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Binding of the Ras Activator Son of Sevenless to 
Insulin Receptor Substratel Signaling Complexes 

Kurt Baltensperger, Lynn M. Kozma, Andrew D. Cherniack, 
Jes K. Klarlund, Anil Chawla, Utpal Banerjee, Michael P. Czech 

Signal transmission by insulin involves tyrosine phosphorylation of a major insulin 
receptor substrate (IRS-1) and exchange of Ras-bound guanosine diphosphate for 
guanosine triphosphate. Proteins containing Src homology 2 and 3 (SH2 and SH3) 
domains, such as the p85 regulatory subunit of phosphatidylinositol-3 kinase and growth 
factor receptor-bound protein 2 (GRBP), bind tyrosine phosphate sites on IRS-1 through 
their SH2 regions. Such complexes in COS cells were found to contain the heterolo- 
gously expressed putative guanine nucleotide exchange factor encoded by the Dro- 
sophilason ofsevenlessgene (dSos). Thus, GRB2, p85, or other proteins with SH2-SH3 
adapter sequences may link Sos proteins to IRS-1 signaling complexes as part of the 
mechanism by which insulin activates Ras. 

Insulin receptors as well as other tyrosine signaling pathway necessary for eye devel- 
kinases can elicit biological actions by opment (5, 6). The dSos protein and two 
increasing the steady-state level of guano- mouse homologs denoted as mSosl and 
sine triphosphate (GTP)-bound Ras pro- mSos2 (7) each contain a region with 
teins ( 1 1 1 ) .  The mechanism of Ras acti- amino acid sequence similarity to the cat- 
vation by insulin appears to involve the 
stimulatibn of nucleotide ex- 
change activity, causing release of bound 
guanosine diphosphate (GDP) followed by 
GTP binding to Ras (2). Genetic studies 
of Drosophila melanoguster have identified a 
protein, Son of sevenless (dSos), as a 
putative activator of Ras. Its function is 
reauired downstream of the sevenless tv- 
rosine kinase and upstream of Ras in a 
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Molecular Biology, University of Massachusetts Med- 
ical Center, 373 Plantation Street, Worcester, MA 
01605. 
U. Banerjee. Department of Biology, University of 
California at Los Angeles, Los Angeles, CA 90024. 

alytic domain of the yeast Ras exchange 
factor CDC25. The mSosl and mSos2 
proteins are widely distributed in mouse 
tissues, in contrast to brain-specific Ras 
exchange factors (8). Thus, the Sos pro- 
teins are excellent candidates for mediat- 
ing the effects of the insulin receptor on 
GTP binding to Ras. 

In our studies here the dSos comple- 
mentary DNA (cDNA) was modified to 
encode a hemagglutinin (HA) epitope ex- 
tension at its COOH-terminus to allow its 
immunoprecipitation and immunoblotting 
(9). Cotransfection of this dSosHA cDNA 
with that encoding human H-Ras in- 
creased the amount of GTP-bound Ras in 
32P-labeled COS-1 cells to 10 times that 
found in cells transfected with human 
H-Ras alone (Fig. 1). Co-expression of 
human insulin receptors with human 
H-Ras in COS-1 cells led to a threefold 
increase in GTP-bound Ras, even in the 
absence of added insulin. This is a result of 
the large amounts of the receptor ex- 
pressed under these conditions, although 

Fig. 1. Stimulation of Ras GTP-GDP exchange ~ -. - 

in intact cells by expression of recombinant 
dSosHA. COS-1 cells were transiently trans- 

""P-' ' rt I7f 
fected (25) with the cDNAs encoding H-Ras , *  e 
(26), dSosHA (9), or the human insulin receptor GTP- 
(hlR) (24) subcloned into the mammalian ex- 
pression vector pCMV (27) as indicated. Two @ @ @  
days after transfection, the cells were labeled 
with carrier-free [32P]orthophosphate (1.0 mCi/ p21 H-Ras - - + +  + +  
ml) for 4 hours in phosphate-free medium. The 
cells were lysed, and Ras was immunoprecip- dSOSH* + + 

- - + + 
itated (4) with mAb to Ras [cell supernatant of 
the hybridoma cell line Y13-259 (American hlR - + - + - + 
Type Culture Collection)]. Guanine nucleotides 
bound to Ras were dissociated and subsequently separated on polyethylenimine-cellulose thin- 
layer chromatography (TLC) plates (Merck, Darmstadt, Germany) (28). The positions of the GTP 
and GDP standards on the same TLC plate are indicated. 
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insulin treatment further increases Ras 
activation about twofold (1 0). Insulin re- 
ceptor expression in the absence or pres- 
ence of insulin did not further augment 
the effect of dSosHA on the amounts of 
GTP-bound Ras (Fig. 1) unless submaxi- 
ma1 amounts of dSosHA were used (1 0). 
These results indicate that when overex- 
pressed, the dSosHA protein catalyzes 
GDP release from human Ras in intact 
COS-1 cells; such results are consistent 
with the involvement of Sos proteins in 
insulin-stimulated Ras activation. 

The hypothesis that the insulin recep- 
tor might regulate Sos proteins by direct 
tyrosine phosphorylation in intact cells 
was examined (Fig. 2). COS-1 cells ex- 
pressing the dSosHA protein with or with- 
out insulin receptors were labeled with 

"P, and proteins in cell lysates were im- 
munoprecipitated with the monoclonal 
antibody (mAb) to HA, 12CA5. Separa- 
tion of the immune complexes by SDS- 
polyacrylamide gel electrophoresis (SDS- 
PAGE) revealed a phosphorylated 
180,000-kD band that was absent in un- 
transfected cells (Fig. 2A). Labeling of the 
dSosHA protein with 32P was unaffected 
by expression of insulin receptors in the 
presence of insulin. Phosphoamino acid 
analysis of the "P-labeled dSosHA pro- 
tein from cells with or without expressed 
insulin receptors showed similar amounts 
of phosphoserine and phosphothreonine, 
but no phosphotyrosine was detected (Fig. 
2B). 

Another way by which the insulin re- 
ceptor may regulate Ras exchange proteins 

Fig. 2. Phosphorylation of dSosHA on Ser and Thr A I 

residues in intact cells. COS-1 cells were transiently 
B 

transfected with the human insulin receptor (hlR) or 
dSosHA cDNAs and labeled with carrier-free d s o s ~ ~ -  
[32P]orthophosphate (6 mCilml) as described (Fig. 
1). Cells transfected with hlR cDNA were then stim- 
ulated for 10 min with human insulin (ins.) (100 nM). 
A lysate was prepared, and dSosHA was immuno- 
precipitated (29). Two-dimensional phosphoamino 
acid analysis of dSosHA was performed after sepa- 
ration of the proteins by SDS-PAGE (6% gel), trans- dSosHA + fer to Immobilon-P transfer membranes (Millipore), 
and localization of the dSosHA band by autoradiog- hlR + ins. 
raphy as described (30). (A) Autoradiograph of the dS0sHA - + + 
lmmobilon membrane. (6) Autoradiograph after two- hlR + ins. - , + 

dimensional thin-layer electrophoresis. S, phospho- 
serine; T, phosphothreonine; Y, phosphotyrosine. 
The position of the phosphotyrosine marker is indi- 
cated by the circle. 

Fig. 3. Insulin receptor-dependent association of A 
IRS-1 with transiently expressed dSosHA. Dishes 
(100 mm) of COS-1 cells were transiently trans- ~SOSHA + - + + + 
fected (25) with dSosHA, insulin receptor (hlR), h l R +  + - + .  
or with catalytically inactive insulin receptor h l f l ( ~ l a l ~ ~ ~ \  - - - - + 
[hlR(Ala1030)] (31) as indicated. Forty-eight hours 
after transfection, immunoprecipitates were pre- dSosH 

Anti-HA 
pared from cell lysates (3, 32) after the cells were 
starved of serum for 2 hours. This treatment GAr-  - Anti-GAP 
down-regulated basal levels of PI-3 kinase asso- Lysate Anti-IRS-1 
ciated with tyrosine-phosphorylated proteins in 
cells that were not transfected with the insulin 
receptor. In insulin receptor-transfected cells, 
signaling was still fully maintained by approxi- B 
mately 20% of the insulin receptors that remained dSosHA+ + - + + + 
tyrosine-phosphorylated under these conditions RIR+ + + - + - 
(18). (A) Proteins in the immune complexes (from h l ~ ( ~ l ~ i 0 3 0 )  - - - - - + 
45 pI of lysate) or in cleared lysates (8 pl) were 
separated by reducing SDS-PAGE (6% gel) and PI-3P- 
analyzed by protein immunoblotting with anti- 
body 12CA5 (anti-HA) (Babco, Berkeley, Califor- Anti- Pre- Anti-IRS-1 
nia) or antibody to GAP (anti-GAP) (Zymed Lab- p85 IRS-1 
oratories, San Francisco, California) and detec- 
tion by enhanced chemiluminescence (ECL) (Amersham). The positions of dSosHA and GAP are 
indicated. (6) Immune complexes with the indicated antibodies from COS cell lysates (200 FI) 
were assayed for PI-3 kinase activity with [y-32P]adenosine triphosphate and phosphatidylinositol 
as the substrates (3, 33). The products were separated by TLC (34). Anti-p85, antibody to PI-3 
kinase subunit p85 (Upstate Biotechnology, Lake Placid, New York); Pre-IRS-1, preimmune 
serum to IRS-1; PI-3P, phosphatidylinositol 3'-phosphate. 
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is by physical association (1 1 ) . Complexes 
between a major cellular substrate protein 
denoted as the insulin receptor substrate-1 
(IRS-1) (12) and other proteins are 
formed in response to tyrosine phosphoryl- 
ation of IRS-1 by the insulin receptor. 
Tyrosine-phosphorylated IRS-1 associates 
with the Src homology 2 (SHZ)-contain- 
ing proteins phosphatidylinositol-3 kinase 
(PI-3 kinase) and growth factor receptor- 
bound protein 2 (GRB2) (1 3), which also 
contain SH3 domains. Importantly, 
GRBZ is a human homolog of Sem-5, 
identified in genetic studies as a key ele- 
ment in Ras activation in Cuenorhabditis 
elegans (14). GRBZ has been shown to 
stimulate DNA synthesis when microin- 
jected into rat fibroblasts with Ras (15). 
The Sos proteins are devoid of SH2 and 
SH3 domains. However, recent reports 
identified a protein, 3BP1, that binds SH3 
domains through a proline-rich motif 
similar to those in the Sos proteins (1 6). 
The dSos protein binds directly to a Dro- 
sophila homolog of Sem-5 and GRB2, Drk 
(17). This information suggests the hy- 
pothesis that Sos proteins may associate 
with IRS-1 signaling complexes indirectly 
through SH3 domains of adapter proteins 
such as GRBZ or p85 that in turn bind 
tyrosine phosphate sites through their 
SH2 domains. 

To test this hypothesis, we immunopre- 
cipitated lysates from COS-1 cells express- 
ing dSosHA and native insulin receptor or 
a catalytically inactive mutant receptor 
with antiserum to IRS- 1 (anti-IRS- 1). 
When cells were transfected with dSosHA 
or cotransfected with the catalytically in- 
active receptor and dSosHA, anti-IRS-1 
immunoprecipitates contained small 
amounts of dSosHA as detected with the 
HA antibody (anti-HA) (Fig. 3A). The 
association of IRS-1 and dSosHA in the 
absence of the transfected native insulin 
receptor may reflect the presence of resid- 
ual tyrosine-phosphorylated IRS-1 after 2 
hours of serum starvation. Importantly, 
cotransfection of cells with the native 
insulin receptor and dSosHA increased 
the amount of dSosHA protein found in 
IRS-1 immune complexes, as detected by 
immunoblot analysis with the HA anti- 
body (Fig. 3A). Moreover, tyrosine-phos- 
phorylated IRS-1 was observed in anti-HA 
immunoprecipitates from cells cotrans- 
fected with the insulin receptor and 
dSosHA (18). These results suggest that 
tyrosine phosphorylation of IRS-1 by a 
catalytically active insulin receptor is re- 
quired to promote the interaction of 
dSosHA with IRS- 1. Endogenous guano- 
sine triphosphatase activating protein 
(GAP), which contains SH2 and SH3 
domains, as well as the expressed dSosHA 
were present in total cell lysates, but GAP 
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Fig. 4. Insulin receptor-dependent co-immu- A B 
noprecipitation of PI-3 kinase with transiently Anti-HA - -pas (anti-pas) -PI-3P 
expressed dSosHA. COS-1 cells were tran- 
siently transfected as indicated and starved of A ~ ~ ~ - H A , ~ ~ S O S H A  (anti-HA) 
serum for 2 hours (Fig. 3). The dSosHA protein 
was immunoprecipitated from cell lysates (3, LyS*e-~o-h"R Psu (CT-i) --Origin 
32) and assayed for coprecipitation of PI-3 - + + ~ S O S H A  - + + ~ S O S H A  

kinase. (A) Half of the immunoprecipitate was + + - ~ I R  + + . ~ I R  
separated by reducing SDS-PAGE (8% gel) - - + hlR(AlalOCO) - - + hlR(Ala'030) 
and analyzed by protein immunoblotting with 
anti-HA or polyclonal anti-p85 and detection by ECL. Total lysates were analyzed for overex- 
pression of hlR or hlR(Alalo3O) with antibody CT-1 (20) (hlR p-SU, insulin receptor p-subunit). (B) 
The remaining half of the immunoprecipitate was assayed for PI-3 kinase activity as described 
(Fig. 3). 

was not detected in IRS-1 irnmunoprecip- 
itates, which is consistent with previous 
studies (1 9). Anti-IRS- 1 immunoprecipi- 
tates from cells transfected with native 
insulin receptor cDNA but not catalytical- 
ly inactive receptor cDNA contained in- 
creased PI-3 kinase activity, accounting 
for about 40% of that immunoprecipitated 
with p85 antiserum (Fig. 3B). 

If dSosHA and PI-3 kinase are recruit- 
ed to the same IRS-I protein complex, 
specific immunoprecipitation of dSosHA 
should coprecipitate the regulatory sub- 
unit of PI-3 kinase, p85, and PI-3 kinase 
activity. We tested this by co-expressing 
dSosHA with native or catalytically inac- 
tive insulin receptors and immunoprecip- 
itating cell lysates with 12CA5 antibody. 
When blotted with 12CA5 antibody, 
these immunoprecipitates revealed an im- 
munoreactive species at about 180,000 
kD, as expected in lysates of COS-1 cells 
transfected with dSosHA but not in un- 
transfected cells (Fig. 4A). Expression of 
native or catalytically inactive insulin re- 
ceptors was confirmed in lysates of COS-1 
cells transfected with the respective con- 
structs with the use of COOH-terminal 
insulin receptor mAb, CT-1 (20). In- 
creased amounts of the p85 regulatory 
subunit of PI-3 kinase (Fig. 4A) and PI-3 
kinase activity (Fig. 4B) were detected in 
the anti-HA immunoprecipitate from cells 
cotransfected with dSosHA and the native 
insulin receptor compared to the amounts 
in anti-HA immunoprecipitates from cells 
expressing the catalytically inactive insu- 
lin receptor mutant. Thus, dSosHA and a 
portion of the endogenous PI-3 kinase 
appear to be colocalized in the same IRS- 
I-containing protein complex in response 
to insulin receptor tyrosine kinase. 

Results related to the insulin receptor 
and other tyrosine kinases (1 3-15, 17) as 
well as those in the accompanying paper 
by Skolnik et al. (21) suggest that the 
SH2-SH3-containing GRBZ protein is the 
most likely adapter that links IRS-1 to 
dSosHA expressed in COS-1 cells. How- 
ever, IRS-l complexes also contain p85 
(Fig. 3) and potentially other, yet uniden- 
tified proteins that contain both SH2 and 

SH3 domains. Identification of which pro- 
teins actually serve as the putative adapter 
or adapters in the insulin signaling path- 
way will require detailed experiments on 
endogenous Sos proteins in primary insu- 
lin-responsive cell types, such as liver, 
muscle, and fat. 

How might the recruitment of Sos pro- 
teins to IRS-1 complexes elicit Ras acti- 
vation? Both Ras and receptor tyrosine 
kinases are present at the plasma mem- 
brane. Recent findings suggest that com- 
plexes of GRBZ and Sos associate with the 
epidermal growth factor (EGF) receptor 
upon cell stimulation (22). Although 
IRS-1 has been thought to be largely 
cytoplasmic, a subpopulation of IRS-1 
proteins binds to insulin receptors in in- 
tact cells (18, 23). The association of Sos 
with IRS-1 may be a means to translocate 
the exchange factor to the plasma mem- 
brane in a position to interact with Ras. 
The binding of Sos proteins to IRS-1 
signaling complexes may also lead to in- 
creased intrinsic guanine nucleotide ex- 
change activity. 
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