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Insulin activates the insulin receptor tyrosine kinase
to phosphorylate signaling molecules such as insulin re-
ceptor substrate-1 (IRS-1). Phosphorylated IRS-1 binds
to SH2 domains in the p85 regulatory subunit of phos-
phatidyl inositol (PI) 3-kinase, thereby stimulating the
catalytic activity of PI 3-kinase. For most growth factor
receptor tyrosine kinases (including receptors for epi-
dermal growth factor and platelet-derived growth fac-
tor), the p85 regulatory subunit of PI 3-kinase binds di-
rectly to phosphorylated YXXM motifs contained in the
cytoplasmic domain of the receptor itself. Previous stud-
ies in cell-free systems have shown that the phosphoryl-
ated YHTM sequence (amino acid residues 1322-1325) in
the COOH terminus of the insulin receptor has the abil-
ity to bind to the p85 subunit of PI 3-kinase, thereby
activating the enzyme. In this investigation, we demon-
strate the occurrence of the same direct binding inter-
action in intact cells. Subsequent to insulin-stimulated
phosphorylation of the insulin receptor, a complex is
formed that contains the insulin receptor and PI 3-
kinase. This complex can be immunoprecipitated by an-
tibodies directed against either the insulin receptor or
the p85 subunit of PI 3-kinase. The A43 mutant insulin
receptor that lacks 43 amino acids at the COOH termi-
nus does not bind p85. In addition, the A43 truncation
impairs the ability of the receptor to mediate the acti-
vation of PI 3-kinase. Thus, by binding directly to p85,
the phosphorylated YHTM motif in the COOH terminus
of the insulin receptor contributes partially to mediat-
ing the effect of insulin to activate PI 3-kinase.

The tyrosine kinase activity of the insulin receptor plays a
necessary role in mediating insulin action (1, 2). Like other
receptor tyrosine kinases, ligand binding leads to autophospho-
rylation of the receptor (3, 4). Autophosphorylation of the insu-
lin receptor is functionally significant in that it activates the
receptor tyrosine kinase to phosphorylate other intracellular
proteins such as insulin receptor substrate-1 (IRS-1)! (5, 6).
IRS-1 serves as an intermediate docking protein that contains
multiple phosphotyrosine residues, providing binding sites for
multiple SH2 domain-containing proteins (7). However, unlike
most other growth factor receptor tyrosine kinases, phosphoty-
rosine residues in the insulin receptor are generally not
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thought to serve as major binding sites for SH2 domain-con-
taining proteins in intact cells. Nevertheless, one of the phos-
phorylation sites in the COOH-terminal domain of the insulin
receptor is located in a YHTM sequence (amino acid residues
1322-1325) that conforms to the YXXM motif which defines
binding sites for the p85 subunit of PI 3-kinase (8, 9). Further-
more, in vitro studies in cell-free systems have demonstrated
that p85 can bind directly to phosphorylated insulin receptors
(10, 11). In the present work, we conducted immunoprecipita-
tion studies demonstrating that p85 binds directly to phospho-
rylated insulin receptors and that this interaction requires the
COOH-terminal 43 amino acids of the insulin receptor. These
data support the hypothesis that p85 binds directly to the phos-
photyrosine residue in the YHTM sequence located in the
COOH-terminal of the B-subunit of the insulin receptor. Fur-
thermore, deletion of the COOH-terminal 43 amino acids par-
tially impairs the ability of the receptor to mediate the action of
insulin to activate PI 3-kinase. Nevertheless, these data do not
necessarily contradict the hypothesis that IRS-1 is required for
optimal activation of PI 3-kinase. For example, the presence of
two SH2 domains in p85 may permit the molecule to bridge
between the phosphorylated YHTM sequence in the insulin
receptor and a phosphorylated YXXM motif in IRS-1.

MATERIALS AND METHODS

Expression of Insulin Receptors by Transfection of cDNA in Cultured
Cells—NIH-3T3 cells were stably transfected with expression vector for
human insulin receptor cDNA (12) or a truncated receptor lacking the
43 amino acid residues from the COOH terminus of the B-subunit as
described previously (13). Expression of insulin receptors was assayed
by measuring ®l-insulin binding (14) and/or immunoblotting (15).
Based upon Scatchard analysis of insulin binding data, we estimate
that there are approximately 400,000 wild type human insulin
receptors/cell or approximately 300,000 A43 truncated receptors/cell
expressed on the cell surface of the transfected cells.

Immunoprecipitation—Confluent cells in 15-cm Petri dishes, grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
calf serum, were incubated in the presence or the absence of 10~7 insulin
for 3 min at 37 °C. The cells were quickly washed once with ice-cold
phosphate-buffered saline followed by two washes with washing buffer
(20 mum Tris-HCI, pH 7.5, 137 mm NaCl, 1 mm MgCl,, 1 mm CaCl,, 100
mu Na,VO,). Thereafter, the cells were solubilized in 1 ml of washing
buffer containing Nonidet P-40 (1%), glycerol (10%), phenylmethylsul-
fonyl fluoride (2 mm). After normalization for protein concentration,
about one-fifth of the cell lysate was immunoprecipitated using either a
monoclonal antiphosphotyrosine antibody (Upstate Biotechnology Inc.,
Lake Placid, NY) at a concentration of 2.5 ug/ml, or a polyclonal anti-
body directed against the p85 regulatory subunit of PI 3-kinase (Up-
state Biotechnology Inc.) at a dilution of 1:250, or B-10, an anti-insulin
receptor antibody directed against the a-subunit at a dilution of 1:100 or
a mixture of antibodies directed against IRS-1 or a non-immune rabbit
serum (1:100 dilution). To achieve efficient immunoprecipitation of
IRS-1, we used a mixture of two different polyclonal antibodies, at a
final dilution of 1:300 (Upstate Biotechnology Inc.) and a monclonal
antibody, at a final concentration of 250 ng/ml (Transduction Laborato-
ry). The immune complexes were precipitated with protein A-agarose
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Fic. 1. PI 3-kinase binds to the COOH terminus of the insulin receptor in intact cells. Confluent monolayers (15-cm plates) of stably
transfected NIH-3T3 cells expressing the neomycin resistance gene (lanes I and 2), the full-length insulin receptor (lanes 3 and 4), or the
A43-truncated insulin receptor (lanes 5 and 6) were incubated in the absence (lanes 1, 3, and 5) or in the presence (lanes 2, 4, and 6) of insulin
(107" M) for 3 min at 37 °C. The cells were lysed in 1 ml of lysis buffer as described under “Materials and Methods.” After solubilization, 200 nl were
immunoprecipitated using anti-insulin receptor antibody. The immunoprecipitates were analyzed by SDS-polyacrylamide (6.5%) gel electrophore-
sis and transferred to nitrocellulose sheets by electroblotting. Blots were probed with either antiphosphotyrosine antibody (panel A) or anti-p85
antibody (panel B). In panel B, there is a light band in the region of p85 in lanes 1-3, 5, and 6. This light band, which was not detected in all
experiments, may represent nonspecific immunoprecipitation of a small quantity of p85 by anti-insulin receptor antiserum B-10.

(Life Technologies, Inc.) in which nonspecific sites were saturated by
washing with a buffer containing Tris-HCI1 (10 mwm, pH 7.5) and albumin
(10 mg/ml). The immunoprecipitates were washed once with phosphate-
buffered saline containing Nonidet P-40, (0.1%, 1% for PI 3-kinase
assay) and vanadate (100 mm), twice with a buffer containing Tris-HCI
(100 mum, pH 7.5), LiCl, (500 mwm), vanadate (100 mwm), and once with a
buffer containing Tris-HCI (10 mm, pH 7.5), NaCl (100 mwm), EDTA (1
mM), and vanadate (100 pm).

Phosphatidylinositol 3-Kinase Activity—After the washings de-
scribed above, the pellet was resuspended in 40 ul of a buffer containing
Tris-HCI (10 mwm, pH 7.5), NaCl (100 mwm), EDTA (1 mm). To each tube
was added 10 nl of MnCl, (100 mm) and 20 pg of phosphatidylinositol
(Sigma). The phosphorylation reaction was started by the addition of 10
nl of ATP (440 pm) containing 30 nCi of [y-**PJATP. After 10 min, the
reaction was stopped by the addition of 20 ul of HCI (8 N) and 160 nl of
CHCly/methanol (1:1). The organic phase was extracted and applied to
a silica gel thin layer chromatography plate (Merck). Thin layer chro-
matography plates were developed in CHCl/CH,OH/H,0/NH,OH
(60:47:11.3:2), dried, and visualized by autoradiography. The radioac-
tivity was quantitated with a PhosphorImager (Molecular Dynamics,
Sunnyvale, CA) (16, 17).

Immunoblotting—After immunoprecipitation, the complexes were
boiled in 40 pl of Laemmli sample buffer containing dithiothreitol (80
mu) for 3 min. The samples were analyzed by SDS-polyacrylamide
(6.5%) gel electrophoresis. Proteins were transferred from the gel to
nitrocellulose sheets by electroblotting at 90 V for 1 h at 4°C in a
solution containing Tris (25 mm), glycine (192 mm), and methanol (20%).
The immunoblots were probed either with a monoclonal antiphospho-
tyrosine antibody at a concentration of 250 ng/ml or a monoclonal an-
tibody directed against the p85 subunit of PI 3-kinase at a concentration
of 1 ng/ml (Upstate Biotechnology Inc.), or a rabbit antibody (rAb-53)
directed against a peptide corresponding to the amino acids 1142-57 of
the B-subunit of the human insulin receptor (1:2000), and proteins were
detected by Enhanced Chemiluminescence using horseradish peroxi-
dase-labeled anti-mouse vy-globulin (Amersham Corp.). Thereafter,
where indicated, the blots were stripped off as described elsewhere (15)
and reprobed as described above.

RESULTS

Insulin Receptor Coimmunoprecipitates with PI 3-Kinase—
The p85 regulatory subunit of PI 3-kinase binds to phosphoty-
rosine residues in the context of YMXM or YXXM sequences (9,
18). Binding of p85 to phosphotyrosine residues leads to acti-
vation of PI 3-kinase (9, 19). Because the YHTM sequence
(amino acid residues 1322-1325) in the COOH terminus of the
insulin receptor represents a YXXM motif, we inquired
whether PI 3-kinase binds to phosphorylated insulin receptor
in intact cells. NIH-3T3 cells transfected with human insulin
receptor cDNA were incubated in the presence or absence of

100 nwm insulin (Fig. 1). Receptors were immunoprecipitated
with anti-receptor antibody, and immunoblots were probed
with either antiphosphotyrosine antibody (Fig. 1, panel A) or
antibody to the p85 subunit of PI 3-kinase (Fig. 1, panel B). As
expected, insulin increased the content of phosphotyrosine in
the wild type insulin receptor (Fig. 14, lanes 3 and 4). In ad-
dition, insulin increased the amount of p85 regulatory subunit
of PI 3-kinase coimmunoprecipitated with the insulin receptor
(Fig. 1B, lanes 3 and 4). Comparable studies were carried out in
cells expressing the A43 truncated mutant form of the insulin
receptor that lacks the 43 amino acids at the COOH terminus
of the human insulin receptor (11, 20). The A43 mutant lacks
Tyr'®? and the YXXM motif (20-22). Consistent with previous
observations (20, 21), insulin increased the content of phospho-
tyrosine in the A43 mutant insulin receptor (Fig. 14, lanes 5
and 6). Although, both the 3T3-WT and the 3T3-A43 cells ex-
pressed a similar amount of insulin receptor (Fig. 1B, lanes 4
and 6; Fig. 3C, lanes 1 and 2), the p85 subunit of PI 3-kinase
was not coimmunoprecipitated with the A43 mutant insulin
receptor (Fig. 1B, lanes 5 and 6). These observations are con-
sistent with the conclusion that the p85 subunit of PI 3-kinase
binds to the phosphotyrosine at position 1322 in the phospho-
rylated insulin receptor.

Similar results were obtained when the same cell extracts
were immunoprecipitated with antibody directed against p85
(Fig. 2). In cells expressing full-length human insulin recep-
tors, exposure of cells to insulin increased the quantity of in-
sulin receptors coimmunoprecipitated by anti-p85 antibody
(Fig. 2A, lanes 3 and 4). In contrast, phosphorylated A43 mu-
tant insulin receptors were not coimmunoprecipitated by anti-
p85 antibody (Fig. 24, lanes 5 and 6). Immunoblots probed with
anti-p85 antibody demonstrated that p85 was expressed in
comparable levels in the transfected cells expressing either
full-length insulin receptors (Fig. 2B, lanes 3 and 4) or A43
mutant insulin receptors (Fig. 2B, lanes 5 and 6).

Coimmunoprecipitation of PI 3-Kinase with IRS-1—It has
been clearly shown that insulin stimulates phosphorylation of
IRS-1, thereby stimulating binding of PI 3-kinase to phospho-
tyrosine residues in IRS-1 (19, 23-25). To investigate binding
interactions among the insulin receptor, IRS-1, and PI 3-ki-
nase, we carried out studies in which cell extracts were immu-
noprecipitated with antibody to IRS-1 (Fig. 3, A and B). Expo-
sure of cells to 100 nm insulin led to comparable increases in the
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Fic. 2. Insulin Receptor binds to the p85 subunit of PI 3-kinase in intact cells. Cell extracts from the same experiment shown in Fig. 1
were used in this experiment. The experiment was identical to that described in the legend to Fig. 1 with the exception that cell extracts were
immunoprecipitated using anti-p85 antibody instead of anti-insulin receptor antibody.
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Fic. 3. PI 3-kinase coimmunoprecipitates with IRS-1 in intact cells. Cell extracts from the same experiment shown in Figs. 1 and 2 were
used in this experiment. The experiment ( panels A and B) was identical to that described in the legend to Fig. 1 with the exception that cell extracts
were immunoprecipitated using anti-IRS-1 antibody. In addition, expression of insulin receptors was quantitated in panel C. Extracts (20 ul) from

cells expressing either the full-length insulin receptor (panel C, lane 1)
SDS-polyacrylamide gel electrophoresis, and the sheets were probed
1142-1157).

phosphotyrosine content of both full-length insulin receptors
(Fig. 3A, lanes 3 and 4) and A43 mutant insulin receptors (Fig.
3A, lanes 5 and 6). In addition, both forms of the insulin recep-
tor (i.e. full-length and A43 mutant) were capable of phospho-
rylating IRS-1 (Fig. 3A, lanes 3-6). Furthermore, 100 nM insu-
lin led to comparable increases in the content of p85 that bound
to IRS-1 in cells expressing either full-length insulin receptors
(Fig. 3B, lanes 3 and 4) or A43 mutant receptors (Fig. 3B, lanes
5 and 6). Thus, deletion of 43 amino acids from the COOH
terminus of the insulin receptor inhibited the ability of PI 3-ki-
nase to bind directly to the insulin receptor (Figs. 1 and 2).
However, the COOH terminus of the insulin receptor was not
required for insulin to stimulate binding of PI 3-kinase to the
IRS-1 molecule.

Quantitative Comparisons of Immunoprecipitations with
Various Antibodies—We carried out sequential immunoprecipi-
tation studies to estimate the efficiencies of immunoprecipita-
tion with various antibodies (Fig. 4). When two sequential im-
munoprecipitation steps were carried out with either anti-p85
antibody (Fig. 4, lane 7) or anti-IRS-1 antibody (Fig. 4, lane 8),
we did not detect the cognate antigen in the pellet of the second
immunoprecipitation. Thus, we conclude that, under our con-
ditions, these two antibodies have immunoprecipitated ~100%
of the antigen (i.e. either p85 or IRS-1, respectively). In con-
trast, when samples were subjected to two sequential immu-
noprecipitations with anti-insulin receptor antibody B-10, ap-

or the A43 truncated insulin receptor (panel C, lane 2) were analyzed by
using rAb-53 (an antibody directed against the amino acid sequence

proximately 30% of the insulin receptors were recovered in the
pellet of the second immunoprecipitate (Fig. 4, lane 9 and data
not shown). Thus, under our experimental conditions, antibody
B-10 immunoprecipitated ~60-70% of the insulin receptors
contained in the cell extract.

In the same experiment, we compared the quantity of p85
immunoprecipitated by anti-p85 and anti-insulin receptor an-
tibodies (Fig. 4, lanes 1-4). Under our experimental conditions,
both antibodies immunoprecipitated similar quantities of p85.
However, it remains possible that IRS-1 is present in the com-
plex that contains p85 and the insulin receptor. For example, it
is possible that one SH2 domain of p85 binds IRS-1 while the
second SH2 domain binds the insulin receptor.

A43 Truncation Impairs the Ability of Insulin to Activate PI
3-Kinase in Intact Cells—Insulin stimulates phosphorylation of
YXXM motifs in the COOH terminus of the receptor as well as
in IRS-1. As shown above, the p85 subunit of PI 3-kinase binds
to both the receptor and IRS-1. If the association of PI 3-kinase
with IRS-1 were the only mechanism involved in mediating the
increase in PI 3-kinase activity, then deleting the YXXM motif
from the COOH terminus of the receptor would not be predicted
to alter the ability of insulin to activate PI 3-kinase. Thus, we
designed an experiment to test this prediction (Fig. 5). Cells
were incubated for 3 min in the presence or absence of 100 nm
insulin. Although insulin had no detectable effect upon PI 3-ki-
nase in cells transfected with only the neomycin resistance gene,
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Fic. 4. Quantitative comparison of immunoprecipitations
with various antibodies. Extracts of cells expressing wild type hu-
man insulin receptor were immunoprecipitated with one of the follow-
ing antibodies: anti-IRS-1 (lanes I and 2), anti-human insulin receptor
(B-10; lanes 3 and 4), or anti-p85 (lanes 5 and 6). In several cases, the
supernatant of the immunoprecipitation was subjected to a second im-
munoprecipitation with the same antibody (lanes 7-9). Finally, the
immunoprecipitates were analyzed by SDS-polyacrylamide gel electro-
phoresis followed by immunoblotting with either anti-p85 (lanes 1-7) or
antiphosphotyrosine antibodies (lanes 8 and 9). These experiments
were carried out as described under “Materials and Methods” with two
exceptions. First, we used a polyclonal anti-IRS-1 antibody directed
against the COOH terminus of rat IRS-1 (1:100 dilution). Second, we
used Ultra-Link Immobilized Protein A Plus supplied by Pierce rather
than protein A-agarose supplied by Life Technologies, Inc.

1207

100 A

Insulin 100nM - + - + - +

Cell line

Neo WT A43

Fic. 5. A43 truncation impairs the ability of insulin to activate
PI 3-kinase in intact cells. Antiphosphotyrosine immunoprecipitates
from quiescent or insulin-treated cells expressing either the neomycin
resistance gene alone, the wild type (WT') insulin receptor, or the A43
truncated insulin receptor were assayed for PI 3-kinase activity. Radio-
activity was quantitated using a PhosphorImager. Data represent the
mean * S.E. and are representative of three separate experiments.
Results are expressed as a percentage of the PI 3-kinase activity meas-
ured in insulin-stimulated cells expressing the wild type receptor.

transfection with full-length human insulin receptors allowed
for insulin to stimulate PI 3-kinase activity 10-fold. In contrast,
the effect of insulin upon PI 3-kinase activity was much smaller
(=2.2-fold) in cells expressing the A43 truncated receptor.

DISCUSSION

The p85 regulatory subunit of PI 3-kinase contains two SH2
domains that bind to phosphorylated YMXM and YXXM motifs
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in several growth factor receptors, non-receptor tyrosine ki-
nases, and other docking proteins such as IRS-1 (9, 19, 28).
Indeed, it has been clearly demonstrated that PI 3-kinase binds
to IRS-1 through one or more of its nine YXXM/YMXM motifs
(7, 28). Nevertheless, the presence of a phosphorylated YHTM
motif in the COOH-terminal domain of the insulin receptor
raises the possibility that this may also provide a binding site
for SH2 domains of the p85 subunit of PI 3-kinase. In this
study, we confirm the existence of signaling complexes contain-
ing insulin receptors, IRS-1, and p85 subunit of PI 3-kinase in
intact cells (23, 26, 27). By using a coimmunoprecipitation tech-
nique, we characterize the nature of the binding interactions
that stabilize these signaling complexes in intact cells. We dem-
onstrate that deletion of the COOH-terminal YHTM sequence
markedly decreased the coimmunoprecipitation of p85 by an-
tibodies directed against the insulin receptor as well as the
coimmunoprecipitation of the insulin receptor by antibodies
directed against p85. These data strongly suggest that the
COOH-terminal YHTM sequence is required for optimal bind-
ing of p85 to the insulin receptor in intact cells. Furthermore,
deletion of the COOH-terminal 43 amino acids partially im-
pairs the ability of the insulin receptor to mediate insulin ac-
tion to activate PI 3-kinase. This suggests that binding of p85
to the COOH-terminal YHTM sequence has physiological
significance.

Possible Binding Interactions to Form a Ternary Complex—1It
is well established that p85 can bind directly to phosphorylated
IRS-1 (6, 24). Furthermore, deletion of the COOH-terminal 43
amino acids (including the YHTM sequence) of the insulin re-
ceptor does not inhibit the ability to coimmunoprecipitate
IRS-1 with insulin receptor antibody (13) (also Fig. 3 of this
report). Thus, it seems likely that IRS-1 can bind directly to
both the insulin receptor and p85. Nevertheless, when the
COOH-terminal YHTM sequence of the insulin receptor was
deleted, this markedly inhibited the formation of complexes
containing p85 plus the insulin receptor. Thus, there appears
not to be a large quantity of ternary complex in which p85 and
the insulin receptor bind simultaneously to IRS-1. Of course, it
is possible that there may be a small quantity of ternary com-
plex formed by binding of p85 to the IRS-1 component of a
binary complex between the A43-truncated insulin receptor
plus phosphorylated IRS-1. However, because only a relatively
small percentage of total cellular IRS-1 is coimmunoprecipi-
tated by anti-receptor antibody, most of the p85 bound directly
to IRS-1 will be bound to IRS-1 molecules that are not coim-
munoprecipitated by anti-receptor antibodies.

It is possible to propose an alternative structure for a ternary
complex in which p85 serves as the nucleus on which to build
the ternary complex. In this hypothetical structure, one SH2
domain of p85 binds to a YXXM motif in IRS-1 while the other
SH2 domain binds to the COOH-terminal YHTM sequence in
the insulin receptor. This hypothesis leads to the prediction
that deletion of the COOH terminus of the insulin receptor
would prevent the formation of the ternary complex by abol-
ishing the direct binding interaction between p85 and the in-
sulin receptor. This model closely resembles the proposed
model for binding of p85 to the PDGF receptor in which two
phosphorylated YXXM motifs are required for optimal binding
of p85 (9), one phosphotyrosine-binding site for each of the two
SH2 domains in p85.

Relative Roles of Insulin Receptor and IRS-1 in Activating PI
3-Kinase—While in vitro studies have suggested that p85 may
bind directly to phosphotyrosine residues near the COOH ter-
minus of the insulin receptor (10), this has not been demon-
strated previously in intact cells. In fact, unlike our present
observations, previous investigations did not detect any effect
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of the A43 truncation upon the ability of the insulin receptor to
mediate insulin’s action to increase PI 3-kinase activity in in-
tact cells (11, 20, 22). Nevertheless, in our experimental sys-
tem, the A43 truncation partially impaired the ability to acti-
vate PI 3-kinase despite the fact that the truncation did not
impair phosphorylation of IRS-1. These observations are con-
sistent with the hypothesis that the direct binding interaction
between p85 and the insulin receptor contributes importantly
to the ability of insulin to activate PI 3-kinase. It is not clear
how to explain apparent discrepancies between our data and
previously reported observations. However, variations in the
levels of expression of PI 3-kinase, IRS-1, and insulin receptors
may modulate the relative contributions of the two mecha-
nisms of PI 3-kinase activation, i.e. the direct mechanism me-
diated by binding of p85 to insulin receptors versus the indirect
mechanism mediated by binding of p85 to IRS-1. In order to
fully assess the physiological significance of these binding in-
teractions, it will be necessary to carry out similar studies in
physiologically relevant target tissues such as skeletal muscle,
liver, and adipose tissue. Nevertheless, the present studies
demonstrate that it is possible for insulin receptors to bind
directly to p85 in intact cells and suggest that this binding
interaction may contribute to the mechanism whereby insulin
activates phosphatidyl inositol 3-kinase in transfected cells
grown in tissues culture cells. It is now possible to express the
A43 truncated receptor in transgenic mice; this would allow for
experiments to address the physiological significance of direct
binding interactions between the insulin receptor and p85 in
vivo.

Conclusions—Over the past several years, considerable pro-
gress has been made in elucidating the signaling pathways
downstream from tyrosine phosphorylation. It is becoming in-
creasingly clear that these pathways are complex and contain
many branches. From the beginning, it was obvious that the
branches often diverged from a common point. One tyrosine
kinase may phosphorylate many proteins; for example, in ad-
dition to autophosphorylation, the insulin receptor phosphoryl-
ates IRS-1 (5, 7), shc (29, 30), ecto-ATPase (31), etc. Similarly,
a single phosphoprotein contains phosphotyrosine residues
that bind multiple SH2 domain containing proteins; for ex-
ample, phosphorylated IRS-1 binds PI 3-kinase (32), growth
factor receptor binding protein-2 (GRB-2) (29), SH2-containing
phosphotyrosine phosphatase two-dimensional (33), and nck
(34). More recently, it has become clear that there are also
converging branches in the pathways. For example, there are
two pathways from the insulin receptor that lead to activation
of GRB-2/m-SOS; one pathway involves phosphorylation of
IRS-1 while the other involves phosphorylation of Shc (29).
Similarly, in the present study, we demonstrate that there are
two pathways whereby the insulin receptor can contribute to
the activation of PI 3-kinase. In addition to the previously
recognized indirect pathway that requires phosphorylation of
IRS-1, our data suggest that the phosphorylated YXXM motif
in the COOH terminus of the insulin receptor binds directly to
the p85 regulatory subunit of PI 3-kinase and that this binding
contributes to the activation of PI 3-kinase. This direct inter-
action between a phosphorylated receptor and PI 3-kinase
closely resembles the major pathway whereby most growth
factor receptor tyrosine kinases directly activate PI 3-kinase. It
seems likely that this type of redundancy in the pathways may

Binding of Insulin Receptor to PI 3-Kinase

provide additional opportunities for regulation of crucial
enzyme activities.
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