA polymerase is modified before reaching the terminator as it passesan
antitennination site atwhich is bound an antitermination protein such as the
bacteriophage h N
or Q proteins (see Viruses and Subviral Agents). There appears to be no essential site of action for
nutL, nutR and qut are located at the prothe antiterminatorprotein: the phage antitermination sites

1

1

moter, at the terminator and upstream
of the promoter, respectively. Thenature of the modification
is notprecisely understood. In the case of the Q termination system, Q binds toRNA polymerase as
it pausesat the promoter and is
carried with it along the
template. Similarly, the N protein forms a
tight complex with RNA polymerase and othercellular proteins NusA, NusG, NusB and ribosomal
protein S10 (NusE). They mayact by directly controlling the kinetics of elongation, i.e. by acting as
pausing suppressors, or they could specifically interact with the termination apparatus, by preventing arrest ordirectly controlling template structure
Attenuation is a bacterial regulatory mechanism controlling the expression of several operons
concerned with aminoacid biosynthesis and, in E. coli, the pyrBl operon which encodes enzymes for
pyrimidine synthesis. In attenuator control, transcriptional termination is controlled by the efficiency
of protein synthesis (in the amino acid operons) or transcription itself (in the W/Sl operon), allowing
transcription to be regulated by the availability of substrates for these two essential reactions.
For the amino acid operons, ribosome stalling due to the lack of particular amino acidscauses
inefficient translation of a short open reading frame encoding a leader peptide, upstream of the
major open readingframes. Due to the influence of stalled ribosomes, the nascent mRNA adopts a
structure favoring continued elongation, resulting in the synthesis of biosynthetic enzymes.
Conversely, efficienttranslation of the leader when particular amino acids
are plentiful causes it to
adopt the structure of an intrinsic terminator, preventing synthesis of unecessary enzymes. The
leader ORF features several tandem codons for the aminoacid, whose biosynthesis is controlled by
the downstream genes, e.g. there are nine tandem histidine codons in the
his operon leader. In the
absence of histidine, the ribosome will stall at this attenuator site and transcriptional
elongation continues, but if there is abundanthistidine, the leader is translated and transcription
is terminated; histidine biosynthetic enzymes are thussynthesized only when thecell senses a lack of histidine.
In the pyrB1 operon, transcription is slowed in a region containing multiple tandem adenosine
residues if there islimiting UP,and this allowsribosomes to inhibit the formation
of a terminator.
When UTP is plentiful, transcription through the attenuatoris rapid and the terminator site in the
mRNA is exposedbefore the ribosomes can bind, resulting in termination.

\
)ox 29.1: Eukaryotic gene regulation - p-globin and the p-globin cluster

Blobin gene organization.Theoxygencarrying
xoteinhemoglobinconsists of two a-globinand
-WO p-globin class polypeptides. The genes for the
globin proteins are found in two clusters: the a-globin clusterconsists of the<-globinanda-globin
genes, whereas the p-globin cluster consists of the
E-globin, yglobin, &-globin and p-globin genes (see
figure below). The globingenes are developmentally
regulated, as discussed in Box 15.1.

immediate 5’ flanking region. The promoter spans
about 250 bp and containsa TATA box and a CCMT
box, as well as binding sites for several ubiquitous
transcriptional activators and the erythroid-specific
factor GATA-1. The promoter is sufficient for minimal,cell-type-specifictranscription, but high-level
transcriptional activity depends on two enhancers,
one partially spanning intron 2 and exon 3, and one
locateddownstream of thegene.Theintergenic
Regulation of the p-globin gene: Promoter and
enhancer contains threeGATA-1 binding sites and is
enhancers. The regulation of p-globin gene expres- thus responsible for elevated tissue-specific expression has been studied in detail by in vitro deletion sion of the gene. The downstream enhancer conexperiments,and by mutation of eachsite in the tains binding sites forconstitutiveanderythroidContinued
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tained and thus not subject
to position effects.
In addition to its role as a general positive regulator, the LCR also controls the temporal aspects of
h e P-globin cluster locus control region (LCR). P-globin cluster gene expression. Further transgenic
.ocated -20 kbp upstream of the e-globin gene (the studies have shown the P-globin gene
to be actinost 5' geneoftheP-globincluster)
is alocus
vated at different times during development
:ontrot region required for high-level expression of all
dependingon its distancefrom the LCR. Models
he P-globin cluster genes in erythroid cells. explaining the distance-dependent activation,
ndividualswithdeletionsspanningthe
LCR lose involve the propagationofawaveofchromatin
sxpressionof
all genes in the cluster (@premodeling across the cluster and/orthe sequential
halassaemia). Furthermore, transgenic mice with theinteraction between theLCR and individual promotiuman P-globin gene driven
by its promoter and dual ers. It is thoughtthatthemultipletranscriptional
snhancersexpresstheconstructonlyminimally,
activators bound at theLCR may interact with tranwhereas if the LCR is included, human P-globin is
scription factors bound at individualpromoter/
strongly expressed. The LCR contains four erythroid-enhancer complexesto form a so-called holocomspecificDNase l hypersensitivesites(q.v.),repreplex, thus activating gene expression, perhaps by
senting nucleosome-free regions where transcriptionrecruiting further essential activators. This is sup'actorsarelocated.Therearemanybindingsites
ported by thepresenceofDNasehypersensitive
'or positiveregulators,includingbothconstitutive
sites in globin gene promoters only in the presence
'actorsandtheerythroid-specifictranscriptional
oftheLCR.Therewould
be competition between
activatorsGATA-1andNF-E2.Thereareseveral
individual promoters for LCR-interaction, as seen
in
nodels for the activity of the LCR. It is thought to enhancer competition (q.v. parental imprinting), and
sstablish an independentchromatindomainby
the outcome would depend on the relative stability
iorming a topologically isolated chromatin loop, andof individual holocomplexes. In support of this model,
Dutative matrix associated regions have been identi- atranscriptionfactorrelated
to the Drosophila
fied in the LCR that can act as boundary elements Krijppel protein has recently been identified, which
:q.v.) in transgenic mice. The LCR is thus thoughtto is essential for y-globin to P-globin switching, and
protect the cluster from chromatin-position effects,
may therefore stabilze the P-globin-LCR holocomsxplaining its ability to increase expression of inteplex. Additionally, the levels of other transcription
grated P-globin reporter genes in transgenic mice,
factors,including GATA-1,havebeen
shown to
but its inability to increase the expression of transinfluence the choice of promoter targeted
by the
fected p-globin genes, which are episomally mainLCR.

:pecific factors and is concerned with temporal
egulation of P-globin gene expression.

'

II I

II I

I III

I

The human p-globin cluster (upper) consists
of five genes whose order along the chromosome is reflected
by the tempora'
order of activation. There is a locus control region located
20 kbp to the 5' side, characterizedby four DNase I hypersensitive sites(HS1-4).The P-globin gene (lower) has three exons and
two introns and is regulated
by an upstream promoteranc
dual enhancers. Binding sites for the erythroid-specific transcription factor GATA-lare shown by thick arrows. There aK
also numerous binding sits forGATA-1 and a second erythroid-specific protein, NF-EP, in the locus control region.
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Box 29.2 Bacterial gene regulation-the lac operon
Basicstructure.The
lac operoncontainsthree
structural genes required
for lactose catabolism(see
figureand
table below) which are coordinately
induced in the presence of lactose. The three genes
are arranged in the order laczYA and are cotranscribed as a polycistronic message from a single
promoter P7. There is also a second, latent
promoter, f 2 , whose function in vivo is unknown. There
are fourregulatoryelements
in the lac operon.
Approximately 60 bp upstream of P7 is a positive
regulatory element, the activator site (AS), which
binds the CAP-cAMP (catabolite activator proteinCAMP) complex. 11 bp downstreamof P7 is the
majoroperator, 01,whichbindsLac
repressor.
There aretwo further minor operator sites
(02and
03), at positions -82 and +401, which also bind Lac
repressor. The Lac repressor is encoded bythe lac/
gene, which is immediately upstream ofthe operon
and is constitutively expressed(i.e. there are no regulatory elementsin its promoter). The adjacent
position of the lac/ gene is not important, however, and
in other loci the regulator geneis located a greatdistance from the structural genes of the operon (e.g.
the gal and trp operons).

catabolic genes derepressed-the lac operonis an
inducible operon under negative regulation.
However, promoter P7 lacks a -35 box and is therefore weak. For significant transcriptional activity,
the
CAP-cAMP complex must bind at the activator site
(AS) to directlyassist the binding ofRNA polymerase. CAP-cAMP activity depends upon the level
of cAMP in the cell, which is inversely proportional
to the level of glucose. Thus, the lac operon is only
activated in the presenceoflactosewhen
the
favored carbon source, glucose,is absent (catabolite repression). It is still not known how glucose
regulates cAMP levels.

Mutationswhichdefinefunctionalelements.
Functional elements in the lac operon have been
defined by mutation and complementation analysis
(q.v.). The latter requiresdiploidy for the operon, and
in bacteria this is achieved by introducing a second
copy of the operon into the cell as part of aplasmid
(q.v. F’ plasmid). Mutations in the lac operon can
eitheraffect the expression of singlegenesor
groups ofgenes, they canbe dominant or recessive
to wild-type alleles in the same cell, and can act in
cis or in trans.
Gene Enzyme
Function
Mutations which affect the expression of single
genes map to the structural genes themselves and
lac2
Lactose
+
P-galactosidase
result in individual loss of function; theseare usually
P-D-galactose +
recessive because a wild-type copy of the gene in
D-glucose
the same cell can supply functional product.
lacy
P-galactoside
Transport
lactose
of
Mutations inlacZ and lacy generate the Lac mutant
permease
into cell
phenotype (inability to utilize lactose), whilst mutaP-galactoside
lacA Unknown.
Not
tions in lacA lack a phenotype becausethis gene is
transacetylase
required
for lactose
not essential for lactose utilization; it may be
metabolism
responsiblefor interconverting lactose analogs.
The regulatory circuit. The lac operon is repressed Occasionally, dominantLacZ or Lacy mutants arise
as adefault state because the Lacrepressor is because both encoded proteins function as multisynthesized and is able to bind the operators and mers and mutant polypeptides can act in a domiinhibit transcription. Allolactose, a metabolic prod- nant negative fashion.
uct of lactose, binds to the repressor and inactivates Mutations which affect the expression of all three
it by causing a conformational changein the DNA- genes generally map to the regulatory components.
binding domain. Thus, in the presence of lactose, Mutations in the promoter, activation site and operathe Lacrepressor is inactivatedand the lactose tors are cis-dominant (q.v.). Those affecting the pro-

BRalactoside Bnalactoside
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rnoter or activation site result in the Lac phenotype ator and sequesters wild-type repressor into inactive
because transcriptionis disrupted, whereas operator multimers; laclsis a dominant uninducible mutation
mutants are often constitutive because the repressor the repressor bindsto the operator but not the inducis unableto bind. Mutationsin lacl, which encodes theer
it is a superrepressor. Occasionally, mutations
repressor protein, are trans-acting, as are mutations inin the structural genes
have
can
cisthe crp gene encoding the CAP protein and
in the cya dominant effects onthe other structural genes of
the
genewhichencodesadenylatecyclase.Repressor
operon - these are polar mutations (q.v.), which
mutants fallinto three classes: lac/is a recessiveloss disrupt ribosome binding at downstream open readof function (constitutive) mutant - no repressor is
ing frames, probably resulting from altered secondary
produced; /acrd is a dominant negative (constitutive) structure in the mutated
gene.
mutation -the repressor is unable to bind the oper-

-

-

Box 2 9 . 3 Activation andinhibition domains of eukaryotic transcription factors
Families of activation domains. Transcription transcription when bound at
the promoter ordistant
factors often possess multiple domains with differ- enhancer of a reporter gene. Conversely, transcripent domains carryingout different functions- DNA tion factors with glutamine- or proline-rich domains
binding, transcriptional regulation,dimerization,
appear to be unable, or only weakly able,
to activate
interaction with cofactors, etc. The activation transcription when bound at a distant
enhancer.
domains of eukaryotic transcription factors fall into
a three major families based not on any sequence Target preference. Transcription factors with difwith
homology, but on their high proportions of particularferentclassesofactivationdomaininteract
aminoacids. Acidic activation domains are the different components of the basal apparatus. The
constitutive transcription factor Spl , for instance,
mostcommon (e.g. herpessimplexvirusVP16
of
transactivator, S. cerevisiae GAL4 and the mam- interacts with TAFllllO of TFllD (the nomenclature
malian glucocorticoid receptor) and contain up to the TAFs reflects the RNA polymerase they asso20% glutamic and aspartic acid residues. ciate with andtheirmolecularmass
in kDal Glutamine-rich activation domains are found in TAFllllO is a 110 kDal TAF associated with RNA
severalhomeoboxand POU domain transcription polymerase 11). Conversely,several transcription
factors andin the constitutive transcriptional activa- factors with acidic activation domains interact pretor Spl , whereas proline-rich activation domains dominantly with TAF1140.
are found in c-Jun and the CCAAT binding factor
CTF/NFl. The engineering of artificial proteins has Inhibition domains. Thereare few direct transhown that the activity of glutamine-rich domains scriptional repressors in eukaryotes compared to
the vastnumberof
activators. However,where
reflects solely the presence of multiple glutamine
residues. Conversely, in acidic activation domains, such proteins have been identified, a specific inhithere are many critical residues in addition to the bition domain has often been shown to confer
acidic ones (althoughthe strength of transcriptional transcriptional repression ability upon a heterologous protein.Several of the defined inhibition
activationdoesappear to reflect the numberof
domains, including that of the Drosophila protein
acidic residues available).
Even-skipped, are proline rich and lack charged
Position dependence.Theinvestigation of tran- residues.However, others have unique domains
scription factor activity in different cis-acting sites
and it remains to be seen if, as more such factors
has shown thatthe three domains differin their abil- are characterized, there will be easily recognized
inhibition domain families as there are for the
ity to stimulate transcriptional initiation. Transcription
factors with acidic activation domains can activate activation domains.
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Chapter 30

Viruses and Subviral Agents
Fundamental concepts and definitions

Viruses are small, noncellular parasitic organisms. They lack
an intrinsic metabolism and
depend on the host cell to provide the raw materials and enzymes for essential functions replication, transcription and protein synthesis. Viruses have been identified inofallcell.
types
Viruses which infect bacteria are termed bacteriophage (or simply phage).
The viral genome is either DNA RNA,
or and is associated with proteins, usually
in the form
of a shell (or capsid), which may be surrounded by a proteolipid envelope. The genome
encodes structural componentsof the capsid and often enzymes and other products required
for successful completion of the infection cycle. The sizeof viral genomes ranges from about
1kbp to 400 kbp, the smallest containing only a single gene and the largest more 300.
thanA
complete virus particle is a virion.
The infectionof a cell by virus
a is usually harmful, often because the virus interferes with hostcell functions by altering patterns
of endogenous gene expression. In bacteria, this results in a
slowing of growth and often cell lysis. In multicellular organisms, viral infection is often
manifest as a localized or systemic disease.
Viruses are classified according to morphological characteristics (shape andofsize
capsid and
associated structures), physicochemical properties (natureof the genome, viral-encoded proteins, lipids and carbohydrate content) or biological characteristics(e.g. host range, mode of
transmission, pathogenicity). There are several different types
of capsid: the classic icosahedral
capsid (which in phage may or may not be associated with a tail for attachment), spherical an
bacilliform capsids, and helical (rod-shaped) capsids. The latter are unique in that their size
depends on the nucleic acid
of the virus- subunits condense around the genome. Other capsids are preformed and then filled with nucleic acid (encapsidation), i.e. they have a defined
capacity. Some viruses have unique morphology (e.g. the lemon-shaped
Fuselloviridae),whereas some are pleomorphicor amorphic (i.e. they lack a structurally defined capsid).
Viral genome structure is diverse, reflecting an equally diverse spectrum of genome replication
and gene expression strategies. Many viruses have evolved elegant and ingenious methods for
the temporal regulationof gene expression during their infection cycle, and
for the avoidance
or neutralizationof interference from the host cell. These are particularly evident in eukaryotic
viruses which have
to avoid the immune system, and overcome the effects
of the cell cycleand
the monocistronic environment to replicate and express their genes.
Viruses have been extensively exploited as vectors for gene manipulation, cloning and gene
h (q.v. molecular cloning,
transfer. Someof the most widely used viruses include bacteriophage
genomic library), bacteriophage M13 (q.v. DNA sequencing,phuge display), baculovirus, adenovirus, herpesvirus and vaccinia virus
(q.v. expression vectors, genetherapy) and retroviruses (q.v.
transgenic mice). In addition, strong viral promoters and enhancers have often been used to
drive gene expression in plasmid vectors (e.g. promoters from bacteriophage h, SV40, Rous
sarcoma virus and cauliflower mosaic virus.)
A number of organisms, defined here as subviral agents, have also been characterized.
Like
viruses, these are noncellular parasites, but they lack
or more
one of the definitive features of a
virus, e.g. a self-encoded capsid, or the ability autonomously to infect a cell. The most intriguing subviral agent is the prion, the cause
of transmissible spongiform encephalopathies. This
organism is thought to be a pathological conformational isomer of a host-encoded neuronal
protein with the ability to convert normal isomers into copies
of itself.
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Table 30.1: Stages of a productive viral infection (lytic or persistent)
Stage of infection
cycle
Events

Attachment or adsorption
Penetration
Uncoating

Early gene expression
Replication
Late gene expression
Virion assembly
Release

Virus particle attaches to receptor on the outsideof the cell
Internalization of the particle or partof it (at least the genomemust
enter the cell)
Release of the genome from the virionif the whole virion enters the cell.
In eukaryotic virusesthis may be followed by a transport phase
where the partially uncoated virion is taken to its normal site of
replication. For DNA viruses, this is generally the nucleus, and for
RNA viruses, the cytoplasm
Early genes areusually associated with replication and regulationof late
gene expression
Production of many copies of the viral genome
Late genes are associatedwith virion assembly and escape
Building new capsids and packaging genome
Release of progeny virus from cell

The two differ in the consequencesof the release stage.Lytic infectionscause host-cell destruction, whereas
persistent infections resultin continuous release of viruses from the cell.

30.1 Viral infection strategy
W n l infection cycles. The infection cycle (Table 30.2) begins with the introduction of the virus, or
part of it, into the cell. Onceinside, viral gene expression begins. Often,gene expression is organized
as a cascadeand viral genes can be divided into several temporal groups. So-called early genes are
concerned with replicating the viral genome and regulating the late genes, which are concerned
with synthesis of the progeny virus particles and genome packaging. One of the best characterized
strategies is that of E. coli bacteriophage h, which has three groups of temporally regulated genes
(Box 30.1).
The consequences of viral infection vary according to the type of virus and host cell. In many
cases, viral infection killsthe cell -this is known as lytic infection, and phage engaged
in this type
of infection are described as virulent.Initial infectionis followed by a latent period wherethe virus
propagates, then release of the progeny virus from the cell occurs by lysis (breaking open).
Alternatively, the virus may coexist with the cell and produce progeny by continuedbudding or
extrusion -a persistent infection. Both lytic and persistent infections are productive, i.e. infectious
progeny viruses are released (Table 30.2).
Many viruses are also capableof latent infection: the virus is maintained in the cell but does not
produce infectious progeny.In bacteria, phage capable of latent infection are described as temperate
and are said to lysogenize their host - the host is termed a lysogen, i.e. it can undergo lysis if the
phage re-enters the lytic cycle (a process termed induction1). Many temperate phage lysogenize
their host by integrating into the genome, the integrated phage being described as a prophage.
Bacteriophage P1 is an exception in that the prophage is maintained episomally as a plasmid. Some
eukaryotic viruses can also integrate, and are termed proviruses. However, an integrated virus in
not necessarily latent. Bacteriophage Muis notonly virulent as a prophage, butit also depends upon
integration for its virulence. Thesame is true of eukaryotic retroviruses (q.v.). Bothbacteriophage MU
and the eukaryotic retroviruses are transposable elements (q.v.). Animal viruses may display tissuespecific latency, e.g.herpes simplex virus is latent in neurons but not
in most other cells. Latency can

'The term induction is used ina number of different ways, eachwith the senseof 'turning something on':(1)the
induction of the lytic cycle of temperate phage; (2) the induction of repressed genes in operons or generally
by
switching on gene expression by an external stimulus (see Transcription);(3) the induction of one cell
another to changeitsfate in development,i.e.byswitchingongenesinvolved
in differentiation (see
Development: Molecular Aspects).

~~
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be disrupted by altering the balance of host- and virus-encoded transcription factors. Lytic animal
viruses may multiply with differing efficienciesin different cells.In some cases, no infectious particles are produced at all (abortive infection), reflecting a deficiency in that cell type for a product
essential for virus replication, gene expressionor genome packaging e.g. influenza virus infections
are abortive in the absence of the host-encoded protease which cleaves the hemagglutinin precursor.
A final consequence of some viral infections in animal cells is neoplastic transformation.
Transforming infections are caused by papovaviruses
(e.g. SV40),adenoviruses andherpesviruses,
each of which encodes products which deregulate the cell cycle (q.v.). Additionally, retroviruses,
which can integrate into the host genome, canalso transform their host cells by transducingor activating genes whichstimulate cell growth. Such genesare termed oncogenes (q.v.).
How the virus getsinto the cell. In many host-virus relationships, the virus gains entry into the cell
by binding to a cell surface receptor. In animal viruses this is mediated by a domain on oneof the
viral coat proteins, termed an attachment site. Usually, this interaction is the sole determinant of
the hostrange, and the virus receptors are often molecules whosenormal cellular function concerns
the immune response (e.g. " I C class Iproteins act as receptors for adenovirus and SV40,CD21 is
the receptor for Epstein-Barr virus and CD4 for HIV).Bacteriophages alsoadsorb to surface receptors (e.g. bacteriophage h attaches to the maltose receptor),but some attach to other appendages such
as the flagellum or conjugal pili,
in the latter case being internalizedwhen the pilus is retracted into
the cell. The host range of these phages is thus determined by the presence and nature of these
possess pili
appendages (e.g. the f l phages are described as malespecific because only 'male' bacteria
(q.v. conjugation). Many bacteriophageare endowed withfixation organelles: specific structures such
as tails and spikes which facilitate adsorption.
Once attached to a specific receptor,various strategies are used to internalize the virus. In some
cases, the entire virion does not enter the cell. Many phage create a breachin the cell wall and eject
their DNA into the cytoplasm, i.e. only the genome enters the cell. Animalviruses are taken up by
endocytosis. Acidification of the resulting endosome results in the uncoating of nonenveloped
viruses, but it is unknown how the uncoated virus enters the cytoplasm duringthe transport phase.
Enveloped viruses fuse with the membrane of the endosome andare released into the cytoplasm.
Plant viruses need to cross the impermeable cuticle and the plant cell wall before entering the
cytoplasm. For this reason, viral infection is often mediated mechanically by transfer from one
damaged cell to another or via a vectorsuch as aninsect. Manyplant viruses encode proteins which
interact with the plasmodesmata andallow semicompletevirions to spread from cell to cell.

30.2 Diversity of replication strategy
Diversity of viral genome structum.Whereas all cellspossess a genome of double-stranded DNA,

usually circular in prokaryotes and linear in eukaryotes, viruses display much greater diversity in
the nature of their genome. An important division of the viruses separates those with a DNA
genome from those with anRNA genome; there are no viruses with mixed nucleic acidgenomes.
Each type of nucleic acid bringswith it specific advantages anddisadvantages, especiallyfor those
viruses infecting eukaryotic cells(Table 30.2). DNA genomes are more stable becauseof the inherent
and because they can exploit
host encoded DNA-repair
properties of DNA (see Nucleic Acid Structure)
thus evolved to be larger and more
functions (see Mutagenesis and DNA Repair). DNA genomes have
complex than RNA genomes,with the most complex DNA viruses
carrying many nonessential genes,
i.e. genes whosefunctions are complemented by host cell proteins.It is not clear why viruses should
have evolved to carryredundant functions, although they may conferan advantage upon
the virus in
different host-cell environments. For example, some eukaryotic
viruses encode seventransmembrane
domain receptors, which may alter host-cell
signaling (see Signal Transduction).
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Table 309: Advantages and disadvantages ofDNA and RNA viruses
Advantages

DNA viruses
DNA is astablegenetic
ends material
DNA is material of
cellular
genome
therefore viruscan
exploit cellular
replication machinery
Virus can exploit DNA
repair functions of cell
RNA vimses
No restriction to replication
timing as cellular resources
for RNA synthesis are
constitutively available
RNA synthesis caninitiate
de novo, hence linear
genomes do not require
special replication
strategies

Viruses with lineargenomesneedstrategies to complete replication of 5’
(seeReplication)
(Eukaryotesonly)Virushas
to overcome the restriction of cellular replication
to once
per
cell cycle

RNA is not as stable as DNA, nor are there cellularfunctions for RNA
proofreading orrepair. Hence, RNA viruses arelimited to a certain
genome sizeby the natural frequency of disabling mutations. Many
RNA
viruses thereforeexploit space conservation mechanisms: overlapping
genes, differential splicing, translational frameshifting
Cells have no need for RNA replicases so RNA viruses must encode their
own. (-) sense RNA viruses must carrythe replicase in the virion because
a (+) sense copy of the genome is required before further replicase
can
be synthesized
(Eukaryotes only) Nearly all mRNAs are monocistronic because translation
is initiatedat the 5’ cap. Polycistronic virus genomes have evolved
strategies to circumvent this restriction, e.g. polyproteins. segmented
genomes, expression of subgenomic RNAs and the use of internal
ribosome entry sites

cell. DNA viruses must overEukaryote virusesare encumberedby the biology of the eukaryotic
come the restriction of cellular replication
once
to per cellcycle, and doso either by encoding their
own replication functions or
by inducing theS-phase in the hostcell. The simplestDNA viruses can
only productively infect proliferating
cells - either naturally proliferatingcells or those superinfected with a virus that can induce proliferation.RNA viruses are not so restricted because they
encode their own replicases. However, because of the monocistronic environment of the eukaryot
cell, they have evolved
specialized strategies for the translation of their
genes.
Both DNA and RNA viral genomes show great structural diversity (Table 30.3): they may be
circular or linear, double- or single-stranded, or partiallydouble-stranded. If singlestranded, they
may be(+) sense (messenger sense) o r (-) sense (antisense) or a combination (ambisense).Genomes
In the lattercase, the segments m a y
may comprise a single chromosome, or they may segmented.
be
b e packaged together or into
separate particles (multicomponent viruses). Genomes m a y b e
unique, partially redundant or diploid. Many viruses, for example, possess redundant termini
reflecting their replication and/or genome packaging
strategy. The eukaryoteRNA viruses may add
5’ caps and 3’ polyadenylate tails to their (+) strands, o r one but not the other, or neither.
Alternatively, the5’ terminus may be blocked
by a different chemical group by
or a protein.

Baltimorr, classificetionof mpiication strategy. The purpose of
a virus infection is genome replicaBaltimore classification of virustion, and the production of many progeny virions. The universal
es, devised in 1971 and based solely o n replication strategy (and ignoring morphological propertie
and host range), divided viruses into five families
based o n the replication mechanismsknown at
the time. More
categories are needed to include more
recent discoveries(Table 30.4). The strategy for
i sense.
s
genome replicationdepends on the type of nucleic
acid, its strandedness and t
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Table 3 0 . 3 viral genome structure a sample of viruses showing type
the and configuration of their genomes
and, for eukaryotic RNA viruses, the relation of the positive-sense strand-to-host
mRNA

Virus
Genome
genus
structure
genome
or
Other
family

A Adenoviridae
DNA Papovaviridae
dsDNA
r Caulimovindae
Partially
many)
upercoiled
egmented
circular,
Polydnaviridae
dsDNA
Parvoviridae
lnoviridae
sense
Tobamovimssense

properties

Positive ssDNA circular
Positive sRNA linear

Picomaviridae

ssRNA linear

Geminiviridae

ssDNA circular

Paramyxoviridae
Orihomyxoviridae

sRNA linear
ssRNA linear

Retroviridae

ssRNA linear

.

dsRNA
Reoviridae

Cap, no poly(A) tail
Positive sense
No cap, poly(A) tail
Ambisense
Some segmented and
multicomponent
Negative sense
Negative sense
Segmented (8)
Positive sense
Cap and poly(A) tail
Diploid
(10-1 2)

Table 30.4 Extended Baltimore classification of viral replication strategy
Class

I, dsDNA
viruses
Semidiscontinuous
replication
(as
for
cellular
genome)
or
by strand
displacement (seeReplication), e.g. SV40
Ila,
ssDNA
(+)
Synthesis
double-stranded
aof
replicative
form
from
which
daughter
ssDNA genomes can be producedby strand displacement, e.g.
bacteriophage M13
Ilb, SSDNA(-)
Synthesis
double-stranded
aof
intermediate
by hairpin
priming,
e.g. parvoviruses
111, dsRNA
These
viruses
carry
RNA
replicase
in the
virion
allowing
synthesis
of
daughter (+) RNA from the (-) RNA strand. The (+) RNA is packaged and
complementary (-) RNA is synthesized to complete the genome,
e.g. reoviruses
IV, sRNA (+)
(+) RNA viruses haveinfectious nucleic acidbecause the replicase canbe
translated directly fromthe genome. Initial translation of replicaseis
followed by production of genome length(-) RNA which acts as the
replicative intermediate for daughter(+) RNA synthesis, e.g. poliovirus
V, SSRNA(-)
(-) RNA viruses
have
noninfectious
nucleic
acid because
replicase
cannot
be translated directly from the RNA genome. They must carry replicase
into the cell as part of thecapsid and generate (+) RNA which actsboth
as mRNA and as a replicative intermediate for daughter
(-) RNA
synthesis, e.g. influenzavirus
Vla,RNA retroidviruses
(+) senseRNA is reverse-transcribedinto DNA.This is followed by second(retroviruses)
strand
cDNA
synthesis
and
the
integration
the
dsDNA
of intermediate
into the host genome. Transcription of the provirus yields full-length
daughter (+) RNA for packaging, e.g. HIV
Vlb,DNA retroidvirusesdsDNA
is transcribed into full-length RNA replicativeintermediatewhich is
reverse-transcribed to yield a cDNA copy. Second-strand cDNA
synthesis produces daughter dsDNA genomes for packaging. Does not
necessitate integration into host genome, e.g. hepatitis B virus
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Conventional replicationof double-stranded DNA viruses. Most dsDNA viruses replicate in a conventional manner using DNA polymerase and other replisome components which are encoded
either by the virus itself or the host. Viruses with circular dsDNA genomesoften replicate bidirectionally during early infection, but switch to rolling circles (q.v.) in late infection. For dsDNA bacteriophage such as h and T7, late replication generates long concatemers which can becleaved into
linear, genome-sizedfragments andpackaged into phage heads(the linear genomes circularize after
infection, using the cohesive ends produced by cleavage during packaging). Animal viruses with
circular dsDNA genomes-the Pupovuviridue (e.g. SV40),the Buculoviridue and the Polydnaviridae replicate predominantly in a bidirectional manner so that circular genomes are packaged into
capsids, although rolling circle-type structures have been observed in late SV40 infections. The
Polydnuviridue are unique: their genome is represented by multiple, redundant circles of dsDNA
which vary considerably in size; how these circles are produced has yet to be determined. Other
viruses with circular dsDNA genomes usedistinct strategies: e.g. bacteriophage T4 replicates as a
concatemer and utilizes forked intermediates resulting from invasive priming (q.v.).
Viruses with linear dsDNA genomesmay circularize upon infection (e.g. Herpesviridue) or may
replicate using a displacement mechanism. As for chromosome replication,
completing the 5' ends
is difficultbecause terminal replication cannotbeprimedin
the conventional manner (see
Replication). Viruses do not employ the use of telomeres, however. Theydisplay a variety of alternative strategies, including the use of terminal proteins for priming (e.g. Adenoviridue), or covalently
sealed hairpin ends (Pomiridue).The Iridoviridue, a family of viruses which infect lower vertebrates
and invertebrates, use a unique mechanism which involves partial replication in the nucleus,
followed by transport to the cytoplasm where replication continues to yield large concatemers
which are processed to generate genome-length circularly permutated and terminally redundant
molecules. The corestrategies for DNA virus replication are shown in Figure 30.2.
The production of concatemem* for packaging is usual for DNA viruses which utilize rolling
circle replication mechanisms. The concatemers
contain many copies of the genome arranged head
to tail and can beprocessed for packaging in two ways. In the first strategy, specificcisacting sites
are recognized by endonucleases whichcleave the concatemer into genome-length fragments for
insertion into the capsid. This is used, for example, by bacteriophage h (the cos site), and results in
each virus particle containing identical genomes whichare nonredundant. The second strategy,the
headfull mechanism, is used, for example, bybacteriophage P22 and by the eukaryotic frog virus
3. There maybe a cis-acting site which allows the initiation of packaging, but once recognized,there
are no specific sites which facilitate packaging of individual genomes. Rather,packaging continues
until the capsid is full, then the DNA is cleaved. Generally, the capacity of the capsid is such that
more than one genome
of DNA can be packaged,
and this results in terminal redundancy (the presence of repeated sequences at the genome termini) and circular permutation (where different
genomes begin and endin different places,but contain the same loci). Thetwo packaging strategies
are compared in Figure 30.2 (also q.v. generalized transduction).
DNA retmid viruses. The Hepudnuviridue (e.g. hepatitis

B virus) and the caulimoviruses (e.g. cauliflower mosaic virus) are dsDNA viruses which replicate bytranscription and reverse transcription.
In both cases, the doublestranded DNA genomes are discontinuous. The Hepudnuviridue possess
circular but unclosed, partially double-stranded DNA genomes with one fixed-length, negativesense long strand, L(-), and one variable length, positive-sense, short strand, S(+). Caulimovirus
genomes are open circles with 3 or 4 single-stranded discontinuities, depending on the species.
Replication begins with the transcription of a long positivesense transcript, the pregenome, which
IConcatemen are head-to-tail arraysof covalently joinedDNA sequences, and the processof generating them
is concatenation. They are not the samecatenanes,
as
which are interlinkedDNA circles generatedby catenation
(q.v. DNA topology).
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Circular =DNA viruses

e.g. M13

e.g.
'poxvirus

\

q

0

Linear dsDNA viruses

-

Circular dsDNA viruses
e.g. SVM

e.g.
Bacteriophage X,

mv-I

10

1
Linear ssDNA viruses

Parvovirus

Figure 30.1: Replication strategies ofDNA viruses (excluding retroid viruses). Genomes may be doublestranded (ds) or single-stranded(ss), circular or linear. Viruses with a circular dsDNA genome often replicate
in a conventional bidirectionalmanner (l),but a nick may be introduced at the origin of replication(2) and
they may switch to rolling circle replication to generate concatemers(3). The circulardsDNA genome is also
an intermediate forsome viruses with linear dsDNA genomes(4), although others mayuse a displacement
strategy, primed at terminal proteins(5). Viruses with circular ssDNA genomes also use a dsDNA
intermediate, which is called areplicative form. A ssDNA circle is primed (6) and usedto generate a
replicative form by second-strand synthesis(7, 8). This may replicatein the manner of a conventional circular
dsDNA genometo generate more replicative forms(1) or may produce single-stranded daughter genomes or
concaterners by rolling circle replication (2, 3). Some linear dsDNA viruses have covalently sealed ends and
may use a circularssDNA intermediate (9). Finally, linear ssDNA viruses may replicateby hairpin priming (10).
Examples of viruses using each of these strategies are shown.
is often longer than the genome and can be used
as mRNA
both and as a template togenerate n e w
(-) sense DNA, using the viral-encodedreverse transcriptase (q.v.). In hepadnaviruses, short-strand
synthesis begins after degradation of the pregenomeby reverse transcriptase-associated RNaseH
i
s
activity, but its synthesis may be interrupted by host-cell lysis, the consequence of which is t
variable length.

Transposing bacteriophage. Bacteriophage Mu, like a transposon (q.v.), replicates only within the
genome of its host, and does so by repeated replicative transposition (q.v.); this is transpositional
replication. Unlike other transposons, however, Mu encodes functions which allow it to excise
destructively from the genome package
and
into a capsid, and infect other
bacteria in the mannerof
a phage (see Mobile Genetic Elements fordiscussion of transposons).
Repkation of single-stranded DNA viruses. Viruses with single-stranded genomes replicate via a
double-stranded intermediate whose opposite sense, (antigenome) strand, acts as a template for the
synthesis of newDNA genomes (Figure 30.1). Bacteriophage falling into thiscategory (the Inouiridae,
which include the filamentous
phages M13 andfl, and theM i m i r i d u e ) have positive-sense single-
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Figure 308: Strategies for packaging concaternericDNA. A concaterner is shown at the top of the figure
with each genome arbitrarily divided into four sequence
divided into genome lengths (bidirectional arrows),
blocks (representedby different shading). The processing of the concatemerby cleaving at specific sites(A)
generates nonredundant and nonpermutated genomes for packaging. The processing of concatemers
by
cleaving at nonspecific sites (B)but producing fragments of the same length which are greater than the size
of the nonredundant genome generates cyclically permutated genomeswith terminal redundancies.

stranded DNA genomes, and the antigenome intermediatemust also actas a template for I ~ R N A
SFthesis. The geminiviruses are a family of plant viruses with similar genomestructure and replication
mechanism, although their genomes are ambisense, and in some cases the viruses are
segmented and multicomponent. The genomeis circular and is termedthe viral or v-strand, whereas
the antigenomeis the complementary or c-strand. Synthesis of the cstrand forms a double-stranded
circle, the replicative form (W,which can replicate by a conventional bidirectional mechanism to
generate copies of itself. Later, replication switches to
an asymmetrical rolling-circle mechanism
producing concatemeric singlestranded genomes for packaging(q.vDNA sequencing).
Some animalviruses may replicatein a similarmanner to the M13-like phage,but the best characterized %DNA animal virus family, the Puruoviridae, uses a distinct strategy. The parvovirus
genome is linear. Some species (e.g. miceminute virus) package specifically(-) sense DNA; others
package both types of strand into individual particles with (+) strands representing l-50% of viral
progeny, depending on the species. The genomecontains self-complementary repeats which prime
opposite-sense strand synthesis by hairpin formation. Thehairpins are cleaved by the viral-encoded
protein, Rep, producing genome-length molecules for packaging. The hairpins adopt a specific
Tshaped configuration so that a conventionalhairpin is retained on the progeny genome whenthe
parental genome is cleaved off. This allows continuous priming of new progeny strands and the
formation of large concatemers.
Repricetion of conventional single-strandedRNA vimses. RNA viruses are generally single-stranded
and are usually fully (+) sense or (-) sense (c.f. ssDNA genomes which may also be ambisense). (+)
sense RNA genomes can,in principle, actas mRNA as soon as they have enteredthe cell, whereas(-)
sense genomes cannot. Because cells generally
do not encode RNA replicase functions, naked
(+) RNA
viral genomes transfected into cells are infectious because viral RNA replicase can be produced,
of the genome must besynthewhereas (-) RNA genomes are latent because a complementary copy
sized before the replicase can be translated. (-) RNA viruses therefore carry replicase into the cell in
plant viruses are
their capsid, allowing synthesis
of (+) RNA without prior viral gene expression. Most
(+) RNA viruses.
(+) RNA viruses generally possess linear genomes. Those which infect eukaryotes (e.g. the
Picornuviridue, coronavirus, tobacco mosaicvirus) may resemblehost mRNA in the possession of 5'

caps and/or 3' polyadenylate tails, or may lack either or both structures. The 5' cap is essential
for the translation and stability of cellular mRNA (see RNA Processing), so viruses which lack this
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structure usuallyblock the 5' end of theirgenome in an alternative manner, either witha different
chemical group or witha viral encoded protein. The picornaviruses lack a cap and exploit thecells
dependence on capped mFWA to block host protein synthesis by inhibiting the
cup binding protein
(q.v.) essential for ribosome loading. The translation of their own genes is mediated by a unique
intemul ribosome entry site (see below). Most (+) RNA viruses replicate using a (-) sense RNA replicative intermediate, which acts as a template both for genome duplication and mRNA synthesis.
However, the retroviruses replicate using a unique strategy involving a dsDNA intermediate (see
nor polyadenylate theirgenomes, and act as
below). Eukaryotic (-) RNA virus tend to neither cap
templates for both mFWA synthesis and production
of the genome-length (+) RNA replicative intermediate, which itself is a template for further daughter(-) RNA genome strandsynthesis.
Repl/catlon of double-stranded RhlA viruses. Several virus families possess dsRNA genomes, e.g.

the Purtitiviridae, which infect fungi andplants, the Totiviridae, which infect unicellular eukaryotes,
bacteriophage of the Cystoviridae family, and theReoviridue, which have a broad host range amongst
multicellular organisms and are the best characterized. All families have linear genomes and all,
except the Hypoviridue, are segmented -two or three segments for most of the families but 8-10 segments in the Remiridue. The (+) strand of eukaryotic dsRNA viruses tends to be capped but not
polyadenylated, whereas the (-) strand possesses neither modification. The Reoviridue use the (-)
strand to generate(+) genome strands andmRNA. They therefore replicate in the mannerof a typical (-) strand RNA virus; similarly, they carry replicase in the capsid. The (+) strands arepackaged
into partially formed capsids, wherein (-) strand synthesisoccurs.
Repllcatlon cycle of

the retroviruses. The replication strategy of the RNA retroid viruses, the
Retrmiridue, is a unique and complex process involving sequential transcription, reverse transcription, RNA degradation, DNA synthesis andintegration into the hostgenome (Figure 30.3). The central region of the virusgenome is flanked by direct long terminal repeats(LTRs) which carry transcriptional control elements responsible for production of genome length RNA from the integrated
provirus. The terminal redundancy of the retroviruses results from the remarkable replication strategy: a copy-choice replication mechanism involving twotemplate switches. A family of eukaryotic
transposable elements, the retrotrunsposons (q.v.), mobilize in a manner which is very similar to that
of the retroviruses, and their genomes are similarly organized, usually differing in theabsence of a
functional env gene which encodes capsid proteins. The retrotransposons and retroviruses use the
same mechanism for integration (see Mobile Genetic Elements).
The human immunodeficiency virus
(W)
is a retrovirus and is responsible for the acquired immune deficiency syndrome (AIDS)
(Box 30.2).

30.3 Strategies for viral gene expression

-

Temporal control regulatory cascades in viral infections.
Viral infection cycles are often divided
into distinct phases, reflecting the expression of specific subsets of genes. Temporal control of viral
gene expression is analogous to the control of gene expression during development: both involve
cascades of transcriptional regulators, or regulators of other levels of gene expression (see Gene
Expression and Regulation). In DNA viruses, temporal control is often achieved by expressing, as
an early gene product, an essential regulator of later genes. The later-acting genes may encode
further regulators, and by placing genetic regulators into such
a dependent series, as many temporal
steps can be added to an infection cycle as necessary. Many viruses divide their infection cycle into
two or three such steps, and the lagbetween the individual phasesreflects the time taken to synthesize and/or activate the appropriateregulators.
As examples,
A diverse range of mechanisms are used byindividual viruses to achieve these aims.
the regulatory cascades of bacteriophage A, human immunodeficiency virus (HW) and herpes
simplex virus (HSV) are discussed in Boxes 30.2,30.2 and 30.3, respectively. The progression of the
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Figure 3 0 . 3 Replication strategyof the retroviruses. RNA is shown as thin lines andDNA as thick lines. (1)
The viral (+) RNA has a redundant terminal region(R) and unique 5' and 3' regions (U5 and US), and is
capped at the 5' end and polyadenylated atthe 3' end (not shown).(2) (-) strand DNA synthesis is primed by
a host-encodedtRNA which binds to a primerbinding site (PBS)
downstream from U5; (-) strand DNA
synthesis runsto the 5' end of the RNA template. (3) The 5' redundant regionof the RNA template is
degraded byRNaseH. (4) The unpaired DNA at this region can then pairwith a 3' redundant regionfrom the
same genome, or another genome. (5) The DNA hybridizes with the RNA allowing continued(-) strand DNA
synthesis on a new RNA template. (6) The extensionof the (-) DNA strand onthe new template constitutes
the 'first jump' and continuesuntil it displaces the tRNA primer. (7) As the (-) DNA strand is extended, the
RNA template is degraded by RNase H. Somefragments of RNA remainto prime (+) strand DNA synthesis,
often at a polypurinetract (P)upstream of U3. (+) strand DNA synthesis is initiated and (8) switches to the
initial templateconstituting the 'second jump'. (9) Completion of (+) and (-) strand DNA synthesis by
displacement duplicatesthe terminal regionsof the genome. (10) This generates the characteristic longcopy of the retroviral
terminal repeatsof retroviral genomes (broken arrows). The double-stranded cDNA
RNA can integrateinto the host genome atthis point (9.v. retrotransposition). Transcription,initiated at a
promoter withinU3 and terminating atU5, produces the viral RNA or packaging as shown by the long arrow;
it is equivalent to the RNA strand shownin (1). Transcriptionfrom the right-hand LTR can alsooccur and
may activate adjacent host genes(q.v. slow transforming retrovirus).

bacteriophage h lytic cycle involves three phases of gene expression regulated by antitermination,
whereas the choice between lysis and lysogeny
depends o n the balancebetween two transcriptional
also controlled by transcriptional regulation, but the HIV infection
regulators. HSV lytic infection is
cycle iscontrolledpredominantly
by regulating RNA splicingandexportfromthe
nucleus.
Mechanisms used by other viruses include thesynthesis of cascades of o-factors (bacteriophage T7),
and regulation of translation (adenovirus). Temporal regulation may also be exploited by RNA
viruses, and is usually controlled
by genome structure andthe presence of replicase. Togaviruses, for
example, have a bicistronic genome but only the5' gene can be translated in early infectionbecause
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Table 30.5 Strategies for protein synthesis in polycistronic eukaryotic RNA viruses

hanism
Strateav
Segmented
genomes
Segmented
RNA
genomes
allow
individual
genes
to
be placed on
separate segments. Influenza virus has eight genes
on eight
negative-sense sRNA segments and encodes10 products (two by
alternative splicing). This strategy also facilitates genetic
mixing
by reassortment
Polyproteins
The
entire
genome
is expressed assingle
a
polypeptide which is then
cleaved to generate individual gene products. This strategy allows all
gene products to be encoded by a singletranscript and is exploited
by the Picomaviridae
ribosome
entry
IRES motifs
Some
picornaviral
genomes
contain the IRES (internal
site) motif which allows ribosomesto bind in the absence of the
trans-acting componentsfacilitating cap recognition. TheIRES
adopts a secondary structurewhich recruits translationinitiation
factors in the absence of the cap binding protein. In recombinant
constructs, the IRES can be placed upstream of individual reading
frames for expression of polycistronic mRNA in eukaryotes
Discrete mRNAs
The
Rhabdoviridae
transcribe
individual
mRNAs corresponding to each
viral gene from their polycistronic negative-sensegenome. The
transcriptase transcribes eachgene sequentially, but with increasing
likelihood of dissociation. This novelform of gene regulation during
transcriptional elongation allowsthe five transcriptsto be produced
in decreasing levels
Nestedsubgenomic RNAsThe
togavirusgenome is bicistronic,and in the earlyphase of infection
only the 5' ORF, encoding replicase,can be translated. Once
replicase has been synthesized,it can initiate transcription of a
subgenomic mRNA containing the downstream ORF only, which
encodes capsid proteins as a polyprotein. Coronaviruses use a
similar strategy involving seven subgenomic
mRNAs corresponding
to the seven genes. Each has a common leader sequence which may
be used as a primer

I

the viral replicase (encoded by the 5' gene) is required togenerate a smaller RNA from which the
downstream gene (encoding capsid proteins) translated.
is
For ambisense viruses, the earlygenes can
be translated from RNA produced from the
genomic strand but late genes can be translated only
from
RNA produced from the antigenomicstrand; hence replication mustprecede late gene expression.

Protein synthesis by eukaryotic RNA viruses. A major strategic problem for eukaryotic RNA
viruses i s h o w t o translate their open reading frames in the monocistronic environment of the
eukaryotic cell. Cellular mRNAs are almost exclusively monocistronic (see Transcription) because
ribosome loading depends upon the
5' modified cap. This contrasts with the situationin bacteria,
where ribosomescanenter
mRNA at internal Shine-Dalgamo sequences (q.v.). The strategies
employed by RNA viruses to circumvent this impediment are ingenious
(Table 30.5). One of the most
remarkable is demonstrated by the picornaviruses, which possess internal ribosome entry sites
(IRES motifs) analogous to bacterial Shine-Dalgarno sequences. These have been extensively
exploited in the expression of cloned genes as they allow coordinatedexpression under the same
promoter, which is useful for targeted
gene expression in transgenic organisms andhas many applications in the use of reporter constructs
(q.v. transgenic mouse,gene knockout, reporter gene).

ing
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Table 30.8: Viruses and different classes
of subviral agents and their discriminating characteristics
Agent

Virus

Viroid
Satellite virus

Satellitenucleicacid

Virusoid
Virino
Prion

DNA or RNA genome
Genome packaged in protein coat, which mediates infection
Genome codes for coat proteins and otherfunctions required for
infection cycle
RNA genome
Genome is naked (no protein coat), infection is mediated mechanically
Genome appearsnot to encode proteins
A virus
whose
replication
is dependent
on coinfection by a second ‘helper’
virus of a different type, which supplies missing
functions in trans
The satellite virus and helper virus are separate entities; they encode
their own capsids and infectthe cell independently
(a) ADNA or RNA genome with virus-like coding properties but lacking the
ability to encode its own capsid and therefore needingthe late functions
of a helper virus
@) A viroid-like RNA found in plants, packaged as a stowawayin the
capsid of its helper virus andwhich depends on that helper virus for
infection and replication functions. The helper virus
is not dependent on
the satellite
RNA found in plants,
structurally
and
functionally
similar
toviroid,
a
and
packaged into a viral capsid,but actually part ofthe virus genome and
therefore not expendable like satelliteRNA
Theoretical
infectious
particle which has
noncoding
a nucleic
acid genome
packaged in a proteincoat derived fromthe host
Proteinaceous
infectious
particle resistant to treatments that destroy
nucleic acids. Commonly takento mean an infectious agentcomposed
entirely of a host-encoded proteinwhich can changeto a pathogenic and
‘self-replicating’ conformation

subviral agents, which discriminates them from other self-replicating
genetic elements such as
plasmids andtransposable elements, and fromorganelles such as mitochondria andchloroplasts, is
their existence in a stable extrucellulur form, a n existence which allows them to be infectious
in their

own right.
WmMs. Viroids are small single-stranded circular RNA agents which infectplants. They differ from
RNA viruses in three major aspects: their size (they are one-quarter of thesize of thesmallest RNA
virus, i.e. 250-400 bases); the genome doesnot encode any proteins and they are encapsidated.
not
Viroid infection is mediated
mechanically.
About 30 distinct types of viroid have been identified:
some generate disease symptoms and
some are cryptic. Disease symptoms range frommild to lethal, and may result from interference
with host RNA processing. All viroids undergoextensive intramolecular base-pairing to form
rigid
rod-like structureswith conserved secondary structures, and two viroid ’families’ have beenrecognized on this basis. In mixed infections, frequent recombination occurs between homologous
domains of individual viroids
to generate novel sequence variants.
Viroid replication requires host
encoded RNA polymerase, which may have weak
RNA replicase
activity. Viroidsare thought to replicate via rolling
circles, producing concatemeric replicative intermediates which act as templates for genome synthesis. H o w single-stranded circular genomes are
released from the double-stranded concatemers is poorlyunderstood, although the avocado sunblotch viroid can catalyze self-cleavage, and several of the structural features of viroids are also
found in group I introns, suggesting autocatalytic monomerization in some species and perhaps
host-dependent cleavage in others (q.v. ribozyrnes, se2fsplin’ng introns).
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Satellites. Satellites1 are subviral agents which depend on a helper virus for successful infection.
There are two types of satellite: a satellite virus which encodes its own coat protein (and thus mediates infection and often other stagesof its infection cyclewithout help), and satellite nucleicacids,
which do not. Satellite viruses include the eukaryotic Dependovirus genus (e.g. adeno-associated
viruses) and several ssRNA plant viruses with a diverse range of helper viruses. Satellite nucleic
acids can be divided intotwo classes. Somebehave like viruses, but require help with latefunctions
and hence utilize the capsid proteins of the helper virus (e.g. bacteriophage P4, which uses the
capsid proteins of bacteriophage P2, also q.v. killerfucfors).This type of satellite can bethought of as
a plasmid which can bepromoted to a virus by subvertingthe late functions of its helper virus to
form infectious particles - some vectors used in recombinant DNA research work onsimilar principles (q.v. phagemid). Other satellites, found only in plants, resemble viroids in structure and likewise have no coding function, but hitch-hike within the capsid of a helper virus to mediate infection. Thesesatellites depend onthe helper virusfor infection and replication, but the converse is not
true; viral infections can occurboth with and without the
satellite (the presence of the satellite can
influence the symptoms produced in the infected plant and reduce the yield of the helper virus,
probably by competing for components and resources during replication; for example, cucumber
mosaic virus infections of tomato plants arerelatively mild, but inthe presence of CMV-associated
RNA, a satellite RNA, a lethal necrosis results.In other plants, however, the presence of the satellite
RNA reduces the severity of the symptoms). In some viruses, viroid-like elements represent permanent components of the genome (i.e. the helper virus andsatellite are mutually dependent
for replication and infection). For example,
the velvet tobacco mottle virus hasa bipartite RNA genome consisting of RNA1 and RNA2, the latter resembling a viroid but actually being essential for viral infection and replication; in this situation the RNA2 is known as a virusoid. Conversely, in the closely
related lucerne transient streak virus, RNA2 is a nonessential satellite.

Agents of transmissib/e spongifom encephalopathies.Transmissible spongiform encephalopathies
(TSEs) are degenerative diseases of the nervous system which occur naturally in many mammals
including humans (Table 30.7). The nature of the TSE agent is not fullyunderstood, but manylines of
evidence suggest that it is caused by a proteinaceous infectious particle, or prion. The presence of
nucleic acid in prions has not been demonstrated, and prion isolates remain infectiousfollowing all
forms of treatment which destroy nucleic acids,
e.g. W-irradiation, incubation with nucleases.
However, prions exist indistinct strains, which suggests a genetic basis.
Table 30.7: Transmissible spongiform encephalopathies(TSEs)in differentmammals
SDecies

Sheep and goats
Cattle
Cats
Mink
Cervids (deer, elk)
Humans

TSE

Scrapie
Bovine spongiform encephalopathy (BSE),
‘Mad Cow Disease’
Feline spongiform encephalopathy(FSE)
Transmissible mink encephalopathy (TME)
Chronic wasting disease (CWD)
CreutzfeldtJakob disease(CJD)
Gerstmann-Straussler-Scheinker syndrome (GSS)
Kuru
Fatal familial insomnia (FFI)

nothing whatsoever to do with Satellite
‘Satellite RNAs, such asRNA2 in the lucerne transient steak virus, have
DNA (q.v.), a highly repetitive form of DNA found in eukaryote chromosomes.Nor should viral satellites be
confused with chromosome satellite regions (q.v.), which are found distal to palestaining nucleolar organizer
regions (q.v.).

480

Advanced Molecular Biology

0'""
L

4

Figure 30.4: The refolding model for prion replication.PrPc is the normal protein and PrPsc is the
pathological form. Initially, PrPsc may be supplied exogenously, e.g. by horizontal transmission through the
food chain, or by vertical transmission during pregnancy (1). Alternatively, PrPSCmay arise spontaneously
from PrPC if favored by a particular germline or somatic mutation in the PrPc-encoding gene, or by other
environmental causes. The disease is propagated by a chain reaction in which PrPSCmolecules coming into
contact with PrPC (3)cause PrPC to be converted into PrPSC(4), providing more PrpC to feedback and
interact with more PrPc (5).Initially, the build-up of prions would be slow, but would accelerate and

eventually become exponential.
It is thought thata host-encodedprotein called PrPc (cellular prion-related protein) is an important, if not the only, component of the infectious particle. The protein-only hypothesis maintains
that the prion contains no nucleic acid, whereas the unconventional virus hypothesis maintains
that the agent, a virino, is an unusualvirus which requires P r F for infection. A unified model has
also been presented, involving aspects of both hypotheses. P r F is a neuron-specific membraneassociated glycoprotein present in all mammals. Normal P r F is degraded by protease treatment,
but in cases of TSE, fibrils composed of highly protease-resistant aggregates of PrP (PrP amyloids)
appear in neurons. This protease-resistant form is called PrPsC (scrapie prion-related protein) or
PrP*, and when isolated from diseased cells it is enriched for the TSE agent (although the ratio of
infectious agent to protease-resistant PrP is only 1in 105).
P r F and PrP& appear identical in primary structure, suggesting that the change from normal
P r F to pathogenic and infectious RPsc results from a change in conformation. P r F has a structured C-terminal domain but an N-terminal region of unstructured coil; this region adopts a predominantly @-sheetorganization in PrPsc. It is not known how the conformational change occurs,
but a model for the 'replication' of the agent involves interaction between the misfolded pathological form and its normal cellular counterpart resulting in induced refolding so that the P r F is
converted to PrPsc (Figure 30.4). This is supported by the
observation that prion diseases take on the
characteristics of the PrP" encoded by the host rather than the infectious agent itself, i.e. the endogenous PrP is being converted into a pathogenic conformer. The existenceof many different strains of
prion diseases is consistent with the unconventionalvirus hypothesis, but can beexplained in terms
of the protein-only hypothesis if each strain represented a different conformational form of PrP, and
could autocatalytically convert normal P r F isomers into copies of itself. There are often considerable delays in cross-species infections, suggesting that the conversion of host P r F by a 'foreign'
prion is initially aslow process.
Genetic studies show that about 10% of cases of Creutzfeldt-Jakob Disease, CJD (and most cases
of the related diseases Gerstmann-Straussler-Scheinker syndrome and fatal familial insomnia), can
be tracedto germline mutations in the PRNP gene, which encodesP r F . Mice with mutations inthe
homologous Pm-plocus have reduced incubation times for scrapie, suggesting that mutation can
make the normal prion protein more susceptible to conformational conversion by PrPsc from a
different source.Transgenic mice (q.v.) carrying the hamster PrP-encoding gene are more susceptible
to the hamster scrapie agent than wild-type mice.Perhaps most importantly,Pm-pgene knockout mice
(q.v.) are resistant to scrapie infection because the TSE agent does not replicate. Additionally, these
mutant mice show only a mildphenotype (altered sleep patterns, impaired long-term potentiation),
and thus the endogenous function of the P r F molecule remainsunknown. It is possible that a mutation in the PrP-encoding gene may predispose P r F to undergo a spontaneous conformational
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change which can initiatea chain reaction of propagationin infected cells. In spontaneous cases of
CJD, a somatic mutation could initiate theinfection, and spreading to surrounding cells could be
mediated by protein-protein contact across membranes. There i s m u c hevidence that prion-related
agents can be transmitted horizontally through the food chain
humans,
to
either by consumption of
infected humanbrain tissue (kuru) or ofbeef infected with bovine spongiform encephalopathy
(new
variant CJD).There is also increasing evidence that somatic prion diseases can be transmitted vertically from mother
to offspring.

Box 30.1: Bacteriophage h
Early events: expression of immediate early and c//, c///, 0, P,Q and the recombination genes are
delayed early genes. Bacteriophage h is a temper- thus knownas the delayed early genes.
ate phage of €. coli. When h infects the cell, it has
lytic cycle is characterized by
the choice to replicate and eventually lyse the cell The lytic cycle. The
phagereplicationandtheexpressionofthelate
[lytic cycle), or to integrate into the genome and
become latent (lysogeny). Regardless of whether h genes.Theseencodephageparticlecomponents
follows the pathway to lysis or lysogeny, the early and proteins required for phage assembly, chromosome packaging and host-cell lysis (see figure below).
events of infection are the same. After entry and
Replication functionsare encoded by the delayed
genomecircularization, transcription is initiated at
early genes0 and P,although a number of host
propromotersp~ and PR by host RNApolymerase.
These promoters lie either side of the c/ gene and teins are also required. Thelate genes are encoded
transcription proceeds outwards (i.e. away from cl) in a single operon whose transcription initiates at
terminating at p-dependent transcriptional termina- promoter PR'. Transcription runs off the right-hand
tor sites (q.v.) tL and tRf just beyond the N gene on edge of the linear h map, through the cos site into
the left and the cro gene on the right (see figure the left arm, and finishes at a variable position in the
the tail genes
below). N and cm are thus known as immediate unassigned reading frames separating
earlygenes:
they are expressed immediately from the aff site. In the early phaseof infection, right
ward transcription from promoter PR'may be initiatfollowinginfection.Occasionally,
right wardtranscription proceeds throughtR1 to tm, allowing tran- ed, but proceeds for only -100 nucleotides before
site.The product of the
scription of c//, which encodes a regulator protein, reachingatermination
delayed early gene Q is an antitermination protein
and genes 0 and P,which initiate h replication.
N is an antiterminator protein (q.v.) which allows which allows readthroughof this terminator into the
transcription from the p~ and PR promoters to pro- late gene operon.
Successful entry into the lytic cycle depends on
ceed beyond the terminator sites.
Therefore, once N
has been synthesized, transcription left ward from the expression of cm, which encodes a transcripp~ allows the expression not only of N,but also of tional repressor that binds to the operator
c/// and the block of genes involved in recombina- sequences OL and OR, overlapping the early proof the
tion functions,whereas transcription right wardfrom moters.Croactivitypreventsexpression
regulatory proteinsCl and CII, whose function is to
PR allows the expression not only of cro, c//, 0 and
P, but also Q, which regulates late gene expression. establish lysogeny, as discussed below.
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Early gene expression following infection by bacteriophageh. (1) Initially, expression left ward from promoter p~termiof the immediate
nates at tL and expression right wards fromPR terminates at tRf (occasionally tm), allowing expression
early genes N and CID. (2) N is an antiterminator protein which allows readthrough of the terminator sites, and hence
expression of the delayed early genes, including the regulator genes c// and Q. In the h. map, genes are shown on the
upper row and regulatory elements on the lower row. Transcription
is shown as thick arrows, regulatory factors
as circles.
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DNA replication, which initially proceeds bidirecvator and a transcriptional repressor, the former by
tionally, switches to rolling-circle replication later in recruiting RNApolymerase to the promoter, the
the lytic phase (seeReplication). The molecular basislatter by steric hindrance.
of this switch is not understood, but both types of
Although the positive feedbackloop demonstrates
replication initiate at the same origin. Rolling-circle how Cl expression is maintained,it does not explain
replicationproduceslongconcatemers
of the h how it is initiated. This requires the transcriptional
genome which are cleaved at
the cos sites by termi- regulator CII, which is a the product of a delayed
nase(anenzymecomprisingthe
Nul andAproearly gene. CIIbinds to three promoters:PE, pas and
teins),generating the 12 nucleotide 5' overhangs PI. The PE promoter allows left ward transcription of
characteristic of the linear genome. Theleft cohesive c l and establishes synthesis of Cl while repressing
endispackagedfirst,andheadstuffingcontinues
cm by countertranscription. OnceCl is synthesized it
until another cos site is encountered. Lysis releases blocks transcription from PR and thus shuts down
about 100 progeny phage from the cell as well as synthesis of CII, butby this time the Cl maintenance
unpackaged genomes and phage components.
circuit is running. The PE promoter is stronger than
PM, and provides a burst of repressor synthesis to
Lysogeny and immunity to superinfection.
drive the phage into lysogeny, whereas PM provides
Lysogeny is characterized by the repression trana low level of constitutive expressionto maintain it.
scription and the integration of the h genome into
Promoter PE hasa poor consensussequence,
the bacterial chromosome. Thisis controlled by the however,whichexplainstherequirementforCII.
combinedactivitiesof two transcriptionalregulaTranscription from p a produces an antisense RNA
tors, Cl and CII (see figure below).
(q.v.) from the region of the Q gene. This interferes
Cl is the h repressor which maintains the phage with the translationofany
Q mRNAwhichhas
in a latent (transcriptionally inactive) state.Cl binds alreadybeensynthesizedandprovidesasecond
to the operator regions OL and OR adjacent to the mechanism to block expression of the late genes.
early promoters p~ and PR, and thus prevents outFinally, transcription from PI, which is located within
ward transcription. Thisblocks the expression of all the xis gene, facilitatesexpression of int which
genes, notably N and hence Q, ensuring that late
encodes the integrase enzyme requiredto insert the
gene transcription is repressed.An
additional h genome intothe host chromosome (for the mechaconsequence of Cl binding to OR is that it activates nism ofh integrationq.v. site-specific recombination).
left ward transcription from the adjacent promoter
lysogeny. Upon
PM. This facilitatestranscription of the c l gene itself. The choicebetweenlysisand
infection, h is committed to neither lysis nor
Thus Cl is able to maintain its own synthesis in a
the cl/ gene is
positivefeedback loop called the maintenance lysogeny.Lysogenyoccurswhen
circuit, which incidentally prevents the expression expressed. CH blocks late gene expression by antiof cm by countertranscription(q.v.) through the cm sense repression of Q, facilitates synthesis of the
gene. The maintenance circuit explains
immunity to integrase protein allowing prophage insertion, and
superinfection (wherebybacterialysogenic for h establishes c l expression. OnceCl is synthesized, it
the maintecannot undergo lytic infection by h):the production regulates its ownsynthesisthrough
nance circuit and, by binding to OL and OR, shuts
of surplus Cl ensuresthatanyincomingphage
genomes are repressed as soon as they enter
the down the expression of all other phage genes. Lysis
cell. Cl therefore acts as both a transcriptionalacti- occurs when cm is expressed. Cro blocks c l main-

The genetic cascadeof the lytic cycle.The early events shown in(1) and (2) are common toboth lytic and lysogenicpathways. These early events facilitate the synthesis of theantiteninator protein Q and the transcriptional repressor Cro. (3)
Q allows transcription from PR' to proceed through the nearby terminator site and therefore facilitates expression of the
late genes. Note that the late operon runs off the right-hand side of the linear map and through the head and tail genes
on the left side becauseh is circular at this stage. Meanwhile Cro binds
to the operators adjacentto promoters p~and PR
and prevents further expressionof the early genes, which would establish lysogeny.
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The genetic cascade which establishes lysogeny.
The early events shownin (1) and (2) are commonto both lytic and lysogenic pathways. These early events facilitate the synthesis of the transcriptional regulatorCII (3) Cl1 binds to three promoters. At p~it facilitates expressionof the int gene which encodes integrase and
allows integration of h into the host chromosome. At PE it establishes the expression of cl and represses the expression of cro by countertranscription. At p a it
of late genes. (4) Cl binds
transcribes an antisense RNA which repressesQ protein synthesis, thus blocking the expression
to operators adjacent to promoters p~and PR and prevents further expression of the early genes, but facilitates maintenance of c l gene expression itself from promoter PM. thus establishing an autoregulatory loop which maintainslysogeny

.

tenance expression by binding to OL and OR, and
prevents c l establishmenttranscription,integrase
synthesis and antisense repressionQofby reducing
transcription from p~ and
PR and thus abolishing
the
expression ofcl/.
Thechoicebetweenlysisandlysogeny
thus
breaks down to whether Cl or Cro binds to the OL
and OR operator sites, each of which
consists of
three binding motifs. The different properties of Cl
and Cro, and thedistinct ways in which theybind to
the operatormotifs,dictateshowtheyinfluence
transcription andhencecontrolsensuingevents.
The predominance of each regulatorin turn reflects
whether CII is present or absent:in the presence of
CII, c l expression is favored and cro is repressed,
whereas in its absence, c l expression is never
establishedand cro is expressed. c// is anearly
gene and is expressed soon after infection.
However, the product is very unstable and is
degradedrapidlybycellularproteases.Afurther
protein, CHI, protects CII from theseaffectsand
makes it more stable, as does the host-encoded
regulatorCAT-cAMP (q.v. cataboliterepression).
Thedecisionbetweenlysisandlysogeny
thus
reflects the abundance ofClll and CAT-cAMP in the
cell. These factors control the stability of CII and
thus determine whether Cl is synthesized or not.
Lysogeny is favored when either Clll or CAT-cAMP
is present at a high concentration (high multiplicity
of infection or poor growth conditions, i.e. glucose
starvation),whereaslysis
is favoredunder most
other conditions. The regulatory
steps in the control
of the h. infectioncycle are summarized in the
figure below.

at a low frequency, probably reflecting rare events
where the Cl repressor disengages from OR, allowing synthesis of Cro.Induction can be stimulated by
treating cells with agents that damageDNA,
because this involves activation of the SOS
response (9.v.). The SOS genes are usually silenced
by the transcriptional repressor LexA.Damage to
DNA activates the RecA protein (q.v.), which cleaves
LexA and inducesthe SOS genes. The Cl repressor
sharessome structural features with LexAandis
also cleaved by activated RecA. This causes the
repressor to disassociate from the operator sites,
shutting down c l transcription from,,,,p,
and activating transcription from p~ and PR promoters, so
heralding the lytic cycle.

Control of integration and excision.Integration of
h into the host chromosome occurs in situations
favoring lysogeny, and excisionoccurs in situations
favoring induction. Both processes requirethe
integrase protein, encoded
by the int gene, whereas
onlyexcisionrequiresexcisionase,
the xis gene
product. The control of integration and excision is
mediated transcriptionally and posttranscriptionally.
During the lytic cycle, transcription from p~ produces a transcript encoding
both int and xis. Neither
protein is synthesized, however, because transcription terminates at a region called
sib which enables
the mRNA to form a distinct secondary structure.
This is cleavedby host RNase 111 and the distal part
of the transcript, including the int and xis loci, is
degraded, a regulatory mechanism known as
refroregulation (q.v.).
When lysogeny is favored, CII activates int tranInduction. Induction describes the excision of the scription from promoter p1 which is within the xis
gene. Thusint is expressed but not xis and only inteh prophage from the host chromosome and entry
into the lytic cycle. Induction occurs spontaneously grase is synthesized.
Continued
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Upon induction, transcription from p~ is dere- the two genes from sib (the att site lies between
pressed, but this time both integrase and excision- intlxis and sib), and termination before sib generaseare synthesized, allowing prophage excision. ates a secondary
structure which is not cleaved by
The int and xis genes are not subject to retroregu- RNase 111.
lation this time because integration has separated
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Box 30.2: HIV and the molecular biologyof AIDS

The HIV infection cycle. The human immunodefi- protein synthesis, the latter possibly by targeting
ciency viruses (HIV-1 and HIV-2) areclosely related the RNA for degradation. Tat binds both in the
retroviruses of the lentivirusgroup,
which also proviral DNA and the transcript arising from it, and
includes the simian immunodeficiency viruses(SIV). alleviates this repression.
TheRev
protein is alsoa posttranscriptional
The generalreplicationstrategy of the retroviruses is
discussed in the maintext, andHIV follows the regulator and acts by controllingthe nuclear export
same cycle. However, lentiviruses have more com- of splice intermediates. Normally, the presence of
splicing components at the splice junctions of celluplex genomic organization than other retroviruses
and encode a number of regulatory gene products lar pre-mRNA prevents export to the nucleus, so
in addition to the standard gag, pol and env genes. that only fully spliced transcripts are exported for
translation. In HIV infections, fullyspliced transcripts
Theseenable them to switch between latent and
encoderegulatoryproteins only, andthus in the
lytic infection strategies.
HIV is a lymphotropic virus which infects T-cells absenceofRev, no structural proteins aremade.
displaying the surface receptor CD4. HIV infection Rev binds to a Rev response element, the antiresequence,
allowing the export of
usually causes a short-term disease with relatively pression
unspliced and partially spliced RNA, and hence the
mild syndromes. However, CD4 cells are depleted
during HIV infection, due to both the lytic infection synthesis of structural proteins.
Nef is a negative-acting regulator and may preofthese cellsanddue
to theirtargetingby the
immune response. Since T-cells are the cells which ventuncontrolled HIV proliferation, which would
lead to anenhanced host immuneresponse.Vif,
regulate the immuneresponse,asecondaryand
Vpu and Vpr stimulate the production of infectious
long-term result of HIV infection is anacquired
immunodeficiency syndrome(AIDS). HIV infection progeny virus,by either regulating viral gene expresis also associatedwith neurological disorderswhich sion or the assembly of mature virions. Their precise
may result from HIV infection of CDCcanying neu- mechanisms of action are unclear.
rons, or interaction of
the virus with brain cells an
via
alternative receptor. The retroviral replication cycle, Lysis or latency? In the same way that bacteriowhich allows the virus to lie dormant withinthe host phage l. can enter the lytic or lysogenic pathways
can also
genome for protracted periods, combined with its depending on the environment,HIV
respond
to
exterior
signals.
Transcription
ofthe HIV
tropism for CDCproducing T-cells, means it is difficult to develop an effective strategyfor treatment of prophage leads to the production of mature progeHIV infections. In addition, the viral-encoded reverse ny virions, but also in elevated levels of Rev, which
of and Tatproteins by
transcriptase is highly error-prone, resulting in shuts down the synthesis Rev
stimulating the export of unspliced transcripts
geneticdiversitywithin the populationofviruses
encoding structural proteins.Tat is required fortraninfecting agivenindividual,andallowingimmune
scription and protein synthesis, and thus reduction
systemevasion - for this reasonaneffective
in Tatlevels shuts down viralgeneexpression,
vaccine has beendifficult to develop.
resulting in latency.The viruscanenter the lytic
HIV gene expressionandregulation.TheHIV
cycle once againin response to host-encoded trangenome contains a number of genes not found in scriptional regulatorsrecognizing LTR promoter
other retroviruses. Both HIV-1 and HIV-2 carry the elements. It is thought that the signal transduction
genes tat, rev, nef, vpr and vif; in addition, HIV-1
pathway initiated by antigen
binding to T-cell recepcarriesa unique genevpu,andHIV-2
a unique tors may be involved in this reactivation process.
gene vpx. The tat, rev and nef genes encode pro- Thus, the HIV virus is released in short bursts frotr
teins with regulatory functions in the HIV infection immune-activatedT-cellsbefore
transcription is
cycle. The Tat protein is essential for replication repressed and the virus becomes latent. It may bc
and binds to a cis-acting element, Tar, found in the these short bursts, as well as the genetic variabilio
long-terminal repeats. Tar forms a complex sec- of the virus, which allows it to evade the hosi
ondary structure which inhibits transcription and immune response.

486

Advanced Molecular Biology

r

Box 30.3 The infection cycle of herpes simplex virus1 (HSV1)

h e lytic cycle. Herpes simplex virus
1 is an a-type

Latent infection. Lytic HSV-1 infection occurs in
herpesvirus with a 150 kbp double-stranded linear most cells, but in neurons, infection is latent. The
DNA genome. It infects many different typesof cell basis of this cell-specific latencyis the transcription
in many species, dueto its interaction with heparan of a set of latency-associated transcripts (LATs)
sulfate molecules on cell surfaces. Uptake involves and their subsequent splicing. The transcription unit
for the LATs overlaponeoftheimmediateearly
interaction with an FGF receptor.
Once inside the cell,the linear genomeis released genes, a0, but in the antisensedirection.The
from the nucleocapsid into the nucleus, where it is LATsare produced during lytic infection,but are
immediately circularized. The nucleocapsid also con-unspliced and exported to thecytoplasm. In the
tains two proteins:anRNasetermed
virion host latent infection,the spliced lATs are restricted to the
shut-off protein (VHS), and VP16, a protein which nucleus, and may in some way down regulate lytic
gene expression. However, no LAT-associated
cooperates with the host-encoded Oct-l transcrippolypeptides have been detected,so it is likely that
tion factor to transcribe the five immediate early the LATs function at the RNA level. The LATs are not
genes or a-genes of the HSV-1 genome. Most of the required for the establishment of latent infection,
but
products of the a-genes
are genetic regulators, either are critical for reactivation of the lytic cycle. During
of their own genes or of the downstream pgenes, latent infection, HSV-1is maintained episomally in
whose function concernsDNA metabolism andrepli- the cell without replicating.Thevirusisthusa
cation. Once these stages are underway,a large set useful vector for gene transfer to neurons in live
of -40 late genes (y-genes) becomes active, proanimals, and is used for gene therapy (q.v.).
ducing proteins concernedwith DNA packaging and Recombinant HSV-1 vectorscanbeconstructed
virion assembly. Progeny virions are
transported to where inserted foreign genes are driven from
the
the cell surface via the endoplasmic reticulum.
LAT promoters.
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Hypostasis, 10t
Illegitimate recombination,
370,382-3t
Immediate early genes
cellular, 33,440-1
viral, 481,486
Immunoglobulin genes, 386-7
Immunoglobulins, 379,386-7
diversity, 379
Imprinting boxes, 97
In situ hybridization, 152,339,
359
In situ PCR, 284
In vitro mutagenesis, 346-8
systematic, 347
In vitro packaging, 330
In vivo footprinting, 250
Incompatibility groups, 276,
277-8bx
Incompatibility, of plasmids,
272,275-6
Indel, 205
Induced fit, 244
Induction
of gene expression, 114,
4634bx
bacteriophage h, 483
community effect, 70
homeogenetic, 69
in development, 69-71f
instructive, 69
lateral inhibition, 69-70f
morphogens in, 69
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of latent virus,468
permissive, 69
Informational suppression,
220-1
Informosome, 412-3
Inhibition domains (of
transcriptional
repressors), 465
Initiation codon, 127,130
Initiation factors, protein
synthesis, 316-7
Initiator tRNA, role in protein
synthesis, 316-7
Inositol phospholipids,436-8
Inositol-1,4,5-trisphosphate,
436-7
Integrase
retroviral, 165
bacteriophage h, 385,484
Integrons, 179-80
Interaction trap, 345
Interference, 160-1
Internal ribosome entry site,
319
Intrabodies, 366
Intrinsic termination,of
transcription, 460
Intron-encoded proteins,
417-8
Introns, 104,137
origins and evolution, 303
phase, 302-3
splicing, 416-7
Inverse PCR, 284
Inverse transposition, 174
Inversions, 50-51f
Ion channels, 426
Iron response element, 320,
423-4
IS elements, 176-7
Isoaccepting tRNAs, 129,
314-5
Isoallele, 6,209,211
Isochore model, 58,143-4
Isochromosomes, 51
Isoelectric focusing, 307,ch25
Isotropic bending, 230
Isotypes, 379
Isotypic exclusion, 381
Iterons, 276

J-gene segments, 387
Jak-STAT pathway, 429
Jelly roll motif, 292
Jun, c-jun gene, 254-8,441
Junk DNA, 137
K-homology domain, 244
Karyogram, 134
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Karyotype
abnormal, 46t
normal, 134
Killer factors, 273
Killer plasmids, 273,274
Killer system, 272
Kinetochore, 60-1
Kinetoplast DNA, 268
Kissing complex, 277
Klenow fragment, 394
Klinefelter’s syndrome, 48
Knudson, two hit hypothesis,
258-9
Kozak consensus, 317
Lac operon, 463-4bx

Lampbrush chromosomes, 60
Lariat intermediate, 415
Leading strand- lagging
strand model, 390
Leaky allele, 210
Lesions, of DNA, 1 8 5 4
Lethal allele, 8
Leucine zipper, 241,246
Licensing factor, 29-30
Ligase chain reaction, 285
LINES, 96,142,144
Linkage, 9,373
Linkage equilibrium/
disequilibrium, 374
Linkage mapping, 375,
147-151
limitations to accuracy,
159-161bx
Linkers, 326
Linking number paradox, 37
Lipid second messengers, 436
Lipofection, 349
Locus control region, 41,451,
462-3
Lod scores,148
Long range restriction map,
338
Loops, in polypeptides, 290
Loss of function, 210
Loss of heterozygosity, 259
Lysogeny, 468
Lytic infection, 468
M phase,23
M phase/maturationpromoting factor,25-26
Macromolecules
determining mass, 320bx
separation, 320,355
Macromutation, 202
MADS box, 73
Maintenance methylase, 93
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Major groove, 228
MAP k
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,432-3t

Mapping function,160
MAT locus, 377

Maternal effect,54,67f
Maternal genes,Drosophilu,
82-85bx
Maternal inheritance, 263,
264f
Mating type switching, 377
Matrix-assodated region, 41
Mediator, 453
Megaplasmids, 271
Meiosis, 373
Meiotic drive,6-8
Meiotic map, 146
Mendel’s First Law,3
Mendel’s Second Law, 8-9
Mendelian inheritance,1-11
Meristic character, 11
Merozygote, 117
Meselson-Stahl experiment,
389-90
Mesoderm induction,Xenopus
laevis, 81
Messenger RNA (mRNA),
224,313
l i e cycle in bacteria and
eukaryotes, 313-4
processing, 412421
Metabolic block, 215
Methylation interference
assay, 25Ot, 251f
Microballistics, 349
Microsatellite DNA,143
Minisatellite DNA, 142-3
Minor groove, 228
Misinstructional lesion, 185
Mismatch, 194
Mismatch repair
long patch, 194-5
short patch, 196-8
Missense mutation, 204
Mitochondrial DNA
mutants, 264-5t
organization and gene
expression,266-7
replication, 267-8
Mitochondriopathies, 264
Mitosis, 32
control of, 30-32
mitotic recombination, 375
mitotic segregation, 376
Mixoploidy, 54
Mobile genetic elements,
165-182
Mobilization, of plasmids for
transfer, 118
Model organisms, genomics,
133,145-146t

Modules, of proteins, 287,
300-301
Molecular chaperones, 39,
294-5
Molecular dock, 213
Molecular cloning, 323
analysis of cloned DNA,
336-339
general principles,323-331
recovery of cloned DNA,
331
strategies, 331-336,332t
Molecular markers, 149-543
Monoallelic expression,5,
97-100,381
Monocistronc mRNA, 104
Monohybrid cross, 3-4f
Monoploid number, 134
Morbid map, 50
Morphogenesis, 65,73-75
Mosaic, 54
Motif, in DNAor polypeptide
sequence, 301
Motif, in protein structure,
290-1 t
mRNA guanyltransferase,
408,413
Muller classification, 209
Multienzyme proteins,
evolution by gene fusion,
302
Multigene families, 136,139,
298
Multiple cloning site, 327
Multiple crossovers, 160
Multiple start sites,448
Multiplex PCR, 281
Mutagen, 187,188t
Mutagenesis
gene targeting, 349-53
induced, 183-8
in vitro, 346-8
natural mechanisms, 183-8,
20743,172-5
Mutant, 201
Mutant alleles, 209-211
Mutation, 183,201
functional consequences,
203-7
structural categories, 201-3t
Mutation frequency, 212
Mutation hotspots, 211
Mutation pressure, 212
Mutation rate, 183,212
Mutation screening, 337t
Mutator/antimutator genes,
183,393
Myc, c-myc gene, 254-8
MyoD gene family,140
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N-formylmethionine, 130,
305-6
N-glycosidic bond, 224
N-region diversity, 380
Natural selection, 212-3
Neomorph, 210
Nested genes, 106
Nested PCR, 280
Neutral mutation, 203
Neutron scattering, 308
Niewkoop center, 8C-82
NOESY, 308
Nonallelic interactions,9-llft
Noncoding region, 106
Nonconjunction, 49
Nonconservative mutation,
204
Nondisjunction, 49f
Nonhistone proteins, 37,239
Noninstructional lesion, 185
Nonreciprocal recombination,
376-8
Nonsense codon, 127
Nonsense mutation, 204
Nonsynonymous mutation,
204
Norm of reaction, 13
Northern blot/hybridization,
338,357-8
Northwestern screen, 250,358
Nuclear localization
sequences, 310
Nuclear magnetic resonance
spectroscopy, 307-8
Nuclear matrix, 38
Nuclear receptor family, 241,
431
Nuclear scaffold, 38
Nucleases
biological roles, 399
in molecular cloning, 324t
nuclease mapping, 33&9t,
340f
Nucleic acids,223
backbone, 225
conformational
polymorphism, 223,230
helical morphology, 228-30,
233bx
primary structure,223-6,
228f
secondary structure,226-31
tertiary structure,231-2
Nucleic acid hybridization,
323,356-9bx
in solution, 357
parameters, 356-7
Nucleic acid probes, 359-60bx
and nonisotopic labeling,
360

Nucleic acid synthesis,
407-8bx
Nucleic acid-binding proteins,
23552
recognition elementsin,
23s7
Nucleic acid-protein
interaction (see Proteinnucleic acid interaction)
Nucleoid, structure and
organization, 42-3
Nucleolar organizer region,58
Nucleosides, 224
Nucleosome, 35-36f
core particle, 35
displacement, 39
phasing, 37-339
structure during
replication/transcription,
39
Nucleotide excision repair,
1924
Nucleotides, 225,2265 227t
Null allele, 210
Ochre codon, 127,204
Ochre suppressor, 220
Okazaki fragments, 391
Oligonucleotide mutagensis,
356-7f
Oligonucleotides, 225
Oncogene activation,
mechanisms, 255258tf
Oncogenes, 253-8,259,261
One gene one enzyme model,
103
Opal codon, 127,204
Opal suppressor,220
Open reading frame, 106,127,
31 3
Operator, 452,463
Operon, 107,456
Organelle genetics, 263-5
Organelle genomes, 263-9
Organelle plasmids, 268
Organizer, 80-82
Origin of replication, 401-4
Orthologous genes, 298
Overlapping genes, 106
P-DNA, 174
P-element, 178-9
P-element mutagensis,344
P-site (peptidyl-tRNA site),
of
ribosome, 314
P1 artificial chromosome
(PAC), 153,329
p53,33,260,441,456
Packaging ratio, 35
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Packaging site, 122
Padlock probes,360
Pair rule genes, 83,84
Paired family, 239
Paralogous chromosome
segments, 300
Paralogous genes, 298
Paramutation, 7,96
Paranemic joint,231
Parasexual exchange, bacteria,
117
Parental imprinting, 5,
97-100f
enhancer competition, 98
role in mammalian
development, 99-100
Partial redundancy,140
Parvovirus, 474
Passive transposition, 169,
170f
Pattern formation, 65,72-75
PCR, 279-85
PCR mutagenesis, 282
PCR products, cloning, 283
Pedigree analysis, 15-16bx
Penetrance, 8
Peptide nucleic acid (PNA),
366
Peptidyl-tRNA, 318
PEST domain, 310
Phage display, 305,346
Phagemids, 327-9
Phasmids, 327
Phenocopy, 17
Phenotype, 2
Phenotypic variance, 17-18bx
Philadelphia chromosome,
258
Phosphodiester bond,225
Phosphoinositide 3-kinase,
347f
Photoreactivation, 190
Physical mapping, low
resolution, 151-2
Physical maps,146
Pilus, 118
Plaque lift,35S9
Plasmid cloning vectors,
327-9
Plasmid maintenance, 272,
2754
Plasmid partition, 22,272
Plasmid phenotypes, 273
Plasmid replication, 276-7
Plasmid rescue, 176,344
Plasmids, 271-8
classification, 271-3
conjugative and
nonconjugative, 272,273,
277-8bx
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copy number, 273-5
Plectonemic joint, 232
Pleiotropy, 2,103
Ploidy, 45,133-4
Point mutation, 202
Polar mutation, 110,319
Poly(A) tail, 413
Poly(A)+ RNA, 334,414
Polyadenylate polymerase,
408,413
Polyadenylation, 413
Polycistronic mRNA, 104,
266-8
Polygenic theory, 12
Polymerase chain reaction
(see PCR)
Polymorphism, 201,212
Polypeptides, 287-9
chemical bonds in, 287-9f
N+C polarity, 287-9
Polyploidy, 46-7
Polyproteins, 105
Polyteny, polytene
chromosomes, 47,58-59
Position effect variegation,42
Position effects, 45,207
Positional cloning, 335-6
Positional information, 65,72
Positive-negative dual
selection, 351-2f
Post-replicative mismatch
repair, 94,194-5
Potency, 72
POU domain, 238-9,246
Precise excision, of
transposons, 172
Preformation, 65
Prime plasmid, 272
Primer extension, 38-9t, 340f
Primers
arbitrary, 281
for PCR, 279
Priming strategies, 405t
Primosome, 397
Prion hypothesis, 479-81
Programmed misreading, 319
Programmed mutation,212,
218-22Obx
Promiscuous DNA, 268
Promoter, 443
Structure of bacterial, 446f
structure of eukaryote,
448-9,446f
Promoter clearance, 443
Promoter trap, 345
Proofreading
in replication, 183-5
in translation, 129
Prophage, 468
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Prosthetic group, 292
Protein degradation, 310
Protein families, 297-304
chimeric, 287,300-303
conventional, 297-300
selective expansion, 303-4
Protein folding, 293-4
Protein modification, 295-7t
Protein polymorphisms,150,
211
Protein secretion, 309
Protein sequencing, 307
Protein synthesis, 313-322
elongation cycle, 317-8
initiation, 130,316-7f
overview of mechanism,
315-316
regulation, 318-20
termination, 318f
Protein targeting,309-1Obx
to organelles, 310
signal sequences, 308-9
to membranes, 310
Protein truncation test, 337
Protein-nucleic acid
interaction, 232,235-252,
343
characterization of, 249-52
direct binding, 244
modulation of tertiary
structure, 245
ordered water molecules,
245
protein dimerization, 244
sequence specificity, 246-9
Proteins, 287-310
primary structure,287-9
quaternary structure,292
secondary structure,289-90
structural determination,
307-8bx
tertiary structure, 290-5
Proteome, 288,304
Proto-oncogenes, 254-5
Prototroph,215
Provirus, 468
Pseudoautosomal inheritance,
4,1516
Pseudoautosomal region,4,
57
Pseudogene, 107,139
nonprocessed, 140
processed, 140,166,182
Pseudoknot, 232
Puffer fish, use in genome
analysis, 155
Pulsed field gel
electrophoresis, 355-6

Quantitative inheritance,
11-15
Quantitative PCR, 284
Quantitative trait loci,150-1
Quenching, 455
R-banding, 59
RACE, 284
Radiation hybrid mapping,
146-7f
Raf, raf gene, 2544,432
RAG proteins, 381
Ramachandran plot, 288-9f
Random genetic drift, 212-3
Random mutagenesis,348
RAPD markers, 150,281
Ras, ras gene, 254-8,432
RBZ gene, 29,33,258-60
Reading frame, 127-8f
Readout, of DNA sequences
by proteins, 246-9
Readthrough (protein
synthesis), 319
Readthrough mutation, 204
Reassociation kinetics, 135,
157-159bx
RecA
in recombination, 384bx
in SOS mutagenesis, 197-8
RecBCD nuclease, 372
RecBCD pathway, 372
Receptor serine/threonine
kinases, 430-lt
Receptor tyrosine kinases,
427-8f
Recessive, 14,209
Reciprocal cross, 4
Recombinant selection,
330-331
Recombinant DNA, 323,370
Recombination fraction,148
Recombination frequency, 147
Recombination
hotspots and coldspots, 161
as a repair mechanism, 197,
371
different classes, 369-387,
370t
molecular basis, 384
Recombination signal
sequence, 380
Redundancy, structural and
functional, 140
Refolding model of prion
replication, 480f
Regional specification, 65
Re1 family, 242-3,256
Relaxed control, relaxed
plasmid, 272,277
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Release factor,318
Reovirus, 475
Rep protein
bacterial helicase, 398
in plasmid replication,
276-7
Repair deficiency syndromes,
189t
Repairosome, 193
Repetitive DNA, 133,136,137,
141f
mutations involving, 207-8
transposable elements as,
141-2
Replication, 389-409
fidelity of, 183-5
initiation, 400-404
linear genomes, 40.54
modes of,401t
regulation, 29-30,406-7
termination, 404-6
Replication banding, 59
Replication fork, 390
Replication intermediates, 409
Replication slipping, 184,208f
Replication time zone, 406-7
Replication-deficient mutants,
392-3t
Replicative form, 392,473
Replicative intermediates, 392
Repliconation, 118-9f
Replisome, 392-400
prokaryote and eukaryote
compared, 401t
Reporter genes, 342-3t
Reporter vectors, 343
Representational difference
analysis, 283
Resolution, of cointegrate,
169,386
Response elements, 458
Restriction enzymes/
endonucleases, 93,323-6,
353-5bx
Restriction fragment length
polymorphism, 150,211
Restriction map, 1534,336-8f
Restriction point, 25
Retinoblastoma, 258-9
Retinoblastoms protein, 29,
33,258-60
Retroelements, 180-182
Retrons, 182
Retroposition, 169-70,171f
Retroposons, 182
Retroregulation, 423,484
Retrotransposition, 169-170,
171f
Retrotransposons, 180-1

Retroviruses
generation of transgenic
animals, 364
life cycle, 169-170,171f,
468,475,476f
mechanism of integration,
169-170,171f
Rev protein, 421,485
Reverse genetics, 213
Reverse hybridization,358
Reverse transcriptase, 407,
169-70,2834,333,475-6
Reverse transcriptase PCR,
2834,339
Reversion, 209
p-dependent termination,460
Ribbon-helix-helix motif, 242
Ribosomal proteins, 314
Ribosomal RNA (rRNA), 224,
314
genes, 58,136,139,300
processing, 412
Ribosome binding site,313
Ribosomes, 314
Ribozymes, 224,232
Ring chromosome, 51
RNA, 2234
RNA editing, 266-8,421,422t
RNA export, 421
RNA polymerases, 407,443
bacterial, 445-6
eukaryotic, 447t
RNA polymerase II,
C-terminal domain, 449
RNA processing, 411-24,411t
RNA splicing, 414-421
nuclear introns, 414-6
RNA stability, regulation of,
422-4

RNA structure, 228f, 230-1
recognition by proteins,
236-7
RNA targeting, 421
RNA tumor viruses, 254,256,
258
RNA viruses, 470,474-5
protein synthesis in
eukaryotes, 477t
RNA-binding motifs in
proteins, 237t,243-4
RNP domain, 243
Rot analysis, 157-159bx
RT-PCR, 2834,339
Runaway replication, 274-5
S phase, 23

SAP kinase,4334
Satellite association, 58
Satellite DNA, 137,142
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Satellite nucleic acids, 479
Satellite region, 58
Satellite viruses, 479
Scanning hypothesis, 317,319
Scanning mutagenesis, 347
SCID, 381
Second messengers,434-440
Second site mutations,
220-lbx
Segment polarity genes, 73,
83

Segregation, equal,3
Selection pressure, 213
Selection
in geneticscreens, 214
in molecular cloning, 330-1
natural and artificial,
17-18bx, 212-3
Selenocysteine, 130
Selenocysteine insertion
sequence, 130
Selenoproteins, 130
Self-splicing introns, 266-8,
416-8
Selfish DNA, 137
Sense codon, 127
Sense strand,444
Sequence homogenization,
287,299,300
Sequence tagged sites, 153
Serial analysisof gene
expression (SAGE), 304
Sex determination, 75-6t
Sex-chromosomes, 57
Sex-linkage, sex-linked
inheritance, P5f, 15-16bx
Sexduction, 119,125bx
SH2 domain, 432,435,441
Shapiro intermediate, 168f
Shine-Dalgamo sequence, 316
Short tandem repeat
polymorphism, 150
Shotgun sequencing, 163
Shuttle vector, 327,341-2,
360-1
Sib pair analysis, 149
Sickle cell anemia/trait,
212-3,216-7bx
c-factor, 445
Signal joint, 380
Signal transduction,425-42
immune system, 429-30
Silencers, 377,454,452
Silent mutation, 204
Simple sequence DNA,142
Simple sequence length
polymorphisms, 150,211
SINES,96,142,144
Single stranded (DNA)
binding protein, 295,399
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Single strandedDNA viruses,
4734
SIR proteins, 377,454
Sister chromatid exchange,
54,
376
Sitedirected mutagenesis,
346-7f
Sitespecific recombination,
370,378-9,385-6
in transgenic organisms,
353
Slow transforming
retroviruses, 258
SMAD family,431
Small nuclear RNA (snRNA),
224
role in splicing, 415-6
Somatic cell hybrids, 152
Somatic hypermutation,
219-20
Somatic mutation, 201,253-8
Somatic recombination, 379
Sonic hedgehog, 91-92,138
SOS mutagenesis, 197-8
SOS response, 197
induction of bacteriophage,
198-9
Southern blot/hybridization,
357-8
Southwesternscreen, 249-50,
358
Specification
autonomous, 68f
conditional, 68f
in development, 71
Spheroplasts, 361
Spliced leader RNA,420
Spliceosome, 415-6
Splicing factors, 416
Sporulation inBacillus subtilis,
78-79bx
Squelching, 453
SR proteins, 416
SRY, 75
SSCP analysis, 37
START, 25,28-29
STATs, 429,4421
Stem cell,72
Stem-loop, 230-1
Steroid receptors,431
Stop codon, 127
Strand slipping(see
Replication slipping)
Stringency, 357
Stringent control, stringent
plasmids, 272,277
Substitution fidelity,1834
Subtractive hybridization, 336
Subviral agents, 467,477-81
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Suicide enzyme, 190
Supercoiling, 232,233-4bx
Superfamilies, 297
Suppression, lot, 220-lbx
SV40 472
Svedbergunits,320
Switch regions, 382
Synonymous mutation, 204
Synteny, 374
T-cell receptor genes, 386-7
T-cell receptors, 386-7
T-vector, 283
Target site duplication, 167f
Targeted mutation
by homologous
recombination, 352
spontaneous, 185
Targeting vectors, 351-2,360
Tat-Tar, 421,485
TATA box, 448
TATA-binding protein (TBP),
242,447
Tautomeric shifts, 184
Tautomers, 184,223
TBP-associated factors (TAFs),
242,449
Telomerase, 61-62f
Telomeres, 6142,405
Temperate phage, 468
Terminal deoxynucelotidyl
transferase, 324,408
Terminal redundancy, 472
Termination codon, 127
Tetrad analysis, 160
TFIID, 449
TFIIH, 193,449
Thallasemias, 216-7
Thermal melting profile
of
DNA, 357
30 run fiber, 38
3T3 cell assay, 255
Threshold character,11
Ti plasmid, 273,349,362-3
Ti vectors, 362-3
Tn3 resolvase, 386
Topoisomerase, 397,398t
TP53 gene(see p53)
Trans-acting factors, 113,452
Trans-sensing, 7,114
Trans-splicing, 266-8,420
Transcribed spacer sequences,
106-7
Transcript analysis, 338-9t
Transcription, 443
initiation in bacteria, 445-7
initiation in eukaryotes,
447-50
principles, W 5

Transcription factors,
activation by signaling
proteins, 440-1,455-6
activation domains,
&5bX

combinatorial activity, 456
constitutive, 448
dimerization domains, 244
DNA-binding domains,
237-43
examples and binding sites,
459t
mechanism of action, 451-5
regulation of activity, 455-6
Transcription unit, 106
Transcriptioncoupled repair,
1924
Transcriptional arrest, 458
Transcriptional elongation,
regulation of, 458-9
Transcriptional initiation
bacteria, 4457
RNA polymerase I, 448
RNA polymeraseII,448-9
RNA polymerase111, 450
Transcriptional map, 155
Transcriptional regulation
bacteria, 456-8
P-globin gene, 462-3bx
eukaryotes, 458-9
lac operon, 463-4bx
Transcriptional termination,
460
Transduction, 120-123
generalized, 120,122
specialized, 122-3
Transfection
of eukaryotic cells, 348,
349t, 361
of bacteria, 118
Transfer RNA (tRNA), 224,
314-315
adaptor role in protein
synthesis, 314-5
charging, 127-129,315
processing, 411-2
structure, 3145,321-2bx
Transfer RNA introns, 418
Transformation
of bacteria, natural, 118,
119-20
artificial of E. coli, 330
Transforming growth factor-P
superfamily, 430-1
Transgenesis, 348-353
inducible transgene activity,
353
random integrationof
DNA, 350-2
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site specific recombination
systems, 353
Transgenic animals and
plants, 348-9
Transition, 202
Translation, 127-129
Translation, regulation(see
Protein synthesis)
Translesion synthesis, 198,
394-5
Translocation
chromosome mutation,
51-53f
in protein synthesis,
318
reciprocal, 52-53f
Robertsonian/whole arm,
52-53
Transmissible spongiform
encephalopathy,
479-81
Transplacement, 350-lf
Transposable elements, 165
class I (see Retroelements)
class II (see Transposons)
classification, 175-182
uses, 175,176t
Transposase, 165
Transposition, 165,370
aberrant, 174
consequences of, 172-5
conservative.and
replicative, 167-169
mechanisms, 166-70
regulation, 170-172
Transposon tagging, 176,344
Transposons, 175-180
Transvection, 114
Transversion, 202
Triple helix,231
Triple helix therapy,365-6
Triplet, 127
Triplet repeat syndromes,
.
218bx
Tumor suppressor genes, 253,
258-60t

Tumor viruses, 469
Turner’s syndrome,48
12-23 rule, 380
2-D electrophoresis, 307,356
ltvo hybrid system, 305,345
Ubiquitin, in protein
degradation, 310
Unassigned reading frame,
127
Unequal crossover, 207
Unequal exchange, 207,208f
Unequal sister chromatid
exchange, 207
Unique sequence DNA, 133,
136
Unstable mutant alleles, 172
Untranslated region,106
W-induced DNA lesions,
185-90
UvrABC nuclease, 185-90
V-gene segments, 387
Variation, phenotypic,1,2
Variegation, 54
V(D)J recombination, 380
Vectorette PCR, 284
Very short patch mismatch
repair, 196-8
Vial oncogenes, 254,256t
Virion, 467
Viroids, 273,478
virus, 467
viruses
as gene transfer vectors, 349
infection strategy, 468-9
regulation of gene
expression, 475-7
replication strategy,469-75
Virusoid, 479
VNTR sequences, 142,150
Vulval specification,
Caenorhabditis elegans,
85-86bx
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Wee mutants, 26
Western blot, 307
Whole genome duplication,
299-300
Wild type, 201
Winged helix, 239
Wingless, 87-89bx
Wnt signaling proteins
Drosophila Wingless, 87-89bx
in vertebrate limb
development, 91-92bx
Wobble hypothesis, wobble
rules, 129,227

X-chromosome inactivation,5,
100-101
X-inactivation center,100
X-linked inheritance, 4-5f,
15-16bx
X-ray crystallography 307-8
Xeroderma pigmentosum, 189
XIST gene, 99-101
Y-linked inheritance,5,
15-16bx
YAC transgenic mice, 351-2
Yeast artificial chromosome
(YAC), 153,327-9,361
Yeast cloning vectors, 360-1bx
Z-DNA, 229,230f
Zinc binuclear cluster, 241
Zinc finger
Cy~2-Hisa239multicysteine, 240-1
DNA recognition code,
248-9t
Zoo blot, 155,358
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