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ABSTRACT: The phosphatidylinositol 3-kinase (PI3K) signaling pathway plays important
roles in cell proliferation, growth, and survival. Hyperactivated PI3K is frequently found in a
wide variety of human cancers, validating it as a promising target for cancer therapy. We
determined the crystal structure of the human PI3Ka—PI103 complex to unravel molecular
interactions. Based on the structure, substitution at the R; position of the phenol portion of
PI103 was demonstrated to improve binding affinity via forming a new H-bond with Lys802 at
the bottom of the ATP catalytic site. Interestingly, the crystal structure of the PI3Ka—9d

complex revealed that the flexibility of Lys802 can also induce additional space at the catalytic
site for further modification. Thus, these crystal structures provide a molecular basis for the strong and specific interactions and
demonstrate the important role of Lys802 in the design of novel PI3Ka inhibitors.
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he lipid kinase family of phosphatidylinositol 3-kinases

(PI3Ks) plays pivotal roles in many cellular processes,
including proliferation, survival, differentiation, and metabo-
Class I PI3K, the best physiologically, biochemically, and
structurally characterized member of the PI3K family, consists of
four isoforms, &, f, 7, and 8. Each isoform is a heterodimer that
comprises a p110 catalytic subunit and a p8S regulatory subunit.
Upon insulin and growth factor stimulation, PI3Ks phosphor-
ylate phosphatidylinositol-3,4-bisphosphate (PIP2) to produce
phosphatidylinositol-3,4,5-triphosphate (PIP3). The cellular
level of PIP3 is also tightly regulated by phosphatases, such as
the phosphatase and tensin homologue (PTEN), which
dephosphorylates PIP3 back to PIP2.**> The PI3K pathway is
frequently deregulated in a wide range of tumor types as a result
of hyperactivation of upstream growth factor signaling, mutation,
or loss of PTEN, and oncogenic mutations in PIK3CA,” which
provides further evidence of the role of PI3K in tumorigenesis.
Moreover, accumulating evidence indicates that hyperactivation
of PI3Ka is inextricably linked to cancer survival and resistance to
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existing therapies in a great proportion of human cancers.®
Therefore, targeting PI3Ks with small-molecular-weight inhib-
itors provides an attractive opportunity for cancer therapy and
for overcoming resistance to current therapies, and thus,
significant efforts have recently been made to develop PI3K
inhibitors.”
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With multiple ongoing efforts in academic and industrial
organizations to develop clinically relevant inhibitors against
PI3K, a number of inhibitors have already entered clinical
trials.>'® PI103 is one of the first synthesized PI3K inhibitors; it
belongs to the pyridinylfuranopyrimidine class and inhibits PI3K
in an ATP-competitive manner with selectivity toward PI3Ka."!
PI103 has already demonstrated significant antitumor activity
against several human tumor xenografts, especially those with
well-established abnormalities in the PI3K pathway.'> Although
PI103 failed to enter clinical trials, GDC0941, a drug candidate
derived from PI103, is in phase I/II trials.” Thus, P1103 provides
a promising chemical template for the discovery and develop-
ment of PI3K inhibitors. However, the precise interactions
between PI103 and PI3Ka remain unknown. A better under-
standing of the interactions between PI103 and PI3K will
facilitate the rational design of PI3K inhibitors with improved
potency and selectivity.

To date, the solved PI3Ka—inhibitors crystal structures are
extremely scarce and the nSH2 and iSH2 domains are not
complete in only three of these structures (Supporting
Information Table S1)."*™** To generate human wild-type full-
length p110a and the nSH2 and iSH2 domains (hereafter termed
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“niSH2”) of p8Sa that would be suitable for crystallography, a
fusion protein of the 6*his-TEV-p85a (318—615)-linker-p110c
was expressed in the Bac-to-Bac Baculovirus expression system
(Invitrogen) using a construct containing the iSH2 domain
(467—568) of p8Sa fused at the N-terminus of the full-length
p110a, as described previously.'>'® To produce a stoichiometric
complex to enhance crystallization, analogous niSH2—p110a
fusion constructs were designed, incorporating an additional
linker between the iSH2 domain and the p110a in place of the
thrombin cleavage site, which is prone to nonspecific proteolytic
cleavage and accompanying heterogeneity. Using this method, a
high purity of the 6*his-TEV-p85a (318—615)-linker-p110a
homogeneous fusion protein was obtained via Ni-NTA,
Sepharose Q, and gel filtration. The resulting complex contained
all five pl110a@ domains [an amino-terminal adaptor-binding
domain (ABD), residues 1 to 108; a Ras-binding domain (RBD),
residues 190 to 291; a C2 (protein-kinase-C homology-2)
domain, residues 330 to 480; a helical domain, residues 525 to
696; and a carboxyl-terminal kinase domain, residues 697 to
1068], as well as the nSH2 (residues 318 to 430) and iSH2
(residues 431 to 615) domains of p8Sa (Figure 1). Through a
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Figure 1. Overview of the p110a/niSH2 heterodimer. (A) Scheme of
the domain organization. The same color coding is used throughout this
figure. Gray regions are linkers between domains. Residue range for each
domain is labeled under the domain diagram. (B) Diagram of the
p110a/niSH2 heterodimer. The PI103 bound in the kinase domain is
shown as spheres. (C) Surface diagram of the pll0a/niSH2
heterodimer, alternate view. The PI103 bound in the kinase domain is
shown as sticks.

sparse matrix screening of 1400 conditions and seeding
optimization, a diffraction-quality crystal was produced for data
collection, and an apo crystal was also incubated with 10 mM
PI103. Diffraction data to a resolution of 2.6 A were obtained for
both the apo crystals and the PI103-containing ones and were
refined to R,,/Rge. values of 21.7/27.4 and 21.5/27.3,
respectively (Supporting Information Table S2). Both structures
maintained an overall triangle shape, with the long coiled-coil of
iSH2 forming the base (Figure 1B and C).

The crystal structure of apo pl10a revealed that the ATP-
binding pocket is located in a cleft between the N- and C-
terminal lobes of the kinase catalytic domain of p110a (Figure
2A), similar to the ATP binding sites in other protein kinases,
with many of the enzyme/ATP interactions involving residues in
the linker region between the two lobes. The crystal structure of
p110ar/p85a—PI103 appeared to verify that PI103 binds to the
ATP-binding site on the pl110a kinase domain (Figure 2B).
PI103 adopts a flat conformation and sits between pl10a

139

residues 11e800, Asp810, Tyr836, Glu849, and Val851 on one
side and residues Met922, 11e932, and Asp933 on the other side
(Figure 2C). Three H-bonds are formed between P1103 and the
active site residues of p110a. The morpholine oxygen donates an
H-bond to the amide of the hinge Val851. The hydroxyl group of
the phenol moiety makes two H-bonds to the carboxyl group of
Asp810 and to the hydroxyl group of Tyr836.

Upon closer inspection of the crystal structure of the p110a/
p85a—PI103 complex, we noted that the distance between the
phenol moiety of PI103 and the positively charged residue
Lys802 is 3.96 A, which may accommodate small substituted
groups toward the side chain of Lys802 at the bottom of the ATP
catalytic site for further modification to generate new PI103
derivatives with desirable potencies (Figure 2D). Based on this
hypothesis, a series of substituted groups on the meta-site (R,
group in Table 1) of the phenol moiety in PI103 were introduced
and probed the potential space (Supporting Information Scheme
S1). As shown in Table 1, PI103 derivatives 9a, 9b, and 9c, in
which a fluoro, chloro, and bromo group with different radius was
replaced, respectively, for the original hydrogen atom in the R;
position of PI103, failed to enhance potency through the
additional interactions with Lys802 (Figure 3A); based on the
molecular modeling, we speculated that compound 9d, a slightly
larger amino group with a positive charge in the R; position,
would cause a decreased potency due to the electrostatic
repulsion between the incoming NH, substitute and Lys802.
Unexpectedly, compound 9d was as potent as P1103 against the
PI3Ka (Figure 3B); substitution of the NH, group in compound
9d with an OH group led to compound 9e, in which the oxygen
atom acceptor was capable of forming an H-bond with Lys802.
Moreover, molecular modeling using the crystal structure of the
p110a/p85a—PI103 complex ascertained that the incoming OH
group was hydrogen-bonded to the side chain of Lys802 (Figure
3C). Indeed, compound 9e was approximately 3-fold more
potent against PI3Ka compared with PI103, with an ICs, value of
5.9 nM. Finally, large substituted groups on the R, position of
PI103 were further explored for the space. Replacing the
hydrogen atom in the R; position of PI103 with a nitro
(compound 9f), methyl (compound 9g), and trifluoromethyl
(compound 9h) group revealed that these compounds were
negligible to inhibit the kinase activity of PI3Ka (Table 1). These
results suggest that introducing a bulky group in the R, position
may produce dramatic steric clashes at the bottom of the ATP
catalytic site.

Structurally, Met772 exists in the flexible loop of PI3Ka, which
is in an “up” conformation in the apo PI3Ka and a “down”
conformation when PI103 is bound to the active site of PI3Ka. In
the PI3Ka—PI103 complex, the hydroxyl group of PI103 forms
bifurcated H-bonds with Asp810 and Tyr836 (Figure 2C), and
Met772 interacts with PI103 via hydrophobic interactions
(Supporting Information Figure S1). To investigate the effect
of these residues on the activity of PI103 and its derivatives,
M772A, D810A, and Y836A mutants of PI3Ka were generated,
and the activity of PI103 and compound 9e against these mutants
was determined. As shown in Table 2, compound 9e was more
potent than PI103 against all three mutants, in particular the
M772A and Y836A mutants; the fold change, defined by the ratio
of the IC values of P1103 and compound 9e, was 3.0 for the wild
type kinase and increased to 19.4 and 5.7 in the M772A and
Y836A mutants, respectively (Table 2). These differences are
most likely attributed to the extra hydrogen bonding interaction
between the hydroxyl group in the R; position of compound 9e
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Figure 2. Binding pocket of p110a complexed with P1103. (A) Binding pocket of X-ray apo p110a (PDB ID: 4L1B); (B) Electron density map (2F,, —
F..c) of P1103 rendered at 1.06 is shown in the binding pocket of the kinase domain; (C) X-ray complex of PI1103 to p110a (PDB ID: 4L23). The
structure of PI103 is shown as a stick representation, and the key binding site residues are shown as sticks. Hydrogen bonds between PI103 and the
protein are shown as a dashed line; (D) Surface representation of PI103 bound p110a. Arrow indicates the direction of PI103 modification.

Table 1. Effects of Test Compounds on the Kinase Activity of

Class I PI3Ka®
(3
| N\ 0] N\)
o~ \
N
N=
OH
Ri
cmpd R, PI3KalCy, (nM)®
PI103 H 179+ 1.9
9 F 409 + 58
9b cl 990.0 + 119.1
9¢c Br 1210.0 + 246.8
9d —NH, 20.6 + 102
9e —OH 59 + 0.4
of -NO, >10,000
9g —CH, >10,000
9h —CF, >10,000

“Effects of test compounds on the kinase activity of class I PI3K were
assessed as described in the Experimental Section. “ICy, values shown
are the average of least three independent experiments in duplicate
with typical variations of less than 20%.
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and Lys802, which may stabilize the binding between compound
9e and the mutated PI3Ka.

To determine the binding paradigms of PI103 derivatives to
the p110a kinase catalytic domain, we incubated compounds 9a,
9d, and 9e with the pl10a/p85a complex using a similar
protocol for crystallization of the p110a/p85a—PI103 complex.
After screening and optimization, a 2.8 A resolution crystal
structure of the human p110a/p85a in complex with compound
9d was obtained (Supporting Information Table S2). As shown
in Figure 3B, generally, the interaction of compound 9d with the
ATP catalytic site of p110a/p85a was similar to its interaction
with the pl10a/p85a—PI103 complex. However, the locally
pronounced difference between the two crystal complexes was
associated with the conformation of Lys802. The Lys802 side
chain rotated away from the ATP catalytic site in the 110a/
p85a—9d complex, whereas it pointed to the phenol moiety of
PI103 in the ATP catalytic site in the 110a/p85a—PI103
complex (Supporting Information Figure S2). The induced
conformation of the Lys802 side chain in the 110a/p85a—9d
complex led to the vast space approaching the amino-substituted
phenol moiety of 9d (Figure 3D), which can accommodate
various large substituted groups in the cavity and provide a
potential new direction to design more potent and selectivity
inhibitors against PI3Ka based on compound 9d.

In summary, our PI3Ka—PI103 crystal complex demonstrated
that the introduction of apt substitutes at the R, position of the
phenol moiety of PI103 results in derivatives with enhanced
potencies, confirmed by compound 9e as a better analogue by
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Figure 3. Binding modes of (A) compound 9a from docking; (B) compound 9d from X-ray (PDB ID: 4L2Y); (C) compound 9e from docking; (D)
potential cavity of p110a induced by the binding of 9d. Key residues surrounding the active site of p110a are labeled, and carbon atoms are colored in

pale green.

Table 2. Effects of Compound 9e and PI103 on the Kinase
Activities of Wild Type and Mutated PI3Ka”

cmpd (IC5, nM)”

PI3Ka PI103 9e fold change®
wt 179 5.9 3.0
M772A 1034.4 53.4 194
D810A 74.0 61.3 12
Y836A 796.3 139.8 5.7

“Mutated PI3Ka were expressed and purified as described in the
Experimental Section. “ICg, values shown are the average of at least
three independent experiments performed in duplicate with typical
variations of less than 20%. “The fold change was obtained from the
ratio of the ICy, value of PI103 to that of compound 9e.

forming a new H-bond with Lys802. Moreover, 9e was more
tolerant to mutations of PI3K« in the ATP catalytic site, such as
M772A, D810A, and Y836A. Specially, the additional space near
the phenol moiety was induced by a conformational change of
Lys802 in the ATP catalytic site of the PI3Ka—9d crystal
complex, which can be utilized for further design and
optimization.

B ASSOCIATED CONTENT
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Expression, purification, and crystallization of PI3Ka, synthetic
procedures, assay details, and molecular modeling. This material
is available free of charge via the Internet at http://pubs.acs.org.
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Accession Codes

Coordinates for the apo PI3Ka, PI3Ka—PI103, and PI3Ka—9d
structures have been deposited in the Protein Data Bank with
access codes 4L1B, 4123, and 4L2Y.
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