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Synergistic activation by heterotrimeric guanine nucleotide–binding protein (G protein)–coupled re-
ceptors (GPCRs) and receptor tyrosine kinases distinguishes p110b from other class IA phosphoinositide
3-kinases (PI3Ks). Activation of p110b is specifically implicated in various physiological and patho-
physiological processes, such as the growth of tumors deficient in phosphatase and tensin homolog
deleted from chromosome 10 (PTEN). To determine the specific contribution of GPCR signaling to
p110b-dependent functions, we identified the site in p110b that binds to the Gbg subunit of G proteins.
Mutation of this site eliminated Gbg-dependent activation of PI3Kb (a dimer of p110b and the p85 regu-
latory subunit) in vitro and in cells, without affecting basal activity or phosphotyrosine peptide–mediated
activation. Disrupting the p110b-Gbg interaction by mutation or with a cell-permeable peptide inhibitor
blocked the transforming capacity of PI3Kb in fibroblasts and reduced the proliferation, chemotaxis, and
invasiveness of PTEN-null tumor cells in culture. Our data suggest that specifically targeting GPCR
signaling to PI3Kb could provide a therapeutic approach for tumors that depend on p110b for growth
and metastasis.
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INTRODUCTION

Signaling by class I phosphoinositide 3-kinases (PI3Ks) is commonly
enhanced in tumors by gene amplification, activating mutations, or the
inactivation of phosphatase and tensin homolog deleted from chromosome
10 (PTEN), a tumor suppressor lipid phosphatase (1). Class I PI3Ks pro-
duce phosphatidylinositol-3,4,5-trisphosphate (PIP3) in cells and stimulate
proliferation, survival, and motility. The class IA enzymes are obligate het-
erodimers consisting of distinct catalytic (p110) subunits bound to the
same regulatory (p85) subunits (2, 3). Among the three class IA PI3Ks,
the PIK3CB gene product p110b is unique because it can be activated
both by receptor tyrosine kinases (RTKs) and downstream of heterotri-
meric guanine nucleotide–binding protein (G protein)–coupled receptors
(GPCRs) through direct binding to Gbg subunits (4–7). The development
of PTEN-deficient prostate cancer specifically depends on the activity of
the p110b-p85 dimer (referred to as PI3Kb), but the mechanism for this
specificity is currently unknown (8–11). Whether GPCRs have a role in
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PI3Kb-mediated transformation of PTEN-null cells has remained an open
question because of the lack of tools to specifically probe the Gbg-PI3Kb
interaction.

Defining the role of Gbg in activating effectors such as p110b is
challenging because of the transient nature of interactions between the
two and because of the lack of a distinct Gbg-binding motif that could
be used to identify its target binding sites. This contrasts with the mech-
anism of activation of PI3Ks by RTKs, which involves high-affinity inter-
actions that have been well characterized (12, 13). To investigate the
mechanism of p110b activation downstream of GPCRs by Gbg, and to
define the role of this interaction in p110b signaling in cells, we have iden-
tified the Gbg-binding site on p110b. We took two parallel approaches,
the first based on an analysis of sequence conservation and the second
with hydrogen-deuterium exchange mass spectrometry (HDX-MS). Both
approaches identified the same region, enabling us to generate a p110b
mutant that remained sensitive to stimulation by RTKs but did not respond
to activation by Gbg. This mutant enabled us to interrogate the physiolog-
ical importance of p110b activation downstream of GPCRs by Gbg and to
define a critical role for this interaction in the cellular transformation, pro-
liferation, and invasiveness of PTEN-null tumor cells.

RESULTS

Identification of the Gbg-binding site in p110b
We previously showed that the adaptor-binding, Ras-binding, and C2 do-
mains of p110b are not responsible for its activation by Gbg subunits (14).
For this reason, we compared the remainder of the p110b sequence with
those of p110a and p110d, which are insensitive to stimulation by Gbg, to
look for sequence differences that might account for the selective activa-
tion of p110b by Gbg. Whereas the helical and kinase domains of all three
SCIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 1
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isoforms display high sequence similarity,
we identified a 24–amino acid residue non-
conserved region (residues 514 to 537) in
the linker between the C2 domain and the
helical domain of p110b (Fig. 1A and fig.
S1). The central portion of this segment is
not visible in the crystal structure of p110b,
presumably because it is disordered, but it
is part of a surface-accessible loop (15).

In parallel, we used an empirical ap-
proach, HDX-MS, to experimentally identify
the p110b-Gbg interaction sites. HDX-MS
is a powerful technique to monitor protein
dynamics, protein-protein interactions, and
protein-lipid interactions (16–19). For HDX-
MS measurements, we used two experimen-
tal setups, one with soluble Gbg (Gg-C68S)
(Fig. 1, B and C) and another with lipid-
modified Gbg in the presence of membranes
(fig. S2). To enhance the stability of inter-
action between the p110b-p85 dimer and
soluble Gbg in solution, we produced a
heterotrimer containing p110b, Gg-C68S,
and a chimeric construct containing Gb co-
valently linked to a fragment of p85a con-
taining the C-terminal Src homology 2 (SH2)
domain and the coiled-coil domain (iSH2-
cSH2) (Fig. 1B). This heterotrimer formed
a stable complex that could be stimulated
by both a platelet-derived growth factor re-
ceptor (PDGFR)–derived bis-phosphopeptide
(pY) and Gb1g2 subunits (Gbg) (fig. S3A).
When we compared differences in the
HDX rates of p110b peptides between the
heterotrimeric fusion complex and the wild-
type p110b–p85a-icSH2 heterodimer, we
identified two stretches that were more pro-
tected in the fusion complex (Fig. 1C and
fig. S3, B and C). The first potential Gbg-
binding site, containing residues 518 to 538,
matched very well with the region mapped
by sequence analysis. The second protected
region, amino acids 557 to 578, lies under-
neath the C2-helical linker. Changes in this
region are likely a result of indirect effects
from the binding of Gbg to the linker above
it. The same regions of p110b binding to
Gbg were identified with full-length PI3Kb
and lipidated Gbg, with liposomes to stabi-
lize the interactions (fig. S2, C and D, and
tables S1 to S6). Taken together, the sequence
analysis and HDX-MS data suggested that
the region of p110b spanning residues 518
to 537 was the Gbg-binding site.

To test whether this region was involved
in Gbg-mediated regulation of p110b, we
designed a loop-swap p110b mutant in
which these 24 amino acid residues were
replaced with the corresponding region of
p110d (Fig. 1D). We also mutated residues
Fig. 1. Mapping of the Gbg-binding site on p110b by sequence analysis and HDX-MS. (A) Sequence align-
ment of the C2 domain–helical domain linker region of p110a, b, and d. The black rectangles denote
helices in the p110b structure, and the black line represents the disordered region. (B) Cartoon illustration
of the p110b–p85a-icSH2 wild-type (WT) heterodimer and the p110b–Gb-p85a-icSH2–Gg-C68S fusion het-
erotrimer (fusion) used for the HDX-MS experiments. (C) Domains of p110b are outlined and colored
according to the legend for changes associated with the presence of Gbg. Regions in p110b and
p85a-icSH2 that showed >0.5 dalton and >5% changes in deuteration extent between the WT and fusion
complexes were mapped on the p110b–p85b–icSH2 model (PDB: 2y3a, right panel). The loop region be-
tween the C2 domain and the helical domain is represented as a dotted line because it is not ordered in the
structure. Residues corresponding to human p110b K532 and K533 are represented with balls and sticks.
Top left, a close-up view of the p110b region in which changes in deuteration extent as a result of the
presence of Gbg were detected. Bottom left, a model for the p110b–p85a-nicSH2 generated by combining
the structures of p110b–p85b-icSH2 (PDB: 2Y3A) and p85a–nSH2 (PDB: 3HHM). The nSH2 and cSH2
domains of p85 are shown as surface representations. The p85a-nSH2 position is based on the structure
of p110a, although there is no unambiguous evidence that nSH2 adopts exactly the same position when in
complex with p110b. (D) Sequence of the loop-swap mutant of p110b. (E) Alignment of p110b zoologs in
the region of the C2-helical linker. (F) Activities of WT PI3Kb and the loop-swap and 532KK-DD mutants
purified from insect cells, in the presence of pY peptide (pY) and lipidated Gbg. Activities were expressed
relative to the basal activity of PI3Kb, which was normalized to 1. Graph shows the activity ± SD of three
independent experiments.
www.SCIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 2
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lysines 532 and 533 (532KK) in the p110b
loop, which are highly conserved among
p110b from different species but not be-
tween p110b and p110a or p110d and which
are ordered in the p110b crystal structure
(Fig. 1E) (15). Replacement of the p110b
loop with that of p110d or mutation of
532KK to DD had no effect on the in vitro
basal kinase activity of PI3Kb in assays with
purified enzyme from insect cells (Fig. 1F)
or in assays with enzyme immunopurified
from mammalian cells (fig. S4, A and B).
However, whereas wild-type PI3Kb was mark-
edly activated by the addition of Gbg, neither
the 532KK-DD mutant nor the loop-swap
mutant of PI3Kb was activated by Gbg
(Fig. 1F and fig. S4, A and B). Wild-type
and mutant enzymes were activated to a sim-
ilar extent by pY (Fig. 1F and fig. S4, A
and B), even though the mutation sits close
to the predicted p85-nSH2–binding site (Fig.
1C) (20). Similar results were obtained with
a 514KAAEI-DAAKA mutant of p110b,
which targets the N-terminal end of the loop
(fig. S4C). The degree of activation of PI3Kb
by pYand Gbg (Fig. 1) was consistent with
previous studies with baculovirally expressed
PI3Kb purified from insect cells (7, 15), al-
though it was substantially greater than that
seen with PI3Kb immunopurified from
transfected mammalian cells (fig. S4). These
differences in fold activation may reflect the
influences of assay conditions (see Supple-
mentary Materials), N-terminal tags on ba-
sal activity, or the presence of an antibody
bound to the immunopurified enzyme (2, 21).

Role of Gbg-mediated activation
of p110b in signaling,
transformation, and cell motility
To measure the effect of the p110b muta-
tion on signaling to the serine and threonine
kinase Akt, we transfected human embry-
onic kidney (HEK) 293E cells with plas-
mids encoding the wild-type or 532KK-DD
mutant p110b together with plasmids en-
coding p85a and myc-tagged Akt (myc-
Akt), with or without plasmids encoding
Gb1g2 subunits, which activate p110b in
vitro (22). Gbg-dependent Akt activation
in this system was specifically inhibited
by the p110b inhibitor TGX-221 and there-
fore reflected Gbg-mediated stimulation of
p110b (fig. S5A). Whereas cells containing
wild-type PI3Kb showed a marked increase
in the abundance of Akt activated by phos-
phorylation at Thr308 (pT308-Akt) in the
presence of exogenous Gbg subunits, cells
transfected with plasmid encoding the 532KK-
DD mutant PI3Kb showed a complete loss
Fig. 2. Role of Gbg in PI3Kb-mediated signaling, transformation, motility, and chemotaxis. (A) HEK 293E
cells were transfected with plasmids encoding myc-Akt and either WT or the 532KK-DD mutant PI3Kb, with
or without plasmids encoding Gbg. Akt activation in samples immunoprecipitated (IP) with an antibody
against myc was analyzed by Western blotting with an antibody against pT308-Akt. The ratio of the amount
of pAkt to that of total Akt is expressed as a percentage of that under basal conditions. (B) NIH 3T3 cells
stably expressing WT or mutant PI3Kb were stimulated with 10 nM LPA for 5 min. Akt activation was ana-
lyzed by Western blotting with anti-pT308-Akt antibody and quantified as described earlier. (C) HEK 293T
cells were transfected with plasmid encoding WT or 532KK-DD mutant p110b. Cell lysates were incubated
with glutathione S-transferase (GST) or GST-Rab5 immobilized on glutathione-Sepharose beads, and
bound material was analyzed by Western blotting. Graphs in each panel show the mean percentage
pulldown ± SEM from three separate experiments. (D and E) NIH 3T3 cells were transfected with plasmids
encoding p85a and either WT or the 532KK-DD mutant p110b, and (D) the formation of colonies in soft agar
or (E) the formation of foci were measured. Graphs in each panel show the means ± SEM from three
separate experiments. (F) Migration of control NIH 3T3 cells or cells stably expressing WT or mutant PI3Kb
toward fetal bovine serum (FBS) was measured in a Boyden chamber assay. Assays were conducted in
triplicate, and the data are pooled from two separate experiments.
www.SCIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 3
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of Akt activation in the presence of Gbg subunits (Fig. 2A). Similarly,
lysophosphatidic acid (LPA)–stimulated Akt activation was greater in
NIH 3T3 cells stably expressing wild-type PI3Kb than in cells expressing
the 532KK-DD mutant p110b (Fig. 2B). The 532KK-DD mutation had no
effect on the binding of p110b to the small guanosine triphosphatase
(GTPase) Rab5 (Fig. 2C), indicating that interactions of mutant p110b
with other intracellular regulators were intact. These data show that the
C2-helical linker region of p110b is necessary for Gbg-mediated activa-
tion of PI3Kb in vitro and in cells.

To test the biological relevance of Gbg-mediated activation in p110b
signaling, we compared the ability of wild-type and mutant p110b
constructs to mediate cellular transformation and motility. In a soft-agar
www.
colony formation assay, cells transfected with plasmid encoding wild-type
PI3Kb generated substantially more colonies than did control cells. How-
ever, transfection of cells with plasmid encoding the 532KK-DD mutant
PI3Kb resulted in a complete loss of transformation (Fig. 2D and fig.
S5B). Similar results were obtained in a focus formation assay, in which
NIH 3T3 cells transfected with plasmid encoding wild-type PI3Kb formed
a substantially greater number of foci compared to that formed by cells
transfected with plasmid encoding the 532KK-DD mutant PI3Kb (Fig.
2E and fig. S5C). This result was not due to differences in proliferation
because wild-type and mutant p110b caused similar increases in prolif-
eration compared to that of control NIH 3T3 cells (fig. S6A). Similar-
ly, wild-type, but not mutant, p110b increased the extent of chemotaxis
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Fig. 3. Mapping of the p110b-binding region in Gbg heterodimers with HDX-
MS. (A) The p110b–Gb-p85a-icSH2–Gg-C68S fusion heterotrimer (fusion)
was used to compare deuterium incorporation with that of free Gbg-C68S
(Gbg). Regions in Gb and Gg that showed >0.5 dalton and >5% changes
between free Gbg and the fusion were mapped onto the Gbgmodel (PDB ID:
1GOT). In addition to the protected peptides described in the text, there was
some exposure of the C terminus of Gb and the adjacent C terminus of Gg,
which were probably a consequence of the attachment of the C terminus of
Gb to the linker connecting to p85 in the fusion. (B) All peptides in Gb and Gg
that showed changes in deuteration extent between free Gbg and the fusion
proteins are shown. The stretch of amino acid residues 52 to 66 in Gg is
labeled as a segment to denote that these data were generated by subtrac-
tion of the deuterium incorporation of peptides 44 to 51 from that of peptides
44 to 66. Stars indicate changes that were >0.5 dalton and >5%. Experi-
ments were performed in duplicate and graphs show the SD. (C) Crystal
structure of Gbg bound to Ga (PDB ID:1GOT). Gbg is colored as in (A).
SCIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 4
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of cells toward serum in aBoyden chamber assay (Fig. 2F). The ability ofwild-
type p110b to enhance transformation and migration was Gbg-dependent
because it was inhibited by pertussis toxin (fig. S6, B and C). These data
showed that the GPCR inputs to PI3Kb transmitted by Gbg are critical
for PI3Kb-mediated cellular transformation and enhancement of motility.

Identification of the p110b-binding site on
Gbg by HDX-MS
To explore the possibility of specifically inhibiting the interactions be-
tween p110b and Gbg, we used the HDX-MS approach to determine
the region on Gbg that binds to p110b (Fig. 3). We identified two regions
on Gbg that were more protected in the fusion compared to in the free
Gbg. One of the peptides spans residues 31 to 45 in Gb, in the linker
between the N-terminal a-helix and the first blade of the b-propeller
(Fig. 3, A and B). This region was not previously observed to interact with
other Gbg effectors. The other more protected stretch spans residues 85 to
99 in the second blade of the b-propeller, a region previously identified to
be of major importance for the activation of phospholipase C b2 (PLC-b2)
(23, 24). This region contains the residue Trp99 at the top of the propeller,
which is part of the “hotspot” region in Gb that makes contacts with sev-
eral effectors (25). These data showed that p110b shares a common Gbg-
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binding surface with other effectors, such
as the G protein a-subunit (Fig. 3C),
PLC-b, adenylyl cyclase (26), and PI3Kg
(27), but that it also uniquely affects a link-
er region between the N-terminal a-helix
and the first blade of Gb. This interface
could provide an attractive target for thera-
peutics because targeted disruption of this
interface should have relatively specific
effects on Gbg-mediated activation of
p110b.

Inhibition of the proliferation,
chemotaxis, and invasion of
PTEN-null tumor cells by a
peptide inhibitor of the
p110b-Gbg interaction
To generate an inhibitor of p110b-Gbg in-
teractions, we synthesized a peptide derived
from the C2-helical linker region of p110b
(514KAAEIASSDSANVSSRGGKKFLPV).
The peptide had no effect on basal PI3Kb
activity (Fig. 4A) but blocked Gbg-dependent
activation of PI3Kb in vitro, whereas a scram-
bled peptide had no effect (Fig. 4B). Simi-
lar results were obtained with N-myristoylated
and N–HIV-1 trans-acting transcriptional
activator (TAT)–labeled versions of the pep-
tide (Fig. 4C), which are cell-permeable ver-
sions of the peptide. The peptide had no
effect on Gbg-mediated activation of p101-
p110g dimers, whichwere inhibited by peptides
that target the canonical Gbg effector–binding
site (SIGK and QEHA, Fig. 4D).

We tested the effects of the myris-
toylated peptide on Gbg-mediated activation
of Akt in NIH 3T3 cells transfected with
plasmid encoding myc-Akt with or without
plasmids encoding Gbg subunits. The myr-
www.
istoylated p110b peptide completely inhibited Gbg-mediated (Fig. 5A)
and LPA-stimulated (Fig. 5B) increases in Akt phosphorylation at Thr308

at a concentration of 30 mM (fig. S7A), whereas myristoylated scrambled
peptide or vehicle control had minimal effects. In contrast, the myris-
toylated peptide had no effect on epidermal growth factor–dependent ac-
tivation of Akt in a cell line in which TGX221 had a substantial inhibitory
effect (fig. S7B), which showed that the myristoylated peptide had no ef-
fect on RTK-mediated activation of PI3Kb in intact cells. The inhibitory
activity of the myristoylated peptide required its entry into the cells be-
cause both myristoylated and TAT-tagged peptides inhibited Gbg-dependent
activation of Akt, whereas unmodified peptide had no such effect (fig.
S7C). In addition, the myristoylated p110b peptide, but not the myris-
toylated scrambled peptide, inhibited PI3Kb-dependent transformation
of NIH 3T3 cells, as was observed in a soft-agar colony formation assays
(Fig. 5C and fig. S5B) and focus formation assays (Fig. 5D and fig. S5C).
Inhibition of cellular transformation by the myristoylated p110b peptide
was not a result of decreased proliferation because neither the myris-
toylated peptide nor pertussis toxin inhibited the proliferation of NIH 3T3
cells transfected with plasmid encoding PI3Kb (fig. S7D). In contrast, the
myristoylated peptide had no effect on cellular transformation caused by
expression of oncogenic Ras (Fig. 5E). The myristoylated peptide also blocked
Fig. 4. A peptide derived from p110b blocks the activation of PI3Kb by Gbg in vitro. (A) PI3Kb immunopu-
rified from HEK 293T cells was incubated in the absence or presence of 1 mM p110b peptide or scrambled
peptide and assayed for lipid kinase activity. (B) PI3Kb immunopurified from HEK 293T cells was incu-
bated in the absence or presence of recombinant lipidated Gbg and 1 mM p110b peptide or scrambled
peptide and assayed for lipid kinase activity. (C) PI3Kb immunopurified from HEK 293T cells was incu-
bated in the absence or presence of recombinant lipidated Gbg and 1 mM myristoylated or TAT-tagged
p110b peptide or scrambled peptide and assayed for lipid kinase activity. (D) Immunopurified p101-p110g
from HEK 293T cells was incubated with or without recombinant lipidated Gbg and 1 mM p110b peptide,
scrambled peptide, 1 mM QEHA peptide, or 10 mM SIGK peptide. Data are the means ± SEM of triplicate
measurements and are representative of two to three experiments.
SCIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 5
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the enhanced migration in a Boyden cham-
ber assay of NIH 3T3 cells transfected with
plasmid encoding PI3Kb (Fig. 5F).

Control experiments showed that the
effects of the myristoylated peptide were
specific for p110b-Gbg interactions. The
myristoylated peptide did not reduce the
abundance of p110b protein (Fig. 5, C and
D). In addition, the myristoylated p110b
peptide had no effect on Gbg-dependent
activation of the class IB PI3K (the p101-
p110g dimer) (fig. S8A), the synergistic acti-
vation of adenylyl cyclase by Gbg and Gas
(fig. S8B), or the Gbg-mediated activation
of PLC-b in cells (fig. S8C), and the non-
modified peptide had no effect on Gbg-
mediated activation of PLC-b in vitro (fig.
S8D). Similarly, the myristoylated peptide had
no effect on the p110b-dependent induc-
tion of autophagy or the binding of p110b
to Rab5 (fig. S8, E and F) (28), which is in
agreement with the 532KK-DD mutant p110b
having no effect on Rab5 binding (Fig. 2C).
Thus, the effects of the myristoylated peptide
specifically disrupted p110b-Gbg interactions.
These data showed that p110b-mediated
cellular transformation and migration re-
quires the binding of p110b to Gbg.

The growth of PTEN-null tumors de-
pends on p110b (8), and inhibition of Gbg
signaling or knock-in of a kinase-deficient
p110b blocks the growth of prostate cancer
cells (9, 29). To test the role of p110b-Gbg
interactions in PTEN-null prostate cancer
cells, we measured the proliferation of PC-3
cells in the presence of myristoylated p110b
peptide or scrambled peptide. Whereas
PC-3 cell proliferation was unaffected by
the myristoylated scrambled peptide or by
the p110b inhibitor TGX221, proliferation was
inhibited in the presence of myristoylated
p110b peptide or pertussis toxin (Fig. 6A).
Similar effects were seen in the PTEN-null
endometrial cancer cell lines AN3CA and
RL95-2 but not in the PTEN-replete endome-
trial cancer line KLE (Fig. 6B). Myristoylated
p110b peptide also inhibited the chemo-
taxis of PC-3 cells toward serum in a Boyden
chamber assay (Fig. 6C). Finally, in a collagen
invasion assay designed to mimic paracrine
interactions between macrophages and tu-
mor cells during invasion (30), macrophage-
dependent PC-3 cell invasion was blocked
by the myristoylated p110b peptide (Fig. 6D)
but not by myristoylated scrambled peptide.
These data suggest that GPCR-mediated ac-
tivation of p110b in PTEN-null cells plays a
critical role in proliferation, chemotaxis, and
paracrine interactions between tumor cells
and macrophages during invasion.
Fig. 5. Peptide inhibitors disrupt PI3Kb activation and signaling in response to Gbg. (A) HEK 293E cells were
transfected with plasmids encoding p110b, p85, and myc-Akt with or without plasmid encoding Gbg. Cells
were treated with 30 mM peptide or scrambled peptide for 30 min, and the extent of phosphorylation of Akt
at Thr308 (T308) was determined by Western blotting analysis. (B) NIH 3T3 cells were pretreated with TGX221,
p110b peptide, or scrambled peptide and stimulated with 10 nM LPA for 5 min before the extent of phos-
phorylation of Akt at Thr308 was determined by Western blotting analysis. (C) NIH 3T3 cells were transfected
with plasmids encoding WT p110b and p85a, and colony formation in soft agar was measured in the ab-
sence or presence of 30 mM p110b-derived myristoylated peptide or scrambled peptide. (D) NIH 3T3 cells
were transfected with plasmids encoding WT p110b and p85a, and the formation of foci was measured in
the absence or presence of 30 mM p110b-derived myristoylated peptide or scrambled peptide. (E) NIH 3T3
cells were transfected with plasmids encoding p110b and p85 or with plasmid encoding 12V-Ras. Cells
were incubated with or without p110b peptide or scrambled peptide, and the formation of colonies in soft
agar was measured. (F) Migration of NIH 3T3 stably expressing p110b and p85a toward FBS in a Boyden
chamber, in the absence or presence of p110b peptide or scrambled peptide. The graphs in panels (A) to
(D) and (F) show the means ± SEM from three to four separate experiments. The data in (E) show the
means ± SEM from triplicate measurements and are representative of two experiments.
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DISCUSSION

Over the last few years, there has been an increased appreciation of the
roles of GPCRs in cancer, both through direct signaling and by transacti-
vation of RTKs (31–33). Although the activation of the PI3Kb isoform of
PI3K by Gbg subunits has been known for many years, the mechanism of
this interaction is unclear, and it has been difficult to specifically study
GPCR-regulated signaling by PI3Kb. Our identification of the Gbg-
binding site in p110b and the reciprocal p110b-binding site in Gbg has
enabled the construction of mutants and peptide-based inhibitors that spe-
cifically disrupt this interaction. Using these approaches, we have demon-
strated a critical role for Gbg signaling to PI3Kb in p110b-mediated
transformation, as well as in the proliferation and invasion of PTEN-null
prostate cancer cells. Our data suggest that GPCR-mediated activation of
PI3Kb could provide a new target for the design of anticancer therapeutics.
www.
The Gbg-binding site comprises a surface loop that bridges helices
La5 and H1A between the C2 and helical domains of p110b. This loop
is close to the inhibitory contact site for the nSH2 domain of p85 (Glu552).
We can propose two mechanisms for the activation of p110b by Gbg: one
through membrane recruitment and the other through relief of SH2-
mediated inhibition. These mechanisms are not mutually exclusive, and
it is likely that both contribute. Gbg stimulates p110b in the absence of
p85 (7), as well as when p110b was associated with a p85 construct con-
sisting of only the iSH2 domain (p85-i) or with a construct having the
iSH2 connected to the inhibitory cSH2 domain (p85-ic) (fig. S9). Further-
more, Gbg activated PI3Kb in the absence of pY (Fig. 1F). Consequently,
relief of SH2-mediated inhibition cannot be the only mechanism of acti-
vation of p110b by Gbg. Our studies with PI3Kb and Gbg in the presence
of liposomes showed that Gbg binding enhanced the interactions of the
kinase domain with lipid membranes (fig. S2, B and D). This suggests
SCIENCESIGNALING.org 4 D
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that a portion of the activation mechanism
involves increased targeting to membranes
because of the lipid moiety of the prenylated
Gbg. On the other hand, activation of p110b
by pY peptides involves the relief of inhi-
bition by the N- and C-terminal SH2 domains
(15), and both pYand Gbg are required for
maximal stimulation of PI3Kb. It is possi-
ble that pY binding to the nSH2 only par-
tially relieves its inhibitory contact and that
Gbg more completely displaces it to achieve
full activation. It is also possible that by Gbg
increasing the membrane affinity, the pres-
ence of the membrane surface sterically helps
to displace the inhibitory N- and C-terminal
SH2 domains. Of note, the Gbg-binding re-
gion of p110b shows low sequence simi-
larity with the corresponding region of the
other Gbg-regulated PI3K catalytic subunit,
p110g. Consequently, it is not straightforward
to predict the Gbg-binding region of p110g,
and this will require experimental mapping.

Because the peptide inhibitor did not
affect the activity of p110b directly, we pre-
sume that its mechanism of action is through
binding to the p110b-interacting site within
Gbg. HDX-MS analysis of p110b binding
to Gbg revealed a partial overlap with sur-
faces that bind to canonical Gbg effectors,
as well as a region that appears to be unique
to p110b: the linker region between the
N-terminal a-helix and the first blade of Gb.
We have not determined the binding site
for the p110b-derived peptide within Gbg.
However, the specificity of the peptide’s
effects for the interaction between Gbg and
p110b, rather than adenylyl cyclase, PLC-b,
or p101-p110g, suggests that the peptide
interacts with the unique region of the
p110b-binding surface in Gbg. An alternative
explanation accommodates the fact that the
binding of p110b to Gbg is weak relative to
that of other canonical effectors. In this
model, the p110b peptide may bind to a
portion of the canonical interface, but with
Fig. 6. Inhibition of the proliferation and chemotaxis of prostate cancer cells. (A) The proliferation of PC-3
cells was measured by the MTT assay in the absence or presence of 200 nM TGX221, 30 mMmyristoylated
p110b-derived peptide, or 30 mM scrambled peptide. (B) Proliferation assays were performed on two
PTEN-null endometrial cancer cell lines (AN3CA and RL95-2 cells) and one PTEN-positive endometrial
cancer cell line (KLE cells) grown in the absence or presence of myristoylated p110b-derived peptide
or scrambled peptide. (C) Chemotaxis of PC-3 cells toward 10% FBS in the absence or presence of
20 mM p110b-derived peptide or scrambled peptide was measured in Boyden chambers. (D) Bone
marrow–derived macrophages and CellTracker Red–labeled PC-3 tumor cells were coplated in 24-well
dishes and overlaid with collagen. Cells were incubated for 24 hours in the absence or presence of
p110b-derived peptide or scrambled peptide, and invasion into the collagen was measured by confocal
microscopy. Data are the means ± SD from two separate experiments for (B) and (D) and are the means ±
SEM from three separate experiments for (A) and (C).
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an affinity low enough to displace p110b but not other Gbg effectors. We
cannot experimentally distinguish between these hypotheses at this time.
Finally, it is formally possible that the peptide contacts Gbg in a manner
that is distinct from that which occurs with the corresponding loop in
p110b. Studies are in progress to define the peptide-binding site, and these
will be useful in designing a better inhibitor of the Gbg-p110b interaction.

PI3Kb is ubiquitously expressed and has been implicated in the regu-
lation of vascular tone (34), thrombogenesis (35), male fertility (36),
phagocytosis in macrophages (37), and integrin signaling (38). In addition,
p110b has kinase-independent functions, including involvement in clathrin-
mediated endocytosis, cell proliferation, and DNA repair (10, 39, 40). The
role of GPCR signaling to PI3Kb in these systems can now be directly
addressed. With regard to the requirement for PI3Kb in PTEN-null tumors
(8), our data suggest that Gbg interactions with PI3Kb are critical for the
growth and invasion of these tumors. Surprisingly, the peptide was more
efficacious in inhibiting the proliferation of PC-3 cells than was the p110b-
specific kinase inhibitor TGX221. This is consistent with studies showing
that kinase-deficient p110b rescues proliferative defects in mice (10, 39)
and suggests that at least some of the Gbg signaling to p110b involves the
scaffolding functions of p110b. In contrast, previous studies have shown
that kinase-deficient p110b does not support transformation in PTEN-null
cells (8), suggesting that stimulation of PI3Kb activity by Gbg is required
for transformation.

The role of GPCR signaling in PTEN-null tumors has not been exten-
sively studied. It will be important to determinewhether peptidomimetics or
other small-molecule inhibitors of the p110b-Gbg interface might be ther-
apeutically useful in the treatment of somePTEN-null tumors. Currently,we
do not know which GPCRs function upstream of Gbg in the activation or
targeting, or both, of PI3Kb. Defining these upstream inputs would provide
an alternative approach to the treatment of tumors dependent on p110b.
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MATERIALS AND METHODS

Design and cloning of constructs and transfections
The loop swap, 532KK-DD and 514KAAEI-DAAKA mutants were generated
with theQuickChange kit (Stratagene). The Gb-p85a-icSH2 fusion construct
was cloned with standard digestion and ligation strategies, linking the
sequence encoding the C terminus of human Gb1 to that encoding the
N terminus of human p85a-ic (residues 432 to 724) with a 25-residue
linker of the following sequence: GSPGISGGGGGPGSGGGGSGGGGSG.
All mutants were confirmed by sequencing. Transfections were performed
with FuGENE HD (Roche).

Purification of p110b-p85a dimers expressed
in insect cells
Recombinant baculoviruses were generated and propagated with the Bac-
to-Bac expression system (Invitrogen) according to the manufacturer’s re-
commendations. For expression, 3 liters of Spodoptera frugiperda (Sf9)
cells at a density of 1.0 × 106 cells/ml were co-infected with an optimized
ratio of viruses encoding complexes of the catalytic and regulatory subunit
of PI3K. After 55 hours of infection at 27°C, cells were harvested and
washed with ice-cold phosphate-buffered saline (PBS) supplemented with
0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF;
Melford). Subsequently, cells were lysed by sonication for 4 min in 120 ml
of buffer A1 [20 mM tris (pH 8), 300 mM NaCl, 10 mM imidazole] con-
taining 0.5 mM AEBSF and were centrifuged for 20 min at 140,000g. The
supernatant was filtered through a 0.45-mm Minisart filter unit (Sartorius
Biotech) before loading onto two connected 5-ml HisTrap FF columns
(GE Healthcare). The columns were washed first with buffer A1 and then
www.
with buffer A2 [20 mM tris (pH 8), 100 mM NaCl, 10 mM imidazole,
2 mM 2-mercaptoethanol (2-ME)] and eluted with a gradient from 0 to
100% of buffer A2 containing 150 mM imidazole. Fractions were ana-
lyzed on 4 to 12% bis-tris Novex gels (Invitrogen) with Mops buffer.
The protein complex was further purified on a 5-ml HiTrap Q-HP column
(GE Healthcare) with buffer C [20 mM tris (pH 8), 2 mM dithiothreitol
(DTT)] and was eluted with buffer D [20 mM tris (pH 8), 2 mM DTT,
1 M NaCl]. The complex was concentrated with Amicon 50K centrifugal
filters (Millipore) and loaded onto a 16/60 Superdex 200 gel filtration
column (GE Healthcare) at 4°C running with buffer E [20 mM Hepes
(pH 7.5), 100 mM NaCl, 2 mM tris(2-carboxyethyl)phosphine (TCEP)].
The heterodimer was concentrated to about 5 mg/ml, frozen in liquid ni-
trogen, and stored at −80°C.

Purification of p110b-p85a dimers from mammalian cells
HEK 293T cells were cotransfected with plasmids encoding myc-p110b
and p85a, and the proteins were coimmunoprecipitated with anti-myc an-
tibody. Pellets were washed sequentially three times in PBS containing 1%
NP40; three times in 50 mM tris (pH 7.4) and 500 mM LiCl2; and twice
in 20 mM tris (pH 7.5), 100 mM NaCl, and 1 mM EDTA. Pellets were
resuspended in a final volume of 50 ml of 40 mM Hepes (pH 7.4), 0.1%
bovine serum albumin (BSA), 1 mM EGTA, 7 mM MgCl2, 120 mM
NaCl, 1 mM DTT, and 1 mM b-glycerophosphate.

Purification of Gbg expressed in insect cells
Recombinant human Gb1, N-terminally hexahistidine-tagged bovine wild-
type Gg2, and the Gg2(C68S) mutant were produced in Sf9 cells and pur-
ified as described previously (27). Isoprenylated Gb1His-g2 was isolated
from the membrane fraction. The membrane extract was clarified by ul-
tracentrifugation at 100,000g for 1 hour and diluted five times with a
buffer containing 20 mM Hepes-NaOH (pH 7.7), 100 mM NaCl, 0.1%
polyoxyethylene-10-lauryl ether (C12E10), and 10 mM 2-ME. The extract
was supplemented with 25 mM imidazole and incubated with Ni2+-NTA
Superflow beads (Qiagen) for 1 hour. The mixture was loaded onto a col-
umn cartridge and extensively washed with buffer containing 20 mM im-
idazole. Thereafter, bound insect Ga subunits were eluted with AlCl3 in
the presence of Mg2+. Subsequently, Gb1His-g2 dimers were eluted with a
buffer containing 20 mM tris-HCl (pH 8.0), 25 mM NaCl, 0.1% C12E10,
200 mM imidazole, and 10 mM 2-ME. Gb1His-g2 eluted from the Ni2+-
NTA matrix was diluted and loaded onto a 1-ml Resource 15Q HR 5/5
column (GE Healthcare) equilibrated with a buffer containing 20 mM tris-
HCl (pH 8.0), 8 mM CHAPS, and 2 mM DTT. Bound proteins were
eluted and fractionated with a continuous gradient elution (0 to 500 mM
NaCl). Peak fractions were pooled and concentrated with Amicon 10 con-
centrators (Millipore). The protein was then loaded onto a gel filtration
Superdex 200 HR 10/30 column (GE Healthcare) and eluted with a buffer
containing 20 mM Hepes-NaOH (pH 7.7), 100 mM NaCl, 10 mM
CHAPS, and 2 mM TCEP. Peak fractions were pooled and concentrated
with Amicon 10 concentrators (Millipore). Purified proteins were quantified
by Coomassie Brilliant Blue staining after SDS–polyacrylamide gel electro-
phoresis (SDS-PAGE) analysis with BSA as a standard. Proteins were
stored at −80°C. Nonlipidated Gb1His-g2(C68S) was purified from the cy-
tosolic fraction of Sf9 cells. After separation from the membrane fraction,
the cytosolic fraction was supplemented with 15 mM imidazole and incu-
bated with Ni2+-NTA Superflow beads (Qiagen) for 1 hour. The mixture
was loaded onto a column cartridge and extensively washed with a buffer
containing 20 mM Hepes-NaOH (pH 7.7), 300 mM NaCl, 15 mM imid-
azole, and 10 mM 2-ME. Gb1His-g2(C68S) mutants were eluted with a
buffer containing 20 mM tris-HCl (pH 8.0), 25 mM NaCl, 200 mM im-
idazole, and 10 mM 2-ME. The protein eluted from the Ni2+-NTA matrix
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was diluted and loaded onto a 1-ml Resource 15Q HR 5/5 column (GE
Healthcare) equilibrated with a buffer containing 20 mM tris-HCl (pH 8.0)
and 2 mM DTT. Bound proteins were eluted and fractionated with a con-
tinuous NaCl gradient elution (0 to 600 mM NaCl). Peak fractions were
pooled and concentrated with Amicon 10 concentrators (Millipore). The
protein was then loaded onto a gel filtration Superdex 200 HR 10/30 col-
umn (GE Healthcare) and eluted with a buffer containing 20 mM Hepes-
NaOH (pH 7.7), 100 mM NaCl, and 2 mM TCEP. Peak fractions were
pooled and concentrated with Amicon 10 concentrators (Millipore). Puri-
fied proteins were quantified by Coomassie Brilliant Blue staining after
SDS-PAGE with BSA as a standard. Proteins were stored at −80°C.

Preparation of lipid vesicles
For assays with immunopurified material from mammalian cells, lipid ves-
icles consisting of 38% phosphatidylethanolamine (PE), 35.5% phospha-
tidylserine (PS), 16.3% phosphatidylcholine (PC), 3.5% sphingomyelin,
and 6.7% phosphatidylinositol-4,5-bisphosphate (PIP2) (all percentages
by weight) (41) were dried under argon; resuspended at 0.66 mg/ml in
40 mM Hepes (pH 7.4), 0.1% BSA, 1 mM EGTA, 7 mM MgCl2, 120 mM
NaCl, 1 mM DTT, and 1 mM b-glycerophosphate; and sonicated in a
Branson cup sonicator. For assays with recombinant protein purified from
insect cells, vesicles were prepared by adding the lipid components to-
gether in chloroform and evaporating the organic solvent under a stream
of dry argon. The lipid film was allowed to dry for 30 min under vacuum
and was then resuspended in a solution of 20 mM tris (pH 7.5), 100 mM
KCl, and 1 mM EGTA. The lipids were first bath-sonicated for 10 min
and then subjected to 10 cycles of freeze-thaw between liquid nitrogen and
a 37°C water bath. The liposomes were finally extruded 10 times through
a 100-nm filter (Whatman, Anotop 10) with a gas-tight syringe. Vesicles
were frozen at −80°C for storage and were used within 1 month of prep-
aration. Vesicle composition was 5% brain-PIP2 (Sigma), 20% brain-PS
(Sigma), 45% brain-PE (Avanti), 15% dioleoyl-PC (Avanti), 10% choles-
terol (Sigma), and 5% egg-sphingomyelin (Sigma). Percentages are based
on weight.

Assay of lipid kinase activity with
immunopurified enzyme
For assays with immunoprecipitated enzymes, myc-tagged wild-type or
mutant p110b together with p85a was coimmunoprecipitated with an anti-
myc antibody from appropriately transfected HEK 293T cells. For assays
with Gbg, Gbg was preincubated with lipid vesicles for 30 min and then
added to the resuspended enzyme pellets (41). For assayswith phosphopep-
tide, 1 mM (final concentration) tyrosyl phosphorylated peptide [mouse
PDGFR residues 735 to 767, sequence: ESDGG(pY)MDMSKDESID
(pY)VPMLDMKGDIKYADIE; referred to as pY] and lipid vesicles were
added directly. The assay (immunoprecipitated enzyme and 200 nM Gbg,
320 mMPE, 300 mMPS, 140 mMPC, 30 mMSphingomyelin, and 300 mMPI
in a final volume of 81 ml) was initiated by the addition of 5 ml of adenosine
5′-triphosphate (ATP) (116 mM final concentration) containing 1 mCi of
[32P]ATP. After 10 min at 22°C, the assay was stopped by the addition
of EDTA (50 mM final concentration), and 5-ml aliquots were spotted
on nitrocellulose membranes. The membranes were washed five times in
1 M NaCl containing 1% phosphoric acid, dried, and counted with a Mo-
lecular Dynamics PhosphorImager. Alternatively, assays were analyzed by
thin layer chromatography by stopping the reaction with 20 ml of 8N HCl,
mixing with 160 ml of a 1:1 solution of methanol/chloroform, and centrif-
ugation to separate the phases; after which, 20 ml of the organic phase was
spotted onto a silica gel plate (EMD Merck). Plates were developed in a
solvent system consisting of 60 ml of chloroform, 47 ml of methanol,
11.2 ml water, and 2 ml of ammonium hydroxide; dried; and counted with
www.
a Molecular Dynamics PhosphorImager. For assays using the inhibitory
peptides, a 1 mM final concentration of peptides (wild-type p110b:
KAAEIASSDSANVSSRGGKKFLPV; scrambled p110b: NGAEKVG-
SADSKSIAFVSLKARSP) in 20 mM tris-HCl (pH 7.4) and 10 mMNaCl
was incubated with 200 nMGbg for 30 min on ice, and then with lipids, as
described earlier, for 10 min on ice, and finally for 10 min with immuno-
purified PI3K; after which, the kinase assay described earlier was per-
formed. For assays of immunopurified PI3Kg in the presence of peptide,
peptides (1 µMwild-type p110b; 1 µM scrambled p110b; 10 µMSIGK: SIG-
KAFKILGYPDYD; or 1 µM QEHA: QEHAQEPERQYMHIGTMVEFA-
YALVGK) in 20 mM tris-HCl (pH 7.4) and 10 mM NaCl were incubated
with 200 nM Gbg for 30 min on ice and then incubated with lipids as de-
scribed earlier for 10 min on ice, before finally being incubated for 10 min
with immunopurified PI3Kg from baculovirus-infected insect cells; after
which, the kinase assay described above was performed.

Assay of lipid kinase activity with enzyme
purified from insect cells
For assays with recombinant PI3K from baculovirus-infected insect cells,
lipid vesicles were used at a final concentration of 1 mg/ml and were
prepared as described earlier. Stock solutions of threefold concentrated
wild-type or mutant PI3Kb constructs were prepared at 75 nM (for assays
of basal, pY-stimulated, and Gbg-stimulated activity) and at 0.75 nM (for
assay of synergistic activation by pYand Gbg) in 20 mM Hepes (pH 7.5),
100 mMNaCl, 2 mMDTT, 9 mMMgCl2, and 3 mMEDTA. Substrate stock
solutions containing lipids (3 mg/ml) supplemented with either 900 nM
RTK-pY [from a 100 mM stock in 10 mM Hepes (pH 7.5), 0.2% dimethyl
sulfoxide (DMSO)], 1.5 mMGb1g2 [from a 50 mM stock in 20 mM Hepes
(pH 7.5), 100 mM NaCl, 2 mM TCEP, 10 mM CHAPS], or both agonists
were prepared in 20 mM Hepes (pH 7.5), 100 mM NaCl, and 2 mM DTT.
The concentrations of CHAPS and DMSO were adjusted to be equal
under all conditions. A 300 mM ATP solution containing [g32P]ATP
(0.1 mCi/ml) was prepared. The reaction was started by mixing 3 ml of
protein stock with 3 ml of substrate stock and 3 ml of ATP solution. The
reaction was stopped after 60 min by transferring 3 ml of reaction mixture
to 3 ml of a 20 mM EDTA quench buffer. Lipid kinase activity was de-
termined with a modified membrane-capture radioactive assay measuring
the production of 32P-labeled PIP3 (42). Three microliters of this mixture
was then spotted on a nitrocellulose membrane. The membrane was dried
and washed six times with 1 M NaCl containing 1% phosphoric acid. The
membrane was then air-dried before exposure to a phosphor screen (Mo-
lecular Dynamics) for 15 min. The intensity of the spots on the membrane
was imaged with a Typhoon PhosphorImager (GE Healthcare) and quan-
tified with ImageQuant software (GE Healthcare).

HDX-MS measurements
HDX-MS analyses of PI3Kb and Gbg were performed by following a sim-
ilar protocol as that previously described (16). In the experiment identi-
fying interaction sites between PI3Kb and soluble Gbg-C68S, the rate of
exchange of the p110b–Gb1-p85a-icSH2–Gg2-C68S fusion heterotrimer
was compared to those of a p110b–p85a-icSH2 free heterodimer and a
free Gb1g2-C68S heterodimer. Protein stock solutions at 7 mM were
prepared in 20 mM Hepes (pH 7.5), 100 mM NaCl, and 2 mM DTT.
Exchange reactions were started by mixing 10 ml of protein stock with
40 ml of a 98% D2O solution containing 10 mM Hepes (pH 7.5) and
50 mM NaCl, reaching a final concentration of 78% D2O. Deuterium ex-
change reactions were run for 3, 30, 300, and 3000 s of on-exchange at
23°C before the reactions were quenched. An additional experiment for 3
s of on-exchange was performed at 0°C to examine the exchange rates of
very rapidly exchanging hydrogens. On-exchange was stopped with 20 ml
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of quench buffer containing 1.2% formic acid and 2 M guanidine-HCl,
which lowered the pH to 2.6. Samples were then immediately frozen in
liquid nitrogen and stored at −80°C for no longer than 7 days. For HDX-
MS studies in the presence of lipids, on-exchange experiments were per-
formed in the presence of 10 mM PDGFR pY. Lipid vesicles at 5 mg/ml
were diluted eightfold with the 98% D2O solution described earlier. Pro-
tein stock solutions containing 10 mM pY [40 mM stock in 10 mM Hepes
(pH 7.2) and 0.08% DMSO] were prepared and incubated for 10 min be-
fore the addition of deuterated buffer. To shift the equilibrium toward the
PI3Kb-lipidated Gbg complex and minimize the concentration of free
p110b-p85 heterodimer, we used a Gbg concentration (10 mM) that was
in excess of the PI3Kb concentration (3 mM). PI3Kb-pY (state 1), in the
presence of lipids (state 2), and in the presence of lipids and Gbg (state 3)
were used in this set of experiments to differentiate between changes in the
exchange of PI3Kb arising from membrane interaction and those from
Gbg interaction. Exchange reactions were started by the addition of 10 ml
of protein stock to 40 ml of lipid-containing D2O solution, reaching a final
concentration of 69% D2O. Deuterium exchange reactions ran for the
same time points described for experiments with the fusion construct,
but no measurements were performed at 0°C because of problems with
lipid precipitation. Samples were stored at −80°C for a maximum of
1 week before deuterium incorporation was measured. Every time point
and state was a unique experiment, and every HDX-MS experiment was
repeated twice.

Measurement of deuterium incorporation
Samples were rapidly thawed on ice and injected onto an ultraperformance
liquid chromatography (UPLC) system immersed in ice. The protein was
run over an immobilized pepsin column (Applied Biosystems, Poroszyme,
2-3131-00) at 130 ml/min and collected over a particle van-guard pre-
column (Waters) for 3 min. The trap was then eluted in line with an Ac-
quity 1.7-mm particle, 100 mm × 1 mm C18 UPLC column (Waters) with
a 5 to 36% gradient of buffer A (0.1% formic acid) and buffer B (100%
acetonitrile) over 20 min, and injected onto a LTQ Orbitrap XL (Thermo
Scientific) to acquire mass spectra of peptides ranging from 350 to 1500m/z.

Protein digestion and peptide identification
Mass analysis of the peptide centroids was performed as described previ-
ously, using the software HD-Examiner (Sierra Analytics) (16). Initial pep-
tide identification was done by running tandemMS/MS experiments using
a 5 to 35% B gradient over 60 min with an LTQ Orbitrap XL (Thermo Sci-
entific). Peptides were identified by Mascot search in Thermo Proteome
Discoverer software v. 1.2 (Thermo Scientific) based on fragmentation
and peptide mass. The MS tolerance was set at 3 parts per million (ppm),
with an MS/MS tolerance of 0.5 daltons. All peptides with a Mascot score
>15 were analyzed by the HD-Examiner software. Any ambiguous peptides
were excluded from the analysis. The full list of peptides was then manually
validated by searching a nondeuterated protein sample MS scan to test for
correct m/z state and to check for the presence of overlapping peptides. The
HD-Examiner software was used to automate the initial analysis of deute-
rium incorporation, but every peptide listed in the manuscript was manually
verified at every state and time to check for correct charge state, m/z range,
presence of overlapping peptides, and proper retention time.

Mass analysis of peptide centroids
Selected peptides were manually examined for deuterium incorporation
and accurate identification. Results are presented as relative extent of deu-
teration with no correction for back exchange because no fully deuterated
protein sample could be obtained. However, a correction was applied to
compensate for differences in the amount of deuterium in the exchange
www.S
buffer (78 or 69% in experiments with lipids). The real extent of deuter-
ation was ~25 to 35% higher than what is shown, based on tests performed
with fully deuterated standard peptides. The average error was ≤0.2 dalton
for corrected data of two replicates. The deuterium incorporation was also
plotted versus the on-exchange time. The 3 s at 0°C time point was labeled
as 0.3 s. Because we performed the experiments with lipids at lower protein
concentration to increase the lipid-to-protein ratio, some peptides analyzed
for the fusion construct could no longer be analyzed.

Akt activation
HEK 293T or HEK 293E cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% FBS and transfected with plas-
mids encoding human p85a, wild-type or mutant human myc-p110b, and
myc-Akt with or without plasmids encoding FLAG-tagged Gb1 (FLAG-Gb1)
and hemagglutinin-tagged Gg2 (HA-Gg2), as indicated. Cells were incu-
bated overnight in serum-free medium. N-myristoylated peptides (wild
type: KAAEIASSDSANVSSRGGKKFLPV; scrambled: NGAEKVG-
SADSKSIAFVSLKARSP; 50 mM stock in DMSO; final concentration,
30 mM), wortmannin (100 nM), PIK-75 (10 nM), and TGX-221 (50 nM)
were added to the medium for 30 min before lysis of cells. After incuba-
tion, cells were lysed and subjected to immunoprecipitation with anti-myc
antibodies. Lysates and immunoprecipitates were analyzed by Western
blotting for Akt and pT308-Akt with specific antibodies (Cell Signaling
Technologies) and were analyzed by enhanced chemiluminesence (GE
Healthcare) followed by densitometry or with the LI-COR Odyssey imag-
ing system. Results are shown as the ratio of the abundance of pAkt to that
of total Akt.

Transformation assays
NIH 3T3 cells grown in DMEM containing 10% normal calf serum were
transfected with plasmids encoding p110b and p85a constructs. Two days
after transfection, cells (2500 cells per well) were plated in 1 ml of 0.3%
top agar over 1 ml of 0.6% bottom agar in a six-well dish. Cell colonies
were counted 3 weeks later. In assays with the myristoylated peptides, pep-
tides were diluted to a concentration of 30 mM in both the top and bottom
gels as well as in the media.

Focus formation assays
NIH 3T3 cells were plated (at 2 × 105 cells per well) in six-well dishes and
were transfected with plasmids encoding myc-p110b and p85a constructs.
Cells were grown for 2 weeks, with medium changed every 2 days. The cells
were fixed and stained with crystal violet, and the numbers of foci per well
were counted. In assays with the myristoylated peptides, peptides were di-
luted to a concentration of 30 mM in the media for the duration of the assay.

Rab5 pulldown assays
HEK 293T cells were transfected with FuGENE HD with plasmids encod-
ing wild-type or mutant myc-p110b and p85a. The cells were washed with
cold PBS and lysed in 120 mM NaCl, 20 mM tris (pH 7.5), 1 mMMgCl2,
1 mM CaCl2, 10% glycerol, 1% NP40, containing EDTA-free protease
inhibitor cocktail (Roche), and phosphatase inhibitor cocktails 1 (EMD)
and 2 (Sigma). Lysates were incubated with GTPgS-Rab5 or GST beads
as previously described (43) and washed, and bound proteins were eluted
and analyzed by Western blotting.

Boyden chamber assays
NIH 3T3 cells, NIH 3T3 cells stably expressing wild-type or mutant
p110b, or PC-3 cells were plated at 5 × 104 cells on tissue culture inserts
containing 8.0-mm pores. The inserts were incubated with serum-free me-
dium in the presence of DMSO or myristoylated peptides (30 mM) in the
CIENCESIGNALING.org 4 December 2012 Vol 5 Issue 253 ra89 10
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upper chamber and medium containing DMSO or peptides with 10% FBS
in the lower chamber. After 24 hours, the cells were fixed in 4% para-
formaldehyde (PFA). The insert membranes were removed, stained, and
mounted on coverslips with Dapi Fluoromount (Southern Biotech). Im-
ages were collected at 10× magnification with a Nikon Diaphot inverted
fluorescence microscope and a SPOT Idea digital camera and were ana-
lyzed using ImageJ software.

MTT cell proliferation assays
The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Invitrogen) was performed as described by the manufacturer. Brief-
ly, 1 × 103 cells were plated in 96-well plates in the appropriate medium
with or without DMSO or 30 mM myristoylated peptides. At various
times, the cells were incubated with a 12 mM MTT solution in PBS for
4 hours at 37°C. An equal volume of SDS solution (0.1 g/ml) in 0.01 M
HCl was added, and absorbance was read at 570 nm with a Spectramax
M5 plate reader (Molecular Devices). The number of cells was calculated
using the ratio of optical density/cell number determined from a known
number of cells on day 1.

Collagen invasion assay
BAC-1.2F5 macrophages and PC-3 tumor cells were vitally labeled
with CellTracker Red CMPTX and CellTracker Green CMFDA, respec-
tively, and cocultured at a 2.5:1 ratio in a MatTek plate. After cell attach-
ment, the cells were overlaid with a collagen I gel. Invasion into the
three-dimensional gel was quantified after 24 hours by laser scanning
confocal microscopy detection of the fluorescent signal from the red
and green CellTracker dyes as described previously (30).

Adenylyl cyclase assay
Sf9 cells were infected with baculovirus coding for recombinant adenylyl
cyclase 2. Sf9 cell membranes containing adenylyl cyclase 2 were prepared
as previously described (44). Adenylyl cyclase activity was measured with
the procedure described by Smigel (45). All assays were performed for
10 min at 30°C in a final volume of 100 ml containing 5 mg of cyclase-
containing Sf9 membrane protein, 20 nM each of recombinant Gas and
Gbg, and 30 mM of myristoylated p110b peptide or a previously described
inhibitory QEHA peptide (QEHAQEPERQYMHIGTMVEFAYALVGK)
(46). The data are means ± SD from duplicate determinations and are rep-
resentative of two separate experiments.

LC3 puncta assays
HEK 293A cells stably expressing green fluorescent protein (GFP)–
tagged LC3 were plated on poly-L-lysine–coated coverslips; treated with
DMSO or myristoylated peptides (30 mM) for 30 min; and then incubated
in PBS, 100 nM rapamycin, and peptide for 2 hours at 37°C. Coverslips
were fixed in 4% PFA for 10 min at room temperature and then imaged
with 60× 1.4 numerical aperture optics with a Nikon Eclipse E400 micro-
scope. Images were collected with a Roper cooled charge-coupled device
camera and analyzed with ImageJ software.

In vitro activation of PLC-b
L-a-Phosphatidylethanolamine (Avanti Polar Lipids, bovine liver), L-a-
phosphatidylinositol-4,5-bisphosphate (Avanti, porcine brain), and
[3H]phosphatidylinositol-4,5-bisphosphate (NEN Radiochemicals)
were combined in chloroform, dried under a stream of N2, and resus-
pended in 20 mM Hepes (pH 7.2) by sonication. Recombinant PLC-b3
(1 nM) was incubated with the indicated concentrations of p110b pep-
tide, scrambled peptide, or SIGK peptide, with or without 200 nM Gaq
and in the presence or absence of 60 nM Gbg, for 10 min at 30°C in a
www.S
final volume of 60 ml containing 20 mM Hepes (pH 7.2), 8.3 mM NaCl,
BSA (0.167 mg/ml), 2 mM DTT, 70 mM KCl, 3 mM EGTA, 10 mM
NaF, 20 mM AlCl3, 5 mM MgCl2, 33 mM PIP2, 333 mM PE, and 10,000
to 15,000 dpm of [3H]PIP2; CaCl2 was added to give a free concentration
of 200 nM Ca2+. The assay was terminated by the addition of 200 ml of
10% trichloroacetic acid (TCA) and 100 ml of BSA (10 mg/ml), followed
by centrifugation for 10 min at 4500g. The supernatant was quantified by
liquid scintillation spectrometry.

Quantification of [3H]inositol phosphate
accumulation in cells
COS-7 cells were transiently transfected with or without plasmids encod-
ing Gbg subunits with FuGENE 6. The culture medium was changed
about 48 hours after plating to inositol-free DMEM (MP Biomedical)
containing [2-3H(N)]myo-inositol (1 mCi per well) (American Radiola-
beled Chemicals). Metabolic labeling proceeded for 18 hours, at which
point 100 ml of myristoylated or TAT-labeled peptide (to a final concen-
tration of 30 mM) was added. After 30 min, 50 mM LiCl in 20 mM Hepes
(pH 7.2) was added for 1 hour at 37°C. Incubations were terminated by
aspiration of media and the addition of ice-cold 50 mM formic acid, fol-
lowed by neutralization with 150 mM NH4OH after cell lysis. [3H]Inositol
phosphates were isolated and quantified by Dowex chromatography. Par-
allel dishes were lysed and assayed for Akt activation as described earlier.

Statistical analysis
Error bars show the SEM for experiments performed three or more times
and the SD for experiments performed twice. Statistical analyses were per-
formed by analysis of variance (ANOVA).
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