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Phosphatidylinositol 3-kinase (PI 3-kinase) has been implicated as a participant in signaling pathways
regulating cell growth by virtue of its activation in response to various mitogenic stimuli. Here we describe the
cloning of a novel and ubiquitously expressed human PI 3-kinase. The 4.8-kb cDNA encodes a putative
translation product of 1,070 amino acids which is 42% identical to bovine PI 3-kinase and 28% identical to
Vps34, a Saccharomyces cerevisiae PI 3-kinase involved in vacuolar protein sorting. Human PI 3-kinase is also
similar to Tor2, a yeast protein required for cell cycle progression. Northern (RNA) analysis demonstrated
expression of human PI 3-kinase in all tissues and cell lines tested. Protein synthesized from an epitope-tagged
cDNA had intrinsic PI 3-kinase activity and associated with the adaptor 85-kDa subunit of PI 3-kinase (p85) in
intact cells, as did endogenous human PI 3-kinase. Coprecipitation assays showed that a 187-amino-acid
domain between the two src homology 2 domains of p85 mediates interaction with PI 3-kinase in vitro and in
intact cells. These results demonstrate the existence of different PI 3-kinase isoforms and define a family of
genes encoding distinct PI 3-kinase catalytic subunits that can associate with p85.

Phosphatidylinositol 3-kinase (PI 3-kinase), an activity
that phosphorylates PI at the 3'-OH of the inositol ring (63),
was first identified as an activity that associates with a
variety of viral oncoproteins (36, 54, 65). Studies with
various mutants of polyomavirus middle T antigen demon-
strated a correlation between association with PI 3-kinase
and the ability to transform cells (15, 26, 58, 65). The finding
that PI 3-kinase also associates with activated growth factor
receptor tyrosine kinases (14, 25, 61) implicated this activity
as a potential participant in mitogenic signaling.

PI 3-kinase phosphorylates PI, PI-4-P, and PI-4,5-P2 in
vitro (8, 38). Measurements of polyphosphoinositides in
virally transformed cells and in cells treated with growth
factors demonstrate elevations in levels of PI-3,4-P2 and
PI-3,4,5-P3 (2, 9, 13, 20, 24, 34, 43, 44, 46, 52, 58, 60, 61).
Cells expressing nontransforming mutants of viral oncopro-
teins do not exhibit elevated levels of PI-3,4-P2 or PI-3,4,5-P3
(34, 46, 58, 60), corroborating previous correlations between
PI 3-kinase activation and the transformed phenotype. How-
ever, the observation that PI 3-kinase products are synthe-
sized in response to nonmitogenic stimuli (31, 55, 56) sug-
gests that PI 3-kinase is involved in physiological processes
unrelated to mitogenesis. Since the products of PI 3-kinase
are poor substrates for phospholipase C (35, 47), it has been
suggested that they may constitute a second messenger
pathway distinct from that involving the hydrolysis of PI-
4,5-P2 to generate diacylglycerol and inositol trisphosphate
(4).
The association of PI 3-kinase activity with polyomavirus

middle T antigen and antiphosphotyrosine immunoprecipi-
tates from platelet-derived growth factor (PDGF)-treated
fibroblasts correlated with the presence of an 85-kDa phos-
phoprotein (15, 25), suggesting that this protein might be a
component of PI 3-kinase. This was confirmed by the
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demonstration that purified PI 3-kinase consists of 85- and
110-kDa subunits (8, 17, 38, 48).
Cloning of cDNAs encoding the 85-kDa subunit of PI

3-kinase (p85 [17, 40, 50]) demonstrated that the conceptual
cDNA translation product contained two Src homology 2
(SH2) domains, one Src homology 3 (SH3) domain, and a
region of homology to the breakpoint cluster region (bcr)
gene translocated in chronic myelogenous leukemia. Over-
expression of p85 blocks association of PI 3-kinase with
activated PDGF receptors (17, 23), and p85 binds to acti-
vated growth factor receptor tyrosine kinases and other
tyrosine phosphoproteins through its SH2 domains (3, 23,
29, 33, 37, 39, 42). p85 has no intrinsic PI 3-kinase activity
(17, 40); these observations taken together suggest that p85
functions as a regulatory subunit of PI 3-kinase that couples
the catalytic 110-kDa subunit (p110) to activated growth
factor receptors.

In many cases, endogenous p85 is not phosphorylated on
tyrosine residues in response to growth factor treatment (3,
23), although tyrosine-phosphorylated p85 is detectable in
some cell lines (27, 52). Recent studies have demonstrated
that binding of tyrosine phosphopeptides to p85 activates PI
3-kinase in the absence of tyrosine phosphorylation (3, 6).
This binding elicits a conformational change in p85 detect-
able by circular dichroism (41, 49). These findings are
consistent with a model of PI 3-kinase activation in which
binding of tyrosine phosphoproteins to p85 causes a confor-
mational change that is transferred to the catalytic pllO
subunit. However, since the magnitude of activation by
tyrosine phosphopeptides in vitro is less than the increase in
levels of PI 3-kinase products observed upon growth factor
treatment in vivo (3, 44), it is likely that translocation of PI
3-kinase to the membrane, where PI 3-kinase substrates are
in a relatively high concentration, also contributes to a rise in
levels of 3'-phosphoinositides.
Subsequent cloning of a bovine pllO cDNA demonstrated

that pllO possesses PI 3-kinase activity (22). Bovine pllO

7677



7678 HU ET AL.

has significant homology with two Saccharomyces cerevi-
siae proteins: Vps34, which is a PI 3-kinase required for
proper targeting of vacuolar proteins (21, 45), and Tor2,
which is a protein mediating rapamycin resistance of certain
yeast strains (32). Tor2 is required for vegetative growth
(32), whereas Vps34 is not (21). This is consistent with
potential roles of mammalian PI 3-kinase in mitogenic and
nonmitogenic signaling pathways (although Tor2 has not
been shown to be a PI 3-kinase). p85a mRNA is widely
expressed (50), consistent with the ubiquitous presence of PI
3-kinase in cell lines; however, the tissue distribution of
bovine pllO mRNA has not been described.

In order to better understand the functions and regulation
of mammalian PI 3-kinase, we sought to isolate cDNAs
encoding the 110-kDa catalytic subunit. In this paper, we
report the cloning of a novel and ubiquitously expressed
pllO isoform, p110, and the identification of its binding site
on p85.

MATERUILS AND METHODS

Cloning and sequencing of pllO. To generate an appro-
priate probe for identifying cDNAs related to bovine p110,
primers that corresponded to two 7-amino-acid stretches
conserved between bovine pllO and yeast Vps34 were
designed: GDDLRQD, corresponding to residues 804 to 810
and 626 to 632 of pllO and Vps34, respectively, and
SCAGYCV, corresponding to residues 900 to 906 (p110) and
716 to 722 (Vps34). Inosine was incorporated into the
primers at nucleotide residues not conserved between pllO
and Vps34. The primers were tailed with BamHl and EcoRT
restriction sites to facilitate subcloning. Polymerase chain
reaction (PCR) was performed with cDNA synthesized from
Jurkat total RNA as a template. The annealing temperature
was set at 37°C for 5 cycles, followed by 55°C for 30 cycles.
The 333-nucleotide PCR product was subcloned into Blue-
script (Stratagene), and the plasmid was sequenced directly
by the dideoxy chain termination method with Sequenase
(United States Biochemical). This DNA fragment was la-
beled by random priming in the presence of [a-32P]dCTP and
used to screen a XZAP (Stratagene) cDNA library (EcoRI to
XhoI, 5' to 3') constructed from 293 human embryonic
kidney cell mRNA. To obtain a full-length clone, the library
was rescreened with a PCR product corresponding to nucle-
otides 1184 to 1533 of the pllO cDNA.
Phage plaques were screened at a density of approxi-

mately 40,000 plaques per 15-cm petri plate. Nitrocellulose
filters were prehybridized at 42°C in 50% formamide-5x
SSC (20x SSC = 3 M NaCl plus 0.3 M sodium citrate) -20
mM Tris (pH 7.6)-lx Denhardt's solution (50x Denhardt's
solution = 1% Ficoll, 1% polyvinylpyrrolidone, and 1%
bovine serum albumin)-0.1% sodium dodecyl sulfate (SDS)-
100 ,ug of salmon sperm DNA per ml for 4 h. Denatured
random-primed probe was added at -106 counts/ml, and
hybridization was performed at 42°C for 18 h. The filters
were washed once at room temperature in 2x SSC-0.1%
SDS for 15 min and then three times in 0.2x SSC-0.1% SDS
for 15 min each time. Filters were exposed wet overnight at
-700C.

Positive clones were plaque purified, and the cDNA
inserts were rescued from the phage by coinfection with
Exassist helper phage (Stratagene). The resultant excised
Bluescript plasmids containing cDNA inserts were purified
on Qiagen midicolumns and sequenced directly. Both
strands of the open reading frame of pllO were sequenced
in their entirety.

A full-length cDNA encoding pllO was assembled from
clones 7-1 and 9-1 in two steps. Initially, a 3.2-kb BbsI-XhoI
fragment from clone 7-1 and a 0.95-kb BamHI-BbsI fragment
from clone 9-1 were ligated to BamHT-Xhol-cut Bluescript
vector to generate clone 6. Ligation of a 3.95-kbAfllII-XhoI
fragment from clone 6 and a 0.85-kb EcoRI-AflIII fragment
from clone 9-1 to EcoRI-Xhol-cut Bluescript vector gener-
ated pBSpllO1, which contains a full-length cDNA insert.

Epitope tagging and transient expression assays. The full-
length pllO cDNA was tagged with a 9-amino-acid epitope
(YPYDVPDYA [19]) derived from influenza virus hemagglu-
tinin. A PCR product generated with BstXl-tailed oligonu-
cleotide primers and a template containing a 114-bp cassette
encoding this epitope in triplicate (57) was subcloned into a
unique BstXI site at nucleotide 93 of the pllO cDNA to
create pBSpllOTag. The tagged cDNA encodes pllO con-
taining a 38-amino-acid insertion 30 amino acids carboxy
terminal to the first potential initiator methionine residue.
To generate an epitope-tagged cDNA encoding the p85

inter-SH2 domain, a PCR product synthesized with a KpnI-
tailed N-terminal primer, a KpnI-HindIII-tailed C-terminal
primer (KpnI site 5' to HindIII site), and a p85a cDNA
template (50) was subcloned into KpnI-cut pBSpllOTag.
Ligation in the proper orientation results in a cDNA encod-
ing amino acids 427 to 613 of human p85 fused to the epitope
tag and the first 45 amino acids of p1101. Since this construct
encodes the first 45 amino acids of pllO in addition to the
p85 inter-SH2 domain, we cannot rule out the possibility that
these residues may play a role in associating with full-length
pllO in vivo. However, in vitro experiments with the
glutathione S-transferase (GST)-inter-SH2 fusion protein
suggest that this is unlikely.
A 4.9-kb EcoRI-XhoI fragment encompassing the entire

tagged pllO cDNA and a 1.1-kb EcoRI-HindIII fragment
encoding the tagged p85 inter-SH2 domain were subcloned
into a cytomegalovirus enhancer-based expression vector
(23) to generate pllOTag and pINTTag, respectively. 293
human embryonic kidney cells were transfected as described
previously (10). Briefly, cells were plated at a density of
-106 cells per 10-cm fibronectin-coated dish in Dulbecco's
modified Eagle's medium containing 10% fetal bovine se-
rum. After overnight incubation at 37°C in the presence of
5% CO2, cells were transferred to a 3% CO2 incubator for 1
h prior to transfection with 10 ,ug of plasmid DNA in 1 ml of
1 x BES [N,N-bis(2-hydroxyethyl)-2-aminoethanesulfonic
acid]-buffered saline (2x BES-buffered saline = 50 mM BES
[pH 6.95], 280 mM NaCl, and 1.5 mM Na2HPO4) and 0.125
M CaCl2 per 10-cm dish. Transfected cells were incubated 12
to 16 h in the presence of 3% CO2, washed with phosphate-
buffered saline (PBS), and incubated overnight in Dulbec-
co's modified Eagle's medium containing 10% fetal bovine
serum in the presence of 5% CO2 prior to lysis.

Antibodies. Rabbit polyclonal anti-p85 antibodies for im-
munoprecipitation and immunoblotting are directed against a
human p85a peptide (amino acids 500 to 518) and a GST
fusion protein containing amino acids 265 to 523 from human
p85ot, respectively. Mouse monoclonal antibody 12CA5
(Babco) reactive to the influenza virus hemagglutinin epitope
YPYDVPDYA (19) was used to detect epitope-tagged pro-
teins. Rabbit polyclonal anti-pllO,B antibodies for immuno-
precipitation and immunoblotting are directed against a
carboxy-terminal peptide (amino acids 1056 to 1070) and a
GST fusion protein containing amino acids 586 to 665 from
p11013, respectively.

Cell lysis, immunoprecipitation, and immunoblotting. Cells
were washed twice with ice-cold PBS prior to lysis with 400
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,ul of lysis buffer {50 mM HEPES [4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) [pH 7.5], 150 mM NaCl, 10%
glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA
[ethylene glycol-bis(P-aminoethyl ether)-N,N,N',N'-tetra-
acetic acid], 10 ,ug of aprotinin per ml, 10 ,ug of leupeptin per
ml, 1 mM phenylmethylsulfonyl fluoride, 1 mM sodium
orthovanadate, 10 mM tetrasodium PP1, and 100 mM sodium
fluoride} per 10-cm dish. Lysates were incubated for 5 min
on ice and centrifuged for 15 min at 4°C and 16,000 x g.
Equal amounts of total protein as measured by Bio-Rad

protein assay were immunoprecipitated with antibodies pre-
bound to protein A-Sepharose beads (Zymed) in the pres-
ence of 20 mM HEPES, pH 7.5. Protein A-Sepharose-
antibody complexes were incubated with cell lysates for 2 h
at 4°C prior to immunoblot analysis or PI 3-kinase assay.
For immunoblot analysis, immunoprecipitates were

washed three times with ice-cold lysis buffer, boiled in
SDS-polyacrylamide gel electrophoresis (PAGE) sample
buffer for 5 min, subjected to SDS-8% PAGE, transferred to
nitrocellulose (MSI), and blotted as-previously described
(67). Antibodies were detected with 1 I-protein A (ICN) or
by enhanced chemiluminescence (Amersham).

PI 3-kinase assay. Immunoprecipitates were assayed for PI
3-kinase activity as described previously (2). Briefly, immu-
noprecipitates were washed three times with PBS containing
1% Nonidet P-40 (NP-40), twice with 0.5 M LiCl-0.1 M Tris
(pH 7.6), twice with TNE (10 mM Tris [pH 7.6], 100 mM
NaCl, 1 mM EDTA), and twice with 20 mM HEPES (pH
7.5)-50 mM NaCl-5 mM EDTA-0.03% NP-40-30 mM tetra-
sodium PPi-200 ,uM sodium orthovanadate-10 pg of aproti-
nin per ml-1 mM phenylmethylsulfonyl fluoride. A total of
50 pl of 1x kinase buffer (20 mM Tris [pH 7.6], 75 mM NaCl,
10 mM MgCl2, 200 p,g of PI [Avanti] per ml sonicated in 20
mM HEPESlH 7.5], 20 ,uM ATP, 200 ,uM adenosine, and
10 ,Ci of [y- PJATP [6,000 Ci/mmol; New England Nucle-
ar] per sample) was added to each immunoprecipitate, and
the samples were shaken at room temperature for 20 min. A
total of 100 pl of 1 N HCI was added to stop the reaction.
Lipids were extracted with 200 ,lI of 1:1 (vol/vol) chloro-
form-methanol. The organic phase was dried, resuspended
in 10 pl of 1:1 (vol/vol) chloroform-methanol containing a PI
4-phosphate standard, and spotted on a silica gel 60 thin-
layer chromatography plate (Merck). Chromatography was
performed in chloroform-methanol-4.0 M NH40H (9:7:2
[vol/vol/vol]), and labeled PI 3-phosphate was visualized by
autoradiography. Assays of substrate specificity were per-
formed as described above, except that a sonicated 1:1
mixture of substrate-phosphatidylserine (200 p,g/ml) was
used in the reaction buffer.

Northern (RNA) analysis. Poly(A)+ RNA was extracted
from tissues and cells with SDS and proteinase K and
directly purified by oligo(dT)-cellulose chromatography as
described previously (62). Two micrograms of mRNA was
electrophoresed on a 1% formaldehyde-agarose gel and
transferred to Nytran (Schleicher and Schuell) overnight in
lOx SSC. The blot was probed with a random-primed
[a-32P]dCTP-labeled KjpnI-KpnI restriction fragment corre-
sponding to nucleotides 139 to 4285 of the pllO,3 cDNA.
Hybridization was performed in 0.5 M sodium phosphate
(pH 7.2)-7% SDS-1 mM EDTA-100 p,g of salmon sperm
DNA per ml at 62°C for 18 h. The blot was washed in 40 mM
sodium phosphate (pH 7.2)-1% SDS-1 mM EDTA once for
10 min at room temperature, twice for 10 min at 62°C, and
once for 10 min at room temperature prior to autoradiogra-
phy.

Generation of GST-p85 fusion proteins. The construction

of plasmids expressing GST-N-SH2, GST-C-SH2, and GST-
N+C-SH2 has been described previously (23). GST-SH3-bcr
and GST-inter-SH2 were generated by PCR with oligonu-
cleotides flanking the appropriate domains of p85a and tailed
with appropriate restriction sites. PCR reaction products
were subcloned into pGEX2T (Pharmacia), and recombinant
clones were screened by SDS-PAGE of Escherichia coli
protein lysates. Fusion proteins were purified by glutathio-
ne-agarose affinity chromatography (Sigma) as previously
described (51), except that 10 mM dithiothreitol was in-
cluded in the lysis buffer and in all subsequent purification
steps. The GST-SH3-bcr and GST-inter-SH2 fusion proteins
express amino acid residues 5 to 321 and 427 to 613 of human
p85a, respectively.

In vitro binding assays. Equal amounts of lysate from 293
cells transfected with an epitope-tagged pllO cDNA were
incubated with approximately S ,g of various immobilized
GST fusion proteins for 2 h at 4°C. Bound proteins were
washed three times with ice-cold lysis buffer, boiled in
SDS-PAGE sample buffer for 5 min, separated by SDS-10%
PAGE, and immunoblotted with anti-Tag antibodies as de-
scribed earlier.

RESULTS

Cloning of a novel PI 3-kinase cDNA. To isolate cDNAs
encoding novel PI 3-kinases, we screened a human cDNA
library with a probe derived from regions conserved between
bovine pllO and yeast Vps34. PCR with degenerate oligo-
nucleotide primers and Jurkat cDNA as a template yielded a
333-bp product. This product was subcloned and sequenced,
and conceptual translation yielded a polypeptide sequence
that was approximately 50% identical to bovine pllO and
36% identical to yeast Vps34 (data not shown). This probe
was labeled by random priming in the presence of
[a-32P]dCTP and used to screen a XZAP 293 cDNA library.
An initial screen of approximately 700,000 plaques yielded

11 positive clones. Restriction analysis of the cDNA inserts
suggested that four were derived from the same gene. The
longest cDNA insert, from clone 7-1, was selected for
further analysis.
The 3.4-kb insert from clone 7-1 contained a 2,038-nucle-

otide open reading frame and a 1,382-nucleotide 3' untrans-
lated region including a consensus polyadenylation site and a
poly(A) tail of 15 residues (data not shown). Since no
in-frame stop codons were detected upstream of potential
initiation codons, the library was rescreened with a PCR
product derived from the 5' end of clone 7-1. Nine positive
clones were identified, and the clone with the largest insert,
clone 9-1, was analyzed further.
Clone 9-1 contained a 3.2-kb insert, including 0.4 kb of

sequence identical to the 5' end of clone 7-1 and 1.4 kb of
additional 5' sequence. PCR analysis with primers derived
from 7-1 indicated that the 3' 1.4 kb of the 9-1 insert was not
identical to 7-1. Sequencing of the 5' 1.4-kb portion of 9-1
revealed an 1,184-nucleotide open reading frame contiguous
with the open reading frame encoded by 7-1. A 224-nucle-
otide 5' untranslated region contained translational stop
codons in all three reading frames preceding potential trans-
lation initiation codons. Together, clones 7-1 and 9-1 define
a 4.8-kb cDNA containing an open reading frame of 3,210
nucleotides.
The open reading frame encoded by clone 9-1 ended with

a translational stop codon 1.6 kb downstream from the first
potential initiation codon, after which the 9-1 sequence
diverges from that of 7-1. In order to determine whether 9-1
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and 7-1 represent differentially spliced products of the same
gene, Northern analysis was performed on poly(A)+ RNA
isolated from 293 cells with both probes used to screen the
cDNA library. Both probes identified a major transcript of
-4.8 kb (data not shown), consistent with the size of the
full-length cDNA defined by clones 7-1 and 9-1. No other
major mRNA species were detected with either probe,
suggesting that the termination codon present in 9-1 may be
the result of a cloning artifact.

Conceptual translation of the full-length cDNA yields a
protein product of 1,070 amino acids (Fig. 1). There are three
potential initiation codons, two of which lie in favorable
Kozak consensus contexts for translation initiation (30).
Comparison of this amino acid sequence with known se-
quences in the EMBL and GenBank data bases demon-
strated that this novel cDNA was most similar to bovine
pllO (22), exhibiting 42% identity at the amino acid level
(Fig. 2). This relatively low level of similarity in amino acid
sequence suggests that this cDNA encodes a novel isoform
of p110, which we refer to as p110. pllO also has
significant similarity to Vps34, a PI 3-kinase required for
vacuolar protein sorting in S. cerevisiae (21, 45); pllO and
Vps34 exhibit 28% identity at the amino acid level (data not
shown), comparable to the 27% amino acid identity between
bovine pllO and Vps34 (22). pllO is less similar to Tor2, an
essential protein in S. cerevisiae involved in rapamycin
sensitivity (32), exhibiting 22% amino acid identity (data not
shown). It is noteworthy that Tor2 has not been demon-
strated to possess intrinsic PI 3-kinase activity.
The high level of amino acid identity among the carboxy

termini of these proteins allows the definition of a putative PI
3-kinase domain (Fig. 3). Within the region shown, pllO is
52% identical to bovine pllO and 33% identical to Vps34 at
the amino acid level (excluding the insert present in Vps34
but not in pllO or bovine p110). The 116-amino-acid
consensus includes only residues that are identical among all
three PI 3-kinases and represents 23% of the 510 amino acids
depicted (not including the Vps34 insert).

pllOf encodes a PI 3-kinase. To determine whether pllO13
encodes a PI 3-kinase, the pllO cDNA was tagged with
three copies of an epitope derived from influenza virus
hemagglutinin (19) and expressed transiently in 293 human
embryonic kidney cells. Cell lysates containing tagged pllO
were immunoprecipitated with the anti-Tag monoclonal an-
tibody 12CA5 (19) and assayed for PI 3-kinase activity (Fig.
4A).

Anti-p85 antibodies immunoprecipitated endogenous PI
3-kinase activity from untransfected 293 cells (Fig. 4A, lane
1). This activity was inhibited by the presence of 0.5% NP-40
(lane 2), confirming its identity as PI 3-kinase (64). Anti-Tag
immunoprecipitates of lysates from untransfected cells or
cells transfected with a human p85 cDNA (p85) contained no
PI 3-kinase activity (lanes 3 and 4). Transfection of a tagged
pllO cDNA (pllOTag), either alone (lane 5) or together
with p85 (lane 7), resulted in the immunoprecipitation of PI
3-kinase activity with anti-Tag antibodies. This activity was
also inhibited by the presence of NP-40 (lanes 6 and 8).
Approximately 10-fold more activity was present in anti-Tag
immunoprecipitates of lysates from cells overexpressing
both p85 and pllOTag compared with cells overexpressing
pllOTag alone (lanes 5 and 7).

Immunoprecipitated pllO was also active on PI-4-P and
PI-4,5-P2 as substrates (Fig. 4B). In this assay, PI 3-kinase
appears to be much more active on PI compared with PI-4-P
and PI-4,5-P2 (compare lane 1 with lanes 2 and 3, and lane 4
with lanes 5 and 6). Activity in anti-Tag immunoprecipitates

of cells transfected with p85 and pllOTag was comparable in
substrate specificity to endogenous activity precipitated by
anti-p85 antibodies (compare lanes 1 to 3 with lanes 4 to 6).

PI 3-kinase purified from rat liver consists of two 110-kDa
proteins which are separable by one-dimensional SDS-
PAGE and contain related but distinct peptide sequences (8).
Comparison of peptide sequences from rat liver PI 3-kinase
(5a) with the amino acid sequence of pllO demonstrated
that four V8 protease peptides derived from the lower-
mobility pllO band (upper p110) were present in pllO and
preceded in the pllO sequence by a glutamate residue. Of
the 48 amino acid residues definitively identified by direct
sequencing, 46 were identical in p11013. Taking cross-species
sequence heterogeneity into account, it is very likely that the
pllO cDNA encodes the human homolog of upper p110.
Taken together with the 3'-OH specificity of rat PI 3-kinase
(8), this demonstrates that pllO is indeed a PI 3-kinase.
To examine whether endogenous pllO has PI 3-kinase

activity, 293 cell lysates were precipitated with either pre-
immune serum or anti-pllO,B antibodies. Immunoprecipi-
tates were assayed for PI 3-kinase activity (Fig. 4C). p11013-
specific antiserum precipitated PI 3-kinase activity (lane 2)
which was not precipitated by preimmune serum (lane 1).
plO1 associates with p85 in intact cells. Bovine pllO has

been shown to associate with p85 in intact cells (22). To
determine whether pllO associates with p85 in intact cells,
lysates from cells transfected with p85 and pllOTag cDNAs
were immunoprecipitated with anti-p85 or anti-Tag antibod-
ies. The immunoprecipitates were resolved by SDS-PAGE,
transferred to nitrocellulose, and blotted with anti-p85 or
anti-Tag antibodies (Fig. 5A).
p85 and pllOTag proteins were overexpressed, as demon-

strated by immunoprecipitation and immunoblotting of ly-
sates from transfected cells with anti-Tag (Fig. SA, lanes 3
and 4) and anti-p85 (lanes 6 and 8) antibodies. Cotransfection
of p85 and pllOTag resulted in at least 20-fold overexpres-
sion of pllO relative to endogenous levels (data not shown).
The protein immunoprecipitated by anti-Tag antibodies from
lysates of pllOTag-transfected cells had a mobility on SDS-
PAGE consistent with the molecular weight predicted from
the pllOTag cDNA (Fig. 1 and Materials and Methods).
Approximately 10-fold more pllOTag was expressed when
the pllOTag cDNA was cotransfected with p85 than when
pllOTag was expressed alone (lanes 3 and 4); this difference
in the level of expression is commensurate with the differ-
ence in PI 3-kinase activity detected in anti-Tag immunopre-
cipitates (Fig. 4A, lanes 5 and 7). No proteins were detected
in anti-Tag or anti-p85 immunoblots of anti-Tag immunopre-
cipitates of lysates from untransfected cells or from cells
transfected with p85 alone (lanes 1 and 2). However, trans-
fection of pllOTag alone resulted in the coimmunoprecipita-
tion of endogenous p85 with pllOTag (lane 3). Coexpression
of p85 and pllOTag resulted in an approximately 10-fold
increase in the amount of p85 coimmunoprecipitated with
pllOTag (lane 4).

Similarly, no proteins were detected in anti-Tag immuno-
blots of anti-p85 immunoprecipitates of lysates from untrans-
fected cells or cells transfected with p85 alone (Fig. SA,
lanes 5 and 6). pllOTag was not detected in anti-p85 immu-
noprecipitates of lysates from cells transfected with pllOTag
alone (lane 7). However, upon cotransfection of p85 and
pllOTag, pllOTag did coimmunoprecipitate with p85 (lane
8).
To examine the association of endogenous p85 and p1103,

293 cell lysates were precipitated with either preimmune
serum or antisera specific for p85 or p1101. Immunoprecip-
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1 1tgcttcagtttcata2cctcct0gctgcagacatccttgacatctgggcggtggattcacagatagcatctgatggctccatacctgtggatttccttttgcccactgggatt120
1M C F S F I M P P A M A D I L D I W A V D S Q I A S D G S I P V D F L L P T G I 40

121 tatatccagttggaggtacctcgggaagctaccatttcttatattaagcagatgttatggaagcaagttcacaattacccaatgttcaacctccttatggatattgactcctatatgttt 240
41 Y I Q L E V P R E A T I S Y I K Q M L W K Q V H N Y P M F N L L M D I D S Y M F 80

241 g3atgtgtgaatcagactgctgtatatgaggagcttgaagatgaaacacgaagactctgtgatgtcagaccttttcttccagttctcaaattagtgacaagaagttgtgacccaggggaa360
B1 A C V N Q T A V Y E E L E D E T R R L C D V R P F L P V L K L V T R S C D P G E 120

361 aaattagactcaaaaattggagtccttataggaaaaggtctgcatgaatttgattccttgaaggatcctgaagtaaatgaatttcgaagaaaaatgcgcaaattcagcgaggaaaaaatc 480
121 K L D S K I G V L I G K G L H E F D S L K D P E V N E F R R K M R K F S E E K I 160

481 ctgtcacttgtgggattgtcttggatggactggctaaaacaaacatatccaccagagcatgaaccatccatccctgaaaacttagaagataaactt tatgggggaaagctcatcgtagct 600
161 L S L V G L S W M D W L K Q T Y P P E H E P S I P E N L E D K L Y G G K L I V A 200

601 gttcattttgaaaactgccaggacgtgtttagctttcaagtgtctcctaatatgaatcctatcaaagtaaatgaattggcaatccaaaaacgtttgactattcatgggaaggaagatgaa 720
201 V H F E N C Q D V F S F Q V S P N M N P I K V N E L A I Q K R L T I H G K E D E 240

721 gt8tagccctatgattatgtgttgcaagtcagcgggagagtagaatatgtttttggtgatcatccactaattcagttccagtatatccggaactgtgtgatgaacagagccctgccccat840
241 V S P Y D Y V L Q V S G R V E Y V F G D H P L I Q F Q Y I R N C V M N R A L P H 280

841 tttatacttgtggaatgctgcaagatcaagaaaatgtatgaacaagaaatgattgccatagaggctgccataaatcgaaattcatctaatcttcctcttccattaccaccaaagaaaaca 960
281 F I L V E C C K I K K M Y E Q E M I A I E A A I N R N S S N L P L P L P P K K T 320

961 cgaattatttctcatgt1ttgggaaaatacaaccctttccaaattgtcttggttaagggaaataaacttaacacagaggaaactgtaaaagttcatgtcagggctggtctttttcatggt1080
321 R I I S H V W E N N N P F Q I V L V K G N K L N T E E T V K V H V R A G L F H G 360

1081 actgag2tcctgtgtaaaaccatcgtaagctcagaggtatcagggaaaaatgatcatatttggaatgaaccactggaatttgatattaatatttgtgacttaccaagaatggctcgatta1200
361 T E L L C KT I V S S E V S G K N D H I W N E P L E F D I N I C D L P R M A R L 400

1201 tgttttgctgtttatgcagttttggataaagtaaaaacgaagaaatcaacgaaaactattaatccctctaaatatcagaccatcaggaaagctggaaaagtgcattatcctgtagcgtgg 1320
4O1C F A V Y A V L D K V K T K K S T K T I N P S K Y Q T I R K A G K V H Y P V A W 440

1321 gtaaatacgatggtttttgactttaaaggacaattgagaactggagacataatattacacagctggtcttcatttcctgatgaactcgaagaaatgttgaatccaatgggaactgttcaa 1440
441 V N T M V F D F K G Q L R T G D I I L H S W S S F P D E L E E M L N P M G T V Q 480

1441 acaaatccatatactgaaaatgcaacagtt5tgcatgttaaatttccagagaataaaaaacaaccttattattaccctcccttcgataagattattgaaaaggcagctgagattgcaagc1560
481 T N P Y T E N A T A L H V K F P E N K K Q P Y Y Y P P F D K I I E K A A E I A S 520

1561 agtgatagtgctaatgtgtcaagtcgaggtggaaaaaagtttcttcctgtattgaaagaaatcttggacagggatcccttgtctcaactgtgtgaaaatgaaatggatcttatttggact 1680
521 S D S A N V S S R G G K K F L P V L K E I L D R D P L S Q L C E N E M D L I W T 560

1681 ttgcgacaagactgccgagagatt8ttccacaatcactgccaaaattactgctgtcaatcaagtggaataaacttgaggatgttgctcagcttcaggcgctgcttcagatttggcctaaa1800
561 L R Q D C R E I F P Q S L P K L L L S I K W N K L E D V A Q L Q A L L Q I W P K 600

1801 ctgcc1c92cgggaggccctagagcttctggatttcaactatccagaccagtacgttcgagaatatgctgtaggctgcctgcgacagatgagtgatgaagaactttctcaatatctttta1920
601 L P P R E A L E L L D F N Y P D Q Y V R E Y A V G C L R Q M S D E E L S Q Y L L 640

1921 caactggtg2aagtgttaaaatatgagccttttcttgattgtgccctctctagattcctattagaaagagcacttggtaatcggaggatagggcagtttctattttggcatcttaggtca2040
641 Q L V Q V L K Y E P F L D C A L S R F L L E R A L G N R R I G Q F L F W H L R S 680

2041 gaagtg2acattcctgctgtctcagtacaatttggtgtcatccttgaagcatactgccggggaagtgtggggcacatgaaagtgctttctaagcaggttgaagcactcaataagttaaaa2160
681 E V H I P A V S V Q F G V I L E A Y C R G S V G H M K V L S K Q V E A L N K L K 720

2161 actttaaatagtttaatcaaactgaatgccgtgaagttaaacagagccaaagggaaggaggccatgcatacctgtttaaaacagagtgcttaccgggaagccctctctgacctgcagtca 2280
721 T L N S L I K L N A V K L N R A K G K E A M H T C L K Q S A Y R E A L S D L Q S 760

2281 c20ctgaacccatgtgttatcctctcagaactctatgttgaaaagtgcaaatacatggattccaaaatgaagcctttgtggctggtatacaataacaaggtatttggtgaggat0tagtt2400
761 P L N P C V I L S E L Y V E K C K Y M D S K M K P L W L V Y N N K V F G E D S V 800

2401 ggagtgatttttaaaaatggtgatgatttacgacaggatatgttgacactccaaatgt tgcgcttgatggatttactctggaaagaagctggtttggatcttcggatgt tgccttatggc 2520
801 G V I F K N G D D L R Q D M L T L Q M L R L M D L L W K E A G L D L R M L P Y G 840

2521 tgt2ttagaacaggagatcgctctggcctcattgaagttgtgagcacctctgaaacaattgctgacattcagctgaacagtagcaatgtggctgctgcagcagccttcaacaaagatgcc2640
841 C L A T G D R S G L I E V V S T S E T I A D I Q L N S S N V A A A A A F N K D A 880

2641 cttctgaactggcttaaagaatacaactctggggatgacctggaccgagccattgaggaatttacactgtcctgtgctggctactgtgtagcttcttatgtccttgggattggtgacaga 2760
881 L L N W L K E Y N S G D D L D R A I E E F T L S C A G Y C V A S Y V L G I G D R 920

2761 catagtgacaacatcatggtcaaaaaaactggccagctcttccacattgact ttggacatattcttggaaatttcaaatctaagtttggcattaaaagggagcgagtgccttttattctt 2880
921 H S D N I M V K K T G Q L F H I D F G H I L G N F K S K F G I K R- E R V P F I L 960

2881 acctatgatttcatccatgtcattcaacaaggaaaaacaggaaatacagaaaagtttggccggttccgccagtgttgtgaggatgcatatctgatt ttacgacggcatgggaatctcttc 3000
961 T Y D F I H V I Q Q G K T G N T E K F G R F R Q C C E D A Y L I L R R H G N L F 1000

3001 at3cactctctttgcgtgatgttgactgcagggcttcctgaactcacatcagtcaaagatatacagtatcttaaggactctcttgcattagggaagagtgaagaagaagcactcaaacag3120
1001 I T L F A L M L T A G L P E L T S V K D I Q Y L K D S L A L G K S E E E A L K Q 1040

3121 tttaagcaaaaatttgatgaggcgctcagggaaagctggactactaaagtgaactggatggcccacacagttcggaaagactacagatcttaa
1041 F K Q K F D E A L R E S W T T K V N W M A H T V R K D Y R S *

FIG. 1. Nucleotide sequence and conceptual translation product of pllO cDNA. The three potential initiator codons are underlined.
Nucleotide and amino acid numbers are indicated to the left and right of the sequence.

itated proteins were resolved by SDS-PAGE and immuno- with lane 1). This protein comigrated with a -11O-kDa
blotted with anti-p85 or anti-pllO,B antibodies (Fig. 5B). protein specifically precipitated by anti-pllO,B antibodies
Anti-pllO,B immunoblotting of anti-p85 immunoprecipitates (compare lane 4 with lane 3). A protein comigrating with p85
demonstrated the presence of a -11O-kDa protein not was detectable in anti-p85 blots of anti-pllO,B precipitates
present in preimmune immunoprecipitates (compare lane 2 (lane 4) upon longer exposure (data not shown).
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p1lOb
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pIlOb

bovpilO

pllOb
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pIlOb

bovpllO

pIlOb

bovpllO

* PPAIADILDI1AVD SQIASDG6IVWrLIGZY201ZWZTISYIQLUSVU WZIIDZYNAC 62
1 III I 1111 lf liii I II II

4 RPSCGHLM0IUWPRIL ......VucLIpNIVTLZACTLITIELFKARKPJQ S8TIIY3 72

83 VmQTAVE ED£TURLCDVRPFLPIELvThCO UZ vLOJIWOJIDWIUVv 156
I11 IIIIIIIIII II II liIII 11111 II

173 V 6 DELRL PVGPL^UIUEIIV IVfN IIL VC 147

157 EEKILSLVGL8 .VLKQSTPPZHEP8. .IP=IZOKLYOOKLIVAVW ... .CQDVFS?QVSP_ImKV 224

146 KirAV.DLRDLUsPHsSR6AmYVTPP s6zILKPyIUKGQ2vvwIVV IDV IUCVP3QVI 221

225 ZUtIQX....LTIHG6IZDVSPYD ..... OYVL.VSYVE 6LZ IVQT2RNYIURIA2WILVCKLIN 292

222 AZAI2KR8NL6S5QLKLCVCZLEYQOKYIKVCCDSFIZKPL5QYKYIRSCIMI.UIlISUMSLY5Q 296

293 YUCINAIEAIMIIINIS PPILPPIKSTRIISINIVIWIQIVLVKGU..IZTKIVN GIJOTZLLC 365
1 11 11

297 LPCFnwSYSRRISTATPYPIUGTSTX5L0VI.. NUSALAIKILCATYVINWIDIOSIYVRTGIYTG3PLC 368

366 KTIVSSEVSG1ND6IIPLIDINICDLcRNMRLCFAVYAVLDWKVKTIS.K?INPSIYQTIRIAGKVHYPVAIm 440
IlIIi I IIIIIIIIIII liiItIIllI

369 DVIWTQRVPCSNPR.WWIIY DIYIPDLPRAARLCLSICS .... VXGRKGAK.... ... EEHCPLTU 424

441 VNTNVFDr0GQLRTGDI I0V5ISFPDZLEENLNPN0TVQTNPYTENATA2IJVKFPEUQPYYYPPrDI6IUA 515
I I I II 111 I III

425 G0I6LFDYTDTLVSGKI4MAMIJ.PVPHGLEDLLNPIGVTGSNPNIETP.CLELEF.DWFSSVVKFPDOSVIEUA 496

516 J

497

AZIASSDS ...... AVSSRGGKKF ....... LPVLKEILRDPLSQLC=EN9DLIWrLRQDCREIFPQSLPKLLL 576
H ill1 111111

9WSVSREAG9SYSHAGLSNRLARDNELRE60DEQLRAICTRDPLSEITEQEi'DFIMSHRHYCVTI .PEILPKLLL 570

579 SIKWNLEDVAQAL0I6PKIPPREALELLOFNYPDQYVREYAVGCL QQ.NSDEELS0YLL0LV0VLKYEPFL 652
11II III 1t lilt1111 1 I 11 11 11111IQVQVl111571 SVII6NSRDEVAQOYCLVKOIIPPIKPEQANELLDC1IYPDPMVRGFAVOCLEIIYLTDDKLSQYLIQLVQVLKYZQYL 645

pilOb 653 DCALSRFLLERALGNRRIGQFLFWHLRSEVHIPAVSVQFGVILEAYCRGSVGHNKVLSKQVEALNKLOTLNSLIK 727
1111 IllllIllIll li 111 l11 111111111l

bovpllO 646 DNLLVRFLLKKALTNQRIGHFFFWHLKSEMHNKTVSQRFGLLLESYCRACGHYLKHLNRQVEAMEKLINLTDILK 720

pl1Ob 728 LNAVKLNRAKGKEAMHTCLKQSAYREALSDLQSPLNPCVILSELYVEKCKY9DSKI9WIPLVYNNKVFGEDSV.. 800
II 11111 1I 1111 I

bovpllO 721 QEKKDETQKVQMKFLVEQMRRPDF9DALQGFLSPLNPAHQLGNLRLEECRIMSSAKRPLWLNWENPDIMSELLQ 795

pilOb 801 ..GVIFKNGDDLRQDMLTLQMLRLMDLL6KEAGLDLRMLPYGCLATGDRSGLIEWSTSETIADIQLNSSNVAAA 873
11111111111111IIII IiflllllIill II HIM1 I I1

bovpl1O 796 NNEIIFKNGDDLRQDMLTLQIIRIMENIWQNQGLDLRMLPYGCLSIGDCVGLIEWRNSHTIMQIQ.CKGGLOGA 869

pl1Ob 874 AAFNKDALLNWLKEYNSGDDLDRAIEEFTLSCAGYCVASYVLGIGDRHSDNIM.!KITGQLFHIDFGHILGNFKSK 948
II l 11l II Ill 11II11111I1111 1 11111 1111111111I II

bovpll0 870 LQFNSHTLHQWLKDKNKGEIYDAAIDLFTRSCAGYCVATFILGIGDRHNSNIIMVKDDGQLFHIDFGHFLDHKK6K 944

pl1Ob 949 FGIKRERVPFILTYDFIHVIQQG. .KTGNTEKFGRFRQCCEDAYLILRORHGNLFITLFALMLTAGLPELTSVKDI 102
II1111I1 lii l 11 I1111111 1I liii II1

bovpll0 945 FGYKRERVPFVLTQDFLIVISKGAQECTKTOEFERFQEMCYKAYIAIRQHAOLFINLFSIILGSGOIPELQSFDDI 101

pllOb 1022 QYLKDSLALGKSEEEALKQFKQIFDEALRESWTTKVNWMAHTVRKD 1067
1 111 111 lii 11I

bovpllO 1020 AYIRKTLALDKTEQEALEYFtQ6NDAHH9GGWTTIIOIIIFHTIKQH 1065

FIG. 2. Comparison of pllOp and bovine pllO amino acid se-
quences. Sequence alignment was performed with the BESTFIT
program from the Genetics Computer Group sequence analysis
software package (16). Amino acid numbers are indicated to the left
of the sequences. Identical amino acid residues are denoted by a
vertical dash.

pllOp mRNA is widely expressed in mouse tissues. Both PI
3-kinase activity and p85 are detectable in a wide range of
tissues and cell lines (11, 50). Although bovine pllO has been
shown to associate with p85 (22), its pattern of expression
has not been described. Having demonstrated that pllOp
encodes a novel PI 3-kinase (Fig. 4) that also associates with
p85 (Fig. 5), we sought to determine the tissue distribution of
pllO,B mRNA.
Northern analysis was performed on poly(A)+ RNA iso-

lated from mouse tissues and from a variety of cell lines (Fig.
6). The major 4.8-kb species of pllO mRNA was detected
in mouse brain, heart, kidney, liver, lung, and spleen (Fig.
6), as well as in fat, intestine, muscle, and thymus (data not
shown). pllO mRNA was also detected in testis upon
prolonged exposure of the blot (data not shown), as well as
in human umbilical vein endothelial cells, Jurkat human
leukemic T cells, 293 human embryonic kidney cells, mouse
3T3 fibroblasts (Fig. 6), HeLa cells, and NBT2 rat bladder
carcinoma cells (data not shown). Minor larger mRNA
species were detected in some tissues and cells (Fig. 6).
The 187-amino-acid inter-SH2 region of p85 mediates asso-

ciation with pllO] in vitro. Having demonstrated association
between p85 and p110, we sought to identify domains of
p85 involved in this interaction. GST fusion proteins con-
taining different domains of p85 were expressed in E. coli
and purified by glutathione-agarose affinity chromatography.
Immobilized fusion proteins were incubated with lysates
from 293 cells transfected with a pllOTag cDNA. Bound
proteins were separated by SDS-PAGE and immunoblotted
with anti-Tag antibodies.
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LPKLLLSIKW NKLEDVAQLQ ALLQIWPKLP PREALELLDF NYPDQYVREY
LPKLLLSVKW NSRDEVAQMY CLVKDWPPIK PEQAIMELDC NYPDPKVRGF
LTKLLQSTNL REESERVEVL ELMDSWAEID IDDALELLGS TFKNLSVRSY
L-KLL-S--- ---------- -L---W---- ---A-ELL-- ------VR--

AVGCLRQ.MS DEELSQYLLQ LVQVLKYE ............ ..........

AVRCLEKYLT DDKLSQYLIQ LVQVLKYE ...................
AVNRLKK.AS DKELELYLLQ LVEAVCFENL STFSDKSNSE FTIVDAVSSQ
AV--L----- D--L--YL-Q LV-----E-- ---------- ----------

.......... .......................PFLDCALSRFLLERAL
.................... .......... .....QYLDNLLVRFLLKKAL

KLSGDSMLLS TSHANQKLLK SISSESETSG TESLPIVISP LAEFLIRRAL
---------- ---------- ---------- ---------- L--FL---AL

GNRRIGQFLF WHLRSEVHIP AVSVQFGVIL EAY.CRGSVG HMKVLSKQVE
TNQRIGHFFF WHLKSEMHNK TVSQRFGLLL ESY.CRACGM YLKHLNRQVE
VNPRLGSFFY WYLKSESEDK PY. . . LDQIL SSFWSRLDKK SRNILNDQVR
-N-R-G-F-- W-L-SE---- ---------L--L--QV-
ALNKLKTLNS LIKLNAVKLN RAKGKEAMHT CLKQSAYRE. .ALSDLQSPL
AMEKLINLTD ILKQEKKDET QKVQMKFLVE QMRRPDFMD. .ALQGFLSPL
LINVLRECCE TIK. .RLKDT TAKKMELL.V HLLETKVRPL VKVRPIALPL
----L----- -- K------- ---------- ---------- --------PL

NPCVILSELY VEKCKYMDSK MKPLWLVYNN KVFGEDSV.. ..GVIFKNGD
NPAHQLGNLR LEECRIMSSA KRPLWLNWEN PDIMSELLFQ NNEIIFKNGD
DPDVLICDVC PETSKVFKSS LSPLKITFKT TL ..NQPY.. ..HLMFKVGD
-P--------- E------S- --PL-------------- FK-GD

DLRQDMLTLQ MLRLMDLLWK EAGLDLRMLP YGCLATGDRS GLIEVVSTSE
DLRQDMLTLQ IIRIMENIWQ NQGLDLRMLP YGCLSIGDCV GLIEVVRNSH
DLRQDQLVVQ IISLMNELLK NENVDLKLTP YKILATGPQE GAIEFIP.ND
DLRQD-L--Q ----M----- ----DL---P Y--L--G--- G-IE------

TIADIQLNSS NVAAAAAFNK DALLNWLKEY NSGDDLDRAI EEFTLSCAGY
TIMQIQ.CKG GLKGALQFNS HTLHQWLKDK NKGEIYDAAI DLFTRSCAGY
TLASIL ... S KYHGILGYLK ... LHYPDEN ATLGVQGWVL DNFVKSCAGY
T---I----- ---------- ---------- ------------ F_-SCAGY

CVASYVLGIG DRHSDNIMVK KTGQLFHIDF GHILGNFKSK FGIKRERVPF
CVATFILGIG DRHNSNIMVK DDGQLFHIDF GHFLDHKKKK FGYKRERVPF
CVITYILGVG DRHLDNLLVT PDGHFFHADF GYILGQDPKP FPPLMKLPP.
CV----LG-G DRH--N--V- --G--FH-DF G--L------ F-------P-

ILTYDFIHVI QQG. . KTGNT EKFGRFRQCC EDAYLILRRH GNLFITLFAL
VLTQDFLIVI SKGAQECTKT REFERFQEMC YKAYLAIRQH ANLFINLFSM
.......QII EAF. .GGAES SNYDKFRSYC FVAYSILRRN AGLILNLFEL
--------- I ---------- ----- F--- C --AY-- R-- - --- LF--

MLTAGLPE.. LTSVKDIQYL KDSLALGKSE EEALKQFKQK FDEALRESWT
MLGSGMPE.. LQSFDDIAYI RKTLALDKTE QEALEYFMKQ MNDAHHGGWT
MKTSNIPDIR IDPNGAILRV RERFNLNMSE EDATVHFQNL INDSVNALLP
M----- P--- ------I--- -----L---E --A-- F ---- -

TKVNWMAHTV RKDYRS
TKMDWIFHTI KQHALN
IVIDHL.HNL AQYWRT
--------H--------

FIG. 3. PI 3-kinase consensus sequence derived from amino acid
sequences of p1101, bovine pllO (22), and yeast Vps34 (21).
Sequence alignment was performed with BESTFIT as for Fig. 2 with
amino acids 573 to 1070 of p1101, 565 to 1068 of bovine p110, and
341 to 875 of Vps34. The consensus sequence was calculated with
PRETTY (16) and consists of amino acid residues identical among
all three PI 3-kinases.

A schematic diagram of the fusion proteins is shown in
Fig. 7. Equal amounts of each fusion protein (Fig. 8A) were
assayed for binding to pllOTag (Fig. 8B). pllOTag was
expressed upon transfection, as demonstrated by anti-Tag
immunoblotting of total lysates (Fig. 8B, lanes 1 and 2).
Neither GST alone (lane 3) nor GST-SH3-bcr, encompassing
the SH3 domain and the region of bcr homology (40), bound
to pllOTag (lane 4). GST-N+C-SH2, containing the two
SH2 domains of p85 (23), bound to pllOTag (lane 5).
Separation of this portion of p85 into three individual frag-
ments demonstrated that the inter-SH2 domain was neces-
sary and sufficient for binding to pllOTag in vitro (lane 7).
Neither SH2 domain of p85 bound to pllOTag (lanes 6 and
8), despite the ability of each to bind to tyrosine-phosphory-
lated growth factor receptors (reference 23 and data not
shown). PI 3-kinase assays of GST fusion proteins that had
been incubated with lysates containing pllOTag also dem-
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onstrated increased activity associated with GST-N+C-SH2
+ - + and GST-inter-SH2 but not with the other fusion proteins

p8 5 pl lOTag p85+p11OTag (data not shown).

The p85 inter-SH2 domain binds PI 3-kinase activity and
pllO3 in intact cells. To corroborate the in vitro binding data,

* the p85 inter-SH2 domain was tagged with the hemagglutinin
9 epitope and expressed transiently in 293 cells alone or with

p110. Lysates from transiently transfected cells were pre-
* cipitated with anti-Tag or anti-pllO antibodies and sub-

jected to PI 3-kinase assay (Fig. 9) or SDS-PAGE and
3 4 5 6 7 8 immunoblotting (Fig. 10).

a Tag Anti-pllO antibodies precipitated endogenous PI 3-ki-
nase activity from untransfected cell lysates and lysates
containing overexpressed epitope-tagged p85 inter-SH2 do-

- p 8 5 + p 110 Tag main (INT) (Fig. 9, lanes 1 and 2). Anti-pllO precipitates of
cell lysates containing overexpressed pllO contained ele-
vated PI 3-kinase activity (compare lanes 3 and 4 with lanes
1 and 2). PI 3-kinase activity was not detectable in anti-Tag
precipitates of untransfected cell lysates or lysates contain-
ing overexpressed pllO alone (lanes 5 and 7). However,
overexpression of INT alone resulted in the precipitation of
endogenous PI 3-kinase activity by anti-Tag antibodies (lane
6). Cotransfection of INT and pllO resulted in an increase

*| in anti-Tag-precipitable PI 3-kinase activity (compare lanes 6
Jw and 8).
Is The tagged p85 inter-SH2 domain was detected by anti-
*| | Tag immunoblotting as a doublet that migrated on SDS-12%

* * *̂ PAGE with an apparent molecular mass of -34 kDa (Fig. 10,
lanes 2 and 4); this is commensurate with the 270-amino-acid

3 4 5 6 protein encoded by the cDNA. Consistent with the ability of
P Pl-4,5-P2 PI Pl-4-P PT-4,5-P2INT to associate with PI 3-kinase activity, INT also coim-

__, ___. munoprecipitated with pllO when both were overex-
p85 Of Tag pressed in 293 cells (Fig. 10, lanes 4 and 8). Detectable

coimmunoprecipitation required cotransfection of INT and
p110; no pllO was detectable in anti-Tag immunoprecip-
itates of lysates from cells transfected with INT alone (lane
2), despite the observation that endogenous PI 3-kinase
activity was detectable in these immunoprecipitates (Fig. 9,
lane 6). Anti-Tag and anti-pll0p3 immunoblotting of immu-
noprecipitates from cell lysates containing overexpressed

+ V INT and p110, respectively, demonstrated appropriate
overexpression of the transfected cDNAs (Fig. 10, lanes 2,
4, 7, and 8).

DISCUSSION

1 2
IP Ab: pre ap1lO3

FIG. 4. (A) PI 3-kinase activity in immunoprecipitates of lysates
from transiently transfected 293 cells. Cells were transfected with
vector alone, p85, epitope-tagged p11013, or both cDNAs. Lysates
were precipitated with either anti-p85 (ap85) or anti-Tag (aTag) anti-
bodies. Immunoprecipitates were assayed for PI 3-kinase activity in
the absence or presence of 0.5% NP-40. (B) PI 3-kinase activity on
various substrates. Cells were transfected and lysates were precipi-
tated as for panel A. Immunoprecipitates were assayed for PI 3-kinase
activity on PI, PI4P, and PI4,5-P2 as substrates. (C) Endogenous PI
3-kinase activity in anti-pllO immunoprecipitates. 293 cell lysates
were precipitated with preimmune serum or anti-pllO antibodies, and
immunoprecipitates were assayed for PI 3-kinase activity.

We have identified and characterized p11013, a novel
isoform of PI 3-kinase that associates with p85 and is widely
expressed in tissues and cell lines. Our findings confirm the
existence of distinct pllO isoforms and are consistent with
biochemical analyses of PI 3-kinase which indicated the
presence of different pllO species (8).

PI 3-kinase assays on immunoprecipitates, both of cell
lysates containing overexpressed, epitope-tagged pllO and
of endogenous pllO (Fig. 4A and C, respectively), clearly
demonstrate that pllO is a PI 3-kinase. Comparison of the
pllO amino acid sequence with peptide sequences derived
from purified rat PI 3-kinase confirmed this finding and
strongly suggested that pllO is the human homolog of the
upper pllO component of rat PI 3-kinase. pllO phosphory-
lates PI, PI-4-P, and PI-4,5-P2 in vitro, and the in vitro
substrate specificity of pllO was similar to that of endoge-
nous PI 3-kinase (Fig. 4B). pllO had PI 3-kinase activity
when expressed alone or with p85 in 293 cells (Fig. 4A). In
contrast, bovine pllO was not active in COS-1 cells unless
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FIG. 5. (A) Association of p85 and pllO in intact cells. 293 cells were transfected, and lysates were immunoprecipitated as described for
Fig. 4. Immunoprecipitates were split into two equal portions, subjected to SDS-8% PAGE, and blotted with either anti-p85 or anti-Tag
antibodies. Antibodies were detected with "2I-protein A and then by autoradiography. (B) Association of endogenous p85 and p110. 293 cell
lysates were precipitated with preimmune serum or specific antibodies against p85 and p11013. Immunoprecipitates were split into two equal
portions, subjected to SDS-8% PAGE, and blotted with anti-p85 or anti-pllO antibodies. Antibodies were detected as for panel A.
Abbreviations: P, preimmune; I, immune.

coexpressed with p85 (22). The reasons for this disparity are
uncertain.

Coimmunoprecipitation assays on lysates from transiently
transfected cells (Fig. 5A) and on endogenous cellular pro-
teins (Fig. 5B) confirm that p85 and pllO associate with
each other in intact cells. The observation that endogenous
p85 is detectable in anti-Tag immunoprecipitates of cell
lysates containing overexpressed pllOTag alone (Fig. 5A,
lane 3) whereas pllOTag is not detectable in anti-p85 immu-
noprecipitates from the same cell lysates (lane 7) can be
explained by the fact that the anti-p85 immunoprecipitates,
which contain endogenous p85 present in all of the cells,
contain only a fraction of expressed pllOTag which depends
on the transfection efficiency and the amount of pllOTag
expressed relative to endogenous pllO species that compete
for binding to p85.

Transient transfection of 293 cells with pllOTag alone
consistently yielded lower levels of pllOTag expression
compared with those observed in cells cotransfected with
p85 and pllOTag (Fig. 5A, compare lanes 3 and 4). One
possible explanation for this observation is that free pllO
may have a shorter half-life than pllO complexed with p85,
resulting in lower steady-state levels of pllO when it is
expressed alone.
The ubiquity of pllO expression (Fig. 6) is consistent

with the wide distribution of PI 3-kinase activity. Since the
distribution of bovine pllO mRNA has not been described, it
is possible that the PI 3-kinase activity present in anti-p85
immunoprecipitates could be accounted for at least in part
by p110. Differential expression of distinct pllO isoforms

could result in cell-specific or tissue-specific patterns of PI
3-kinase regulation.

In addition, the existence of two distinct pllO isoforms
that associate with p85 raises the possibility that each of the
two known isoforms of p85 (40) may associate with different
pllO subunits in the same cell. This introduces another level
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FIG. 6. Northern analysis of pllO mRNA. Two micrograms of
poly(A)+ RNA from mouse tissues and various cell lines was loaded
in each lane. Abbreviations: HU, human umbilical vein endothelial
cells; B, brain; H, heart; K, kidney; Li, liver; Lu, lung; S, spleen; T,
testis; Ju, Jurkat; 3T3, NIH 3T3.
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Inter-SH2

C-SH2

FIG. 7. Schematic diagram of GST-p85 fusion proteins. The
domain structure of full-length p85 is shown at the top of the figure.
The GST portion of each fusion protein is not shown.

of complexity to studies of PI 3-kinase in cell lines, as
different pllO isoforms may be subject to disparate modes of
regulation. For example, bovine pllO and pllO may have
different substrate specificities in vivo. It is clear that intra-
cellular levels of PI-3,4-P2 and PI-3,4,5-P3 rise in response to
growth factors, cytokines, and chemotactic agents (2, 9, 13,
20, 24, 31, 43, 44, 52, 53, 55, 56, 61). Studies on the kinetics
of PI phosphate synthesis have demonstrated a lag time
between the appearance of PI-3,4,5-P3 and PI-3,4-P2 in
response to fMet-Leu-Phe in neutrophils (53), PDGF in
Swiss 3T3 cells (20), and thrombin in platelets (31). This
disparity in kinetics suggests a model of PI-3,4-P2 generation

by 5'-dephosphorylation of newly synthesized PI-3,4,5-P3
(53). The presence in particulate fractions of cell lysates of
such a phosphatase activity (20, 53) is consistent with this
hypothesis. However, with the discovery of a novel pllO
isoform that can associate with p85, this difference in the
rates of PI-3,4-P2 and PI-3,4,5-P3 synthesis could be ac-
counted for by the simultaneous membrane recruitment
through p85 of distinct PI 3-kinase catalytic subunits with
different substrate specificities and enzyme kinetics.

Preliminary experiments suggest that, p110 is phosphory-
lated predominantly on serine residues in vitro and in intact
cells (data not shown). Recently, a serine kinase activity
(PIK kinase) that copurifies with PI 3-kinase and phospho-
rylates p85 and pllO has been described; phosphorylation of
p85 by this kinase is thought to inhibit PI 3-kinase activity
(7). In vitro kinase assays with PI 3-kinase purified from rat
liver demonstrated that the two forms of pllO are differen-
tially phosphorylated by PIK kinase. Although the in vivo
significance of pllO phosphorylation by PIK kinase remains
to be determined, it is possible that distinct pllO isoforms
may be differentially regulated by phosphorylation. More-
over, the copurification of PIK kinase with PI 3-kinase
through several steps and the size of the PIK kinase-PI
3-kinase complex (-200 kDa [7]) are consistent with the
possibility that pllO may harbor both serine kinase and PI
3-kinase activities. If this is the case, then distinct isoforms
of pllO may possess serine kinase activities that are subject
to distinct modes of regulation.

In vitro association assays with bacterial fusion proteins
(Fig. 8B) and coimmunoprecipitation assays on lysates from
transiently transfected cells (Fig. 9 and 10) implicate the
187-amino-acid inter-SH2 region of p85 as a domain of
interaction between p85 and p110. We do not understand
why this domain appears as a doublet on the SDS-PAGE gel
when it is expressed in mammalian cells (Fig. 10); it appears
as a single band on the SDS-PAGE gel when expressed as a
GST fusion protein in bacteria (Fig. 8A). Although INT
associated with endogenous PI 3-kinase activity when ex-
pressed in 293 cells (Fig. 9, lane 6), endogenous pllOf was
not detectable in a complex with overexpressed INT (Fig.
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noprecipitates were assayed for PI 3-kinase activity.
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10, lane 2). This could be explained by the possibility that the
associated endogenous PI 3-kinase activity arises from a
different pllO isoform not recognized by anti-pllO blotting
antibodies; alternatively, the demonstration that pllO is
present in 293 cells (Fig. 5B) and the fact that the PI 3-kinase
assay is more sensitive than anti-pllO immunoblotting
(compare Fig. 9, lanes 1 and 2, with Fig. 10, lanes 5 and 6)
suggest that in this assay INT is associated with amounts of
pllO that are detectable by PI 3-kinase assay but beyond
the sensitivity of the immunoblotting antibody.
The p85 inter-SH2 domain that mediates binding to pllO1

is highly conserved between the two known isoforms of p85
(74% identity and 89% similarity between bovine p85ao and
bovine p853 [40]). Since bovine p85a and p853 both associ-
ate with bovine pllO (22), it is likely that this region of p8513
also mediates association with p110.
The identification of the p85 inter-SH2 domain as the

region mediating interaction with pllO is inconsistent with
recent studies suggesting that the SH2 domains of p85 are
involved in interactions with PI 3-kinase activity (12). The
reason for this discrepancy is not clear. That particular study
did not address the binding of p85 SH2 domains to pllO per
se, nor were other domains of p85 tested for their ability to
associate with PI 3-kinase activity. However, control exper-
iments suggested that the SH2-PI 3-kinase association was
not attributable to nonspecific SH2-phosphotyrosine inter-
actions. In light of the observation that PI 3-kinase assays
can be more sensitive than immunoblotting assays (Fig. 9
and 10), it is possible that control anti-p85 and anti-PDGF-
receptor immunoblotting experiments on SH2-associated
proteins that yielded negative results (12) may have lacked
the sensitivity that allowed associated PI 3-kinase activity to
be detected. Although it is possible (but unlikely) that p85
may interact with distinct pllO isoforms differently, it cannot
be ruled out that ectopic expression of SH2 domains may
result in promiscuous formation of SH2-tyrosine-phospho-
protein complexes that contain PI 3-kinase activity.
The function of PI 3-kinase in mammalian cells is un-

known. Initial studies demonstrating its association with
viral oncoproteins and activated growth factor receptor
tyrosine kinases suggested that PI 3-kinase might play a

general role in mitogenic pathways (reviewed in reference 5).
Indeed, analysis of polyomavirus middle T antigen and v-abl
mutants has revealed a strong correlation between an eleva-

m
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FIG. 10. Association of the p85 inter-SH2 domain and pllO in
intact cells. 293 cells were transfected, and cell lysates were

precipitated as described for Fig. 9. Immunoprecipitates were split
into two equal portions, subjected to SDS-8% (anti-pllO13 blotting)
or -12% (anti-Tag blotting) PAGE, and immunoblotted. Antibodies
were detected with 125I-protein A and autoradiography (anti-pll,0B)
or enhanced chemiluminescence (anti-Tag). The arrow denotes the
tagged p85 inter-SH2 domain.

tion in 3-phosphoinositide levels and the transformed phe-
notype (34, 46, 58, 60). Studies with receptor point mutants
deficient in PI 3-kinase binding have yielded variable results
regarding the role of PI 3-kinase in mitogenesis (18, 28, 59,
66); however, cellular levels of PI 3-kinase metabolites,
which correlate better with viral oncoprotein transformation
than association with PI 3-kinase activity (34), were not
measured in these studies. In addition, these receptor point
mutants may also be deficient in binding other molecules
which are integral components of mitogenic signaling path-
ways. PI 3-kinase is clearly activated by nonmitogenic
stimuli in postmitotic cells (31, 55, 56), suggesting that PI
3-kinase plays a role in nonmitogenic cell signaling.
Recent work in S. cerevisiae has shed light on PI 3-kinase

function. Bovine pllO has significant similarity to Vps34, a

yeast protein required for the proper targeting of vacuolar
proteins (21, 22). Vps34 has subsequently been shown to be
a PI-3-kinase (45). Moreover, Tor2, a protein that mediates
rapamycin sensitivity in S. cerevisiae, may be a PI 3-kinase
homolog (32). Tor2 function is required for progression
through the G1 phase of the yeast cell cycle (32), whereas
Vps34 function is not absolutely required for vegetative
growth (21). Thus, yeast PI 3-kinases may be involved in
both mitogenic and nonmitogenic cell functions. Notwith-
standing the observation that the major in vivo products of
PI 3-kinase in S. cerevisiae (PI-3-P [1, 45]) and mammalian
cells (PI-3,4-P2 and PI-3,4,5-P3 [2, 9, 20, 24, 31, 34, 43, 44,
46, 52, 53, 55, 56, 60, 61]) differ, these studies may offer
useful clues to the function of PI 3-kinase in mammalian
cells. The cloning of cDNAs encoding novel PI 3-kinases
should facilitate the dissection of PI 3-kinase function in
higher eukaryotic systems.
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