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Xenopus oocytes from unprimed frogs possess insulin-like growth factor I (IGF-I) receptors but lack insulin and
IGF-I receptor substrate 1 (IRS-1), the endogenous substrate of this kinase, and fail to show downstream
responses to hormonal stimulation. Microinjection of recombinant IRS-1 protein enhances insulin-stimulated
phosphatidylinositol (PtdIns) 3-kinase activity and restores the germinal vesicle breakdown response. Activation
of Ptdlns 3-kinase results from formation of a complex between phosphorylated IRS-1 and the p85 subunit of
Ptdlns 3-kinase. Microinjection of a phosphonopeptide containing a pYMXM motif with high affinity for the src

homology 2 (SH2) domain of Ptdlns 3-kinase p85 inhibits IRS-1 association with and activation of the Ptdlns
3-kinase. Formation of the IRS-1-Ptdlns 3-kinase complex and insulin-stimulated Ptdlns 3-kinase activation are
also inhibited by microiDijection of a glutathione S-transferase fusion protein containing the SB12 domain of p85.
This effect occurs in a concentration-dependent fashion and results in a parallel loss ofhormone-stimulated oocyte
maturation. These inhibitory effects are specific and are not mimicked by glutathione S-transferase fusion
proteins expressing the SH2 domains ofras-GAP or phospholipase C-y. Moreover, inijection of the SH2 domains
of p85, ras-GAP, and phospholipase C-y do not interfere with progesterone-induced oocyte maturation. These
data demonstrate that phosphorylation of IRS-1 plays an essential role in IGF-I and insulin signaling in oocyte
maturation and that this effect occurs through interactions of the phosphorylated YMXM/YXXM motifs of IRS-1
with SH2 domains of Ptdlns 3-kinase or some related molecules.

Insulin, insulin-like growth factor I (IGF-I), and other
polypeptide growth factors regulate a wide range of cellular
functions through the activation of membrane receptors with
tyrosine kinase activity (8, 13, 28, 49, 61, 63). Mutations in
the ATP-binding site (9, 16) and autophosphorylation sites
(18, 65) in the 3-subunit of the insulin receptor inhibit insulin
receptor kinase activity and biological responses. Over the
past few years, several of the proteins and enzymes involved
in linking the insulin receptor to its final effects have been
elucidated. Two of the earliest in the pathway are the insulin
and IGF-I receptor substrate 1 (IRS-1) (26, 29, 40, 50, 60, 64)
and the enzyme phosphatidylinositol (PtdIns) 3-kinase (8,
19, 51).
IRS-1 is a high-molecular-weight cytosolic protein which

possesses over 10 potential tyrosine phosphorylation sites
(60). Following insulin- and IGF-I-stimulated phosphoryla-
tion, IRS-1 rapidly associates with and activates the cyto-
solic enzyme PtdIns 3-kinase (2, 3, 22, 60). The interaction
between PtdIns 3-kinase and IRS-1 is directed through the
highly conserved phosphopeptide sequence motifs (YMXM/
YXXM) of IRS-1 and the src homology 2 (SH2) domain of
the 85-kDa subunit of PtdIns 3-kinase (2, 39, 46, 53). SH2
domains are conserved regions that form specific binding
sites for phosphotyrosine residues in certain amino acid
sequence motifs (reviewed in reference 30). The p85 regula-
tory subunit of Ptdlns 3-kinase contains two SH2 domains
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and one SH3 domain (20, 42, 55). PtdIns 3-kinase binds to
specific tyrosine phosphorylation motifs in IRS-1 and vari-
ous growth factor receptors via these SH2 domains (re-
viewed in reference 8). Other SH2 domain-containing pro-
teins, such as pp60v-"c, phospholipase Cy (PLC-y) and the
ras-associated GTPase-activating protein (ras-GAP), bind to
the epidermal growth factor, platelet-derived growth factor,
and colony-stimulating factor 1 receptors and the polyoma
middle T antigen at similar, but not identical, sequence
motifs (reviewed in references 8, 21, 25, 30, 36, and 43).
Little is known about the function of interactions through
these SH2-containing proteins in the insulin signaling path-
way.
Xenopus oocytes taken from unprimed frogs possess

IGF-I receptors but lack IRS-1 and have little or no response
to insulin or IGF-I. Recently, we demonstrated a critical
functional role for IRS-1 in insulin- and IGF-I-induced
oocyte maturation by microinjecting recombinant IRS-1
protein and reconstituting the germinal vesicle breakdown
response (10). To examine the exact molecular interactions
required downstream of IRS-1, in the present study, we have
used this reconstitution system to evaluate the role of PtdIns
3-kinase and the interaction of IRS-1-containing YMXM/
YXXM motifs and the SH2 domain of p85 of PtdIns
3-kinase.

MATERIALS AND METHODS

Oocyte preparation and microinjection. Stage VI oocytes
were isolated by mild collagenase treatment of ovaries from
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gravid Xenopus laevis frogs (Nasco, Fort Atkinson, Wis.)
without previous priming with gonadotropin (6). The oocytes
were allowed to recover overnight in modified Barth's media
and were then microinjected with 50 nl of either buffer (125
mM NaCl, 25 mM Tris-HCl [pH 7.6]) alone or combinations
of peptides and proteins at appropriate concentrations as
indicated.
Recombinant rat liver IRS-1 was produced in a baculovi-

rus expression system and purified to >90% homogeneity as
previously described (39). Glutathione S-transferase (GST)
fusion proteins were produced from bacterial expression
vectors (pGEX) containing the SH2 domains of p85 (N
terminal, designated GST-nSH2p85), ras-GAP (N terminal,
GST-nSH2rasTG`-), and PLC-y (N terminal, GST-nSH2PLCY)
as GST fusion constructs (30). Bacterial lysates were puri-
fied on a glutathione-Sepharose column (Pharmacia) as pre-
viously described (56). The proteins were then dialyzed
extensively against a degassed buffer of 88 mM NaCl and 50
mM Tris-HCl, pH 8.0, aliquoted, and stored at -80°C until
use.
Phosphonomethylalanine (Pmp), a nonnatural analog of

phosphotyrosine, was used to synthesize a nonhydrolyzable
phosphonopeptide of the region containing YMXM of the
mouse polyomavirus middle T antigen [EEE(PmP)
MPMEDLY] (15). This peptide was >90% pure on the basis
of high-pressure liquid chromatography (HPLC) analysis in
reverse-phase C-18 columns.

PtdIns 3-kinase assay. PtdIns 3-kinase activity was mea-
sured by in vitro phosphorylation of PtdIns as previously
described (51) with minor modifications. After microinjec-
tion with either peptide or protein combinations, oocytes
were treated with insulin or IGF-I at the indicated concen-
trations at 19°C for 5 min (except as otherwise indicated).
The incubation medium was removed, and oocytes were
extracted with a lysis buffer containing 50 mM HEPES
(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; pH
7.4), 137 mM NaCl, 1 mM MgCl2, 1 mM CaCl2, 2 mM
Na3VO4, 10 mM Na PPi, 10 mM NaF, 2 mM EDTA, 2 mM
phenylmethylsulfonyl fluoride, 10 mM benzamidine, 10 ,ug
(each) of aprotinin and leupeptin per ml, 10% glycerol, and
1% Nonidet P-40. Undissolved material was removed by
centrifugation at 12,000 x g for 5 min. PtdIns 3-kinase
activity was then assayed in the immunoprecipitates with
either anti-IRS-1 or anti-p85 antibodies which were collected
on protein A-Sepharose (Pharmacia). These antibodies were
produced as previously described (2, 39).
Western blotting. Oocyte lysates or immunoprecipitates of

oocyte extracts for Western blot (immunoblot) analysis were
prepared as described above for the lipid kinase assay. The
association of IRS-1 and the different SH2 domain-GST
fusion proteins was assessed by immunoblotting of oocyte
extracts collected on the glutathione beads. After incubation
of extracts and the beads for 90 min on ice, the complex was
washed with phosphate-buffered saline (PBS)-l% Triton
X-100 three times and with PBS and 250 mM NaCl twice.
The proteins collected on the protein A-Sepharose or gluta-
thione beads were then released by being boiled in the
Laemmli sample buffer, resolved by sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) under re-
ducing conditions, transferred onto nitrocellulose mem-
branes in Towbin buffer containing 0.02% SDS, and blotted
with the antibodies to phosphotyrosine (50), IRS-1 (39), and
the p85 subunit of PtdIns 3-kinase (UBI). Specific bands
were visualized by 1251I-protein A (ICN) and autoradiogra-
phy. The relative amount of each protein band was deter-

mined by laser densitometric analysis with Image Quant
Software (Molecular Dynamics).
Oocyte maturation and germinal vesicle breakdown. Stage

VI oocytes were isolated and incubated in modified Barth's
medium overnight (6). After microinjection with IRS-1
and/or GST-SH2 fusion proteins, oocytes were incubated for
3 h and then transferred to the media containing insulin at 10
,uM. After a 20-h incubation, groups of 15 to 20 oocytes were
scored for germinal vesicle breakdown (GVBD) by the
appearance of a white spot on the animal pole of the oocyte.
In some experiments, this was confirmed by the microscopic
absence of nuclear membrane after oocytes were fixed in 5%
trichloroacetic acid for 30 min.
MAP kinase activity assay. Groups of oocytes were lysed

in a buffer containing 50 mM ,-glycerophosphate (pH 7.4), 5
mM MgCl2, 5 mM ethylene glycol-bis(,B-aminoethyl ether)-
N,N,N',N'-tetraacetic acid (EGTA), 1 mM benzamidine, 0.5
mM Na3VO4, 0.1 mM phenylmethylsulfonyl fluoride, 10 ,ug
of leupeptin per ml, and 1 mM dithiothreitol. Crude cell
extracts were aliquoted and stored at -80°C after centrifu-
gation at 13,000 x g for 10 min at 4°C. Kinase reaction was
performed in the cell lysate (equivalent to 1.5 oocytes per
tube) by incubation with [y-32P]ATP and substrates (0.5 mM
of myelin basic protein peptide [UBI]) in the presence of 10
mM MgCl2 and 2 ,M protein kinase A inhibitor (Sigma).
Reactions were terminated after 15 min at 30°C by adding a
1/2 volume of 2 M HCl. Samples (25 ,ul) were spotted onto
p81 phosphocellulose paper disks (GIBCO) and washed
twice in 1% acetic acid and twice in H20. The disks were
then dried and counted for radioactivity (Cerenkov method).
Nonspecific 32p incorporation was determined in identical
assays lacking cell lysates. Each measurement was done in
duplicate in at least two experiments.

RESULTS

Microinjection of IRS-1 enhances insulin-stimulated PtdIns
3-kinase activation in Xenopus oocytes. Xenopus oocytes
prepared from frogs which have not received gonadotropin
treatment possess endogenous IGF-I receptors but have
little or no detectable IRS-1 (10, 24, 27, 38). In these oocytes,
insulin and IGF-I stimulated only a small increase in PtdIns
3-kinase activity as assayed in immunoprecipitates with
either anti-IRS-1 (Fig. 1) or anti-p85 (Fig. 2) antibodies. This
activation was maximal after 5 min of insulin stimulation, a
relatively slow time course compared with that in mamma-
lian cells (data not shown). Following injection of baculovi-
rus-produced IRS-1 protein (12.5 ng per oocyte), insulin
stimulated a fourfold-greater increase in both IRS-1-associ-
ated and total PtdIns 3-kinase activities (Fig. 1B and 2). Both
insulin and IGF-I stimulated the association of PtdIns 3-ki-
nase with IRS-1 in a concentration-dependent manner, with
IGF-I being 100-fold-more potent than insulin, consistent
with stimulation via an IGF-I type receptor (Fig. 1B).
The 85-kDa subunit of the endogenous PtdIns 3-kinase in

Xenopus oocytes could be detected by immunoblotting of
immunoprecipitates prepared with 50 to 100 oocytes by
using antibodies raised to the mammalian enzyme (Fig. 3,
lane j). Association of IRS-1 and p85 of PtdIns 3-kinase, as
assessed by coprecipitation of the two proteins with anti-
IRS-1, followed a pattern consistent with the enzymatic
activity data. In the absence of injected IRS-1, no p85 was
observed in anti-IRS-1 precipitates in either the absence or
presence of insulin stimulation (Fig. 3, lanes a and b).
Following IRS-1 injection and insulin stimulation, a faint p85
band could be detected in anti-IRS-1 precipitates and repre-
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FIG. 1. Effects of IRS-1 on insulin- and IGF-I-stimulated IRS-1-associated Ptdlns 3-kinase in Xenopus oocytes. Oocytes were or were not
microinjected with IRS-1 (12.5 ng per oocyte). Groups of 15 oocytes were lysed after incubation of various concentrations of insulin (closed
squares [B]) or IGF-I (closed circles [B]) for 5 min. Ptdlns 3-kinase activity was then assayed on the immunoprecipitates of anti-IRS-1
antibody. (A) Thin-layer chromatographs of the extracted lipids from the oocytes treated (+) or not treated (-) with 10 P,M insulin for 5 min.
The lipids were extracted and separated by thin-layer chromatography in CHCl3-CH30H-H20-NH40H (60:47:11.3:2). Radioactivity of the 32p
incorporation into Ptdlns(3) phosphate (PIP) was visualized by autoradiography for 3 h. (B) Data were quantified by Cerenkov counting. Data
represent the means and standard errors of the mean (bar) of three to five separate experiments, each done in duplicate.

sented about 10% the total PtdIns 3-kinase in the oocyte
(Fig. 3, compare lanes d and h). When normalized for the
amount of the p85 protein brought down by these antibodies,
the specific activity of IRS-1-associated Ptdlns 3-kinase after
IRS-1 microinjection and insulin stimulation was signi-
ficantly higher than that in the total pool of PtdIns 3-kinase
(17-fold increase in IRS-i-associated Ptdlns 3-kinase specific
activity compared with a 2.7-fold increase in p85-associated
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PtdIns 3-kinase specific activity in anti-p85 immunoprecipi-
tates). There was no evidence of tyrosine phosphorylation of
p85 on the basis of immunoprecipitation by antiphosphoty-
rosine antibodies followed by blotting with anti-p85 antibody
(Fig. 3, lane i). These findings are consistent with activation
of PtdIns 3-kinase by binding to the phosphorylated IRS-1
following insulin stimulation (2, 22, 53).
An SH2 domain of p85 is important for PtdIns 3-kinase

activation and oocyte maturation induced by insulin. To
address the functional role of the SH2 domains of the p85
subunit of PtdIns 3-kinase in the interaction with IRS-1, we
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a b c d

Insulin + - +

Injection Buffer IRS-1
FIG. 2. Effects of IRS-1 on insulin-stimulated p85-associated

Ptdlns 3-kinase activity in Xenopus oocytes. Oocytes microinjected
with buffer or IRS-1 were (+) or were not (-) stimulated with insulin
at 10 p.M. PtdIns 3-kinase activity in the immunoprecipitates was
measured by using anti-p85 as described in the legend to Fig. 1. Data
were quantitated by Cerenkov counting and present the means plus
standard errors of the means of three separate experiments, each in
duplicate. The statistical significance was calculated by using the
Student t test.
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FIG. 3. Association of IRS-1 and p85 of Ptdlns 3-kinase upon

insulin stimulation. Oocytes microinjected (+) or not injected (-)
with IRS-1 were or were not stimulated with insulin at 10 pLM for 5

min. The extracts were then immunoprecipitated with either anti-
IRS-1 (lanes a to d), anti-p85 (lanes e to h and j), or antiphosphoty-
rosine (lane i) antibodies. Washed immunoprecipitates were boiled
in Laemmli sample buffer and separated by SDS-PAGE. After
transfer to nitrocellulose, the filters were immunoblotted with anti-
p85 antibody (UBI). The results shown in lanes i and j were from
experiments done with 100 oocytes per point. Molecular mass
markers (in kilodaltons) are on the left. The experiments shown in
lanes a to h were performed with 50 oocytes per lane. The position
of p85 is indicated by an arrow.
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FIG. 4. GST-nSH2p85 inhibits IRS-1-Ptdlns 3-kinase associa-
tion. Oocytes subjected (+) or not subjected (-) to GST-nSH2P85
(12.5 ng per oocyte) and IRS-1 (12.5 p,g per oocyte) microinjection
were (+) or were not (-) stimulated with insulin at 10 ,uM for 5 min.
Extracts were immunoprecipitated with anti-IRS-1 antibody and
then immunoblotted with anti-p85 after separation by SDS-PAGE
and transfer to nitrocellulose. Arrows indicate the position of the
p85 band and the GST-SH2 of p85 in the immunoblot.

tested the ability of a GST fusion protein containing the
N-terminal SH2 domain of the p85 (GST-nSH2p85) to inhibit
the association between IRS-1 and PtdIns 3-kinase in the
oocytes. As noted above, following injection of IRS-1 into
the oocytes and insulin stimulation, immunoprecipitation
with anti-IRS-1 antibody resulted in coprecipitation of the
p85 subunit of PtdIns 3-kinase with IRS-1 molecules, sug-
gesting that p85 and IRS-1 form a stable complex during
insulin stimulation (Fig. 4, second lane from left). Formation
of this complex was blocked by comicroinjection of GST-
nSH2p85 (Fig. 4, far right lane). Furthermore, the presence of
a large amount of GST-SH2 protein in the anti-IRS-1 immu-
noprecipitates indicates that the GST-SH2 protein bound to
the phosphorylated YMXM sites in IRS-1, preventing the
binding of the PtdIns 3-kinase. As a result, both the binding
of PtdIns 3-kinase to IRS-1 and its activation upon insulin
stimulation were inhibited by GST-nSH2p85 when assayed in
either the anti-IRS-1 (Fig. SA) or the anti-p85 (Fig. SB)
immunoprecipitates. This effect occurred in a concentration-
dependent fashion, and blockade was almost complete when
the GST-SH2 protein was injected in a three- to fourfold
molar excess over the IRS-1.
As previously observed (10), IRS-1 microinjection en-

hances insulin and IGF-I induction of oocyte maturation in
the oocytes isolated from the frogs without gonadotropin
priming, and in these oocytes, insulin-induced oocyte matu-
ration was blocked by coinjection of GST-nSH2 of p85 (Fig.
6, bottom panel). The activation of MAP kinase in the
oocytes with IRS-1 and insulin treatment was also blocked
by GST-nSH2 of p85 (Table 1). The decrease in the insulin
stimulation of GVBD correlated well with the degree of
inhibition of PtdIns 3-kinase activity by GST-nSH2P85 (Fig.
6, compare all panels). This effect was specific, as microin-
jection of equivalent amounts of GST-nSH2ras-GAP or GST-
nSH2PLCY did not inhibit the insulin-stimulated PtdIns 3-
kinase activation and oocyte maturation responses (Fig. 7).
Furthermore, progesterone-induced oocyte maturation was
not affected by microinjection of any of the different SH2
domain proteins, including that of p85 of PtdIns 3-kinase
(data not shown).

Effect of GST-nSH2P8s is not due to decreasing stability and
tyrosine phosphorylation of the inijected IRS-1. Chronic ex-

posure of mammalian cells to insulin results in a down-
regulation of IRS-1 (47, 52). In Xenopus oocytes, insulin
treatment also appears to increase the degradation of in-
jected IRS-1 as determined by immunoblotting of cell ex-

Ori dO i m w *L a a
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FIG. 5. GST-nSH2P85 inhibits insulin-stimulated PtdIns 3-kinase
activities. Oocytes were coinjected with different amounts of GST-
nSH2P85 and 12.5 ng of IRS-1 per oocyte. Insulin-stimulated PtdIns
3-kinase activity was assayed in the immunoprecipitates of anti-
IRS-1 (A) and anti-p85 (B) antibodies as described in the legend to
Fig. 1. The 32p incorporated into PtdIns(3) phosphate (PIP) was

visualized by autoradiography.

tracts (Fig. 8A, lanes e and f). To rule out the possibility that
inhibition of oocyte maturation by GST-nSH2P85 was due to
decreased stability and/or decreased tyrosine phosphoryla-
tion of IRS-1, we studied the effect of GST-nSH2P85 on

IRS-1 stability and phosphorylation. Microinjection of in-
creasing amounts of GST-nSH2P85 appears to actually en-
hance both the stability and tyrosine phosphorylation of
injected IRS-1 after insulin stimulation (Fig. 8). This sug-
gests that the binding of GST-nSH2P protein protects
phosphorylated IRS-1 from the actions of some proteases
and/or phosphotyrosine phosphatases present in the oocyte.

IRS-1 binds p85 of Ptdlns 3-kinase through phosphorylated
YMXM/YXXM motifs. Previous work has suggested that
IRS-1 interacts with the SH2 domains of PtdIns 3-kinase via
the repetitive tyrosine-phosphorylated YMXM and YXXM
motifs (2, 39, 46, 60, 66). To test this possibility directly,
phosphorylated and unphosphorylated peptides containing
YMXM motifs from IRS-1 or related proteins were microin-
jected into Xenopus oocytes. However, these peptides were
rapidly degraded by endogenous proteases and/or phos-
phatases and appeared to have no effect on IRS-1 association
of PtdIns 3-kinase (data not shown). Therefore, we prepared
a phosphonopeptide containing a YMXM motif known to
have high affinity for the p85 of PtdIns 3-kinase by using the
nonhydrolyzable phosphotyrosine analog Pmp. The half-life
of this peptide after microinjection into the oocytes was
about 1 h as shown by the HPLC analysis of the iodinated
peptide (data not shown). Furthermore, the presence of the
phosphonopeptide blocked insulin-stimulated PtdIns 3-ki-
nase activation for 1 and 2 h after microinjection (Fig. 9).
These data support the notion that the phosphorylated
YMXM/YXXM motifs in IRS-1 are the major site of binding
to the p85 of Ptdlns 3-kinase.
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FIG. 6. GST-nSH2P85 inhibits insulin-stimulated PtdIns 3-kinase
activity and oocyte maturation. Oocytes were coinjected with
different amounts of GST-nSH2"85 and 12.5 ng of IRS-1 per oocyte.
IRS-1-associated and total PtdIns 3-kinase activities were measured
and quantified by Cerenkov counting (the upper and middle panels,
respectively) as described in the legend to Fig. 5. The maturation
response of the oocyte (bottom panel) was scored in a group of 15 to
20 oocytes by the presence of a white spot on the animal hemisphere
(GVBD). Data represent the means of two separate experiments.
Basal and Insulin, stimulation with 0 and 10 pLM insulin, respec-
tively. PIP, PtdIns phosphate.

DISCUSSION

Xenopus oocytes provide a unique system for reconstitu-
tion of the insulin and IGF-I action cascade. Previous studies
have shown that Xenopus oocytes possess many of the
serine/threonine kinases involved in the insulin action cas-
cade (7, 33, 35, 44, 58) and possess IGF-I receptors (24, 27,
34); however, presence of the novel PtdIns 3-kinase has not
been reported. In this study, we demonstrated that PtdIns
3-kinase exists in Xenopus oocytes and can be activated by

TABLE 1. Changes in MAP kinase activity during oocyte
maturation: effects of IRS-1 and GST-SH2 of p85a

MAP kinase (fold stimulation)
Injection Without

insulin With msulm
None 1 1.74 0.38
IRS-1 1 3.86 1.18
IRS-1 + SH2p85 1 1.21 + 0.04

a Data are presented as means + standard errors (n = 4).
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_- | - | p85 GAP PLC 1 GST-SH2

(12.5 ng/oocyte)
FIG. 7. Effects of GST-SH2 domains of p85, ras-GAP, and

PLC-y on insulin-stimulated PtdIns 3-kinase activation and oocyte
maturation. Oocytes were microinjected with 12.5 ng of IRS-1 and
12.5 ng of GST-SH2 of the different proteins. PtdIns 3-kinase
activities were measured after insulin stimulation for 5 min in
anti-IRS-i (A) and anti-p85 (B) immunoprecipitates as described
above. (C) Oocyte maturation response was assayed 16 to 20 h after
transferring to insulin (10 IM)-containing modified Barth's media.
Data represent the means of two separate experiments. Basal and
Insulin, stimulation with 0 and 10 p,M insulin, respectively.

insulin and IGF-I via the IRS-1 protein. Furthermore, IRS-1
associates with Ptdlns 3-kinase through an interaction be-
tween YMXM/YXXM sequence motifs and SH2 domains,
and inhibition of this association selectively blocks not only
insulin-stimulated PtdIns 3-kinase activation but also oocyte
maturation.
Over the past decade, considerable evidence has indicated

that insulin and IGF-I exert their functions through the
binding and activation of their receptor tyrosine kinases. By
using antiphosphotyrosine antibodies, several proteins have
been implicated as potential substrates for the kinases,
including ppl85/IRS-l (26, 29, 64), pp120 (37, 45), pp46 (25),
and pp15 (5). Recently, we purified and cloned IRS-1 from
rat liver and human muscle at the cDNA level and from
mice, rats, and humans at the genomic level (1, 50, 60). On
the basis of the deduced sequence, IRS-1 is a unique
signaling molecule with multiple tyrosine phosphorylation
sites in YMXM or YXXM motifs which act as docking sites
for SH2 domain proteins, particularly the SH2 of the 85-kDa
subunit of the PtdIns 3-kinase. All of the potential tyrosine
phosphorylation sites and >90% of the remainder of the
protein sequence are conserved among the three species
studied (1, 41). Expression of IRS-1 in CHO cells enhances
insulin stimulation of thymidine incorporation, suggesting a
role for IRS-1 in insulin-stimulated mitogenic responses (59).
Xenopus oocytes possess IGF-I receptors and, under

some circumstances, respond to insulin or IGF-I with a
modest stimulation of the maturation response (4, 11, 17, 23,

VOL. 13, 1993
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FIG. 9. Nonhydrolyzable Pmp-phosphonopeptide of middle T

antigen inhibits insulin-stimulated association of IRS-1 and PtdIns
3-kinase. Oocytes were coinjected with IRS-1 (12.5 ng per oocyte)
and the Pmp-phosphonopeptide (0.5 pmol per oocyte) of middle T
antigens as described in Materials and Methods. One to 2 h after
microinjection, oocytes were lysed and IRS-1-associated PtdIns
3-kinase activity was measured. Data are the means of two experi-
ments.

80 _-

FIG. 8. Effects of GST-nSH2P85 on the stability and tyrosine
phosphorylation of IRS-1 after insulin stimulation. Oocytes were
microinjected with 12.5 ng of IRS-1 and various amounts of GST-
nSH2P85. Extracts of oocytes after insulin stimulation overnight
were then separated by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with both anti-IRS-1 and anti-p85 antibodies (A)
and antiphosphotyrosine antibodies (B). Specific bands correspond-
ing IRS-1 and GST-nSH2p85 were visualized by 125I-protein A and
autoradiography. (B) Molecular mass markers (in kilodaltons) are on
the left.

24, 31, 32, 34, 62). Insulin and IGF-I signalings in these
oocytes involve tyrosine phosphorylation and can be
blocked by microinjection of antiphosphotyrosine antibody
or phosphotyrosine phosphatases (12, 23). Several phospho-
tyrosyl proteins have been implicated in these signaling
events, including the IGF-I receptor, the MPF component
p34cdc2, MAP kinases, and the Xenopus homolog of pp6O"S'
(12, 33). Although a 160-kDa phosphotyrosine protein has
been reported in the microsomal fraction of the Xenopus
oocyte (12), in oocytes isolated from the frogs without
gonadotropin priming, we find little or no IRS-1 upon immu-
noblotting with any of three anti-IRS-1 antibodies (anti-C
terminal, anti-N terminal, or anti-pep80) or with antiphos-
photyrosine antibodies (10). Likewise, in the present study,
we find little or no IRS-1-associated PtdIns 3-kinase activa-
tion in unprimed oocytes. Of course, we cannot rule out the
possibility that our antibodies do not cross-react with frog
IRS-1 or that the protein is of low abundance and undetect-
able by these means.

Following microinjection of recombinant IRS-1, there is a
rapid insulin and IGF-I stimulation of PtdIns 3-kinase which
parallels receptor autophosphorylation and tyrosine phos-

phorylation of the injected IRS-1 protein. The oocyte matu-
ration response induced by insulin also correlated well with
PtdIns 3-kinase activation following IRS-1 injection.
The interaction between IRS-1 and the Ptdlns 3-kinase is

mediated via the SH2 domains of the p85 of Ptdlns 3-kinase.
Thus, insulin-stimulated PtdIns 3-kinase activity and the
GVBD response are blocked by GST-containing the N-ter-
minal SH2 domain of p85 but not by the GST-SH2 of
ras-GAP and PLCy. Microinjected GST-nSH2P85 also
blocks the association of phosphorylated IRS-1 with p85.
This inhibitory action of the GST fusion protein is not due to
an effect on the stability or tyrosine phosphorylation of
IRS-1. Indeed, the stability and tyrosine phosphorylation of
the IRS-1 are actually enhanced following injection of the
GST-SH2 85. Furthermore, IRS-1 and/or GST-SH2 microin-
jection had no effect on the ability of progesterone to
stimulate oocyte maturation, and progesterone had no effect
on PtdIns 3-kinase activity.
The interaction of IRS-1 and p85 subunit of PtdIns 3-

kinase is also mediated through the YMXM/YXXM se-
quence motifs of the IRS-1 protein. Phosphopeptides con-
taining such motifs bind to the p85 and lead to a conforma-
tional change and activation of PtdIns 3-kinase in vitro (2,
39, 46, 53). The data of the present study show that this
interaction also occurs inside the oocytes. Peptides contain-
ing YMXM sequences with a nonhydrolyzable derivative of
phosphotyrosine inhibit the IRS-1 association with and acti-
vation of the PtdIns 3-kinase which follows insulin stimula-
tion. However, the effect of the injected peptide is only
transient in the oocyte because of peptide degradation.
Thus, the transmission of specific insulin signals depends on
interaction of IRS-1 with SH2-containing signaling mole-
cules and is blocked by inhibiting the binding of this class of
molecules to IRS-1.
Both progesterone and insulin can induce oocyte matura-

tion through separate, but converging, signaling pathways
(33, 57). One central element controlling G2-to-M-phase
transition in the cell cycle is the maturation-promoting factor
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consisting of p34cdc2 and cyclin B2. Exactly how insulin
IRS-1 and PtdIns 3-kinase signals are transmitted to these
events has not been elucidated. On the basis of other studies,
it seems likely that p2iras, Raf-1, MAP kinase,MAP kinase
kinase, and ppgo9k are evolved (reference 48 and references
therein). Although there are some conflicting results in
establishing a relationship between the activation of Ras and
PtdIns 3-kinase (14, 54), recent data from platelet-derived
growth factor receptor studies suggested that PtdIns 3-ki-
nase lies upstream of Ras activation (21). If this is also true
for the insulin receptor-IRS-1 system, it is possible that
inhibition of PtdIns 3-kinase by microinjection of GST-
nSH2p85 blocks oocyte maturation by interfering with the
activation of ras-dependent kinases. Whatever the exact
mechanism, the present study demonstrates the critical role
of IRS-1 and its association and activation of PtdIns 3-kinase
via YMXMIYXXM motifs and SH2 domains in the insulin
and IGF-I response.
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