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Insulin stimulation of differentiated 3T3-L1 adipocytes or Chinese hamster ovary cells expressing high levels
of the insulin receptor resulted in a time-dependent decrease in the electrophoretic mobility of SOS on sodium
dodecyl sulfate-polyacrylamide gels. The reduction in SOS mobility was completely reversed by alkaline
phosphatase treatment, and the in vitro phosphorylation of SOS by mitogen-activated protein kinase resulted
in a decrease of electrophoretic mobility identical to that following in vivo insulin stimulation. Imnmunopre-
cipitation of Grb2 followed by SOS immunoblotting demonstrated a disassociation of the SOS-Grb2 complex
that paralleled the decrease in SOS electrophoretic mobility. Similarly, SOS immunoprecipitation followed by
Grb2 immunoblotting also indicated an uncoupling of the SOS-Grb2 complex. Further, incubation of whole-
cell extracts with glutathione-S-transferase—~Grb2 fusion proteins demonstrated that insulin stimulation re-
sulted in a decreased affinity of SOS for Grb2. In contrast, the disassociation of SOS from Grb2 did not affect
the interactions between Grb2 and tyrosine-phosphorylated Shc. In addition to insulin, several other agents
which activate the mitogen-activated protein kinase pathway (platelet-derived growth factor, serum, and
phorbol ester) also resulted in the uncoupling of the SOS-Grb2 complex. Consistent with these results,
expression of v-ras and v-raf resulted in a constitutive decrease in the association between SOS and Grb2.
Together, these data suggest a molecular mechanism accounting for the transient activation of ras due to the

uncoupling of the SOS-Grb2 complex following SOS phosphorylation.

A common pathway for the activation of mitogen-activated
protein (MAP) kinase has recently been established for several
tyrosine kinase receptors including the insulin, platelet-derived
growth factor (PDGF), and epidermal growth factor receptors
(3, 23, 32, 34). In the case of the insulin receptor (IR), activa-
tion of the receptor intrinsic tyrosine kinase activity was orig-
inally demonstrated to enhance tyrosine phosphorylation of a
185-kDa protein termed IRS1 for IR substrate 1 (22, 47, 51).
IRS1 contains multiple tyrosine phosphorylation acceptor sites
which, when phosphorylated, create specific recognition motifs
for src homology 2 (SH2) domain-containing proteins (55).
These include the p85 regulatory subunit of the phosphatidyl-
inositol 3-kinase, the protein tyrosine-specific phosphatase
Syp, and the small adaptor proteins Nck and Grb2 (26, 46).

In addition to IRS1, the SH2 domain-containing a2 colla-
gen-related proteins (Shc) have been identified as proximal
targets for several growth factor tyrosine kinases, including the
IR (38). The Shc family consists of three related proteins, with
the 46- and 52-kDa species resulting from alternative usage of
two distinct translation initiation sites within the same tran-
script and the 66-kDa species most likely arising from an al-
ternatively spliced message (36). In contrast to IRS1, the Shc
proteins are tyrosine phosphorylated on a single tyrosine res-
idue (Y-317) which serves as a docking site for Grb2 (41, 45).
Grb2 was originally identified as a 23-kDa-growth factor re-
ceptor-binding protein which contains a single SH2 domain
flanked by two src homology 3 (SH3) domains (29). The SH3
domains of Grb2 direct the association with several proteins
containing proline-rich motifs, including the 150-kDa guanyl-
nucleotide exchange factor for ras, termed SOS for the Dro-
sophila melanogaster gene Son-of-Sevenless (7, 30, 42, 43, 50).

In contrast, ras inactivation is regulated by a ras GTPase-
activating protein (rasGAP) which stimulates the hydrolysis of
the GTP-bound ras to the GDP-bound state (48). Thus, the
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dynamic equilibrium between SOS and rasGAP activities
within a cell defines the relative activation state of ras. Al-
though rasGAP is a potential target for regulation, insulin
treatment does not have any significant effect on rasGAP phos-
phorylation, activity, and/or localization (11). However, several
studies have demonstrated that, in unstimulated cells, SOS
constitutively associates with Grb2, whereas following insulin
stimulation the SOS-Grb2 complex becomes associated with
Shc (37, 44, 45) and perhaps IRS1 (4, 45). Thus, the targeting
and/or activation of SOS guanylnucleotide exchange activity by
its indirect association with Shc via the small adaptor protein
Grb2 results in the increased conversion of ras from the inac-
tive GDP-bound state to the active GTP-bound form (2, 39).

Although the above mechanism can account for the rapid
increase in ras GTP loading, tyrosine kinase growth factor
stimulation results in a transient activation of ras. In most
systems, maximum levels of GTP-bound ras are observed ap-
proximately 10 min following growth factor stimulation and
return to basal (35) or near-basal levels within 60 min (16, 19,
53). Thus, a feedback mechanism(s) which inhibits the Grb2-
SOS activation signal and/or stimulates rasGAP activity
within a similar time frame must also exist. In the present
paper, we demonstrate that insulin and several other agents
which also activate the MAP kinase pathway generate a feed-
back cascade which results in the disassociation of the SOS-
Grb2 complex. The uncoupling of the SOS-Grb2 complex may
provide a molecular mechanism accounting for the transient
activation of ras following insulin stimulation.

MATERIALS AND METHODS

Cell culture. Chinese hamster ovary (CHO) cells expressing 3 X 10° human
(IRs) were grown in alpha-minimal essential medium containing nucleotides, 100
U of penicillin per ml, 100 pg of streptomycin per ml, and 10% fetal bovine
serum. 3T3-L1 fibroblasts were maintained in Dulbecco’s modified Eagle’s me-
dium containing penicillin-streptomycin as above plus 10% calf serum and in-
cubated at 37°C in an 8% CO,-air gas mixture. 3T3-L1 fibroblasts (2 days
postconfluent) were differentiated into adipocytes by replacing the medium with
Dulbecco’s modified Eagle’s medium containing penicillin-streptomycin, 10%
fetal bovine serum, 0.25 wM dexamethasone, 500 uM isobutylmethylxanthine,
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and 1 pg of insulin per ml for 3 days. The 3T3-L1 cells were then incubated with
Dulbecco’s modified Eagle’s medium containing 100 U of penicillin per ml, 100
g of streptomycin per ml, and 10% fetal bovine serum for 8 to 40 days to
maintain the adipocyte phenotype. Prior to experiments, both the 3T3-L1 adi-
pocytes and CHO-IR cells were incubated with serum-free medium containing
0.5% bovine serum albumin for 16 h. The cells were then treated with or without
various hormones for the times indicated in each figure legend. Treatments were
stopped by rapidly removing the medium and freezing the cells with liquid
nitrogen. Whole-cell lysates were prepared by thawing cells (10-cm plate) in 1 ml
of 1% Triton X-100 lysis buffer (50 mM HEPES, [N-2-hydroxyethylpiperazine-
N'’-2-ethanesulfonic acid], [pH 7.8], 1% Triton X-100, 2.5 mM EDTA, 100 mM
sodium fluoride, 10 mM sodium PP;, 2 mM sodium vanadate, 1 mM phenyl-
methylsulfonyl fluoride, 2 WM pepstatin, 0.5 trypsin inhibitory units of aprotinin,
and 10 pM leupeptin) for 30 min at 4°C. Insoluble material was removed by
centrifugation at 12,000 X g for 15 min at 4°C, and the total protein in the
supernatant was determined by the method of Bradford.

Immunoblotting. Whole-cell lysates or immunoprecipitates were separated on
reducing sodium dodecyl sulfate (SDS)-5 to 10% polyacrylamide gradient gels
and transferred to polyvinylidene difluoride membranes with 1 A for 2 h at 4°C.
Immunoblotting of the whole-cell lysates was performed with a SOS polyclonal
antibody (aSOS; Upstate Biotechnology Inc.). Immunoblotting of immunopre-
cipitates was done with a SOS monoclonal antibody (Transduction Laborato-
ries), a Grb2 monoclonal antibody (aGrb2; Transduction Laboratories), a Shc
monoclonal antibody (aShc; Transduction Laboratories), or a monoclonal phos-
photyrosine antibody, PY20-HRP («PY; Santa Cruz Biotechnology). The pri-
mary monoclonal and polyclonal antibodies (except PY20-HRP) were detected
with horseradish peroxidase-conjugated anti-rabbit or anti-mouse immunoglob-
ulin G (IgG), respectively (Bio-Rad) and visualized by the enhanced chemilu-
minescence detection system (Amersham).

Immunoprecipitation. Whole-cell lysates were prepared as described above.
SOS and Grb2 were immunoprecipitated from the lysates by incubation with
either aSOS (Santa Cruz Biotechnology) or aGrb2 (Santa Cruz Biotechnology)
for 2 h at 4°C. The resultant immune complexes were precipitated by incubation
with protein A-agarose for 1 h at 4°C. Samples for immunoblotting were washed
three times with Tris-buffered saline (20 mM Tris [pH 7.6], 150 mM NaCl),
resuspended in SDS-sample buffer (125 mM Tris-HCI [pH 6.8], 20% [vol/vol]
glycerol, 4% [wt/vol] SDS, 100 mM dithiothreitol, 0.1% [wt/vol] bromphenol
blue), heated at 100°C for 5 min, and immunoblotted as indicated above.

In vitro phosphorylation-dephosphorylation of SOS. The dephosphorylation
of SOS was performed with «SOS immunoprecipitates from whole-cell lysates of
control or insulin-stimulated cells. Briefly, the «SOS immunoprecipitates were
washed twice with lysis buffer and twice with alkaline phosphatase buffer (20 mM
HEPES [pH 7.4], 100 mM NaCl, 1 mM dithiothreitol, 1 mM MgCl,, and 0.1 mM
ZnCl,, 1 mM phenylmethylsulfonyl fluoride, 0.5 trypsin inhibitory units of apro-
tinin per ml, and 10 uM leupeptin). The samples were incubated with 25 U of
calf intestinal phosphatase (Sigma Chemical Co.) in a total volume of 200 wl for
60 min at room temperature. The samples were then washed three times with
phosphate- buffered saline, solubilized in SDS-sample buffer, and immunoblot-
ted with aSOS as described above.

In vitro MAP kinase phosphorylation was performed on the «SOS immuno-
precipitates with partially purified MAP kinase provided by Melanie Cobb,
University of Texas, Dallas (6). Briefly, the immunoprecipitates were washed
three times with phosphate-buffered saline and once with MAP kinase assay
buffer (30 mM HEPES [pH 8.0], 1 mM ATP, 1 mM dithiothreitol, 1 mM sodium
vanadate, 10 mM MgCl,, and 100 pg of bovine serum albumin per ml). The
immunoprecipitates were resuspended in 100 wl of the MAP kinase assay buffer,
and the reaction was initiated by the addition of 12 pl of partially purified MAP
kinase. After a 60-min incubation at room temperature, the assay was terminated
by the addition of SDS-sample buffer and heating at 100°C for 5 min.

Precipitation of SOS with a GST-Grb2 fusion protein. Human Grb2 was
cloned by reverse transcriptase-PCR with brain RNA (Clontech), and the iso-
lated cDNA sequence was confirmed by sequence analysis. The hGrb2 cDNA
was subcloned into pGEX-3X (Pharmacia Biotech) and isolated according to the
manufacturer’s instructions. The glutathione-S-transferase (GST)-hGrb2 fusion
protein (0, 1, 3, 10, 30, or 100 pg) was diluted in phosphate-buffered saline
containing 1 mg of bovine serum albumin per ml and incubated for 1 h at 4°C
with glutathione-Sepharose (25-ul bed volume). The glutatione-Sepharose-
bound GST-Grb2 fusion protein was then incubated for 1 h at 4°C with whole-
cell lysates (50 mM HEPES [pH 7.8], 1% Triton X-100, 2.5 mM EDTA, 100 mM
sodium fluoride, 10 mM sodium PP;, 2 mM sodium vanadate, 1 mM phenyl-
methylsulfonyl fluoride, 2 WM pepstatin, 0.5 trypsin inhibitory units of aprotinin,
and 10 pM leupeptin) isolated from either unstimulated or 100 nM insulin-
stimulated 3T3-L1 adipocytes for 15 min. The Sepharose beads were pelleted
and washed three times with phosphate-buffered saline and solubilized in SDS-
sample buffer. The amount of SOS associated with the immobilized GST-hGrb2
fusion protein was determined by immunoblotting with aSOS.

In an alternative approach, the detergent cell lysates (50 mM HEPES [pH 7.8],
1% Triton X-100, 2.5 mM EDTA, 100 mM sodium fluoride, 10 mM sodium PP;,
2 mM sodium vanadate, 1 mM phenylmethylsulfonyl fluoride, 2 uM pepstatin,
0.5 trypsin inhibitory units of aprotinin, and 10 uM leupeptin) from control and
insulin-stimulated CHO-IR cells were incubated with various concentrations of
purified GST-Grb2 fusion protein as described above. The samples were then
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FIG. 1. Insulin stimulation decreases the electrophoretic mobility of SOS in
a time-dependent manner. CHO-IR cells (A) and 3T3-L1 adipocytes (B) were
incubated with 100 nM insulin for the various times indicated in the figure.
Whole-cell lysates were prepared as described in Materials and Methods and
immunoblotted with an antibody directed against SOS («SOS). IB, immunoblot.

immunoprecipitated with the aSOS monoclonal antibody, washed, and immu-
noblotted for Grb2. The identical detergent lysates from control and insulin-
stimulated CHO-IR cells were also immunoprecipitated with the «SOS mono-
clonal antibody, washed, and incubated with various concentrations of purified
GST-Grb2 fusion protein in the 1% Triton X-100 whole-cell lysis buffer. Fol-
lowing a 3-h incubation at 4°C, the samples were washed in Tris-buffered saline
and immunoblotted for the presence of GST-Grb2.

Quantitative transient transfection by electroporation. We have recently dem-
onstrated that electroporation can be used to express various cDNAs in CHO-IR
cells with 85 to 100% transfection efficiency (52). Briefly, CHO-IR cells were
electroporated with a total of 40 g of plasmid DNA at 340 V and 960 wF in 500
wl of phosphate-buffered saline. Following electroporation, the cells were plated
in alpha-minimal essential medium containing 10% serum, and cell debris was
removed by replacement with fresh media 12 h later. Under these conditions,
approximately 25% of the cells remained viable, and of these, 85 to 100%
expressed the protein of interest, depending upon the particular experiment. The
constitutively active v-ras (pMV7-vras) and v-raf (pZipneo-vraf) were obtained
from Gary Johnson (The National Jewish Center for Immunology and Respira-
tory Medicine, Denver, Colo.).

RESULTS

Insulin decreases the electrophoretic mobility of SOS. The
carboxyl-terminal domain of the ras guanylnucleotide ex-
change factor SOS contains several potential MAP kinase
phosphorylation sites (42), suggesting that SOS may be a direct
substrate for MAP kinase. In this regard, incubation of SOS
with MAP kinase in vitro results in the serine/threonine phos-
phorylation of SOS and a characteristic reduction in the elec-
trophoretic mobility of SOS (9). To determine whether SOS is
phosphorylated by insulin stimulation in vivo, we examined the
effect of insulin treatment on the SDS-polyacrylamide gel elec-
trophoretic mobility of SOS in CHO-IR and 3T3-L1 adipo-
cytes (Fig. 1). Insulin stimulation of both cell types resulted in
a time-dependent reduction in the electrophoretic mobility of
SOS. In CHO-IR cells, there was no effect on SOS mobility
following treatment with insulin for times of up to 1 min (Fig.
1A, lanes 1 to 4). However, a decrease in SOS mobility was
detected following 3 min of insulin treatment, with a maximal
effect reached by 5 min (Fig. 1A, lanes 5 and 6). The SOS
electrophoretic mobility shift remained persistent for at least
30 min and was apparently quantitative, as only a single SOS
immunoreactive band was detected at each time point (Fig.
1A, lanes 7 and 8). Similarly, in response to insulin treatment
3T3-L1 adipocytes also displayed a quantitative reduction in
SOS electrophoretic mobility (Fig. 1B). However, it should be
noted that in 3T3-L1 adipocytes the time dependence of the
SOS gel shift was slower than in CHO-IR cells. In the 3T3-L1
adipocytes, the decrease in SOS mobility was initially detected
following 5 min of insulin stimulation (Fig. 1B, lane 5) and was
maximal by 10 min (Fig. 1B, lane 6). The slightly slower time
course in 3T3-L1 adipocytes compared with the CHO-IR cells
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FIG. 2. The insulin-stimulated decrease in SOS mobility results from serine/
threonine phosphorylation. (A) CHO-IR cells were incubated in the absence
(lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of 100 nM insulin for 10 min.
Whole-cell lysates from control (lane 1) and insulin-stimulated (lane 2) cells were
immunoblotted with «SOS. SOS was immunoprecipitated from the same whole-
cell lysates (lanes 3 to 6) and incubated in the absence (lanes 3 and 4) or presence
(lanes 5 and 6) of alkaline phosphatase as described in Materials and Methods.
The immunoprecipitates were then subjected to SDS-polyacrylamide gel elec-
trophoresis and immunoblotted with an antibody directed against SOS («SOS).
(B) CHO-IR cells were incubated in the absence (lanes 1 and 3) or presence
(lane 2) of 100 nM insulin for 10 min. SOS was immunoprecipitated from the
whole-cell lysates and incubated in the absence (lanes 1 and 2) or presence (lane
3) of Mg-ATP plus partially purified MAP kinase as described in Materials and
Methods. The immunoprecipitates were then subjected to SDS-polyacrylamide
gel electrophoresis and immunoblotted with an antibody directed against SOS
(aSOS). 1gG,, indicates the relative mobility of the immunoglobulin G heavy
chain. APase, alkaline phosphatase; IP, immunoprecipitation; IB, immunoblot.

probably reflects the lower level of IR expression in the adi-
pocytes (14, 25).

In addition, we consistently observed greater aSOS immu-
noreactivity in whole-cell detergent extracts from stimulated
cells than in those from unstimulated controls (Fig. 1; see also
Fig. 2, 8, and 9). Since this difference was detected with several
aSOS antibodies (data not shown) and was reversible with
alkaline phosphatase treatment (see Fig. 2), this suggests that
the shifted SOS protein from insulin-stimulated cells was more
efficiently transferred to the polyvinylidene difluoride mem-
branes than the SOS protein from unstimulated cells.

Serine/threonine phosphorylation of SOS is responsible for
the decrease in electrophoretic mobility. To determine whether
the apparent SOS electrophoretic mobility shift was due to
phosphorylation, we isolated SOS by specific immunoprecipi-
tation from control and insulin-stimulated CHO-IR cells (Fig.
2). As previously observed, whole-cell extracts from insulin-
stimulated CHO-IR cells displayed the characteristic decrease
in SOS mobility (Fig. 2A, lane 2) compared with control cell
extracts (Fig. 2A, lane 1). Similarly, cell extracts immunopre-
cipitated with an SOS-specific antibody (aSOS) also demon-
strated the decrease in SOS mobility following in vivo insulin
stimulation (Fig. 2A, lanes 3 and 4). However, incubation of
immunoprecipitated SOS from control cell extracts (Fig. 2A,
lane 5) or insulin-stimulated cells (Fig. 2A, lane 6) with alka-
line phosphatase reversed the effect of in vivo insulin treatment
on the electrophoretic mobility of SOS. These data indicate
that the decrease in SOS mobility following insulin stimulation
resulted from increased phosphorylation of SOS. In addition,
phosphotyrosine immunoblotting of the immunoprecipitated
SOS did not detect any phosphotyrosine phosphorylation (data
not shown), suggesting that the insulin-stimulated phosphory-
lation occurred on serine and/or threonine residues.

Since the carboxyl-terminal region of SOS contains seven
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FIG. 3. Insulin stimulation decreases the amount of SOS associated with
Grb2 in a time-dependent manner. CHO-IR cells (A) and 3T3-L1 adipocytes (B)
were incubated with 100 nM insulin for various times as indicated in the figure.
Whole-cell lysates were prepared and immunoprecipitated with the Grb2 anti-
body (aGrb2) as described in Materials and Methods. The immunoprecipitates
were then subjected to SDS-polyacrylamide gel electrophoresis and immuno-
blotted with an antibody directed against SOS (aSOS). IgGy, indicates the rela-
tive mobility of the immunoglobulin G heavy chain. The band located immedi-
ately below the major SOS immunoreactive material represents an SOS
proteolytic fragment that occurred in this particular experiment. IP, immuno-
precipitation; IB, immunoblot.

consensus MAP kinase phosphorylation sites, we examined the
ability of MAP kinase to phosphorylate SOS in vitro (Fig. 2B).
Immunoprecipitation of SOS from insulin-treated CHO-IR
cells displayed the expected reduction in SOS mobility (Fig.
2B, lane 2) compared with SOS immunoprecipitated from un-
stimulated cells (Fig. 2B, lane 1). Incubation of the SOS im-
munoprecipitate from unstimulated cells with MAP kinase and
Mg-ATP decreased the mobility of SOS (Fig. 2B, lane 3). The
decreased SOS mobility resulting from MAP kinase phosphor-
ylation in vitro was equivalent to that observed for SOS im-
munoprecipitated from in vivo insulin-stimulated cells. Taken
together, these data suggest that the insulin-stimulated de-
crease in SOS electrophoretic mobility in vivo could have re-
sulted from a MAP kinase-mediated serine/threonine phos-
phorylation event.

Insulin stimulation uncouples SOS from Grb2. It has been
established that, in unstimulated cells, SOS is bound to Grb2
via direct binding interactions between the proline-rich carbox-
yl-terminal domain of SOS and the SH3 domains of Grb2 (8,
12, 28, 40). We therefore examined the possibility that the
serine/threonine phosphorylation of SOS might alter the bind-
ing interaction between SOS and Grb2 (Fig. 3). In the absence
of insulin, immunoprecipitation of CHO-IR cell extracts with a
Grb2-specific antibody (aGrb2) resulted in the coimmunopre-
cipitation of SOS as detected by «SOS immunoblotting (Fig.
3A, lane 1). Essentially identical amounts of coimmunoprecipi-
tated SOS were detected in the aGrb2 immunoprecipitates
following insulin treatment from 30 s to 1 min (Fig. 3A, lanes
2 and 3). However, 3 min of insulin stimulation resulted in a
significant decrease in the ability of the Grb2 antibody to
coimmunoprecipitate SOS (Fig. 3A, lane 4), and by 10 to 30
min, there was virtually no detectable SOS in the Grb2 immu-
noprecipitates (Fig. 3A, lanes 6 and 7). Similarly, immunopre-
cipitation of Grb2 from unstimulated 3T3-L1 adipocyte ex-
tracts resulted in the coimmunoprecipitation of SOS (Fig. 3B,
lane 1), which was unaffected by short-term (2-min) insulin
treatment (Fig. 3B, lane 2). Consistent with the CHO-IR cells,
incubation of 3T3-L1 adipocytes with insulin for longer times
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FIG. 4. Insulin stimulation decreases the amount of Grb2 associated with
SOS in a time-dependent manner. (A) CHO-IR cells were incubated with 100
nM insulin for various times as indicated in the figure. Whole-cell lysates were
prepared and SOS was immunoprecipitated with the SOS antibody («SOS) as
described in Materials and Methods. The immunoprecipitates were then immu-
noblotted with an antibody directed against Grb2 (aGrb2). (B) CHO-IR cell
extracts obtained in panel A were immunoblotted with the Grb2 antibody
(aGrb2). IgG,, indicates the relative mobility of the immunoglobulin G heavy
chain. IP, immunoprecipitation; IB, immunoblot.

(5 to 15 min) resulted in a reduction of Grb2-immunoprecipi-
tated SOS protein (Fig. 3B, lanes 3, 4, and 5) with essentially
no detectable SOS in the Grb2 immunoprecipitate by 30 min
(Fig. 3B, lane 6). The decreased amount of SOS coimmuno-
precipitated with the Grb2 antibody following insulin stimula-
tion was not the result of alterations in the total cellular con-
tent of SOS protein (Fig. 1).

Having observed an uncoupling of SOS-Grb2 interaction by
Grb2 immunoprecipitation, we next determined the ability of
an SOS-specific antibody to coimmunoprecipitate Grb2 (Fig.
4). Consistent with Fig. 3, insulin treatment of CHO-IR cells
resulted in a time-dependent decrease in the ability of the SOS
antibody (aSOS) to coimmunoprecipitate Grb2 (Fig. 4A). Im-
munoblotting of whole-cell extracts with the Grb2 antibody
also demonstrated that there was no significant alteration in
the amount of expressed Grb2 protein under these conditions
(Fig. 4B). Thus, insulin stimulation apparently caused a disas-
sociation of SOS from Grb2 which roughly parallels the time-
dependent decrease in SOS electrophoretic mobility. The in-
ability to coimmunoprecipitate SOS with Grb2 following
insulin treatment appears to result from decreased interactions
between SOS and Grb2 and not from alterations in the expres-
sion levels of SOS or Grb2 protein.

In vitro disassociation of the SOS-Grb2 complex. Although
the disassociation of the SOS-Grb2 complex was detected by
immunoprecipitation of cell extracts with both «SOS and
aGrb2 antibodies, it is still formally possible that these anti-
bodies were detecting an insulin-stimulated change in the con-
formation of SOS and Grb2 and not necessarily a physical
separation of SOS from Grb2. Therefore, as an alternative
approach, SOS was precipitated from 3T3-L1 adipocyte whole-
cell extracts with a bacterially expressed GST-Grb2 fusion pro-
tein (Fig. 5). As specific markers, 3T3-L1 adipocyte extracts
from unstimulated and insulin-stimulated cells were directly
subjected to aSOS immunoblotting (Fig. 5, lanes 1 and 2).
Incubation of the unstimulated cell extracts with 1 or 3 pg of
immobilized GST-Grb2 (Fig. 5, lanes 3 and 5) demonstrated
the specific binding of SOS whereas the extracts from insulin-
stimulated cells displayed reduced SOS binding (Fig. 5, lanes 4
and 6). Although a differential precipitation of SOS from con-
trol and insulin-stimulated cells was still detected with 10 pg
of GST-Grb2 (Fig. 5, lanes 7 and 8), approximately equal
amounts of SOS were precipitated with 30 pug of immobilized
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FIG. 5. Insulin-stimulated disassociation of the SOS-Grb2 complex deter-
mined by precipitation with a GST-Grb2 fusion protein. 3T3-L1 adipocyte ex-
tracts were prepared from control cells (lanes 1, 3, 5, 7, 9, and 11) and cells
incubated with 100 nM insulin for 15 min (lanes 2, 4, 6, 8, 10, and 12). The cell
extracts were either used directly for immunoblotting (lanes 1 and 2) or incu-
bated for an additional 1 h with increasing amounts of the GST-hGrb2 fusion
protein (lanes 3 to 12) as indicated in the figure. The samples were then precip-
itated, subjected to SDS-polyacrylamide gel electrophoresis, and immunoblotted
with an aSOS antibody as described in Materials and Methods. IB, immunoblot.

GST-Grb2 (Fig. 5, lanes 9 and 10). Further, incubation of the
cell extracts with higher amounts (100 pg) of GST-Grb2 was
essentially saturating (Fig. 5, lanes 11 and 12) and resulted in
the complete precipitation of SOS from the cell extracts (data
not shown). These data demonstrate that an insulin-dependent
decrease in SOS-Grb2 interaction was recapitulated in cell
extracts and was not a result of differential antibody reactivity.
Moreover, the GST-Grb2 dose dependence of SOS binding
demonstrates that the decreased extent of SOS-Grb2 associa-
tion resulted from a reduction in specific binding affinity with-
out any significant effect on SOS protein levels.

In an alternative approach to examine the in vitro interac-
tion of SOS with Grb2, extracts from control and insulin-
stimulated CHO-IR cells were incubated with various concen-
trations of the GST-Grb2 fusion protein for 3 h at 4°C (Fig. 6).
The extracts were immunoprecipitated with aSOS, and the
resulting immunoprecipitates were immunoblotted for the
presence of the 52-kDa GST-Grb2 fusion protein (Fig. 6A). As
expected, incubation of the detergent extracts from control
cells with low concentrations of the GST-Grb2 fusion protein
(0.3 and 1 pg/ml) resulted in a significantly greater association
with SOS than the GST-Grb2 incubated with extracts from
insulin-stimulated cells (Fig. 6A, lanes 1 to 4). Consistent with
Fig. 5, incubation with higher GST-Grb2 concentrations (3 and
10 pg/ml) failed to demonstrate any difference in SOS associ-
ation between control and insulin-stimulated cell extracts (Fig.
6A, lanes 5 to 8).

Surprisingly, however, a different result was obtained when
GST-Grb2 was incubated with washed oSOS immunoprecipi-
tates (Fig. 6B). At all GST-Grb2 concentrations examined (0.3
to 10 pg/ml), no significant difference in the amount of Grb2
binding was observed between SOS immunoprecipitated from
extracts of control cells and that from extracts of insulin-stim-
ulated cells (Fig. 6B, lanes 1 to 8). Essentially identical results
were obtained when SOS was immunoprecipitated with either
an amino-terminal aSOS antibody or a carboxy-terminal aSOS
antibody (data not shown). Together, these data indicate that
the reduced binding of Grb2 to SOS isolated from insulin-
stimulated cells requires the presence of an additional factor(s)
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FIG. 6. Insulin-stimulated disassociation of the SOS-Grb2 complex occurs in
whole-cell detergent lysates but not after immunoprecipitation with an «aSOS
antibody. CHO-IR detergent cell extracts were prepared from control cells
(lanes 1, 3, 5, and 7) and cells incubated with 100 nM insulin for 15 min (lanes
2,4, 6, and 8). (A) These cell extracts were incubated with 0.3 (lanes 1 and 2), 1
(lanes 3 and 4), 3 (lanes 5 and 6), and 10 (lanes 7 and 8) pg of purified GST-Grb2
per ml for 3 h at 4°C. The samples were then immunoprecipitated with the «SOS
antibody and immunoblotted for the presence of the 52-kDa GST-Grb2 fusion
protein as described in Materials and Methods. (B) The identical detergent cell
extracts prepared in panel A were immunoprecipitated with the aSOS antibody
and subsequently incubated with GST-Grb2 under the identical conditions. The
samples were then immunoblotted for the presence of GST-Grb2.

which was probably removed during the washing of the aSOS
immunoprecipitates.

Disassociation of SOS-Grb2 binding does not affect insulin-
stimulated Shc-Grb2 association. In addition to the SH3 do-
mains of Grb2 binding to the carboxyl-terminal proline-rich
region of SOS, the Grb2 SH2 domain directs association with
tyrosine-phosphorylated She (8, 12, 40, 44). In this manner,
Grb2 functions as an adaptor protein linking SOS to tyrosine-
phosphorylated She. Since insulin stimulation resulted in the
disassociation of SOS from Grb2, we next examined the asso-
ciation of Grb2 with Shc (Fig. 7). As expected, there was no
detectable Shc protein in aGrb2 immunoprecipitates from
CHO-IR cell extracts prepared from unstimulated cells (Fig.
7A, lane 1). However, following 2 min of insulin stimulation,
the 52-kDa form of Shc was readily detected in the aGrb2
immunoprecipitate (Fig. 7A, lane 2). The relative amount of
aGrb2-immunoprecipitated Shc protein remained essentially
unchanged after from 2 to 30 min of insulin stimulation (Fig.
7A, lanes 2 to 5). The insulin-dependent tyrosine phosphory-
lation of Shc was also confirmed by phosphotyrosine blotting of
the aGrb2 immunoprecipitates (Fig. 7B). Only the tyrosine-
phosphorylated 52-kDa Shc species was coimmunoprecipitated
with the aGrb2 antibody following insulin stimulation (Fig. 7B,
lanes 1 and 2). The amount of Grb2 associated with tyrosine-
phosphorylated Shc also remained constant over the same time
period in which SOS was completely disassociated from Grb2
(Fig. 7B, lanes 3 to 5). In addition to Shc and SOS, Grb2 also
directly binds the microtubule-associated protein dynamin (17,
20). As observed for She, insulin treatment had no effect on the
amount of dynamin coimmunoprecipitated with aGrb2 in the
same cell extracts that displayed reduced aGrb2 antibody-
coimmunoprecipitated SOS (data not shown).

Persistent activation of the MAP kinase pathway disassoci-
ates the SOS-Grb2 complex. To further characterize the sig-
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FIG. 7. Insulin-stimulated disassociation of the SOS-Grb2 complex does not
affect the interaction between Shc and Grb2. CHO-IR cells were incubated in the
absence (lane 1) or presence (lanes 2 to 5) of 100 nM insulin for various times
as indicated in the figure. Whole-cell lysates were prepared and immunoprecipi-
tated with the Grb2 antibody (aGrb2) as described in Materials and Methods.
The immunoprecipitates were then subjected to SDS-polyacrylamide gel elec-
trophoresis and immunoblotted with either the Shc antibody (aShc) (A) or the
phosphotyrosine antibody PY20-HRP (aPy) (B). IgG, and IgG, indicate the
relative mobilities of the immunoglobulin G heavy and light chains, respectively.
IP, immunoprecipitation; IB, immunoblot.

naling pathway mediating the insulin-stimulated disassociation
of the SOS-Grb2 complex, we persistently activated the MAP
kinase pathway by expression of constitutively active mutants
of ras and raf. We have recently developed a transient elec-
troporation protocol which results in a high level of transfec-
tion efficiency suitable for cell biological studies (52). Although
the efficiency of transfection depends upon the particular cell
type, 85 to 100% of electroporated CHO-IR cells express the
cDNA of interest. We therefore utilized this method to exam-
ine the effect of ras and raf activation on SOS-Grb2 interac-
tions. As previously observed in nontransfected CHO-IR cells,
insulin stimulation resulted in a decrease of SOS electro-
phoretic mobility (Fig. 8A, lanes 1 and 2) and disassociation
from Grb2 (Fig. 8B, lanes 1 and 2). Expression of constitutively
active ras (v-ras) or raf (v-raf) mutants resulted in a partial
decrease in SOS electrophoretic mobility (Fig. 8A, lanes 3 and
5), which was further retarded by treatment with 100 nM in-
sulin for 15 min (Fig. 8A, lanes 4 and 6). In parallel, expression
of v-ras or v-raf resulted in a partial reduction in the amount of
aGrb2-immunoprecipitated SOS protein (Fig. 8B, lanes 3 and
5) compared with unstimulated cell extracts (Fig. 8B, lane 1).
Subsequently, insulin stimulation further enhanced the disas-
sociation of the SOS-Grb2 complex to below detectable levels
(Fig. 8B, lanes 4 and 6). These data demonstrate that persis-
tent activation of downstream signaling pathways, independent
of tyrosine kinase receptor activation, decreased the amount of
SOS associated with Grb2.

Heterologous ligand stimulation uncouples SOS-Grb2 bind-
ing. Since the persistent activation of ras or raf resulted in the
phosphorylation of SOS and the disassociation of the SOS-
Grb2 complex, we speculated that other ligands and/or path-
ways that activate MAP kinase would also induce the disasso-
ciation of the SOS-Grb2 complex. To test this hypothesis, we
examined the effect of several agents known to stimulate the
MAP kinase cascade via activation of the ras-raf pathway.
Incubation of quiescent CHO-IR cells with 100 nM insulin,
15% serum, 50 ng of PDGF-BB, or 100 nM 12-O-tetrade-
canoylphorbol-13-myristic acid (TPA) resulted in the charac-
teristic electrophoretic mobility shift of SOS (Fig. 9A, lanes 2
to 5) compared with unstimulated cells (Fig. 9A, lanes 1 and 6).
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FIG. 8. Disassociation of the SOS-Grb2 complex by expression of v-ras and
v-raf. CHO-IR cells were transiently transfected by quantitative electroporation
with an empty vector (lanes 1 and 2) or with either the v-ras (lanes 3 and 4) or
v-raf (lanes 5 and 6) expression plasmids as described in Materials and Methods.
Forty-eight hours following transfection, the cells were incubated in the absence
(lanes 1, 3, and 5) or presence (lanes 2, 4, and 6) of 100 nM insulin for 15 min.
(A) Whole-cell extracts were subjected to SDS-polyacrylamide gel electrophore-
sis and immunoblotted with the SOS antibody (a«SOS). (B) In parallel, the
whole-cell extracts were immunoprecipitated with the Grb2 antibody (aGrb2),
and the immunoprecipitates were subjected to SDS-polyacrylamide gel electro-
phoresis and immunoblotted with an antibody directed against SOS (aSOS).
1gG,, indicates the relative mobility of the immunoglobulin G heavy chain. IB,
immunoblot; IP, immunoprecipitation.

In parallel, these treatments also induced the disassociation of
the SOS-Grb2 complex as determined by the decreased
amount of aGrb2-coimmunoprecipitated SOS protein (Fig.
9B, lanes 2 to 5) compared with the untreated control cell
extract (Fig. 9B, lane 1). Further, this disassociation of the
SOS-Grb2 complex occurred without any significant change in
the amount of SOS protein expression (Fig. 9A) or in the
amount of immunoprecipitated Grb2 protein (Fig. 9C).

DISCUSSION

Numerous studies have demonstrated that ras plays a central
role in the conversion of tyrosine kinase activity to serine/
threonine kinase-mediated events. For example, it has been
directly demonstrated that the c-rafl kinase associates with ras
in the active GTP-bound state (24, 33, 54). Further, raf func-
tions as at least one upstream kinase for the dual specificity
kinase MEK, which phosphorylates and stimulates MAP ki-
nase activity (3, 5). The activation of MAP kinase then pro-
vides an important bifurcation point for the regulation of met-
abolic, transcriptional, and mitogenic events (10).

In addition to this downstream pathway, at least one up-
stream pathway leading to the activation of ras by tyrosine
kinase receptors has been established. All receptor tyrosine
kinases examined to date result in the tyrosine phosphorylation
of Shc, which then specifically associates with the SH2 domain
of Grb2. Under basal conditions, the SH3 domains of Grb2
direct the binding to the proline-rich carboxyl-terminal region
of SOS. Thus, growth factor-stimulated tyrosine phosphoryla-
tion of Shc results in the formation of an Shc-Grb2-SOS ter-
nary complex. Although the subcellular localization of this
ternary complex has not been identified under all conditions,
following epidermal growth factor stimulation Shc directs the
association of the Grb2-SOS complex with the tyrosine-auto-
phosphorylated epidermal growth factor receptor (36). Conse-
quently, the targeting of SOS to the plasma membrane local-
izes SOS in close proximity to ras and thereby allows for the
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FIG. 9. Various activators of the MAP kinase pathway result in SOS phos-
phorylation and the disassociation of the SOS-Grb2 complex. CHO-IR cells were
incubated in the absence (C; lanes 1 and lane 6 in panel A) or presence of 100
nM insulin (I; lanes 2), 15% serum (S; lanes 3), 50 ng of PDGF-BB (P; lanes 4),
or 100 nM TPA (T; lanes 5) for 15 min. (A) Whole-cell extracts were subjected
to SDS-polyacrylamide gel electrophoresis and immunoblotted with the SOS
antibody («SOS) as described in Materials and Methods. (B) The extracts were
immunoprecipitated with the Grb2 antibody (a«Grb2), and the immunoprecipi-
tates were then immunoblotted with an antibody directed against SOS («SOS).
(C) The polyvinylidene difluoride membrane used in panel B was stripped and
reprobed with the aGrb2 antibody. IgG,, indicates the relative mobility of the
immunoglobulin G heavy chain. IB, immunoblot; IP, immunoprecipitation.

formation of a productive complex that mediates the guanyl-
nucleotide exchange of GDP for GTP.

The above mechanism accounts for the rapid tyrosine ki-
nase-mediated conversion of inactive ras to an active GTP-
bound state. However, growth factor-activated ras (GTP
bound) returns to the basal inactive GDP-bound state typically
within 60 min following hormone stimulation (35). The molec-
ular basis for the transient nature of ras activation has not been
addressed to date. In the present study, we have demonstrated
that in two independent cell types (CHO-IR and 3T3-L1 adi-
pocytes) the SOS-Grb2 complex begins to disassociate follow-
ing 5 min of hormone stimulation, with complete disassocia-
tion by 30 min. This hormone-stimulated disassociation of SOS
from Grb2 was detected in the immunoprecipitates of both
aGrb2 and aSOS. This observation cannot be explained by the
translocation of the SOS-Grb2 complex to an insoluble com-
partment following insulin stimulation since it was also dem-
onstrated in vitro following the preparation of detergent cell
extracts. In addition, there was no detectable disassociation of
the Grb2-Shc or Grb2-dynamin complexes under the same
conditions which resulted in the disassociation of Grb2 and
SOS. Thus, the physical uncoupling of the SOS-Grb2 complex
is therefore consistent with the typical time frame of ras acti-
vation-inactivation and may account for the termination of the
ras signal.

Previously, several laboratories have established that SOS is
constitutively associated with Grb2 in the unstimulated (basal)
state. However, these studies did not detect any significant
differences in the degree of SOS-Grb2 association following
hormone stimulation since they were performed in cells
treated with activating agents for only 2 to 5 min (8, 12, 40).
Consistent with our data, 5 min was minimally sufficient to
detect the mobility shift of SOS and disassociation from Grb2
in 3T3-L1 adipocytes. However, complete disassociation of the
SOS-Grb2 complex was not observed until the cells were stim-
ulated for 15 to 30 min. Thus, the data presented in this study
are consistent with these previous studies and demonstrate
that the uncoupling between SOS and Grb2 occurs as a time-
dependent event.

SOS contains seven consensus MAP kinase phosphorylation
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FIG. 10. Schematic model representating a proposed mechanism accounting
for the transient activation of ras. The relative activation state of ras (GTP versus
GDP bound) is determined by the activities of rasGAP and SOS. In this model,
the tyrosine kinase receptor activation of ras occurs via the targeting of the
SOS-Grb2 complex to tyrosine-phosphorylated Shc. Subsequent to ras activation,
the rafl kinase or related kinase becomes associated with GTP-bound ras and
can then function to phosphorylate and activate a kinase cascade leading to
activation of a MAP kinase (MAPK) family member(s). In turn, MAP kinase
phosphorylates numerous proteins including MEK, raf, and perhaps SOS. The
phosphorylation may be a necessary event in the disassociation of SOS from
Grb2, thereby terminating the ras activation signal. In this manner, the MAP
kinase phosphorylation of SOS could provide a feedback loop that results in a
transient pattern of ras activation.

sites within the carboxyl-terminal proline-rich motif responsi-
ble for Grb2 SH3 binding (8, 12, 40, 44). In addition, several
lines of evidence indicate that SOS is a direct substrate for
MAP kinase activity. This includes in vitro phosphorylation of
SOS by purified MAP kinase and the overexpression of MAP
kinase, which results in a hypermobility shift of SOS (Fig. 2) (9,
49). Taken together, these observations suggest the presence
of a potential MAP kinase feedback loop as illustrated in Fig.
10. Insulin-stimulated receptor tyrosine kinase activity results
in the tyrosine phosphorylation of Shc. The association of
SOS-Grb2 complexes with tyrosine-phosphorylated Shc leads
to ras activation. This is presumably due to the appropriate
targeting of SOS to ras, thereby initiating guanylnucleotide
exchange of GTP for GDP. Once activated, ras couples to raf
and in the presence of the raf-associated 14-3-3 proteins stim-
ulates raf activity (13, 15, 21). In turn, activated raf phospho-
rylates and stimulates the kinase activity of the tyrosine/threo-
nine-specific kinase MEK. MEK then directly phosphorylates
MAP kinase, leading to its subsequent activation and the phos-
phorylation of MAP kinase substrates. Although our data dem-
onstrate a relationship among the activation of the MAP ki-
nase pathway, phosphorylation of SOS, and subsequent
disassociation of the SOS-Grb2 complex, these data do not
directly address which kinases are responsible for SOS phos-
phorylation. Since MAP kinase is one likely candidate, we
speculate that a MAP kinase-dependent phosphorylation of
SOS may be necessary for the disassociation of Grb2-SOS
complexes, thereby terminating the ras activation signal and
allowing rasGAP to convert GTP-bound ras to the inactive
GDP-bound state.

This proposed feedback mechanism is analogous to the glu-
cose regulation of adenylyl cyclase in Saccharomyces cerevisiae
(18). In this pathway, the glucose signal is processed through
the guanylnucleotide exchange factor Cdc25, which leads to
the activation of ras and increased formation of intracellular
cyclic AMP (cAMP). Subsequent activation of the cAMP-de-
pendent protein kinase results in the phosphorylation and the
disassociation of Cdc25 from the plasma membrane, thereby
decreasing the exchange of GDP for GTP and reducing the
level of ras activation.
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In mammalian cells, there are several predictions and/or
consequences of this proposed MAP kinase feedback pathway
of ras regulation. Assuming that MAP kinase phosphorylation
of SOS is the only event required for the uncoupling of the
SOS-Grb2 complex, then any agent which increases MAP ki-
nase activity should increase SOS phosphorylation and com-
plex disassociation. This appears to be the case for several
agents examined in this study including insulin, PDGF, TPA,
and serum. In addition, following 48 h of v-ras or v-raf expres-
sion, a new steady state is reached with a partial serine/threo-
nine-phosphorylated state of SOS. This partial phosphoryla-
tion of SOS results in a partial disassociation of the SOS-Grb2
complex. Furthermore, insulin stimulation of the v-ras- or v-
raf-transfected cells augments the extent of SOS phosphoryla-
tion via a further increase in MAP kinase (data not shown) and
induces a complete uncoupling of SOS-Grb2 binding. Since
agents that activate MAP kinase (v-ras, v-raf, and TPA) inde-
pendently of tyrosine kinase activity were also able to induce
disassociation, the phosphorylation of SOS may be sufficient to
uncouple the SOS-Grb2 complex.

Under this assumption, a reduction in the binding between
SOS and Grb2 should also be reconstituted in vitro. In this
regard, we have been able to demonstrate that a GST-Grb2
fusion protein can also detect the difference in SOS binding
affinities from control and insulin-stimulated cells (Fig. 5 and
6A). However, we have not been able to demonstrate a differ-
ence in Grb2 binding to SOS following immunoprecipitation of
SOS and incubation with purified GST-Grb2 protein (Fig. 6B).
These data suggest that, although SOS phosphorylation is ap-
parently necessary for the uncoupling of SOS-Grb2 interac-
tion, it is not sufficient and another event may be required. The
most likely explanation is the presence of an additional SOS-
binding protein in the extracts from insulin-stimulated cells
which was removed during the aSOS immunoprecipitation.
Alternatively, it remains possible that, under the solid-phase
conditions present in an immunoprecipitate, the antibody itself
might perturb the interactions between SOS and Grb2, mask-
ing any affinity differences. Further studies will be necessary to
clarify whether SOS phosphorylation per se is necessary and/or
sufficient to induce the disassociation of the SOS-Grb2 com-
plex.

Several studies have documented a feedback pathway
whereby activation of the downstream MAP kinase phospho-
rylates the upstream kinases raf (1, 27) and MEK (31). The
MAP kinase phosphorylation of raf inhibits raf kinase activity
and thus provides an additional mechanism for the termination
of MAP kinase signaling as well as the transient activation of
MAP kinase activity (49). Since this pathway can effectively
inactivate the MAP kinase cascade, there does not appear to
be any specific cellular need to uncouple the SOS-Grb2 com-
plex simply to terminate MAP kinase activation. We therefore
speculate that the MAP kinase feedback mechanism responsi-
ble for the transient stimulation of ras is necessary in order to
inhibit other parallel signaling pathways mediated by activated
ras.

In summary, we have observed that growth factor stimula-
tion of the ras signaling pathway and subsequent activation of
MAP kinase generate a feedback pathway which results in the
phosphorylation of SOS. The extent of this phosphorylation
reaction parallels the uncoupling of the SOS-Grb2 complex
without affecting the association of Grb2 with Shc or dynamin.
The disassociation of SOS from Grb2 and, therefore, Shc may
account for the transient activation of ras by removing the
stimulatory signal for ras GTP loading. Further studies will be
necessary to directly establish whether this is a direct conse-
quence of MAP kinase-stimulated SOS phosphorylation and to
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identify the physiological consequences of this event in the
control of ras desensitization.
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ADDENDUM IN PROOF

After the submission of this article, Cherniak et al. (A. D.

Cherniak, J. K. Klarlund, B. R. Conway, and M. P. Czech, J.
Biol. Chem. 270:1485-1488, 1995) also described in an insulin-
stimulated disassociation of the SOS-Grb2 complex in 3T3L1
adipocytes.
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