MoOLECULAR AND CELLULAR BIOLOGY, Jan. 1994, p. 509-517
0270-7306/94/$04.00+0
Copyright © 1994, American Society for Microbiology

Vol. 14, No. 1

A New Function for a Phosphotyrosine Phosphatase: Linking
GRB2-Sos to a Receptor Tyrosine Kinase

WEI LI'* RIKO NISHIMURA,' ADAM KASHISHIAN,?> ANDREAS G. BATZER,! WILLIAM J. H. KIM,!

JONATHAN A. COOPER,? anD JOSEPH SCHLESSINGER!

Department of Pharmacology, New York University Medical Center, New York, New York 10016,*
and Fred Hutchinson Cancer Research Center, Seattle, Washington 98104>

Received 13 August 1993/Returned for modification 4 October 1993/Accepted 8 October 1993

Autophosphorylated growth factor receptors provide binding sites for the src homology 2 domains of
intracellular signaling molecules. In response to epidermal growth factor (EGF), the activated EGF receptor
binds to a complex containing the signaling protein GRB2 and the Ras guanine nucleotide-releasing factor Sos,
leading to activation of the Ras signaling pathway. We have investigated whether the platelet-derived growth
factor (PDGF) receptor binds GRB2-Sos. In contrast with the EGF receptor, the GRB2 does not bind to the
PDGEF receptor directly. Instead, PDGF stimulation induces the formation of a complex containing GRB2; 70-,
80-, and 110-kDa tyrosine-phosphorylated proteins; and the PDGF receptor. Moreover, GRB2 binds directly
to the 70-kDa protein but not to the PDGF receptor. Using a panel of PDGF B-receptor mutants with altered
tyrosine phosphorylation sites, we identified Tyr-1009 in the PDGF receptor as required for GRB2 binding.
Binding is inhibited by a phosphopeptide containing a YXNX motif. The protein tyrosine phosphatase
Syp/PTP1D/SHPTP2/PTP2C is approximately 70 kDa, binds to the PDGF receptor via Tyr-1009, and contains
several YXNX sequences. We found that the 70-kDa protein that binds to the PDGF receptor and to GRB2
comigrates with Syp and is recognized by anti-Syp antibodies. Furthermore, both GRB2 and Ses coimmuno-
precipitate with Syp from lysates of PDGF-stimulated cells, and GRB2 binds directly to tyrosine-phosphory-
lated Syp in vitro. These results indicate that GRB2 interacts with different growth factor receptors by different
mechanisms and the cytoplasmic phosphotyrosine phosphatase Syp acts as an adapter between the PDGF

receptor and the GRB2-Sos complex.

The Ras family of low-molecular-weight guanine nucleo-
tide-binding proteins is implicated in the control of cell
growth and differentiation (5). Two lines of experimental
evidence indicate that Ras is a crucial downstream compo-
nent of the signaling pathways of growth factor receptors
with protein tyrosine kinase activity. First, microinjection of
monoclonal anti-Ras antibody (Y13-259) prevents NIH 3T3
cells from entering S phase in response to serum and blocks
transformation by tyrosine kinase receptor-like oncogenes
(34, 52). Second, expression of a dominant negative Ras
mutant (Asn-17) blocks growth factor-stimulated DNA syn-
thesis and cell proliferation in NIH 3T3 cells, morphological
differentiation of PC12 cells, and Raf-1 and mitogen-acti-
vated protein kinase activation in both cell types (7, 56, 57,
61). Furthermore, expression of oncogenic Ras mutants
activates extracellular signal-regulated kinases and triggers
cell proliferation in the absence of growth factors (2, 26, 61).

Ras exists in two states in cells, the active GTP-bound
state and the inactive GDP-bound state. The two states are
interconverted by the Ras GTPase activating proteins, which
enhance the intrinsic GTPase activity of Ras and therefore
change GTP-bound Ras to GDP-bound Ras, and by the
activity of guanine nucleotide-releasing factors, which stim-
ulate the exchange of GDP to GTP of Ras (42). The ratio of
GTP-bound to GDP-bound forms is low in quiescent cells
and becomes elevated in growth factor-stimulated cells (20,
45). Growth factor stimulation probably increases the ratio
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of GTP-bound Ras to GDP-bound Ras by either activating or
recruiting guanine nucleotide-releasing factors (27, 63).

Phosphorylation of tyrosine kinase receptors on tyrosine
residues provides high-affinity binding sites for cellular src
homology 2 (SH2)-containing signaling molecules. SH2 do-
mains have been identified for a wide range of molecules,
which can be divided into two classes. One class contains
proteins which contain functional or enzymatic domains
such as src family tyrosine kinases, phospholipase Cy,
GTPase activating protein, two protein tyrosine phos-
phatases (PTP1C and Syp/PTP1D/SHPTP2/PTP2C), tran-
scription factor ISGF-3, and the putative GDP-GTP ex-
changer Vav. The second class of proteins lacks any known
catalytic domain and is composed virtually exclusively of
SH2 and SH3 domains. Members of this group include Crk,
GRB2, and Nck. It now seems that some of these proteins
function as adapters to link receptor tyrosine kinases to a
downstream effector molecule(s) (38).

GRB? is ubiquitously expressed and entirely composed of
one SH2 domain and two SH3 domains (30, 32). Microinjec-
tion of GRB2 protein potentiates the effect of Ras on cellular
mitogenesis (30). GRB2 is the mammalian homolog of Sem-5
in Caenorhabditis elegans and Drk in Drosophila melano-
gaster (11, 30, 36). Genetic analysis indicates that Sem-5 and
Drk act downstream of protein tyrosine kinase receptors and
upstream of Ras during vulval development in C. elegans
and eye development in D. melanogaster, respectively (11,
36, 49). Recently, it has been demonstrated that GRB2 acts
as an adapter molecule by binding to the activated epidermal
growth factor (EGF) receptor via its SH2 domain and to
guanine nucleotide-releasing factor, Sos, through its SH3
domains, leading to an increase in the proportion of Ras
bound to GTP (6, 10, 15, 18, 28, 36, 38, 43, 48, 49).
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How the specificity of each growth factor receptor is
controlled is poorly understood. Depending on both the
identity of the tyrosine kinase receptor and the nature of the
target cell, a given receptor can elicit proliferative, differen-
tiative, or metabolic responses in the cell. One level of
control may lie in the specificity of the receptor-signaling
protein complex formation. This is determined, at least in
part, by the structures of individual SH2 domains and the
local sequences surrounding phosphorylation sites in the
receptors (8, 33, 37, 46). Additional factors may limit the
interactions in the cell (13).

We have compared the interaction of GRB2 with the EGF
receptor and platelet-derived growth factor (PDGF) receptor
(PDGFR). We found that, while GRB2 binds to the EGF
receptor directly via its SH2 domain, its association with the
PDGFR appears to be indirect, through the previously iden-
tified protein tyrosine phosphatase Syp/PTP1D/SHPTP2/
PTP2C (1, 16, 17, 60). This result indicates that different
growth factor receptors can interact with the same down-
stream signaling molecule by different mechanisms and that
the Syp phosphatase is multifunctional.

MATERIALS AND METHODS

HERI14 cells (NIH 3T3 cell transfected with human EGF
receptor) were cultured in Dulbecco modified Eagle medium
containing 10% calf serum as previously described (21). Dog
kidney epithelial cells (TRMP) expressing wild-type or mu-
tant human PDGFRs type B were maintained as described
previously (23, 24). Human recombinant PDGF-BB and
EGF were purchased from INTERGEN (Purchase, N.Y.).
Anti-human PDGFR antibodies were used as previously
described (23). Polyclonal rabbit anti-human GRB2 and
anti-phosphotyrosine (PY) antibodies were generated and
used as previously described (30, 35). Rabbit anti-mouse Syp
antibody was kindly provided by Gen-Sheng Feng and Tony
Pawson (Samuel Lunenfeld Research Institute, Mount Sinai
Hospital, Toronto, Canada). Generation and production of
glutathione S-transferase (GST) fusion proteins of GRB2 and
Nck was as previously described (29, 30).

In vitro binding assays. GST-GRB2, GST-GRB2-SH2, and
GST-Nck fusion proteins were freshly prepared for the in
vitro binding experiments. Stimulation of cells with PDGF
for 5 min and EGF for 2 min at 37°C, under which the
maximum protein tyrosine phosphorylation was achieved,
was used throughout the study. Lysates of HER14 cells
stimulated with or without PDGF (50 ng/ml) were incubated
with GST-GRB2 or GST-GRB2-SH2 proteins immobilized
on glutathione-agarose beads for 1 h at 4°C. For binding
competition experiments, the GST-GRB2 or GST-Nck beads
were preincubated with the phosphopeptides for 1 h at 4°C
prior to incubation with the cell lysate. The beads or
immunocomplexes were washed three times with the lysis
buffer (29) and one time with radioimmunoprecipitation
assay (RIPA) buffer (20 mM Tris-HCl [pH 7.4], 300 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 1% sodium deoxy-
cholate, and 0.1% sodium dodecyl sulfate [SDS]) and boiled
in 1x electrophoresis sample buffer. The supernatants were
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE),
transferred to nitrocellulose membrane, and immunoblotted
with anti-PDGFR antibodies. The PDGFR was visualized by
incubation with '*I-protein A and autoradiography.

To dissociate and denature the preexisting protein com-
plexes, cells stimulated in the presence or absence of
PDGF-BB (50 ng/ml) or EGF (250 ng/ml) were lysed in a
small volume (107 cells in 100 pl) of lysis buffer (29), but the
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1% Triton X-100 was replaced with 0.2% Triton X-100 and
1% SDS. After centrifugation (14,000 x g for 15 min at 4°C),
the supernatants were heated to 95°C for 5 min, cooled on
ice, and then diluted with the Triton X-100 lysis buffer (35) so
that the final concentration of SDS was 0.1%. Under these
conditions, preexisting protein complexes were dissociated
and denatured (35; data not shown). The samples were
incubated either with GST-GRB2 or with GST-Nck fusion
proteins immobilized on agarose beads or with antibodies
against GRB2 or Syp and analyzed by SDS-PAGE and
Western blot (immunoblot) with **I-protein A and by auto-
radiography.

For the assays of protein-protein interaction on nitrocel-
lulose membrane, proteins were transferred to nitrocellulose
membrane, which was blocked with bovine serum albumin
(BSA), incubated with purified GST-GRB2 or GST-Nck
proteins for 1 h at room temperature, and washed four times
in Tris-buffered saline-Triton X-100 buffer and one time in
Tris-buffered saline without Triton X-100. The GST-GRB2-
or GST-Nck-bound protein bands were visualized by using a
secondary anti-GST antibody and then incubated with '*°I-
protein A and autoradiographed.

Detection of GRB2-PDGFR complex in lysates of PDGF-
stimulated cells. HER14 or TRMP cells were grown to 80%
confluency in 6-cm tissue culture dishes and incubated in
medium containing 0.5% fetal calf serum for 16 h. Cells were
then treated with or without human recombinant PDGF (50
ng/ml for HER14 and 400 ng/ml for TRMP) at 37°C for 5 min,
concentrations at which maximum protein tyrosine phos-
phorylation was detected (data not shown). Cells were
washed three times with ice-cold phosphate-buffered saline
buffer and solubilized in lysis buffer. The supernatants of the
clarified cell lysates were incubated with anti-GRB2 or Nck
antibodies for 3 h at 4°C, and the immunocomplexes were
precipitated by incubation with protein A-Sepharose beads
for 45 min at 4°C. The beads were washed three times with
lysis buffer without BSA and boiled in 1x electrophoresis
sample buffer containing 0.5 M B-mercaptoethanol. The
supernatants were resolved by SDS-PAGE, transferred onto
nitrocellulose membranes, and immunoblotted with anti-
PDGEFR antibodies. The PDGFR was visualized by labeling
with *I-protein A followed by autoradiography. The amount
of PDGFR was determined from the radioactive content of
the excised bands.

Two-dimensional gel electrophoresis analysis. Cells labeled
with 2P, and incubated in the presence of PDGF were
solubilized in lysis buffer. The supernatants were first dena-
tured as described above and then either immunoprecipitated
with anti-Syp antibody or incubated with GST-GRB2 beads as
described above. The immunocomplexes or the beads were
washed six times with RIPA buffer prior to two-dimensional
electrophoresis analysis. Samples of 15 pl were analyzed on
isoelectric focusing gels as described previously and were
then subjected to second-dimension SDS-PAGE (12, 19). The
gels were dried and subjected to autoradiography.

RESULTS

PY-containing proteins complexed with GRB2 in PDGF-
treated cells. HER14 cells (NIH 3T3 cells overexpressing the
human EGF receptor [21]) were stimulated in the presence
or absence of PDGF or EGF and solubilized in the lysis
buffer (Materials and Methods), and their clarified postnu-
clear fractions were immunoprecipitated with rabbit anti-
GRB2 polyclonal antibodies (30). The immunocomplexes
were resolved by SDS-PAGE, transferred to a nitrocellulose
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FIG. 1. Comparison of GRB2-bound PY proteins in EGF- or
PDGF-stimulated cells. Serum-starved HER14 cells stimulated in
the presence or absence of human recombinant PDGF-BB (50 ng/ml)
(A and B) or EGF (250 ng/ml) (B) at 37°C for 5 min or 2 min,
respectively, were solubilized and immunoprecipitated with anti-
GRB2 antibodies. The samples were analyzed by Western blot
analysis with either anti-PDGF («PDGFR) (A) or anti-PY (aPY? A
and B) antibodies. Protein bands were visualized by using '®I-
protein A and autoradiography. IP, immunoprecipitation.

membrane, and immunoblotted with either anti-PDGFR or
anti-PY antibodies. Figure 1A shows that GRB2 coimmuno-
precipitated with the PDGFR from lysates of PDGF-stimu-
lated (lane 2) but not unstimulated (lane 1) cells. When the
samples were immunoblotted with anti-PY antibodies (lanes
3 and 4), the 190-kDa PDGFR and additional bands of 110,
80, and 70 kDa were detected. As shown previously (30), the
activated EGF receptor immunoprecipitated together with
GRB2 from EGF-treated cells. However, the 70-, 80-, and
110-kDa PY-containing proteins were not detected in anti-
GRB-2 immunoprecipitate from EGF-treated HER14 cells
(Fig. 1B, lane 3).

We tested whether the PDGFR and 110-, 80-, and 70-kDa
phosphoproteins could associate with GRB2 in vitro by
adding a GST-GRB2 fusion protein to lysates of control and
PDGF-stimulated cells and detecting bound proteins by
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FIG. 2. SH2 domain of GRB2 is involved in the complex forma-
tion. The lysates of HER14 cells stimulated with or without PDGF
(50 ng/ml) for 5 min at 37°C were either immunoprecipitated with
anti-Sos antibodies (aSOS; lanes 1 and 2) or incubated with GST-
GRB2 (lanes 3 and 4) or GST-GRB2-SH2 (lanes 5 and 6) fusion
protein beads. Samples were resolved in SDS-PAGE, transferred to
nitrocellulose membrane, and immunoblotted with anti-PY (aPY)
antibodies. Protein bands were visualized by incubating with 1°I-
protein A and autoradiography. IP, immunoprecipitation.

using anti-PY antibodies. The 190-kDa PDGFR and 70-, 80-,
and 110-kDa proteins complexed with GST-GRB?2 in vitro
(Fig. 2, lanes 3 and 4). This binding was mediated by the SH2
domain of GRB2, because a GST-GRB2-SH2 fusion protein
also bound the three proteins, with a decrease in the inten-
sity of the 80-kDa band (Fig. 2, lanes 5 and 6). However, this
experiment does not address whether the SH2 domain of
GRB2 binds to a complex of the three proteins or binds
directly to each of the three proteins.

GRB2 binds directly to a 70-kDa tyrosine-phosphorylated
protein in PDGF-treated cells. The association of GRB2 with
the EGF receptor or PDGFR could be direct or indirect. To
test for direct binding, we used two approaches. First, we
assayed GRB2 binding to the EGF receptor or PDGFR from
heat- and SDS-denatured cell lysates. Cells, unstimulated or
stimulated with PDGF, were lysed and heat denatured at
95°C in the presence of SDS. The lysates were then incu-
bated with GST-GRB2 fusion protein immobilized on gluta-
thione beads. The unbound material was removed, and the
beads were washed prior to Western blot analysis with
anti-PDGFR antibodies. GST-NCK fusion protein was in-
cluded as a positive control, since it binds to both the
undenatured and denatured PDGFR (35). As shown in Fig.
3A, both GST-GRB2 and GST-NCK bound to the tyrosine-
phosphorylated PDGFR from the undenatured cell lysate
(lanes 2 and 4). The nature of the lower-molecular-weight
bands in lane 4 is unknown; possibly it’s some degraded
species of the PDGFR. However, GST-GRB2 failed to bring
down the PDGFR from the denatured cell lysate (lane 8),
while GST-NCK beads were still able to bind (lane 6). In a
similar experiment, but stimulated with EGF, GRB2 bound
to the EGF receptor from both nondenatured and denatured
cell lysates (data not shown). These results suggest that one
or more proteins which are associated with the PDGFR
under nondenaturing conditions are required for GRB2 bind-
ing, whereas NCK is able to bind the PDGFR directly. To
further test this notion, we used a second approach. Proteins
in the total lysates of either EGF- or PDGF-stimulated or
unstimulated cells were resolved by SDS-PAGE, transferred
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FIG. 3. GRB2 binds to EGF receptor (EGFR) directly but to
PDGFR indirectly. The lysates of HER14 cells treated with or
without PDGF (A and B) or EGF (B) as described in the legend to
Fig. 1 were either denatured (A, lanes 5 to 8) by heating at 95°C for
S min in the presence of SDS (1%) or not denatured (A, lanes 1 to 4,
and B) prior to incubation with GST-GRB2 or GST-Nck fusion
protein beads (A) or immunoprecipitation by anti-PY antibodies (B,
lanes 1 to 3) or directly resolved by SDS-PAGE (B, lanes 4 to 7).
Samples were analyzed by Western blot analysis with either anti-
PDGFR (A) or anti-PY antibodies (aPY; B, lanes 1 to 3), followed
by incubating with !*I-protein A, or incubation with purified
GST-GRB?2 fusion protein (B, lanes 4 to 7), followed by incubation
with anti-GST antibody and 'ZI-protein A. The results were visu-
alized by autoradiography.

to nitrocellulose membranes, and probed with purified solu-
ble GST-GRB2 fusion protein. The proteins on the mem-
brane which bound to the soluble GST-GRB2 were visual-
ized by using anti-GST antibodies and then subjected to
incubation with 12°I-protein A and autoradiography (Materi-
als and Methods). Figure 3B shows that GRB2 binds directly
to the tyrosine-phosphorylated EGF receptor and to three
low-molecular-weight proteins on the membrane from EGF-
stimulated cell lysate (lane 4), which most likely represent
the three tyrosine-phosphorylated species of Shc oncogene
products (44). GRB2 did not bind to the PDGFR on mem-
brane; instead it bound to a 70-kDa protein (lane 6). This
protein comigrates with a major PY protein in PDGF-, but
not EGF-, stimulated cells (lanes 1 versus 2). These data
suggest that GRB2 does not bind to the PDGFR directly but
binds to a 70-kDa protein that is phosphorylated on tyrosine
in response to PDGF. Although these results do not directly
address the question of how PDGFR coimmunoprecipitate
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with GRB2, they suggested that the 70-kDa protein could
serve as a linker between the activated PDGFR and GRB2.

Tyrosine 1009 of the PDGFR is involved in binding to
GRB?2. In order to identify the binding site(s) for GRB2 in the
PDGFR, we used previously characterized TRMP cell lines
which express approximately equal amounts of either wild-
type or mutant PDGFR (23). The mutations studied included
tyrosine (Y)-to-phenylalanine (F) substitutions at five previ-
ously identified autophosphorylation sites (Y-740, Y-751,
Y-771, Y-1009, and Y-1021). We first screened these cell
lines for association of the PDGFR with GRB2 protein by
means of coimmunoprecipitation. Serum-starved cells were
stimulated with or without PDGF and solubilized in lysis
buffer. Cell lysates were immunoprecipitated with anti-
GRB2 antibodies. The immunocomplexes were resolved
by SDS-PAGE, transferred to nitrocellulose membrane,
and immunoblotted with anti-PDGFR antibodies. The wild-
type, Y-740—F, Y-740/751—-F, Y-771-F, and Y-1021—F
PDGFRs coimmunoprecipitated with anti-GRB2 antibodies
(Fig. 4A). The slight decrease of the Y-751—F mutant
binding was not reproducible. The Y-1009—F mutation,
however, significantly reduced the amount of PDGFR that
coimmunoprecipitated with anti-GRB2 antibody (lanes 5 and
6). These results indicate that phosphorylation of the Tyr-
1009 in the carboxyl terminus of the PDGFR is involved in
association with GRB2.

To further explore the specificity of the interaction, we
carried out in vitro binding experiments using GST-GRB2
fusion proteins. Lysates of cells treated with or without
PDGF were incubated with either GST alone or GST-GRB2
fusion proteins immobilized on glutathione-agarose beads.
The beads were then washed, and the samples were ana-
lyzed by SDS-PAGE and immunoblotting with anti-PDGFR
antibodies as described above. As shown in Fig. 4B, the
amount of the PDGFR bound to GST-GRB2 beads was
significantly reduced by the Y-1009—F mutation, whereas
other mutations (Y-740—F, Y-751-F, Y-771-F, and
Y-1021—F) had little effect on the GRB2 binding. GST
protein alone did not bind the PDGFR (35; data not shown).
Furthermore, we observed that a phosphopeptide corre-
sponding to the sequence around Y-1009 (from —3 to +9 of
Y1009) inhibited GST-GRB2 association to the PDGFR in
vitro (data not shown). Thus, phosphorylated Tyr-1009 in
the PDGEFR is a region for GRB2 association.

Various experiments have suggested that the SH2 domain
of GRB2 has specificity for PY residues contained in the
primary sequence pYXNX (pY refers to phosphorylated
tyrosine), whereas the sequence around Tyr-1009 of the
PDGFR is YTAV. GRB2 binds to Tyr-1068 (pYINQ) in the
EGF receptor and to the insulin receptor substrate 1 (IRS-1),
which has the consensus of YXNX at Y-727, Y-895, and
Y-939 (5a, 51, 55). GRB2 also binds to Shc (44, 51), appar-
ently through a phosphorylated YVNV motif. Screening a
degenerate phosphopeptide library with the SH2 domain of
GRB2-Sem-5 revealed a similar binding motif, Y(L/V/I/
M)N(V/P) (53). To test whether the association of GRB2
with the PDGFR would be inhibited by synthetic phos-
phopeptides containing the YXN sequence, we used a
phosphopeptide corresponding to the amino acid sequence
of Y-939 (pYMNM) in IRS-1, and a control phosphopeptide,
pY-751 (pYVPM), from the PDGFR as listed in Fig. 5B.
GRB2 association to the PDGFR was inhibited by the
synthetic phosphopeptide pY-939 in a dose-dependent man-
ner (Fig. 5A, lanes 3 and 4), but not by phosphopeptide
pY-751 (lane 5). As a control, we tested Nck binding: pY-939
did not affect Nck binding (lane 2), whereas pY-751 abol-
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FIG. 4. Tyrosine 1009 is involved in the association of GRB2 to the PDGFR. TRMP cells expressing either wild-type or mutant PDGFR
were incubated in the presence or absence of PDGF-BB (400 ng/ml) for 5 min at 37°C prior to solubilization in lysis buffer. The clarified cell
lysates were either immunoprecipitated with anti-GRB2 antibodies (A) or incubated with GST-GRB2 fusion protein beads (B). The samples
were analyzed by Western blot analysis with anti-PDGFR antibodies. These results represent four (A) and three (B) independent experiments.
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FIG. 5. A YXN-containing phosphopeptide inhibits GRB2 asso-
ciation with the PDGFR. The GST-GRB2 (lanes 3 to 7) or GST-Nck
(lanes 1 and 2) protein beads were preincubated with (lanes 1 to 5) or
without (lanes 6 and 7) the phosphopeptides (B; pY refers to
phosphorylated tyrosine) for 1 h at 4°C at concentrations of either 10
uM (lane 4) or 50 pM (lanes 1, 2, 3, and 5). The lysates of
PDGF-stimulated (lanes 1 to 6) or control (lane 7) HER14 cells as
described above were then added to the beads for an additional hour
prior to washing and Western blot analysis with anti-PDGFR
antibodies.

ished the Nck binding completely (lane 1 [35]). These results
indicate that association of GRB2 with the activated PDGFR
can be blocked by phosphopeptides that bind tightly to the
GRB2 SH2 domain but differ from the sequence around
Tyr-1009, suggesting the involvement of another SH2-con-
taining protein in linking GRB2 to the PDGFR.

GRB?2 binds to a protein tyrosine phosphatase. Tyr-1009 is
known to be a binding site for the 65- to 68-kDa protein
tyrosine phosphatase, Syp/PTP1D/SHPTP2/PTP2C (25).
Therefore, GRB2 binding to PDGFR mutants parallels the
binding of Syp. We reasoned that the GRB2-bound 70-kDa
protein might be related to Syp. Several observations are
consistent with this. First, Syp is tyrosine phosphorylated
and associated with PDGFRs in response to PDGF stimula-
tion (16, 60). Syp also binds to activated EGF receptor but is
not phosphorylated extensively in response to EGF (16, 60),
consistent with the decreased binding of GST-GRB2 to the
70-kDa protein on immunoblots of EGF-treated relative to
PDGF-treated lysates (Fig. 3B). Second, the 70-kDa GRB2-
bound PY protein and Syp migrate similarly in SDS-PAGE.
Finally, Syp has three potential GRB2 SH2 binding sites at
Y-279, Y-304, and Y-546 (16). All of these sites are also
conserved in PTP1C (41, 47, 62), and in the Drosophila
homolog corkscrew (40). To test whether GRB2 binds to
Syp, we utilized both coimmunoprecipitation and in vitro
binding assays. The lysates of cells treated with or without
PDGF were immunoprecipitated with either anti-GRB2 or
anti-Syp antibodies. The immunocomplexes were resolved
in SDS-PAGE, transferred to nitrocellulose membrane, and
immunoblotted with anti-Syp, anti-GRB2, or anti-PY anti-
bodies. Figure 6A shows that Syp was coimmunoprecipi-
tated by anti-GRB2 antibodies from PDGF-treated (lane 2)
but not control (lane 1) cell lysates and comigrates on
SDS-PAGE with the 70-kDa PY-containing protein (lane 4).
Conversely, GRB2 was brought down by anti-Syp antibodies
(Fig. 6B, lower panel; lane 2). Approximately 18% of the
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FIG. 6. GRB2-Sos complex coimmunoprecipitates with Syp.
The lysates of PDGF-stimulated or unstimulated HER14 cells as
above were immunoprecipitated with either anti-GRB2 («GRB2; A
and B, lane 3) or anti-Syp (aSyp; B, lanes 1 and 2). The immuno-
complexes were resolved by SDS-PAGE, transferred to nitrocellu-
lose membranes, and immunoblotted with anti-Syp (A, lanes 1 and
2) or anti-PY (A, lanes 3 and 4). (B) The membrane was cut into two
pieces of upper and lower panels as indicated by the middle arrow,
prior to blotting with anti-GRB2 (lower panel) or anti-Sos (aSOS;
upper panel) antibodies. The protein bands were visualized by
15]-protein A and autoradiography and quantitated by counting the
excised bands in a gamma counter. IgG, immunoglobulin G; IP,
immunoprecipitation.

total anti-GRB2 immunoprecipitable GRB2 protein (lane 3)
was coimmunoprecipitated by the anti-Syp antibodies (lane
2). Since the efficiencies of the anti-GRB2 and anti-Syp
immunoprecipitations were 16 and 48%, respectively (data
not shown), the actual Syp-bound GRB2 is ~6% of GRB2
protein in the total cell lysate. To test whether GRB2 can
bind directly to the tyrosine-phosphorylated Syp, anti-Syp
immunocomplexes from lysates of PDGF-stimulated or un-
stimulated cells were resolved by SDS-PAGE, transferred to
nitrocellulose membrane, and incubated with purified, solu-
ble GST-GRB2 as previously described. GRB2 was able to
bind directly to the tyrosine-phosphorylated Syp which was
immobilized on the membrane (Fig. 7, lane 2). To further
make sure that the 70-kDa protein immunoprecipitated by
anti-Syp antibody is Syp PTPase and not some Syp-associ-
ated but unrelated protein which has the same molecular
weight, protein complexes in the cell lysates were dissoci-
ated and denatured by 95°C heat and SDS treatment (Mate-
rials and Methods) prior to anti-Syp immunoprecipitation
(Fig. 7, lanes 3 to 8). GRB2 was still able to bind to the
tyrosine-phosphorylated Syp protein (lane 4) which was
isolated from denatured cell lysates.

These data indicated that the 70-kDa protein is related to
the protein tyrosine phosphatase Syp and that Syp from
PDGF-treated cells is able to bind directly to GRB2. We also
carried out two-dimensional gel electrophoresis analysis of
the GRB2-bound 70-kDa and anti-Syp antibody-immunopre-
cipitated p70 from denatured cell lysates. These two mole-
cules showed similar isoelectrofocusing values and molecu-
lar weights (data not shown). Taken together, these results
indicate that the 70-kDa protein which acts as an adapter
between GRB2 and the PDGFR is antigenically and physi-
cally indistinguishable from the protein tyrosine phosphatase
Syp.
If Syp binds to GRB2, and provided that binding of Syp to

MoL. CELL. BioL.

N-D Denatured
— H e
-+ = * =+ =+ PDGF
kDa
180-8
116_~~
84 -
58~ s e R T - --Syp
485~ ;
ooow - -
365~
1 2 3 4 5 6 7 8
L |
IP xSyp

blot GST-GRB2 «Syp xPY

FIG. 7. GRB2 binds directly to tyrosine-phosphorylated Syp.
The lysates of PDGF-stimulated or unstimulated HER14 cells as
described above were either undenatured (lanes 1 and 2) or dena-
tured (lanes 3 to 8) by heating in the presence of SDS as described
in Materials and Methods and then immunoprecipitated with anti-
Syp antibodies. The immunocomplexes were resolved in SDS-
PAGE, transferred to nitrocellulose membrane, and either incu-
bated with purified GST-GRB2 fusion protein (lanes 1 to 4) or
immunoblotted with anti-Syp («Syp; lanes 5 and 6) or anti-PY (aPY;
lanes 7 and 8) antibodies. Protein bands were visualized by incuba-
tion with I-protein A and by autoradiography. IgG, immunoglob-
ulin G; IP, immunoprecipitation.

GRB2 does not interfere with binding of GRB2 to Sos, then
Syp should also bind to Sos. Anti-Sos or anti-Syp immuno-
precipitates from PDGF-stimulated and control cells were
immunoblotted and probed with either anti-PY (Fig. 2, lanes
1 and 2) or anti-Sos antisera (Fig. 6B, upper panel). The
70-kDa protein was coimmunoprecipitated by anti-Sos anti-
bodies (Fig. 2, lane 2), and Sos was readily detected in
anti-Syp immunoprecipitates from PDGF-treated cells (Fig.
6B, upper panel, lane 2). The coimmunoprecipitation of Sos
by anti-GRB2 antibodies was added as control (Fig. 6B,
upper panel, lane 3). Thus, Syp can bind to the GRB2-Sos
complex.

DISCUSSION

We have found that the PDGFR interacts with GRB2 in a
novel way. Whereas GRB2 binds directly to the activated
EGF receptor, it binds indirectly, via a 70-kDa protein, to
the PDGFR. Using various PDGFR mutants, we demon-
strated that Tyr-1009 is required for the association of the
receptor with GRB2. On the basis of the fact that Tyr-1009 is
a binding site for the 68-kDa protein tyrosine phosphatase
Syp/PTP1D/SHPTP2/PTP2C, we studied the relationship
between the GRB2-bound 70-kDa protein and Syp. We
found that they comigrate with each other in SDS-PAGE as
well as in two-dimensional electrophoresis. GRB2 and Syp
can be coimmunoprecipitated by either anti-Syp or anti-
GRB2 antibodies, respectively. Tyrosine-phosphorylated
Syp that was immunoprecipitated from heat- and SDS-
denatured cell lysates, in which any preassociated proteins
were dissociated, was able to bind directly to purified GRB2.
These results indicate that the GRB2-bound 70-kDa ty-
rosine-phosphorylated protein is related to or identical with
the 68-kDa Syp.

Three other ways by which GRB2 interacts with tyrosine
kinases are known. First, GRB2 binds directly to the EGF
receptor (Fig. 3B) (28, 30), and the Drosophila GRB2 ho-
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molog, Drk, binds directly to the Sev receptor (36, 49).
Second, GRB2 binds to phosphorylated Shc, a protein with
a single SH2 domain that is phosphorylated on a tyrosine
residue in cells transformed by v-Src or stimulated by EGF
(39, 44, 50, 51). Like GRB2, Shc overexpression can drive
cells to proliferate, presumably by activating Sos and the
Ras pathway. Shc binds to the activated EGF receptor (39)
and so would bring GRB2-Sos to the receptor. Third, the
membrane protein IRS-1 is phosphorylated on several ty-
rosine residues in insulin-stimulated cells (55). It is then able
to bind the p85 subunit of phosphatidylinositol 3-kinase,
Syp, and GRB2 (3, 4, 50, 51, 58). The binding of GRB2 to
Syp resembles these last two situations, in that phosphory-
lation of a third protein by an activated receptor tyrosine
kinase generates a binding site for GRB2. In all three cases,
the effect may be to recruit the GRB2-Sos complex to the
membrane, where the substrate for Sos, Ras, is located.
Either the translocation of Sos or an allosteric effect on Sos
activity may then cause an increase in the amount of
GTP-bound Ras.

The role of Syp as an adapter between the activated
PDGFR and the GRB2-Sos complex in the regulation of
PDGF signal transduction awaits further investigation. How-
ever, Valius and Kazlauskas found that Tyr-1009 in the
PDGFR was sufficient, in the absence of other known
tyrosine phosphorylation sites, for a PDGF-dependent in-
crease in the GTP-bound Ras (59). This suggests that binding
of GRB2-Sos to the PDGFR-Syp complex may activate Ras.
They also showed that this interaction was unnecessary for
Ras activation, suggesting Syp-independent pathways. It is
possible that additional docking proteins will be involved in
recruitment of GRB2-Sos to PDGF and other growth factor
receptors. In this regard, it is interesting that 110- and
80-kDa PY proteins also coimmunoprecipitated with GRB2
from PDGF-treated cells, although these proteins appeared
not to bind GRB2 directly.

Syp is closely related (76%) to the Drosophila corkscrew
protein (Csw), which is maternally required for normal
determination of cell fates at the termini of the embryo. Csw
functions downstream of the Torso receptor tyrosine kinase,
which is structurally analogous to PDGFR (9, 54) and acts as
a positive regulator along the pathway (40). This pathway
also requires Sosl and Rasl (14, 31). The position of Csw
relative to Ras is not clear, but overexpression of an acti-
vated Rasl allele can compensate for the lack of Csw,
suggesting that Csw may regulate Ras in Drosophila em-
bryos (31).

The ability of a PY phosphatase, Csw, to act positively on
a pathway triggered by a tyrosine kinase, Torso, has been a
mystery. One possibility is that the phosphatase activates a
Src family kinase. Feng et al. showed that Syp becomes
constitutively tyrosine phosphorylated in v-Src-transformed
Rat-2 cells (16). If Syp dephosphorylates Tyr-527 of Src, or
its equivalent in other members of Src family, then those
kinases would be activated. However, our studies suggest a
second function for Csw, Syp, and their relatives, in addition
to their functions as PY phosphatases. Such adapter function
may be more relevant to their positive role in signaling. Syp
can act as a positive regulator along the PDGFR signaling
pathway by linking the GRB2-Sos complex, which activates
Ras, to the activated PDGFR in mammals. This would then
activate the cascade of kinases initiated by Raf. The complex
genetic relationships between the genes encoding Csw and
Raf in D. melanogaster (40) suggest that either Drk can also
bind directly to the Torso receptor or that Csw has a second
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signaling function, perhaps involving its phosphatase activ-
ity.

The mechanism(s) by which each growth factor receptor
controls its specificity of signaling is still poorly understood.
We proposed previously that the activity of a given receptor
tyrosine kinase equals the sum of the activities of the
signaling proteins that interact with its tyrosine-phosphory-
lated form (46). The notion presented in this paper, in which
the GRB2-Sos complex is linked to the PDGFR via an
adapter protein that has its own catalytic activity, indicates
the complexity of interactions involved.
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