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Abstract

Phosphatidylinositol 3-kinase a (PI3Ka) is a promising target for anticancer drug design.
Oncogenic mutation H1047R in the catalytic domain is observed in many tumors and may
enhance PI13Ka kinase activity by affecting loop confirmations as well as membrane binding. We
applied docking methods to 33 PI3K inhibitors against the wild type (wt) PI3Ka, the H1047R
mutant of PI3Ka and the yisoform of PI3K (PI3K ). We also investigated the effect of protein
flexibility on ligand binding by docking the same set of ligands to conformations of the wt and
mutant PI3Ka generated by molecular dynamics simulations. Our data suggests that
conformational differences in GIn859, Ser854, Tyr836, and Ser774 between the PI3Ka wt and
H1047R mutant may be used to design ligands that are active against both the wt and H1047R
mutant isoforms. GIn859, Ser854 and Ser774 may play critical roles in ligand binding to the a
isoform H1047R mutant while formation of H-bonds with Ser806 of PI3Ky may enhance
isoform-specific inhibition. In addition to H-bond interactions, structural and size differences in
the activation and hydrophobic domains of PI3Ka, PI3Ky, and the PI3Ka H1047R mutant could
be exploited to direct the design of isoform- and/or mutant-specific PI3K inhibitors. Our data
provide a reasonable explanation for the activity and selectivity of small molecular PI3K inhibitors
and are in good agreement with available experimental and computational data.

1. INTRODUCTION

Phosphatidylinositol 3-kinases (PI3Ks) are lipid kinases that phosphorylate the 3-hydroxyl
of phosphatidylinositol 4,5-bisphosphate (PIP,), generating phosphatidylinositol 3,4,5-
trisphosphate (PIP3). The resulting PIP3 interacts with pleckstrin-homology- (PH-) domain-
containing proteins, such as the Akt serine-threonine kinases, eliciting a series of signal
transduction events that lead to DNA synthesis and cell proliferation via the activation of the
MDM2 and mTOR (mammalian target of rapamycin) pathways.! Under normal
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physiological conditions, PIP3 levels are tightly regulated by the phosphatase and tensin
homologue protein (PTEN). The inactivation of PTEN by mutations in tumors leads to the
accumulation of PIP3.2 One approach for antitumor drug design would be to design a small-
molecule inhibitor of PI3K, thus lowering the PIP3 level.

Among four distinct PI3K subfamilies, only the class | PI3Ks are capable of catalyzing the
conversion of PIP, to PIP3. The class | PI3Ks can be further divided into IA and IB
subclasses based on the mechanism of activation. The class IA PI3K proteins are activated
by receptor tyrosine kinases (RTKs) through the regulatory unit (p85), whereas the class IB
isoform (the PI13Ky protein, encoded by PIK3CG) is activated by seven transmembrane G-
protein-coupled receptors (GPCRs). The class 1A subfamily contains three isoforms with
different catalytic subunits: a p110a isoform (encoded by PIK3CA), a p110gisoform
(encoded by PIK3CB), and a p1105isoform (encoded by PIK3CD).3

Expression of PI3Ka and PI3K g is ubiquitous in mammalian tissues, whereas PI3K & and
PI13K y show a more restricted distribution in leukocytes.* PI3Ka is a heterodimeric protein
consisting of a catalytic p110a subunit and a p85 regulatory subunit.> The p110R subunit
contains N-terminal adaptor-binding (ABD), Ras-binding, C2, helical, and catalytic kinase
domains. The ABD domain was proposed to be responsible for p85a binding, and the C2
domain for cellular membrane binding. PI3Ka is activated by RTKSs such as endothelial
growth factor receptor (EGFR), human epidermal growth factor receptor 2 (HER2), and
vascular endothelial growth factor receptor (VEGFR). The activated p110a catalytic subunit
catalyzes the conversion of the PIP, to PIP3.1

The implication of PI3Ka in cancer was confirmed by the observation that PI3Ka is
frequently mutated in some human cancers. Perrone et al. observed four mutations in
PIK3CA (E545K, E545A, E542K, and A1020V) in patients with advanced colorectal cancer
who did not respond to the EGFR inhibitor cetuximab. Inhibition of the PI3BK/AKT pathway
restored the sensitivity of gefitinib (an EGFR inhibitor) in cell lines that were originally
resistant to gefitinib treatment.” Samuels et al.8 reported an observation of the incidence of
tumors with PI3Ka mutations: colon, 32% (74/234); brain, 27% (4/15); and stomach, 25%
(3/12). Recently, Liu et al.? reported the incidence of tumors with PI3Ka mutations in a
much larger population: breast, 27% (468/1766); endometrial, 24% (102/429); colon, 15%
(448/3024); upper digestive tract, 11% (38/352); stomach, 8% (29/362); pancreas, 8%
(29/362); and ovarian, 8% (61/787). These PI3Ka mutations exclusively cluster in two “hot-
spot” regions in exons 9 and 20, corresponding to the helical (E545K) and kinase (H1047R)
domains of p110a. E545K and H1047R account for ap- proximately 80% of PI3Ka mutants
observed in diverse cancers (Catalog of Somatic Mutations in Cancer, www.sanger.ac.uk/
genetics/CGP/cosmic). The PI3Ka mutant H1047R results in a 2-fold increase in lipid
kinase activity, and its activity increases further upon phosphopeptide binding.1°

This gain-of-function character of PI3Ka mutants uniquely poses a potential to decrease the
efficacy of many anticancer therapeutic drugs that target PI3Ka. On the other hand, these
mutants make PI13Ka a unique drug target, in that other PI3K isoforms, such as PI3KSand
P13Ky, do not exhibit the same types of mutations. Therefore, selective inhibition of the
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P13Ka H1047R mutant might avoid the toxicity of pan-PI3K inhibitors such as wortmannin
and LY294002 (Figure 1).

To discover molecules with anticancer potential, scientists have synthesized compounds
targeting PI3Ka. Nonselective first-generation PI3K inhibitors such as wortmannin (1),
LY294002 (2), quercetin (3), myricetin (4), and staurosporine (5) (Figure 1) inhibit both
P13Ka and PI3Ky. Compound 6 (Figure 2), the ring-opened analogue of 1, inhibits both o
and y PI3Ks at nanomolar concentrations.1! Compound 7 (Figure 2) is a PI3Ka-selective
inhibitor with a half-maximal inhibitory concentration (ICsg) of 2.5 nM.12 Removal of a
morpholine moiety in LY294002 generated 8 with much weaker PI3Ka activities.13
NVP_BEZ235 (9, Figure 2) is an imidazo[4,5-c]quinoline that inhibits both PI3Ka and
PI3K yin the nanomolar range.* Screening a library of marine invertebrate extracts in a
fluorescent polarization assay identified liphagal (10, Figure 2) as a selective PI3Ka
inhibitor with an 1Cxq value of 0.1 uM.1® Compound 11 has PI3K y selectivity,13 whereas
XL147 (12) (Figure 2)!6 and its structural homologue XL765 (13) (Figure 2)17 inhibit both
PI13Ka and PI3Ky at nanomolar concentrations. Oral administration of 12 resulted in
significant inhibition of tumor growth in a mice model in which PI3K signaling was
activated. In addition to inhibiting P13K, 13 also inhibited the mammalian target of
rapamycin (mTOR), another critical enzyme in the PI3BK/AKT/mTOR pathway. ICsq values
for 13 against PI3Ka, PI3Ky, mTOR/Raptor (TORC1), and mTOR/Rictor (TORC2) were
0.039, 0.009, 0.190, and 0.908 uM respectively.38 Replacement of the thiophene in 7 with a
pyridofuran yielded 14, which has a much better pharmacokinetic profile than 7.12 The
imidazo[1,2-a]pyridine derivative (15, Figure 2) is a potent PI3Ka inhibitor, with an in vitro
ICs value of 3.1 nM.18 Structural modification of 15 generated compounds 16-29 (Figure
3).

Some docking studies investigating PI3Ka/ligand interactions have been published.
However, these computational studies were based on either PI3K 19 or a PI3Ka homology
model built on the PI3K y structure using homology modeling.13:20 A recent pharmacophore
and docking study of PI3Ka inhibitors was reported by Li et al.21 However, no
computational work on ligand interactions with the PI3Ka H1047R mutant has been
reported. Given the prevalence of the H1047R mutant in cancer cells and the unique
presence of H1047R in PI3Ka, targeting both the overexpressed wild-type (wt) PI3Ka and
the PI3Ka mutant H1047R would have advantages over compounds that inhibit only the wt
P13Ka. Therefore, investigating factors dictating ligand interactions with the PI3Ka
H1047R mutant might shed light on the development of isoform- and/or mutant-specific
inhibitors with enhanced selectivity over other PI3K isoforms.

To identify the structural basis for PI3K isoform- or mutant-specific binding, we carried out
a series of docking studies of reported PI3K inhibitors (Figures 1-3) with the native
structures of PI13Ka, PI3Ka H1047R, and PI13Ky. To study the effect of protein flexibility on
ligand docking, we carried out molecular dynamics (MD) simulations on the wild-type and
mutant PI3Ka and docked the same set of ligands to the protein conformations at the well-
equilibrated 2000th-ps snapshot. Because of sequence and/or structural differences among
these three proteins, we suggest that docking studies based on the native and H1047R
mutant PI3Ka structures might provide useful insights for inhibitor design.
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2. COMPUTATIONAL METHODS

2.1. Preparation of Protein Structures

The X-ray crystal structures of apo PI13Ka (PDB id: 2RDO0),° PI3K y complexed with the
ligand L64 (PDB id: 3IBE),22 and the PI3Ka H1047R mutant/wortmannin complex (PDB
id: 3HHM)23 were retrieved from the RCSB Protein Data Bank. Structural alignment
between these three proteins using the DaliLite program?4 showed that these proteins are
homologous to each other (Figure 4). Structural alignment of 31BE and 1E8W,2° a PI3K y/
quercetin complex, showed that L64 and quercetin share the same binding pocket. The
coordinates of wortmannin in 3HHM were adopted to 2RDO0 and were used as the ligand to
generate the grid file for the docking study. There are four sections of missing residues in
the crystal structure of 2RDO: section 1 (Tyr307-Thr324), section 2 (Ala415-Ala423),
section 3 (Phe506—Asp527), and section 4 (Lys941-950). The structures of the missing
residues were built using the homology modeling module in MOE.26 The template for
section 1 was adopted from the chain B of 1A9X (1A9X.B);27 section 2, 2JRJ.A;28 section
3, 1JD5.A;29 and section 4, THUL.A.30 Each insertion of the missing section and its
surrounding region (within 4.5 A of the modeled section) was subjected to energy
minimization to reduce steric clash. The overall 2RDO0 was subsequently prepared using the
Protein Preparation Wizard in the Schrédinger software suite.31 During the Protein
Preparation Wizard procedure, the side-chain structures of GIn and Asn were allowed to flip
to maximize H-bond interactions. The H1047R mutant of PI3Ka model was built based on
the crystal 3HHM. The same missing residues in 2RDO0 were also identified in 3HHM.
Therefore, 3HHM was structurally aligned to 2RDO0 using the DaliLite program, and the
missing residues were adopted from the modified 2RD0 model. For docking studies, we
adopted the kinase domain (residues between Gly725 and 11e1094) for the protein PI13Ky.
There were two sections of missing residues in the kinase domain of 3IBE (PI13K). The first
section of missing residues (Thr895-Asn898) was adopted from the protein 1E8W.25 The
second section of missing residues (11e968—-Asn979) was modeled from the template
structure 1RYK.A32 based on the homology modeling protocol as described in MOE. The
modified regions were subjected to the same treatment as 2RDO for the minimization and
protein preparation procedures. All three proteins, PI3Ka wt (2RD0), PI3Ka H1047R
(3HHM), and PI3Ky (3IBE) were then subjected to 500 iterations of energy minimization
with backbone atoms being restrained using the OPLS force field in the MacroModel
module in the Schrddinger software suite.

2.2 Preparation of Ligand Structures

Thirty-three PI3K inhibitors collected from various sources were built based on the template
structure quercetin in 1E8W.2° Ligands 1-5 in Figure 1 are pan-PI3K inhibitors. Molecules
6-13 and 30-32 are inhibitors of both PI3Ka and PI3Ky. Ligands 14-29 were designed to
be PI3Ka-selective inhibitors.18 All ligands were built using the Maestro Build panel and
minimized by the MacroModel program using the OPLS2005 force field. A database of
260,071 molecules was downloaded from the National Cancer Institute33 and was filtered
according to the Lipinski's rule of five,34 yielding 33,778 druglike molecules. One hundred
druglike molecules were randomly selected from this database and were then subjected to
energy minimization using the MacroModel program.
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2.3 Glide Docking Procedures

Three grid files for 2RD0, 3HHM, and 3IBE were generated using the Glide Grid
Generation protocol with the bound ligands as centroids. All 33 PI3K inhibitors were
docked to each of the three grid files, and the 100 druglike molecules were docked to the
native 2RDO grid file. During the docking process, the scaling factor for receptor van der
Waals for the nonpolar atoms was set to 0.8 to allow for some flexibility of the receptor. All
other parameters were used as defaults. The binding affinity of the PI3K/ligand complexes
was expressed in terms of docking scores. The more negative the docking score, the more
favorable the interaction of the complex. Unless stated otherwise, the figures of protein/
ligand interactions were generated with the Maestro program in the Schridinger software
suite. In these figures, residues important for interactions are shown as stick models and
labeled, all ligands are shown as ball-and-stick models, and H-atoms are hidden for clarity
purposes.

2.4 Molecular Dynamics (MD) Simulations

Established procedures®® for MD simulations were adopted for this experiment. Briefly,
each system (3HHM and 2RD0) was neutralized with sodium ions and soaked in a
rectangular box of TIP3P water molecules3® extended 10 A in all directions from any
protein atom. Each system underwent 1000 steps of minimization using the steepest-descent
algorithm to reduce the steric clash, followed by 30 ps of ramping the temperature from 10
to 300 K and 100 ps of equilibration at 300 K. Then, 2000 shapshots were collected during
the 2000-ps production run using the NPT ensemble with a time step of 2 fs. The long-range
electrostatic interactions were calculated with the particle—mesh Ewald (PME) method,3’
and the nonbonded cutoff for the van der Waals interaction was set to 10 A. All energy
minimizations and MD simulations were carried out using the AMBER 10 package3® with
the AMBER 99SB force field.3 The root-mean-square deviation (rmsd) of each collected
snapshot in comparison to the crystal structure was obtained using the PTRAJ module in the
AMBER 10 package and is included in Figure S1 in the Supporting Information. The
2000th-ps snapshot was used for studying the effect of protein flexibility on docking by
docking the same set of ligands to these MD-derived structures.

3. RESULTS AND DISCUSSION

The sequence alignment between 3IBE and 2RDO revealed that the percentage identity
between these two sequences was only 35.5% based on 915 aligned residues (Table S2,
Supporting Information). The structural alignment, however, showed that they are
structurally homologous with a root-mean-square deviation (rmsd) of 2.5 A between the
backbones of these two structures. The alignment of the PI3Ka 3HHM mutant with 3IBE
shows that both o and y subtypes share the same binding pocket and that wortmannin
(3HHM), quercetin (LE8W), and L64 (3IBE) occupy the same binding site (Figure 4B). The
active site of PI3Ka H1047R (3HHM), defined as within 4.5 A of the ligand wortmannin
consists of Met772, Ser774, Lys776, Pro778, Trp780, 11e800, Tyr836, Glug849, Val850,
Val851, GIn859, Thr856, Ser919, Met922, 11e932, and Asp933. The active site of the PI3Ky
(1E8W) is enclosed by the residues Typ812, Lys833, Asp836, Leu838, Asp841, Tyr867,
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Glu880, 11e881, Val882, Ala885, Thr886, Thr887, Lys890, Met953, Phe961, 11€963,
Asp964, Phe9d65, and Gly966.

3.1 Validation of the Glide Docking Method

We carried out docking studies of 33 PI3K inhibitors against wt and mutant PI3Ka and
PI13Ky. Inhibitor docking scores against the three models are listed in Table 1, and the
docking scores of the 100 druglike molecules against the wt 2RD0 model are listed in Table
S1 (Supporting Information). To validate whether the docking results were sufficiently
accurate for studying protein—ligand interactions in the PI3K system, we calculated the
enrichment factor (ER) by docking a library of 33 PI3K inhibitors and 100 druglike
molecules against the native PI3Ka model. The ER is defined as the concentration of active
inhibitors in a subset divided by the concentration of active inhibitors in the database and is
a general measurement of the efficiency of a docking program: the higher the ER, the more
accurate the docking program. Docking of 133 molecules against the wt PI3Ka (2RDO0)
model produced an ER score of 3.30 (Table 2), indicating an approximately 3-fold increase
in the probability of finding an active molecule in the top 10% of hits compared to an
otherwise random selection. In the ideal case, the enrichment factor for our data set would
be 4.29. The ER score of 3.30 for the Glide dock indicates that active ligands can be
identified using this software.

The performance of the Glide dock program was also evaluated by comparing the docked
poses to native conformations in the crystal structures. The rmsd values for heavy atoms
between the Glide-generated docked poses and the native poses for quercetin, myricetin,
LY294002, wortmannin, and L64 are listed in Table 3. All docked poses have rmsd values
lower than 2.0 A. Figure S2 (Supporting Information) shows the superposition of the Glide-
generated LY?294002 and the native conformation in 1E7V, indicating that the Glide
program is able to successfully reproduce the native conformation. The rmsd between these
two poses is 0.41 A. Other than the very flexible L64, the rmsd values of all other ligand
docked poses are either lower than or very close to 1.0 A (Table 3). These low rmsd values
indicate that Glide dock is capable of identifying the native poses in crystal structures and
can be reliably used to predict the binding conformations of other ligands.

3.2 Binding Mode of pan-PI3K Inhibitors

Among 33 ligands, wortmannin (1, Figure 1) is a special case in that it forms a covalent
bond with the Lys833 nitrogen atom of PI3K y through the furan ring,2® an important
determinant of the low nanomolar binding affinity of this natural product. Structural analogs
of 1 without the furan heterocyclic ring do not form a covalent bond with Lys833 and have
much weaker or no binding affinity to PI3K .40 In our docking study, 1 was docked to
PI3Ky in a noncovalent manner; not surprisingly, this resulted in a weak docking score. This
result is in good agreement with the necessity of covalent bond formation for wortmannin
binding to PI3Ky. The crystal structure of 1E7U (PI3Ky/wortmannin) shows no H-bond
between the protein and the ligand. Our docking study generated one H-bond interaction
between them via Lys890.
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The crystal structure of the PI3Ka H1047R/wortmannin complex shows that residues
Val851 and Asp933 of PI3Ka provide two H-bonds to wortmannin. The corresponding
residues in the PI3K y isoform, Val882 and Asp964 (Table S2, Supporting Information),
form H-bonds to quercetin (3) in the crystal structure 1E8W. The H-bond interactions
between 33 PI3K inhibitors and the four PI3K models (Table 4) show that VVal851 provides
H-bonds with the majority of inhibitors for both wt and mutant H1047R PI3Ka. The
corresponding residue Val882 of PI3Ky forms H-bonds with more than 25% of the 33 PI3K
inhibitors. For example, these docking studies show that both pan-PI13K inhibitors quercetin
(3, Figure 1) and myricetin (4, Figure 1) form H-bonds to 2RDO via Val851 and Asp933 and
to 3IBE (PI13Ky) via Asp964 and GIu880 (Figure 5A). Therefore, ligands capable of forming
H-bonds with Val851 and/or Asp933 in PI3Ka and the corresponding Val882 and/or
Asp964 in PI3Ky should inhibit both isoforms. This set of H-bond interactions provides a
reasonable explanation for the observation that many PI3K inhibitors are effective against
both a and yisoforms. In addition, Ser806 (P13K)/Ser774 (P13Ka) appears to be important
for ligand binding, more so for the yisoform in that this residue provides H-bonds with 10
of the 33 ligands for PI3K y but less than 4 of the 33 ligands for the three PI3Ka models
(Table 4). The selectivity of 11 toward the yisoform (Table 1) might be attributed to its
ability to form H-bonds with Ser806 and Asp964. The docked pose of 11 in the y protein
pocket shows that the morpholino group of 11 lies in the polar region of PI3Ky, forming
favorable H-bond interactions with Ser806; in addition, the carbonyl of 11 forms a H-bond
with the backbone amide of Asp964 (Figure 5B). The PI13Ky-selective 12 and 13 also form
H-bonds with Ser806.

However, formation of H-bonds with VVal882, Ser806, and/or Asp964 might not be a
prerequisite for strong PI3Ky binding. For instance, 9 is a strong PI3Ky inhibitor with an
ICs value of 5.0 nM4 yet has no H-bond interactions with PI3Ky. The docking score of the
PI3K¥9 complex is —11.52 kcal/mol, placing it as one of the top hits for PI3Kyand
consistent with experimental observation that 9 is a potent inhibitor against PI3K .14 The
loss of H-bond interactions in 9 appears to be compensated by favorable van der Waals
contacts with the hydrophobic pocket that is enclosed by residues Trp812, Tyr867, Phe961,
11e881, and Val882, as well as stabilizing electrostatic interactions between residues
Asp950, Asp964, Lys833, Lys807, and Ser806 and the polar functional groups of 9 (Figure
5C). In addition, the T-shaped 7~ 7 stacking interactions between the aromatic rings of 9 and
Trp812 of PI3Ky (Figure 5C) might help stabilize the interactions between PI3Kyand 9.

The antitumor inhibitory activity of 9 can be attributed to its strong interaction with PI3Ka:
the 1Cgq value of 9 against PI3Ka is 4.0 nM. The nitrogen atom of the imidazo[4,5-
cJquinoline core structure of 9 provides a key H-bond interaction with the backbone of the
conserved PI13Ka Val851, and the carbonyl oxygen atom of the imidazo[4,5-c]quinoline of 9
forms a H-bond with GIn859 (Figure 5D). Formation of H-bonds with GIn859 of PI13Ka is
also observed for other inhibitors. The corresponding residue in the yisoform is Lys890.
Differences between GIn859 of PI3Ka and Lys890 of PI3Ky might be used to develop
isoform-specific inhibitors.
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3.3 Binding Mode of the PI3Ka-Selective Inhibitors

The high correlation between PI3Ka expression and tumor progression has prompted
researchers to develop a-isoformspecific PI3K inhibitors. Anticancer compound 10 is the
first example of a PI3Ka inhibitor with a terpenoid carbon skeleton and is approximately
10-fold more potent against PI3Ka than PI13Ky. Our docking studies indicate that 10
interacts with PI3Ka through H-bonds with residues Tyr836, Lys802, and Asp933 (Figure
6A), whereas no H-bond interactions were observed between 10 and PI3Ky. These three H-
bonds were also observed in the crystal structure PI3Ka H1047R mutant/wortmannin.23

A thieno[3,2-d]pyrimidine derivative (7, Figure 2) is a highly potent and selective PI3Ka
inhibitor. However, the poor pharmacokinetic profile of 7 rendered it inactive in vivo.12
Replacement of the thieno[3,2-d]pyrimidine in 7 with a pyrido[3’,2":4,5]furo[3,2-
d]pyrimidine produced a compound (14, Figure 2) that was both potent and selective against
P13Ka. The selectivity index (SI) of 14, measured by the ratio 1C5q(P13K)/1C50(PI3Kc),
was 69. Although the selectivity of 14 was lower than that of 7 (SI of 264), 14 exhibited a
much better pharmacokinetic profile than 7.41 Inspection of PI3K/ligand interactions shows
that a H-bond is formed between Val851 and the morpholino oxygen atoms of 7 and 14. The
key 3-phenol functional group of both 7 and 14 makes a H-bond with Ser774 (Figure 6B).
The formation of H-bonds with Ser774 of PI3Ka might contribute to the selectivity of 7 and
14. Similarly to the PI13Ka-selective 10, 14 forms a H-bond with Tyr836 of PI3Ka (Figure
6B).

Similarly to the 3-phenol functional group in 14, the meta NO, group of 15 (Figure 2)
appears to be critical. Removal of the ortho methyl and the meta nitro groups and
introduction of a para fluoro yielded compound 16, which is a 216-fold weaker inhibitor of
P13Ka than 15. This indicates that the ortho methyl and the meta NO, groups are critical for
P13Ka inhibition. These two functional groups were maintained in compounds 17-29.
Compounds 17-19 form H-bonds with Val851, Asp933, and/or Ser854 of the a isoform.
However, none of these three compounds interacts with VVal882 of the y isoform; instead,
they form H-bonds with Asp964 and Ser806. The binding affinity appears to relate to the
van der Waals interactions between the imidazo[1,2-a]pyridines and the phenyl group of
compound 17. Removal of the methyl group at the R1 position of 17 reduced the steric clash
between R1 and the ortho methyl group on the phenyl ring of 19 (dotted circle in Figure 7).
The decreased steric hindrance allows 19 to adopt conformations that allow for H-bond
formation with Val851 and Asp933 (Figure 7). The introduction of a methyl group at the R3
position allows 19 to fit into a lipophilic cavity formed by Phe930, Met922, and Tyr836
(Figure 7). All of these factors might help to explain the potency and high selectivity index
of 133 for 19. GSK2126458 inhibits PI3Ka, H1047R mutant, and PI3K y with K; values of
0.019, 0.06, and 0.009 nM, respectively.*2 The X-ray cocrystal structure of PI3K y/
GSK2126458 shows that it forms H-bonds with Val882, Tyr867, and Lys833 of the y
isoform.#2 The corresponding residues in the a isoforms (both wt and H1047R) are Val851,
Tyr836, and Lys802. H-bond formation with these residues is a characteristic of many
PI3Ka-active ligands. This might explain the weaker selectivity of this compound.
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3.4 Binding Mode of the PI3Ka Mutants/Ligand Interactions

It might be tempting to assume that an H1047R mutation, being distant from the binding
pocket of PI3Ka, might not have a significant effect on ligand binding. The superposition of
P13Ka (3RDO0) and its mutant (3HHM) reveals that this is not the case. Two noticeable
differences are observed in loop 1 and loop 2 between the wt and H1047R PI3Ka forms.
Loop 1 is the activation loop Arg770-Pro778 (yellow loopl), and loop 2 is the C2 domain
loop (Val346-Lys353, pink loop 2, Figure 4A). The native PI3Ka apoprotein adopts a more
open activation loop in the Met772—-Arg777 region (red loop 1, Figure 4A). This loop in the
H1047R mutant moves 1.33 A toward the ligand, forming a slightly narrower binding
pocket. The snapshot structures collected from our MD simulations, as well as those in Han
and Zhang's experiments, also reveal a more closed conformation of the activation loop in
the mutant.#3 Histidine1047 of PI3Ka forms a H-bond with the main-chain carbonyl of
Leu956, a residue within the activation loop. The mutation of His1047 to an arginine orients
the positively charged arginine side chain toward the negatively charged membrane
phospholipids and 90° away from the original position of the native histidine, disrupting the
H-bond with Leu956.23 The C2 domain of the H1047R mutant moves toward the membrane
by 7.30 A (pink loop 2, Figure 4A). These structural changes in the H1047R mutant might
alter the interaction of PI3Ka with the cell membrane, an interaction vital to its lipid kinase
activity. Indeed, biochemical assays show that the enzymatic activity of the PI3Ka H1047R
mutant is differentially regulated by lipid membrane composition.1°

Interestingly, the wild-type PI3Ky protein contains residue Arg1076, corresponding to
Arg1047 in the PI3Ka H1047R mutant. Structural inspection reveals that the activation loop
(residues Met804-Lys809) of PI3Ky (gray loop 1, Figure 4B) adopts a closed conformation
similar to the corresponding loop conformation on the PI3Ka mutant (residues Met772—
Arg777 of PI3Ka, yellow loop 1, H1047R mutant; red loopl, native PI3Ka; Figure 4B). The
conformation of loop residues His962-His967 of PI3Ky (gray loop 2, Figure 4B) moves
toward the ligand binding site, making the binding pocket smaller for the yisoform.
Structural differences in the kinase domains of wt PI3Ka, PI3Ka H1047R mutant, and
PI3Ky present a unique opportunity to design selective PI3Ka inhibitors.

Our docking studies show that the docking scores of most PI3K inhibitors are comparable
against both the wt and H1047R forms of PI3Ka. This indicates that an inhibitor effective
against the wt PI3Ka might also be active against the H1047R mutant. For example, the
docking scores of 9 against wt and mutant PI3Ka are —13.48 and —12.99 kcal/ mol,
respectively, consistent with the very similar 1Csq values of 4.0 and 4.6 nM for 9 against
P13Ka and the PI3Ka H1047R mutant, respectively.14 Compound 9 forms H-bonds with
Val851 and GIn859 of both the wt and H1047R mutant. Some compounds such as 14,
however, have a higher docking score for the H1047R mutant. Inspection of interacting
residues shows that 14 forms H-bonds with VVal851, Ser774, and Tyr836 of the wt and with
Val851, Glu849, and GIn859 of the H1047R mutant (Figure 8). Table 4 shows that nine
ligands were identified to form H-bonds with GIn859 of the H1047R mutant whereas only
four formed H-bonds with GIn859 of the wt. This suggests that residue GIn859 might be
critical for ligand binding to the PI3Ka H1047R mutant. Finally, many ligands form H-
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bonds with Ser854 and Ser774 of the H1047R mutant (Table 4), suggesting an important
role for these two residues.

3.5 Effect of Protein Flexibility on Ligand Binding

To investigate the role of protein flexibility in ligand binding, we carried out a 2-ns MD
simulation on both the native and mutant PI3Ka. The native 2RDO is an apo crystal
structure, and therefore, the conformation of wortmannin in 3HHM was used for 2RDO after
structural alignment. The collected trajectories were compared with the crystal structure, and
the stable rmsd values (Figure S1, Supporting Information) indicate that our systems were
well-equilibrated. The 2000thps snapshots from both model systems were compared to their
crystal structures (Figure 9). Figure 9 shows that the a-helices and #sheets overlap well,
whereas the loop regions are quite flexible. The activation loop 1 in the wt form adopts a
more open conformation (orange loop) at the 2000th snapshot in comparison to that of the
crystal structure (red loop, Figure 9); this is in good agreement with Han and Zhang's
observation.*3 The conformation for the same loop in the mutant protein, however,
experienced little change. The widened flap (loop 1) in the wt makes it possible for a ligand
to move deeper into the binding pocket. This is exactly what we observed in the docked pose
of wortmannin (red ligand, Figure 9) in the MD-generated model. Loop 2 (residues Glu849-
His855, Figures 9 and 10), however, remains quite stable during the MD simulations. This
explains why Val851 is able to form H-bonds with many ligands in both the wt and mutant
MD-generated models. The conformations of loop 3 (residues Gly912—-Asn920) and loop 4
(residues Asp933-Arg951) (Figure 10) exhibited high flexibility, similar to Han and Zhang's
observation.*3

Docking of all 33 ligands to the MD-generated 2RD0 and 3HHM proteins was carried out,
and the docking scores and residues forming H-bonds with ligands are listed in Tables 1 and
4, respectively. In comparison to the crystal structures, many ligands have better docking
scores when binding to the MD-generated models, presumably because of the movement of
loops 3 and 4, as well as loop 1 (for the wild-type model, Figure 10). Residues providing H-
bonds to ligands vary according to their positions in the loops. Residues in and around loop
2 (GluB49-His855) experience less conformational movement and, therefore, are more
frequently observed to form H-bonds with ligands; these residues include Tyr836, Glug849,
Val851, Ser854, His855, and GIn859. Ser854 of both the wt and mutant models appear to
form H-bonds with ligands. More ligands form H-bonds with GIn859 of the H1047R mutant
models (both the crystal and MD-generated structures) suggesting that GIn859 of the
H1047R mutant might play a more important role in ligand binding. The importance of
GIn859 in ligand binding to PI3Ka and H1047R mutant has been confirmed by both other
computational?! and experimental?3 work. Residue Ser774 of 3HHM (MD model) forms H-
bonds with eight ligands, whereas no H-bonds with Ser774 were observed in the MD-
generated 2RD0 model. The outward movement of loop 1 of 2RDO0 during MD simulations
oriented the side-chain hydroxyl group away from the binding pocket. In this conformation,
the main-chain carbonyl of Ser774 was a H-bond donor (Figure 11A). In contrast, the
relatively closed activation loop positioned the Ser774 hydroxy group toward the binding
pocket, making it available as a H-bond donor and acceptor in the mutant model (Figure
11B). Hence, ligands able to form H-bonds with Ser774 could be H1047R-mutant-specific.
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Residues in loop 3 (Gly912-Asn920) and loop 4 (Asp933-Arg951) were very flexible during
MD simulations (Figures 9 and 10). The flexibility of loops 3 and 4 might explain the
disappearance of H-bonds with Asp933 in the MD models in both the wt and mutant R
isoforms. As illustrated in both our and Han and Zhang's MD simulations,*3 Asp933 might
be an important residue in providing a required structural scaffold to the kinase domain by
forming a H-bond with Lys776; however, its location in the highly flexible loop might
reduce its importance in ligand binding.

The electrostatic map of PI3Ky shows that the hydroxyl group of Ser806 (equivalent to
Ser774 of PI3Ka) was positioned toward the ligand binding site and served as a H-bond
acceptor (Figure 11C). This agrees with the observation that both H1047R mutant and
PI13K yadopt a slightly closed activation loop. The more noticeable difference among the
three proteins lies in GIn859; it is positioned deeper in the binding pocket in the H1047R
mutant, making it more likely to form favorable H-bonds with ligands, an observation
consistent with our docking results. The corresponding residue in the yisoform is Lys890.
Because of its extended side-chain structure, Lys890 flips out of the binding pocket (Figure
11C), making it less likely to interact with incoming ligands. This explains why there are
only three ligands that form H-bonds with Lys890 of PI3Ky (Table 4). Ser854 from both the
wt and mutant PI3Ka forms is able to form H-bonds with ligands as either a H-bond donor
or acceptor, whereas the corresponding residue in PI3Ky is Ala885, lacking the H-bond
forming side chain. The electrostatic maps surrounding Val851 for the three proteins are
very similar; this residue participates in H-bond interactions with ligands through its main-
chain NH group. This provides a reasonable explanation that many ligands form H-bonds
with Val851 of the wt and mutant PI3Ka and Val882 of the yisoform. Our docking results
suggest that interactions with residues Ser774, Ser854, and GIn859 might be exploited for
isoform- and/or mutant-specific ligand design. The inhibition specificity mediated by
GIn859 and Ser774 was also observed in Frédérick and Denny's experiments.20

4. CONCLUSIONS

The prevalence of PI3K signaling abnormalities in human cancer cells has made PI3K an
attractive target for anticancer drug discovery. The fact that oncogenic mutations such as
H1047R increase kinase activity by affecting loop confirmations in the activation and C2
domains has provided the opportunity to develop potent and selective inhibitors targeting
both the wt PI3Ka and its H1047R mutant. Structural differences in the kinase loop between
the wt PI3Ka and H1047R mutant and P13Ky could be exploited in the development of a
new generation of inhibitors that target both the isoform-specific and/or mutant-active
P13Ka. Several observations have arisen from this investigation. First, as exemplified by 7,
14, and 19, 3-aryl phenol and nitro functional groups appear to increase selectivity toward
P13Ka. Inspection of ligand/PI3Ka interactions shows that these functional groups form H-
bonds to PI3Ka through the residues Ser774, Tyr836, Val851, and GIn859. The respective
residues in PI3K y are Ser806, Tyr867, Val882, and Lys890. Second, selective and potent
inhibition of PI3Ka seems to require a strong interaction with residues Ser774, Tyr836,
Ser854, and GIn859. Third, the conformations of Ser774, Ser854, and GIn859 might be used
to design PI13Ka H1047R-mutant-specific inhibitors. Fourth, formation of H-bonds with
Ser806 and Lys802 of PI3K yis likely to direct y-isoformspecific inhibition. Fifth, size
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differences in the binding pocket due to the plasticity of the loop structures could be
exploited to design inhibitors that are active against both the PI3Ka wt and H1047R mutant.
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Figure 1.
Chemical structures of the pan-PI13K inhibitors.
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Chemical structures of reported PI3K inhibitors.
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Figure 4.
Kinase domains of PI3Ks and their interactions with ligands. (A) Active site of PI3Ka and

the H1047R mutant. Color code: native, red cartoon; H1047R mutant (3HHM), green;
activation loop (Loopl, Met772-Arg777), yellow (H1047R); C2 domain loop (Loop2,
Val346-Lys353), pink (H1047R); Ligand, orange; His1047 (o native), yellow; Arg1047 (a
mutant), orange. (B) Active site of PI3Ka, H1047R mutant (3HHM), and PI3Ky proteins
(3IBE). Color code: wt PI3Ka, red cartoon; H1047R mutant (3HHM), green; PI3Ky, gray;
activation loop (Loopl, Met772-Arg777), yellow, H1047R; red, wt PI3Ka; and gray, wt
PI3Ky. Ligand: yellow, His1047; orange, PI3Ka Arg1047 mutant; gray, Arg1076 of PI3Ky;
activation loop 2 (Loop2, His962-His967) of PI3Ky, gray.
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Figure 5.
Interactions between PI3K inhibitors and the a/y isoform. The H-bond interactions are

depicted as green dotted lines. (A) Interactions between PI3Kyand quercetin (3). (B)
Interactions between PI3Kyand compound 11. (C) Interactions between PI13Kyand
NVP_BEZ235 (9). (D) Interactions between PI3Ka and NVP_BEZ235 (9).
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Figure 6.
Interactions between PI3Ka and (A) 10 and (B) 14. The H-bond interactions are depicted as

green dotted lines.
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Figure 7.
Interactions between PI3Ka and compound 19. The H-bond interactions are depicted as

green dotted lines. The potential steric clash between R1 and the methyl group on the phenyl
ring of 19 is highlighted as a green dotted circle.
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Figure 8.
Interactions between PI3Ka H1047R mutant and 14. The H-bond interactions are depicted

as green dotted lines.
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Figure 9.
Kinase domains of 2RD0 and 3HHM before and after MD simulations. Color code: 2RD0

crystal, red; 2RD0 MD model, orange; 3HHM crystal, yellow; 3HHM MD maodel, green.
Wortmannin: red, docked pose from the 2RD0 MD maodel; green, docked pose from the
3HHM MD model.
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Figure 10.
Loop conformations of the 2RD0 MD model. Wortmannin is depicted in red. Residues

denoting the start and end of the loop are highlighted and labeled in a stick model.
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Q859 R770

Figure 11.
Electrostatic surface of the binding pockets of (A) wt PI3Ka (2RDO0), (B) H1047R mutant

(3HHM), and (C) PI3Ky (3IBE). The hydrophobic region is depicted as green; H-bond
acceptor, red; and H-bond donor, blue. The electrostatic surfaces were made with the MOE
program.26
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Table 2
Enrichment Factor of the Glide Docking against PI3Ka (2RDO0)

number of active PI3K« inhibitors 31
number of total molecules in the database 133
number of PI3K« inhibitors in the top 10% of poses (the top 13) 10

enrichment factor (ER?) 3.30

8ER = (10/13)/(31/133) = 3.30. The ER for ideal case = (13/13)/(31/133) = 4.29.
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Ligand rmsd Values (Heavy Atoms, A) between the Docked Posed from Glide and the Crystal-Structure

Table 3

Native Conformations

Glide

1E8W (quercetin/y)
1E90 (myricetin/y)
1E7V (LY294002/7)
3IBE (L64/y)

1E7U (wortmannin/y)
3HHM (wortmannin/a)

0.84
1.09
0.41
1.60
0.93
0.88
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Table 4
Hydrogen-Bond Interactions between 33 PI3K Inhibitors and the Four PI3K Models

Page 30

compound  2RDO (P13Ka native) 3HHM (PI3Ka H1047R)  3IBE (PI3Ky) 2RDO0 (MD model) 3HHM (MD model)

1 Val851 Val851, GIn859, Ser774 Lys890 Lys776 Ser774, Val851

2 Val851, Tyr836, Asp933  GIn859 Ser806 Val851 GIng59, Val851

3 Val851, Asp933 Val851, Asp933, GIn859 GluB80, Asp964  Asp933, Lys802 Glud49, Val851

4 Val851, Lys802, Asp933  Glu849, GIn859 Glu880, Asp964  Asp810, Lys802, Asp933  Met922, Val851,
Glug49, Ser774

5 Val851 Val851 NA2 Val851 Val851

6 Val851 Val851 Lys890 NAR Ser774

7 Val851, Ser774 Val851 Asp841, Valgg2 NAZ Glug49

8 Ser774 Ser774 Val882 NAR GIng859, Glug49

9 Val851, GIn859 Val851 NA2 Lys776 GIng59

10 Tyr836, Lys802, Asp933 N Aa N Aa Glus49, Val8s51

11 Val851, GIn859 Val851, GIn859 Ser806, Asp964 NAZ GIng59, Val851

12 Val851 Val851 Ser806, Val882  Val851 Ser854, Val851

13 Tyr836 Asp933, Asn920 Ser806, Ala805  Val851 Asp933, His917, Asn920

14 Val851, Ser774, Tyr836  Val851, Glu849, GIn859 Asp841, Val8g82  Glud49, GIng59 Glus49, Val8s51

15 Val851 Val851, Ser919 Val882 Val851 Val851

16 Val851, GIn859 GIng59 Val882 Val851 Val851

17 Val851 Val851, Arg770, GIn859 NAa NAa

18 Val851 Val851, Ser854 Ser806, Asp964 NAZ Val851

19 Asp933 Val851 Ser806 Val851 Val851

20 Val851, Tyr836 Val851 Lys807, Asp964 NAR NAZ

21 Val851, GIn859, His855  Val851, Asp933 Ser806 NAa NAa

22 Val851 NAZ NAZ NAZ Ser774

23 Val851, Asn853 Ser854 Val882 Val851, Ser854 Ser774, Asn920, His917

24 Val851 Ser854 Lys807, Asn951  Val851 His917

25 Val851, His855 Val851 Val882 Val851 Ser854

26 Val851, His855 Ser774 Ser806, Val882  Val851, Ser854 GIn859, Ser854

27 Val851 Ser774 S806, Asp964 N Aa N Aa

28 NAZ Val851 N Af NAR NAR

29 Val851 Val851 Ser806 Val851 Ser774

30 Val851 Val851 Asp964 Val851 Ser774, Valg51

31 Val851, Asn853 NAR Val882 Val851 Val851

32 Val851, Glug49, Tyr836 N Aa Val882, Lys890  Lys802, Asp810 Ser774

33 Lys802, Valg51 GIng59 Lys833, Asp841  Asp933 His917

a . . . .
NA: not available, i.e., no H-bond interactions were observed.
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