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ABSTRACT To identify potential signaling molecules in-
volved in mediating insulin-induced biological responses, a
yeast two-hybrid screen was performed with the cytoplasmic
domain of the human insulin receptor (IR) as bait to trap
high-affinity interacting proteins encoded by human liver or
HeLa cDNA libraries. A SH2-domain-containing protein was
identified that binds with high affinity in vitro to the auto-
phosphorylated IR. The mRNA for this protein was found by
Northern blot analyses to be highest in skeletal muscle and
was also detected in fat by PCR. To study the role of this
protein in insulin signaling, a full-length cDNA encoding this
protein (called Grb-IR) was isolated and stably expressed in
Chinese hamster ovary cells overexpressing the human IR.
Insulin treatment of these cells resulted in the in situ forma-
tion of a complex of the IR and the 60-kDa Grb-IR. Although
almost 75% of the Grb-IR protein was bound to the IR, it was
only weakly tyrosine-phosphorylated. The formation of this
complex appeared to inhibit the insulin-induced increase in
tyrosine phosphorylation of two endogenous substrates, a
60-kDa GTPase-activating-protein-associated protein and, to
a lesser extent, IR substrate 1. The subsequent association of
this latter protein with phosphatidylinositol 3-kinase also
appeared to be inhibited. These findings raise the possibility
that Grb-IR is a SH2-domain-containing protein that directly
complexes with the IR and serves to inhibit signaling or
redirect the IR signaling pathway.

In recent years extensive progress has been made in our
understanding of how the insulin receptor (IR) and other
receptor tyrosine kinases signal subsequent cellular biological
responses. A major advance has been the identification of a
particular amino acid sequence motif (called the SH2 domain)
that binds to tyrosine-phosphorylated proteins with relatively
high affinity (1). The specificity of these SH2 domains varies
depending upon the amino acid residues immediately sur-
rounding the phosphotyrosine [Tyr(P)]. Some of these SH2-
domain-containing proteins [such as the SH2-domain-
containing phosphatidylinositol (PI) 3-kinase and the tyrosine
phosphatase SH-PTP2] have an intrinsic enzymatic activity
that is activated upon binding to a tyrosine-phosphorylated
protein. Others serve to link tyrosine-phosphorylated proteins
to another protein with enzymatic activity (for example, Grb-2
links tyrosine-phosphorylated proteins to a guanine-
nucleotide-release protein for Ras called SOS) (1). In the case
of most receptors with tyrosine kinase activity, multiple SH2-
domain-containing proteins have been identified that bind to
these autophosphorylated receptors with high affinity (2). In
contrast, for insulin and insulin-like growth factor I receptors,
these same SH2-domain-containing proteins only weakly bind
to these receptors. However, a cytoplasmic substrate of the IR
tyrosine kinase, called IR substrate 1 (IRS-1), has been
identified that binds to these SH2-domain-containing proteins

with high affinity (3). Whether the binding of a SH2-domain-
containing protein whose function is mediated at the plasma
membrane (for example, the PI 3-kinase or the ras exchange
protein) to a tyrosine-phosphorylated cytosolic protein is
sufficient to trigger a biological response is still unclear,
although several types of experimental approaches have indi-
cated a role for IRS-1 in mediating various subsequent bio-
logical responses (4, 5).
To further identify signaling molecules involved in insulin

action, we have utilized the yeast two-hybrid system (6) to find
proteins that interact with the cytoplasmic domain of the IR.
In the present report, we describe one such protein, called
Grb-IR,t identified in this screen. Stable cell lines overex-
pressing this protein have been used to show that this protein,
to our knowledge unlike any other previously described SH2-
domain-containing protein, binds with high stoichiometry in
situ to the phosphorylated IR. Moreover, overexpression of
this protein was found to inhibit the tyrosine phosphorylation
of two endogenous substrates of the IR kinase. These results
suggest that this protein may either inhibit signaling by the IR
or redirect the signaling to another pathway.

MATERIALS AND METHODS
Yeast Two-Hybrid Screen. A 1.2-kb EcoRI-Xba I cDNA

fragment encoding the cytoplasmic domain of human IR was
generated by PCR and fused to the sequence encoding the
Gal4 DNA binding domain in plasmid pGBT9 (Clontech). The
recombinant plasmid pGBT9-IRc was cotransformed into
yeast host cell HF7C with two-hybrid libraries derived from
either liver or HeLa cell cDNA (Clontech). Plasmids isolated
from His- and ,3-galactosidase-positive clones were used to
transform Escherichia coli HB101. To eliminate false positives,
the plasmids isolated from bacteria were used to cotransform
yeast strain SFY526 with plasmid pGBT9, pLAM5, an unre-
lated recombinant plasmid, or pGBT9-IRc, the plasmid en-
coding the cytoplasmic domain of human IR, respectively.
Transformants were grown in synthetic medium containing
2% (wt/vol) glucose without Leu or His or both. Positive
clones were identified by ,B-galactosidase activity filter assay.

Nucleotide Sequencing, RNA Analysis, and cDNA Cloning.
The nucleotide sequences were determined from both direc-
tions by the dideoxynucleotide chain-termination method (7).
Homology searches, sequence comparisons, and alignments
were done with IG programs (IntelliGenetics). A human-tissue
Northern blof (Clontech) was hybridized under stringent con-
ditions with the random hexamer radiolabeled 0.9-kb DNA
fragment isolated from the two-hybrid screen. The full-length

Abbreviations: IR, insulin receptor; GAP, GTPase-activating protein;
Tyr(P), phosphotyrosine; PI, phosphatidylinositol; IRS-1, insulin-
receptor substrate 1; GST, glutathione S-transferase; HA, hemagglu-
tinin; EGF, epidermal growth factor; PH, pleckstrin homology do-
main; WGA, wheat germ agglutinin.
*To whom reprint requests should be addressed.
tThe sequence reported in this paper has been deposited in the
GenBank data base (accession no. U34355).
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cDNA encoding Grb-IR was obtained by screening an oli-
go(dT)-primed human muscle cDNA library (Stratagene) with
the same probe used for Northern blot analysis. Total RNA
from HeLa cells was isolated by using the RNA STAT-60 kit
(TEL-TEST "B;" Tel-Test, Friendswood, TX) and transcribed
into cDNA by using the reverse transcription-coupled PCR kit
(Stratagene). PCR-ready human fat cDNAwas from Clontech.
The primers used for PCR studies were as follows: P1, 5'-T-
TGAAGAAGGCAGAAGGAACCC-3' (nt 210-230 in Grb-
IR); P2,5'-CATTTGACTGCTGGCACC-3' (nt 1054-1033 in
Grb-IR); P3, 5'-CAACGATATTAACTCGTCCGTG-3' (nt
416-438 in GrblO); P4, 5'-CAAAAGTCACTGTGTGGA-3'
(nt 828-846 in Grb-IR); P5, 5'-CTCCTTTGTTCAGCTG-
GT-3' (nt 1831-1814 in Grb-IR). PCR was carried out with
Taq DNA polymerase (BRL).
Immunoprecipitations and Western Blot Analyses. Cells

were lysed in lysis buffer containing 50 mM Hepes (pH 7.6),
1 mM EDTA, 1 mM EGTA, 150 mM NaCl, 1% Triton X-100,
10 mM NaF, aprotinin (10 ,tg/ml), leupeptin (10 ,ug/ml), 1
mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovana-
date, and 20 mM sodium pyrophosphate. Cell lysates or
immunoprecipitates were separated by SDS/PAGE in 10%
polyacrylamide gels and then examined by immunoblot anal-
ysis as described (8). The polyclonal antibody to Grb-IR was
generated against the purified SH2 domain containing gluta-
thione S-transferase (GST) fusion protein (GST-Grb-IRc)
described below. Before use, the antibodies were affinity-
purified on a column containing immobilized purified fusion
protein and depleted of antibodies to the GST protein.

In Vitro Binding of IR with GST-Grb-IR Fusion Protein.
The EcoRI fragment encoding the C terminus of Grb-IR
(residues 369-548) was excised from the two-hybrid-positive
clone and inserted into a bacterial expression vector, pGEX-
4T-3 (Pharmacia). Expression and purification of the GST
fusion protein GST-Grb-IRc was carried out as described by
the manual from Pharmacia. Cell lysates from CHO-IR and
A431 cells were incubated with GST-Grb-IRc fusion protein

(-1 ,ug) bound to glutathione-agarose beads (Sigma) for 4 h
at 4°C, washed three times in WG buffer (50 mM Hepes, pH
7.6/0.15 M NaCI/0.1% Triton X-100), and boiled for 5 min in
SDS sample buffer, and the eluted proteins were examined by
Western blot analysis.

Overexpression of Grb-IR in CHO-IR Cells and in Situ
Association of Grb-IR with IR. The entire coding region of
Grb-IR except the last two amino acids was amplified by PCR
and fused in-frame at its 3' end with a sequence encoding the
9-amino acid epitope hemaglutinin (HA) tag (YPYDVPDYA)
by insertion into the expression vector pBEX-1 (9). CHO-IR
cells were transfected with the recombinant plasmid (20 ,g)
and the puromycin-resistance vector PBSpacDp (1 ,ug) (10) by
the calcium phosphate method (8). Transfectants were se-
lected with puromycin (8 ,ug/ml) and colonies were screened
by immunoblot analysis with anti-HA antibodies (Berkeley
Antibody, Richmond, CA).

PI 3-Kinase Assay. Cell lysates were immunoprecipitated with
anti-Tyr(P) antibody (py20) bound to protein G-Sepharose beads
(Pharmacia) for 4 h at 4°C. The precipitates were assayed for PI
3-kinase activity as described (8).

RESULTS AND DISCUSSION
Identification of the Grb-IR cDNA. To find proteins that

interact with the cytoplasmic domain of the IR, we constructed
a plasmid in which the gene encoding the IR cytoplasmic
domain (aa 958-1355) was fused to the sequence encoding the
Gal4 DNA binding domain. In agreement with the studies of
O'Neill et al. (11), this construct resulted in the production of
a tyrosine-phosphorylated IR f3 subunit in the yeast (data not
shown). By using the IR cytoplasmic domain as a bait, we
screened yeast two-hybrid libraries derived from liver and
HeLa cell cDNA. From 6 million colonies screened, we
obtained 21 positive colonies that grew on minimum medium
lacking Leu, Trp, and His and were positive for f3-galactosidase
activity by colony filter assays.
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FIG. 1. Deduced amino acid sequence
of Grb-IR (A) and schematic diagram
comparing the domain structure of human
Grb-IR and mouse GrblO (B) (the mouse
sequence was from ref. 15). Percent se-
quence identities for the different regions
are shown. PH, pleckstrin homology do-
main.
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One of the positive clones (pGAD-IR5) from the HeLa
library was shown to completely depend on the IR fusion
protein by retransforming the recovered plasmids into yeast
containing the bait construct. This clone, which had an insert
of 0.9 kb, encodes a 18-kDa polypeptide that is in-frame with
the Gal4 activation domain (residues 369-548 in Fig. 1). At the
3' end of the DNA sequence, there are several stop codons, a
putative polyadenylylation site, and a cluster of poly(A).
We then used this 0.9-kb insert to probe various human

mRNAs. Northern blot hybridization revealed that expression
of this gene was highest in skeletal muscle and pancreas (Fig.
2). In skeletal muscle, there are three mRNA species of
approximately 2.2 kb, 5 kb, and 6.5 kb. This size heterogeneity
may arise from the utilization of alternative polyadenylylation
sites or differential splicing (see below).
To isolate a full-length cDNA clone, we screened a human

skeletal muscle library with the 0.9-kb insert. Five overlapping
clones with inserts ranging from - 1.3 to -2.3 kb were isolated
and characterized. The longest clone contained a 2273-bp
insert, a size in close agreement with the observed 2.2-kb
mRNA, and has an open reading frame encoding a polypeptide
of 548 aa residues with a calculated molecular weight of 62,039
(Fig. 1A). There are several in-frame stop codons before the
first ATG codon and the sequence surrounding this initiation
codon is in good agreement with the consensus Kozak se-
quence for initiation of translation (12). In addition, the cDNA
has a 394-bp 3' untranslated sequence containing the consen-
sus polyadenylylation signal and a poly(A) tail. A search of
several data bases revealed that the cDNA encoded a SH2-
domain-containing protein and was given the name Grb-IR.
The C-terminal residues 448-548 of Grb-IR contain the
putative SH2 domain and this sequence is most closely related
(exhibiting 68% identity) to the SH2 domain of Grb7, a protein
that binds to the autophosphorylated epidermal growth factor
(EGF) receptor and the EGF receptor homolog HER2 (13,
14). However, the sequences of the rest of the two proteins
greatly differ and the overall sequence identity between the
two proteins is only 38%.

Relationship Between Grb-IR and GrblO. After the com-
pletion of the isolation and sequencing of the Grb-IR cDNA,
Ooi et al. (15) reported the isolation of a cDNA from a mouse
library that encodes a SH2-domain-containing protein (called
GrblO) that weakly bound to the cytoplasmic tail of the EGF
receptor. A comparison of the deduced amino acid sequences
of Grb-IR with GrblO indicates that portions of these two
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FIG. 2. Tissue expression of Grb-IR mRNA. A human-tissue blot

(Clontech) was hybridized to the radiolabeled 0.9-kb cDNA insert
derived from pGAG-IR5.

proteins are highly related with a 99% identity in their SH2
domain and 84% identity in the central domain, consistent
with Grb-IR being the human homolog of the mouse GrblO
(Fig. 1B). However, there are notable difference between these
two sequences: (i) The N-terminal regions of these two pro-
teins greatly differ, exhibiting differences in a proline-rich
region and in the 55 N-terminal residues (Fig. 1B). (ii) A 46-aa
stretch that contains part of the PH domain in GrblO was
absent in Grb-IR (Fig. 1B). These differences could be due to
alternative splicing of the mRNA encoding these proteins.
To test this possibility, reverse transcription-coupled PCR

experiments were carried out. When specific primers based on
the sequence of Grb-IR were utilized that encompassed the
PH domain, two specific PCR products were observed with
cDNA from HeLa cells, muscle, and fat (Fig. 3A). In muscle
and fat cells, the major PCR product had a size of -1 kb, which
was close to the size expected for a PCR product lacking the
PH insert. The larger PCR product had a size of 1.1 kb, the size
expected for a cDNA encoding a protein containing the
additional amino acids in the PH domain. All digestions of the
two PCR products with three restriction enzymes (Mlu I, Stu
I, and Xmn I) showed the expected size fragments. These
results indicate that two distinct mRNAs are present in HeLa,
muscle, and fat cells, one encoding a protein with the 46-aa
stretch in the PH domain and one lacking this region.
To examine the differences in the N-terminal end of these two

proteins, we utilized two different pairs of PCR primers, one
based on the 5' sequence of Grb-IR and the other based on the
divergent 5' sequence of the mouse GrblO (a common conserved
3' oligonucleotide primer was used). Specific PCR products with
the expected size of 0.8 kb were observed with the human muscle
and fat cDNAswhen the 5' Grb-IR oligonucleotidewas used (Fig.
3B). HeLa cDNA gave two bands of 0.75 and 0.6 kb (Fig. 3B). No
product was observed under the conditions of these PCRs when
the GrblO primer was used (possibly due to this sequence being
from mouse). When the muscle and fat PCR products were
digested with Pst I, the expected size fragments were observed.
These results are consistent with these tissues containing a
mRNA with the 5' end of Grb-IR.

Characterization of the Binding Specificity of Grb-IR in
Vitro. To determine whether the putative SH2 domain of
Grb-IR interacts directly with autophosphorylated IR, GST-
Grb-IRc, a bacterially expressed GST fusion protein contain-
ing the C terminus of Grb-IR (aa 369-548), was utilized.
Lysates from insulin-treated or nontreated CHO-IR cells were
incubated with immobilized GST or GST-Grb-IRc fusion
protein or with wheat germ agglutinin (WGA) bound to beads
(to precipitate total receptor). Bound proteins were detected
by antibodies against Tyr(P) or against the ,B subunit of the IR
(Fig. 4A). Tyrosine-phosphorylated IR bound efficiently and
specifically to GST-Grb-IRc; quantitation of the blots indi-

A
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FIG. 3. Grb-IR mRNA heterogeneity in various tissues. (A) PCR
products amplified from HeLa (lane 1), muscle (lane 2), and fat (lane
3) cDNAs by using primers P4 and P5 flanking the PH domain. (B)
PCR products amplified from HeLa cell (lanes 1 and 2), muscle (lanes
3 and 4), fat (lanes 5 and 6), or the Grb-IR (lanes 7 and 8) cDNA with
primers P1 and P3 (lanes 1, 3, 5, and 7) or P2 and P3 (lanes 2, 4, 6, and
8) from the 5' end of Grb-IR or GrblO, respectively. Parallel PCRs
with only single primers or with both primers and no template gave no
reaction product. Lanes MW contain molecular size markers.
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FIG. 4. Association of Grb-IR with the IR and EGF receptor in
vitro. (A) Lysates from insulin (10 nM; INS)-treated and nontreated
CHO-IR cells were incubated with GST or GST-Grb-IRc (-1 jig)
bound to GSH-agarose or with WGA-agarose. The agarose-bound
proteins were examined by blot analysis with antibodies to Tyr(P)
(a-Tyr(P))/(RC20, Transduction Laboratories, Lexington, KY) or to
the 13 subunit of IR (a-IRp) (2H2; gift of Kozui Shii, Harvard
University). (B) Lysates from EGF (100 ng/ml)-treated or nontreated
A431 cells were incubated with GST or GST-Grb-IRc bound to
GSH-agarose or with WGA-agarose, and the bound proteins were
examined by blot analysis with a-Tyr(P) (RC20) or with a polyclonal
antibody to EGF receptor (a-EGFR; Upstate Biotechnology, Lake
Placid, NY). Molecular masses are shown in kDa.

cated that Grb-IR bound about 80% of the tyrosine-
phosphorylated IR and 20% of the total IR.
To test the specificity of the SH2 domain of Grb-IR, we

examined whether this protein could bind to the EGF receptor.
Lysates from EGF-treated or nontreated A431 cells (a cell with
high levels of this receptor) were adsorbed as described and
bound proteins were detected with antibodies to Tyr(P) or to
the EGF receptor (Fig. 4B). Less than 10% of the autophos-
phorylated EGF receptor was detected in the GST-Grb-IRc
precipitates, indicating that autophosphorylated EGF receptor
can bind to Grb-IRc but much less efficiently than the IR.

Interaction of Grb-IR and IR in Situ. To investigate whether
Grb-IR associated with IR in situ, cell lines expressing a

HA-epitope-tagged version of the protein (called CHO-IR/
Grb-IR) were selected and characterized. Lysates from the
insulin-treated or control cells were adsorbed with antibodies
to the IR, the HA epitope, or to Grb-IR and the bound proteins
were examined by immunoblot analysis with antibodies to Tyr(P)
the HA epitope, or IR. Significant amounts of the IR were
precipitated with antibodies to the HA epitope from lysates of
insulin-treated cells but not of unstimulated cells (Fig. 5A). In
contrast, the tyrosine-phosphorylated IRS-1, which is present in
the lysates in amounts comparable to the IR, was not precipitated
with the anti-HA antibodies. Although the antibodies to Grb-IR
and the HA epitope precipitated comparable levels of this protein
(data not shown), the antibodies to Grb-IR precipitated much less
IR. Since the antibodies to Grb-IR were produced against the
SH2 domain of this protein, it is likely that these antibodies
interfere with this interaction. Low levels of a tyrosine-
phosphorylated 66-kDa band, a position consistent with being
Grb-IR, were also detected in the precipitates with the antibodies
to Grb-IR and the HA epitope. Coimmunoprecipitation of
Grb-IR with the autophosphorylated IR can also be observed
when the lysates from the insulin-treated cells are precipitated
with antibodies to IR (Fig. SB). Quantitation of these blots
indicated that about 75% of the total Grb-IR was precipitated
with anti-IR antibodies.

Prior studies have indicated that insulin stimulates the
tyrosine phosphorylation of two 60-kDa proteins, one that
binds to the PI 3-kinase and the other binds to the GTPase-
activating protein (GAP) of Ras (16). To test whether Grb-IR

could be one of these two proteins, lysates of insulin-treated
and control CHO-IR/Grb-IR cells were immunoprecipitated
with antibodies to the 85-kDa subunit of the PI 3-kinase or
antibodies to GAP. Neither of these precipitates contained
detectable amounts of the HA-tagged Grb-IR (Fig. 5B). Also,
immunoprecipitates of Grb-IR did not contain any PI 3-kinase
activity (data not shown).

Effect of Grb-IR Overexpression on IR Tyrosine Phosphor-
ylation of Endogenous Substrates. To test whether the expres-
sion of Grb-IR affected insulin signaling, insulin-treated CHO-
IR/Grb-IR and CHO-IR cells were compared for their insulin-
stimulated increase in tyrosine phosphorylation of endogenous
substrates by immunoblot analysis of lysates of both cell types
with anti-Tyr(P) antibodies. Insulin treatment stimulated an
increase in the tyrosine phosphorylation of the IR ,B subunits
in the two cell types to the same degree (Fig. 6A). In contrast,
the insulin-stimulated increase in the tyrosine phosphorylation
of the p60 GAP-associated protein (16) was greatly inhibited
in the cells overexpressing Grb-IR and the increase in tyrosine
phosphorylation of IRS-1 was partially inhibited. Since ty-
rosine-phosphorylated IRS-1 is rapidly bound by PI 3-kinase
(3), we also measured the insulin-stimulated increase in anti-
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FIG. 5. Association of Grb-IR with IR in situ. Lysates (A, lanes 7
and 8) or precipitates (A, lanes 1-6, and B, lanes 1-12) from insulin
(Ins)-treated or control CHO-IR/Grb-IR cells were examined by
immunoblot analysis with an anti-Tyr(P) antibody [a-Tyr(P)] (RC20),
a polyclonal antibody to the HA tag (a-HA) (Berkeley Antibody), or

the monoclonal anti-IR receptor antibody (a-IRa) (3B11; a gift of
Kozui Shii) as indicated. Precipitations were with normal mouse
immunoglobin (A, lanes 1 and 3, and B, lanes 1 and 7), a monoclonal
antibody to the HA epitope (Boehringer Mannheim) (A, lanes 2 and
4, and B, lanes 4 and 10); a polyclonal antibody to the SH2 domain of
human Grb-IR (A, lanes 5 and 6), a monoclonal antibody to the a

(5D9) (B, lanes 3 and 9) or /3 (29B4) (B, lanes 2 and 8) chain of the
human IR, a monoclonal antibody to GAP (B, lanes 5 and 11) (Santa
Cruz Biotechnology, Santa Cruz, CA), or a polyclonal antibody to the
85-kDa subunit of PI 3-kinase (Upstate Biotechnology) (B, lanes 6 and
12). Molecular masses in kDa are shown.
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FIG. 6. Effect of Grb-IR expression on insulin-stimulated substrate
phosphorylation (A) and insulin-stimulated increase in anti-Tyr(P)-
precipitable PI 3-kinase (B). Lysates (lanes 1-4) or precipitates (lanes
5-10) from insulin-treated (+) or control (-) CHO-IR or CHO-IR/
Grb-IR cells were analyzed on immunoblots with anti-Tyr(P) antibody
RC20. Precipitations were with the normal mouse immunoglobin
(lanes 5 and 8) or a monoclonal antibody to the GAP-associated p60
protein (lanes 6, 7, 9, and 10) (19). To measure the PI 3-kinase (B), the
lysates from control or insulin-treated cells were adsorbed with the
anti-Tyr(P) antibody py2O, and the amount of adsorbed PI 3-kinase
activity was measured. Results shown are expressed as the percent of
activity observed in each experiment, with 10 nM insulin as 100%. Values
shown are the mean + SEM for 6 (at 1 nM insulin) or 12 (at 10nM insulin)
experiments utilizing two clones of CHO-IR/Grb-IR. In each experi-

ment, the amount of protein in the lysates was measured and equivalent
amounts of protein from the different lysates were adsorbed.

Tyr(P)-precipitable PI 3-kinase activity. Overexpression of
Grb-IR in CHO-IR cells was also found to inhibit this response
by about 40% (Fig. 6B), consistent with the decrease in
tyrosine phosphorylation of IRS-1 (Fig. 6A).

CONCLUSIONS
In the present study, we have utilized the yeast two-hybrid
system (6) to identify a 60-kDa SH2-domain-containing pro-
tein (called Grb-IR) that binds with high affinity to the
autophosphorylated IR in vitro and complexes with the IR in
situ after insulin treatment of cells. The high level of associ-
ation of this protein with the autophosphorylated IR (about
75% of the total Grb-IR was found to associate with the
autophosphorylated IR) is in contrast to the low levels of
association of other SH2-domain-containing proteins with the
IR. Moreover, the mRNA for this protein is high in skeletal
muscle and present in adipocytes, two insulin-responsive tis-
sues. This protein appears to bind tightly to the autophospho-
rylated IR but is itself only weakly tyrosine-phosphorylated.
These properties distinguish this protein from two other
endogenous 60-kDa substrates of the IR tyrosine kinase, both
of which are readily tyrosine-phosphorylated and associate
with other proteins but not with the IR (16).

Interestingly, overexpression of Grb-IR appears to inhibit
the ability of the IR to phosphorylate at least two endogenous
substrates, the 60-kDa GAP-associated protein (16) and, to a
lesser extent, the IRS-1 protein (3). This latter protein is
rapidly bound by the PI 3-kinase after it is tyrosine-phos-
phorylated and this interaction also appears to be inhibited by
the Grb-IR molecule. The activation of PI 3-kinase has been
implicated in mediating a variety of biological responses
including the stimulation of glucose uptake and the activation
of various Ser/Thr kinases (17, 18). Thus, it is possible that
increased levels of the Grb-IR protein could serve to inhibit IR
signaling, for example, in certain cases of insulin resistance
(19). Alternatively, it is possible that Grb-IR protein links the
IR to a different set of signaling molecules.
The Grb-IR protein may also have different functions

depending on which form of the molecule is expressed. Het-
erogeneity in the Grb-IR mRNA was observed in Northern
blot analyses and PCR studies. In addition, three immunore-
active Grb-IR protein bands (with molecular masses of 50, 65,
and 68 kDa) were observed in HeLa cells. The GrblO cDNA
isolated by Ooi et al. (15) appears to represent one of these
alternate forms of the mouse homolog. The deduced sequence
of GrblO differs from that of Grb-IR in part by containing an
additional 46-aa stretch in a putative PH domain. PCR analysis
indicated that HeLa cells, muscle, and fat appear to contain
both forms of this mRNA. Since the PH domain of proteins has
been suggested to be involved in protein-protein interactions
(20), these two forms of Grb-IR could have different proper-
ties. In addition, the N termini of GrblO and Grb-IR also
differ. This heterogeneity further adds to the possibilities for
this protein to interact in the insulin signaling cascade.

We thank Dr. G. Crabtree for the pBEX-1 vector, Dr. J. Glenney for
the py2O, and Dr. Kozui Shii for the monoclonal antibodies to p60 and
the Western blot-positive monoclonal antibodies to the IRa, 1B. This
work was supported by National Institutes of Health Grants DK41765
and DK34962.

1. Pawson, T. (1995) Nature (London) 373, 573-580.
2. Fantl, W. J., Johnson, D. E. & Williams, L. T. (1993) Annu. Rev.

Biochem. 62, 453-482.
3. White, M. F. & Kahn, C. R. (1994) J. Biol. Chem. 269, 1-4.
4. Quon, M. J., Butte, A. J., Zarnowski, M. J., Sesti, G., Cushman, S. W.

& Taylor, S. I. (1994) J. Biol. Chem. 269, 27920-27924.
5. Araki, E., Lipes, M. A., Patti, M. E., Bruning, J. C., Haag, B., Johnson,

R. S. & Kahn, C. R. (1994) Nature (London) 372, 186-190.
6. Fields, S. & Song, 0. (1989) Nature (London) 340, 245-246.
7. Sanger, F., Nicklen, S. & Coulson, A. R. (1977) Proc. Natl. Acad. Sci.

USA 74, 5463-5467.
8. Yamaguchi, T., Fernandez, R. & Roth, R. A. (1995) Biochemistry 34,

4962-4968.
9. Bram, R. J., Hung, D. T., Martin, P. K., Schreiber, S. L. & Crabtree,

G. R. (1993) Mol. Cell. Biol. 13, 4760-4769.
10. de la Luna, S., Soria, I., Pulido, D., Ortin, J. & Jimenez, A. (1988)

Gene 62, 121-126.
11. O'Neill, T. J., Craparo, A. & Gustafson, T. A. (1994) Mol. Cell. Biol.

14, 6433-6442.
12. Kozak, M. (1987) Nucleic Acids Res. 15, 8125-8148.
13. Margolis, B., Silvennoinen, O., Comoglio, F., Roonprapunt, C.,

Skolnik, E., Ullrich, A. & Schlessinger, J. (1992) Proc. Natl. Acad. Sci.
USA 89, 8894-8898.

14. Stein, D., Wu, J., Fuqua, S. A. W., Roonprapunt, C., Yajnik, V.,
d'Eustachio, P., Moskow, J. J., Buchberg, A. M., Osborne, C. K. &
Margolis, B. (1994) EMBO J. 13, 1331-1340.

15. Ooi, J., Yajnik, V., Immanuel, D., Gordon, M., Moskow, J. J.,
Buchberg, A. M. & Margolis, B. (1995) Oncogene 10, 1610-1630.

16. Hosomi, Y., Shii, K., Ogawa, W., Matsuba, H., Yoshida, M., Okada,
Y., Yokono, K., Kasuga, M., Baba, S. & Roth, R. A. (1994) J. Biol.
Chem. 269, 11498-11502.

17. Yeh, J.-I., Gulve, E. A., Rameh, L. & Birnbaum, M. J. (1995) J. Biol.
Chem. 270, 2107-2111.

18. Chung, J., Grammer, T. C., Lemon, K. P., Kazlauskas, A. & Blenis, J.
(1994) Nature (London) 370, 71-75.

19. Considine, R. V. & Caro, J. F. (1993) J. Cell. Biochem. 52, 8-13.
20. Musacchio, A., Gibson, T., Rice, P., Thompson, J. & Saraste, M.

(1993) Trends Biochem. Sci. 18, 343-348.

Biochemistry: Liu and Roth


