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Class IA phosphoinositide 3-kinases (PI3Ks) signal downstream of
tyrosine kinases and Ras and control a wide variety of biological
responses. In mammals, these heterodimeric PI3Ks consist of a p110
catalytic subunit (p110�, p110�, or p110�) bound to any of five
distinct regulatory subunits (p85�, p85�, p55�, p55�, and p50�,
collectively referred to as ‘‘p85s’’). The relative expression levels of
p85 and p110 have been invoked to explain key features of PI3K
signaling. For example, free (i.e., non-p110-bound) p85� has been
proposed to negatively regulate PI3K signaling by competition
with p85/p110 for recruitment to phosphotyrosine docking sites.
Using affinity and ion exchange chromatography and quantitative
mass spectrometry, we demonstrate that the p85 and p110 sub-
units are present in equimolar amounts in mammalian cell lines and
tissues. No evidence for free p85 or p110 subunits could be
obtained. Cell lines contain 10,000–15,000 p85/p110 complexes per
cell, with p110� and p110� being the most prevalent catalytic
subunits in nonleukocytes and leukocytes, respectively. These
results argue against a role of free p85 in PI3K signaling and
provide insights into the nonredundant functions of the different
class IA PI3K isoforms.

quantitative mass spectrometry � signaling � protein stability �
gene knockout � lipid kinase

Phosphoinositide 3-kinases (PI3Ks) generate lipid second
messengers that serve as membrane docking sites for a

variety of downstream effector proteins such as protein kinases,
regulators of small GTPases, and scaffolding proteins (1, 2). The
class IA PI3Ks are heterodimers consisting of a p110 catalytic
subunit and a smaller regulatory subunit with Src-homology 2
(SH2) domains. Mammals have three catalytic subunits (p110�,
p110�, p110�) and five regulatory subunits (p85�, p85�, p55�,
p55�, p50�) (1, 2). Under experimental conditions, each p110
isoform can bind any p85 isoform with no apparent preference
(see among others, refs. 3 and 4). p85s have a dual effect on the
p110 subunits because they stabilize the thermally labile p110s
but also conformationally inhibit their catalytic activity (5).
Upon cellular stimulation, SH2 domain-mediated recruitment of
p85/p110 complexes to Tyr phosphorylated (pY) membrane-
proximal proteins serves dual functions: It positions p110 in
proximity with its substrates, and the engagement of the p85 SH2
domains relieves p85-mediated inhibition of p110, thus increas-
ing enzymatic activity of p110 (6, 7).

Experiments using gene-targeted mice and p110 isoform-
selective inhibitors have uncovered nonredundant physiological
functions of the p110 isoforms. These functions include insulin
signaling in metabolic tissues (p110�; refs. 8 and 9), integrin
signaling in platelets (p110�; ref. 10) and signaling through a
variety of receptors in leukocytes (p110�; refs. 11–15). The
mechanisms of this nonredundant signaling are not fully under-
stood. Indeed, p110 isoforms have high homology in their
primary sequence, interact nonselectively with the different
p85s, and have the same lipid substrate preference (3). However,
the capacity of the different p110 isoforms to bind Ras might
differ among catalytic subunits (refs. 16–18 and reviewed in ref
19). Another key parameter may be the differential tissue

distribution of p110 isoforms (3, 20), which may result in
differences in the absolute levels of expression of the distinct
p110s. Given that competitive recruitment of p110 (and p85)
isoforms to receptors and adaptor proteins may be intrinsic to
the PI3K signaling system, it is clear that the absolute amount of
PI3K isoforms could contribute to their relative functional
importance in different cell types. Knowledge of the absolute
protein amounts of class IA PI3K isoforms is thus important to
gain insight into their apparent nonredundant biological roles.

Quantitative assessment of p85 to p110 ratios is also important
to formally test the well-publicized concept that p85 can exist
without p110 in cells and can compete with heterodimeric
p85/p110 complexes for pY binding sites, thereby decreasing
PI3K signaling (21, 22). This hypothesis was put forward to
explain the remarkable observation that four different lines of
mice with targeted deletions of p85� or p85� exhibit enhanced
PI3K signaling in insulin-responsive cells and tissues (23–26).
Forced overexpression of p85 in skeletal muscle cells was further
found to decrease PI3K-dependent phosphorylation of the Akt/
PKB kinase, a key downstream target of PI3K (27). Immuno-
blotting and immunodepletion studies also provided evidence
for a 30% excess of p85 over p110 in mouse embryo fibroblasts
(28) and liver cells (29). According to the ‘‘free p85’’ model, the
expression of non-p110-bound p85 is preferentially reduced in
p85 knockout (KO) cells, allowing enhanced access of het-
erodimeric p85/p110 to pY binding sites, resulting in in-
creased PI3K signaling and hypersensitivity in response to
insulin (23–26, 30).

Methods for the quantification of proteins in cells, including
absolute quantification MS, have recently been developed (31–
33). The latter is based on the use of an isotopically labeled
internal standard (IS) peptide that is spiked at known concen-
tration in protein mixtures. This IS peptide has the same
sequence as a section of the protein to be quantified; however,
one or more amino acids are enriched in stable heavy isotopes
of carbon, nitrogen, and/or hydrogen, which causes a shift in the
MS spectrum without affecting the chemical properties of the
peptide. After controlled proteolysis (usually with trypsin), MS
analysis of both the endogenous and IS peptides allows for
accurate and precise quantification of cellular proteins in abso-
lute units (e.g., molecules per cell).
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In this report, we used quantitative MS in conjunction with
affinity and ion exchange chromatography to determine the
absolute protein amount of each class IA PI3K isoform in mouse
cell lines and tissues. Our data show that p85s and p110s are
present in equimolar amounts and form obligate heterodimers.
These findings have implications for the understanding of the
nonredundant function and regulation of class IA PI3K iso-
forms, and necessitate a revision of the free p85 hypothesis.

Results
p85 and p110 Are Present in Equimolar Amounts in Mouse Cell Lines
and Exist as Obligate Heterodimers. Three different approaches
were used to assess the relative expression and molecular
association between p85 and p110 subunits in the murine
WEHI-231 B lymphocyte and NIH 3T3 fibroblast cell lines.
WEHI-231 cells were chosen as a representative leukocyte cell
line with high p110� expression, whereas NIH 3T3 cells are
similar to mouse embryo fibroblasts, a cell type previously used
to explore relative p85/p110 protein expression levels (28).

First, immunoprecipitates of p110 (Fig. 1A, lanes 1 and 2) or
p85 isoforms (Fig. 1 A, lanes 3 and 4), were separated by
SDS/PAGE, followed by staining with colloidal Coomassie blue
and measurement of optical densities of the p85 and p110 protein
bands. Abs used in these experiments, several of which were
made in-house, have been extensively validated in our laboratory
(data not shown). PI3Ks were also enriched by using a matrix
(Fig. 1 A, lane 5) consisting of immobilized peptides that contain
a pY present in a YxxM motif known to preferentially bind the
SH2 domains of p85s (34) (this matrix is further referred to as
a pY matrix and is described in detail in Materials and Methods).
In eight independent experiments, no excess of p85 over p110,
and vice versa, was found in WEHI-231 or NIH 3T3 cells (Fig.
1A Right).

We next carried out immunodepletion experiments on total
cell lysate (TCL) of NIH 3T3 or WEHI-231 cells by using Ab
mixtures against all class IA p110 isoforms (p110�, p110�,
p110�) or against p85 isoforms (p85�, p85�). Preextraction TCL
and supernatant (SN) remaining after three rounds of depletion
(referred to as SN3) were analyzed for expression of all class IA
PI3K isoforms by immunoblotting (using Abs distinct from those
used for immunodepletion whenever possible), followed by
quantification of the immunoblot signal (Fig. 1B). We calculated
that a 30% excess of free p85 over p110 in cells (as suggested to
be the case in mouse embryo fibroblasts; ref. 28) would lead to
the detection in SN3 of three times more p85 than p110 if 90%
of the p110 subunits were depleted from the TCL after three
rounds of immunoprecipitation (IP) with p110 Abs [supporting
information (SI) Fig. 5]. Such excess was not observed (Fig. 1B),
arguing against the existence of free class IA PI3K isoforms in
NIH 3T3 and WEHI-231 cells.

We next tested whether p110-bound p85 behaved differently
than p110-free p85 upon fractionation of TCL by anion exchange
chromatography. p85� was transiently overexpressed in human
HEK-293T cells with or without p110�, and its elution profile
was assessed under both conditions. Separation by anion ex-
change is based on overall charge (i.e., on pI), and a later elution
of free p85 (i.e., at higher NaCl concentration) would be
consistent with its lower pI compared with p110� (theoretical pI
of 5.8 and 6.9, respectively; note that the pI of the p85�/p110�
heterodimer is likely to be closer to that of p110 due to the larger
size of the latter). As can be seen from Fig. 1C Left, p85�
coeluted with p110� upon coexpression. In contrast, p85�
overexpressed without p110� was found to elute at higher ionic
strength than endogenous p110� (Fig. 1C Center) and endoge-
nous p85� (Fig. 1C Center, long exposure), consistent with p85
being more acidic than the p85-p110 dimer. Thus, free and
p110-bound p85s have different retention times on anion ex-
change HPLC. TCL of WEHI-231 cells was next subjected to this

type of fractionation, and the presence of endogenous p110 and
p85 isoforms in the different fractions was assessed by immu-
noblotting. As can be seen from Fig. 1C Right, p85�/� and all
catalytic subunits tightly coeluted in the same HPLC fractions,
providing further evidence against the existence of p110-free p85
in these cells under physiological conditions.

Absolute Quantification MS Reveals 10,000–15,000 p85/p110 Dimers
per Cell, Without Excess of p85. We next used quantitative MS (31)
to determine the absolute levels of p85 and p110 subunits. The
application of this approach to a specific set of proteins entails

Fig. 1. Analysis of the ratio of p85 to p110 PI3K subunits in PI3K complexes.
(A) PI3K subunits were immunoprecipitated from WEHI-231 and NIH 3T3 cell
lysates by using isoform-specific Abs to p110 or p85 or were isolated by affinity
purification by using a pY matrix (made up of immobilized peptides contain-
ing a phosphorylated Tyr residue in a YxxM motif that binds p85s), resolved by
SDS/PAGE, and detected by colloidal Coomassie blue staining. Recombinant
p85�/p110� was loaded as a control for protein separation. (Left) Represen-
tative SDS/PAGE gel. (Right) Average of the optical densities at 110 kDa and 85
kDa from eight independent SDS/PAGE gels, similar to the one shown in A Left.
(B) Analysis of the presence of p85 and p110 in NIH 3T3 and WEHI-231 cell
extracts after three rounds of immunodepletion with Abs to p110 or p85.
Sequential IPs, using a mixture of p110 or p85 Abs, were performed on TCL.
Samples of preabsorbed TCL and of SN after three rounds of depletion (SN3)
were resolved by SDS/PAGE, followed by detection of class IA PI3K proteins by
immunoblotting (using Abs to p110�, p110�, p110�, p85�, and p85�) and
quantification of optical densities. The graph represents the averages from
two independent experiments. (C) Elution profiles of p110 and p85 after anion
exchange chromatography of TCL. Cell extracts of HEK-293T cells, transiently
transfected with p85� in the presence (Left) or absence (Center) of overex-
pressed p110�, were resolved by anion exchange chromatography, followed
by immunoblotting for p85� and p110� in the different elution fractions.
Immunoblotting signals were quantified to generate elution profiles. (Right)
Endogenous PI3K isoforms from WEHI-231 cells were analyzed by anion
exchange chromatography and immunoblotting as described above. A rep-
resentative experiment of two is shown.
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two stages. First, isotopically labeled protein-specific IS peptides
are synthesized by using selection criteria that include amino acid
composition (absence of Met, Cys, and Trp given their chemical
reactivity; absence of Asp followed by Gly and N-terminal Gln
or Asn due to their chemical instability), nonredundancy among
other proteins, and coverage in different species. IS peptides
used for specific class IA PI3K isoforms are shown in SI Table
1. These IS peptides were further characterized for retention
time on reverse-phase columns, detection limit by MS, and
fragmentation by MS/MS. In a second stage, the IS peptides were
mixed with cell extracts and analyzed by MS to quantify endog-
enous amounts of PI3K proteins by comparing integrated peak
areas of known amounts of IS peptides with those of the
respective endogenous peptides. To test the performance of the
quantitative MS method, we compared the integrated peak areas
of known amounts of labeled IS peptides when run in the
presence of increasing amounts of endogenous PI3K peptides
(by trypsinization of PI3K immunoprecipitated from increasing
amounts of cell lysates) and found that this approach can
quantify PI3K subunits with good precision (�10% variation,
partial data shown in SI Fig. 6A and B; see SI Text for details).
We further tested whether this MS method could detect small
quantitative differences between PI3K subunits. Known
amounts of recombinant p85� and p110� proteins were quan-
tified by MS in test samples made up of a constant amount of
p110� and increasing amounts of p85�. The observed precision
and accuracy of PI3K isoform quantification were on average
11% and 7%, respectively, indicating that a potential excess of
30% p85 over p110 could be detected by this approach (SI Fig.
6C). For the purpose of this paper, we define precision as a
measure of reproducibility, and we define accuracy as how close
the calculated amount is to the real value.

We next isolated PI3K complexes from WEHI-231 or NIH
3T3 lysates by using a mixture of PI3K Abs or the pY matrix
described above, followed by SDS/PAGE separation and colloi-
dal Coomassie blue staining (Fig. 2A). Immunoblot analysis of
the SN remaining after one round of PI3K IP/pull-down (SN1;
Fig. 2B) revealed that PI3K subunits were effectively depleted by
both affinity procedures. Fig. 2C shows examples of the extracted
ion chromatograms of 2-pmol IS peptides (dashed lines) and
endogenous PI3K peptides (solid lines) isolated from cells. The
integrated peak areas of IS and endogenous peptide were used
to calculate the absolute amount of each PI3K isoform per mg
TCL (SI Fig. 7) and the number of molecules of each PI3K
isoform per cell (Fig. 2D). This analysis revealed that WEHI-231
and NIH 3T3 cells expressed similar amounts of class IA PI3Ks,
namely 10,000–15,000 p85/p110 dimers per cell. In each case, the
total number of all p110 molecules matched that of the p85s,
again arguing against the existence of an excess of p85 over p110
in the cell lines used. In WEHI-231 cells, the predominant p110
isoform was p110�, in line with the previously documented high
expression of p110� in leukocytes (3, 20). In NIH 3T3 cells,
p110� was most abundant. Surprisingly, the amount of p85�
(8,000–9,000 molecules per cell) was more than double that of
p85� (4,000–5,000 molecules per cell) in both cell lines, with the
levels of p55�, p55�, and p50� being 500 molecules or less per
cell. The differences between WEHI-231 and NIH 3T3 in
expression levels of each individual PI3K isoform detected by
quantitative MS correlated well with the relative protein expres-
sion of the same class IA PI3K isoform in these cell lines as
detected by immunoblotting of TCL (Fig. 2E).

Correlation Between Class IA PI3K Isoform mRNA and Protein Levels.
To investigate the relationship between protein and mRNA
levels of class IA PI3Ks in WEHI-231 and NIH 3T3 cells, we next
determined the amount of mRNA for each PI3K isoform by
quantitative real-time RT-PCR. cDNA was prepared from total
mRNA and amplified by real-time PCR by using primers specific

for each class IA PI3K isoform. In each cell line, a reasonably
good correlation between mRNA and protein levels was found
for each class IA PI3K isoform (Fig. 3A). When these data from
both cell lines were pooled, a linear correlation between mRNA
and protein levels was found for both the regulatory subunits
(Fig. 3B Left) and the catalytic subunits (Fig. 3B Right), indi-
cating that transcriptional regulation is an important parameter
in the regulation of the relative levels of p85 and p110.

Fig. 2. Determination of the absolute amounts of class IA PI3K subunits in
murine cell lines. (A) Class IA PI3Ks were isolated from the indicated cell lines
by IP using a mix of p110 and p85 Abs or by absorption onto the pY matrix,
followed by separation by SDS/PAGE and visualization by colloidal Coomassie
blue staining. Horizontal boxes indicate the gel sections that were excised for
the further analysis shown in C and D and in SI Fig. 7. The abundant, �56-kDa
protein in lanes 2 and 4 is the heavy chain of the Ab used for IP. (B) Protein
depletion was assessed by immunoblotting for class IA PI3K isoforms in TCL
compared with SN1 after one round of IP or pY pull-down. (C) Representative
extracted ion chromatograms of endogenous and IS (2-pmol) peptides of
immunoprecipitated class IA PI3Ks. For each subunit, all endogenous and IS
peptides listed in SI Table 1 were analyzed. (D) The number of class IA PI3K
molecules per cell as determined by quantitative MS. The total of all catalytic
and regulatory subunit protein amounts is shown. (E) Immunoblot analysis of
class IA PI3K isoforms in 100-�g TCL of WEHI-231 and NIH 3T3 cells.
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Absolute Amounts of Class IA PI3K Isoforms in Mouse Tissues. We next
used quantitative MS to determine the amounts of class IA PI3K
proteins in fresh murine tissues. PI3Ks were immunoprecipitated
from homogenized tissues, resolved by SDS/PAGE, and stained
by colloidal Coomassie blue (SI Fig. 8A). Immunoblotting of
samples before and after one round of IP revealed effective
depletion of most PI3K isoforms (SI Fig. 8B). As shown in Fig.
4A, the most abundant catalytic subunits were p110� (in liver,
brain, and fat) or p110� (in spleen), with a lower abundance of
p110� in most tissues tested (Fig. 4A Left). p85 expression was
more variable and, depending on the tissue, p85� or p85� was
found to be the major isoform (Fig. 4A Right). Importantly, no
excess of p85 over p110 subunits was found in all tissues
investigated, apart from brain, which showed a 2-fold excess of

p85 protein over p110 (Fig. 4A). This finding is surprising, given
that no brain phenotypes have been reported in p85 KO mice.
However, it is possible that the very rapid and selective degra-
dation of p110� over other p110 isoforms in post-mortem brain
(A. Bilancio and B.V., unpublished observations) contributes to
the apparent excess of p85 in extracts of this tissue.

Discussion
In this study, we document that the p85 regulatory and p110
catalytic subunits of class IA PI3Ks are present in equimolar
amounts in mammalian cell lines and tissues and are assembled
in obligate heterodimers. In other words, all available p85 is
bound to p110, and no evidence for free p85 or free p110 could
be obtained. We also report an estimation of the absolute
amounts of class IA PI3K catalytic and regulatory proteins. In
established cell lines, 10,000–15,000 p85/p110 dimers were
present per cell. In tissues, total p85/p110 levels were more
variable, but were still within a 10-fold range, with the lowest and
highest total amount of p85/p110 in muscle and spleen, respec-
tively (Fig. 4B). These values may be underestimated, because
with the current level of technology, we cannot account for losses
that may occur during affinity purification. In the future, this
problem will be solved by using a new generation of mass
spectrometers that have a sensitivity that will permit quantifying
endogenous proteins expressed at low levels without the need for
affinity purification. Nevertheless, by using several different
affinity techniques before MS quantification, it was observed
that the values we obtained were self-consistent irrespective of
the affinity technique used. We thus believe that the ratios of
p85/p110 will not change when using more sensitive mass
spectrometry, albeit the absolute amounts may do so to a small
extent, should the affinity purification step be excluded from the
experimental workflow.

A surprising finding was the high levels of p85� compared with
p85�, especially in cell lines (Fig. 2D). Indeed, p85� was
generally believed to be more abundant than p85�, a conclusion
that was largely based on the more pronounced phenotypic
impact of p85� gene KO in mice than that of p85� KO. Indeed,
whereas p85� KO mice die perinatally (24), p85� KO mice are
viable (25) and have less severe metabolic and immunological
phenotypes (24, 35, 36). Previous analysis of PI3K protein
expression by immunoblotting and silver staining (28) suggested
that p85� contributes only 10% of total regulatory subunits in
mouse embryo fibroblasts (which are similar to the NIH 3T3 cells
used in our study). We found that the levels of p85� were within
the same range as those of p85�, and in some cases (such as in
brain, WEHI-231, and NIH 3T3 cells) even exceeded those of
p85�. The reasons for this discrepancy between our results and
these of Ueki et al. (28) are unclear at the moment but may be
related to differences in PI3K Ab reagents.

In line with the previously documented enrichment of p110�
in leukocytes (3, 20), p110� levels were high in spleen and in
WEHI-231 B lymphoma cells. The data available to date suggest
that the relative importance of the p110� isoform in leukocytes
exceeds that of the other class IA p110 isoforms (refs. 11, 14, and
15 and our unpublished results), suggesting that the expression
level of a p110 isoform can contribute to its relative contribution
to signaling. It is, however, likely that other parameters, such as
specific activity, may also have to be taken into account when
dissecting causes for the nonredundant functions of class IA
PI3Ks. Indeed, the specific activity of p110� appears to be higher
than that of the other class IA PI3K isoforms (37, 38), and might
‘‘compensate’’ for the lower expression of p110� relative to the
other PI3K isoforms (Figs. 2D and 4A).

Our quantitative MS analysis revealed that the p85 regulatory
and p110 catalytic subunits of class IA PI3Ks are present in
equimolar amounts in cell lines and tissues. Affinity purification
(Fig. 1 A) and immunodepletion experiments (Fig. 1B), as well as

Fig. 3. Relationship between protein and mRNA levels of PI3K isoforms in
WEHI-231 and NIH 3T3 cell lines. (A) Class IA PI3K mRNA and protein amounts
in WEHI-231 and NIH 3T3 cells. Each mRNA or protein value was standardized
to the mean of all catalytic and regulatory subunits, respectively. (B) Relation-
ship between mRNA and protein expression of class IA PI3K subunits. Each
mRNA and protein value was standardized to the mean of all catalytic and
regulatory subunits, respectively, independent of the cell line used. Graphs
were constructed by using the pooled data shown in A.

Fig. 4. Quantification of class IA PI3K isoforms in murine tissues. (A) Protein
expression levels of class IA PI3K isoforms in mouse tissues. The value for each
class IA PI3K isoform was determined by comparison of peak integrated areas
of endogenous and IS peptides (data not shown). (B) Total amount of p110
and p85 subunits in different mouse tissues.
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analytical ion exchange chromatography (Fig. 1C), further sup-
port the notion that all p85 subunits are p110-bound and that no
free p85 or p110 subunits exist in cell lines and tissues. Our data
are in line with previous work demonstrating that the unstable
p110s are stabilized by binding to p85 subunits (5) and that free
p85� is unstable in the absence of p110� (39, 40). It was further
shown that the interaction of p85 with p110 is very strong and can
withstand high concentrations of urea, salt, or detergent (34, 41).
It is therefore rather unlikely that the p85-p110 association will
be dynamically regulated in vivo. A reasonably good correlation
was found between the expression levels of the mRNA and
protein of each p85 and p110 subunit (Fig. 3), suggesting that
transcriptional control of PI3K expression, together with ‘‘cross-
stabilization’’ of p85 and p110 proteins (5, 39), are important
mechanisms to achieve equimolarity between the class IA PI3K
subunits.

Our findings argue against the free p85 hypothesis (22), which
had been put forward to explain the increased insulin-induced
PI3K signaling in p85� and p85� KO mice (23–26). This
hypothesis invokes the existence of non-p110-bound (‘‘free’’)
p85, which can compete with heterodimeric p85/p110 for pY
binding sites, thereby dampening PI3K signaling. In p85 KO
cells, the levels of free p85 were thought to be preferentially
reduced, leading to enhanced access of lipid kinase-competent,
heterodimeric p85/p110 complexes to pY binding sites and thus
to increased PI3K signaling (22). In addition to the data pre-
sented here, other recent experimental evidence also argues
against the model of free p85. Indeed, monomeric p85 is
unstable: Pulse–chase experiments of cells transiently overex-
pressing p85� with or without p110� revealed that the half-life
of free p85� is at least three times less than that of p85� bound
to p110� (39). In line with these observations, loss of expression
of p110� or p110� leads to a concomitant reduction in p85 levels
(39, 40). Moreover, introduction of increasing amounts of free
p85� in pan-p85� KO adipocytes failed to decrease insulin-
stimulated PI3K activity in pY complexes but reduces Ser-473
phosphorylation of Akt (21). The latter observation indicates
that p85� can decrease cellular PI3K lipid levels through mech-
anisms that are independent of its capacity to compete for pY
docking sites. Alternative models to explain the increased PI3K
signaling in p85 KO cells are therefore needed. As argued in refs.
30 and 42, loss-of-expression of p85 has the capacity to alter lipid
phosphatase activity in cells and, in support of this, decreased
activity of the 3-phosphoinositide phosphatase PTEN has re-
cently been reported in p85� KO liver cells (43).

In summary, we have subjected the class IA PI3K system to a
rigorous quantitative analysis. Our data do not support the free
p85 hypothesis, which had become an established concept in the
field. It will now be important to determine relative expression
of the other players in this signaling system, for example the
receptors and adaptor proteins to which the different PI3K
isoforms can bind. It is anticipated that such quantitative as-
sessment of PI3K signaling will contribute to a better under-
standing of the regulation of this important biological system.

Materials and Methods
Abs and Reagents. Abs to class IA PI3Ks were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA) (p110�; sc-602,
raised against C-terminal peptide) or Upstate (Charlottesville,
VA) (p85pan; catalog no. 06-195; raised against the full-length
p85� protein) or were made in house: Abs to p110� (SK214/15;
polyclonal Ab raised against C-terminal peptide; ref. 44), p110�
(no. 2.1; polyclonal Ab raised against C-terminal peptide; ref.
44), p110� (polyclonal Ab raised against C-terminal peptide; ref.
44), p85� (U10, monoclonal Ab raised against the p85� BH-
domain; refs. 45 and 46), p85� (monoclonal Abs T12 and T15;
ref. 45), p85�/p85� (U2, monoclonal Ab raised against N-
terminal SH2 domain of p85�; cross-reacts in IP with p85�).

Other sources of reagents were as follows: IS peptides (Sigma
Genosys, The Woodlands, TX), recombinant p110�/p85 (Up-
state), and p85 (Jena Bioscience, Jena, Germany), colloidal
Coomassie blue G-250 (GelCode Blue Stain Reagent; Pierce,
Rockford, IL), cell culture reagents (Invitrogen, Carlsbad, CA),
in-gel digestion and liquid chromotography (LC) solvents (Rath-
burn, Walkerburn, U.K.), and protein standards and other buffer
components (Sigma, St. Louis, MO).

Cell Culture. The WEHI-231 cell line was cultured in RPMI
medium 1640 supplemented with 10% FBS, 100 units/ml peni-
cillin, 100 �g/ml streptomycin, and 0.05 mM �-mercaptoethanol.
NIH 3T3 and HEK-293T were cultured in DMEM supplemented
with 10% FBS, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin. All cells were cultured at 37°C in a humidified 5% CO2
atmosphere.

Murine Tissue Extraction. Murine tissue was extracted from 8- to
10-week-old C57BL/6 mice, cut into sections, and instantly
snap-frozen in liquid nitrogen. Cells were extracted by manual
homogenization of tissue in Triton X-100 lysis buffer (50 mM
Tris�HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1% Triton
X-100 supplemented with protease and phosphatase inhibitors).

DNA Transfection. HEK-293T cells were transfected with PI3K
expression vectors by using calcium phosphate precipitation
(catalog no. K2780-01; Invitrogen). The expression vector used
was pSG5, in which expression of untagged bovine p85� or
bovine p110� is driven by the SV40 early promoter.

Generation of pY-Affinity Matrix. The pY matrix was generated by
coupling pYVPMLG (Alta Bioscience, Birmingham, U.K.) to
Actigel (primary amines coupled to agarose) beads (Sterogene,
Carlsbad, CA). For protein enrichment and depletion, 100 �l of
pY matrix was added to 1 mg of cell lysate, followed by
incubation at 4°C for 2 h.

Immunodepletion. Cells were lysed in Triton X-100 lysis buffer.
One milligram of TCL was incubated for 2 h with Ab mixture
either directed against p110 [3 �g of Abs in total; mix made up
of 1 �g of Ab to each p110 isoform (p110�, p110�, p110�)] or
with Ab mixture directed against p85 [5 �g of Ab in total; mix
made up of 1 �g of p85� Ab (U10), 1 �g of U2, 1 �g each of T12
and T15 p85� Abs, and 1 �g of p85pan Ab (catalog no. 06-195;
Upstate)], followed by incubation with protein A or G Sepharose
(Amersham Biosciences, Piscataway, NJ). The resulting SN1
after p110 or p85 depletion was subjected to two further rounds
of IP similar to that described above, eventually giving rise to SN3.

Immunoprecipitation. Per round of IP, 1 mg of TCL was incubated
for 2–5 h with 16–24 �g of Ab mix [made up of 2–3 �g of Abs
to each p110 subunit (p110�, p110�, p110�), p85� (U10), p85�
(T12 and T15), p85�/p85� (U2), and p85pan (catalog no. 06-195;
Upstate)], followed by incubation with protein A or G Sepharose.

Anion Exchange Chromatography. Cells were lysed as described
above, and lysates were desalted by gel filtration (Econo-Pac
10DG column; Bio-Rad, Hercules, CA) using chromatography
buffer A (20 mM Tris�HCl, pH 7.6, 1 mM MgCl2, 1 mM EGTA,
10% glycerol, and 0.1% octyl glucoside). Buffer B was 0.5 M
NaCl dissolved in buffer A. Anion exchange chromatography
was performed using a Tricorn Mono Q 4.6/100 PE column
(Amersham Biosciences) connected to an Integral 100Q HPLC
system (Applied Biosystems, Foster City, CA). Separation of
class IA PI3Ks by anion exchange chromatography was per-
formed according to Shibasaki et al. (47) by applying gradient
elution from 0–100% buffer B in 20 column volumes (balancing
the gradient with buffer A).
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In-Gel Digestion. In-gel digestion was performed as described in
ref. 48, except that peptides were not alkylated due to a Cys
residue within the sequence of one IS peptide. 1–2 pmol of IS
peptide was added to the gel pieces at the same time as trypsin.
Extracted peptides were dried in a SpeedVac and resuspended
in 0.1% (vol/vol) formic acid.

LC-MS. LC-MS was performed as described in ref. 48. ‘‘Pseudo
multiple reaction monitoring’’ experiments were performed by
setting the Q1 to transmit the m/z of peptide molecular ions,
which were fragmented in the collision cell. Fragment ions thus
produced were sampled by TOF and their areas in extracted ion
chromatograms used for quantification.

Data Analysis. Raw MS and MS/MS data were converted into
peak lists by using MassLynx version 4.0 (Waters, Milford, MA).
The m/z peaks were smoothed (Savitzky–Golay method, two
smoothings) and centered (80% peak height for centroids).
Charge states were calculated by the software, and peaks were
de-isotoped. Correctness of selected identifications was con-
firmed manually by assigning all of the fragment ions in MS/MS
spectra to theoretical peptide fragmentations (Protein Prospec-
tor was used to obtain theoretical fragment ions). Quantitative
data were obtained from protein-derived peptides by inputting
their m/z values and retention times into the ‘‘Quantify Method’’
provided with the MassLynx software. This feature of the

software automatically obtains extracted ion chromatograms for
each of the input m/z values, which, together with knowledge
of retention time, are the basis for peak area selection and
integration.

Real-Time PCR. Total RNA was extracted from cells by using the
RNeasy Mini kit (catalog no. 74104; Qiagen, Valencia, CA).
mRNA was subsequently reverse transcribed by using the Su-
perScript II Reverse Transcriptase (catalog no. 18064; Invitro-
gen). This cDNA was used as the template for real-time PCR
amplification. TaqMan Universal PCR Master Mix, primers, and
probes were obtained from Applied Biosystems (catalog no.
4364103). For each gene of interest, known amounts of plasmids
for this gene were used to create a standard curve. Real-time
PCR generated a series of CT values (the PCR cycle at which
amplification of each target gene is first detected) for endoge-
nous and plasmid-born cDNA, which allowed for the determi-
nation of mRNA copy numbers for each individual gene.
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