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Abstract

PIK3CA , the gene that encodes the catalytic subunit of phosphatidylinositol 3-kinase a (P13Ka),
is frequently mutated in breast and other types of cancer. A specific inhibitor that targets the
mutant forms of PI3Ka could maximize treatment efficiency while minimizing side-effects.
Herein we describe the identification of novel binding pockets that may provide an opportunity for
the design of mutant selective inhibitors. Using a fragment-based approach, we screened a library
of 352 fragments (MW <300 Da) for binding to PI3Ka by X-ray crystallography. Five novel
binding pockets were identified, each providing potential opportunities for inhibitor design. Of
particular interest was a binding pocket near Glu542, which is located in one of the two most
frequently mutated domains.
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1. Introduction

Phosphatidylinositol 3-kinase (PI3K) inhibitors have been gaining momentum as a viable
cancer treatment strategy, as documented by the recent FDA approval of the first PI3K
inhibitor, idelalisib (1, Fig. 1a). It was approved for use in combination with rituximab in
relapsed chronic lymphoid leukemia, follicular non-Hodgkin’s B-cell lymphoma and small
lymphocytic lymphoma.® Idelalisib selectively targets the PI3K8 isoform, which is
overexpressed in these hematological malignancies.2~* During a Phase 111 clinical trial, the
addition of idelalisib to rituximab produced a rapid and relatively long-lasting response in
81% of patients compared with a 13% response-rate in the group receiving rituximab alone.>

While the PI13K$6 isoform is overexpressed in hematological malignancies, the PI3Ka
isoform is frequently mutated in solid tumors, particularly those of the breast, ovary,
colorectum, and head and neck.5-10 As many as 80% of these mutations occur in three
hotspot positions within the catalytic subunit, p110a (encoded by the PIK3CA gene) of the
heterodimeric enzyme (Fig. 1b). Of these three hotspots, the two helical domain mutants,
E542K and E545K, are located in a loop of the helical domain of p110a that binds in a
groove of the nSH2 domain of the regulatory subunit, p85a.. This interaction is thought to
result in the auto-inhibition of the enzyme. Both these mutations disrupt this interaction and
relieve the auto-inhibition of PI3Ka.11:12 In contrast, the H1047R mutation is located in the
kinase domain and induces conformational changes that increase PI3Ka membrane
association and lipid binding.11-13

The most advanced inhibitors in clinical trials for solid tumors harboring P/IK3CA mutations
include buparlisib (BKM-120, 2), a pan-PI3K inhibitor and alpelisib (BYL-719, 3), a
P13Ka-selective inhibitor (Fig. 1a).14-16 Buparlisib increased progression-free survival by 4
months in a Phase 111 trial in aromatase inhibitor resistant breast cancer, and responses
correlated with the presence of mutations in PIK3CA.17 However, 25% of patients
experienced serious side effects, including hyperglycemia and liver toxicity, which limited
treatment. Concerns about the toxicity of pan-PI3K inhibitors led to the investigation of
P13Ka isoform selective agents such as alpelisib. Although not expected to completely
abrogate adverse effects, treatment with PI3Ka selective inhibitors may increase the
therapeutic window, potentially leading to more effective treatments.18

All PI13K isoforms are involved in vital cellular processes such as metabolism, growth,
proliferation, and migration. PI3Ka, in particular, plays a central role in the regulation of
glucose metabolism and growth.19-21 Many of the observed adverse effects stem from on-
target toxicity, so selective targeting of the oncogenic mutant enzymes may be one approach
to increase the therapeutic window. This should lead to more tolerable and efficacious
treatments. One of the major limitations is the structural similarity of the ATP binding sites
between the wild-type and mutant PI3Ka.. Comparison of the ATP-binding sites of the wild-
type and the H1047R oncogenic mutant reveals no major differences.12:22:23 There is no
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structural information available for the helical domain mutants; however, given the inability
thus far to develop an ATP-competitive inhibitor that is selective for these mutants, it is
unlikely that there are any major differences in the ATP-binding site itself.

In the parallel field of protein kinase inhibitor development, selectivity between highly
related kinases has posed a significant challenge. The development of Akt inhibitors
provides a paradigmatic example. Early on, significant efforts were invested in the search for
ATP-competitive Akt inhibitors. However, many of these inhibitors that advanced to the
clinic were ultimately discontinued due to a lack of selectivity and the resultant severe
toxicity issues.24 The subsequent discovery of MK-2206, an allosteric inhibitor,
revolutionized this field.2>-26 Adopting a novel binding mechanism, this drug binds to the
interface between the kinase and Plekstrin homology domains and stabilizes the inactive
conformation of the enzyme. In contrast to the ATP-competitive inhibitors, MK-2206 has
been well-tolerated in the clinic, and showed good efficacy.2” Although some ATP-
competitive Akt inhibitors with better selectivity are now under clinical evaluation, in
general, the allosteric inhibitors show greater selectivity due to the less conserved binding
site.28 The auto-inhibited conformation of PI3Ka could potentially be targeted in a similar
fashion.

Allosteric inhibitors have a number of potential benefits over the canonical ATP competitive
inhibitors.29-31 Allosteric sites tend to be less homologous than ATP-binding sites among
related kinases, potentially offering improved selectivity. Furthermore, as opposed to the
highly competitive intellectual property space surrounding ATP-like inhibitors, allosteric
binding sites allow for the exploration of novel chemical space. Binding sites with different
topographies also have the potential to yield inhibitors with significantly improved
pharmacokinetic properties. A final limitation of ATP-competitive inhibitors is the need to
compete with millimolar concentrations of ATP within the cell, necessitating extremely high
potency. Allosteric binding sites avoid this requirement and permit the identification of
lower affinity binders as potential drug candidates.2%-31

Significant challenges exist, however, in the search for allosteric inhibitors. Due to the nature
of their target binding site, typical kinase screening libraries predominantly consist of ATP
analogs, biasing the search towards ATP-competitive inhibitors. However, even with a
generic, non-target focused library of compounds, it is difficult to specifically screen for
allosteric binders, since the enzymatic assays typically used either only detect binding at the
ATP-binding site, or do not provide a simple way to discriminate between allosteric and
orthosteric binders.2931 An ATP-consumption based assay, for example, is inherently biased
towards the discovery of ATP-competitive inhibitors.

Fragment screening by X-ray crystallography provides a way to identify novel binding
sites.31:32 Fragments are small molecular weight compounds (MW < 300 Da) that are
frequently used for the discovery of novel drugs. They generally possess good drug-like
properties, high ligand efficiency (a measure of affinity corrected by size), and good
coverage of available chemical space. Each of these properties makes fragments well-suited
to the search for novel binding sites. Though laborious, crystallography is a uniquely
valuable approach to fragment screening. It is sensitive, able to detect binders with affinities
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as low as 10 mM, provides structural information about the binding site and, unlike NMR, is
suitable for large molecular weight proteins, such as P13Ka..31:33.34

The pursuit of allosteric inhibitors for PI3K is an underexplored area, and could hold
significant advantages in the search for mutant selective inhibitors. By screening a fragment
library of 352 compounds, we have identified 10 novel binding sites on PI13Ka,, at least one
of which holds promise for the development of oncogenic mutant selective inhibitors.

2. Materials and Methods

2.1 Molecular Modeling

2.1.1 Protein Preparation—The crystal structure of PI3Ka (PDB ID: 40VU) was
prepared using the Protein Preparation Wizard in Maestro (Schrédinger Release 2016-2:
Maestro, version 10.6, Schrédinger, LLC, New York, NY, 2016).3° This involves the
assignment of bond orders and formal charges and the addition of hydrogens. The hydrogen
bonding network within the protein is optimized (including the reorientation of thiol and
hydroxyl groups, sampling Asn, GIn and His side chains, and the prediction of the
protonation states of His, Asp and Glu), followed by a brief minimization.

2.1.2 Binding site prediction—SiteMap (Schrédinger Release 2016-2: SiteMap, version
3.9, Schrddinger, LLC, New York, NY, 2016) was used to identify potentially druggable
binding sites, using default settings.36-37

2.2 Protein expression

SF9 cells were grown in suspension culture in SF-900 I11 Serum Free Media (Invitrogen)
supplemented with 0.5% penicillin-streptomycin at 27°C. At a density of 4 x 10° cells/mL,
cells were infected with WT p110a and p85a. (or niSH2) viruses at a multiplicity of
infection ratio of 3:2. Media was supplemented with J-32, a PI3K inhibitor, as described in
Mandelker et a/1? Cells were harvested 48 hours after infection and the cell pellet collected
through centrifugation at 500 x g. Protein purification was performed as previously
described.12.22.23

2.3 Crystallization and data collection

Crystallization was performed as previously described and improved with successive rounds
of macroseeding.12:23 Crystals of p110a/niSH2 were soaked for 30 minutes in mother liquor
supplemented with 2—4 fragments each at 2 mM concentration. Fragments were obtained
from Zenobia Therapeutics. X-ray diffraction data were collected at Lilly Research
Laboratories Collaborative Access Team (LRL-CAT) beamline at Sector 31 of the Advanced
Photon Source or at the Berkeley Center for Structural Biology Beamline 502 at Advanced
Light Source. Data from crystals that diffracted to a resolution of 3.5 A or better were
collected and processed with HKL2000 (Supp. Table 1).38

2.4 Structure determination and analysis

The structures were determined by direct refinement using the coordinates of the previously
determined WT p110a/niSH2 (PDB ID 40VU) as a model.23 After rigid body and
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positional refinement, the fragments were built in the difference electron density maps using
the program Coot for model building.3 Iterative rounds of refinement were performed with
REFMAC 5.0.40-42 Model quality was assessed using Coot. Visualization, analysis and
figure preparation were carried out with PyMOL (The PyMOL Molecular Graphics System,
Version 1.6 Schrodinger, LLC).

2.5 Fluorescence Polarization Assay

The fluorescence polarization assay kit was purchased from Echelon Biosciences and
adapted to a 96-well format. The fragments were dissolved at 200 mM in dimethyl sulfoxide
(DMSOQ). Fragment dilutions at appropriate concentrations were prepared in 10% (v/v)
DMSO and added to the reaction. PI3Ka enzymatic activity was determined in the presence
of 10 uM PIP, and 25 pM ATP and incubated at room temperature for 45 minutes.
Increasing concentrations of fragments were used to generate a dose-response curve which
was analyzed using GraphPad Prism v6 for OSX to calculate the 1Csg.

3. Results and Discussion

To identify novel binding sites, we used X-ray crystallography as our primary screening
method. We have previously reported the structure of wild-type PI3Ka alone and in complex
with its lipid substrate.22:23 The construct used for crystallization contains the full-length
p110a, which has five domains: the adaptor-binding domain (ABD), Ras-binding domain
(RBD), C2 domain, helical domain and kinase domain; in addition to the truncated
regulatory subunit, p85a., which contains just the N-terminal SH2 domain and the inter-SH2
domain (hereafter termed niSH2) (Fig. 1b). This is the minimal portion of p85a required for
auto-inhibition and stable protein expression.2243 We soaked wild-type PI3Ka crystals with
fragment cocktails containing 2—4 fragments from the Zenobia Fragment Library (352
compounds, Zenobia Therapeutics Inc.) at 2 mM individual concentrations. A total of 91
crystals were soaked, and we collected 24 datasets that diffracted better than 3.5 A. In the
structures determined with these datasets, we found ligand electron density in 10 distinct
regions throughout the protein (Fig. 2a). Interestingly, most of the identified binding sites
were located at the interfaces between multiple domains. To reduce the number of binding
sites for further exploration, we examined these ten regions in more detail to decide whether
they could represent druggable, novel allosteric binding sites. We determined that five of
these regions were not in well-defined pockets within the protein; instead, in these cases, the
fragment interacted with surface residues of the protein or made isolated interactions with a
flexible loop. These five regions were not considered of interest for future drug design and
will not be discussed further.

Of the five sites, the first binding site was a deep pocket located at the interface of the RBD,
kinase and helical domains (Fig. 2b). Three different fragments bound in this pocket: an
indole 4, a benzimidazole 5, and a piperidine 6. The fragments were sandwiched between
two residues, F666 of the helical domain and R818 of the kinase domain. These two residues
are both capable of rt-stacking with the aromatic fragments, similar to the *hydrophobic
clamp’ that has been observed with phosphodiesterase inhibitors.** The site is bordered by a
number of residues that can participate in hydrogen bonding: N170, S629, R662, H670,
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Q815. The fragments overlap in their binding sites, but each one presents numerous distinct
opportunities for further derivatization to increase binding affinity.

The second site is a shallow binding site on the surface of the helical domain, with some
residues from the adjacent RBD contributing hydrogen bonding partners (Fig. 2c). The
binding site is lined by polar and charged residues: K621, T624, D625 and K656 from the
helical domain, with E263 and Y265 extending from a loop of the RBD. Four fragments
(7-10), including monocyclic and bicyclic aromatic compounds, bound to this site.

Two other sites, which were very polar in nature, were also identified. Two fragments (6 and
11) bound in one of these sites located at the interface between the kinase domain and the
ABD (Fig. 2d). This deep, narrow pocket has R115 and F119 at the base of the site and is
lined with polar residues on either side: R704, E707, D746 from the kinase domain; and D84
and T86 from the ABD. A single fragment, 12, was identified in the other binding site
located at the interface between the C2 domain, helical domain, and ABD-RBD linker (Fig.
2e). This binding site is completely devoid of hydrophobic residues and is bordered by
D133, E135, T462, S464, and Q682. Either of these two polar binding sites could be used as
the basis for the development of compounds with good solubility and pharmacokinetic
properties.

A total of 12 fragments (13-24) were modeled into a fifth binding site lying at the interface
between the helical, kinase, C2 and nSH2 domains, also known as the phosphopeptide
binding site (Fig. 2f). Following activation of RTKs, the nSH2 domain of PI3K binds to the
auto-phosphorylated tyrosine residues leading to the activation of kinase activity.12 This
fragment binding site overlaps with the binding site of such phosphorylated peptides. The
sides of the binding site are lined by the residues E365, L540, E542, L570, C604 and N605
of p110a and residues E341, N344 and N377 of p85a.. The top and bottom of the binding
site are defined by residues 1543 and F1016 of p110ca. The structures of the twelve
fragments show some commonalities: six of the fragments are amino-substituted aromatic
rings and four of the fragments contain a hydroxyl group (Fig. 2f). The identification of this
binding site is particularly interesting because one of the residues lining it, E542, is one of
the three most commonly mutated residues in p110a; the most frequent mutation is a
substitution to lysine. It is conceivable that an inhibitor could be developed that makes an
ionic interaction with the lysine present in this oncogenic mutant; such an inhibitor would
bind to the mutant but would not interact with the glutamate present in the wild-type.

To determine if this binding site would be useful for the design of mutant selective
inhibitors, we next evaluated the effects of these fragments on PI13K activity. Binding at this
site could stabilize the auto-inhibited conformation, thereby inactivating the enzyme, or
conversely activate the enzyme in the absence of a phosphorylated peptide. To distinguish
between these possibilities, we used a fluorescence polarization assay (Echelon
Biosciences), which detects the formation of PIP3.45 The fragments from each of the
phosphopeptide binding site cocktails were screened for wild-type PI3Ka inhibition against
both p110a/niSH2 (construct used for crystallography) and full-length enzymes at a
concentration of 100 uM. At higher concentrations than this, interference with the assay was
observed, possibly due to aggregation of the fragments. The results for the niSH2 and full-
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length constructs were similar. Most fragments tested had less than 25% inhibition at 100
UM, but two compounds, 18 and 21, showed, respectively, 92% and 87% inhibition of full-
length PI3Ka at 100 uM (Fig. 2f). These high levels of inhibition are particularly surprising
given the small size of the fragments and their intended use only as one component of a
larger compound. Furthermore, the 1C5q values for 18 and 21 were determined to be 20 + 4
UM and 33 £ 4 uM, respectively. Although rare, inhibitory activities like these by low
molecular weight fragments are not without precedent; La ef 4/. identified fragments that
inhibited HIV reverse transcriptase with ICsq values of 20-100 uM.*6 The low ICsq values
could also reflect potential assay interference. Fragment 21 has previously been identified as
a frequent hitter, and as such is unlikely to prove a good lead for the development of
inhibitors.#” However, to the best of our knowledge, 18 has not previously been identified as
a frequent hitter, and may provide a more useful starting point.

To further investigate these novel binding sites on PI3Ka, we used SiteMap, a program that
predicts binding sites on a given protein using a grid-based approach.36:37 The number of
predicted binding sites was limited to five. The two top ranked binding sites coincide with
the phosphopeptide binding site, also identified through our fragment screen, at the interface
between the nSH2 and helical domains. The binding sites extend to encompass the entire
interface between p110a and the nSH2 domain of p85a. (Fig. 2a). One of the predicted sites
extends the binding site along the edge of the helical domain to a pocket between the nSH2
and C2 domains (Fig. 3a). Most of the residues contributed by the nSH2 domain are
charged, lysines and aspartates, creating a “charged” base. One side of the site is lined by
residues of the helical domain, extending towards E545 of the helical domain, suggesting
inhibitors binding at this site could also potentially incorporate some selectivity towards the
other helical domain mutant, E545K. The B-loop of the C2 domain from 361-370 then
forms the roof of the site. Fragments were identified at one extreme of this site, right up
against the helical domain. This SiteMap predicted site defines a larger site that could
incorporate drug-like molecules and potentially be used in virtual screening. The other
binding site adjacent to the phosphopeptide site extends instead along the boundary of the
kinase domain towards the activation loop and into a large pocket formed between the iISH2
domain and p110a.. This predicted site is extremely large, and most likely represents several
smaller potential binding sites. Of interest for the further development of these fragments
into inhibitors is the pocket formed between the nSH2, C2 and kinase domains, with E542
from the helical domain forming the base of the site. The two sides of the site are lined by
residues from nSH2 and C2, and the roof of the site is formed by the activation loop of the
kinase domain. These two predicted sites adjacent to our experimental fragment sites
suggest significant opportunities for fragment growth in either direction to design a potent
inhibitor that selectively targets the oncogenic mutant, E542K PI3Ka..

The next highest ranked binding site was located at the interface between the ABD and the
kinase domain. The binding site predicted by SiteMap extends to cover the interface
between the ABD and kinase domain (Fig. 3b). Molecules binding at this site could
potentially disrupt heterodimer formation or stability, however are unlikely to yield mutant
selective inhibitors. The next predicted binding site sits behind the ATP-binding site between
the kinase, RBD and helical domains (Fig. 3c). This binding site encompasses our
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experimentally determined binding site 1 (Fig. 2b). The last predicted binding site is
between the nSH2 and helical domains, near the linker with the C2 domain (Fig. 3d).

In sum, we have identified a novel binding site containing one of the most frequently
mutated amino acid residues in p110a, E542K, found in multiple cancer types. SiteMap
predicted binding sites extend this experimental site in two different directions, one
encompassing another frequently mutated residue, E545K, and the other the activation loop.
These binding sites hold significant promise for the design of novel, allosteric, selective
inhibitors of the E542K or E545K oncogenic mutant enzymes.

Supplementary Material
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Figure 1. PI3K inhibitors and domain organization
a) Chemical structures of PI3K inhibitors approved or in clinical trials. 1. idelalisib, 2.

buparlisib, 3. alpelisib. b) Domain organization of PI3Ka heterodimer. Colored domains are
included in the construct used for crystallization.
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Figure 2. Identification of allosteric binding sites
a) Location of allosteric binding sites. Fragment binding sites are shown in blue; the

substrate (ATP and PIP,) binding sites are shown in gray for reference. PI3K domains are
colored as in Fig. 1b. b) Binding site 1. Three fragments, 4-6, were identified in this binding
site at the interface between the RBD, kinase and helical domains. The surface
representation of the protein is shown in gray. ¢) Binding site 2. Four fragments, 7-10, were
identified in this binding site between the RBD and helical domains. d) Binding site 3. Two
fragments, 7 and 11, were found at this binding site located between the ABD and kinase
domain. e) Binding site 4. A single fragment, 12, binds at this site located between the C2
and helical domains. f) Phosphopeptide binding site. A total of 12 fragments, 13-24, were
bound to this site which overlaps the physiological phosphopeptide site at the interface
between the nSH2 and helical domains. This binding site is in close proximity to E542,
which is mutated to a lysine residue in many cancers.
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Figure 3. SiteMap predicted binding sites
The locations and details of the binding sites predicted by SiteMap are shown. PI3K

domains are colored according to Fig. 1b. The location of the binding sites identified by
SiteMap are highlighted with green spheres. a) Sites 1 and 2 cover most of the interface
between p110a and p85a., including the phosphopeptide binding site. b) Site 3 is located at
the interface between the ABD and kinase domains. c) Site 4 is located close to the ATP-
binding site in the kinase domain. It is a large binding site that has many potential sub-sites
for inhibitor binding. d) Site 5 is a smaller binding site located at the interface between the
nSH2, C2 and helical domains.
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