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ABSTRACT: Phosphoinositide 3-kinases (PI3Ks) and their phosphatidylino-
sitol 3,4,5-triphosphate (PIP;) products regulate a variety of cellular processes.
Of these, PI3Ka is an attractive target for anticancer drug design. Mutations in
the PI3Ka kinase domain alter the mobility of the activation loop resulting in
gain of function. We employed molecular dynamics (MD) simulations-based
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13 energetic analysis using molecular mechanics/generalized born surface area

14 (MM/GBSA) for PI3Ka and -y. MD simulations were carried out for PI3K

15 models based on the RESP (restrained electrostatic potential) and quantum

16 mechanics (QM)-polarized ligand docking (QPLD)-derived partial charges.

17 Computational alanine scanning was also used to evaluate the contributions of

18 key binding residues to ligand binding. Our results show that both QPLD and

19 RESP charge models of PI3Ka provide similar performance in MD simulations

20 and consequently comparable binding free energies. Binding free energies for

21 both PI3Ky models (—9.5 and —9.3 kcal/mol) and PI3Ka models (—10.9 and —11.7 kcal/mol) were in good agreement with
22 experimental values. A significant loss in binding free energy was observed when hydrophobic residues were mutated to alanine,
23 suggesting that specific hydrophobic interactions are important to optimal ligand binding. MM/GBSA calculations suggested that
24 residues Ser774, GIn859, and Ile932 of PI3Ka might be used to design H1047R mutant-specific ligands, whereas Lys890 of
25 PI3Ky can be used for ligand design targeting PI3Ky.

1. INTRODUCTION

26 Phosphatidylinositol 3-kinases (PI3Ks) phosphorylate phos-
27 phatidylinositol 4,5-biphosphate (PIP,) to generate phosphati-
28 dylinositol 3,4,5-triphosphate (PIP;), an important second
20 message coordinating the activities of PI3K downstream
30 effectors such as AKT. The activation of PI3K/AKT signaling
31 triggers cell proliferation, growth, angiogenesis, and metastasis.
32 Aberrations in the PI3K/AKT pathway have been observed in a
33 number of human cancers." There are three families of class IA
34 PI3Ks, each with distinct substrate specificity and primary
35 structures, p110a, p110f3, and p1106 isoforms, encoded by
36 PIK3CA, PIK3CB, and PIK3CD, respectively. PI3Ky, the only
37 class IB PI3K protein, is a structural homologue of PI3Ka.
38 PI3Ka and PI3Kp are ubiquitous in mammalian tissues,
39 whereas PI3KS and PI3Ky mainly are present in leukocytes.”
40 PIK3CA, the coding gene of PI3Kaq, is mutated and amplified
41 in numerous human tumors. PI3Ka is the principal isoform
42 regulating tumor growth and proliferation, whereas PI3Ky
43 mediates inflammatory pathways and is considered as a target
44 for rheumatoid arthritis and asthma.> Numerous inhibitors have
45 been reported to inhibit both PI3Ky and PI3Ka; only a few of
46 these are a-isoform selective. Selective inhibition of PI3Ka has
47 been considered as a viable approach for cancer treatment.
48 Thus, to assist future structure-based drug design, we
49 investigated binding site differences between these two PI3K

—
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isoforms to identify residues associated with selective ligand so
binding. The selection of PI3Ka and y was also based on the s1
availability of crystal structures for these two isoforms. 52

PIK3CA mutations and amplification have been found in s3
colon, breast, brain, and endometrial cancers.** The majority of s4
these mutations are located in the helical (ES42K and ES45K) ss
and the kinase (H1047R) domains. These “hot-spot” mutations s6
enhance the in vitro kinase activity of PI3Ka, a phenomenon s7
described as “gain-of-function.”®” Using human mammary s
epithelial cells (HMEC), Liu et al. found that mutations of so
ES4SK and H1047R activated the AKT signaling cascade and o
produced genetic transformations.® Although PIK3CA muta- 61
tions have been found in more than 30% of colon and breast 62
cancer patients,4 only 7.1% of gastric cancer patients carried 63
these same mutations; however 67% of the latter patients had 64
amplifications in PIK3CA,’ indicating that inhibition of wild- 6s
type PI3Ka may be a viable approach to suppress gastric tumor 66
cell growth. In patients with primary colorectal adenocarcino- 67
mas (CRC) and associated hepatic metastases, 17 out of 21 6s
were characterized with variance in EGFR mutational status 69
between the primary CRC and liver metastases; in this same 70
patient population, only 4/21 had mutational variability. No 71
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72 variants were detected in PIK3CA codons 542, 545, and ligand. Four missing sequences in 2RD0 and 3HHM were fixed 132

73 1047,'° indicating that inhibition of the H1047R mutant of as described'? using the homology module in MOE.** 133
74 PI3Ka would be effective in patients with both primary tumors 2.2. Restrained Electrostatic Potential (RESP) Charge. 134
75 and metastases. The RESP partial charges for wortmannin were developed as 135
76 To guide PI3K inhibitor design, we employed computational follows. First wortmannin was optimized using HF/6-31G* ab 136
77 methods to investigate the role of individual residues in ligand initio calculations with Gaussian 03.2*> Then, the RESP charges 137
78 binding. Han and Zhang carried out molecular dynamic (MD) were derived using the ANTECHAMBER script in 138
79 simulations of the kinase domains of the @ and y isoforms of AMBER10.** The atom types and the stretching, bending, 139

80 PI3K and observed that residues Trp780 and Asn782 in PI3Ka dihedral, and improper dihedral parameters for both 140
81 (Trp812 and Glu814 in PI3Ky, respectively) could confer wortmannin and LY294002 were assigned based on the 141
82 isoform specificity.'' Our docking studies indicated that Generalized AMBER Force Field (GAFF).** The atom types 142

83 structural differences in the kinase loop and residues GIn859, and the atomic partial charges of these two ligands are listed in 143
84 Ser854, Tyr836, and Ser774 of PI3Ka could be exploited to Supporting Information Tables 1S and 2S. 144
85 design isoform-specific or mutant-active inhibitors."> 2.3. Quantum Mechanics Polarized Ligand Docking 145
86 The PI3Ka D915A mutant and D933A/F934A double (QPLD)-Based Charges. In contrast to the RESP charges of a 146
87 mutant both show a complete loss of kinase activity, whereas ligand calculated in a vacuum, QPLD-based partial charges are 147
88 the E970A mutant had little effect.”® PI3Ka gatekeeper mutants calculated in the environment of a protein structure. QPLD 143
g0 1848A, 1848G,"* 1848L, 1848S, and 1848 V> showed losses in charges were developed using the QPLD protocol in the 149
90 catalytic activities, whereas mutant H1047R enhanced the lipid Schrodinger software suite.”> Wortmannin was docked to 150
o1 kinase activity (relative to the vvild_type)_6'16 Additional PI3Ka wt, PI3Ka H1047R mutant, or PI3Ky, and the resulting 151
92 mutations in the HI047R strain led to three different protein/ligand complexes were optimized with wortmannin 152
93 outcomes: unchanged, potentiated, or weakened kinase treated by the QM approach and the protein treated by the 1s3
94 activities. For example, the C838A, C838T, and G837 M molecular mechanics (MM) method using the QSite program. 154
95 double mutants retained the same activities as H1047R; the The QM/MM procedure determines a new set of atomic 155

96 S854A and G837N mutants potentiated the kinase activities of partial charges for the ligand based on QM calculations and 156
97 H1047R, and the L814C, L814N, I800L, I800M, and 1848 V takes into account the protein that was minimized with the MM 157

98 mutants weakened or abolished the activity of H1047R. Various force field. The minimized ligands (in the protein environ- 1ss
99 PI3K inhibitors have a range of potencies against these double ment) were redocked to the protein active site and the docked 159
100 mutants: the PI3K inhibitors PIK-90, PIK-93, PI-103, PP-110, pose with the lowest root-mean-square deviation (RMSD) from 160
101 PW-12, and BEZ-235 are less potent against the 1848 V and the reference was adopted and its partial charges were used for 161
102 1800 M mutants, whereas PIK-90, PIK-93, and PP-110 are MD simulations. 162
103 more potent against the H1047R mutant."® The potentiating or 2.4. Molecular Dynamics (MD) Simulations. Established 163
104 weakening effects of these binding residue mutations, however, procedures'*'® for MD simulations were carried out using the 164
105 were observed only for the H1047R mutant, and not for the AMBER 10 package™ with the AMBER 99SB force field.*® 165
106 wild-type PI3Ka. Briefly, residues Asp and Glu were assigned to —1 charges, and 166
107 To design isoform- or mutant-selective inhibitors, it is Lys and Arg were assigned +1 charges. The orientation of Asn, 167
108 necessary to understand the effects of residue mutations in the Gln, and His side chains were optimized to maximize H-bond 168
109 enzyme active site. In this work, we systematically investigated interactionszsusing the Protein Preparation Wizard in 169
110 how active site mutations affected ligand binding for the wild- Schrodinger.™ Each system was neutralized with sodium 1023 170
11 type (WT) and H1047R mutant (MUT) PI3Ka, and PI3Ky. and soaked in a rectangular box of TIP3P water molecules™ 171
112 We employed molecular dynamic (MD) simulations-based extended 10 A away from any protein atom: 6 Na* and 1151 172
113 molecular mechanics/generalized Born surface area (MM/ water molecules were added to 1E7 V (box size 68 X 69 X 80 A 173
114 GBSA) calculations and computational alanine scanning.”’18 for both RESP and QPLD charge models); 1 Na* and 5562 174
115 To investigate the effect of charge models on ligand binding in water molecules were added to 3HHM (box size 84 X 83 X 94 175
116 our MD simulations, we applied conventional RESP (restrained A for both RESP and QPLD charge models); and 2 Na* and 176
117 electrostatic potential) charges and quantum mechanics (QM)- 6277 water molecules were added to 2RDO (box size 83 X 83 X 177

—
~
3

118 polarized ligand docking (QPLD)-derived partial charges for 98 A for' both RESP and QPLD.c'har.ge ‘model.s). Each system
119 bound ligands. QPLD-derived partial charge models have was subjected to a 1000 step minimization using the steepest
120 shown improvements in predicting docking conformations'® desc.ent algorithm to reduce the steric clashes, followed by a 180
121 and for estimating the binding free energies of DNA/ligand heat.lflg process for 30 ps from 10 to 390 K', and. an 181
122 interactions.”’ However, no protein—ligand interactions based equlhbrat.lon for 190 ps at 300 K. The PI’Od‘uctIOIll simulations 182
123 on the QPLD-based charge model have been reported. To our were carried out using the NPT ensemble with a time step of 1 183

124 best knowledge, this is the first QPLD-based MM/GBSA fs and 4000 snapshots were collected during 4000 ps. For the 184
125 calculation for kinase/ligand interactions. 3HHM RESP model, a 12 ns simulation was carried out and 18s

the last 4 ns snapshots were used to obtain free energy and 1s6

RMSD data. The 10 A nonbonded cutoff was set to define the 187

2. COMPUTATIONAL METHODS van der Waals interaction, and the particle mesh Ewald (PME) 1ss

126  2.1. Preparation of Isoforms. The X-ray crystal structures method was used to describe long-range electrostatic 189
127 of apo PI3Ka (PDB ID 2RDO),'® the mutant (H1047R) interactions.”®* All bonds involving hydrogen atoms were 190
128 PI3Ka/wortmannin complex (PDB ID 3HHM),® and the constrained using the SHAKE algorithm. Constant temperature 191
129 PI3Ky/LY294002 complex (PDB ID 1E7 V)*' were retrieved and pressure (300 K/l atm) were maintained by using 192
130 from the RSCB Protein Data Bank. The wortmannin Langevin dynamics to regulate temperature with a pressure 193
131 coordinates of 3HHM were adopted to 2RDO and used as a relaxation time of 1 ps. 194
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195  After MD simulations, the RMSDs of the backbone atoms
196 for six model systems (3 proteins in two charge models) were
197 obtained using the PTRAJ module in the AMBER 10 package
198 to monitor stability of the protein systems.

199 2.5, Free Energy Calculations and Computational
200 Alanine Scanning. The GBSA (molecular mechanics/
201 Generalized Born surface area) method was used to calculate
202 the free energy of binding (AGy;9). 7% The free binding
203 energy can be estimated using eq 1

AGyinging = AG (complex) — [AG

‘water ‘water (PrOtein)

+ AG, e (ligand)] (1)

204

205 where (G, is the average free energy of the system
206 calculated by eq 2

(Gwater> = (Ebond> + <Eangle> + <Etorsion> + <Eelectrostatic>

207 + <Evdw> + <GGB> + <GSA> - TS (2)

208 The broken brackets, (), indicate that the free energy and the
209 individual energetic components are average values of all
210 snapshots collected over the 4 ns simulation period. Bond,
211 angle, torsion, electrostatic, and vdw energy terms were
212 calculated based on gas phase geometries. Solvation free
213 energies were calculated based on polar (Ggg) and nonpolar
214 (Gg,) energies. The polar term was evaluated using the
215 Generalized Born theory (GB program in AMBER package)®'
216 and the nonpolar contributions due to solvation were estimated
217 with the program MSMS.>* The average entropy, S, was
218 estimated using NMODE module®>** based on 10 snapshot
219 configurations. All energy components and solvation contribu-
220 tions were calculated using 4 ns MD extracted trajectories for
221 the ligand/protein complexes.

222 To investigate the impact of mutational effects on ligand
223 binding, each residue within the 4.5 A of the bound ligands was
224 computationally mutated to alanine using the MM/GBSA
225 method. The free energy changes (AAG;,q) were defined as
226 AGpypg (mutant) — AGy;g (wild-type) for a potential mutation
227 from wt to mut. A positive AAGy, indicates that ligand
228 binding to the wild-type protein is more favorable (ie., less
229 favorable to the mutant), as AG,y (wild-type) is more
230 negative. On the other hand, a mutation resulting in a more
231 negative AAGy,q is considered to be more favorable.

—_

—

—

3. RESULTS AND DISCUSSION

232 3.1. Molecular Dynamics (MD) Simulations. The root-
233 mean square deviations (RMSDs) of all three proteins (WT
234 PI3Ka, 2RD0; MUT H1047R PI3Ka, 3HHM; and PI3Ky/
235 LY294002 complex, 1E7V) under two charge models were
236 calculated as a function of time after a backbone least-squares
237 fit. Supporting Information Figure 1S shows that stable RMSD
238 profiles were observed in all simulations: the last 4 ns of the
230 3HHM (RESP) and other PI3Ka models (2RDO in both
240 charge models and 3HHM in QPLD model) showed similar
241 stabilities. In reference to the starting crystal structure backbone
242 atoms, the average RMSDs of all six models showed that for
243 wortmannin binding to WT PI3Ke, the QPLD charge model
244 offers trajectories with less deviation to the starting structure,
245 whereas for the RESP charge model, the RMSDs are smaller in
246 the H1047R mutant and the PI3Ky models. The standard
247 deviations of the PI3Ka H1047R MUT and the PI3Ky models
248 were lower than those derived from the QPLD charge model,
249 whereas the QPLD charge model generates a slightly smaller

st

standard deviation that that of the wild-type PI3Ka model 250
(Table 1). Therefore, although the QPLD-based charge model 251 t1

Table 1. Average and Standard Deviations (SD) of RMSDs
of MD-Generated Trajectories for All Three Proteins in Two
Different Charge Models (2RDO for wt-PI3Ka/wortmannin,
3HHM for H1047R mutant PI3Ka/wortmannin, and 1E7V
for PI3Ky/LY294002)

RESP charge models QPLD charge models
2RDO 3HHM 1E7V 2RDO 3HHM 1E7V

mean 2.4 2.0 1.7 2.1 2.7 2.0
SD 0.3 0.5 0.2 0.2 0.3 0.3

has found great success in ligand docking'® and DNA/ligand 252
interactions,”® it does not offer a noticeable improvement over 253
the RESP charge model in terms of the RMSDs of trajectories 254
of these protein/ligand interactions, presumably because of 255
hydrophobic binding pockets in kinases. 256

3.2. Free Energy Calculations and Model Validation. 2s7
To determine which factors are more important for ligand 2s8
binding in the six model systems, binding free energies and 259
individual energy components were determined using the MM/ 260
GBSA method (Table 2). Model validation was accomplished 261 ©2
by comparing our calculated free energy values (AGy;,g) for the 262
PI3Ky/LY294002 complex (—9.5, and —9.3 kcal/mol for the 263
RESP and QPLD models, respectively) to the apparent PI3Ky 264
K4 of 210 nM for LY294002, which corresponds to a calculated 265
AGy;,q of —=9.2 keal/mol.*! This AGy;,q was calculated based on 266
the formula of AGy,y = RT In(K;).>* Our free energy 267
calculations show that both QPLD and RESP charge models 268
are able to predict the experimentally determined free energy of 269
binding (AGy,g) of a protein/ligand complex (1E7V/ 270
LY294002). It is conceivable that the HF/6-31G* level of 271
theory overestimates the in vacuum calculated electrostatic 272
potential and thus can de facto effectively polarize solutes. The 273
effectiveness of applying RESP partial charges to small 274
molecules has been demonstrated in the influenza A virus 275
neuraminidase®” and DNA/netropsin®® simulations. 276

Wortmannin is a first-generation nonselective PI3K inhibitor. 277
It inhibits both PI3Ka and y with ICs, values of 12 and 4.2 nM, 278
respectively.21 The AGy;,q of wortmannin (—10.9 and —11.7 279
kcal/mol for the respective RESP and QPLD models) to WT 250
PI3Ka are in good agreement with experimental data 281
(AGying (exp) Of wortmannin: —10.9 kcal/mol). For the same 282
charge model, the AGy;4 in the H1047R mutant model is 283
slightly more negative than that in the WT model, indicating 284
that wortmannin binds more tightly to the mutant protein. This 285
is in accord with the fact that H1047R mutant caused a gain-of- 286
function in the lipid kinase activities and with our previous 287
docking affinity prediction that wortmannin binds more tightly 2ss
to the mutant.'>’ 289

Analyses of the energy components for all six models reveal 290
that the intermolecular van der Waals force (E,q,) is the biggest 201
contributor for ligand binding to PI3K (Table 2). Because of 292
the hydrophobic PI3K binding pocket, this outcome is not 293
surprising; more than half of the residues within 4.5 A of 204
wortmannin or LY294002 are hydrophobic.'* Both E,g, and 295
the nonpolar solvation contribution AGg, drive the interactions 296
between PI3Ks (both a and y isoforms) and their ligands. The 297
value of AGg, is proportional to the solvent accessible surface 298
areas that are buried during the complexation process. The 299
favorable effect of burying hydrophobic residues during ligand 300
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Table 2. Energy Components and Binding Free Energies for Three Proteins in Two Different Charge Models (2RDO0 for WT
PI3Ka/wortmannin, 3HHM for H1047R MUT PI3Ka/wortmannin, and 1E7V for PI3Ky/LY294002)

AEg,
AE 4,
AGg,
AGgg
AGqy,
A Gsubtot
—TAS

AGying

RESP charge models

QPLD charge models

2RDO (WT) 3HHM (MUT) 1E7V 2RDO (WT) 3HHM (MUT) 1E7V
—19.0 + 4.7 —284 + 338 —6.8 + 3.0 —204 + 3.6 357 + 44 —219 + 3.1
—-503 + 2.9 —51.0 + 2.8 352+ 28 —49.4 + 2.6 —50.6 + 2.7 —393 + 1.8
-59 +03 —62 %02 —44 +03 —58 +02 —63 + 02 —52+02
39.0 + 46 403 + 3.0 149 + 3.0 329 + 32 46.0 + 4.0 287 + 23
330 £ 45 341 £ 30 106 + 2.8 27.1 + 3.1 39.7 £ 39 23.5 23
—-363 +238 —453 + 2.7 —314 +29 -7 +27 —46.6 + 2.7 —37.6 + 1.9
254 326 219 310 34.0 283
-10.9 127 -9.5 -11.7 —-12.6 -9.3

"®

Figure 1. Binding interactions between PI3K/ligand; (A) 2RD0/wortmannin (wt RESP model), (B) 2RDO0/wortmannin (wt QPLD model), (C)
3HHM/wortmannin (MUT QPLD model), and (D) 3HHM/wortmannin (MUT RESP model). For A, C, and D, 701 was added to given residue
numbers to match residue numbers in PDB; for B, addition of 591 was needed to match residue numbers in PDB. Color codes: red circle, acidic
residues; blue circle, basic residues; pink dots, polar residues; green dots, hydrophobic residues; blue dash line, backbone H-bonds; green dash line,

side chain H-bonds.
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Figure 2. Binding interactions between 1E7V/LY294002: (A) X-ray native structure, (B) QPLD model. Adding 723 to the given residue numbers
matched those in the PDB. Color codes: red circle, acidic residues; blue circle, basic residues; pink dots, polar residues; green dots, hydrophobic
residues; blue dash line, backbone H-bonds; green dash line, side chain H-bonds.

301 binding is slightly larger in PI3Ka than in PI3Ky. The
302 contributions of AE, and AGg, are comparable in the
303 RESP and the QPLD charge models.

304 The most noticeable difference between these two charge
305 models and between the @ and y isoforms lies in electrostatic
306 interactions. The RESP charge model appears to underestimate
307 electrostatic contributions for all three protein model systems
308 (PI3Ka WT, H1047R MUT, and PI3Ky, Table 2). Charged
309 residues within 4.5 A of wortmannin in the WT PI3Ka binding
310 pocket are Lys776, Lys802, Glu849, and Asp933 (Figure 1A).
311 In the QPLD model, Asp810 was drawn closer to the active
312 site, resulting in a larger electrostatic contribution (Figure 1B).
313 Mutation of His1047 to Arg (3HHM model) in the mutant
314 results in stronger electrostatic interactions (i.e., more negative
315 numbers) and allows the formation of an additional H-bond
316 with Ser774 for ligand binding; thus AE . o5 for 3HHM and
317 2RDO is —28.4 and —19.0 kcal/mol, respectively. Because of an
318 increase in charge potential in the 3HHM model, it is
319 reasonable to observe a larger electrostatic contribution of
320 —35.7 versus —28.4 kcal/mol in the QPLD vs RESP charge
321 models. In the QPLD model, wortmannin in the H1047R
322 PI3Ka complex is surrounded by charged residues Lys776,
323 Arg777, Glu849, and Asp933 (Figure 1C), whereas in the RESP
324 charge model, only Glu849, and Asp933 (Figure 1D) are within
325 4.5 A of the ligand. The presence of two positive charged
326 residues (Lys776 and Arg777) increases the positively charged
327 potential, allowing more favorable electrostatic interactions
328 with the partially negatively charged oxygen atoms of
329 wortmannin. Although the individual energy components
330 varied between different charge models, the binding free
331 energies were very similar. This additive characteristic has also
332 been observed in free energy calculations based on the free
333 energy perturbation method.**"

334  Electrostatic and VDW contributions are even more
33s significant in the QPLD model of the PI3Ky/ LY294002
336 (1E7V model). The 1E7V active site contains charged residues
337 Lys833, Asp841, Glu880, and Asp964 (Figure 2A). These
338 charged residues suggest that the QLPD charge model based on

the protein environment would perform better than the RESP 339
charge model, where partial charges are developed based on an 340
isolated ligand. This prediction is consistent with what we have 341
observed in our previous DNA/duocarmycin studies where 342
DNA carries multiple charged phosphate groups.”® This is 343
exactly what we found with PI3Ky; the contribution of 344
electrostatic interactions was greater in the QPLD model 345
(=21.9 kcal/mol) than that in the RESP (—6.8 kcal/mol). 346
However, it is interesting to observe that during the MD 347
simulations, the movement of charges residues resulted in a 348
conformation at the fourth ns snapshot with only two charged 340
residues retained: Glu880 and Asp964 in the QPLD model, and 3s0
only Glu880 observed in the RESP charged model. Inspection 3s1
of the electrostatic map of PI3Ky (1E7V) of these two charged 352
models showed that the QPLD model contained a H-bond 3s3
donor region (blue region surrounding Asp964, Figure 3B) 35413
because of the presence of Asp964, allowing electrostatic 3ss
attraction with a H-bond acceptor of the carbonyl oxygen in 3s6
LY294002. Such an interaction was absent in the RESP charge 357
model (Figure 3). 358

Figure 3. Electrostatic surface of the binding pockets of PI3Ky/
LY294002: (A) RESP charged model and (B) QPLD charged model.
Color code: H-bond receptor, red; and H-bond donor, blue. The
electrostatic surfaces were made with the MOE program.

dx.doi.org/10.1021/ci3003057 | J. Chem. Inf. Model. XXXX, XXX, XXX—XXX
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Figure 4. Distance proteins and ligands: (A) distance between Val851 NH of PI3Ka and wortmannin O6 (RESP models), series 1 (blue, MUT
model, 2.0 + 0.2 A), series 2 (red, wt model, 2.1 + 0.2 A); (B) distance between Ser773 OH of PI3Ka and wortmannin O8 (RESP models), series 1
(blue, MUT model, 3.7 + 0.9 A), series 2 (red, wt model, 8.9 + 2.1 A); (C) distance between GIn859 NE2 of PI3Ka and wortmannin O7 (RESP
models), series 1 (blue, MUT model, 5.9 + 1.1 A), series 2 (red, wt model, 7.3 + 1.6 A); and (A) distance between GIn859 NH and Thr856 OG1 of
PI3Ka (QPLD models), series 1 (blue, MUT model, 2.2 + 0.3 A), series 2 (red, wt model, 3.1 + 1.2 A);.

359 3.3. Mutant- or Isoform-Specific Binding. All six models
360 have H-bond interactions between Val851 (PI3Ka wt or
361 MUT), or Val882 (PI3Ky) and ligand (wortmannin or
362 LY294002). The distance between the Val851 backbone NH
363 and the O6 of wortmannin was stabilized around 2.0 A for both
364 the wt and MUT PI3Ka models (Figure 4A). This explains the
36s lack of selectivity of many PIK inhibitors that were designed to
366 target PI3Ka Val851 (or Val882 in the y-isoform). In the RESP
367 model, the Ser774 in the PI3Ka MUT forms a stable H-bond
368 with a wortmannin oxygen with a distance of 3.7 + 0.9 A. The
369 distance for the same pair of atoms in the WT PI3Ka was 8.9 +
370 2.1 A. Therefore, our data suggests that Ser774 can be used to
371 design mutant-specific inhibitors of PI3Ka. GIn859 in the
372 MUT model is closer to the wortmannin O7 (distance, 5.9 +
373 1.1 A) than that in the WT (distance, 7.3 & 1.6 A, Figure 4C).
374 In the MUT (RESP model), the distance between GIn859 and
375 wortmannin was around 4 A for more than half of the
376 simulations; in other words, the H-bonds between GIn859 and
377 wortmannin were broken during at least half of the simulation
378 time. This implies that GIn859 may not be as significant as
379 Ser774 for mutant-specific ligand binding. Further investigation

of residue GIn859 showed that it played a significant role in 380
maintaining the H-bond network of the binding pocket; the 3s1
distance between the GIn859 backbone NH and the Thr856 3s2
side chain OH was stable at 2.2 + 0.3 A in the MUT model, 353
whereas the same distance in the wt model was 3.1 + 1.2 A 384
(Figure 4D). The favorable interactions of Ser774 and GIn859 3ss
for ligand binding to the H1047R mutant PI3Ka were also 386
observed in our previous docking studies.* Therefore, it is 387
critical to take into account residues Ser774 and GIn859 for 3ss
ligand design targeting H1047R MUT. 389

The electrostatic potential surface maps of the WT and 390
MUT PI3Ka proteins with the RESP and QPLD charge models 391
provided further evidence of the role of Ser774 and GIn859 in 392
mutant-specific ligand binding. The commonality between the 393
four PI3Ka models are Asp933 and Val851, two important 394
residues discussed elsewhere.'"'? Ser774 was observed in all 395
PI3Ka models except for the WT models (Figure S), in accord 396 fs
with the H-bond patterns shown in Figure 1. Similarly, GIn859 397
formed a stable H-bond with Thr856 of 3HHM, whereas 398
GIn859 was not even observed in the active site of the WT 399
QPLD model (2RDO0). Another difference between the wt and 400
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Figure 5. Electrostatic surface of the binding pockets of (A) wt PI3Ka
(RESP model); (B) wt PI3Ka (QPLD model); (C) MUT PI3Ka
(RESP model); and (D) MUT PI3Ka (QPLD model). Color code: H-
bond receptor, red; and H-bond donor, blue. The electrostatic surfaces
were made with the MOE program.

401 MUT PI3Ka is the H-bond network in the binding pocket. In
402 the MUT models, His917 forms H-bonds with Ser919, a polar
403 residue that forms a dipole—dipole interaction with the
404 carbonyl group of the wortmannin (Figure SD). In the WT
405 PI3Ka model, Arg916 forms H-bonds with Asp933, another
406 residue important for ligand binding. Neither Arg916 nor
407 His917 were observed in the fourth ns snapshot of the WT
408 QPLD model. The importance of designing H1047R mutant
409 specific ligands would be the application to colon and breast
410 cancer patients, among whom 30% carried H1047R mutation.
411 This way, it would minimize the toxicity of inhibiting wild-type
412 PI3Ka. However, inhibiting wild-type PI3Ka may be important
413 for cancer types such as gastric cancer where overexpression of
414 WT PI3Ka is observed.

415 Sequence alignment between PI3Ka and PI3Ky showed that
416 Ser774, Val851, GIn859, and Asp933 of PI3Ka correspond to
417 residues Ser806, Val882, Lys890, and Asp964 of PI3Ky (for the
418 whole sequence alignment, refer to reference 12 in the
419 Supporting Information). An electrostatic potential surface
420 shows that GIn859 in the PI3Ka model is a H-bond donor
#1 (blue region, Figure S) whereas Lys890 is a H-bond acceptor
42 (red region, Figure 3). The position of GIn859 in PI3Ka does
423 play a role in ligand selectively binding to PI3Ks (the residues
424 at this position is Lys890 in PI3Ky, and Asn836 in PI3K5**).
425 Figure S also shows that Lys776 is important for ligand binding
426 to the a isoform since it provides a stabilizing H-bond
427 interaction with Asp933. The corresponding residue in PI3Ky is
#8 Lys808, absent from the 4.5 A interacting pocket. The
49 ammonium group (NH;") of Lys890 adopts an extended
430 conformation in the active site of PI3Ky (QPLD model),
431 making it possible to serve as two H-bond acceptors (one from
432 the side chain NH;", one from the main chain carbonyl
433 oxygen). However, the same residue in the RESP model

pointed away from the binding site, allowing only one H-bond 434
interaction with the backbone carbonyl group (Figure 3). 433
Therefore, although the overall RMSDs are similar between 436
the RESP and QPLD charge models, individual residues, 437
particularly those interacting with ligands, behave quite 438
differently. The QPLD model, with improved prediction of 439
electrostatic interactions, is able to reproduce the experimen- 440
tally determined AGy,;,q The overall free energies of binding in 441
the H1047R mutant PI3Ka model and in the y model between 442
RESP and QPLD charge systems are comparable and in accord 443
with experimental values. 444
3.4. Hot Spot Residues at the Binding Interfaces 445
Unraveled by Computational Alanine Scanning. Hot spot 446
residues in each interface were identified with the MM/GBSA 447
method by mutating binding residues to alanine and comparing 448
binding free energies of the mutants to that of the original 449
protein. AAGy;,  is defined as AG,y (alanine mutant) — 450
AGy;q (wild-type). A positive AAG;,q indicates an unfavorable 4s1
mutation, that is, a ligand binds more favorably to the WT. In 452
other words, a residue with a large positive AAGy,;,4 indicates 453
that it is critical for ligand binding. On the other hand, a 454
negative AAGy, 4 indicates a preference for the alanine mutant, 4ss
that is, a ligand binds more favorably to the mutant. The 4s6
proline residue was not mutated because of its usual backbone 4s7
conformation; replacing proline with alanine induces significant 4s8
conformational changes and thus affects the binding mode.™ 459
PIK3CA mutations can be used to predict resistance to two 460
monoclonal antibodies (cetuximab and panitumumab) for 461
suppressing epidermal growth factor receptor (EGFR) in 462
metastatic colorectal cancer (mCRC) patients.45 In patients 463
with KRAS wild-type mCRC, a lower objective response rate 464
was observed in patients with PIK3CA exon 20 mutations.* s
Among 377 patients, 62% carried WT KRAS and 38% with 466
KRAS mutations. In both the KRAS WT and mutants group, 467
89% of patients of mCRC have WT PIK3CA whereas 11% 468
carried PIK3CA mutations.*® A study of important binding 469
residues in the WT and MUT PI3Ka, therefore, is fundamental 470
for mutant- or isoform-specific ligand design. 471
To determine the role of each binding residue in ligand 472
binding to the wild-type or H1047R mutant of PI3Ke, or 473
PI3Ky, we systematically applied computational alanine 474
scanning to active site binding residues (within 4.5 A) of 475
PI3Ks. The binding free energies (AAGy ) of WT PI3Ka 476
(QPLD charge model, Table 3) show that significant losses in 4773
the binding free energies were observed for the hydrophobic 478
Val851, and Val850. In addition, the hydrophobic Trp780, 479
11e800, Tyr836, 1848, Met922, and I1e932 showed AAG . 480
increase of greater than 2.5 kcal/mol. This indicates that a 4s1
mutation of any of these residues would weaken ligand binding. 482
Therefore, Trp780, 11e800, Tyr836, 1848, Val850, Val85l, 483
Met922, and 11932 can be called “resistant” mutants or “hot- 484
spot” residues. This agrees with the energetic analysis of the 485
binding free energy where van der Waals interactions are 486
dominant. The prediction of 1le848 being an important binding 487
residue (AAG of 4.1) was corroborated by experimental 4ss
observations that the mutant I848A possesses severely impaired 489
enzyme activity (>100 fold weaker than the WT PI3Ka).'* 490
These data shows that these residues are significant for ligand/ 491
protein interactions. 492
Inspection of individual energy components (Table 3) of 493
these mutations in the QLPD model shows that losses in 494
hydrophobic interactions (AAE,,) contribute the most to the 495
AAGq oy the relative energy of binding without the entropy 496

dx.doi.org/10.1021/ci3003057 | J. Chem. Inf. Model. XXXX, XXX, XXX—XXX



f6

Journal of Chemical Information and Modeling

Table 3. Relative Free Energies of Binding (kcal/mol) for
PI3K Alanine Mutants (AAGy .= AG — AG,,) for the
2RD0 (WT QPLD model)®

mutant

residues AAE,. AAE,, AAGsy, AAGg AAGy, AAGuue

M772 12 1.3 0.2 -12 -1.0 LS
S774 04 0.7 0.1 -0.7 —0.6 0.5
K776 0.9 12 0.2 -13 -12 1.0
W780 S.0 4.0 0.6 =52 —4.6 4.5
1800 3.6 22 0.3 =33 =3.0 2.8
Y836 8.2 3.6 0.3 —8.2 =79 3.9
1848 3.6 3.6 0.4 =35 -3.1 4.1
E849 S.3 0.9 0.1 —4.9 —4.8 14
V850 14 0.8 0.0 7.7 7.7 9.9
V851 13 0.5 0.0 8.4 8.4 10.1
T856 -0.3 0.5 0.1 0.3 0.4 0.5
Q859 4.0 1.3 0.2 —4.3 —4.1 12
H917 0.4 0.0 0.0 —0.1 —0.1 0.4
M922 2.1 2.3 0.3 -1.8 -15 2.8
1932 3.2 4.5 0.3 -3.3 -3.0 4.7
D933 -0.8 1.6 0.1 0.7 0.8 15
D933/F934 —-1.4 1.8 0.1 12 13 1.7
E970 15 0.0 0.0 —-11 —-11 0.4

“The energy components and standard deviations are listed in
Supporting Information Table 3S.

497 component. One assumption of computational alanine
498 scanning is that replacing the original residues with an alanine
499 will cause only small local changes that have little effect on
s00 entropy, that is, the entropic terms (—TAS) for the wild-type
so1 and the mutants should cancel out. The predominant factor for
s02 V8S0A and V8S1A is solvation energy loss (AAG,,). For polar
s03 residues Tyr836, Glu849, GIn859, Met922, and Glu970,
s04 mutations to alanine lead to loss of electrostatic interactions
sos (positive AAE,,.). A comparison of wild-type (2RDO0) with
506 H1047R mutant (3HHM) under the same QPLD model shows
s07 that Val850 and Val851 are important for ligand binding and
so8 thus highly unfavorable for mutating these two valines to
s09 alanines (Figure 6A), whereas the role of these two residues
s10 diminishes in the ligand binding toward H1047R mutant
s11 (Figure 6B).

p=t

®

—

To identify residues responsible for mutant-specific binding, si2
we applied the same MM/GBSA method to binding residues in s13
MUT H1047R PI3Ka (Table 4). Compared to the WT PI3Ka, 514w
these mutations should be considered as double mutations. sis
Data in Table 4 and Figure 6B show that in the MUT PI3Ka s16
model, 11e932, Trp780, Tyr836, and Met922 are residues s17
critical for ligand binding to the MUT isoform. Similar to the s18
WT model, losses in AAE, 4, predominate for Trp780, Tyr836, s19
and Met922. Although Ser774 AAE,,,, in both the WT and s20
MUT is less than 1 kcal/mol, the individual AAE,,. energy s21
components of 0.4 and 8.6 kcal/mol for the WT and MUT s22
isoforms are quite different. As shown in Figure 4B, this may s23
correspond to the loss of H-bonds in the MUT models. 524

The main difference between the WT and MUT hot spot 525
residues lies in Val850, Val851, and 11€932. Val850 and Val851 s26
were predicted to be important in the WT (QPLD models), s27
whereas 11e932 was predicted to be more critical in the H1047R s28
mutant. In the MUT model, the AAE ., of 1le932 was s
predicted to be 3.8 kcal/mol in the RESP model, and 14.6 kcal/ s30
mol in the QPLD model. In the RESP charge model, Val851 s31
and 1le932 would have almost identical AAE ;. values, s32
indicating no mutant-specific binding implications. Under the 533
QPLD charge model, Val851 appears to be more WT-specific s34
and Ile932 more MUT-specific. Val850, on the other hand, s3s
shows importance to WT, but not to MUT ligand binding in s36
both charge models. An inspection of the Ile932 interaction s37
network shows that the 11e932 backbone NH in the QPLD s3s
MUT model formed a H-bond with side chain amide group of s39
Asn920, stabilizing the binding pocket of MUT model (Figure s40
5C). Similar to Ser774, the increase in AAE,,. may be s
attributed to the loss of a H-bond stabilizing effect. Excluding s
Ile932, the correlation (R?) of the AAE,, between the s43
QPLD and RESP models is 0.65 (Supporting Information s44
Figure 2SA), suggesting both charge models would be able to sss
predict the mutational effect of PI3Ka. 546

To validate the MM/GBSA calculations in the MUT model, s47
we performed double-mutations on the WT PI3Ka, and s
compared the AAGg, of these mutants to those of the s49
H1047R MUT model. Our data showed that these two set of ss0
data yield a similar trend (Table S). The linear relationship of ssits
the AAG,,., between these two models (R* of 0.69, ss2
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Figure 6. MM/GBSA binding free energy for (A) WT PI3Ka (2RD0, QPLD model) and (B) H1047R MUT PI3Ka (3HHM, both QPLD and

RESP models).
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Table 4. Relative Binding Free Energies (kcal/mol) for PI3K Alanine Mutants (AAG o= AGpuane — AGy) for the 3SHHM

MUT models (QPLD model)®

residues AAE,. AAE, g, AAGg,
M772 33 2.3 0.4
S774 8.6 -1.0 0.0
K776 —-2.8 0.9 0.1
‘W780 0.2 2.8 0.3
1800 0.6 1.9 0.2
Y836 1.7 2.8 0.2
1848 —-0.5 2.1 0.2
E849 3.0 0.1 0.0
V850 —-0.7 0.8 0.0
V8s1 —-0.7 0.6 0.0
T856 -0.5 0.5 0.1
Q859 —-1.2 0.3 0.0
H917 0.4 0.2 0.0
M922 0.7 2.2 0.3
1932 —6.6 33 0.2
D933 -1.5 1.1 0.2
D933/F934 -0.8 1.6 0.2
E970 1.5 0.0 0.0

AAGsubtot
AAGgy AAG, QPLD RESP

-3.6 -3.2 2.5 2.5
—6.6 —6.6 1.0 0.6
3.7 3.7 1.8 1.1
0.2 0.6 3.6 12
—-0.4 —0.1 24 1.7
—0.8 —0.6 3.9 3.0
0.9 1.1 2.8 3.1
22 -2.2 0.9 0.2
12 13 14 0.8
1.6 1.6 1.5 0.6
0.5 0.6 0.6 0.6
1.6 1.7 0.8 0.4
-0.4 —-0.4 0.2 0.1
0.3 0.6 3.5 3.3
14.9 15.1 11.7 3.8
0.8 1.0 0.5 14
0.2 0.3 12 1.6
-1.1 -1.1 0.4 0.0

“The energy components and standard deviations are listed in Supporting Information Tables 5S—7S.

Table 5. Relative Free Energies of Binding (kcal/mol) for Double Mutants (Alanine Mutants of PI3Ka Binding Residue Plus

H1047R MUT, QPLD Model)®

residues AAE . AAE g, AAGg,
E849 + H1047 3.6 0.1 0.0
D933 + H1047 —-14 1.6 0.1
1848 + H1047 2.5 2.8 0.3
1800 + H1047 14 1.4 0.2
Y836 + H1047 S.0 3.0 0.2
W780 + H1047 2.3 3.0 0.4
V851 + H1047 1.1 0.5 0.0
V850 + H1047 1.6 0.8 0.0

AAGsubtot
AAGgg AAG,,, QPLD (double mutant) QPLD (3HHM)

-3.1 0.6 0.9

1.3 1.4 0.5
—-1.7 3.5 2.8
-0.8 1.9 2.4
=50 2.9 3.9
-2.1 3.2 3.6
—-1.1 0.5 1.5
-1.7 0.7 1.4

“The AAGqy, values from the QPLD (3HHM model, Table 4) are listed for comparison. The energy components and standard deviations are

listed in Supporting Information Table 8S.

Supporting Information Figure 2SB) further verified the
reliability of using computational alanine scanning to predict
the residue behaviors because of alanine mutation. The

ss¢ validation of double mutational effects can also be illustrated

in the D933A/F934A mutant: the AAG,, for this double
mutant in the WT QPLD model is 1.7 kcal/mol (Table 3),
suggesting an adverse effect of this double mutant, consistent

se0 with a complete loss of enzymatic activity of the double mutant

D933A/F934A.'3 Zunder et al.'® observed that mutants 1800L,
I800M, and 1848V required 10-fold or higher concentrations to
reach the enzymatic activity of the H0147R mutant, indicating
that mutations on residues 1800 and 1848 of MUT HO0147R are
not favorable. Our calculations of I800A and V848A in the
MUT model (2.4 and 2.8 kcal/mol, respectively, Table 4) and
in the double mutant WT model (1.9 and 3.5 kcal/mol,
respectively, Table 5) further confirm the unfavorable mutation
of these two residues. These two residues, however, may not be
mutant-specific in that the I800A and V848A in the WT models
show QPLD model AAG; of 2.8 and 4.1 kcal/mol,
respectively. Therefore, MM/GBSA alanine scanning suggests

573 that Ile932 and Ser774 might be mutant-specific.

To identify residues responsible for isoform-specific binding,
we applied computational alanine scanning to PI3Ky residues
Ser806, Trp812, Ile831, Tyr867, Ile879, Ie881, Val8s2,
Thr886, Lys890, and Asp964, corresponding to PI3Ka residues
Ser774, Trp780, 11e800, Tyr836, Ile848, Val8s0, Val8sl,
His855, GIn859, and Asp933, respectively. Figure 7 suggests
that I1e831, 11e879, Trp812, and Lys890 are residues critical for
ligand binding to PI3Ky. For PI3Ky, the QPLD charge model
generally yielded a better AAG,,,, than the RESP charge
model. However, both charge models showed similar trends
with a correlation of 0.73 (R?, Figure 7B). As Trp812, 1le831,
and Ile879 of PI3Ky provide important hydrophobic
interactions for ligand binding, so do Trp780, 1le800, and
1848 for PI3Ka. Therefore, these three residues may not be
isoform-specific.

Alanine scanning of residues in PI3Ky showed that the
QPLD model predicted four residues (Trp812, lle831, 1le879,
and Lys890) to be important for ligand binding, whereas the
RESP charge model predicted only two (Trp812 and Ile831).
Data in Figures 2 and 3 confirmed the importance of Lys890.
According to the QPLD charge model, Lys890 of PI3Ky is
predicted to be important for ligand binding (AA Gy, of 3.5
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Figure 7. MM/GBSA binding free energy for PI3Ky (A), and the correlation between the QPLD and RESP charge models for PI3Ky (B). The
energy components and standard deviations of 1E7 V/LY294002 interactions are listed in Supporting Information Tables 9S and 10S.

596 keal/mol, Supporting Information Table 9S). Data in Figure 3
s97 shows that Lys890 in the QPLD-generated MD trajectory had
s98 two H-bond acceptor regions, while it only had one in the
599 RESP charge model (which had a AAGyg of 0 keal/mol,
600 Supporting Information Table 10S). According to site-directed
601 mutagenesis,47 Lys890 is a residue proved to be important for
602 ligand’s binding to PI3Ky. The amino group of Lys890 is
603 oriented toward the binding cleft and therefore can form a
604 stronger electrostatic interaction with wortmannin. In addition,
605 the Lys890 main chain NH forms a H-bond with side chain
606 hydroxyl group of Thr886 (Figure 8B). The corresponding
607 residue in the a isoform is GIn859, which might be important
608 for mutant-selective binding due to forming H-bonds with
609 Thr856 (Figure 4D). For the WT PI3Ka, such a H-bond is not
610 stable due to its distance from the active site (not within the 4.5
611 A of bound ligand, Figures 5B, and 8A), GIn859 may not be
612 critical for ligand binding to the a isoform and yet the
613 corresponding residue in PI3Ky (Lys890) is important for
614 binding. Therefore, Lys890 may be isoform-specific.

4. CONCLUSIONS

We applied molecular dynamics (MD) simulations to the WT 15
and MUT PI3Ka and PI3Ky based on RESP (restrained 616
electrostatic potential) and quantum mechanics (QM)- 17
polarized ligand docking (QPLD)-derived partial charges. 618
The PI3K QPLD and RESP charge models show similar 619
performance in MD simulations in terms of maintaining the 620
stability of the aqueous systems. However, individual residues 621
do behave differently, particularly for residues critical for 62
mutant- or isoform-specific binding. We applied the GBSA 623
method to estimate the binding free energies of wortmannin to 624
PI3Ka and, LY294002 to PI3Ky. The binding free energies of 625
LY294002 to PI3Ky models (—9.3 and —9.5 kcal/mol) are in a 626
very good agreement with the experiment (—9.2 kcal/mol), and 627
the binding free energies of wortmannin to PI3Ka models 628
(—11.7 and —10.9) also agree with observed data (—10.9 kcal/ 629
mol). MM/GBSA calculations suggested that residues Ser774, 630
GIn859, and 11e932 might be used to design PI3Ka mutant- 631
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Figure 8. Binding pockets of (A) 2RDO and (B) 1E7V. Ligands are represented in yellow color. Hydrogen atoms are hidden for clarity purpose.

632 specific ligands, whereas Lys890 can be used for PI3Ky ligand
633 design.
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