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Abstract

The PI3K pathway is a communication hub coordinating critical cell functions including cell survival,
cell growth, proliferation, motility and metabolism. Because P13Ka harbors recurrent somatic
mutations resulting in gains of function in human cancers, it has emerged as an important drug target
for many types of solid tumors. Various PI3K isoforms are also being evaluated as potential
therapeutic targets for inflammation, heart disease, and hematologic malignancies. Structural biology
is providing insights into the flexibility of the PI3Ks, and providing basis for understanding the effects
of mutations, drug resistance and specificity.

1. Introduction

While each human tumor has its own unique “genetic signature,” certain oncogenes are often
found mutated at the same unique positions. These so called “hot-spot” mutations can
characterize a specific cancer subtype, confer resistance or sensitivity to individual inhibitors,
and in some cases, correlate with cancer prognosis. The ideal “hot-spot” mutant to target with
anti-cancer agents would have both an activating effect on the protein and exploitable
conformational changes when compared to its wild-type counterpart. These characteristics are
embodied by the H1047R mutant of PI3Ka.

P13Ka, phosphoinositide 3-kinase isoform alpha, is a heterodimeric lipid kinase comprised of
p110a, encoded by PIK3CA, and p85a, encoded by PIK3R1. Upon activation by
phosphorylated receptor tyrosine kinase (RTK), the enzyme phosphorylates
phosphatidylinositol 4,5-bisphosphate, PIP,, at position 3 of the inositol head group to generate
phosphatidylinositol 3,4,5-triphosphate, PIP3 [1,2]. PIP3 recruits proteins that contain a
pleckstrin homology domain, such as AKT and PDK-1 to the cell membrane, initiating
signaling cascades that result in cellular proliferation, motility, metabolism, and survival [1,
3-6].

Somatic mutations in PI3Ka were identified in a variety of cancer types in 2004 [7]. The most
striking feature of the mutation profile was the clustering of the mutations in three hot spots.

Changes at three residues, Glu 542, Glu 545, and His 1047, comprised ~80% of the mutations
in PIK3CA. All three mutations were found to increase the lipid kinase activity of PI3Ka, with
a kgt 2-3 fold higher than that of the wild-type enzyme [7-9]. Subsequent sequencing studies
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have found PIK3CA to be mutated in 12% of all tumor sequences deposited in the catalog of
somatic mutations in cancer database, COSMIC [10]. This high prevalence of mutations in
cancer types as diverse as colorectal, breast, gastric and hepatocellular carcinomas makes
PIK3CA the most commonly mutated human oncogene.

Histidine 1047 is located in the kinase domain of PI3Ka, and is most often mutated to an
Arginine residue. This mutant enzyme is further activated upon binding to phosphorylated
receptors, with the activation being independent of Ras-binding but dependent on p85a binding
[8,11]. At least two studies in breast and uterine cancer patients have correlated the H1047R
mutation with differential clinical prognoses when compared to patients whose tumors harbor
either a wild-type PIK3CA genotype or a different mutation in PIK3CA [12-15]. The crystal
structures of wild type and H1047R mutant of PI3Ka. provide a critical platform for
understanding the mechanism of oncogenic activation and for the structure based design of
mutant-specific inhibitors.

2. Structure and activation of Class | Phosphoinositide 3-kinases

Class | phosphoinositide 3-kinases are heterodimeric lipid kinases that catalyze a phosphoryl
transfer from ATP to PIP; to produce PIP3 (for a review of the complete classification see[6,
16]). PI3K enzymes consist of a catalytic subunit p110 (o, B, 6 or y) and a regulatory subunit.
Class | is further sub-classified according to the mechanism of enzyme activation, and the
regulatory subunit component of the heterodimer. Class 1a enzymes, (P13Ka, B, 8) are activated
by receptor tyrosine kinases or other receptor substrates, and utilize p85a, B, or their splice
variants as the regulatory subunit. The class 1b enzyme, PI13ky, is activated by G-protein
coupled receptors (GPCR) and its regulatory domain is p101, or p84/p87, a subunit with no
sequence similarity to any of the p85 genes. VVanhaesebroeck and coworkers showed that
p110p is also activated by GPCRs, but less is known about this association [17].

The p110 subunits are comprised of five domains: an adaptor binding domain (ABD), a Ras
binding domain (RBD), a C2 domain, a helical domain, and a kinase domain. The last four
domains have significant sequence homology between isoforms. The p85 subunits also contain
five domains: an Src homology 3 (SH3) domain, a GTPase-activating protein (GAP-like or
BH) domain and two SH2 domains separated by an inter-SH2 domain (iSH2, Figure 1).

The first structural information on the PI3K family was obtained from structures of individual
domains of the regulatory domain of p85a (Figure 1,[18,19]). The structures of the N- and C-
terminal SH2 domains bound to phosphopeptides revealed the structural basis for both
phosphopeptide specificity and for the preference of a methionine residue at the fourth position
of the motif Tyr-Xaa-Xaa-Met [20,21]. In 1999, the first structure of a catalytic subunit of a
PI3K enzyme became available when Williams and coworkers published the structure of four
domains of the class 1b p110y (RBD, C2, Helical and Kinase) [22]. This seminal work was
followed by structures of p110y in complex with the ATP substrate, ATP analogs, and kinase
inhibitors (20-22,37-43). These structures were obtained by soaking the same crystal form in
solutions containing the desired small molecules. The proteins that were crystallized did not
provide information about the second substrate, PIP5, or about the regulatory subunit p101. In
2007, the structure of the Class 1a PI13Ka, in heterodimeric form was determined. The structure
showed all five domains of p110a in complex with the nSH2 and iSH2 domains of the p85a,
although no information beyond its general location was available for the nSH2 domain [23].
Recently, the structure of the somatic p1100 H1047R/niSH2 mutant alone and in complex with
the inhibitor wortmannin was determined. This latter study highlighted the conformational
differences between isoforms induced by inhibitor binding as well as the differences between
wild type and the H1047R mutant of PI3Ka [24]. As of yet no structural information has been
published for p1106 or p110p.
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3. The Binding Site of PI3Ka

The residues that line the ATP binding pocket are conserved between p110a and p110y, and
in the other two PI3K isoforms (Figure 2). In particular, the residues that form the adenosine
binding site, lle 800, Tyr 836, Phe 930 and Met 922, and the residues that are at hydrogen
bonding distance to the adenosine group, Val 851 and Glu 849, are highly conserved. The
activation loop, which displays slight sequence diversity between isoforms, is disordered in
the crystal structures of PI3Ka (residues 940-950). The catalytic loop (residues 912-920),
which has a similar conformation in the p110a and p110y structures, has one residue that is
distinctive: Ser 919 in p110a is an aspartate residue in all other isoforms (Figure 2).
Conformational changes of the loop formed by residues 933-935 in p110a (Aspartate,
phenylalanine, glycine, DFG-loop), have been exploited in other protein kinases to design
inhibitors that target the “DFG-out” or “DFG-in” conformations. However, the DFG loops of
the p110a and p110y PI3K isoforms are identical and do not change conformation upon
substrate or inhibitor binding [24]. It remains to be seen whether specificity determinants such
as the DFG loop and the gatekeeper residue that were used in the design of protein kinase
inhibitors will be equally useful in the design of isozyme-specific PI3K inhibitors [25,26]. The
inhibitors reported to date all target the “active conformation” with the “DFG in”. Residues
such as Met 772 which opens a new pocket when the inhibitor PIK39 is bound to p110y, may
emerge as isoform specificity determinants for PI3Ks (Figure 2) [27]. Additionally,
exploitation of such conformational changes may not only lead to PI3K isoform specific
inhibitors, but also minimize drug’s inhibition of other cellular kinases. The initial successes
of isoform selective inhibitors in preclinical studies have led to phase | and phase Il trials of
compounds such as PX866 and GSK615. Concurrently, efforts to develop dual pan-PI3K/
mTOR inhibitors have yielded NVPBEZ235, which is now in clinical trials for advanced solid
malignancies [28].

Efforts to determine the structure of PI3Ks in the presence of PIP, or its short chain analogs
have thus far been unsuccessful. Interestingly, one of the loops, amino acids 772-776, that
shifts conformation between the native and mutant structures of p110a. in complex with
wortmannin could provide part of the binding site for PIP, (Figure 2b). Modeling suggests that
a PIP2 bound at this position would be at the correct distance to accept the phosphoryl from
ATP (unpublished results). However, this model does not explain the result of the enzymatic
analysis of loop exchanged hybrids, which demonstrate that basic residues of the catalytic loop
are involved in specificity for PIP, [29].

4. Somatic mutations in p110a

In 2004, it was shown that the PIK3CA gene is somatically mutated in > 25% of the colorectal
and breast tumors as well as other tumor types[7]. The distribution of these mutations was
striking, with ~80% of these mutations occurring at three “hotspot” residues. This discovery
combined with the determination of the structures of PI3Ko mutants will open the door for the
design of mutant-specific drugs. Ideally, these targeted drugs would circumvent the side effects
associated with inhibiting wild type PI13Ka and other PI3K isoforms [7].

Analysis of the location of somatic PI3K mutations in the structure of p110a/niSH2 shows that
most of the observed mutations localize to domain interfaces. Moreover, the hotspot mutants
of the helical domain of p110a are at the interface with the nSH2 domain (Figure 4). Although
no structure of the helical domain mutants has yet been determined, analysis of the wild type
p1100/niSH2 and the H1047R mutant p110a/niSH2 suggests a possible mechanism of PI3K
activation by these mutations. The helical domain Hot spot mutations, Glu 542, Glu 545, GIn
546 are in the loop region of the helical domain that contacts the nSH2 domain. Biochemical
and mutational studies showed that these residues interact with Lys 379 and Arg 340 of nSH2
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[30]. In the structure of PI3Ka Glu 542 and Glu 545 are localized in a groove formed by
positively charged residues in nSH2 that includes K379 and R340 (Figure 4). This domain
“locking” suggests that in order to bind the phosphorylated activation loop of the effector
protein, the nSH2 domain must move outward. The observed helical domain mutations have
a similar effect: they weaken the interaction between the helical and nSH2 domains and allow
the nSH2 to move outward, resulting in PI3Ka activation.

The H1047R mutation elicits conformational changes that are not at a domain interface, but at
the interface between p110a and the membrane, most likely altering membrane-protein
interactions ([24], Figure 5). The structure of the H1047R mutant of p110a in complex with
the niSH2 domains of p85a. demonstrates three conformational changes caused by the H1047R
mutation. First, the orientation of the 1047 residue is changed. The wild-type His1047 points
towards the activation loop of p110a, while the mutant Arg1047 points at a 90° angle from the
wild-type orientation, upward into a cavity in the p110a kinase domain, and towards the cell
membrane. Second, the last ordered C-terminal residues of p110a curl away from the cell
membrane in the wild-type structure (Figure 5A). In contrast, in the HL047R p110a structure
the last 12 residues (1050-1062) loop up making contact to the cell membrane. Third, loop
864-874, which also contacts the cell membrane, shifts orientation by 12.9A in the H1047R
mutant when compared to the wild type. These changes in the kinase domain conformation
caused by the H1047R mutation result in altered protein-membrane contacts. Mutant-specific
inhibitors could possibly target these differential protein-lipid interactions. Molecular dynamic
simulations of the possible effects of the PI3Ko H1047R mutation were carried out with a
model based on the PI3Ky structure [31,32]. These simulations failed to predict the observed
conformational changes in the p110o. H1047R mutant [31,32]. In contrast, the changes
predicted by the simulations were a rotation of the residues of the DFG loop and rearrangements
of the catalytic with respect to the activation loop, both comprising movements not observed
between the wild type and the mutant experimental structures [23,24].

5. Somatic mutations in p85a

Mutations in the p85a regulatory subunit have been reported less frequently than those in
p110a [33,34]. A survey of all somatic mutations identified in p85a shows that these mutations
predominantly occur in the nSH2 and iSH2 domains. Contrary to the distribution of p110a
mutations, somatic mutations in iISH2 include in-frame deletions (Figure 3). In glioblastomas,
mutations cluster around the interface of the p85a iISH2 domain and the p110a C2 domain
[33,34]. This interface can communicate structural changes to the inhibitory nSH2 domain.
Interestingly, the Asn 564 and Asp 560 mutations in iISH2 are at hydrogen bonding distance
of residue Asn 345 of the Calcium Binding Region 1 (CBR1) within the C2 domain, a residue
found somatically mutated in p110a [23]. Another frequent C2 mutation is C420R positioned
in the CBR3. Although the residues 414-420 are disordered in all P13Ka structures, the packing
of the interface suggests that Cys 420 and CRB3 would interact with iSH2[23,24]. The six
amino acid deletion (560-565) of iISH2 found in glioblastomas is likely to cause an unraveling
of the helix in this coiled-coiled domain. As a consequence of this deletion, the contacts
between the nSH2 and p110a might be disrupted. Also, Gly 376 of nSH2 is at hydrogen bonding
distance of Glu 365 of C2. The G376R mutation most likely affects the interface with C2 by
pushing away the domain or by forming a salt bridge [24].

6. Inhibitors of PI3K

The initial validation of PI13Ks as drug target was established with wortmannin, a fungal
metabolite with nanomolar 1Csg that binds covalently to the enzyme[35]. Viridin, and other
furanosteroids, were investigated as clinical agents, but this family of compounds shares the
properties of low solubility, instability, and in vivo toxicity, and was subsequently dismissed
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as a viable drug candidate[36]. LY294002 followed as the first synthetic and reversible PI3K
inhibitor with micromolar ICsgq, but also showed unacceptable toxicity. However, two second
generation derivatives of wortmannin and LY294002, PX-866 and SF1126, have more
favorable pharmacokinetic properties[37-39]}. Both of these pan-PI3K inhibitors are currently
in phase | trials for advanced malignancies. Since wortmannin binding to p110a elicits different
conformational changes in p110a compared to p110y, perhaps future generations of PI3K
inhibitors can exploit these differences for isofrm specificity.

The third generation of PI3K inhibitors encompasses a variety of chemotypes including
arylthiazolidinones and pyridinylfuranopyrimidines. Some thiazolidnedione compounds
(AS252424 and AS605240 by Merck-Serono) show PI3Ky specificity, and may be therapeutic
for chronic inflammatory disorders [40]. The structure of PI3Ko, H1047R in complex with
wortmannin made it clear that these thialidinedione compounds would be too short to reach to
the loops of the PI13Ko mutant H1047 that display conformational changes. Likewise,
comparing the effect of the PI3K3 specific quinazolinone derivative, PIK-39 on the active site
of p110y to our structure of p110a suggests that the compound will require a conformational
change of loop 770-776 to fit in the p110a ATP binding site[27]. In particular, Met 772 would
clash in with the edge of the quinazolinenone in its current position as we also noted in the
wild type structure [40]. Compounds that target the metal binding site such as the
organorutheniums may be isoform-specific, as they are at hydrogen bonding distance of
residues in the helix 890-897 of p110y, which is displaced in PI3Ka when compared to
PI3Ky [51]. Notably, the equivalent helix in p110a is the secondary structure element prior to
one of the loops that changes conformation in the Pi3KaH1047R mutant and more sequence
divergent within isoforms.

Both pan-PI13K inhibitors such as BEZ235, and SF1126, and specific PI3K inhibitors, such as
the PI3K3 specific CAL-101 show promising results in early clinical trials for malignancies
[28]. Because PI3K signaling is involved in several critical physiological functions, the toxicity
of PI3K inhibition is a main concern. Thus far, most clinical trials have shown a tolerable side
effect profile for PI3K inhibitors. The discovery that inhibitor binding differentially changes
the active site of p110y and p110a should facilitate the development of isoform-specific
inhibitors. A deeper insight into isoform-selectivity requires studying the p1108 and p110p
isoforms to minimize the off-target effects of the next generation of PI3K inhibitors.

7. Concluding remarks: Implications for isoform-selective inhibitors

The four isoforms of PI3K, a, B, 8, y have distinct biological functions. Among others,
PI3Ka is involved in tumorigenesis and insulin signaling, PI3Kp plays a role in platelet
aggregation, PI3Ky is expressed in leukocytes and is a component of the inflammatory
response, and PI3K3 is implicated in allergic responses and hematological cancers. Therefore,
a pan-PI3K inhibitor used as an anti-cancer agent may induce undesirable phenotypes due to
the inhibition of all other isoforms.

The structure of PI3Ky in complex with wortmannin has been previously described [41]. Now
that the crystal structure of the H1047R mutant of p110a in complex with the nSH2 and the
iSH2 domains of p85a has been determined alone and in complex with the kinase inhibitor
wortmannin, the conformational changes elicited by wortmannin binding to these different
P13K isoforms can be compared (Figure 6a [24,41]). In the H1047R mutant of p110a. in
complex with p85a niSH2, a 3A shift in the loop spanning residues 772-779 of the kinase
domain was observed upon wortmannin binding. The corresponding loop in PI13Ky (residues
804-809) displays no conformational change in response to wortmannin. Therefore, this loop
shift in p110a represents an isoform-specific conformational change in the ATP binding site
in response to an inhibitor. Three loops in p110y experience structural changes upon
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wortmannin binding (residues 748-750, 832—838 and 871-876,) while the equivalent residues
in p110a, 718-720, 801-807 and 840-845, show no conformational changes that can be
attributed to wortmannin binding (Figure 6b).

Overall, wortmannin binds similarly to p110a and p110y as the residues in the inhibitor binding
pocket are conserved between the two isoforms, and the covalent bond occurs between
equivalent lysines (802 is p110a and 833 in p110y, Figure 6d.) However, the conformational
shifts induced by wortmannin binding in the ATP binding pockets of the two isoforms differ
significantly. These differences could potentially be exploited in the design of a p110a. specific
inhibitor targeting the ATP binding site of the enzyme.

Finally, the last twenty residues of p110a and p110y exhibit large conformational differences
[24,42]. The residues following helix aK11y form a helix in p110y (residues 1077-1092,
aK12y in pdb id 1E8X) while in the p110a they are either disordered in the wild type structure
or fold as a loop in the H1047R mutant (residues 1047-1062, Figure 5C). These differences
might affect enzymatic activity by modifying membrane affinity and provide additional targets
for isoform-specific inhibitors.
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Figure 1. Characteristic of class 1a and known structures of class 1a and class 1b phosphoinositide
3 kinases

A. Scheme of the domain structure of the heterodimer of class 1a. The structure of all domains
of p85a have been determined individually (shown in patterned colors) (SH3: 1PNJ, 2PNI
[43]; GAP: 1PBWI18]; nSH2: 2PNA,2PNBJ[19,43], 2IUG, 21UH, 21UI1[20],1004[44]; iSH2:
2V1Y[30]; cSH2: 1H90[21],1QADI[45],1BFI[46], 1PIC[47]); although only nSH2 and iSH2
domain structures(solid colors) have been determined as part of a complex with p110a [23,
24]. B. Ribbon diagram of the known structure of the p1100/niSH2 structure. The black box
highlights the nSH2 domain observed in the mutant p110c. H1047R/ niSH2 (pdb id 3HMM,
3HIZ[24] but not in native structure (pdb id 2RDO, [23]). C. Scheme of the domain structure
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of class 1b. D. Ribbon modeled of the known domains of the structure of p110y. Although
more than 20 complex structures of p110y in complex with inhibitors have been published
[22,27,40,41,48-53], the structures of only four (RBD, C2, helical and kinase) out of the five
domains have been determined, and there is no published structural information of the
regulatory p101/p84. Homologous domains in p110a and vy are colored in B, C, E and F in the
same color in different shade.
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Figure 2. ATP binding site of the kinase domain of p110a
A. Electrostatic surface of the kinase domain as in the wild type p110a/niSH2 (pdb id 2RDO0)
structure with the ATP modeled based on the p110y complex structure (pdb id 1E8X). The
complex of wortmannin bound H1047R p110a/niSH2 is shown in turquoise to highlight the
conformational changes in loops 772-777 (P-loop), 864-872 and 1047-1062 which protrude
from the surface. B. Structural overlap of the wild type p110a/niSH2 (magenta, pdb id 2RD0)
structure with the wortmannin bound H1047R p110a/niSH2 (turquoise, 3HMM) overlapping
amolecule of ATP. The recognition and catalytically important residues are shown as surfaces.
The DFG (residues 933-935) is shown in orange; the protein kinase “gatekeeper residue” in
p110y (lle 848) is shown in light blue; specificity residues Met 772 and Trp780 are shown in
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yellow; the activation loop is shown in both structures as a dashed line; the last residues of the
p110a H1047R mutant which change conformations in the mutant are also shown in turquoise.
C. Sequence alignment of the activation and catalytic loop of p110a and p110y with identical
residues shown in blue background.
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Figure 3. p85a somatic mutations at the interfase of the C2 domain the nSH2 and iSH2 domains
A. Ribbon model of the nSH2 (orange) and the C2 domain (dark green) as observed in the
structure of p1100/niSH2; the iSH2 is shown in yellow as in H1047R (pdb id 3HMM) and in
grey as in 2VY1. As the connection of the coiled coil is not observed in the heterodimeric
structures of p85a. (pdb id 2RD0O, 3HMM and 3HMI), the figure of this region in 2VY1
represents a model. The iSH2 deletions observed in glioblastoma by TCARN [33] are shown
in turquoise and red ribbons. B. Scheme of the p85aniSH2 and the p110aC2 sequence with
the mutations discussed in the text marked.
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Figure 4. nSH2 p85a and helical p110a interaction

A. Electrostatic surface of the helical p110a domain with the location of the hotspots mutations
542, 545, 546 marked with green dots. Residues Arg 340 and Lys 379 of the nSH2 domain are
shown as orange sticks. The helix of the kinase domain is shown for orientation purposes
(turquoise). B. Same orientation as in A with the helical domain shown in green; the PDGFR
phosphopeptide in grey overlapping the loop of the helical domain, and nSH2 residues in
orange. C. Electrostatic surface of the nSH2 domain of p85a with the residues of the helical
domain shown in green, and the kinase in turquoise. The Van der Waals surface of the hot spot
mutations is shown with green dots showing their position in the nSH2. D. Interface between
the helical domain and nSH2 showing how nSH2 could move to allow binding of the activating
phosphopeptides of receptor tyrosine kinases and other activating proteins. The structure
suggests that the nSH2 moves outwards from the complex since the helical domain is locked
by nSH2, the linker and the kinase domains.
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Figure 5. Conformational changes due to the H1047R mutation

A. Ribbon diagram showing the loop 864-874 in the wild type structure. B. Ribbon diagram
showing the overlap of the loops (residues 864-874 and 1050-1062) in the mutant (cyan) and
the wild type (magenta). C. Structural overlap of the C-lobe PI3Ka (turquoise) and PI3Ky
(grey) kinase domains showing the differences after helix a1ly and 120 where in PI3Ka is a
loop and in PI3Ky is another helix (a12y).
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Figure 6. Wortmannin binding to the p110e and y kinase domains

A. Conformational changes elicited by wortmannin binding to p110a. (H1047R p110a +
wortmannin in turquoise; H1047Rp110a in blue). B. Conformational changes observed in
p110y in response to wortmannin binding. The black box highlights one of the observed
differences in residues 748-750, 832-838, 871-876 which moved away from the wortmannin.
C. Comparison between the changes due to wortmanninn binding in p110a (turquoise) and
p110y (grey). D. Interaction between wortmannin and the p110a. structure.
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