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GTPase-activating protein (GAP) enhances the rate of GTP hydrolysis by cellular Ras proteins and is
implicated in mitogenic signal transduction. GAP is phosphorylated on tyrosine in cells transformed by Rous
sarcoma virus and serves as an in vitro substrate of the viral Src (v-Src) kinase. Our previous studies showed
that GAP complexes stably with normal cellular Src (c-Src), although its association with v-Src is less stable.
To further investigate the molecular basis for interactions between GAP and the Src kinases, we examined GAP
association with and phosphorylation by a series of c-Src and v-Src mutants. Analysis of GAP association with
¢-Src/v-Src chimeric proteins demonstrates that GAP associates stably with Src proteins possessing low kinase
activity and poorly with activated Src kinases, especially those that lack the carboxy-terminal segment of c-Src
containing the regulatory amino acid Tyr-527. Phosphorylated Tyr-527 is a major determinant of c-Src
association with GAP, as demonstrated by c-Src point mutants in which Tyr-527 is changed to Phe. While the
isolated amino-terminal half of the c-Src protein is insufficient for stable GAP association, analysis of point
substitutions of highly conserved amino acid residues in the c-Src SH2 region indicate that this region also
influences Src-GAP complex formation. Therefore, our results suggest that both Tyr-527 phosphorylation and
the SH2 region contribute to stable association of c-Src with GAP. Analysis of in vivo phosphorylation of GAP
by v-Src mutants containing deletions encompassing the SH2, SH3, and unique regions suggests that the kinase
domain of v-Src contains sufficient substrate specificity for GAP phosphorylation. Even though tyrosine
phosphorylation of GAP correlates to a certain extent with the transforming ability of various ¢-Src and v-Src
mutants, our data suggest that other GAP-associated proteins may also have roles in Src-mediated oncogenic
transformation. These findings provide additional evidence for the specificity of Src interactions with GAP and

support the hypothesis that these interactions contribute to the biological functions of the Src kinases.

Viral Src (v-Src) and its cellular homolog, c-Src, are
membrane-localized phosphoproteins that possess tyrosine
kinase activity (2, 21, 25, 46). Cellular Src is expressed in
most normal cells and has a tightly regulated phosphotrans-
ferase activity, while oncogenic v-Src, which is encoded in
Rous sarcoma virus (RSV), is a highly activated kinase (21,
25). Studies with viral and cellular Src mutants have shown
that the extent to which the kinase is activated correlates
with its ability to transform cells, suggesting that v-Src
transforms cells by phosphorylating critical substrates in-
volved in cell growth control (10). Chicken c-Src and RSV
v-Src differ by amino acid substitutions distributed through-
out the v-Src molecule and by a substitution of 19 amino
acids of c-Src with 12 novel residues at the carboxy terminus
of v-Src (25, 46). One of the carboxy-terminal amino acids
deleted from v-Src is Tyr-527, which has been shown to
negatively regulate the kinase activity of c¢-Src when phos-
phorylated (11, 12, 23). Substitution of Tyr-527 with Phe and
subsequent autophosphorylation at Tyr-416 is sufficient to
activate the kinase activity of c-Src, enabling this activated
c-Src protein to transform cells (8, 32, 48). In addition,
various point mutations throughout v-Src compared with
c-Src have been shown to contribute to Src activation (24,
26, 30).

Both c-Src and v-Src have the same general structure,
which has been divided into functional domains (Fig. 1). The
carboxy-terminal half of each molecule comprises the cata-
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lytic domain, while the amino-terminal half contains several
distinct regions (25, 46). At the extreme amino terminus is
the membrane-binding domain, containing residues required
for modification with myristic acid, which localizes c-Src
and v-Src to cellular membranes (14, 28). The rest of the
amino-terminal half of the Src protein is termed the modu-
latory domain because mutations in this region of c-Src and
v-Src modulate kinase and biological activity up or down
(25). The modulatory domain contains a unique sequence
that, unlike the remainder of the Src protein, does not show
homology with other Src-like tyrosine kinases (9). The SH2
and SH3 regions, which constitute most of the modulatory
domain, possess amino acid motifs that are highly conserved
not only among other nonreceptor tyrosine kinases, but also
among numerous functionally unrelated proteins (46, 47, 51,
56). SH2 and SH3 region-containing proteins that have been
implicated in signal transduction pathways include a phos-
pholipase C (PLC-II), the v-Crk oncoprotein, and a GTPase-
activating protein (GAP) (38, 55, 58). Recent data suggest
that SH2 regions interact with phosphotyrosine residues on
target proteins and thereby function as sites for mediation of
interactions among proteins that transduce mitogenic signals
1,7, 37, 41).

GAP has been found to complex with and be phosphory-
lated by the platelet-derived growth factor receptor and the
epidermal growth factor receptor (17, 29, 31, 35, 36). GAP is
also phosphorylated on tyrosine in cells transformed by the
oncogenic nonreceptor tyrosine kinases v-Src, v-Abl, and
v-Fps (17). We have previously demonstrated that c-Src
associates stably with complexes containing GAP and that,
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FIG. 1. (A) Structures of chicken c-Src, RSV v-Src, c-Src and v-Src point mutants, and N-term mutants. Src domain structure (U indicates
the unique region), major phosphorylation sites (circled P), ATP binding site, and amino-terminal myristic acid are indicated. Black squares
indicate point substitutions in v-Src (Schmidt-Ruppin A) relative to chicken c-Src, and the carboxy-terminal deletion of v-Src is denoted by
the solid box. Substitutions of Phe, Ala, and Met are denoted by indication of the substituted amino acid. The tyrosine phosphorylation states
of all mutants are indicated. (B) Structures of chicken c-Src, RSV v-Src, ¢-Src/v-Src chimeras, c-Src SH2 region point mutants, and v-Src
SH2 region deletion mutants. Src domain structure and myristic acid are indicated; however, the phosphorylation state of these mutants is
not shown. Mutations are indicated by a square (differences in v-Src compared with c-Src), a solid triangle (c-Src SH2 region substitution
mutations), an open space for v-Src SH2 region deletions, and a solid box for the carboxy-terminal deletion of v-Src.

although v-Src association with GAP complexes is less
stable, v-Src phosphorylates GAP in vitro (4). Direct evi-
dence that phosphorylation of GAP leads to cell transforma-
tion by v-Src and other tyrosine kinases is lacking. How-
ever, the signal transduction pathways of cellular Ras have
been linked to those of tyrosine kinases by studies showing
that microinjection of anti-Ras antibodies into cells blocks
mitogenic responses to growth factor stimulation and onco-
genic tyrosine kinases (43, 53). In addition, it has been
shown that in cells stimulated with growth factors or trans-
formed by oncogenic tyrosine kinases, greater amounts of
Ras protein are detected in the activated GTP-bound form
(20, 52).

GAP has the crucial function of downregulating the activ-
ity of normal Ras, as it enhances the intrinsic GTPase
activity of cellular Ras proteins (40, 57, 58). Suppression of
v-Src transformation by GAP overexpression provides evi-
dence that regulation of Ras activity by GAP may have a
central role in v-Src oncogenesis (16, 44). Other data suggest
that GAP also may act as an effector protein that transduces
a signal from Ras to other molecules in the cell (22, 40).
Although the effect of tyrosine phosphorylation on GAP
function has not been established, it is possible that phos-

phorylation of tyrosine inactivates GAP GTPase-enhancing
ability or, alternatively, activates its putative effector func-
tion. Another possibility is that allosteric interactions among
GAP and other proteins in a complex modify GAP activity.
At least two tyrosine-phosphorylated proteins of unknown
function, one of 62 to 68 kDa and another of 190 kDa, have
been found to associate with GAP (3, 17, 41, 42).

Analysis of Src interactions with GAP is important be-
cause it may illuminate the mechanisms by which tyrosine
kinases influence Ras signal transduction pathways. We
show here that stable GAP association with c-Src is depen-
dent on the kinase activation state of c-Src and, in particular,
on phosphorylation of Tyr-527. The c-Src SH2 region also
contributes to this stable association, although this region is
not required for in vivo phosphorylation of GAP by v-Src. In
addition, we found that GAP phosphorylation in vivo by
activated c-Src and v-Src kinases correlates to a certain
extent with the transforming ability of the Src proteins.
These results further support the hypothesis that specific
interactions between Src and GAP contribute to the biolog-
ical functions of the Src kinases. Moreover, our results are
consistent with the possibility that additional proteins asso-
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ciated with Src-GAP complexes may also play roles in
Src-mediated oncogenesis.

MATERIALS AND METHODS

Cells and viruses. Primary chicken embryo fibroblasts
(CEF) were prepared, maintained, and infected as described
before (26). CEF were grown in F-10 medium supplemented
with 5% bovine calf serum, 1% chick serum, and 10%
tryptose phosphate broth (Hyclone; GIBCO). CEF were
infected with wild-type RSV (Schmidt-Ruppin subgroup A)
or with an RSV variant encoding normal chicken c-Src
(NY5H) (33). The chimeric ¢-Src/v-Src recombinants 951,
851, 801, PBS, and 701 have been described previously (26,
30), as have the c-Src SH2 region point mutants W148R,
R155S, G170I, and H201L (45) and the Met-295 c-Src (27)
and Met-295 v-Src mutants (54). The c-Src N-term and v-Src
N-term viruses were constructed by digestion of the plas-
mids pSH and pSR-XD2 (15, 33) with Mlul, which cleaves
each plasmid twice and allows excision of a 919-bp fragment.
Religation of the remaining fragment results in a plasmid
coding for truncated c-Src and v-Src proteins, containing
c-Src and v-Src amino acid residues 1 to 259. These con-
structs were transfected into CEF along with recombinant
RSV-based vectors, and replication-competent viruses
were harvested as previously described (15). The v-Src SH2
region deletion mutants d15-169 (NY310), d149-169 (N'Y320),
d149-204 (NY321), and d169-204 (NY322) have been de-
scribed previously (6, 13, 19). 527F, 2A/527F, and c-Src-
encoding RSV variants were gifts of T. Parsons (University
of Virginia) (50).

Mouse NIH 3T3 cells overexpressing chicken c-Src and
Phe-416, Phe-527, and Phe-416/527 mutants of chicken c-Src
were gifts of D. Shalloway (Cornell University) (32). Mouse
cells were cultured in Dulbecco’s modified Eagle’s medium
(GIBCO) containing 5% supplemented bovine calf serum
(Hyclone).

Cell lysis and protein analysis. Confluent 10-cm plates of
cells were washed three times with 4°C phosphate-buffered
saline containing 1 mM sodium orthovanadate and then
disrupted for 15 min at 4°C in lysis buffer (49) (150 mM NaCl,
50 mM Tris-HCI [pH 7.5], 1% Nonidet P-40, 0.25% sodium
deoxycholate, 2 mM EGTA [ethylene glycol tetraacetic
acid], 1 mM sodium orthovanadate, 1 mM phenylmethylsul-
fonyl fluoride, 10 pg of a2 macroglobulin per ml, 1 pM
leupeptin, 1 M antipain, and 0.1 uM aprotinin). Lysates
were clarified by centrifugation for 15 min at 4°C, the protein
concentrations of supernatants were normalized, and the
lysates were incubated with the designated antibody for 1 h
at 4°C. Protein A-Sepharose (Pharmacia) was then added for
30 min, and immunoprecipitates were washed four times by
pelleting in 4°C lysis buffer. Samples were boiled in sodium
dodecyl sulfate (SDS) sample buffer, loaded on 7.5% or 10%
polyacrylamide-SDS gels, and separated by polyacrylamide
gel electrophoresis (PAGE).

Proteins resolved by SDS-PAGE were electrophoretically
transferred to nitrocellulose, and filters were incubated
overnight in blocking buffer (10 mM Tris-HCl [pH 7.4], 0.9%
NaCl, 0.1% Triton X-100, 5% ovalbumin). Blocked filters
were incubated with the appropriate antibodies, washed
extensively, and then incubated with 10 pCi of *°I-labeled
sheep anti-mouse immunoglobulin G (IgG; ICN). After being
washed, the filters were exposed to Kodak XAR-5 film with
intensifying screens at —80°C overnight. For some experi-
ments, the secondary antibody used was horseradish perox-
idase-conjugated sheep anti-mouse IgG (Amersham), which
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FIG. 2. Complex formation of GAP with c-Src/v-Src chimeric
proteins. CEF infected with wild-type RSV or RSV variants encod-
ing chicken c-Src or chimeric proteins (951, 851, 901, PBS, or 701)
were lysed, and equivalent amounts of protein were immunoprecip-
itated with anti-GAP(C-term) serum, as described in Materials and
Methods. Anti-GAP immunoprecipitates (lanes 1 to 8) and 2% of
whole-cell lysates (WCL) (lanes 9 to 16) were subjected to electro-
phoresis on a 7.5% polyacrylamide-SDS gel, transferred to nitro-
cellulose, and immunoblotted with anti-Src MAb 327, followed by
125]_jabeled sheep anti-mouse IgG as the secondary antibody. Anti-
GAP immunoprecipitates and whole-cell lysates shown in the two
panels were from the same exposure of the same immunoblot for
direct comparison. CEF, uninfected cells.

was then detected by enhanced chemiluminescence reagents
(Amersham) and subsequent exposure to Kodak XAR-5 film
for 1to 30 s.

Antibodies. Rabbit polyclonal anti-GAP(C-term) antibod-
ies were prepared against amino acid residues 521 to 988 of
human GAP expressed in bacteria (4). Monoclonal antiphos-
photyrosine antibodies were obtained from Upstate Biotech-
nology, Inc. The mouse anti-Src monoclonal antibody
(MAD) 327 was a gift of J. Brugge (University of Pennsylva-
nia) (34).

RESULTS

c-Src/v-Src chimera complex formation with GAP. Cellular
Src forms stable complexes with GAP (4), possibly in
conjunction with other associated proteins. However, al-
though v-Src is able to phosphorylate GAP, complex forma-
tion between v-Src and GAP appears to be unstable and
difficult to detect (4). We sought to determine the structural
basis for these differences by analyzing GAP association
with c-Src/v-Src chimeric proteins (951, 851, 801, PBS, and
701) that exhibit a range of kinase activation states (26, 30)
(Fig. 1B). CEF infected with RSV variants encoding chi-
meric Src proteins were lysed, and GAP proteins were
immunoprecipitated with rabbit anti-GAP(C-term) antise-
rum. Similar amounts of GAP were immunoprecipitated
from cells expressing the various Src mutants (data not
shown). Immunoprecipitates were resolved by SDS-PAGE,
and then immunoblots were probed with monoclonal anti-
Src antibodies (MAb 327) to detect the amount of each
mutant Src protein coimmunoprecipitating with GAP (Fig.
2). For comparison, 2% of the total cell lysate was run in
parallel with each immunoprecipitate to indicate the level of
expression of each Src mutant in CEF (Fig. 2).

Mutants 951 and 851, which have weakly activated ki-
nases, coprecipitated with GAP as efficiently as overex-
pressed normal c-Src. Mutant 801, which has intermediate
kinase activity, associates with GAP to approximately 30%
of overexpressed c-Src levels. PB5, possessing most of the
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mutations of RSV v-Src (Schmidt-Ruppin A) except for the
carboxy-terminal deletion, has a kinase that is at least as
active as that of v-Src and complexes with GAP only to a low
extent, S to 10% of overexpressed c-Src levels. Mutant 701 is
also an active kinase, although it is nearly the structural
opposite of PBS, being a c-Src protein that has the carboxy-
terminal deletion belonging to RSV v-Src. This mutant
associates with GAP to the same low extent as does wild-
type viral Src. Even though less than 2% of total Src proteins
are stably associated with GAP complexes (Fig. 2), the
results obtained with the various Src mutants were highly
reproducible in several independent experiments.

These results indicate that GAP complexes stably with Src
proteins possessing restricted kinase activity and that as the
Src kinase is activated by mutation, association with GAP is
destabilized. In addition to kinase activity, the tyrosine
phosphorylation state of these chimeric mutants has been
extensively characterized (26). Mutants 951 and 851 are
phosphorylated primarily on Tyr-527, while mutant 801 is
phosphorylated approximately 20% on Tyr-527 and 80% on
Tyr-416. PBS has very low levels of phosphorylated Tyr-527,
and chimera 701 lacks Tyr-527 entirely. Thus, a positive
correlation also exists between phosphorylation of Tyr-527
and stable GAP association with the chimeric Src proteins.

Phosphotyrosine 527 is a key residue in GAP complex
formation. The above results suggest that the phosphoryla-
tion or activation state of Src is important for stable Src-
GAP complex formation. To examine further the role of
tyrosine phosphorylation in stable-complex formation, we
analyzed GAP association with chicken c-Src mutants con-
taining phenylalanine substitutions for tyrosine 416, 527, or
both 416 and 527 (Fig. 1A). Substitution of Phe for the
regulatory Tyr-527 prevents phosphorylation at this site and
activates the kinase activity of this mutant c-Src (32). The
Phe-416/527 mutant has a kinase activity lower than that of
the Phe-527 mutant, while the Phe-416 mutation has no
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FIG. 3. Association of GAP with c-Src phosphotyrosine site
point mutants. NIH 3T3 cells stably overexpressing c-Src Phe-416
(lanes 1 and 6), c-Src Phe-527 (lanes 2 and 7), c-Src Phe-416/527
(lanes 3 and 8), normal NIH 3T3 cells (lanes 4 and 9), or wild-type
chicken c-Src (lanes 5 and 10) were lysed and immunoprecipitated
with anti-GAP(C-term) serum. Immunoprecipitates (lanes 1 to 5)
and 2% of whole-cell lysates (lanes 6 to 10) were electrophoresed on
a 7.5% polyacrylamide-SDS gel, transferred to nitrocellulose, and
immunoblotted with anti-Src MAb 327, followed by '*I-labeled
sheep anti-mouse IgG as the secondary antibody. Anti-GAP immu-
noprecipitates and whole-cell lysates shown in the two panels were
from the same exposure of the same immunoblot.
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FIG. 4. GAP complex formation with myristylated and nonmyris-
tylated c-Src phosphotyrosine site point mutants. Infected CEF
overexpressing mutant c-Src with substitutions of Ala for Gly-2 and
Phe for Tyr-527 (2A/527F) (lanes 1 and 5), c-Src with a substitution
of Phe for Tyr-527 (527F) (lanes 2 and 6), normal CEF (lanes 3 and
7), and CEF overexpressing c-Src (lanes 4 and 8) were lysed.
Anti-GAP(C-term) immunoprecipitates of lysates (lanes 1 to 4) or
2% of whole-cell lysates (WCL, lanes 5 to 8) were electrophoresed
on a 7.5% polyacrylamide-SDS gel, transferred to nitrocellulose,
and immunoblotted with anti-Src MAb 327, with *I-labeled sheep
anti-mouse IgG as the secondary antibody. Anti-GAP immunopre-
cipitates and whole-cell lysates shown in the two panels were from
the same exposure of the same immunoblot.

activating effect on the c-Src kinase activity. These mutants,
as well as normal chicken c-Src, are overexpressed at high
levels in transfected NIH 3T3 cells (32).

To determine how these point mutations affect Src-GAP
interactions, we immunoprecipitated GAP from mutant-
expressing cells and immunoblotted the immunoprecipitates
and 2% of whole-cell lysates with anti-Src antibodies as
described above (Fig. 3). We found that while GAP associ-
ates stably with c-Src Phe-416, association with mutant
Phe-527 or Phe-416/527 is reduced to about 25 to 30% of
overexpressed c-Src levels. As a control, we reprobed the
blot shown in Fig. 3 with anti-GAP antibodies to ascertain
that similar amounts of GAP were present in these immuno-
precipitates (data not shown).

The importance of c-Src Tyr-527 in GAP association was
further confirmed by results in CEF. Chicken cells were
infected with an RSV variant encoding c-Src Phe-527 (527F)
(50), and proteins from CEF lysates were immunoprecipi-
tated with anti-GAP antibodies and immunoblotted with
anti-Src antibodies. In CEF, GAP complex formation with
the mutant 527F decreases to 15% of that of overexpressed
c-Src (Fig. 4). CEF were also infected with an RSV variant,
2A/527F, encoding an activated c-Src that contains the
change of Tyr-527 to Phe in combination with a change of the
amino-terminal Gly to Ala (Fig. 1A). This produces an
activated c-Src mutant that is not myristylated and does not
associate with cellular membranes (50). The 2A/527F Src
protein associates with GAP to the same low level as does
527F. Levels of association are not further decreased by the
lack of myristylation, suggesting that myristylation and
localization at cellular membranes is not necessary for c-Src
association with GAP (Fig. 4). Together with the analysis of
chimeric c-Src/v-Src proteins, the above data indicate that
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FIG. 5. Complex formation of GAP with kinase-inactive c-Src
and v-Src and amino-terminal halves of c-Src and v-Src. Infected
CEF overexpressing wild-type c-Src and v-Src, kinase-inactive
c-Src (M295¢) and v-Src (M295v), and the isolated amino-terminal
halves of c-Src (NC) and v-Src (NV) were lysed and immunopre-
cipitated with anti-GAP(C-term) serum. Immunoprecipitates (lanes
1 to 7) and 2% of whole-cell lysates (WCL, lanes 8 to 14) were
subjected to electrophoresis on a 10% polyacrylamide-SDS gel,
transferred to nitrocellulose, and immunoblotted with anti-Src MAb
327, with *I-labeled sheep anti-mouse IgG as the secondary
antibody. Positions of molecular mass markers are indicated. Anti-
GAP immunoprecipitates and whole-cell lysates shown in the two
panels were from the same exposure of the same immunoblot.

phosphorylated Tyr-527 is important for stable association of
c-Src with GAP.

Amino-terminal halves of the Src kinases do not associate
stably with GAP. The SH2 and SH3 regions are thought to
mediate protein-protein interactions among signal transduc-
tion molecules (7, 47). Previous studies have shown that the
amino-terminal halves of the Src kinases associate with the
phosphatidylinositol-3 kinase (18). We investigated whether
the amino-terminal halves of the c-Src and v-Src proteins
(Fig. 1A), containing the intact modulatory domain (includ-
ing the unique, SH2, and SH3 sequences in isolation from
the catalytic domain), could interact with GAP. Both mu-
tants were expressed at high levels in CEF infected with
mutant-encoding RSV variants (Fig. 5). After equivalent
amounts of GAP protein were immunoprecipitated with
anti-GAP antibodies and the immunoprecipitates were im-
munoblotted with anti-Src antibodies, no evidence of com-
plex formation with GAP was detected for the c-Src N-term
or v-Src N-term polypeptide (Fig. 5). Although this does not
exclude the involvement of SH2 or SH3 regions in Src-GAP
interactions (see below), this suggests that these regions
alone in Src are not sufficient to mediate the Src-GAP
interaction.

The data shown thus far suggest that a determinant in the
carboxy-terminal half of Src, such as phosphorylated Tyr-
527, is important in mediating interactions with GAP. To
determine whether the catalytic activity of the Src kinases is
essential for stable GAP association, we analyzed Src-GAP
association in the same manner as described above, using
two Kkinase-inactive Src mutants, c-Src Met-295 and v-Src
Met-295 (Fig. 1A). These mutants have a Met substitution
for Lys-295, which is the ATP-binding site of the Src protein
and is necessary for phosphotransferase activity (27, 54).
When these mutants were expressed in infected CEF, we
found that c-Src Met-295 still complexes efficiently with
GAP (Fig. 5). As with wild-type v-Src, however, even after
prolonged exposure to X-ray film, v-Src Met-295 does not
associate detectably with GAP (Fig. 5). Together, these
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FIG. 6. GAP association with c-Src SH2 region point mutants.
Lysates from CEF infected with wild-type RSV or RSV variants
encoding chicken c¢c-Src or c-Src SH2 region point substitution
mutants W148R, R155S, G1701, and H201L were immunoprecipi-
tated with anti-GAP(C-term) serum. Immunoprecipitates (lanes 1 to
7) and 2% of whole-cell lysates (WCL lanes 8 to 14) were subjected
to electrophoresis on a 7.5% polyacrylamide-SDS gel, transferred to
nitrocellulose, and immunoblotted with anti-Src MAb 327, with
125].1abeled sheep anti-mouse IgG as the secondary antibody. Anti-
GAP immunoprecipitates and whole-cell lysates shown in the two
panels were from the same exposure of the same immunoblot.

results demonstrate that catalytic activity per se does not
influence the association of v-Src or c-Src with GAP, even
though stable GAP complex formation depends upon a
structural determinant in the carboxy-terminal half of Src.

¢-Src SH2 regions contribute to GAP association. To deter-
mine whether the SH2 region makes any contribution
towards Src-GAP complex formation, GAP association with
c-Src mutants carrying SH2 region point mutations was
examined. These mutants have substitutions in four highly
conserved residues shared by many SH2 region-containing
proteins (Fig. 1B). One of these mutants, W148R, has a
slightly activated kinase and is partially transforming in CEF
(45). G170I and R155S are also slightly transforming, al-
though to a lesser extent than W148R, while H201L is not
transforming at all (45). All four point mutants are highly
phosphorylated on Tyr-527 and show no detectable auto-
phosphorylation on Tyr-416 (45). CEF were infected with
RSV variants encoding these mutants, and lysates of CEF
were immunoprecipitated with anti-GAP antiserum and im-
munoblotted with anti-Src antibodies as described above.
We reproducibly found that association with GAP is reduced
in all cases compared with the corresponding levels of Src
expression (Fig. 6). Complex formation with W148R and
R155S is reduced to about 25% of overexpressed c-Src levels
and with G170I and H201L to about 50%. As a control,
reprobing of the blot shown in Fig. 6 with anti-GAP antibod-
ies demonstrated that similar amounts of GAP were present
in the immunoprecipitates (data not shown). These data
suggest that the SH2 region plays a role in Src-GAP complex
formation.

GAP phosphorylation by c-Src/v-Src chimeras. An impor-
tant question is whether tyrosine phosphorylation of GAP by
Src kinases correlates with cell transformation. We therefore
examined in vivo phosphorylation of GAP by Src mutants.
CEF expressing the c-Src/v-Src chimeras described above
(Fig. 1B) were lysed in buffer containing phosphatase inhib-
itors, and GAP proteins were immunoprecipitated with
anti-GAP(C-term) antibodies. Immunoprecipitates were
then electrophoresed and immunoblotted with monoclonal
antiphosphotyrosine antibodies. We detected a tyrosine-



5064 BROTT ET AL.

Anti- GAP
Y
223 828%2 kpa

-20
p190- 20
GAP- .

| -97
p63- & -68
p60- &
p55- 2

=43

B 29
e - oW SRR R
FIG. 7. Phosphorylation of GAP and associated proteins in vivo
by c-Src/v-Src chimeric proteins. Infected CEF overexpressing
chimeric proteins (951, 851, 801, PBS, or 701), chicken c-Src, or
RSV v-Src were lysed and immunoprecipitated with anti-GAP(C-
term) serum. After SDS-PAGE and subsequent transfer to nitrocel-
lulose, immunoprecipitates were immunoblotted with monoclonal
antibodies to phosphotyrosine, with *I-labeled sheep anti-mouse
IgG as the secondary antibody. GAP and coimmunoprecipitated
phosphoproteins p190, p68, p60, and p55 are shown by arrows.
Positions of molecular mass markers are indicated.

phosphorylated protein of 125 kDa that comigrates with
GAP in immunoprecipitates from lysates of cells expressing
chimeric Src proteins and RSV v-Src but not from normal
CEF or CEF overexpressing c-Src (Fig. 7). GAP is relatively
highly phosphorylated in immunoprecipitates from CEF
infected with 701, 801, PBS, and wild-type RSV. Tyrosine
phosphorylation of GAP is reduced to approximately 30% of
wild-type v-Src levels in CEF infected with the more weakly
transforming 851 and 951 mutant viruses. A fraction of each
immunoprecipitate was immunoblotted with anti-GAP anti-
body to ascertain that equivalent amounts of GAP protein
were present in each immunoprecipitate, and whole-cell
lysates were immunoblotted with anti-Src antibody to ensure
that similar amounts of each Src protein were expressed
(data not shown). These results indicate that the more highly
activated transforming Src mutants phosphorylate GAP in
vivo more efficiently than weakly activated Src proteins.

Several tyrosine-phosphorylated proteins were observed
to coprecipitate with GAP (Fig. 7). Among these are proteins
of 62 to 68 kDa (p68) and 190 kDa (p190), which may be
identical to the GAP-associated proteins described previ-
ously (3, 17, 41, 42). Levels of p68 phosphorylation corre-
spond to the overall in vivo kinase activities of the various
¢-Src/v-Src chimeric mutants (26). p68 from anti-GAP im-
munoprecipitates of PB5-, 801-, and 701-infected CEF is
highly phosphorylated, but phosphotyrosine levels in p68 are
significantly reduced in immunoprecipitates from 951- and
851-infected CEF. The phosphorylation of coprecipitating
p190 also seems to correlate with the overall kinase activity
of each chimera. In addition, we detected a heavily tyrosine-
phosphorylated protein of 60 kDa coimmunoprecipitating
with GAP, which may be Src. Interestingly, a novel phos-
phoprotein of 55 kDa (p55) was also reproducibly present in
anti-GAP immunoprecipitates from wild-type v-Src- and
activated chimeric Src mutant-expressing CEF. This p5S
protein has not been reported previously, possibly because it
might not have been detected by other antiphosphotyrosine
antibodies.

SH2 and SH3 regions of v-Src are not essential for GAP
phosphorylation. Because the SH2 region of c-Src influences
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FIG. 8. (A) Phosphorylation of GAP and associated proteins in
vivo by v-Src SH2 region deletion mutants. Anti-GAP(C-term)
immunoprecipitates from infected CEF overexpressing v-Src SH2
region deletion mutants d149-204, d169-204, d15-169, and d149-169
or wild-type c-Src or v-Src were subjected to electrophoresis on a
7.5% polyacrylamide-SDS gel, transferred to nitrocellulose, and
immunoblotted with monoclonal antiphosphotyrosine antibodies,
with sheep anti-mouse IgG conjugated to horseradish peroxidase as
the secondary antibody. Enhanced chemiluminescence reagents
were used as a detection system (see Materials and Methods). GAP
and coimmunoprecipitated proteins pl190, p68, p60, and p5S, are
denoted by arrows. Positions of molecular mass markers are indi-
cated. (B) In vivo phosphorylation of total cellular proteins by v-Src
SH2 region deletion mutants. Whole-cell lysates (WCL) of infected
CEF expressing v-Src SH2 region deletion mutants or wild-type
¢-Src and v-Src were electrophoresed on a 7.5% polyacrylamide—
SDS gel, transferred to nitrocellulose, and immunoblotted with
monoclonal antiphosphotyrosine antibodies, with sheep anti-mouse
I1gG conjugated to horseradish peroxidase as the secondary anti-
body. Enhanced chemiluminescence reagents were used as a detec-
tion system. Positions of molecular mass markers are indicated.
Exposure times are different for panels A and B.

stable Src-GAP association, we determined whether the SH2
and SH3 regions of v-Src are required for phosphorylation of
GAP. Mutants d149-169, d149-204, and d169-204 have dele-
tions within the SH2 region of v-Src (Fig. 1B). d15-169 has a
large deletion spanning the SH2, SH3, and unique regions of
v-Src (Fig. 1B). CEF infected with d149-169, d149-204, and
d169-204 grow in soft-agar suspension and exhibit fusiform
morphologies (6, 13, 19). Mutant d15-169 is more defective in
its ability to induce transformation of CEF (6, 13). The
overall in vivo kinase activities of these mutants are shown
in Fig. 8B, in which whole-cell lysates from CEF expressing
these mutants were subjected to SDS-PAGE and then im-
munoblotted with antiphosphotyrosine antibodies. The re-
sults demonstrate that all of these mutants have an impaired
kinase activity and phosphorylate cellular substrates less
efficiently than wild-type v-Src.

GAP was immunoprecipitated from lysates of CEF ex-
pressing the v-Src SH2 region deletion mutants, and immu-
noprecipitates were immunoblotted with antiphosphoty-
rosine antibodies (Fig. 8A). Anti-GAP immunoblots of a
fraction of these anti-GAP immunoprecipitates indicated
that the same amount of GAP protein was present in each
immunoprecipitate, while anti-Src immunoblots of whole-
cell lysates demonstrated that similarly high levels of each
Src protein were expressed (data not shown). We observed
that all four mutants reproducibly phosphorylate GAP less
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efficiently than wild-type v-Src, reflecting the overall de-
crease in kinase activity of the mutants compared with
wild-type v-Src (compare Fig. 8A and B). However, as each
Src mutant phosphorylates GAP to the same extent, it is
significant that no correlation between GAP phosphorylation
and the size or region of the mutations was observed.
Although the GAP-associated phosphoprotein p68 was ob-
served to coprecipitate with GAP in wild-type RSV-infected
CEF, coprecipitating phosphorylated p68 was greatly re-
duced in the v-Src mutant-infected CEF (Fig. 8A). In strik-
ing contrast, phosphorylation of coprecipitating p190 was
not reproducibly reduced from levels observed in wild-type
v-Src-expressing CEF. Proteins of 55 to 60 kDa were also
observed in these anti-GAP immunoprecipitates. The 55-
kDa protein (pSS) is phosphorylated in immunoprecipitates
from all of the v-Src mutant-expressing CEF, although it is
phosphorylated to a lesser extent by the more defective
d15-169 mutant. A highly tyrosine-phosphorylated 60-kDa
protein is also observed to coprecipitate with GAP in CEF
overexpressing wild-type c-Src. Taken together, these re-
sults suggest that the v-Src SH2 region is required for
efficient phosphorylation of p68 but not for phosphorylation
of GAP in vivo.

DISCUSSION

Our results demonstrate that GAP associates stably with
normal c-Src and c-Src/v-Src chimeras that have low levels
of transforming and kinase activities. As the kinase activa-
tion state and transforming ability of the chimeric mutants
increases, however, stable association with GAP decreases.
Stable-complex formation with GAP thus appears to gener-
ally correlate inversely with activation of the Src kinase.
Furthermore, the more highly activated and transforming
Src chimeras have low levels of Tyr-527 phosphorylation or
lack this residue completely, while chimeras with low kinase
activity and transforming ability are phosphorylated almost
entirely on Tyr-527. We therefore observe that stable Src-
GAP complex formation also correlates closely with levels
of Tyr-527 phosphorylation.

To determine more precisely the role of this residue in
Src-GAP association, we examined GAP coimmunoprecipi-
tation with the c-Src Phe-527 mutant. GAP association with
c-Src Phe-527 was reduced substantially from that with
overexpressed normal c-Src. These results demonstrate that
Tyr-527 is a major determinant of c-Src association with
GAP. Nevertheless, low levels of c-Src Phe-527 protein
remain complexed with GAP. This may indicate that GAP
has high affinity for phosphorylated Tyr-527 and surrounding
residues, but retains a low affinity for this sequence even in
the absence of the phosphate group.

We found that SH2 region point mutations at conserved
residues in c-Src also significantly reduce levels of GAP
association. These point mutants are the only c-Src variants
observed that are phosphorylated exclusively on Tyr-527
(45) and yet associate poorly with GAP. In addition, all of
the SH2 point mutants are phosphorylated on Tyr-527 to the
same extent as normal c-Src (5). As these point mutations
might be expected to create only local disturbances in Src
structure, this suggests that the SH2 region directly influ-
ences Src interactions with GAP. These results are not
inconsistent with our data showing that GAP cannot com-
plex with mutants containing only the amino-terminal half of
c-Src or v-Src, but rather suggest that carboxy-terminal
residues (including Tyr-527) are required in conjunction with
SH2 sequences to stably bind GAP.
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Our studies have thus demonstrated the involvement of
two crucial features of the c-Src protein—phosphorylated
Tyr-527 and the SH2 region—in stable-complex formation
with GAP. In contrast, we found that neither Tyr-416
autophosphorylation nor kinase activity per se influences
Src-GAP interactions. Phosphotyrosine residues have been
postulated to be the targets of SH2 region-mediated protein-
protein interactions, and recent studies have indicated that
SH2 region-containing proteins, or isolated SH2 region
polypeptides, bind tyrosine-phosphorylated proteins with
high affinity (7, 37, 39, 41). One possibility is that c-Src-GAP
complexes are mediated by direct interaction of phosphory-
lated Tyr-527 with GAP SH2 sequences. However, we have
also shown that c-Src SH2 regions contribute to the c-Src-
GAP complex. Another possibility is that phosphorylated
Tyr-527 of ¢-Src interacts with its own SH2 region, thereby
stabilizing an overall conformation of c-Src that is recog-
nized by GAP. It should be noted that our findings do not
exclude the possibility that GAP and c-Src associate only
indirectly in complexes with intermediary phosphoproteins.
Further studies are needed to distinguish among these pos-
sibilities. An additional caveat is that our measurement of
the extent of Src-GAP association is dependent upon the
resistance of the immune complexes to dissociation during
cell lysis and washing; we cannot exclude that interaction
between Src proteins and GAP are more stable in intact
cells.

The results presented here suggest that regions shown to
be important in stable c-Src-GAP complex formation do not
influence the ability of v-Src and activated c-Src to phos-
phorylate GAP. For instance, mutant 801 demonstrated only
partially reduced association with GAP, while mutant 701
did not complex detectably with this protein. Mutant 801 has
partially reduced Tyr-527 phosphorylation, whereas 701
lacks Tyr-527 completely. These differences between 801
and 701 are not reflected in their ability to phosphorylate
GAP, as the levels of phosphotyrosine in GAP are similar for
cells expressing either of these mutants. Furthermore, all of
the v-Src SH2 region deletion mutants phosphorylate GAP
to the same extent, despite large differences among mutants
in the size of the deleted regions. This lack of correlation
between the location or size of the deletion and GAP
phosphorylation suggests that the unique, SH2, and SH3
regions are not required for v-Src phosphorylation of GAP.
Thus, neither Tyr-527 nor SH2 sequences exert a large
influence on the ability of the Src kinase to phosphorylate
GAP. These results suggest that specificity for v-Src phos-
phorylation of GAP resides within the catalytic domain of
the v-Src kinase.

In vivo kinase assays indicate that levels of GAP phos-
phorylation in CEF expressing c-Src/v-Src chimeras corre-
spond approximately to the overall kinase activity of each
mutant (26). Because the transforming abilities of the chime-
ras parallel their kinase activities, GAP phosphorylation
correlates with cell transformation in these mutant-express-
ing CEF. In contrast, although GAP phosphorylation ap-
pears to reflect the overall reduction in Kinase activity of the
v-Src SH2 region deletion mutants, levels of GAP phosphor-
ylation do not correspond to the range of transformation
parameters exhibited by these mutants. For instance, v-Src
d149-169 is relatively transforming in CEF, while cells
expressing v-Src d15-169 are more defective for anchorage-
independent growth and mitogenesis (6, 13). Similar levels of
GAP phosphorylation are induced by either v-Src mutant.
One interpretation of these findings is that GAP phosphory-
lation may be necessary but not sufficient for cell transfor-
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mation. It is possible that for full cell transformation, addi-
tional factors, whose association or phosphorylation is
dependent on the SH2 and SH3 regions of Src, must also
interact with Src.

Several tyrosine-phosphorylated proteins were observed
to associate with GAP in this study. A phosphoprotein with
an apparent molecular mass of 62 to 68 kDa (p68) coimmu-
noprecipitates with GAP from cells expressing all c-Src/v-
Src chimeric mutants as well as wild-type v-Src, although
mutants 951 and 851 phosphorylate p68 to a very low extent.
Other groups (3, 17, 41, 42) have described a similar phos-
phoprotein of 62 to 68 kDa that coprecipitates with GAP in
cells transformed by Src and other activated tyrosine ki-
nases. In our studies, levels of p68 phosphorylation correlate
with the overall kinase activity of each chimeric Src mutant
(26). Even though phosphorylated GAP is readily detectable
in anti-GAP immunoprecipitates from CEF infected with
v-Src SH2 region deletion mutants, levels of phosphorylated
p68 are substantially reduced in CEF expressing these
mutants. These findings support previous reports (3, 41)
indicating that alterations in the Src SH2 region lead to
reduced phosphorylation of p68 and correlate with the
reduced kinase activities of these Src mutants. In addition, a
tyrosine-phosphorylated protein of 190 kDa (p190), similar
to one described previously (3, 17, 41, 42), coprecipitates
with GAP. Phosphorylation of this protein also reflects
overall c-Src/v-Src chimera kinase activity. However, p190
phosphorylation does not correlate with the kinase activity
or transformation phenotype of the v-Src SH2 region dele-
tion mutants. In CEF expressing these v-Src SH2 mutants,
we observed that levels of p190 phosphorylation are not
reduced from those in wild-type v-Src. We also detected a
previously undescribed GAP-associated protein with an ap-
parent molecular mass of 55 kDa (pS55) that is phosphory-
lated on tyrosine in v-Src-transformed cells. Phosphoryla-
tion of this novel phosphoprotein appears to correlate with
the kinase activity of each mutant. Further studies are
needed to elucidate the roles of pSS, p68, and p190 in Src
oncogenesis.

Our results suggest that Src and GAP engage in multipro-
tein complexes, the composition of which depends upon the
structure and activation state of Src. The effect of these
interactions on the GTPase-activating or possible signal-
transducing properties of GAP remains to be determined.
Tyrosine phosphorylation of GAP may modify its activity,
resulting in activation of mitogenic signaling pathways. In
this case, normal c-Src may complex stably with GAP in
order to sequester GAP in readiness for the transient acti-
vation that c-Src undergoes when cells are appropriately
stimulated. By contrast, in cells transformed by RSV, al-
though v-Src does not sequester GAP, it might constitutively
phosphorylate GAP, leading to cellular transformation. Al-
ternatively, allosteric interactions among proteins in a com-
plex with GAP might alter GAP activity (42), leading to
mitogenic signal transduction.

These results provide new evidence for the specificity of
Src-GAP interactions. In particular, our data suggest that the
specificity for stable-complex formation resides in the SH2
region and Tyr-527 phosphorylation of c-Src, while speci-
ficity for GAP phosphorylation resides in the catalytic do-
main of v-Src. These results further support the hypothesis
that GAP plays a role in c-Src-mediated functions as well as
in cell transformation by v-Src. Our findings also underscore
the importance of understanding how different structural
domains of Src might interact with one another and with
multiprotein complexes in Src-mediated signal transduction.
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