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Phosphatidylinositol (PI) 3-kinase is a heterodimer consisting of an 85-kDa subunit (p85) and 110-kDa
subunit (p110). The 85-kDa noncatalytic subunit, which contains two Src homology 2 (SH2) domains, one SH3
domain, and a domain homologous to the carboxy terminus of the breakpoint cluster region gene product, is
known to mediate the association of the PI 3-kinase complex with activated growth factor receptors. We
previously demonstrated that the C-terminal SH2 domain of p85 is responsible for the interaction of PI 3-kinase
with phosphorylated platelet-derived growth factor receptor. To define the region in p85 that directs the
complex formation with the PI 3-kinase catalytic subunit, a series of truncated p85 mutants was analyzed for
association with pllO in vivo. We found that a fragment of p85 containing the region between the two SH2
domains was sufficient to promote the interaction with pllO in vivo. The complex between the fragment of p85
and pllO had PI 3-kinase activity that was comparable in magnitude to the activity of pllO associated with
full-length p85. The binding with pllO was abolished when this domain in p85 was disrupted. These results
identify a novel structural and functional element that is responsible for localizing the catalytic subunit of PI
3-kinase.

Phosphatidylinositol (PI) 3-kinase was discovered as an

activity that phosphorylates PI at the D-3' position of the
inositol ring (1, 33). It was proposed that 3'-phosphorylated
inositides might represent a novel class of second messenger
molecules, the functions and downstream effectors of which
remain to be elucidated. Further interest in PI 3-kinase was
gained by experiments demonstrating the important regula-
tory role of this activity in cell growth and transformation.
Studies on mutants of polyomavirus middle-T antigen,
pp6ov srC, and pp1309a9ab" showed a strong correlation be-
tween oncogene-associated PI 3-kinase activity and cell
transformation (2). Platelet-derived growth factor receptor
mutants that are unable to bind PI 3-kinase are also unable to
induce a mitogenic response after growth factor stimulation
(6, 9, 12).

Purified PI 3-kinase was shown to be a heterodimer
consisting of an 85-kDa (p85) and a 110-kDa (p110) subunit
(4, 25, 30). The amino acid sequence of p85, which was
cloned from different sources, revealed that this subunit
contains several functional domains (8, 27, 28, 31) (Fig. 1): a
Src homology 3 (SH3) domain, a domain with homology to
the breakpoint cluster region (bcr), and two SH2 domains,
which are separated by a region encompassing 200 amino
acids with a predicted a-helical structure named here the
inter-SH2 (iSH2) region. p85 is thought to function as an
adaptor molecule, since it mediates the interaction of PI
3-kinase with activated receptor tyrosine kinases and the
middle-T antigen-pp60csrc complex but does not have PI
3-kinase activity itself (7, 8, 27). It is well established that the
SH2 domains of p85 direct the interaction of PI 3-kinase and
tyrosine kinase complexes (16, 19, 24, 29, 35, 36). The cDNA
for the 110-kDa subunit has recently been cloned, and the
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protein was shown to have PI 3-kinase activity after expres-
sion in insect and mammalian cell systems (15).
The regulation of PI 3-kinase activation after growth factor

stimulation is not yet understood. The growth factor-stimu-
lated translocation of the enzyme to the plasma membrane,
where it binds to tyrosine-phosphorylated proteins and
where its substrate is located, is thought to be important in
the action of PI 3-kinase. Alternatively, a change in the
phosphorylation state of the subunits after association with
activated receptor molecules may induce a conformational
change and thereby modulate PI 3-kinase activity (3, 18, 32).

In this study, we demonstrate that coexpression of a small
fragment of previously unknown function within p85, which
encompasses the regions between the two SH2 domains, is
sufficient to direct the association with pllO in vivo. We also
show that the protein complex formed between the iSH2
region of p85 and the 110-kDa subunit has PI 3-kinase
catalytic activity even though the other domains of p85 are
not present.

MATERIALS AND METHODS

Cell culture. COS-7 and CHO-Kl cells were obtained from
the American Type Culture Collection. COS-7 cells were

cultured at 37°C in Dulbecco's modified Eagle medium
containing 10% bovine calf serum, penicillin (50 ,g/ml), and
streptomycin (50 ,ug/ml). CHO cells were grown in Ham's
F12 medium supplemented with 10% calf serum, penicillin
(50 Rg/ml), and streptomycin (50 ,ug/ml). Hygromycin-resis-
tant cell transfectants were propagated in the same medium
containing hygromycin B (200 ,ug/ml; Calbiochem). Cotrans-
fection of CHO cells with expression vectors containing p85
fragments and pL1-3hyg was carried out by using Lipofectin
(Bethesda Research Laboratories) according to the manu-
facturer's instructions. Cell lines stably expressing p85 frag-
ments were established by selecting for resistance against
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FIG. 1. Schematic structure of full-length p85 and p85 fragments expressed in COS and CHO cells. The presumed functional domains SH3,
bcr, SH2-N, iSH2, and SH2-C are represented by black, shaded, white, and hatched boxes as indicated above the diagram for the full-length
p85 molecule. The first and the last amino acids of each domain are numbered according to their relative positions within the wild-type p85
sequence (the initiator methionine is assigned position 1). The borders of the respective domains were numbered according to references 21
and 28. The first and last amino acids of each recombinant p85 fragment are indicated. The influenza virus HA epitope, which was fused to
the C-terminal end of each construct, is indicated by a diamond. The ability to associate with pllO-PI 3-kinase activity is shown at the right
of each fragment (+, binding to p110; -, no binding to p110).

hygromycin B. COS-7 cells (60 to 70% confluent on a
10-cm-diameter plate) were transiently transfected by the
DEAE-dextran method (13). At 72 h after transfection, the
cells were lysed. The lysates containing recombinant full-
length p85 and fragments of p85 were tested for the ability to
associate with PI 3-kinase activity (see below). Escherichia
coli K-12 strain DH5a (Bethesda Research Laboratories)
was used for plasmid propagation.

Antibodies. The rabbit anti-pllO antibodies were directed
against synthetic peptides derived from amino acids 127 to
145 (R7826), 513 to 532 (R7481), and 715 to 743 (R7484) of the
mouse pllO gene (10). Murine anti-p85 monoclonal antibody
FIA was raised against the purified SH2-C1 fragment (span-
ning amino acids 608 to 724 of p85) expressed in E. coli. The
anti-p85 rabbit polyclonal antibody R1176 was raised against
the purified N-terminal fragment containing amino acids 1 to
282 of p85 and used at a 1:2,000 dilution for immunoprecip-
itations. Ascites fluid with the murine anti-influenza virus
hemagglutinin 1 (HAl) monoclonal antibody 12CA5 (34) was
prepared and used at dilutions of 1:2,500 for immunoprecip-
itations and 1:3,000 for immunoblotting. The murine mono-
clonal anti-Myc antibody 9E10 (11) was purified from tissue
culture supernatant.

Plasmid constructions. Mammalian expression vectors
containing p85 fragments to be expressed in COS or CHO
cells are shown schematically in Fig. 1. The tagged C-termi-
nal SH2 domain of p85 (SH2-C) was generated by using
mouse p85a cDNA (8) as the template with primer tk. SH2-
C (5' CT TCT AGA ATG GCT CAT ATG AAA CGC GAA
GGCAAC GAG AAA GAA 3'), containing nucleotides 1537
to 1560 of the coding strand extended by XbaI and NdeI
restriction sites, and primer SH2-C. HA (5' TAT GGA TCC
TCA GGA AGG TCC TCC CAG GCT GGC ATA GTC

AGG CAC GTCATAAGGATAGCT TCC CCC GGG TCG
CCT CTG TTG TGC ATA TAC TGG GTA 3'). Alterna-
tively, primer SH2-C- mycN (5' TAT GGA TCC TCA GTT
CAG GTC CTC CTC GGAAAT CAG CTT CTG CTC TCC
CCC GGG TCG CCT CTG TTG TGC ATA TAC TGG GTA
3') was used to modify the 3' end of the SH2-C sequence (A
of the start codon is nucleotide 1; nucleotides that are
changed with respect to the wild-type sequence are under-
lined). This generated fragments in which the wild-type p85
coding region was extended by sequences encoding amino
acids PGG as a hinge region (overlapping a SmaI site), which
precedes the 16-amino-acid HA epitope (SYPYDVPDYASL
GGPS [34]) or the 10-amino-acid Myc epitope (EQKLISE
EDL [11]), followed by a stop codon and a BamHl site. The
DNA ends were repaired with T4 DNA polymerase and
phosphorylated with T4 polynucleotide kinase. The DNA
fragments were ligated into the SmaI site of pBluescript II
KS+ (pKS) DNA (Stratagene), in which theAccI polylinker
site had been deleted. The sequences were confirmed by
DNA sequence analysis.
For expression of p85 and various p85 fragments tagged

with the HA or Myc epitope in COS-7 or CHO cells, the
respective DNA fragments were cloned into the mammalian
expression vector pCG via XbaI-BamHI ends. pCG is a
derivative of pEVRF (23) with a modified polylinker and
contains the human cytomegalovirus enhancer/promoter re-
gion and the translation initiation region of the herpes
simplex virus thymidine kinase (tk) gene. This generated
translational fusions of the tagged SH2-C constructs with the
first three amino acids of the herpes simplex virus tk gene.
The following expression vectors were prepared by combin-
ing restriction fragments of the pKS and pCG constructs
described above with restriction fragments of the p85 cDNA

-
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or previously reported constructs (18, 19): pCG-85 HA and
pCG-85 mycN, containing the N-terminal portion of p85 on
an NdeI-AccI fragment (nucleotides 1 to 1989 of the p85
coding region) and an AccI-BamHI DNA fragment with the
remainder of SH2-C (nucleotides 1990 to 2172) and the
respective tag sequences; pCG-SH2-N-SH2-C. HA, con-
taining the two SH2 domains of p85 in their wild-type
configuration on a BsmI-BamHI DNA fragment (nucleotides
784 to 2172); pCG-SH3-SH2-N, covering 70% of the p85
N-terminal sequence (nucleotides 1 to 1536) with the SH3
domain, the bcr homology region, and the N-terminal SH2
domain (SH2-N) on an NdeI-DraI fragment; pCG-
iSH2* HA I and II, expressing the iSH2 region on a PleI-
AccI fragment (nucleotides 1240 to 1989) or an AsnI-AccI
fragment (nucleotides 1141 to 1989); and pCG-SH2-C. HA,
encoding the C-terminal SH2 domain on a DraI-BamHI
fragment (nucleotides 1537 to 2172). pCG-SH2-C1 HA,
coding for SH2-C on an NdeI-BamHI fragment (nucleotides
1822 to 2172), was obtained from a polymerase chain reac-
tion fragment by using primer SH2-C1 (5' GAA GAT CAT
ATGAGT CTG GTA GAA GAT GAT GAG 3'), introducing
a start codon and an NdeI restriction site at the 5' end, and
a primer overlapping a vector sequence downstream of the
BamHI site of pKS-SH2-C. HA.

Vector pL1-3hyg was used for cotransfections in CHO
cells and confers hygromycin B resistance. It carries the E.
coli gene for hygromycin phosphotransferase under control
of a modified tk enhancer-promoter region and the tk poly-
adenylation signal (14) on a pKS origin.

In vivo association of p85 and plO. COS-7 or CHO
transfectants were washed twice with cold phosphate-buff-
ered saline. Cell lysates were prepared as previously de-
scribed (26). In brief, cells were treated with lysis buffer
containing 20 mM Tris (pH 7.5), 137 mM NaCl, 10% glyc-
erol, 1% Triton X-100, 2 mM EDTA, 2 mM phenylmethyl-
sulfonyl fluoride, 10 ,ug of aprotinin per ml, 20 ,uM leupeptin,
and 1 mM sodium vanadate. Lysates were cleared by
centrifugation at 14,000 x g for 10 min and incubated with
monoclonal anti-HA antibody 12CA5 overnight at 4°C. Pro-
tein A-Sepharose beads (Sigma) were used to precipitate the
immune complexes. The beads were washed twice with
wash buffer 1 (50 mM Tris-HCl [pH 7.5], 0.5 M LiCl, 0.5%
Triton X-100), twice with wash buffer 2 (50 mM Tris-HCl
[pH 7.5], 0.5 M LiCl), and once with distilled water. Proteins
associated with the p85 fragments were analyzed by immu-
noblotting with the appropriate antibodies or by PI 3-kinase
assays as described below.

Immunoblotting. p85 immunoprecipitates were boiled in
Laemmli sample buffer (22), separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
and transferred to nitrocellulose filters (Schleicher &
Schuell). Filters were blocked in TBST buffer (10 mM
Tris-HCl [pH 7.5], 0.9% NaCl, 0.05% Tween 20, 0.2%
sodium azide) containing 3% dried milk. The respective
antibodies were added in TBST at appropriate dilutions.
Bound antibody was detected with anti-mouse or anti-rabbit
antibody conjugated to alkaline phosphatase (Promega) in
TBST, washed, and developed with nitroblue tetrazolium
and 5-bromo-4-chloro-3-indolyl phosphate (Promega).

Determination of PI 3-kinase activity in p85 immune com-
plexes. Lysates were immunoprecipitated with antibody
12CA5 or 9E10. p85 immune complexes were precipitated
with protein A-Sepharose beads. After a series of sequential
washes (see above), the presence of PI 3-kinase activity in
the complexes was determined by incubating the beads with
30 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-

sulfonic acid; pH 7.4)-30 mM MgCl2-50 ,uM ATP-200 ,uM
adenosine-0.2 mg of sonicated PI per ml-10 ,uCi of
[y-32P]ATP (5,000 Ci/mmol) for 20 min at 25°C. Adenosine
was added to inhibit any contaminating PI 4-kinase activity
(33). Reactions were stopped by adding 100 ,ul of 1 M HCl,
and the phospholipids were extracted with 200 pl of a 1:1
mixture of chloroform and methanol. The reaction products
were separated by thin-layer chromatography as previously
described (17). The conversion of PI to PI 3-phosphate was
determined by autoradiography and quantitated by using a
PhosphorImager (Molecular Dynamics).

Metabolic labeling of COS-7 cells. Transiently transfected
COS-7 cells were metabolically labeled by incubating them
for 6 h at 37°C in methionine-free Dulbecco's modified Eagle
medium with 0.5 mCi of [35S]methionine per 10-cm-diameter
plate. Cell extracts were incubated with antibody 12CA5 as
described above. The precipitates were separated by SDS-
PAGE and analyzed by fluorography.

RESULTS

Identification of the region in p85 that mediates association
with PI 3-kinase activity in COS-7 cells. To identify the region
in p85 responsible for the interaction with the 110-kDa
catalytic subunit of PI 3-kinase, we expressed various trun-
cations of p85 tagged at the C terminus with a 16-amino-acid
epitope of influenza virus HAl, which is recognized by
monoclonal antibody 12CA5 (34). Vectors expressing the
respective p85 constructs under control of the human cyto-
megalovirus promoter were transiently transfected into
COS-7 cells (Fig. 1).
COS cell lysates containing recombinant full-length p85, a

fragment spanning the SH3 domain together with the bcr
homology region and the N-terminal SH2 domain (SH3-
SH2-N), a fragment overlapping both SH2 domains of p85
(SH2-N-SH2-C), two fragments each encompassing the re-
gion between the SH2 domains with different sizes of flank-
ing regions (iSH2I and iSH2II), the C-terminal SH2 domain
with a 111-N-terminal-amino-acid flanking region (SH2-C),
and a fragment with the C-terminal SH2 domain and 17-
amino-acid flanking region (SH2-C1) (Fig. 1) were immuno-
precipitated with antibody 12CA5. COS cell lysate contain-
ing p85 tagged with a 13-amino-acid Myc-derived epitope
was immunoprecipitated with monoclonal antibody 9E10
(11) as an additional control. The immune complexes were
immobilized on protein A-Sepharose beads and washed
extensively. The presence of PI 3-kinase activity was as-
sayed by measuring PI 3-phosphate production in the im-
mune complexes (see Materials and Methods). The relative
amounts of p85 and mutant p85 proteins in the complexes
were similar in all samples (Fig. 2B). As shown in Fig. 2A,
only fragments which contain the iSH2 region (full-length
p85, SH2-N-SH2-C, iSH2I, and iSH2II) precipitated PI
3-kinase activity. No or very little PI 3-kinase activity was
associated with fragments containing either half of the iSH2
region (SH3-SH2-N or SH2-C), even when those half-sites
were attached to a longer adjacent portion of the p85
molecule.
To obtain more quantitative information, the products of

the PI 3-kinase reaction were analyzed by using a Phosphor-
Imager. The amounts of PI 3-kinase activity associated with
the various p85 fragments (Fig. 2C) suggested that the region
between the SH2 domains is important for pllO binding.

Despite the presence of PI 3-kinase activity in a complex
with p85 fragments, it was not possible to detect pllO protein
by this transient assay, either by metabolic labeling of COS

MOL. CELL. BIOL.



INTERACTION OF THE INTER-SH2 REGION OF p85 WITH pllO 5563

A I. 4^;
1 2 3 4 5 6 7 1 8 9

Pip- , 9 9 * Y

0- *44*
B

11P: 12CA5

1 2 3 4 5 6 7 b
200 -

97 -

".q n wv
68 -

43 --.- 4w ** _j 4 4: 4I._
43- _w

32 - 40

R1 176

8 l 8

A*p11o

-a-p85

C

I-Cu

(.

I.

Is
Df,

v.
Q=
w1

I-W

vector p85 SH3+N N+C iSH21 iSH2II SH2-C SH2-Ci

FIG. 2. (A) Association of transiently expressed p85 fragments
with PI 3-kinase in COS-7 cells. COS-7 cells were transiently
transfected with expression vectors containing full-length p85, p85
fragments, or vector DNA alone as shown above each lane. Cell
lysates containing HA-tagged fragments and control lysate were
immunoprecipitated with antibody 12CA5 (lanes 1 to 8); lysate with
Myc-tagged p85 (p85*) and control lysate were immunoprecipitated
with antibody 9E10 (lanes 8 and 9). After serial washes, the immune
complexes were analyzed for the presence of PI 3-kinase activity by
thin-layer chromatography as described in Materials and Methods.
The origin (0) of the chromatogram and the position of PI 3-phos-
phate (PIP) are shown. (B) Levels of p85 and p85 fragments
expressed in COS cells. Transiently transfected COS cells were
metabolically labeled with [35S]methionine. Cell lysates were immu-
noprecipitated with anti-tag antibody 12CA5. After extensive
washes, the immune complexes were separated by 7 to 12% step
gradient SDS-PAGE. Immunoprecipitations with anti-p85 antibody
R1176 were performed to determine the positions of recombinant
p85 and COS cell-derived p85 and p110. Numbers above the lanes
correspond to numbers of the samples shown in panel A. The

cells with [35S]methionine (Fig. 2B) or by immunoblotting
with an anti-pllO antibody (not shown). Most likely, only a
very small fraction of the excess recombinant p85 molecules
generated after transient transfection could associate with
endogenous pllO within each COS cell; therefore, the asso-
ciation of PI 3-kinase with p85 was undetectable by any
method except the very sensitive PI 3-kinase activity assay.
To circumvent the problem of detecting pllO in complexes
derived from transiently transfected cells, we studied this
issue in cell lines stably expressing recombinant p85 frag-
ments.
The 11O-kDa subunit of PI 3-kinase is associated with the

iSH2 region of p85 in vivo. Expression vectors coding for
recombinant p85, SH3-SH2-N, SH2-N, SH2-C, and iSH2
with the HAl tag were stably transfected into CHO cells.
Several cell lines expressing comparable amounts of the
different p85 fragments were selected. To analyze the asso-
ciation of recombinant p85 and its smaller derivatives with
endogenous pllO in CHO cells, cell lysates were immuno-
precipitated with antibody 12CA5. After several stringent
washes of the beads, the presence of pllO in the immune
complexes was monitored by immunoblotting with a mixture
of three polyclonal anti-pllO antibodies. As shown in Fig.
3A, full-length p85 as well as iSH2I coprecipitated p110. No
full-length p85 was detected in the immune complexes with
iSH2I, indicating that the iSH2I fragment did not bind to p85
from lysate. Therefore, the association of pllO and iSH2I
could not be attributed to coprecipitation of p85 and iSH2. In
CHO lysates containing SH3-SH2-N, SH2-N, and SH2-C
and in untransfected cell lysate, no pllO band was detected.
The iSH2 region of p85 can form a functional complex with

PI 3-kinase in vivo. To determine whether the association
with pllO shown in Fig. 3A corresponds to the presence of
active PI 3-kinase, lysates from CHO cells stably expressing
p85, SH3-SH2-N, SH2-N, SH2-C, or iSH2I were immuno-
precipitated with antibody 12CA5 and the precipitates were
analyzed by a PI 3-kinase activity assay. Full-length p85 as
well as the iSH2 fragment coprecipitated PI 3-kinase activity
from CHO cell lysates (Fig. 3B). The amount of PI 3-phos-
phate generated correlated with the relative amounts of pllO
associated with p85 or iSH2I fragments in the immune
complexes (Fig. 3A). No PI-3 kinase activity above the
background level was observed in immunoprecipitates from
cell lysates containing SH3-SH2-N, SH2-N, or SH2-C frag-
ments, which correlated with the lack of pllO association
with these fragments. A quantitative evaluation of several
experiments obtained from at least two independently iso-
lated cell lines of each construct is depicted in Fig. 3C. The
only fragment capable of forming a functional complex with
PI 3-kinase comparable to that of full-length p85 is the
fragment containing the complete iSH2 region of p85. The
amount of pllO-PI 3-kinase activity associated with iSH2I
was approximately 30% of that of full-length p85. Data
obtained from approximately 10 different cell lines express-

positions of pllO and p85 molecules are indicated on the right.
Molecular size markers are indicated in kilodaltons on the left. (C)
Relative amounts of PI 3-kinase activity associated with transiently
expressed p85 and p85 fragments. PI 3-phosphate production deter-
mined by the assay described for panel A was quantitated with a
Phosphorlmager. Each bar represents the mean of at least three data
points ± standard deviation for each p85 fragment. The relative
amount of bound PI 3-kinase is given in arbitrary (arb.) units.
SH3+N and N+C represent fragments SH3-SH2-N and SH2-N-
SH2-C, respectively.
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ing the iSH2 fragment indicate that the production of this
fragment has toxic effects on the cells. This finding suggests
that cell lines cannot tolerate competition of the recombinant
iSH2 fragment with endogenous p85 for binding to pllO (see

97 Discussion).
Taken together, these data strongly suggest that the region

8 between the two SH2 domains in p85 mediates the interac-
tion with the pllO subunit.
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FIG. 3. In vivo association of full-length p85 and p85 fragments
with p110. Lysates of CHO cell lines stably expressing full-length
p85 or different p85 fragments were immunoprecipitated with anti-
body 12CA5. After extensive washes, the immune complexes were
analyzed in parallel for the presence of the 110-kDa subunit of PI
3-kinase (A) and for the presence of PI 3-kinase activity (B). Lanes:
1, untransfected cell lysate; 2, lysate from a cell line expressing
full-length p85, which served as a positive control; 3 and 4, lysates
from CHO lines expressing the iSH2 fragment, lysates containing
SH3-SH2-N (lanes 5 and 6), SH2-N (lanes 7 and 8) and SH2-C (lanes
9 and 10) from two independent cell lines each. The lanes shown are
all part of one experiment analyzed in parallel on two gels. In panel
A, the immune complexes were separated by 7 to 12% step gradient
SDS-PAGE and transferred to nitrocellulose membranes. pllO
molecules coprecipitating with full-length p85 or with p85 fragments
were visualized by immunoblot analysis using a mixture of anti-pllO
antibodies. The positions of associated pllO from CHO cells and of
recombinant p85 are indicated by arrows on the left. The positions
of the recombinant iSH2I, SH3-SH2-N, SH2-N, and SH2-C frag-
ments are marked by arrowheads in the panel labeled 12CA5. The
immunoglobulin G heavy-chain (50- and 54-kDa) and light-chain
(34-kDa) bands of antibody 12CA5 used for the immuno-

DISCUSSION
Our initial approach to identify the domain within the p85

molecule that interacts with the 110-kDa catalytic subunit of
PI 3-kinase was to analyze the association of mouse p85 and
various p85 fragments expressed in E. coli with pllO from
BALB/c 3T3 or COS-7 cell lysates in vitro. However, no
productive association of pllO with recombinant p85 mole-
cules could be observed. Experiments in which anti-p85 and
anti-pllO antibodies were used to precipitate PI 3-kinase
showed that the subunits always appeared as a complex (10).
From these and other experiments (8, 19), it seems likely
that p85 and pllO form a very tight complex in vivo and that
there are few if any free pllO molecules present in cell
lysates.
These findings suggested that p85 had to be coexpressed

with pllO in vivo for the formation of a productive complex.
Hiles et al. (15) showed in pllO transfection experiments that
pllO had PI 3-kinase activity in mammalian cells only when
it was coexpressed with p85. To analyze which region of p85
interacts with the catalytic pllO subunit of PI 3-kinase, we
transiently expressed fragments of p85 in COS-7 cells. The
transient assay in COS-7 cells suggested that every fragment
containing an intact iSH2 region is able to associate with PI
3-kinase activity (Fig. 2A and C). When this region was
disrupted in two half-sites as reflected by constructs SH3-
SH2-N and SH2-C (Fig. 1), the interaction was abolished.
This finding indicated that this region covering the center of
the iSH2 domain, nMight be involved in the formation of
contacts between p85 and p110. The series of fragments
encompassing the iSH2 region (SH2-N-SH2-C, iSH2II, and
iSH2I) differed in binding PI 3-kinase. This may be attributed
to different folding properties of each expressed fragment.
Experiments using stably transfected CHO cell lines re-

vealed that the association of PI 3-kinase activity correlates
with the association of the 110-kDa subunit with p85 and the
iSH2I fragment (Fig. 3). Neither pllO nor PI 3-kinase
activity was bound to SH3-SH2-N, SH2-N, or SH2-C. The
presence of pllO in a complex with the iSH2 fragment could
not be attributed to dimerization of iSH2 with p85, which in
turn bound to p110, since no p85 was detected in immuno-

precipitations were also recognized by the alkaline phosphatase-
conjugated anti-mouse antibody. Fragment SH3-SH2-N comigrates
with the upper band of the immunoglobulin G heavy chain but can
be distinguished by its darker staining. Molecular size markers on
the right are indicated in kilodaltons. In panel B, the immune
complexes were analyzed for PI 3-kinase activity. The origin (0) of
the chromatogram and the position of PI 3-phosphate (PIP) are
indicated. (C) Relative amounts of PI 3-kinase activity associated
with p85 and p85 fragments stably expressed in CHO cells. PI
3-phosphate production of immune complexes analyzed as shown in
panel B was quantitated by using a Phosphor-Imager. Each bar
represents the mean of at least four data points ± standard deviation
obtained from two or more cell lines expressing the respective p85
fragments. The relative amounts of bound PI 3-kinase are given in
arbitrary (arb.) units. SH3+N stands for fragment SH3-SH2-N.
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precipitations of iSH2 probed with an anti-p85 antibody (Fig.
3A). The iSH2 fragment also did not coprecipitate pllO by
binding to activated receptor molecules that interact with PI
3-kinase (not shown). Receptor association is unlikely to
occur, since iSH2 does not contain a functional SH2 domain.
Therefore, the iSH2 region by itself must represent a struc-
tural domain within the p85 molecule which mediates spe-
cific protein-protein contacts to p110. The association be-
tween the iSH2 region of p85 and pllO is independent of the
presence of SH2 domains and is thought to represent a
high-affinity interaction, because the complex can be dis-
rupted only by using denaturing conditions.
The association of p85 or the isolated iSH2 domain with

the catalytic pllO subunit of PI 3-kinase was not affected by
stimulation of the cells with platelet-derived growth factor
(20). This result further supports our finding that p85 and
pllO always form a tight complex. The observation that the
iSH2 region by itself is capable of forming a functional
complex with the pllO subunit (Fig. 2A and 3B) suggests that
neither the SH2 domains nor the SH3 domain of p85 are
required for the catalytic activity of p110. This observation
also suggests that p85 might play a role solely as an adaptor
molecule that links the catalytic subunit of PI 3-kinase bound
to the iSH2 region to activated growth factor receptor
molecules.
The stably expressed iSH2I fragment bound comparable

amounts of p110-PI 3-kinase; however, it did not reach quite
the same efficiency as did full-length p85 (Fig. 3C). Irrespec-
tive of its expression level, the iSH2I fragment associated on
average with 30% of the number of PI 3-kinase molecules
relative to p85. Analyzing a number of independently iso-
lated cell lines expressing the iSH2 fragment, we observed
that the respective cell lines could be propagated for only a
limited number of passages, which indicates a possible toxic
effect of the fragment. We believe that the iSH2I fragment
might act as a dominant negative p85 mutant that competes
with endogenous p85 for the association with p110. Associ-
ation of the catalytic PI 3-kinase subunit with iSH2I instead
of p85 renders it unresponsive to regulatory signals of
activated growth factor receptors. Since PI 3-kinase is
thought to play an important role in the regulation of cell
growth, viable cells might not be able to tolerate a dramatic
change in their PI 3-kinase level.

In this report, we describe a novel protein-protein inter-
action between the iSH2 domain of the p85 subunit and the
catalytic pllO subunit of PI 3-kinase. Panayotou et al. (28)
predicted that the iSH2 region of p85 adopts an ax-helical
structure. This independent structural unit is suggested to
occupy most of the iSH2 region space. Our finding that the
binding to pllO was completely abrogated when the iSH2
region was disrupted at amino acids 512 to 513 (Fig. 2A; Fig.
3A and B) representing the center of the presumed functional
domain would therefore agree with those data. The minimal
region of the iSH2 domain necessary for the interaction with
pllO remains to be determined.
Our data disagree with results obtained by Cooper and

Kashishian, who suggest that both SH2 domains of p85
individually bind to pllO after transient transfection, as
judged from PI 3-kinase activity assays (5). At present we
have no explanation for their findings. The experiments
described here clearly demonstrate that the p85 SH2 do-
mains do not interact with the 110-kDa subunit of PI 3-kinase
(Fig. 2A; Fig. 3A and B). Furthermore, in our study both
SH2 domains were expressed as significantly larger frag-
ments containing flanking regions and were found to repre-
sent functional SH2 domains in vivo (20). Our study, which

is based on a stable expression system, suggests that the
iSH2 region of p85 is responsible for the interaction with
pllO because of (i) the finding that exclusively iSH2 binds
the 110-kDa protein and (ii) the presence of PI 3-kinase
activity in the same complex in vivo.
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