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Engineering of an isolated p110a subunit
of PISKa permits crystallization and
provides a platform for structure-based
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Ping Chen," Ya-Li Deng,’ Simon Bergqvist,2 Matthew D. Falk,2 Wei Liu,’
Sergei Timofeevski,2 and Alexei Brooun'*

'Oncology Structural Biology, Worldwide Research and Development, Pfizer Inc., San Diego, California 92121
20ncology Research Unit, Worldwide Research and Development, Pfizer Inc., San Diego, California 92121

Received 5 May 2014; Accepted 1 July 2014
DOI: 10.1002/pro.2517
Published online 12 July 2014 proteinscience.org

Abstract: PI3Ka remains an attractive target for the development of anticancer targeted therapy. A
number of p110a crystal structures in complex with the nSH2-iSH2 fragment of p85 regulatory sub-
unit have been reported, including a few small molecule co-crystal structures, but the utilization of
this crystal form is limited by low diffraction resolution and a crystal packing artifact that partially
blocks the ATP binding site. Taking advantage of recent data on the functional characterization of
the lipid binding properties of p110a, we designed a set of novel constructs allowing production of
isolated stable p110a subunit missing the Adapter Binding Domain and lacking or featuring a modi-
fied C-terminal lipid binding motif. While this protein is not catalytically competent to phosphoryl-
ate its substrate PIP2, it retains ligand binding properties as indicated by direct binding studies
with a pan-PI3K« inhibitor. Additionally, we determined apo and PF-04691502 bound crystal struc-
tures of the p110a (105-1048) subunit at 2.65 and 2.85 i\, respectively. Comparison of isolated
p1100(105-1048) with the p110a/p85 complex reveals a high degree of structural similarity, which
validates suitability of this catalytically inactive p110q« for iterative SBDD. Importantly, this crystal
form of p110a readily accommodates the binding of noncovalent inhibitor by means of a fully
accessible ATP site. The strategy presented here can be also applied to structural studies of other
members of PISKIA family.

Keywords: crystal structure; lipid kinase activity; ATPase activity; surface plasmon resonance; iso-
thermal titration calorimetry

INTRODUCTION

PI3Ka is the best characterized Class I PI3K isoform
comprising a catalytic p110a subunit and p85a regu-
latory subunit. The pl10a catalytic subunit, similar
to the other members of Class I PI3K, consists of an
N-terminal adaptor binding domain (ADB), a RAS-
binding domain (RBD), a C2 domain (C2), a helical
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domain, and C-terminal bilobal kinase domain. The
p85a regulatory subunit contains two Src homology
(SH2) domains, nSH2 and c¢SH2, connected by a
coiled—coiled domain iSH2, which binds the ABD of
the p110a subunit. The nSH2-iSH2-¢SH2 unit is pre-
ceded in p85a by Src homology 3 domain, a Bar clus-
ter region homology domain (BH), and two proline-
rich regions.

PI3Ka activation can be achieved via binding
of the nSH2 regulatory subunit to phosphopeptides
derived from the cytoplasmic region of receptor
tyrosine kinases (RTKs) (for a review see Ref. 1).
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Following phosphopeptide binding, the regulatory
nSH2 dissociates from the helical domain of the
pl10a subunit resulting in enzyme activation. Addi-
tionally, the nSH2 domain contacts with iSH2 resi-
dues 571-598, maintaining an  inhibitory
conformation of PI3Ka. Truncation of p85 at residue
572 abolishes inhibition of p110«, leading to a con-
stitutively active PISK. Furthermore, a minimal reg-
ulatory unit consisting of nSH2 and iSH2 (niSH2)
was shown to sufficient to inhibit pl10a subunit
activity and was shown to be activated by phospho-
peptides.? Activated RAS proteins bind directly to
an N-terminal RBD on p110«, acting synergistically
with the input from tyrosine-phosphorylated pro-
teins to optimally activate lipid kinase activity (for
a review see Ref. 1). Following their activation by
RTK and RAS proteins, PI3Ka phosphorylates
phosphatidylinositol-4,5-bisphosphate (PIP2) to
phosphatidylinositol-3,4,5-trisphosphate (PIP3), which
recruits protein kinase B (AKT), and PDK1 to the
plasma membrane. Following activation by PDK1
and mTORC2, AKT promotes growth, metabolism,
and tumorogenesis via phosphorylation of many tar-
get proteins involved in those cellular functions.?

The role of PI3Ka in cancer was first high-
lighted by the identification of the PTEN tumor sup-
pressor as a PIPs-phosphatase, explaining how
frequent inactivation of PTEN in cancer leads to
constitutive activation of the PISK pathway.*
Cancer-specific mutations in the catalytic subunit of
phosphatidylinositol 3-kinase (PI3K) p110a occur in
diverse tumors in frequencies that can exceed 30%
(for a review see Ref. 5). These mutations are found
throughout the pl110a subunit with the majority of
them mapping to three hotspots. The E542K and
E545K mutations are located in the helical domain
while H1047R is in the C-terminal region of the
pl10a kinase domain. Mutations in the p85 subunit
have also been identified, which reduce inhibitory
contacts with p110a subunit.® Most of these cancer-
specific mutations induce a gain of function result-
ing in elevated lipid kinase activity and constitutive
signaling through the kinases AKT and TOR (for
review see Ref. 7). The high prevalence of PI3Ka
mutations in various human tumors and recent pro-
gress in the development of personalized medicines
in oncology makes PI3Ka an attractive target for
drug discovery.

Recently, a number of crystal structures have
became available for a minimal PI3Ka complex con-
sisting of a full length pl10a subunit (wild type
PDB ID: 2RDO and H1047R mutation PDB ID:
3HIZ) and the niSH2 region of p85 subunit.®>*° The
structures provide mechanistic understanding of
critical interactions governing activation of pll10«
and how different classes of oncogenic mutants
result in the activation of lipid kinase activity of the
PI3Ka complex (for review see Ref. 11). The struc-
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tural analysis also provided a foundation for studies
of the dynamics of PI3SKa activation as well as
understanding of the mechanism and determinants
involved in membrane and lipid binding.'®'%!3 In
addition, there are three crystal structures of PI3K«
with small molecule inhibitors, two with covalent
inhibitors Wortmannin (PDB ID:3HHM)® and CNX-
1351 (PDB ID: 3ZIM)'* and one with the noncova-
lent PIK-108 (PDB ID: 4A55)' inhibitor identified
by Shokat and colleagues.'® The latter study men-
tions that a number of more potent and specific
PI3Ka inhibitors were tried in co-crystallization tri-
als, but only PIK-108 complex with pl10a/niSH2
produced crystals with reasonable diffraction resolu-
tion [10]. Our in-house experience also supports that
only a few PI3Ka inhibitor chemotypes could be co-
crystallized with the pl110a/niSH2 complex (Ya-Li
Deng, unpublished data). We hypothesized that
occlusion of the ATP binding site of the p110a subu-
nit by the RBD loop from an adjacent molecule in
the asymmetric unit is the restraint on co-crystalli-
zation.” Supporting this, a number of published
PI3Ka inhibitor studies relied on PI3Ky crystal
structure lacking ABD as a surrogate to drive SAR.
Unlike p110a, which is dependent on p85 for it sta-
bility,2 PI3Ky belongs to the Class IB family and
unlike like Class IA isoforms is stable without the
p85 inhibitory subunit.

Based on the recent advances in understanding
of the determinants for lipid binding of PISKa by
Williams and colleagues,'® we have designed a series
of constructs lacking both the ABD and lipid binding
site (LBS) to facilitate production of stable p110«a in
the absence of p85. Here we present the crystal
structure of apo p110a (107-1048) at 2.65 A and its
complex with PF-04691502 at 2.85 A, alongside with
biochemical characterization and biophysical ligand
binding studies of isolated pl10a constructs with
pan PI3Ka inhibitor.

RESULTS

Generation of stable p110s, p1108 and p1106
lacking ABD and lipid-binding motif and their
biochemical analysis

We have designed a series of constructs with either
a truncated LBS (Table I) or mutated amino acids
1057-1059 to alanines, encoding for the WIF motif
previously shown critical for lipid binding®® (Fig. 1).
These modifications in putative helix 12 of the
pl10a subunit were previously described by Wil-
liams and colleagues as critical determinants for its
lipid kinase activity.!’ In the case of pl110a, both
modifications (mutation of the WIF motif or trunca-
tion of ka12) lead to an increased insect cell viability
compared to wild type full length p110a subunit, in
constructs with and without ABD. Furthermore, the
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Figure 1. Domain structure of p110« catalytic subunit of PI3Ka. Key C-terminal residues and motifs are as labeled. Underlined
residues are the sites of C-terminal truncations for p110a AABD-LBS described in the paper

truncated version of p110a (105-1048 and 105-1050)
lacking the ABD and LBS, exhibited robust expres-
sion in Sf21 insect cells and were amendable to puri-
fication (Fig. 1; Table I). When the ABD and LBS
deletions were engineered in two other PI3K iso-
forms, we were able to successfully purify p110g and
p1103 proteins (Table I). The AABD-LBS (delta ABD
and LBS) proteins for PI3Ka and PI3K3 isoforms
were purified to homogeneity and shown to be mono-
disperse, as judged by analytical size exclusion chro-
matography (aSEC), which generally aligns well
with suitability of the protein construct for struc-
tural studies (Table I).!® A PISKB construct lacking
ABD and LBS expressed at high level as well (Table
I) but showed some signs of degradation and aggre-
gation upon removal of histidine tag.

Consistent with previous reports, when we
examined the ATPase and lipid kinase activity of all
purified AABD-LBS PI3K constructs,' all PI3K con-
structs tested had detectable and robust ATPase
activity, suggesting a functional ATP binding site.
The pl110 AABD-LBS constructs showed increased
ATPase activity over their full-length counterparts,
in agreement with the evidence supporting negative
regulation of p110a activity by p85.17 ATPase activ-
ity of PISKB and PI3K3 lacking ABD and C-
terminal lipid binding motif remained similar to
their p110/p85 complex counterparts. PI3K«a, PISK,
and PI3K® full-length pl110/p85 complexes all
showed robust lipid kinase activity as measured by

Table I. PI3K o, and & Constructs

phosphorylation of purified PIP2 in a competitive
fluorescence polarization assay, while no lipid kinase
activity was detected for constructs lacking the C-
terminal lipid binding domain, at enzyme concentra-
tions of up to 1 pM (Table II). Interestingly, the
PI3Ka construct lacking the ABD domain and con-
taining the WIF motif mutation still retained lipid
kinase activity, albeit significantly lower than full-
length protein (Table II).

Structural features of isolated p110« protein

The crystal structure of isolated pl110a AABD-LBS
has been determined at 2.65 A resolution. It displays
a conformation closely matching full-length p110«
subunit as found in the pl110a-p85 (niSH2) hetero-
dimer (2RDO0), denoted hetero-p110a (Fig. 2). A
superposition of the two pll0a proteins, using all
common residues, gives a root mean square differ-
ence (RMSD) on Ca atoms of 1.76 A. Most of the
domains overlap well with the exception of C2,
which has a slightly different orientation in the two
structures. This is likely because of the absence of
the interaction with p85 niSH2 in the p110a AABD-
LBS structure, and to a lesser extent the absence of
the ABD domain. When kinase domain residues are
used for the alignment of the two pl10a subunits
from p110a AABD-LBS and hetero-p110a structures,
the RMSD on Ca atoms is 1.14 A. Comparison of the
ATP binding sites of p110a AABD-LBS and hetero-
pl10 shows an even greater similarity, with RMSD

Deletion/ Expression aSEC
Protein Construct Mutation level (mg/L) classification
PI3Ka 2-1050 ALBS 1 No Data
PI3Ka 2-1068 WT <0.1 No Data
PI3Ka 2-1068 WT; WIF to AAA 1 ++
PI3Ka 105-1048 AABD-LBS 5 +++
PI3Ka 105-1050 AABD-LBS 5 +++
PI3Ka 105-1068 AABD <0.5 No Data
PI3Ka 105-1068 AABD; WIF to AAA 5 +++
PI3KB 117-1051 AABD-LBS 6 ++
PI3K3 106-1034 AABD-LBS 3 +++
1334 PROTEINSCIENCE.ORG Crystal Structure of Isolated p110a Subunit



Table II. ATPase and Lipid Kinase Activity of PI3K o, B, and & Constructs

Specific activity

Specific activity

(ATPase) (lipid kinase)
Protein Construct Mutation/Deletion uM ADP/s/uM enzyme uM PIP3/s/uM enzyme
PI3Ka p110/p85 None 0.007 = 0.004 0.392 + 0.194
PI3Ka 105-1068 AABD; WIF t AAA 0.03 = 0.01 0.013 = 0.009
PI3Ka 105-1048 AABD-LBS 0.03 +0.01 Not Detected
PI3Ka 105-1050 AABD-LBS 0.08 +0.05 Not Detected
PI3KB p110/p85 None 0.002 = 0.001 0.058 = 0.022
PI3KB 117-1051 AABD-LBS 0.003 = 0.001 Not Detected
PI3K3 p110/p85 None 0.002 = 0.001 0.099 + 0.014
PI3K3 106-1034 AABD-LBS 0.002 = 0.001 Not Detected

of 0.6 A for 33 Ca atoms within 6 A of the ATP bind-
ing site. The integrity of the ATP site is also con-
firmed by direct binding studies with an ATP
competitive inhibitors (see below).

Structural and biophysical characterization of
inhibitor binding to isolated p110« protein

The x-ray structure of p110a AABD-LBS in complex
with PIBK/mTOR dual inhibitor PF-04691502"° was
determined at 2.85 A resolution. Electron density for
the compound is well defined, and lies in the p110«a
kinase domain at the ATP-binding site, as expected
(Fig. 3A). The observed protein-ligand interactions
are very similar to those in the complex for the
pl10y structure determined using a construct lack-
ing ABD.'® This was previously used as a surrogate
for p110a. In both cases, the inhibitor’s aminopyri-
midine forms key hydrogen bonds with hinge resi-
due Val882, the methoxypyridine is bound in the
selectivity pocket, and the cyclopentyl side chain is
positioned in the ribose-binding pocket (Fig. 3B).

Figure 2. Superposition of the crystal structure of the p110«a
AABD-LBS (4TUU, magenta) and the equivalent residues (cyan)
found in full length p110a-p85 niSH2 (2RDO). Kinase domains lie
in front and are highlighted by darker magenta and cyan.

Chen et al.

To further characterize ligand binding proper-
ties of the p110a AABD-LBS and its applicability for
structural studies with the diverse set of PI3Ka
inhibitors, we have conducted comparative direct
binding studies of pll0a AABD-LBS, pl10a-p85
niSH2, and full-length pl110a-p85 complexes by

Figure 3. (A) The ligand molecule is shown superimposed
with the refined 2Fo-Fc electron density map contoured at
1.0c;and (B) Crystal structure of PF-04691502 (4TV3) bound
to p110a AABD-LBS (magenta carbon atoms) compared with
the structure of the same compound bound to PI3Ky(cyan
carbon atoms), a surrogate for PI3Ka. Protein-ligand interac-
tions are similar in both complexes.
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Figure 4. Sensograms for PF-04691502 binding to (A) p110«a
AABD-LBS and (B) full-length p110a-p85. Compound was
injected in duplicate at 100, 50, 25, 12.5, 6.25, and 3.13 nM.
No significant difference in the association and dissociation
rate of the compound is observed between the full-length
p110a-p85 and p110a AABD-LBS proteins.

surface plasmon resonance (SPR) and isothermal
titration calorimetry (ITC). These techniques com-
plement structural information by providing a read-
out on the noncovalent interactions between the
compound and the ATP binding pocket of the pro-
tein. Changes in the structural features and dynam-
ics of the backbone residues in the ATP binding
pocket and surrounding regions impact the kinetic
and thermodynamic parameters for compound bind-
ing. Example sensograms for PF-04691502 binding
to the full-length p110a-p85 and pl10a AABD-LBS
are shown in Figure 4 and Kkinetic parameters for
PF-04691502 binding to the p110a AABD-LBS and
p110a-p85 niSH2 are compared to full length p110a-
p85 in Table III. The PF-04691502 kinetic and equi-
librium dissociation constant is almost insensitive to
the change in PI3SKa protein construct. ITC studies
provide further insight into the binding mode of
pan-PI3Ka inhibitor providing a direct measure of
the binding enthalpy (AH), Kp, and entropy of bind-
ing (AS) (Table IV). Stoichiometric binding was

observed for PF-04691502 to the p110a-p85 niSH2
complex allowing determination of AH but only an
upper limit of Kp (5 nM), which was consistent with
SPR. The AH for PF-04691502 was not significantly
different between pll0a-p85 niSH2 and pll0a
AABD-LBS. Together the SPR and ITC data suggest
that the binding mode of PF-04691502 is unaffected
by the structural changes in the PI3Ka protein asso-
ciated with the loss of p85 binding and deletions of
C-terminal lipid binding motif.

Discussion

Previous studies suggest that the key challenge for
generation of stable p110a, B and & subunits from
Class TA PI3-kinases, is their dependence on the
respective p85 binding partner for intrinsic stabiliza-
tion.!” Conversely, the p110y subunit lacking ABD
can be produced as a stable protein enabling deter-
mination of its crystal structure.!® We and others
have previously observed that a major limitation in
production of stable PISKa H1047R complex in
insect cells is related to its high intrinsic activity,
leading to low cell viability and low protein recovery,
which was successfully mitigated by generation of a
kinase dead mutation of PI3Ka.'® This was also
mitigated by co-expression with PI3Ka inhibitor to
generate protein for structural studies of PI3Ka
H1047R oncogenic mutant.® Thus even in the pres-
ence of p85 subunit, the activation of the PI3Ka
complex by the H1047R mutation is an impediment
for protein production. Recent work by Williams and
colleagues has established the key role of the C-
terminal WIF motif (located in kal2) in maintaining
lipid kinase activity of PI3Ka.'° This observation led
us to hypothesize that the critical issue for produc-
tion of isolated pll0a subunit stems from an ele-
vated lipid kinase activity caused by removal of p85
regulatory subunit. Significantly, the retention of
ATPase activity by the LBS truncated PISKa com-
plex suggests that the complex retains a functional
ATP binding site.!’

We have pursued this observation for the pro-
duction of p110 «, B and & subunits in insect cells by
removing the ABD and C-terminal LBS, then evalu-
ating the purified protein’s behavior and biochemical
properties. p110«, B and & subunits lacking the ABD
and C-terminal LBS motif expressed at relatively
high level in insect cells. Constructs with C-terminal
truncations of the LBS behaved similar to the con-
struct with the WIF motif mutated to AAA indicat-
ing that the lipid kinase activity of p110a AABD-

Table III. Kinetic Parameters for PF-04691502 Binding to PI3Ko Constructs at 10°C

Compound Fon (M ts™h For (871 T1/5 (min) Kp (nM)
p110a-p85 47+05 45+ 12 26 1.0 + 0.4
p110a-p85 niSH2 3.7+ 0.2 59+ 14 19.6 1.6 = 0.5
pl110a AABD-LBS 3.4+ 06 6.3 = 1.7 18.0 1.9 £ 0.1
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Table IV. Thermodynamic Parameters for PF-
04691502 Binding to the PI3SKa Constructs

Compound Kp (nM) AH
p110a-p85 niSH2 <5 ~12.1
AABD-LBS <5 —-11.5 £ 0.7

LBS is the key limitation with regards to protein
production. The biochemical characterization of the
purified constructs indicates that the p110 AABD-
LBS subunits have increased ATPase activity com-
pared to the full length p110-p85 complexes. Inter-
estingly, there is ~3-fold increase in ATPase activity
for the pl110a construct 105-1050 compared to the
105-1048 suggesting that small changes in the pro-
tein construct translate in significant increase in
ATPase activity (Table II). In the majority of the
previously published PI3Ka complex structures
there is a break in the electron density at residue
1048 in pl10a subunit, suggesting a high degree of
flexibility of the C-terminal LBS.5° The low
ATPase activity for full length PI3Ka complexes sug-
gests a critical role of p85 subunit in regulation of
ATPase activity. While the biological significance of
an increase in ATPase activity for p110a AABD-LBS
is not clear, the activation of PI3Ka by phosphopep-
tides and helical domain oncogenic mutations that
remove inhibitory contacts between pll0 and p85
subunits, may lead to the increase in ATPase activ-
ity. Our study also provides insight into the differen-
ces in regulation of pl10a versus pllOB by their
respective p85 subunits. The analysis of p1103/iSH2-
¢SH2 (icSH2) complex structure reveals weaker
interactions along pll0BR-C2/p85B-iISH2 interface
than corresponding interaction in PISKa while
revealing novel regulatory contacts between cSH2
and pl10p kinase domain.?° In a recent review,>!
Vogt postulated that the additional inhibitory con-
tacts between pll0B kinase domains with ¢SH2 of
corresponding p85 subunits is compensated for by
loosening of C2/iSH2 interface resulting in overall
constitutively active PISKB complex. The lack of dif-
ference in ATPase activity between pll0B and
pl10B/p85 complex may indirectly support the
notion that p85 has no significant role in regulation
of PIBKB activity (Table II). As expected, the p110
AABD-LBS subunits lacked lipid kinase activity,
confirming that the C-terminal LBS is a critical
determinant for lipid binding.

With the development of a structural biology
platform for the p110a AABD-LBS in mind, we then
compared direct binding properties of p110a AABD-
LBS constructs with full length PI3Ka complexes
and a pllOa-niSH2 complex that was previously
characterized structurally. We evaluated binding for
a pan-PI3K inhibitor PF-04691502. No significant
differences were observed in the binding characteris-
tics of PF-04691502 to the PI3K constructs meas-
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ured by SPR and ITC studies. Thus our biochemical
and direct binding studies confirm the relevance of
pl10a AABD-LBS protein for further structural
work.

An overall goal of our study was to enable devel-
opment of a crystallization platform for p110a and
improve overall resolution of PI3Ka inhibitor co-
crystal structures, allowing co-crystallization with
multiple PI3Ka inhibitor classes using novel protein
constructs. In previously described PISKa crystal
forms, all of which share the same space group and
unit cell parameters, the ATP site is partially
occluded by the RBD loop from a neighboring,
symmetry-related molecule (Fig. 5). This steric hin-
drance precludes soaking of inhibitors into apo
PI3Ka crystals, and also prevents crystallization of
pre-formed inhibitor-complexes depending on com-
pound chemotype. In the few cases where successful
co-crystallization with PI3Ka has been reported, the
neighboring RBD loop undergoes modest reconfigu-
ration in order to accommodate a covalent ligand,
wortmannin (PDB ID: 3BHHM) or a relatively small
noncovalent ligand (PDB ID: 4A55).51° We feel that
the success of co-crystallization with PI3Ka specific
inhibitors is dependent on inhibitor chemotype as
our attempts to co-crystallize PF-04691502 or simi-
lar compounds with full length pl110a-p85 niSH2
complex were unsuccessful. Conversely, in the p110«
AABD-LBS crystal form, there are no intrusions of
symmetry related residues into the active site. The
pl110a AABD-LBS crystal form is therefore compati-
ble with a wide-range of bound inhibitors, and may
also be available to ligands that are soaked into
crystals. In fact, we were able to obtain additional

RBD loop

Figure 5. Crystal packing around the ATP site for full length
p110a-p85 niSH2 (dark cyan), showing symmetry-related
RBD loop (light cyan) that precludes occupancy of site by
most ligands. In the orthorhombic crystal form of isolated
P110a, the ATP site (dark magenta, with bound PF-
04691502) is largely free of potential symmetry-related con-
tacts (light magenta).
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co-crystal structures of PISKa inhibitors using the
pl10a AABD-LBS protein (Ya-Li Deng and Ping
Chen, unpublished data).

In summary, we have isolated and characterized
p110 AABD-LBS subunits of PI3Ka, B and 3. These
proteins retain a native ATP binding site based on
biochemical analysis. Further studies with pl110«a
AABD-LBS revealed that it is capable of binding
pan inhibitor with characteristics comparable to
intact PI3Ka heterodimer. We also determined crys-
tal structures of p110ac AABD-LBS subunit alone at
2.65 A (PDB ID: 4TUU) and bound to PF-04691502
at 2.85 A (PDB ID: 4TV3). Unlike previously pub-
lished crystal forms of p110a-p85 niSH2, the p110«
AABD-LBS crystal form can likely accommodate a
wide range of PI3Ka inhibitor chemotypes and
potentially serve as a platform for SBDD of novel
PI3Ka therapeutic agents.

MATERIAL AND METHODS

Expression and purification of AABD-LBS
constructs for p110s, p1108 and p1105

Genes encoding for pll0a (105-1048), pl10B (117-
1051), pl103 (106-1034) were optimized using
human codon table and synthesized at GeneScript
(Piscataway, NJ) followed by subcloning into modi-
fied pFastBacHtB vector containing N-terminal his-
tidine tag followed by Tobacco Etch Virus (TEV)
cleavage site. Recombinant baculovirus was gener-
ated using Bac-to-Bac protocol (Life Technologies,
Carlsbad, CA) and large scale expression was con-
ducted in Sf21 cells at MOI = 1 for 72 hours. Cells
were lyzed in 50 mM Tris pH 8.0, 250 mM NaCl, 0.25
mM TCEP, and 20 mM imidazole. The p110 subunits
were purified from clarified supernatant using Immo-
bilized Metalo Affinity Chromatography (IMAC). The
protein was eluted from the column using 50 mM Tris
pH 8.0, 200 mM NacCl, 0.25 mM TCEP, and 200 mM
imidazole. After elution TEV protease was added to
the protein and TEV cleavage was performed over-
night concurrent with the dialysis against 50 mM Tris
pH 8.0, 200 mM NaCl, 0.25 mM TCEP, and 40 mM
imidazole. The flow through fractions containing p110
subunits were concentrated and loaded on Superdex
200 26/60 SEC column equilibrated in 50 mM Tris pH
8.0, 100 mM NaCl, 2% Ethylene glycol and 1 mM
TCEP. After SEC peak fractions were pulled and con-
centrated to ~5-6 mg/mL. Purity and integrity of the
complex was confirmed using LCMS, analytical SEC
and SDS-PAGE analysis.

Expression and purification of p110a/p85 and
p1102/niSH2 complex for biochemical and
biophysical studies

Genes encoding pl10a and p85 subunits of PISKa
complex were subcloned from human c¢DNA into
pFASTBAC Dual vector. Gene encoding p110a subu-
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nit was subcloned into polyhedrine promoter while
gene encoding p85 subunit (or niSH2 p85 322-600)
was subcloned into pl0 promoter. Additionally,
sequence encoding for histidine tag and TEV cleav-
age site preceded p110a ORF. Recombinant baculovi-
rus was generated using Bac-to-Bac protocol and
large scale expression was conducted in Sf21 cells at
MOI = 1 for 72 hours. Cells were lyzed in 50 mM
Tris pH 8.0, 2560 mM NaCl, 5% glycerol and 0.25
mM TCEP, and 20 mM imidazole. The pl110a/p85
complex was purified from clarified supernatant
using Immobilized Metalo Affinity Chromatography
(IMAC). The protein was eluted from the column
using 50 mM Tris pH 8.0, 200 mM NaCl, 5% glyc-
erol, and 0.25 mM TCEP, 200 mM imidazole and fur-
ther desalted into 50 mM Tris pH 8.0, 20 mM NaCl,
0.25 mM TCEP prior loading on MonoQ sepharose.
PI3Ka complex was eluted from MonoQ sepharose
over 20 column volumes using 0-30% gradient of
buffer B (50 mM Tris pH 8.0, 1M NaCl, 0.25 mM
TCEP). The peak fractions were pulled together and
loaded on Superdex 200 26/60 SEC column equili-
brated in 50 mM Tris pH 8.0, 200 mM NaCl, 0.5
mM TCEP. After SEC peak fractions were pulled
and concentrated to ~1-2 mg/mL. Purity and integ-
rity of the complex was confirmed using LCMS, ana-
lytical SEC and SDS-PAGE analysis.

Crystallization of p110a« (105-1048)

Crystallization conditions were found initially by
sitting-drop vapor-diffusion, employing a Mosquito
robot (TTPLabtech, Cambridge, MA), using an in-
house crystallization screen derived from multiple
commercial screens. Initial hits were obtained by
mixing complex of protein in complex with inhibitor
with 0.2% (w/v) BOG in 1:1 ratio with the reservoir
solution (0.1 puL + 0.1 uL) at 13°C. The crystals
(both apo and inhibitor) used for X-ray data collec-
tion grew in hanging drops with micro-seeding made
by mixing 1.5 pL protein complex containing 1:5
molar ratio of human pl10a (5.8 mg/mL) with and
without compounds and 1.5 puL of reservoir solution
consisting 8-10% (w/v) PEG 6K, 0.6M NaFormate,
0.1M CHES, pH 9.0-10 and 5 mM TCEP, pH 7.0 at
a temperature of 20°C. These crystals belong to
space group P212121 with unit cell dimensions a =
57.7, b = 136.5 and ¢ = 143.1. There is one molecule
per asymmetric unit. Crystals were flash-frozen in
liquid nitrogen after transferring to 2 pL reservoir
solution containing 25% (v/v) glycerol as a cryopro-
tectant and then stored in liquid nitrogen.

Data collection and structure determination

Diffraction data were collected using a Pilatus 6M
detector on beamline 17-ID at the Advanced Photon
Source (Argonne National Laboratory), and proc-
essed with auto-Proc. Data statistics for the p110a
AABD-LBS (apo) includes R-merge of 0.05 (0.5 for
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high resolution shell 2.78-2.64); I/c(I) of 29 (3.3);
completeness of 100% (100%); and redundancy of 6.5
(6.3). Data statistics for the pl10a AABD-LBS/PF-
04691502 complex includes R-merge of 0.05 (0.49 for
high resolution shell 3.0-2.85); I/c(I) of 26 (3.5); com-
pleteness of 100% (99.5%); and redundancy of 6.5
(5.6). The structure was determined using coordi-
nates of the pl110 subunit from our in-house struc-
ture of PI3SKa heterodimer structure. The final
pl10a AABD-LBS (apo) with 31 water molecules
was refined at 2.65 A using BUSTER to R/Rg... val-
ues of 20.5/24.5, with RMSD bond and angle devia-
tions of 0.01 A and 1.1°, respectively. The final
pl10a AABD-LBS/PF-04691502 complex with four
water molecules was refined at 2.85 A using
BUSTER to R/Rg.e values of 21.2/24.5, with RMSD
bond and angle deviations of 0.009 A and 1.05°,
respectively. The coordinates have been deposited
into the PDB with code 4TUU and 4TV3
respectively.

Enzyme assays

Lipid kinase activity. PI3K lipid kinase activity
was measured by a competitive fluorescence polar-
ization assay, as described previously.?> Reaction
buffer contained 50 mM Hepes, pH 7.5, 5 mM
MgCly, 150 mM NaCl, 0.05% CHAPS, 30 uM PIP2
(PtdIns-(4,5)-P2, 1,2 dioctanoyl, Cayman Chemical,
Ann Arbor, MI) and 5 mM DTT. The PI3K reaction
was initiated with 100 uM ATP and allowed to pro-
ceed at room temperature for 1 hr. The reaction was
quenched with EDTA at a final concentration of 10
mM, and PIP3 product formation was detected by
mixing a portion of the reaction mix with 240 nM
GST-Grpl PH domain (Univ. of Dundee) and 6 nM
TAMRA-PIP3 (Echelon Biosciences, Salt Lake City,
UT). After a 15-min incubation, fluorescence polar-
ization was read on an LJL Analyst HT (Molecular
Devices, Sunnyvale, CA) with excitation at 530 nm,
emission at 580 nm, and beam splitter of 561 nm,
with a G-factor of 0.85. PIP3 formed was calculated
through the use of a PIP3 standard curve. All reac-
tions were linear with respect to time and enzyme
concentration.

ATPase activity. PI3K ATPase activity was meas-
ured using the Transcreener ADP? Fluorescence
Intensity assay (BellBrook Labs, Madison, WI)
according to the manufacturer’s protocol. Reaction
buffer contained 50 mM Hepes, pH 7.5, 5 mM
MgCl;, 150 mM NaCl, 0.056% CHAPS, and 5 mM
DTT, in the absence of PIP2. The reaction was initi-
ated with 100 uM ATP, and allowed to proceed at
room temperature for 1 hr. The reaction was termi-
nated in the presence of 46.9 pg/mL ADP? antibody
and 4 nM ADP Tracer in 1X Stop Buffer containing
EDTA. The detection step was incubated at room
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temperature with gentle shaking for 1 hr, and fluo-
rescence intensity was read on a Tecan M1000 (Man-
nedorf, Switzerland) with excitation of 590 nm and
emission of 617 nm. ADP formed was calculated
through the use of an ADP standard curve.

Surface plasmon resonance binding studies.
SPR binding studies were carried out on a Biacore
3000 instrument (GE Healthcare, Piscataway NJ) at
10°C in 150 mM NaCl, 25 mM HEPES, pH 8.0, 5
mM MgCly, 10% glycerol, 1% DMSO, 0.5 mM TCEP,
0.005% P20. PI3K proteins were immobilized on a
CM5 sensorchip (GE Healthcare, Piscataway, NJ) by
standard amine coupling. Injections (100, 50, 25,
12.5, 6.25, 3.13 nM) were made, in duplicate, using
the Kinject mode at 50 pM/min with a 1200 s com-
pound dissociation time. Data analysis was per-
formed wusing the Scrubber2 software (BioLogic
Software, Pty., Australia). Compound injections were
referenced to a blank surface and by a buffer blank.
Data were fit to a 1:1 kinetic model, including bulk
refractive index correction, in the Scrubber2 pro-
gram. Standard deviation was calculated from 3 to 5
replicate binding experiments.

Isothermal titration calorimetry. ITC experi-
ments were carried out on a VP ITC instrument (GE
Healthcare, Piscataway NJ) at 20°C. Samples were
extensively dialyzed into a buffer containing, 150
mM NaCl, 25 mM HEPES, pH 8.0, 5 mM MgCl2,
10% glycerol, 1 mM TCEP. Concentrations were
determined spectrophotometrically using an Aggy of
208450 for M ‘em ' p1100-p85 niSH2 and 143130
M 'em™'for AABD-LBS PI3Ka. In a typical experi-
ment, nineteen 15 pL injection of 50 uM compound
was made into a 5 pM PI3Ka. Data were analyzed
using the ORIGIN software provided with the
instrument and fit to a simple 1:1 binding model.
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