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One potentially important mechanism for regulating class Ia phosphoinositide 3-kinase (PI 3-kinase)
activity is autophosphorylation of the p85� adapter subunit on Ser608 by the intrinsic protein kinase activity
of the p110 catalytic subunit, as this downregulates the lipid kinase activity in vitro. Here we investigate
whether this phosphorylation can occur in vivo. We find that p110� phosphorylates p85� Ser608 in vivo with
significant stoichiometry. However, p110� is far less efficient at phosphorylating p85� Ser608, identifying a
potential difference in the mechanisms by which these two isoforms are regulated. The p85� Ser608 phos-
phorylation was increased by treatment with insulin, platelet-derived growth factor, and the phosphatase
inhibitor okadaic acid. The functional effects of this phosphorylation are highlighted by mutation of Ser608,
which results in reduced lipid kinase activity and reduced association of the p110� catalytic subunit with p85�.
The importance of this phosphorylation was further highlighted by the finding that autophosphorylation on
Ser608 was impaired, while lipid kinase activity was increased, in a p85� mutant recently discovered in human
tumors. These results provide the first evidence that phosphorylation of Ser608 plays a role as a shutoff switch
in growth factor signaling and contributes to the differences in functional properties of different PI 3-kinase
isoforms in vivo.

Numerous studies have documented the fundamental im-
portance of class IA phosphoinositide 3-kinases (PI 3-kinases)
for a multitude of cellular functions including cell survival,
growth, proliferation, intermediary metabolism, and cytoskel-
etal rearrangements (7, 37, 45).

PI 3-kinases catalyze the transfer of phosphate to the 3�-OH
position of inositol lipids to produce phosphatidylinositol-3,4-
bisphosphate and phosphatidylinositol-3,4,5-trisphosphate
(PIP3), which in turn act as second messengers by recruiting
proteins containing pleckstrin homology (PH) domains to the
plasma membrane to assemble signaling complexes (44). In
addition to the lipid kinase activity, in vitro experiments have
demonstrated that class I PI 3-kinases possess an intrinsic
protein serine kinase activity (9, 15, 40, 42). This protein kinase
activity has attracted much interest, but its functional conse-
quences in vivo have not been defined (24).

The typical form of class IA PI 3-kinase is a heterodimer
with an 85-kDa regulatory subunit and a 110-kDa catalytic
subunit (37). Two isoforms of the 85-kDa regulatory subunit
have been identified: p85� and p85�, which are products of
different genes. Also, several splice variants of p85� exist.
Furthermore, a third gene product, termed p55�, has been
identified. Three isoforms of the 110-kDa subunit have been
identified in complex with p85: p110�, p110�, and p110�. The

� and � isoforms are widely expressed, whereas the � isoform
is expressed predominantly in leukocytes.

It is well recognized that the activity of class-Ia PI 3-kinase
is regulated by a range of mechanisms acting via the various
modular domains of the subunits. The p85 subunit comprises
one SH3 and two SH2 domains, a BH (breakpoint cluster
region homology) domain, and two proline-rich domains, all of
which appear to contribute to the regulation. The SH3 domain
binds and stimulates the activity of the GTP-binding protein
dynamin (19), and it may also interact with proline-rich motifs
within the p85 protein itself (20, 26). The small GTPases Rac
and Cdc42 have been shown to interact with the BH domain
and activate the lipid kinase as a result (5, 48).

The SH2 domains are of fundamental importance for the
enzymatic function of PI 3-kinase, since they bind to phospho-
tyrosine residues of activated growth factor receptors and
adapter molecules such as the platelet-derived growth factor
(PDGF) receptors and the insulin receptor substrate IRS-1. In
this manner, they dock the enzyme on the plasma membrane.
Synthetic peptides corresponding to tyrosine-phosphorylated
regions of either the PDGF receptor or IRS-1 have shown that
these activate the enzyme lipid kinase activity (8, 29, 36, 47).
However, this activation was evident only when phosphatidyl-
inositol was used as a substrate and not with phosphatidylino-
sitol-4,5-bisphosphate, which is considered to be the main
physiological substrate of class I PI 3-kinase. Furthermore, no
effect was observed on the protein kinase activity of the en-
zyme (29). In addition, tyrosine phosphorylation of the regu-
latory subunit has been reported to activate PI 3-kinase (11, 21,
22, 27, 46).

All p110 catalytic subunits contain a domain which interacts
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with activated Ras (34). In the case of p110�, this interaction
has been shown to increase the lipid kinase activity above that
caused by binding of the regulatory subunit to phosphoty-
rosine.

With respect to the negative regulation of the PI 3-kinase
activity, it has been reported that the p85 C-terminal SH2
domain binds to the enzymatic product PIP3. PIP3 binding and
tyrosine-phosphorylated peptide binding in the SH2 C-termi-
nal domain have been shown to be mutually exclusive (32).
Thus, a redistribution of PI 3-kinase in the plasma membrane,
caused by the displacement of phosphotyrosine by PIP3, was
suggested as a potential feedback mechanism for the regula-
tion of enzymatic activity.

Perhaps the most profound effect on PI 3-kinase enzymatic
activity is that caused by intersubunit serine phosphorylation.
Indeed, it has been shown that the intrinsic protein kinase
activity of PI 3-kinase is capable of phosphorylating the Ser608
on the p85� subunit in vitro at a stoichiometry of 1 mol of
phosphate per mol of p85 (9, 15). Phosphorylation of Ser608
resulted in an 80% decrease in PI 3-kinase activity, which could
subsequently be reversed upon treatment with protein phos-
phatase 2A.

So far, the physiological relevance of this phosphorylation
has not been established, and there is currently no evidence
that phosphorylated Ser608 exists in cells. In the present study,
we demonstrate that p85� Ser608 can be phosphorylated both
in cell lines and in animal tissues and that this phosphorylation
is mainly mediated by the p110� isoform. Insulin and PDGF
stimulate this phosphorylation, with the stoichiometry of
Ser608 phosphorylation in the total cellular pool of p85�
reaching 0.12 to 0.15 after insulin stimulation in the whole
cells, although the stoichiometry will be significantly higher in
the p85�/p110� pool. This provides evidence for a feedback
mechanism involved in growth factor regulation of one of the
major isoforms of PI 3-kinase. Finally, we demonstrate that
impaired autophosphorylation of a human p85� deletion mu-
tant closely correlates with constitutive activation of PI 3-ki-
nase, which is responsible for the potentially oncogenic prop-
erties of this mutant. Overall, these data demonstrate that the
protein kinase activity of PI 3-kinase must be considered an
important component of the mechanisms regulating PI 3-ki-
nase activity in vivo.

MATERIALS AND METHODS

Cell culture, transfection, and plasmids. HEK 293, NIH 3T3, and p85��/�

mouse embryonic fibroblasts (kindly provided by D. Fruman, University of Cal-
ifornia) were cultured in Dulbecco’s modified Eagle’s essential medium
(DMEM). CHO-IR cells were cultured in Ham F-12 nutrient medium. Media
were supplemented with 10% fetal calf serum and antibiotics. HEK 293 cells
were transfected by a method involving calcium phosphate precipitation (Invitro-
gen). CHO-IR cells were transfected using LipofectAMINE (Invitrogen) or
Fugene-6 (Roche). Construction of Myc-tagged p85� and Flag-tagged p110� and
p110� expression plasmids, as well as construction of V5-tagged wild-type and
�exon13 human p85�, has been described previously (4, 31). p85� Ser608 point
mutations and the p110� R916P (kinase-dead) mutation were inserted by using
the QuikChange site-directed mutagenesis kit (Stratagene). The accuracy of the
mutations was verified by DNA sequencing. Recombinant baculoviruses were
provided by M. D. Waterfield (Ludwig Institute for Cancer Research, University
College London). A polyclonal anti-p85 antibody, raised against the N-terminal
SH2 domain of bovine p85�, was generated in house. An anti-IRS-1 pre-CT
polyclonal antibody was purchased from Upstate. The fluorescein isothiocyanate
(FITC)-conjugated swine anti-rabbit immunoglobulin G (IgG) was from DAKO.
Antibody 9E10 against the Myc tag was provided by David Quinn (University of

Cambridge). The Flag-M2 monoclonal antibody was purchased from Sigma.
Recombinant protein kinase CK2, human recombinant PDGF-BB, okadaic acid,
and LY294002 were from Calbiochem. All other chemicals were obtained from
Sigma and were of the highest grade available.

Generation of a phosphospecific Ser608 antibody. Phosphorylation-state-spe-
cific antibodies against p85� Ser608 were generated by immunizing rabbits with
the synthetic peptide CTEDQYSpLVED (where Sp stands for phosphoserine)
conjugated to keyhole limpet hemocyanin by using m-maleimidobenzoyl-N-hy-
droxysuccinimide ester. The antiserum was purified by affinity chromatography.
First it was passed through a column of the corresponding dephosphopeptide
coupled to SulfoLink resin (Pierce) in order to remove clones reacting with
nonphosphorylated Ser608. The flowthrough was further purified by passage
through a second column made of the phosphopeptide coupled to SulfoLink.
The purified antibody preparation was characterized by immunoblotting against
in vitro-phosphorylated recombinant p85�/p110� heterodimers.

Protein expression, isolation, and analysis. Recombinant p85�/p110� and
p85�/p110� heterodimers were expressed in baculovirally infected Sf9 insect
cells and purified by using an affinity matrix prepared by coupling the phos-
phopeptide YpVPMLG (where Yp stands for phosphotyrosine), corresponding
to the Tyr751 of the human PDGF receptor-�, to Actigel ALD (Sterogene,
Carlsbad, Calif.), according to the manufacturer’s instructions. Assays were per-
formed using Actigel-bound p85�/p110 complexes.

CHO-IR cells were serum starved for 16 h prior to insulin stimulation and then
treated with 100 nM insulin for 10 min at 37°C. NIH 3T3 cells were serum starved
for 16 h prior to PDGF stimulation and then treated with 50 ng of PDGF-BB/ml
for 15 min at 37°C. Cells were washed once in phosphate-buffered saline (PBS)
and lysed in a buffer containing 50 mM Tris-HCl (pH 7.4), 5 mM EDTA, 150 mM
NaCl, 50 mM NaF, and 1% Triton X-100 supplemented with 2 	g of aprotinin/
ml, 1 	M pepstatin, 1 ng of leupeptin/ml, 1 mM phenylmethylsulfonyl fluoride,
and 1 mM sodium orthovanadate. Immunoprecipitations were performed from
the Triton-soluble fraction by using the indicated antibodies. Dilutions were
1:1,000 for the polyclonal anti-p85 antibody, 1:100 for 9E10, 1 	g of the Flag-M2
antibody per lysate, and 2 	g of anti-IRS-1 antibody per lysate. Immune com-
plexes were collected with protein G-agarose beads, washed with lysis buffer
(three times) followed by kinase assay buffer (three times), and further processed
for various assays. For experiments involving mouse tissue, 5 IU of human insulin
(Sigma) was injected via the portal vein into overnight-fasted, terminally anes-
thetized mice. Livers were removed at 3 min after injection and instantly frozen
in liquid nitrogen. Protein extraction from livers was performed by homogeni-
zation in the above-described lysis buffer. Preparation, incubation, and protein
extraction of rat soleus muscles were performed as previously described (39).

Immunoblotting. Isolated protein or immunoprecipitates were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
then transferred to polyvinylidene difluoride (PVDF) membranes (Immobilon P;
Millipore). Blots were probed with the indicated antibodies, followed by a horse-
radish peroxidase-conjugated secondary antibody. Visualization was performed
with enhanced chemiluminescence (ECL). Images were analyzed with a Fuji
LAS-1000 Luminescent Image Analyser and Fuji Image Gauge software.

Protein kinase and PI 3-kinase lipid kinase assays. PI 3-kinase autophosphor-
ylation assays were performed as previously described (15). Reactions were run
for 20 min at 25°C (or 1 h for Sf9-expressed heterodimers) and terminated by the
addition of 4
 electrophoresis sample buffer and boiling. Protein kinase CK2
kinase assays were performed as for PI 3-kinase by using 20 U of recombinant
enzyme per assay and GTP instead of ATP as a phosphoryl donor. Reaction
products were analyzed by SDS-PAGE and either autoradiography or immuno-
blotting with the phospho-Ser608 antibody. PI 3-kinase lipid kinase assays were
performed as described elsewhere (17). Images of radiolabeled protein and lipid
products were analyzed using a Fuji FLA-2000 phosphorimager and Fuji Image
Gauge software.

Immunofluorescence and confocal microscopy. For immunofluorescence
staining, NIH 3T3 or p85��/� fibroblasts growing on glass coverslips were serum
starved for 20 h and then stimulated with 50 ng of PDGF-BB/ml for 15 min at
37°C. Cells were rinsed in ice-cold PBS, fixed in 4% paraformaldehyde in PBS for
10 min, and permeabilized with 0.2% Triton X-100 in PBS for 5 min. After a 1-h
incubation in 5% bovine serum albumin (BSA) in PBS, cell monolayers were
incubated with an affinity-purified anti-phospho-Ser608 antibody (10 	g/ml) in
1% BSA in Tris-buffered saline (TBS) for 16 h at 4°C, washed three times with
TBS, and then incubated with an FITC-conjugated swine anti-rabbit IgG anti-
body (1/50) for 1 h at room temperature. The coverslips were washed and
mounted on glass slides with Vectashield immunofluorescence medium (Vector
Laboratories, Burlingame, Calif.). Images of cells were obtained by using a Zeiss
LSM 510 confocal laser-scanning microscope (Welwyn, Garden City, United
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Kingdom) with the accompanying LSM 510 software and were processed in
Adobe Photoshop.

Estimation of the stoichiometry of protein phosphorylation. Recombinant
p85�/p110� heterodimers isolated on phosphopeptide beads were allowed to
phosphorylate in the presence of 1 mM ATP (plus 10 	Ci of [�32P]ATP) and 2
mM MnCl2 for 16 h at 25°C. The reaction was terminated by the addition of
electrophoresis sample buffer. An aliquot of the mix was analyzed on an 8%
acrylamide-SDS gel along with a range of BSA standards. Following electro-
phoresis, the gel was stained with Coomassie brilliant blue. The amount of p85
protein was estimated by comparing the intensity of the corresponding band with
the BSA standards. The band was excised from the gel, and incorporation of
radioactivity was measured by Cherenkow counting. Samples of recombinant
p85�/p110� heterodimers, for which the stoichiometry of phosphorylation had
been calculated as described above, were used as standards in the same immu-
noblots with experimental samples. Equal amounts of recombinant p85�/p110�,
which had not been left to autophosphorylate in vitro, were also loaded to
account for the fraction of the heterodimers which had already been phosphor-
ylated by their coexpression in insect cells. The stoichiometry of the phosphor-
ylation of the experimental samples was estimated by comparing the intensity of
the signal in immunoblots with that of the recombinant p85� standard after
normalizing for total p85 expression. All quantitations were performed using
Image Gauge software (Fuji).

RESULTS

Characterization of a phosphospecific antibody for p85�
Ser608. To study Ser608 phosphorylation in vivo, we generated
a phosphorylation-state-dependent antibody, which was affinity
purified as described in Materials and Methods. The affinity-
purified antibody preparation was characterized by immuno-
blotting against recombinant p85�/p110� which was allowed to
autophosphorylate in vitro in the presence of ATP and Mn2�.
Figure 1A shows that the affinity-purified anti-phospho-Ser608
antibody strongly recognized p85� after in vitro phosphoryla-
tion in the presence of ATP. Antibody binding was fully com-
peted by the corresponding phosphopeptide but not by the
dephosphopeptide. Furthermore, p85�/p110� incubated in the
presence of the PI 3-kinase inhibitor wortmannin during the
kinase assays was recognized to a much lesser extent (Fig. 1B).
Although the affinity-purified antibody reacted to a low extent
with p85� incubated in the absence of ATP in all of the above
experiments, it seems that this was due to in vivo prephospho-
rylation resulting from coexpression with the catalytic subunit
in insect cells, since no binding was evident when an excessive
amount of Escherichia coli-expressed p85� was used instead
(Fig. 1C).

PI 3-kinase catalytic subunits phosphorylate p85� Ser608 in
vivo. Subsequently, we used these reagents to investigate phos-
phorylation of p85 on Ser608 in vivo, by cotransfecting HEK
293 cells with each of the p85� Ser608 mutants and either the
� or the � isoform of the p110 catalytic subunit. Lysates from
the transfected cells were immunoprecipitated with antibody
9E10 followed by immunoblotting with the anti-phospho-
Ser608 antibody. As shown in Fig. 2A, the Myc-tagged wild-
type p85� cotransfected with the Flag-tagged p110� catalytic
subunit was strongly recognized by the phosphospecific anti-
body. No signal was obtained with the Ser608Ala mutant,
whereas some binding was evident with the phosphomimetic
mutant Ser608Glu. Furthermore, treatment of cells with the
phosphatase inhibitor okadaic acid resulted in strong antibody
binding to wild-type p85�, consistent with an accumulation of
phosphate. However, there was no increase in reactivity with
the Ser608 mutants. When the same p85� mutants were coex-
pressed with the p110� catalytic subunit, wild-type p85 was

barely recognized by the phosphospecific antibody, although
okadaic acid treatment elevated the phosphorylation to nearly
the same level as that in p110� (Fig. 2B). This result implies
that p110� phosphorylates p85� with much less efficiency than
p110�. This is consistent with the previous finding that p110�
is a less efficient protein kinase than p110� (4). It is also
consistent with the finding that in an in vitro autokinase assay,
recombinant p110� preferentially autophosphorylates instead
of phosphorylating the p85 regulatory subunit (17). The site of
p110� autophosphorylation has recently been mapped as
Ser1070 (12). Also, when we coexpressed the p85� subunit
with a catalytically inactive p110�, recognition by the phos-
phospecific antibody was barely observed (Fig. 2C). Moreover,
treatment of cells expressing p85�/p110� with the PI 3-kinase
inhibitor wortmannin or LY294002 substantially reduced
Ser608 phosphorylation (Fig. 2D). These results demonstrate
that at least in the basal state, phosphorylation of Ser608 is
mainly due to the autokinase activity.

Insulin and PDGF stimulate Ser608 phosphorylation in cul-
tured cells. We sought to determine a possible effect of insulin
and PDGF, two well-known activators of PI 3-kinase, on p85�

FIG. 1. Characterization of the phospho-Ser608-specific antibody.
Recombinant p85�/p110� was subjected to an in vitro kinase assay in
the presence or the absence of ATP. Reaction products were analyzed
by SDS-PAGE and transferred to a PVDF membrane. (A) Blots were
incubated either with preimmune serum or with the affinity-purified
anti-phospho-Ser608 antibody diluted 1:1,000. In some experiments,
the immune serum was incubated with the immunizing phosphopep-
tide or the corresponding dephosphopeptide at 1 mM for 1 h at 25°C
before further processing. (B) In some experiments, wortmannin
(wortm.) at 100 nM was included during the kinase assay. IB, immu-
noblot. (C) Recombinant p85�/p110� which had been subjected to an
in vitro autokinase assay in the presence or absence of ATP (Sf9) or
bacterially expressed p85� (E. coli) was analyzed by immunoblotting
using the affinity-purified anti-phospho-Ser608 antibody.
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Ser608 phosphorylation. CHO-IR cells were treated with 100
nM insulin for 30 min in the presence or absence of wortman-
nin. Cells were lysed, the lysates were immunoprecipitated
with anti-p85 antibodies, and the immunoprecipitates were
analyzed by immunoblotting with the anti-phospho-Ser608 an-
tibody. As shown in Fig. 3A, the antibody detected Ser608
phosphorylation on endogenous p85 at the basal level. Insulin
treatment caused a sixfold increase in Ser608 phosphorylation.
Treatment of cells with wortmannin prior to insulin stimulation
reduced Ser608 phosphorylation by half, whereas treatment
with okadaic acid elevated Ser608 phosphorylation to the same
level as insulin stimulation. Moreover, we were able to detect
endogenous p85 Ser608 phosphorylation in 3T3 fibroblasts
both by immunoblotting (Fig. 3B) and by indirect immunoflu-
orescence (Fig. 4). In these cells, PDGF stimulation caused an
approximately threefold increase in Ser608 phosphorylation,
which was almost completely abolished by treatment with wort-
mannin (Fig. 3B). The PDGF-stimulated increase in Ser608
phosphorylation was evident also by immunofluorescence (Fig.
4). Ser608-phosphorylated p85 appeared to accumulate in a

FIG. 2. Phosphorylation of Ser608 after coexpression with either
p110� or p110� in HEK 293 cells. (A) Myc-tagged p85� (wild type or
Ser608 mutants) was coexpressed with Flag-tagged p110� in HEK 293
cells. Cells were lysed, and lysates were immunoprecipitated with an-
tibody 9E10. Immunoprecipitates were analyzed by SDS-PAGE and
immunoblotting with the anti-phospho-Ser608 antibody. In some ex-
periments, cells were treated with 500 nM okadaic acid for 45 min at
37°C prior to lysis. Uniform expression of Myc-tagged p85� and Flag-
tagged p110 was confirmed after stripping of the blot and reprobing
with antibody 9E10 and the Flag-M2 antibody, respectively (lower
panels). (B) The same experiments as those described for panel A,
except that p85� was cotransfected with p110�. (C) Cells were trans-
fected with Myc-tagged p85� and either wild-type Flag-tagged p110�
(p110�-wt) or catalytically inactive Flag-tagged p110� (p110�-KD [ki-
nase dead]) and were further processed as described above. IB, im-
munoblot. (D) Cells were cotransfected with Myc-tagged p85� and
Flag-tagged p110�. Transfected cells were treated with either 100 nM
wortmannin or 30 	M LY294002 for 45 min at 37°C and were further
processed as described above.

FIG. 3. Inducible p85 Ser608 phosphorylation in cultured cells.
(A) CHO-IR cells were serum starved for 16 h and then stimulated
with 100 nM insulin (ins.) for 30 min at 37°C. In some experiments,
cells were treated with 100 nM wortmannin (wortm.) for 30 min prior
to insulin stimulation or with 500 nM okadaic acid (OA) for 30 min.
Following stimulation, cells were lysed, and each lysate (2 mg of total
protein) was immunoprecipitated with polyclonal anti-p85 antibodies.
Immunoprecipitates (IPs) were analyzed by SDS-PAGE and immuno-
blotting with the anti-phospho-Ser608 antibody, followed by stripping
of the blot and reprobing with an antibody against total p85. IB,
immunoblot; rec (�) and rec (�), in vitro-phosphorylated and non-
phosphorylated recombinant p85�/p110�, respectively. (B) NIH 3T3
fibroblasts were serum starved for 16 h and then stimulated with 50 ng
of PDGF-BB/ml for 15 min at 37°C. In some experiments, cells were
treated with 100 nM wortmannin for 30 min prior to PDGF stimula-
tion. Cells were lysed, and the lysates (2 mg of total protein) were
further processed as described above.
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perinuclear site (Fig. 4B) and colocalized well with staining for
total p85� (data not shown). The PDGF-induced increase in
immunoreactivity was sensitive to treatment with LY294002
(Fig. 4C) and wortmannin (data not shown). The specificity of
the anti-phospho-Ser608 antibody in immunofluorescence de-
tection was further tested by using p85�-deficient fibroblasts
(Fig. 4D). In the latter case, only a background nuclear stain-
ing, which likely represents nonspecific binding to a nuclear
component, was detected. In addition to its occurrence on
endogenous p85, Ser608 phosphorylation occurred in CHO-IR
cells transfected with p85 �/p110 � heterodimers. As shown in
Fig. 5A, insulin treatment elevated the level of Ser608 phos-
phorylation in a time-dependent manner, with a ca. 2.7-fold
increase being evident after a 30-min stimulation (Fig. 5B).
The insulin-induced Ser608 phosphorylation in these cells was
much diminished by treatment of the cells with either wort-
mannin or LY294002 prior to stimulation (Fig. 5C). The ele-
vation of Ser608 phosphorylation levels caused by treatment of
cells with okadaic acid was also wortmannin sensitive. These
data indicate that PI 3-kinase activity is necessary for both
insulin- and okadaic acid-stimulated Ser608 phosphorylation in
CHO-IR cells.

Insulin induces p85� Ser608 phosphorylation in animal
tissues in vivo. To assess whether p85� Ser608 is a physiolog-
ical target for phosphorylation, protein extracts from livers of
mice injected with a bolus of insulin or saline via the portal
vein were analyzed for p85� Ser608 phosphorylation by immu-
noprecipitation with an anti-p85 antibody and immunoblotting

with the anti-phospho-Ser608 antibody. As shown in Fig. 6A,
substantial p85� Ser608 phosphorylation could be detected at
the basal level in mouse liver protein extracts. Importantly,
insulin stimulated Ser608 phosphorylation approximately 2.3-
fold. Furthermore, p85 � Ser608 phosphorylation was detect-
able in the basal state in rat soleus muscle lysates and was
elevated after treatment with okadaic acid (Fig. 6B).

p85� Ser608 becomes phosphorylated at a substantial stoi-
chiometry in vivo. Previous studies have shown that in an in

FIG. 4. Immunofluorescence detection of Ser608-phosphorylated
p85�. NIH 3T3 cells (A, B, and C) or p85��/� fibroblasts (D) were
serum starved for 20 h. Cells were either left untreated (A), stimulated
with 50 ng of PDGF-BB/ml for 15 min at 37°C (B and D), or treated
with 10 	M LY294002 for 30 min and then stimulated with PDGF (C).
Following stimulation, cells were fixed, permeabilized, and incubated
with affinity-purified rabbit anti-phospho-Ser608 antibodies. Antibody
binding was revealed by using FITC-conjugated anti-rabbit IgG. Im-
ages were acquired using a confocal microscope. Bar, 10 	m.

FIG. 5. Insulin stimulates phosphorylation of Ser608 in a time-
dependent and PI 3-kinase inhibitor-sensitive manner. CHO-IR cells
were cotransfected with Myc-tagged p85� and Flag-tagged p110�.
Cells were serum starved for 16 h, followed by stimulation with 100 nM
insulin at 37°C for the indicated lengths of time. Cell were lysed and
immunoprecipitated with antibody 9E10, and the immunoprecipitates
were analyzed by SDS-PAGE and immunoblotting with the anti-phos-
pho-Ser608 antibody, followed by stripping of the blot and reprobing
with an antibody against total p85. (A) Results of a representative
experiment in triplicate are shown. (B) Phosphorylation of Ser608 was
quantitated and plotted in a graph. Values are means � standard
errors of the means; �, P � 0.01 for insulin-stimulated versus basal
phosphorylation. (C) Transfected CHO-IR cells were treated with
either 100 nM wortmannin, 30 	M LY294002, or 500 nM okadaic acid
as indicated for 30 min at 37°C, followed by a 10-min stimulation with
100 nM insulin, lysis, and immunoprecipitation with antibody 9E10.
Immunoprecipitates were processed as described for panel A.
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vitro autokinase assay with recombinant p85�/p110�, phos-
phorylation occurs exclusively on Ser608 (15). Therefore, in
order to obtain an approximate estimate of the stoichiometry
of Ser608 phosphorylation in vivo, we calculated the stoichi-
ometry of phosphorylation of recombinant p85�/p110� het-
erodimers in vitro as described in Materials and Methods,
assuming that the vast majority of incorporated 32P counts
would represent phosphorylation at Ser608. Under these con-
ditions, we estimated a stoichiometry of 0.21 mol of phosphate
per mol of p85�. This is very different from the 1:1 stoichiom-
etry reported previously (15). Most likely, the reason for this
discrepancy is the fact that in insect cells, p85� is expressed at
much higher levels than p110�, so that isolation of the het-
erodimers by p85� pulldown results in an excess of p85� over
p110, whereas in the previous study, the measurements were
performed on p110 immunoprecipitates, which ensured a 1:1
ratio of p85� to p110�. Subsequently, we used recombinant
heterodimers with a known stoichiometry of p85� phosphory-
lation as standards on the same immunoblots with our exper-
imental samples (see Materials and Methods). In this manner,
we estimated that in CHO-IR cells (Fig. 3A), the stoichiometry
of p85� rises from approximately 0.02 mol of phosphate per
mol of p85� at the basal state to approximately 0.12 after
insulin stimulation. In mouse livers (Fig. 6A), the stoichiome-
try of p85� phosphorylation increased from 0.065 mol of phos-
phate per mol of p85� at the basal state to 0.15 after insulin
stimulation. The stoichiometry in the p110�-associated pool of
p85 will be significantly higher, since the p110�-associated pool
is unlikely to be highly phosphorylated. Further, a significant

proportion of p85 in the cell may be monomeric and free of
p110 (30, 41), and this pool is also likely to have low levels of
Ser608 phosphorylation.

Ser608-phosphorylated p85� associates with signaling com-
plexes. Given the ability of insulin and PDGF to stimulate
p85� Ser608 phosphorylation, we then examined whether
Ser608-phosphorylated p85� associates with signaling com-
plexes. CHO-IR cells were stimulated with 100 nM insulin for
various lengths of time and then lysed; the lysates were immu-
noprecipitated with anti-IRS-1 antibodies and further analyzed
by electrophoresis and immunoblotting with the anti-phospho-
Ser608 antibody. As shown in Fig. 7, association of p85 with
IRS-1 was maximal 15 min after stimulation. Importantly,
Ser608 phosphorylation could also be detected in IRS-1 im-
munoprecipitates and followed the same pattern as p85 asso-
ciation.

Protein kinase CK2 phosphorylates Ser608 on free but not
on p110�-associated p85�. We also addressed the possibility
that cellular kinases other than PI 3-kinase may be able to
phosphorylate Ser608 and thus regulate PI 3-kinase activity.
The Ser608 site is surrounded by acidic residues and fits very
well within the consensus target motif for protein kinase CK2
(1). Indeed, we have found that protein kinase CK2 phosphor-
ylates a peptide encompassing residues 598 to 616 of p85�
(data not shown). Protein kinase CK2 activity can be distin-
guished from PI 3-kinase by the fact that the former is able to
use GTP as a phosphoryl donor and is insensitive to wortman-
nin (13) (also, we have found that wortmannin concentrations
up to 1 	M do not affect protein kinase CK2 activity). Under
these conditions, we demonstrated that protein kinase CK2
phosphorylates free recombinant p85� on Ser608 but does not
phosphorylate p85� when it is dimerized with p110� (Fig. 8).

Mutation of Ser608 affects enzymatic activity and het-
erodimerization. As p85� Ser608 phosphorylation has been
shown to downregulate the lipid kinase activity of the enzyme
in vitro (15), we attempted to assess whether phosphorylation
at this site in vivo would have similar effects. For this purpose,
wild-type Myc-tagged p85� and variants in which Ser608 was
mutated to alanine or glutamic acid were coexpressed with the
p110� catalytic subunit in HEK 293 cells. Recombinant het-
erodimers were isolated by immunoprecipitation with antibody

FIG. 6. Detection of inducible p85� Ser608 phosphorylation in an-
imal tissues. (A) Protein extracts from livers of mice injected with a
bolus of insulin or saline, as described in Materials and Methods, were
immunoprecipitated with anti-p85 antibodies. The immunoprecipi-
tates were analyzed by SDS-PAGE and immunoblotting with the anti-
phospho-Ser608 antibody, followed by stripping of the blot and rep-
robing with an antibody against total p85. IB, immunoblot; rec., in vitro
phosphorylated recombinant p85�/p110�. (B) Rat soleus muscle strips
were isolated and incubated in the presence or absence of 500 nM
okadaic acid (OA) for 45 min. Following incubations, muscle strips
were snap-frozen and homogenized, and the homogenates were ana-
lyzed as described for panel A.

FIG. 7. Association of Ser608-phosphorylated p85� with signaling
complexes. CHO-IR cells were serum starved for 16 h and then stim-
ulated with 100 nM insulin at 37°C for the indicated times. Following
stimulation, cells were lysed, and each lysate (4 mg of total protein)
was immunoprecipitated with polyclonal anti-IRS-1 antibodies. Immu-
noprecipitates (IPs) were analyzed by SDS-PAGE and immunoblot-
ting using the anti-phospho-Ser608 antibody, followed by stripping of
the blot and reprobing with an antibody against total p85. IB, immu-
noblot.
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9E10 and subjected to in vitro kinase assays using [�-32P]ATP
and phosphatidylinositol as the substrates. As expected, the
phosphomimetic mutant Ser608Glu was found to be less active
than the wild type (Fig. 9). However, rather surprisingly, the
same effect was observed with the Ser608Ala mutant, which
would be expected to mimic dephosphorylated p85. Most in-
terestingly, when the same immunoprecipitates were analyzed
by immunoblotting to normalize for p85 and p110 expression,
it became evident that for both the Ser608Ala mutants and the
Ser608Glu mutants, the amount of the associated p110 subunit
was markedly less than that for the wild-type p85�. The ap-
parent mechanism of the reduced lipid kinase activity demon-
strated by this experiment is further discussed below.

Impaired Ser608 phosphorylation in a human oncogenic
p85� mutant. Finally, we sought to decipher the basis of the
constitutive activation of a PI 3-kinase comprising a p85� de-
letion mutant present in human primary colon and ovarian
tumors and cancer cell lines (31). In this mutant, which results
from the disruption of a splice site on one allele of the p85�
gene, leading to the skipping of exon 13 during transcription,
amino acids Met582 to Asp605 are replaced with a single Ile
residue. The proximity of the deleted region to Ser608 sug-
gested a possible interference with regulatory Ser608 auto-
phosphorylation (31). To test this hypothesis, we coexpressed
the V5-tagged cDNA of mutant p85 (p85�exon13) together
with Flag-tagged p110� in HEK 293 cells. Lysates were immu-
noprecipitated with an anti-V5 antibody, and the immunopre-
cipitates were assayed for Ser608 phosphorylation and lipid
kinase activity (Fig. 10A). Immunoblot analysis of the immu-
noprecipitates with the phosphospecific antibody failed to de-
tect any Ser608 phosphorylation of the p85�exon13 mutant.
However, the anti-phospho-Ser608 antibody has been devel-
oped against a peptide with the sequence CTEDQYSpLVED,
and the exon 13 deletion changes this sequence to
YLIQYSpLVED. Since replacement of the acidic motif TED
with the hydrophobic motif YLI at the N terminus of this
region could affect binding of some of the immunoglobulins
present in the polyclonal antisera, we employed a [�-32P]ATP

autokinase assay to assess autophosphorylation. Indeed, we
found that the autokinase activity of the p85�exon13 mutant
was severely impaired. A 70% decrease in the autophosphor-
ylation of the p85�exon13 mutant relative to that of wild-type
p85� was accompanied by a corresponding increase in the lipid
kinase activity (Fig. 10B). Thus, in this case, it seems very
plausible that constitutive activation of PI 3-kinase is the con-
sequence of defective Ser608 autophosphorylation.

DISCUSSION

Despite a large body of data concerning the regulation of the
heterodimeric p85/p110 PI 3-kinase, the precise mechanisms
by which this regulation is achieved in a cellular context have
still not been fully defined. Potentially important, although
overlooked, features of the p85/p110� PI 3-kinase are its abil-
ity to operate as a dual-specificity kinase, phosphorylating both
lipids and its regulatory subunit, and the negative impact that
phosphorylation of the latter has on its lipid kinase activity. In
the present study, we have investigated serine autophosphor-
ylation of p85� in cells and its implications for the regulation
of the lipid kinase activity of the enzyme. To date, the only
evidence for such a phosphorylation has been obtained from in
vitro experiments, and the finding that protein kinase activity
required Mn2� in vitro had been cited as evidence that in vivo

FIG. 8. Protein kinase CK2 phosphorylates p85� on Ser608 when
p85� is free but not when it is complexed with p110�. Recombinant
free p85� (lanes 2 and 3) or p85�/p110� heterodimers (lanes 4 and 5)
isolated on Tyr751-phosphopeptide beads and GTP were used as sub-
strates in recombinant protein kinase CK2 in vitro kinase assays in the
presence of 100 nM wortmannin (lanes 1 to 4). Reaction products were
analyzed by SDS-PAGE and immunoblotting using the anti-phospho-
Ser608 antibody, followed by stripping of the blot and reprobing with
an antibody against total p85. An autophosphorylation assay with ATP
as a substrate in the absence of wortmannin was also performed as a
positive control (lane 5).

FIG. 9. Mutation of Ser608 interferes with lipid kinase activity and
heterodimer formation. Each of the Ser608 mutants of Myc-tagged
p85� was coexpressed together with Flag-tagged p110� in HEK 293
cells, and the heterodimers were isolated by immunoprecipitation with
antibody 9E10. Immunoprecipitates were split in two. One half of each
immunoprecipitate was assayed for lipid kinase activity by using phos-
phatidylinositol and [�-32P]ATP as the substrates. Reaction products
were analyzed by thin-layer chromatography and autoradiography (au-
torad). The other half was assayed by immunoblotting with antibody
9E10, followed by stripping of the blot and reprobing with an anti-Flag
antibody. (A) A representative experiment. IB, immunoblot. (B) Data
from three experiments were plotted in a graph. Values are means �
standard errors of the means; �, P � 0.05 for the mutant versus the
wild type.
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phosphorylation was unlikely. However, our findings prove
that the phosphorylation does occur in a cellular context, both
in cell lines and in animal tissue in vivo, at a substantial stoi-
chiometry and in a hormone- and growth factor-inducible man-
ner. However, higher stoichiometries are almost certainly
achieved in the p85�/p110� pool, as Ser608 phosphorylation is
likely to be very low in the free p85� pool or in p85� associated
with p110�. The finding that phosphorylation is to a large
extent blocked by wortmannin and by coexpression of a cata-

lytically inactive p110� indicates that the intrinsic kinase activ-
ity of p85/p110 heterodimers contributes a large part of this in
vivo phosphorylation. However, some wortmannin-resistant
phosphorylation is always observed, so it seems possible that
other cellular kinases such as protein kinase CK2 can phos-
phorylate this site in vivo. Our data would indicate that this
could happen only when heterodimers are dissociated and p85
is free, but it now appears that significant amounts of free p85
are indeed present in cells (30, 41).

The finding that insulin and PDGF, two well-known activa-
tors of PI 3-kinase, stimulate the phosphorylation of Ser608
provides evidence for an autoregulatory mechanism which is
likely to represent a feedback mechanism to shut off the hor-
mone or growth factor signal specifically to the p110� pool of
class IA PI 3-kinase. This would be the first mechanism de-
scribed for differential regulation of class Ia PI 3-kinase iso-
forms, but it is likely to have physiological significance given
the differences in kinetic (4) and functional (2, 33, 43) prop-
erties described for the different PI 3-kinase isoforms.

The mechanism for the insulin- or PDGF-induced increase
in phosphorylation at Ser608 is unlikely to involve stimulation
of the protein kinase activity of p110, as it has previously been
found that engagement of the p85 SH2 domains does not lead
to an increase in the protein kinase activity of p110 (29). Our
evidence suggests that this increase in Ser608 phosphorylation
is also unlikely to involve exogenous kinases such as protein
kinase CK2, which would recognize the serine in such an acidic
motif. Although there is some evidence that protein kinase
CK2 is activated by insulin (16, 38), we did not observe such an
activation in CHO-IR cells (data not shown), and we find that
CK2 only poorly phosphorylates p85 in heterodimers. Further,
the effects of both insulin and okadaic acid are blocked by PI
3-kinase inhibitors, indicating that exogenous kinases are prob-
ably not involved. The fact that the kinetics of the increase in
Ser608 phosphorylation are slow suggests that inhibition of
phosphatases is a more likely mechanism. It is known that
insulin acutely inhibits the activity of protein phosphatase 2A
(6), with the maximal effect observed after 20 min of insulin
stimulation. This correlates very well with our data, where
phosphorylation of Ser608 reached a peak after 30 min of
insulin stimulation. Phosphatase inhibition would also explain
why both p110� and p110� ultimately reach the same level of
phosphorylation, despite the fact that p110� is a less efficient
kinase. Further, we find that the protein phosphatase 2A in-
hibitor okadaic acid greatly increases Ser608 phosphorylation,
which fits with reports that PI 3-kinase activity is inhibited by
okadaic acid (35).

Three mechanisms by which Ser608 phosphorylation might
regulate PI 3-kinase activity can be envisaged: (i) regulation of
the catalytic activity of p110 within intact heterodimers, (ii)
modulation of p85 interactions with p110, and (iii) modulation
of the interaction of p85 with tyrosine-phosphorylated peptide
motifs. Our finding that Ser608-phosphorylated p85 is re-
cruited to IRS-1 following insulin stimulation indicates that
only the two former mechanisms are likely to operate in vivo.

Ser608 resides in the inter-SH2 domain of p85. This is pre-
dicted to be an independently folded module of a coiled-coil of
two long antiparallel �-helices, and a motif mapped within this
region binds the p110 subunit (14). A recent electron para-
magnetic resonance spectroscopic study has confirmed the

FIG. 10. An oncogenic human p85� deletion mutant displays im-
paired autophosphorylation and elevated lipid kinase activity. (A) Ei-
ther V5-tagged wild-type p85� (wt) or the deletion mutant (�exon13)
was coexpressed with Flag-tagged p110� in HEK 293 cells. Cells were
lysed, and lysates were immunoprecipitated with the anti-V5 antibody.
Immunoprecipitates were split into four aliquots. One was assayed for
lipid kinase activity by using phosphatidylinositol and [�-32P]ATP as
the substrates. Reaction products were analyzed by thin-layer chroma-
tography and autoradiography (autorad). Another aliquot was sub-
jected to an in vitro autokinase assay in the presence of [�-32P]ATP
and Mn2�. Reaction products (protein kinase) were analyzed by SDS-
PAGE and autoradiography. Another aliquot was assayed for Ser608
phosphorylation by immunoblotting (IB) with the phosphospecific an-
tibody (phospho-Ser608). The last aliquot was assayed by immunoblot-
ting with the anti-V5 antibody, followed by stripping of the blot and
reprobing with the anti-Flag antibody. (A) A representative experi-
ment. (B) Data from three experiments were plotted in a graph. Val-
ues are means � standard errors of the means; �, P � 0.05 for the
mutant versus the wild type.
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above prediction (18). The data of this study support a model
in which the inter-SH2 domain serves as a rigid tether for p110
rather than a conformational switch. It is reasonable to hypoth-
esize that events such as reversible phosphorylation in this
domain could interfere with intersubunit interactions. To this
end, we tested the effect of mutation of Ser608 on the lipid
kinase activity. Mutation of Ser608 to the phosphomimetic
glutamic acid resulted in the expected reduction in lipid kinase
activity. Surprisingly, mutation of Ser608 to alanine had the
same effect. At present, precise information regarding struc-
tural features of this region of p85 is lacking. Thus, we can only
speculate that the Ser608 residue might be of special impor-
tance for the conformation of the p85 protein and that replace-
ment by another residue, with different bonding properties,
might have a profound impact on the conformation. In addi-
tion, a marked reduction in the association of the p110 cata-
lytic subunit with the p85 mutants was also evident, indicating
that Ser608 is crucial for tight intersubunit interaction. This
observation provides a plausible explanation for the reduced
lipid kinase activity associated with mutation of this site: the
reduction is effected by promoting the dissociation of the het-
erodimer. Further, our data indicate that when p85 is free,
Ser608 becomes the target for other cellular kinases, and these
may affect re-formation of the heterodimers. Since free p110 is
unstable in mammalian cells (23, 28), this would eventually
result in a buildup of free p85, a situation that is indeed
observed in several cell types (30, 41).

The crucial role of the adapter subunit in regulating PI
3-kinase function is demonstrated by the effects of various
mutations of p85� that have been identified in humans. For
example, a mutation which causes impairment of PI 3-kinase
function and is associated with insulin resistance has been
identified previously (3). Conversely, several mutations which
activate PI 3-kinase and have oncogenic properties have been
identified in p85�. The first oncogenic p85 mutant to be iden-
tified was the product of a C-terminal deletion in which the
region following the first 571 amino acids of p85� had been
replaced by a 24-amino acid tail, related to the eph receptor
tyrosine kinase family (25). This mutant (p65-PI3K) induced
constitutive activation of PI 3-kinase and was capable of trans-
forming NIH 3T3 fibroblasts in culture. More recently, further
studies have defined the importance of this deletion, showing
that it contains a modular inhibitory domain which confers on
wild-type p85 the ability to block the stimulatory effect of Ras
(10). Therefore, our results suggest that any alterations in the
region of Ser608, either by mutation or by phosphorylation,
can enhance the inhibitory properties of this domain.

Another oncogenic p85 mutant was identified in primary
colon and ovarian tumors (31). In this case, the region com-
prising amino acids 582 to 605 had been deleted and replaced
by a single isoleucine residue. Again, the mutated PI 3-kinase
was shown to exhibit elevated activity, thus causing constitutive
activation of PKB/Akt. We tested the hypothesis that the prox-
imity of the deletion to Ser608 interferes with its phosphory-
lation. Indeed, we found that phosphorylation of Ser608 was
reduced and that this reduction was accompanied by an in-
crease in the lipid kinase activity of the mutant. This finding
provides additional evidence for the importance of Ser608
phosphorylation as a regulatory mechanism of PI 3-kinase in
vivo. It also demonstrates the detrimental effects that deregu-

lation caused by impaired autophosphorylation can have on
critical cellular functions.

The preceding data provide the first evidence of the impor-
tance of the serine autophosphorylation of the PI 3-kinase
regulatory subunit in the regulation of this enzyme in vivo.
Factors that affect the phosphorylation of Ser608 are therefore
likely to have a major impact on PI 3-kinase activity in vivo,
given crucial role that PI 3-kinase plays in many cellular pro-
cesses.
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