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Phosphatidylinositide-3-kinases (PI3K) initiate a number of
signaling pathways by recruiting other kinases, such as Akt, to
the plasma membrane. One of the isoforms, PI3Ka, is an onco-
gene frequently mutated in several cancer types. These mutations
increase PI3K kinase activity, leading to increased cell survival, cell
motility, cell metabolism and cell cycle progression. The structure
of the complex between the catalytic subunit of PI3Ka,, p110c., and
a portion of its regulatory subunit, p85a reveals that the majority
of the oncogenic mutations occur at the interfaces between p110
domains and between p110 and p85 domains. At these positions,
mutations disrupt interactions resulting in changes in the kinase
domain that may increase enzymatic activity. The structure also
suggests that interaction with the membrane is mediated by one of
the p85 domains (iSH2). These findings may provide novel struc-
tural loci for the design of new anti-cancer drugs.

Introduction

Phosphoinositide 3-kinases (PI3Ks) are lipid kinases that phos-
phorylate inositol phospholipids at the 3-position of the inositol head
groups.h? Class 1A PI3Ks are obligate heterodimers of a catalytic
subunit (p110a, pl10f or p110d; collectively called p110) and a
regulatory subunit (p85a, p55a, p50a, p85f or p55y; collectively
called p85).> Upon activation by receptor tyrosine kinases, class
IA PI3Ks preferentially use phosphatidylinositol 4,5-bisphosphate
[P1(4,5)P2; also abbreviated PIP2] as their substrate to generate
phosphatidylinositol 3,4,5-trisphosphate [PI(3,4,5)P3; also PIP3],
which recruits PIP3 binding proteins to the membrane by binding
to their pleckstrin homology (PH) domains. The recruited proteins
include, among others, the AKT serine/threonine kinase (also known
as protein kinase B or PKB) and 3-phosphoinositide-dependent
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protein kinase-1 (PDK1). AKT, once at the cell membrane, becomes
activated and phosphorylates multiple downstream targets involved
in cell survival, cell cycle progression, cell motility and metabolism.4

PI3Ks have been implicated in cancer since phosphatidylinositol
kinase (PIK) activities were identified in preparations of the onco-
proteins pp60'* and polyoma virus middle T antigen.>” It was
subsequently shown that the oncoprotein-associated PIK activity was
mediated by the pl10a catalytic subunit and produced phosphati-
dylinositol-3-phosphate.810 The role of p110a in carcinogenesis was
further substantiated by the discovery that the avian sarcoma virus 16
genome encodes an oncogene derived from p110c.!! Furthermore,
PTEN (phosphatase and tensin homolog), which reverses the reac-
tion catalyzed by PI3Ks by dephosphorylating 3-position on inositol
head groups, was found to be a tumor suppressor gene commonly
mutated in human tumors.!!-13

More recently, sequencing of PI3K genes in a variety of human
cancers revealed a high frequency of mutations in the PIK3CA gene,
which codes for p1 100..422 In cancers such as colorectal, breast, and
hepatocellular carcinomas these mutations occur in up to 30% of all
tumors examined, making PIK3CA one of the two most frequently
mutated oncogenes together with K-Ras.?? In vitro and in vivo
studies show that most cancer-associated PIK3CA mutations lead to
enhanced enzymatic activity, upregulation of the signaling cascade,
and oncogenic transformation of cells.2428 Due to the importance
of the PI3K-AKT pathway in tumorigenesis and the high frequency
of p110a mutations in human cancers, small molecule inhibition of
PI3Kat is regarded as a promising strategy for cancer treatment.2?-31

pl10a is composed of five domains: an adaptor-binding domain
(ABD), a Ras-binding domain (RBD), a C2 domain, a helical
domain, and a kinase domain. The regulatory p85a also comprises
five domains: an SH3 domain, a GAP domain, an N-terminal SH2
(nSH2) domain, an inter-SH2 domain (iISH2), and a C-terminal
SH2 domain (cSH2). Most cancer associated mutations occur in
pl10a and are clustered at two small regions in the helical and
kinase domains, but mutations are also found in ABD, C2 and
other parts of the helical and kinase domains. The location and the
effect of these mutations on the catalytic activity of the enzyme have
been the subject of intense investigation. The structure of a protein
homologous to p110c, the class IB catalytic subunit p110y,32-34
was determined by X-ray crystallography, but the sequence identity
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Figure 1. Ribbon diagram of the p110a,/niSH2 heterodimer. (A) Scheme of the domain organization. The same color coding is used throughout this article
unless specified. Gray regions are linkers between domains. The ABD domain of p110a. is green; RBD is orange; C2 is blue; helicase is red; kinase is
purple. The iSH2 domain of p85a. is colored yellow. The nSH2 domain of p85a. (not shown; colored as a rainbow in the scheme of the construct), was not

traced but it was modeled into weak density using the deposited coordinates.

between p110a and p110y is only 35% and most p110c residues
mutated in cancers are not conserved in pl110y. Other attempts to
address these issues include the determination that the iSH2 domain
of p85a. interacts with the ABD of p1100..3> This interaction was
demonstrated in detail in the crystal structure of a complex between
the iSH2 and ABD?® that showed that, contrary to previous belief,
oncogenic mutations in ABD did not occur at the interface between
ABD and iSH2, but the structure did not provide clues about how
mutations might affect p110a activity.

Recently, we determined the crystal structure of the full-length
human p110a in complex with the nSH2 and iSH2 (termed niSH2)
domains of p85c..>” The p1100./niSH2 structure revealed two inter-
domain contacts not identified in previous structures: one between
the ABD and kinase domain of p110a., and the other between the
C2 of p110a and iSH2 of p85at. Several cancer-associated mutations
occur at these domain interfaces. In addition, the pl110a/niSH2
structure suggested a role for iSH2 in the interaction of the complex
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with membrane. Structural comparison of p1100/niSH2 and
inhibitor-bound p110y shows features of the active sites of the two
enzymes that could be exploited for the design of isoform-specific
inhibitors for cancer treatment.

Description of the p110c/niSH2 Heterodimer

General description and domain structure. The p110a/niSH2
complex contains all five domains of the pl10a subunit plus the
coiled-coil (iISH2) and the nSH2 domains of p85a (Fig. 1). The
structure has the overall shape of a sailing ship with the iSH2
forming the “hull” and the rest of the molecule forming a trian-
gular “sail”. The helical and the kinase domain form the core of the
molecule with the ABD at one extreme, the RBD at the very top, and
the C2 domain at the center. As expected, the ABD interacts with the
iSH2 of p85 (buried area 2237 A? (Fig. 3A and C) but, unexpectedly
so does the C2 domain (buried area 1233 A2 (Fig. 3B and D). An
additional interaction observed in this complex is between the ABD
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A linker (residues 481 to 524) connects the C2 domain
of p110a to an all a-helical domain (residues 525 to 696).
The role of this helical domain is unclear, but in the struc-
ture it provides a bridge between the C2 domain and the
kinase domain.

The kinase domain (residues 696 to 1068) folds as an
o/P structure composed of two subdomains separated by
a cleft that harbors the catalytic site of the enzyme. This
architecture is reminiscent of that in other kinases. This
similarity allows assignment of the catalytic and the activa-

tion loops of pl10a to residues 912 to 920 and 933 to
957, respectively. The structure of this domain is highly
conserved among Class I PI3Ks (rmsd between p110a and
p110y for 288 Co. atoms is 1.8 A), especially for residues
surrounding the binding pocket. The largest differences
(rmsd 3.2 A) occur in the location of the helix spanning
residues 1032 to 1048. This difference is important because
two positions in this helix are mutated with high frequency
in cancers. The ATP binding site was identified by aligning
the structure of the kinase domain of p110a with that of
the same domain in the structure of the complex of p110y

Figure 2. Inferaction between the iSH2 domain of p85 and the ABD and the C2
domain of p110. (A) Molecular surface of the p110a/niSH2. The iSH2 is shown as
a molecular surface colored according to electrostatic potential. The ABD and the C2
domain are shown as ribbons. (B) The same image rotated by 90°. (C) Close-up of the
inferaction between iSH2 and the ABD. (D) Close-up of the inferaction between iSH2

and the C2 domain.

domain and the kinase domain. These domain-domain contacts
are particularly important because they are the /loci of most cancer
associated mutations (see below).

Description of the domains. The first two domains, ABD
(residues 1-108) and RBD (residues 191-291), are small globular
structures with an a/f topology. An 81 residue linker (109-190),
containing two helices, connects the two domains. Both domains
interact strongly with the kinase domain.

The RBD is followed by a linker (residues 292-329) composed
by a short helix and a long coil that connects to the C2 domain
(residues 330 to 480). C2 folds as a B-sandwich composed of two
four-stranded antiparallel sheets and interacts not only with p110
domains but also with the iSH2 domain of p85. The main interac-
tion of the iSH2 and the C2 domains involves H-bonds between
Asp560 and Asn564 of iSH2 to Asn345 of C2 (Fig. 4B). Although
the C2 domain is the least conserved of all p110 domains in class
I PI3K enzymes (27% identity between o and v), the two-sheet
topology is preserved in the structures of the two isoforms.’337
Despite sharing the same overall fold, there are significant differ-
ences between the C2 domains of p110a and p110y. Most of
these differences occur in the loops connecting the f-strands. Some
differences go beyond changes in conformation: the loop spanning
residues 406 to 424, for example, is ten residues shorter in pl110a
than in p110y. Differences in conformation between the loops of
the two isoforms may be a consequence of the interaction of the C2
domain of p110a with the iSH2 domain of the regulatory subunit
p85 (p85 is not the regulatory subunit of p110y). Not only does this
interaction not occur in p110y, but the conformation that the loops
adopt in p110y makes it impossible for the iSH2 coiled-coil to fit in
a position equivalent to that of the p1100/niSH2 complex.

www.landesbioscience.com
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with ATP. The high degree of similarity between the two
structures in this region allowed an unambiguous loca-
tion of the ATP. Interestingly, the ATP binding-site in the
crystal structure of the p1100/niSH2 complex is occupied
by a loop of the RBD domain of a neighboring molecule
(residues 226 to 239) that appears to “mimic” ATP binding
(Fig. 2).

Cancer-associated mutations. Mutations in the ABD, C2, helical
and kinase domains of p110a (but not in p110y) are observed with
high frequency in cancers.'* It is thought that most if not all of these
mutations result in enhanced enzymatic activity.'42> The structure
of the p110a/niSH2 provides the first look at the location of the
cancer-associates mutations in the relevant portions of the PI3Ka
structure. Frequent mutations in the ABD domain include substitu-
tions of Arg38 and Arg88. The most common mutations at these
positions, Arg38Cys, Arg38His and Arg88GlIn (Fig. 4A and B) occur
at an interface between the ABD and the kinase domain in which the
two ABD residues are at H-bonding distance to residues in the kinase
domain: Arg38 to Gln 738 and Asp743, and Arg88 to Asp746.
Mutation of either arginine residue would disrupt the corresponding
H-bond and possibly affect the conformation of the kinase domain
in a way that changes the enzymatic activity.

Asn345 of C2 is frequently mutated to lysine in cancers. Since
C2 was thought to mediate the interaction of PI3K with the
membrane,?’ it was proposed that the mutation modified the inter-
action of the enzyme with the membrane. In the structure of the
p110a/niSH2, however, Asn345 is at H-bonding distance of two
residues of the iSH2 domain of p85, Asn564 and Asp560 (Fig. 4A
and C). Interestingly, another common C2 mutation, Glu453Gln, is
also present at the interface between C2 and iSH2. The most likely
effect of these mutations appears to be the alteration of the interac-
tion between the C2 domain of p110 and the iSH2 domain of p85
rather than changing the interaction of C2 with the membrane.

Glu542 and Glu545 of the helical domain are frequently mutated
to lysine in cancers. These substitutions, which reverse the charge
of the original residues, were proposed to occur in the interface
between the helical domain of p110 and the nSH2 domain of p85.
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This proposal is supported by informa-
tion from two sources. First, biochemical
information suggested that Glu542 and
Glu545 interact with Lys379 and Arg340
of the nSH2 of p85.3%38 Second, weak
density allowed building a model of the
nSH2 into the structure of the p110/
niSH2 complex; these contacts were
found to be present in this model (Fig.
4D). Furthermore, they occur in a region
of the nSH2 domain that is also in
contact with the kinase domain of p110,
suggesting a mechanism by which these
mutations can affect the activity of the
enzyme. For example, partial disruption
of the interaction between the nSH2
domain of p85 and the helical domain
of pl10 could reduce the inhibitory

effect of the nSH2 on the kinase domain
resulting in the observed increase in the
activity.

One common mutation in cancers is
the substitution of His1047 of the kinase
domain of p110a by arginine (Fig. 4E).
Interestingly, in p110y Argl076 is the
residue equivalent to His1047 of p110a.
In both proteins this position is in a helix at the end of the activation
loop. Comparison of the two structures in this region may provide
clues about the effect of this substitution. Met1043Leu, a common
but less frequent mutation, is located on the same helix and probably
affects activity by a similar mechanism.

Another mutation, T1025S, is close to the N-terminus of the
catalytic loop (Fig. 4E) and may therefore alter the enzyme activity
through a direct effect on the conformation of the catalytic loop.

Association with the lipid membrane. Phosphatidylinositides,
the substrates of PI3Ks, are integral components of the plasma
membrane. As part of the activation process, PI3Ks are recruited
to the plasma membrane where they carry out the phosphorylation
of PIP2. Since C2 domains were shown to be involved in the asso-
ciation of proteins with membranes, it was proposed that in p110y
loops of the C2 and the kinase domains provide the major contacts
with the membrane. In p110a, the iSH2 is wedged between the C2
domain and the rest of the molecule. With this configuration, if C2
and the kinase domain interact with the membrane, iSH2 must also
interact, probably contributing the major fraction of the contact
surface. The two loops of the kinase domain (residues 723 to 729 and
863 to 867) and the side of the iSH2 coiled-coil proposed to interact
with the membrane are lined with positively charged residues: Lys
723, Lys729, Lys863 and Lys867 of the kinase domain of p110, and
lysines 447, 448, 480, 530, 532, 551 and 561, and arginines 461,
465, 472, 480, 523, 534, 543 and 544 of the iSH2 domain of p85.
It is possible that Arg349, Lys410, Arg412, Lys413 and Lys416 of the
C2 domain of p110 also interact with the membrane.

v-p3k. The avian sarcoma virus 16 (ASV16) carries an oncogene
v-p3k which has potent transforming activity.!! The v-p3k protein
differs from its cellular counterpart, c-p3k or p110a of chicken,
by a 14-amino acid N-terminal deletion and fusion to the viral
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Figure 3. Intermolecular contact in the p110a/p85 heterodimer crystal. (A) Molecular surface of the PI3K
colored as electrostatic charges showing the Ras binding domain of a neighboring molecule in the crystal
(orange ribbon with black back-side) bound in the kinase domain active site. (B) Molecular surface colored
as electrostatic potential showing the ATP (ball-and-stick representation) bound to PI3Kea.. (C) Molecular
surface colored according to the electrostatic potential showing the helixloop-helix motif of the RBD of the
neighboring molecule in the ATP binding site.

Gag sequence, as well as by the following replacements: Glu52Lys,
Glul16Lys, Glu469Gly and Asn560Lys. Glu52, Glu116 and Glu469
are conserved between human and chicken p110a. An in vitro study
showed elevated levels of PI1(3,4)P2 and PI(3,4,5)P3 and activation
of AKT in cells transformed with v-p3k.1!

One of the altered residues in v-p3k, Gly469, is located at the
interface between the C2 domain and iSH2. In fact, Glu469 in the
p1100/niSH2 structure may be forming a hydrogen bond to Arg481
of iSH2. The substitution of Glu469 by Gly in v-p3k might lead to
effects similar to those of the C2 domain oncogenic p1100. muta-
tions observed in human cancers. Alternatively, overexpression of
v-p3k may by itself lead to a high level of catalytic activity because of
the lack of inhibition by the endogenous regulatory p85 subunit. It
has been shown that an N-terminal extension stabilizes monomeric
p11003® suggesting that the fusion of the N-terminus to gag in
v-p3k may stabilize the protein in the absence of p85.

Drug design implications: p110c. as a drug target. The existence
of oncogenic pl10a gain-of-function-mutants makes this protein
an attractive therapeutic target.' Since PI3Ks control wide range
of physiological functions, ideally it would be desirable to inhibit
only p110a, the isoform mutated in cancers. The availability of
wide spectrum PI3K inhibitors such as wortmannin and 1Y294002,
which inhibit PI3Ka, provide a starting point®® for the develop-
ment isoform specific inhibitors. Structural differences among the
isoforms can be exploited for that purpose. For example, comparison
of the ATP binding sites of p110a and p110y, shows differences in
the loop spanning residues 771 and 779 ( IMSSAKRPL) in p110a.
and residues 803 to 811 (VMASKKKPL) in p110y. In addition,
the location of the cancer associated mutations at domain interfaces
such as the Glu543 “hot spot” in the helical domain points to the
possibility of developing not only for inhibitors for the ATP binding

2008; Vol. 7 Issue 9
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/ I activation loop

Figure 4. Mutations in PIK3CA identified in human cancers. (A) Location of representative mutations within p110a. Residues mutated in cancers are shown
as CPK models. The start of the cancer associated truncation (residue 571 of p85) is shown by the green arrowhead. (B) Residues Arg38 and Arg88 ,
frequently mutated in cancers, are shown at the interface between the ABD and the kinase domains. (C) Contacts between the C2 and iSH2 domain in the
p1100/p85 heterodimer. Asn345 of C2 and the residues within iSH2 (Asp560 and Asn564) with which it may interact are shown with a stick representa-
tion. (D) Residues in the helical domain commonly mutated in cancers (Glu542, Glu545 and Gln 546) are located at the interface with nSH2 (grey surface)
in close proximity to the nSH2-kinase domain interface. (E) Mutations of the kinase domain, (Met 1043 and His1047), located near the C-terminal end of
the activation loop, are shown in yellow. The portion of the activation loop between residues 941 to 950, not traced in the published structure, is shown

as a dashed line.

site but also to compounds that disrupt protein-protein interactions
between domains. Since ATP-kinase binding-sites are structurally
similar, avoiding such site can maximize the likelihood of reducing
cross-reactivity with kinases and other ubiquitous ATPases. The
newly available structure presents a new roadmap for the design of
mutant specific inhibitors.
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