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Mutations in oncogenes often promote tumorigenesis by changing
the conformation of the encoded proteins, thereby altering enzy-
matic activity. The PIK3CA oncogene, which encodes p110�, the
catalytic subunit of phosphatidylinositol 3-kinase alpha (PI3K�), is one
of the two most frequently mutated oncogenes in human cancers. We
report the structure of the most common mutant of p110� in complex
with two interacting domains of its regulatory partner (p85�), both
free and bound to an inhibitor (wortmannin). The N-terminal SH2
(nSH2) domain of p85� is shown to form a scaffold for the entire
enzyme complex, strategically positioned to communicate extrinsic
signals from phosphopeptides to three distinct regions of p110�.
Moreover, we found that Arg-1047 points toward the cell membrane,
perpendicular to the orientation of His-1047 in the WT enzyme.
Surprisingly, two loops of the kinase domain that contact the cell
membrane shift conformation in the oncogenic mutant. Biochemical
assays revealed that the enzymatic activity of the p110� His1047Arg
mutant is differentially regulated by lipid membrane composition.
These structural and biochemical data suggest a previously unde-
scribed mechanism for mutational activation of a kinase that involves
perturbation of its interaction with the cellular membrane.

mutant � p110 � p85 � oncogene

The ‘‘hotspots’’ within oncogenes are specific residues that are
recurrently mutated in cancers. These mutations result in

constitutive protein activation by several mechanisms, including
destabilization of an inactive conformation (B-RAF Val600Glu;
ref. 1) or locking of the activation loop in an active conformation
(K-RAS Gly12Val; ref. 2). These mutated enzymes are especially
attractive targets for the rational design of anticancer therapeutics
because the mutant enzymes are found exclusively in cancer cells.
Successful drug developments based on this principle are exempli-
fied by the EGFR kinase inhibitors gefitinib and erlotinib, both
approved for clinical use (3, 4).

PIK3CA was definitively identified as a human oncogene through
the discovery of several hotspot mutations in colorectal carcinomas
(5). Since then, more than 1,500 PIK3CA mutations in diverse
tumor types have been discovered (6). The most common mutant
is His1047Arg (6), and mutations at this residue in breast and
uterine cancers are associated with clinical prognosis (7–9). Bio-
chemical assays have demonstrated that the His1047Arg mutant has
a 2-fold increase in lipid kinase activity (10), that its activity
increases further upon phosphopeptide binding (10), and that the
activity is independent of Ras binding but dependent on p85
binding (11). Despite the frequency and clinical significance of the
PIK3CA His1047Arg mutation, no unifying mechanism for its
oncogenic activation has been reported.

Phosphoinositol 3- kinase alpha (PI3K�) is a heterodimeric
enzyme formed by a catalytic subunit (p110�, encoded by PIK3CA)
and one of several regulatory subunits (a major one being p85�,
encoded by PI3KR1). The p110� subunit contains an N-terminal
adaptor-binding domain (ABD) that was proposed to be respon-
sible for binding to p85�, a Ras-binding domain (RBD), a C2
domain that has been proposed to bind to cellular membranes, a
helical domain of unknown function, and a catalytic kinase domain

(12–14). The p85� subunit contains two SH2 domains that bind
phosphorylated tyrosines of receptor tyrosine kinases and adaptor
molecules, such as IRS-1. The N-terminal SH2 (nSH2) and an
inter-SH2 (iSH2) domain contact the p110� subunit (15). Once
activated by binding to the platelet-derived growth factor receptor
(PDGFR) or other receptor kinases, the enzyme phosphorylates
phosphatidylinositol-4,5-bisphosphate [PI(4,5)P2, or PIP2] to gen-
erate phosphatidylinositol-3,4,5-triphosphate (PIP3) at the cell
membrane (12, 13). Pleckstrin homology domain-containing pro-
teins, including Akt serine-theronine kinases, bind PIP3 and are
thereby recruited to the cell membrane (16). Proteins such as Akt
are then phosphorylated by other membrane-associated enzymes
and activate signaling cascades involved in cellular motility, metab-
olism, proliferation, and survival (17).

The critical role of the PI3K pathway in a variety of disease
processes, including neoplasia, has prompted the development of
pathway inhibitors. Wortmannin was isolated in 1957 from Peni-
cillium wortmannii, (18) and was later shown to be an inhibitor of
PI3K enzymes (19). Although wortmannin’s instability and toxicity
prevent it from being used as a drug in the clinic, a derivative with
a more favorable pharmacological profile is currently in clinical
trials for the treatment of advanced malignancies (20, 21).

Previous studies have reported the structure of PI3K� as both a
free enzyme and in complex with inhibitors and the structure of the
WT form of PI3K�. No structure of any naturally occurring
mutation of a PI3K enzyme has been reported previously. Here, we
report the structure of the most common mutant of PI3K�,
His1047Arg, alone and in complex with wortmannin.

Results
Crystallization. We have shown previously that the WT PI3K�
enzyme can be expressed in a form suitable for structural studies in
a complex containing the entire catalytic subunit and the nSH2 and
iSH2 domains (hereafter termed ‘‘niSH2’’) of the p85� subunit.
When expressed in Sf9 cells through a baculovirus vector under the
same conditions, no significant yield of the His1047Arg mutant
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protein of p110� could be obtained. We therefore infected these
cells with baculoviruses in the presence of a specific inhibitor of
PI3K� called J32 (Fig. S1 and Scheme in SI Appendix). Similar uses
of inhibitors to increase the yield of toxic, exogenous kinases have
been described previously (22). We found that in the presence of
J32, the His1047Arg mutant p110� bound to the niSH2 domains of
p85� could be obtained in sufficient yield for crystallization.
Diffraction data to resolutions of 2.8 and 3.3 Å were obtained from
crystals with and without wortmannin, respectively, and were
refined to Rcryst/Rfree values of 24.4/30.9 and 26.3/33.2, respectively
(Table 1). Both structures maintained the overall triangular shape
observed in the WT structure (23) (Fig. 1A).

The nSH2 Domain of p85� Forms a Scaffold for the Enzyme. Although
the diffraction data of the WT p110�–niSH2 complex yielded only
weak electron density for the nSH2 domain of p85�, the
His1047Arg mutant form of the complex revealed a well-ordered
nSH2. Although the reasons for this difference are not clear, it
provided an opportunity to directly assess the structure of the
nSH2–p110� interface. There have been no previous studies of this
interface because p110�, unlike p110�, is stable in the absence of
a regulatory subunit and has not been crystallized in a het-
erodimeric complex. Overall, the p85� nSH2 domain (residues
326–363 and 366–432) in complex with p110� His1047Arg has the
same � plus �-fold identified in the crystal structure of the isolated
p85� nSH2 domain (24). The structure determined in this work
shows that nSH2 acts as a broad-based scaffold for the p110�
catalytic subunit, interacting with three of its five domains (the C2,
helical, and kinase domains) as well as the p85� iSH2 domain (Figs.
1B and 2A). From this strategic position, nSH2 is poised to
coordinate communication between its four interacting partners:
any change in one domain in response to an external stimulus may
be sensed by nSH2 and relayed to the others.

Interactions of nSH2 with C2, Helical, and Kinase Domains. The �A
helix of nSH2 (residues 340–345) fits into a cavity lined on one side
by the C2 domain and the other side by the kinase domain (Fig. 2B).
The nSH2–kinase interaction is mediated by kinase helix �11K
(residues 1017–1024, k�10 in pi3k�), which is in proximity to helix
�A of nSH2. nSH2 and C2 interact through charge interactions,
with C2 negatively charged and nSH2 positively charged (Fig. 2C).
Specific interactions involve nSH2 loops (residues 374–377 and
350–354) interacting with C2 residues 364–371. A salt bridge is
observed between nSH2 residue Glu-349 and C2 residue Arg-357.
Additionally, nSH2 residue Glu-348 makes two H bonds to C2
residues Glu-453 and Asp-454 (Fig. 2C). A mutation observed in
glioblastoma in the nSH2 domain, Gly376Arg, is part of this
interface (25, 26). The carbonyl of Gly-376 is at hydrogen-bonding
distance of Glu-365 of the C2 domain, both in complementary
shaped loops.

The interface between nSH2 and the helical domain is domi-
nated by charge interactions: the helical domain is predominately
negatively charged, and the nSH2 domain is positively charged. The
two hotspot mutations in the helical domain, at residues 542 and
545, directly interact with residues in nSH2. Glu-542 forms a salt
bridge with Arg-358 of nSH2, and Glu-545 is parallel to the nSH2
Lys-379 (Fig. 2D and Fig. S2).

The structure of a complex between the p85� nSH2 domain and
a peptide from PDGFR containing a phosphorylated tyrosine
residue has been described previously (24). A comparison of this
structure with that of the p110�–p85 niSH2 heterodimeric complex
reported here reveals a striking colocalization: the loop of the
helical domain (residues 542–546) that contains the hotspot muta-
tions is located precisely where the phosphopeptide binds to nSH2

Table 1. Data collection and refinement statistics

Crystal

p110� His1047Arg/
niSH2 plus

wortmannin
p110�

His1047Arg/niSH2

Space group P212121

Cell dimensions
a, Å 115.3 115.3
b, Å 119.4 120.6
c, Å 152.5 153.9
�, ° 90 90
�, ° 90 90
�, ° 90 90

Data collection statistics
X-ray source APS APS
Wavelength, Å 0.97929 0.97929
Resolution, Å 50–2.8 (2.9–2.8) 50–3.3 (3.42–3.3)
Measured reflections 362,120 221,197
Unique reflections 53,371 32,487
I/� 23.6 (2.0) 17.9 (2.47)
Completeness, % 99.8 (99.6) 99.5 (98.3)
Rmerge, % 9.3 (68.9) 8.6 (48.1)

Refinement
Rcryst , % 24.4 26.3
Rfree, % 30.9 33.2
rmsd

Bond length, Å 0.008 0.011
Angle, ° 1.302 1.431

Monomers in asymmetric unit 1 1
Total atoms 10,727 10,383
Protein atoms 10,581 10,383
Water molecules 115 0
Ligand 1 0
B factor (protein), Å2 75.87 86.0
B factor (ligand), Å2 62.24 N/A
B factor (H2O), Å2 61.75 N/A

N/A indicates not applicable.

Fig. 1. Overall structure of the complex between the
His1047Arg mutant of p110� and the niSH2 domain of
p85�. (A) Space-filling model of mutant p110� and p85�

iSH2 plus ribbon diagram of p85� nSH2. (B) Rotated view
of His1047Arg mutant p110� and p85� niSH2. nSH2 is
shown in ribbon format, contacting the kinase, helical,
and C2 domains of p110� and p85� iSH2. Colors used in
this and all other figures, except where indicated other-
wise, are: in p85�, the iSH2 domain is yellow, and the
nSH2 domain is orange; in p110�, the kinase domain is
light blue, the helical domain is green, the C2 domain is
purple, the RBD is red, and the ABD is dark blue.
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(Fig. 3 A and B). Moreover, the side chain of Glu-542 occupies the
space usually occupied by the phosphate of the phosphotyrosine in
the peptide (Fig. 3C). Therefore, phosphopeptides that release the
nSH2-mediated inhibition of p110� must shift the orientation of
nSH2 relative to the helical domain because both the peptide and
helical domain cannot concurrently occupy the same space. The
hotspot mutations in the helical domain will have the same effect
as binding of physiological phosphopeptides: they interfere with
nSH2 binding to p110�, releasing the inhibition. These structural
data therefore explain prior biochemical observations demon-
strating that the hotspot mutations within the helical domain
release the inhibitory effect of nSH2 on the enzyme’s activity
(27). These observations also support the hypothesis that the
His1047Arg structure described here corresponds to an nSH2-
inhibited conformation.

Effect of Wortmannin Binding to the Kinase Domain. Wortmannin
binds the p110� kinase domain at the ATP-binding site and packs
between p110� residues Ile-800, Ile-848, Val-850, and Val-851 on
one side, and residues Ser-919, Met-922, Phe-930, Ile-932, and
Asp-933 on the other. These residues are equivalent to p110�
residues Ile-831, Ile-879, Ile-881, and Val-882 and residues Asp-950,
Met-953, Phe-961, Ile-963, and Asp-964, respectively. This pocket
is conserved between p110� and p110�, with the exception of
Ser-919 in p110�, which is Asp-950 in p110�. Wortmannin forms a
covalent bond to the primary amine of Lys-802 (equivalent to
Lys-833 is p110�) and forms four H bonds to active site residues.
The O3 atom of wortmannin makes two H bonds to the amide bond
of Asp-933 and to the hydroxyl group of Tyr-836; O4 forms an H
bond to the amide of Val-851, and O7 forms an H-bond to the
side-chain NH of Gln-859 (Fig. 4A).

A notable feature of the structure of this complex is a confor-
mational shift of a loop in p110� upon binding to wortmannin: the
main chain of the kinase domain loop formed by residues 772–777
moves 3 Å from the position it has in either the Arg-1047 mutant
or WT p110� structures in the absence of drug (Fig. 4 B and C).
This shift away from the position occupied by wortmannin in the
inhibited complex must reflect changes caused by wortmannin
binding. No shift has been reported in the equivalent loop (residues
804–809) of p110� (Fig. 4D) (28). The loops containing residues
197–204 and 228–239 within the RBD are also shifted in the
wortmannin-containing structure because the shift of loop 772–777
affects a crystal contact between the RBD and the kinase domain

(Fig. S3). In p110�, three loops (residues 748–750, 832–838, and
871–876) experience conformational changes upon binding wort-
mannin (28). The equivalent residues in p110� correspond to
residues 718–720, 801–807, and 840–845. The latter two of these
loops have the same conformation in the p110� structure with
wortmannin, the WT p110� without wortmannin, and the p110�
His1047Arg mutant with and without wortmannin structures. Loop
718–720 is a perfect �-helix in both the uninhibited and inhibited
p110� structures, whereas it loses its helical conformation in the
p110� structure upon wortmannin binding. Thus, binding of wort-
mannin elicits different conformations in the two PI3K isoforms
that could, in principle, be exploited for the design of isoform-
specific inhibitors.

Structural Effects of the His1047Arg Mutation. The histidine normally
present at residue 1047 is within H-bonding distance of the main-
chain carbonyl of Leu-956, a residue within the activation loop (23).
The mutant arginine side chain of 1047 points 90° away from the
position of its WT counterpart histidine and greatly increases the
distance between it and Leu-956. As a result, the mutant arginine
is not likely to fix the activation loop through interaction with
Leu-956. On the other hand, this change in orientation causes
Arg-1047 to reside in a crevice in the kinase domain, pointing
upward toward the modeled cell membrane (Fig. 5A). Moreover,
the higher pKa of arginine makes it more likely to interact with
negatively charged phospholipid head groups than with histidine.
The Arg-1047 mutation has an additional effect: it orders 13
residues of p110� near the C terminus. Residues 1050–1062, which
were disordered in the WT structure, folded in the mutant as a loop
positioned to interact with the cell membrane (Fig. 5B). Moreover,
another loop of the kinase domain, previously proposed to interact
with the cell membrane (residues 864–874), has a different con-
formation in the His1047Arg mutant than in the WT enzyme (Fig.
5C). This change in conformation is required because the WT
orientation of this loop would clash with the position of the
1050–1062 loop in the mutant. Taken together, these structural
changes suggest that the His1047Arg mutation may act by altering
the interaction of p110� with the cell membrane, an interaction
vital to the enzyme’s lipid kinase activity (Fig. 5A).

Curiously, the WT p110� protein contains an arginine at residue
1076 (corresponding to residue 1047 in p110�). This has suggested
that p110� can be regarded as a naturally occurring His1047Arg
mutant (29). However, the structures presented here show that

Fig. 2. The nSH2 domain of p85� forms a scaffold for
the PI3K� enzyme. (A) p85� nSH2 acts as a scaffold and
interacts with the p85� iSH2 domain as well as the p110�

kinase, helical, and C2 domains. (B) The nSH2 �A helix fits
into a crevice between the C2 and kinase domains. (C)
nSH2 interactions with the p110� C2 domain. (D) Resi-
due-residue interactions between nSH2 and the helical
and kinase domains.
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there are major differences between the catalytic domains of the
His1047Arg mutant of p110� and the WT p110�. Although the
main chains of these two proteins are in close proximity, the two
equivalent arginine residues point 180° from each other. Moreover,
in p110�, Arg-1076 occurs in a helix, whereas in p110�, Arg-1047
is located in a loop. Therefore, the structure of the kinase domain
of the Arg-1047 mutant represents a unique oncogenic conforma-
tion, distinct from the WT p110� and from p110�.

Enzymatic Activity Depends on Membrane Composition. The struc-
tural differences described above suggest that the activation of the
His1047Arg mutant takes place through a change in the way p110�
interacts with the cell membrane. Experiments were devised to test
this hypothesis by studying the effect of membrane composition on
the activity of p110�. The lipid kinase activities of WT and
His1047Arg mutant forms of p110� were measured in the presence
of five different lipids: 1,2-diacyl-sn-glycero-3-phospho-L-serine
(PS), lipids extracted from the cancer cell lines DLD1 and HCT116,
and lipids extracted from brain and liver tissues. Under the assay
conditions used, the lipids form bilayered membranous vesicles
containing the added PIP2 substrate (30). The enzyme binds to

these vesicles and phosphorylates the PIP2 substrate at the outer
leaflet of the bilayer. The relative activities of the WT and mutant
forms were found to be differentially regulated by lipid composition
(Fig. 5D). For example, with lipids from HCT116 and DLD1 cells,
the mutant’s enzymatic activity increased approximately twice as
much as that of WT (2.5-fold vs. 1.2-fold) with respect to their
activities in PS-containing vesicles. For the His1047Arg mutant, the
enzymatic activity in conditions containing liver lipid extract was
the same as its activity in the presence of PS. Conversely, the WT
enzyme’s activity in the liver lipid conditions decreased by nearly
50%. Control experiments showed that these differences did not
depend on different amounts of endogenous substrate in the
various lipid preparations, because there was relatively little activity
in the absence of added PIP2 in any of the five lipid preparations.
One potential explanation for these observations is that the differ-
ent lipids exerted their effects by changing the size of the vesicles,
and therefore their curvature. However, we found no correlation
between the size of the vesicles and the relative activities of the
enzymes (Fig. S4), indicating that the differential activities of the
mutant and WT proteins reflect the different lipid compositions of
the vesicles. The activity measurements provide strong support for
the hypothesis, based on the new structure, that the His1047Arg
mutation alters the interaction of the kinase domain with the cell
membrane. In turn, the accessibility of the substrate to the binding
site of the enzyme would be enhanced, increasing its activity.

Discussion
Oncogenic mutations in the catalytic domains of kinases are
generally thought to increase activity by affecting activation-loop
conformations. However, for the His1047Arg mutant of p110�, the
mutation in the kinase domain has no apparent effect on the
structure of the catalytic sites. The p110� activation loop had no
electron density in the WT PI3K� structure (23), suggesting that
these residues were mobile. Surprisingly, there was also no electron

Fig. 4. Wortmannin and its effect on the kinase domain ATP-binding site. (A)
Wortmannin makes four H bonds to kinase domain residues and covalently
attaches to Lys-802. Electron density for the wortmannin ligand is shown. (B)
UponbindingPI3K�His1047Arg(PDBIDcode3HHM),wortmannin inducesashift
of loop 772–777 (light blue) compared with the same mutant enzyme in the
absence of wortmannin (PDB ID code 3HIZ; navy blue). (C) Loop 772–777 is shifted
for PI3K� His1047Arg (PDB ID code 3HHM; light blue), compared with WT PI3K�

(PDB ID code 2RD0; pink). (D) In PI3K�, wortmannin binding has no effect on the
conformation of loop 804–809, the residues equivalent to 772–779 in PI3K�.

Fig. 3. Interactions between p110� and p85 nSH2. (A) Ribbon diagram of nSH2,
helical, and kinase domains determined from the structure reported in this work.
(B) The same ribbon diagram as in A but showing the position of the PDGFR
phosphopeptide (gray) modeled as in PDB ID code 2IUI, at the interface between
nSH2 and the helical domain. The loop of the helical domain occupies nearly the
same position as the phosphopeptide, so their occurrence is mutually exclusive.
(C) The phosphopeptide is predicted to disrupt the interaction between the
positively charged nSH2 surface (shaded blue) and the negatively charged helical
domain residues. The phosphopeptide is shown in gray, with its phosphotyrosine
in stick and ball representation and the phosphate shaded red. The boxed region
shows that the side chain of Glu-542 occupies the space usually occupied by the
phosphate of the peptide’s phosphotyrosine residue.
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density for these residues in the His1047Arg mutant structure,
making it unlikely that the His1047Arg mutation locks the activa-
tion loop in a fixed conformation. Conversely, the striking effect of
this mutation on the orientation of the 1047 residue and on two
loops that contact the cell membrane strongly suggests a previously
undescribed mechanism of action for an oncogenic mutation in a
catalytic domain. Biochemical assays show a remarkable effect of
lipid membrane composition on the activity of the His1047Arg
mutant compared with the WT form of the enzyme. Only changes
in the proteins’ relative abilities to interact with membranes could
account for this differential effect of lipids on enzymatic activity,
because all other components of these biochemical assays were
identical. Therefore, the His1047Arg mutation likely causes in-
creased lipid kinase activity by allowing easier access to the
membrane-bound PIP2 substrate, which is then converted to PIP3,
initiating tumorigenic signaling cascades.

This mechanism may explain several previously puzzling obser-
vations on the His1047Arg mutant of PIK3CA. Zhao and Vogt (11)
demonstrated that the activation of this mutant is independent of
Ras binding. Ras is attached to the cell membrane through a
farnesyl group and binds the Ras-binding domain of p110� through
the RBD. Therefore, Ras may function to activate the WT form of
p110� by increasing tethering of p110� to the cell membrane, where
it can access its PIP2 substrate. The His1047Arg mutation may
circumvent the need for Ras binding by independently localizing
p110� to the membrane through conformational shifts in the kinase
domain loops 864–874 and 1050–1062. Further support for the
importance of membrane binding on the activity of PI3K� is
provided by genetically engineered forms of p110�. When a myri-
stylation site is engineered into p110�, its resultant constitutive
membrane binding activates Akt and other downstream targets in
a pattern identical to that of the His1047Arg mutant (31–33).
Similarly, fusion proteins in which WT p110� is joined to retroviral
Gag sequences render the enzyme constitutively active by virtue of
the membrane address supplied by the Gag domain (31, 32). Finally,
the oncogenic transforming activity of the myristylated or Gag-
fusion forms of p110� is identical to that of the naturally occurring
His1047Arg mutant in the absence of membrane tags (31–33).

The His1047Arg mutation has been identified in cancers of the
breast, colon, uterus, stomach, ovary, and numerous other organs.

In addition to the effects of this mutation on membrane interac-
tions, the conformational shift upon wortmannin binding is con-
siderably different from that observed with p110�. These results
should facilitate the development of a new generation of isoform-
and mutant-specific PI3K� inhibitors that exploit the altered ATP-
binding site conformation as well as the previously undescribed
membrane–protein interactions.

Methods
Cloning of Mutant and WT Forms of p110�. The human His1047Arg mutant
transcript was amplified by reverse-transcriptase-coupled PCR using mRNA from
the colorectal cancer cell line HCT116 (forward primer, 5�-tattggatccatgcctccaa-
gaccatc-3�; reverse primer, 5�-gtacaagcttcagttcaatgcatgctg-3�) and was cloned
with BamHI and HindIII into pFastBac-HT-A (Invitrogen). The WT form of the
transcript was amplified from a clone obtained from Genecopoeia. Baculovirus
clones of these constructs were generated by using the Invitrogen Bac-to-Bac
Baculovirus Expression System (Invitrogen). The cloning of niSH2 has been de-
scribed previously (23).

Protein Expression. Sf9 cells were grown in suspension culture in Sf-900 III Serum
Free Media (Invitrogen) supplemented with 0.5% penicillin-streptomycin at
room temperature. At a density of 4 � 106 cells per milliliter, cells were infected
with p110� His1047Arg and p85� niSH2 viruses at a multiplicity of infection ratio
of 3:2. A total of 60 nM PI3K inhibitor J32 (see Scheme in SI Appendix) was added
to the media at the time of infection. The addition of inhibitor increased the
protein yield from an undetectable amount on a Coomasie brilliant blue-stained
gel to 1 mg per 1.2 � 1010 cells. At 72 h after infection, cells were harvested by
centrifugation at 900 � g. The protein purification scheme has been described
previously (23).

Crystallization. For cocrystallization with wortmannin, purified protein at 15
mg/mL was mixed with the drug to a final drug concentration of 100 �M.
Screening was conducted in hanging drops at 20 °C around the crystallization
conditions of the WT form of the PI3K� complex (1.4 M sodium formate and 100
mM Hepes, pH 7.0) (23). We identified crystals in one condition (0.8 M sodium
formate and 100 mM Hepes, pH 6.8), and a silver bullet (HR2-096; Hampton
Research) additive screen was then performed. Larger crystals were obtained in
the well containing the additive mixture: 0.2% (wt/vol) rhenium (IV) oxide, 0.2%
(wt/vol) sodium bromide, 0.2% (wt/vol) sodium nitrate, 0.2% (wt/vol) sodium
dibasicphosphatedihydrate,0.2%(wt/vol) sodiumtetraboratedecahydrate,and
0.02 M Hepes, pH 6.8. Diffracting crystals (0.4 � 0.08 mm in size) were obtained
by iterative rounds of macroseedings in 0.65 M sodium formate; 100 mM Hepes,
pH 6.8; and 25% silver bullet. The conditions for crystallization in the absence of

Fig. 5. Effects of the His1047Arg mutation on the
structure of the enzyme. (A) Ribbon diagram showing
the mutant enzyme’s position relative to the modeled
cell membrane. The two loops of the kinase domain
that are predicted to contact the membrane are boxed.
(B) Two loops (residues 864–874 and 1050–1062)
change conformation and contact the cell membrane.
Arg-1047 changes its orientation by 90° and points
upward to the membrane. (C) Differences in confor-
mation of loops 864–874 and 1050–1064 between WT
(pink) and His1047Arg (light blue) structures. The elec-
tron density corresponding to residues 1047–1052 of
the mutant structure is highlighted. (D) The enzymatic
activity of WT and His1047Arg mutants of p110� was
differentially regulated by membrane lipid composi-
tion. The activities of the WT and mutant enzymes
were normalized to the activity measured with PS lip-
ids; the unnormalized activity of the mutant with PS
vesicles was 2.1-fold higher than that of the WT. The
experiment was performed three times, with duplicate
determinations for each experiment. The means (bars)
and SDs (brackets) of one representative experiment
are shown.
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wortmannin required a higher concentration of sodium formate (1.2 M sodium
formate and 100 mM Hepes, pH 6.8). Crystals were flash frozen in liquid nitrogen
by using the reservoir solution plus 10% glycerol as cryoprotectant.

Data Collection. X-ray diffraction data were collected at the Lily Research Labo-
ratory Collaborative Access Team (LRL-CAT) beamline at section 31 of the Ad-
vanced Photon Source and were processed with HKL2000 (Table 1). The crystals
diffracted to a resolution of 2.8 Å in the presence of wortmannin and 3.3 Å in the
absence of wortmannin.

Structure Determination. The structure of the wortmannin complex was deter-
mined by using the coordinates of WT p110�/NiSH2 [Protein Data Bank (PDB) ID
code 2RD0] as a model. After rigid body and positional refinement, the program
O (34) was used for model building. The initial round of refinement showed that
the nSH2 domain of p85� was present and ordered in the structure. Therefore,
the p85� nSH2 crystal structure (PDB ID code 2IUG) (24) was used as a guide to fit
the additional electron density in this region. Iterative rounds of refinement
using REFMAC 5.0 (35) yielded a final R of 24.4% and an Rfree of 30.9% to 2.8 Å
in the presence of wortmannin. The protein coordinates of this structure were
used as the initial model for the determination of the structure in the absence of
wortmannin; refinement yielded an Rcryst of 26.3% and an Rfree of 33.2% to 3.3 Å
(Table 1).

Lipid Extraction. Methods for lipid extraction were adapted from Folch’s proce-
dure (36). Briefly, HCT116 and DLD1 cells were harvested by using trypsin/EDTA.
The cells were pelleted, washed with PBS, and resuspended in 20 volumes of
chloroform–methanol [2:1 (vol/vol)]. These suspensions were vortexed for 1 min
and mixed on a Labquake Rotator (Barnstead/Thermolyne model 415110) for 20
min at room temperature. Next, the suspensions were centrifuged at 5,000 � g
for 10 min and decanted through filter paper. A total of 0.2 volumes of 0.9% NaCl
solution was added to each filtrate and vortexed for 30 seconds. After centrifu-
gation at 5,000 � g for 10 min, the upper phase was aspirated and discarded.
Next, the interface was gently washed once with methanol–water [1:1 (vol/vol)].

The remaining lower phase was transferred to a glass vial and dried by using a
BÜCHI Rotavapor R-200 (BÜCHI Labortechnik). The dried samples were used for
liposomepreparation.Thesizesofthe liposomesweredeterminedbyquasielastic
light scattering using a Malvern Zetasizer Nano S (Malvern). Briefly, liposomes
suspended in PBS were dispensed into cuvettes and illuminated with a laser. The
fluctuations in intensity of the scattered laser light were then measured by the
Zetasizer. Because the rate of fluctuations is directly related to the Brownian
motion of the liposomes, and hence their hydrodynamic radii, the liposomal size
distribution may be calculated by using the Stokes–Einstein equation.

p110�/niSH2 Enzyme Kinetics. The protein concentrations of the purified pro-
teins were determined with a Bradford assay (BioRad) and adjusted to 1.8 mg/mL
with 10 mM Tris�HCl (pH 8.5), 25 mM NaCl, 1 mM DTT, and 50% glycerol. Enzyme
activities were determined in the presence of 0.05 mg/mL lipids derived from
purified PS (Sigma), extracts of liver (Avanti Polar Lipids) and brain (Avanti Polar
Lipids),orHCT116andDLD1cell lines. Inaddition, thereactionmixcontained0.05
�g/�L L-a-phosphatidylinositol-4,5-bisphosphate (Avanti Polar Lipids); 100 �M
ATP; 40 �Ci/mL �-[32]ATP (Perkin–Elmer); 2.5 mM MgCl2; 5 mM Hepes, pH 7.5; and
6 ng/mL purified p110�. At various times, aliquots of the master reaction were
taken, the reaction stopped with 1 volume of 2 M HCl, and the lipids extracted
with 2 volumes of chloroform–methanol (1:1). A total of 10 �L of the organic
phase was mixed with 80 �L of microscint O scintillation fluid (Perkin–Elmer), and
the incorporated radioactivity was measured with a TopCount 96-well plate
scintillation counter (Perkin–Elmer).
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