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Binding of the Src SH2 Domain to Phosphopeptides Is Determined
by Residues in both the SH2 Domain and the Phosphopeptides
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Src homology 2 (SH2) domains are found in a variety of signaling proteins and bind phosphotyrosine-
containing peptide sequences. To explore the binding properties of the SH2 domain of the Src protein kinase,
we used immobilized phosphopeptides to bind purified glutathione S-transferase-Src SH2 fusion proteins. With
this assay, as well as a free-peptide competition assay, we have estimated the affinities of the Src SH2 domain
for various phosphopeptides relative to a Src SH2-phosphopeptide interaction whose Kd has been determined
previously (YEEI-P; Kd = 4 nM). Two Src-derived phosphopeptides, one containing the regulatory C-terminal
Tyr-527 and another containing the autophosphorylation site Tyr-416, bind the Src SH2 domain in a specific
though low-affinity manner (with about 104-lower affinity than the YEEI-P peptide). A platelet-derived growth
factor receptor (PDGF-R) phosphopeptide containing Tyr-857 does not bind appreciably to the Src SH2
domain, suggesting it is not the PDGF-R binding site for Src as previously reported. However, another
PDGF-R-derived phosphopeptide containing Tyr-751 does bind the Src SH2 domain (with an affinity
approximately 2 orders of magnitude lower than that ofYEEI-P). All of the phosphopeptides which bind to the
Src SH2 domain contain a glutamic acid at position -3 or -4 with respect to phosphotyrosine; changing this
residue to alanine greatly diminishes binding. We have also tested Src SH2 mutants for their binding properties
and have interpreted our results in light of the recent crystal structure solution for the Src SH2 domain.
Mutations in various conserved and nonconserved residues (R155A, R155K, N198E, H201R, and H201L) cause
slight reductions in binding, while two mutations cause severe reductions. The W148E mutant domain, which
alters the invariant tryptophan that marks the N-terminal border of the SH2 domain, binds poorly to
phosphopeptides. Inclusion ofthe SH3 domain in the fusion protein partially restores the binding by the W148E
mutant. A change in the invariant arginine that coordinates twice with phosphotyrosine in the peptide (R175L)
results in a nearly complete loss of binding. The R175L mutant does display high affinity for the PDGF-R
peptide containing Tyr-751, via an interaction that is at least partly phosphotyrosine independent. We have
used this interaction to show that the R175L mutation also disrupts the intramolecular interaction between the
Src SH2 domain and the phosphorylated C terminus within the context of the entire Src protein; thus, the
binding properties observed for mutant domains in an in vitro assay appear to mimic those that occur in vivo.

Src homology 2 (SH2) domains are regions of approxi-
mately 100 amino acids that bind phosphotyrosine-contain-
ing peptide sequences (20, 29, 33). SH2 domains are impli-
cated in the formation of signaling complexes, such as those
that occur upon activation of the platelet-derived growth
factor receptor (PDGF-R) and epidermal growth factor re-
ceptor. These receptors are autophosphorylated on several
tyrosine residues and subsequently bind to the SH2 domains
of the p85 subunit of phosphatidylinositol 3-kinase (PI3
kinase) (10, 16), the GTPase-activating protein (14, 17),
growth factor receptor-bound protein 2 (24), and phospho-
lipase Cy (27, 31).
SH2-phosphopeptide interactions exhibit a significant de-

gree of specificity. Although there are numerous phosphor-
ylated sites on activated receptors and a given receptor will
bind many SH2-containing proteins, each of the SH2-con-
taining proteins will bind only a subset of the phosphorylated
sites on the receptor with high affinity (10, 11, 15, 18, 36, 40).
Specificity appears to be mediated by the residues immedi-
ately C terminal to the phosphotyrosine in the peptide target
(11, 15, 36, 39) and presumably by the regions of variability
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in the SH2 domains (20, 39, 42, 43). For example, the SH2
domains in the p85 subunit of PI3 kinase interact with
numerous proteins, each of which contains a similar se-
quence flanking the phosphotyrosine responsible for binding
(3). This motif (pTyr-Met/Val-Xxx-Met) has been shown in
peptide binding studies to have the highest affinity for both
p85 SH2 domains (39).
Although the study of p85 interactions has served as a

useful paradigm for the SH2 field, sequence motifs within the
naturally occurring phosphopeptide targets to which other
SH2 domains bind remain to be elucidated. Binding studies
with randomly generated peptides have identified sequences
that exhibit high-affinity binding to other SH2 domains, but
many of these motifs have not been found in known protein
sequences (39). The sequences within each SH2 domain
important for binding specific phosphopeptides also remain
to be determined. To pursue such issues, we chose to
analyze phosphopeptide binding to the SH2 domain of
pp6Ocsrc
The Src SH2 domain is a worthy choice for further study

for a number of reasons. First, the Src SH2 domain has been
implicated in a novel type of phosphopeptide binding reac-
tion, an intramolecular event associated with the regulation
of Src's intrinsic enzymatic activity (3, 23, 28, 37). When
phosphorylated, Tyr-527 at the C terminus of the Src protein
acts as a negative regulator of protein tyrosine kinase
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activity (5, 19, 34, 35). Mutational analysis (12, 32) as well as
in vitro studies (23, 25, 37, 38) suggest that inhibition
depends on binding of the phosphorylated C terminus to the
SH2 domain. Second, like other SH2-containing proteins,
the Src protein and other Src family members are reported to
associate with activated receptors via their SH2 domains (1,
7, 8, 21). Third, many Src SH2 mutants have been assayed
for their biological and enzymatic activities (9, 12, 32, 44).
Thus, studies of these mutants in in vitro binding assays can
be correlated with the known behavior of these mutants in
biological assays and might provide a biochemical basis for
their phenotypes. Finally, the crystal structure of the Src
SH2 domain has recently been solved (42, 43). This has
aided in the selection of informative mutants as well as
interpretation of their behavior in various assays.
Because SH2 binding reactions can be mimicked with

phosphopeptides and isolated SH2 domains, we chose to
study the binding of Affi-Gel-coupled phosphopeptides to
purified Src SH2 fused with glutathione S-transferase (GST).
We have used free peptides as competitors to estimate the
affinities of the Src SH2 domain for two Src phosphopeptides
and for two PDGF-R phosphopeptides and found the affini-
ties of the Src SH2 domain for the different phosphopeptides
to vary over 5 orders of magnitude. We have also identified
a glutamic acid at position -3 or -4 with respect to
phosphotyrosine which is important for the affinity of the
phosphopeptides for the Src SH2 domain. By analyzing the
binding properties of SH2 mutants, we have defined residues
within the SH2 domain important for binding to phosphopep-
tides, and our results raise provocative questions in light of
the recent crystal structure of the Src SH2 domain com-
plexed with different phosphopeptides. We have shown that
a mutation in the arginine responsible for coordinating
phosphotyrosine in the peptide abolishes binding to all
phosphopeptides but reveals a binding site for a PDGF-R-
derived phosphopeptide. Finally, we have shown that a
change in this arginine appears to disrupt the intramolecular
binding of the Src SH2 domain with the phosphorylated Src
C terminus within the context of the entire Src protein.

MATERIALS AND METHODS

Expression and purification of GST fusion proteins. DNA
fragments encoding domains of pp6o-src and Src mutants
(12) were amplified by the polymerase chain reaction, se-
quenced, and cloned into the EcoRI site of the pGEX-1
vector (Pharmacia). All of the GST-SH2 fusion proteins
contain residues 146 to 251 of Src. The GST-SH3 protein
contains residues 87 to 146; the GST-SH3/SH2 protein spans
residues 87 to 251. Constructs encoding these fusion proteins
were used to transform Escherichia coli NB-42. Cultures of
100 ml were grown to an optical density of 0.6 and induced
with 0.1 mM isopropyl thiogalactopyranoside (IPTG) for 3 h.
Cells were pelleted and resuspended in 1 ml of lysis buffer
(phosphate-buffered saline [PBS; per liter, 0.1 g of CaCl2 and
MgCl2, 0.2 g of KCl, 8 g of NaCl, and 2.16 g of Na2HPO4],
1% Triton X-100, 100 mM EDTA, 1 mg of aprotinin per ml,
1 mg of leupeptin per ml, 2 mM phenylmethylsulfonyl
fluoride). Resuspended cells were sonicated three times for
30 s each time on ice and cleared of debris by centrifugation
for 5 min at 14,000 x g. Cleared lysates were incubated with
300 ,ul of 50% (vol/vol) glutathione-agarose (Sigma) for 30
min at 4°C. The agarose was washed with cold lysis buffer
three times, and fusion proteins were eluted with two 150-,ul
washes with freshly made elution buffer (50 mM Tris [pH
8.0], 5 mM glutathione [Sigma]).

Each of the wild-type and mutant fusion proteins (except
W148E) was produced at high levels with nearly 90% solu-
bility. The amount of soluble protein obtained for the two
W148E mutants was roughly a quarter of that obtained for
the other fusions. In all cases (including W148E), the fusion
proteins migrated as discrete bands and exhibited phospho-
tyrosine-dependent binding to peptides. The concentrations
of the soluble fusion proteins were equalized for each
experiment.

Peptides. All peptides were synthesized with tert-butoxy-
carbonyl-protected amino acids and exhibited greater than
90% purity as determined by high-pressure liquid chroma-
tography (Biosynthesis, Inc.). Free peptides were diluted in
PBS for the competition assays. Immobilized peptides were
kindly provided by Andrew Laudano (University of New
Hampshire), and the synthesis and coupling protocol was
described previously (37). Immobilized peptides were syn-
thesized with 14C, which allowed determination of the cou-
pling efficiency. The concentrations of peptides coupled to
Affi-Gel were equalized by diluting the peptide-coupled
Affi-Gel with blocked Sepharose CL4B (Sigma). The
YEEI-P peptide (see Fig. 2A) was kindly provided by Zhou
Songyang and Lewis Cantley (Harvard University).

Binding of fusion proteins with immobilized phosphopep-
tides. Purified GST fusion proteins were incubated with 30 PA
of 50% (vol/vol) Affi-Gel coupled to peptides. Except where
otherwise indicated, precipitations included 10 pI of GST
fusions (0.01 mg/ml) in wash buffer (PBS, 1% Triton X-100)
and 30 1I of a 50% slurry of peptide-coupled Affi-Gel. Free
peptides were always added in a 10-ixl volume. Free phos-
photyrosine (Sigma) was diluted in PBS and also added in a
10-pl volume. The final reaction volume was 50 pA, and
incubations were carried out for 30 min at 40C. Beads were
washed three times with wash buffer, and bound proteins
were eluted by boiling in sodium dodecyl sulfate (SDS)
sample buffer (0.0625 M Tris [pH 6.8], 10% [wtlvol] glycerol,
5% [vol/vol] 2-mercaptoethanol, 2.3% SDS) for 5 min prior
to SDS-polyacrylamide gel electrophoresis (PAGE) in 10%
gels. Proteins were electrophoretically transferred to nitro-
cellulose membranes and blocked with 2% bovine serum
albumin (BSA) in TBST (10 mM Tris-HCl [pH 8.0], 150 mM
NaCl, 0.2% Tween 20) for 30 min. Membranes were incu-
bated with anti-GST antibody (kindly provided by Doug
Kellogg, University of California, San Francisco) at 1:5,000
dilution in TBST-2% BSA either for 1 h at room temperature
or overnight at 40C. After incubation, membranes were
washed three times for 5 min each time in TBST. Goat
anti-rabbit antibody coupled to horseradish peroxidase (Boe-
hringer Mannheim) at 1:20,000 dilution in TBST-2% BSA
was incubated with the membranes for 1 h at room temper-
ature. Membranes were again washed three times for 5 min
each time in TBST and developed with chemiluminescence
reagents (Amersham).
To quantitate the binding observed in the Western blots

(immunoblots), we used the preceding protocol but used 5
P.Ci of 125I-labeled protein A (Amersham) as a secondary
reagent. Radioactivity in the bands was counted by using a
PhosphorImager (Molecular Dynamics).

Binding pp60(C=' with immobilized phosphopeptides. NIH
3T3 cells expressing the Src protein and various mutants of
Src were washed on ice with PBS and then lysed in TENT
lysis buffer (10 mM Tris [pH 8.0], 1 mM EDTA, 100 mM
NaCl, 1% Triton X-100). Lysates (2 mg) were cleared by
centrifugation at 14,000 x g for 5 min and then incubated
with 50 pA of 50% slurry peptide-coupled Affi-Gel for 30 min
at 40C. The Affi-Gel was washed three times for 5 min each
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FIG. 1. (A) Binding of GST-SH3/SH2 and GST-SH2 fusion pro-
teins to immobilized 527-P peptide. The indicated GST fusion
proteins were precipitated with Affi-Gel-coupled 527-P peptide or
527 peptide, and eluted proteins were detected by immunoblotting
with an anti-GST antibody as described in Materials and Methods.
Lanes marked by - contain the amount of fusion protein added to
each reaction. (B) Time course for the binding of the GST-SH2 to
immobilized 527-P. GST-SH2 fusion proteins were incubated with
immobilized 527-P for the indicated time periods, with a maximum
of 1 h of incubation to determine the time course of association.
Bound proteins were analyzed as described above. After 1 h of
incubation, reactions were diluted into 10 ml of PBS-1% Triton
X-100 and then incubated for the indicated time periods to determine
the time course of dissociation.

time in TENT buffer; bound proteins were eluted in SDS
sample buffer with 5% 2-mercaptoethanol for 5 min and then
subjected to SDS-PAGE in 10% gels. Proteins were trans-
ferred to nitrocellulose and blocked with 2% BSA in TBST.
Membranes were incubated with monoclonal antibody 327
(kindly provided by Joan Brugge, Ariad) at 1:5,000 dilution
in TBST-2% BSA overnight at 40C and subsequently washed
three times for 5 min each time in TBST. "N1Ilabeled goat
anti-mouse secondary antibody (Amersham) was incubated
with the membranes in TBST-2% BSA for 2 h at 40C.
Membranes were then washed three times for 5 min each
time in TBST and analyzed by autoradiography.

RESULTS

Src SH2 and SH3-SH2 domains bind specifically to the
phosphorylated form of the 527 peptide. To assay binding of
the Src SH2 domain to phosphopeptides, we expressed and
purified Src SH2 as a fusion protein with GST (GST-SH2).
Peptides were synthesized with either tyrosine or phospho-
tyrosine and coupled to Affi-Gel. GST-SH2 proteins were
incubated with Affi-Gel-coupled peptides, and the amount of
GST-SH2 proteins bound to beads was determined by West-
ern blotting. The efficiency of binding between the phos-
phopeptides and the fusion proteins was estimated by com-

paring the levels of input and bound protein (Fig. 1A).
Because the Src SH2 domain is thought to bind the

phosphorylated C terminus of the Src protein, we tested
whether this interaction would be observed in vitro. Beads
carrying a 13-mer peptide spanning residues 521 to 533 of the
Src protein and including phosphotyrosine at position 527
(called 527-P; see Fig. 2A) were incubated with GST-SH2
(Fig. 1A). Most of the GST-SH2 added to the reaction bound
to the Affi-Gel-coupled 527-P peptide. Binding is rapid and

reaches a maximum level within 30 min (Fig. 1B). The
complexes formed are stable for several hours, although the
reaction is completely reversible by dilution. Phosphoryla-
tion is required for binding; the GST-SH2 fusion proteins did
not bind beads carrying the identical 13-residue peptide
which lacks phosphotyrosine (called 527). In addition, GST
alone did not bind to either peptide.
A fusion protein containing both the SH3 and SH2 do-

mains of Src (GST-SH3/SH2) binds 1.5-fold more efficiently
to Affi-Gel-coupled 527-P peptides than does the fusion
protein containing the SH2 domain alone. Binding was again
specific for the phosphorylated form of the 527-P peptide.
GST-SH3, a fusion protein lacking the SH2 domain, does not
bind appreciably to either peptide. Thus, the SH3 domain
appears to increase the affinity of the SH2 domain for 527-P,
although it does not itself bind 527-P.
The Src SH2 domain binds 527-P with low affinity. Because

of the difficulty in determining the effective concentration of
phosphopeptides coupled to Affi-Gel and the relatively high
concentration of GST-SH2 fusion protein needed to assess
binding in this assay, we were unable to derive a dissociation
constant for the binding of the GST-SH2 fusion protein to
527-P. To determine a relative affinity of the Src SH2 domain
for 527-P, we therefore devised a competition assay in which
free peptides were tested for the ability to interfere with the
binding of GST-SH2 to Affi-Gel-coupled 527-P. The findings
were interpreted relative to the behavior of phosphopeptide
YEEI-P (Fig. 2A), since the Kd for the interaction between
this peptide and Src SH2 has been determined to be 4 nM
(39). Approximately 10,000-fold-greater concentrations of
free 527-P than YEEI-P were required to compete for half of
the binding of GST-SH2 to immobilized 527-P (Fig. 2B).
Thus the affinity of 527-P for the Src SH2 domain is about 104
less than that of YEEI-P for the Src SH2 domain (see
Discussion). This affinity is relatively low, although not as
low as the affinity of the domain for free phosphotyrosine,
which is approximately 105 less than that of YEEI-P for the
Src SH2 domain (data not shown).
The relatively weak affinity of a peptide known to interact

with Src SH2 prompted us to measure the ability of other
tyrosine-phosphorylated peptides to compete in this assay.
Src protein is autophosphorylated on Tyr-416, the only
tyrosine residue other than Tyr-527 that is abundantly phos-
phorylated. A 13-mer phosphopeptide representing the re-
gion surrounding Tyr-416 (416-P; Fig. 2A) interfered with
binding of GST-SH2 to immobilized 527-P in a manner
indistinguishable from that observed with free 527-P. This
finding indicates that the two Src-derived phosphopeptides
have similar and relatively weak affinities for Src SH2. This
binding is consistent with the possibility that both of these
phosphorylation sites interact intramolecularly with the Src
SH2 domain (see Discussion).

Src protein is known to associate with activated PDGF-R,
presumably through SH2 interactions with autophosphory-
lated sites in the receptor. We therefore tested two PDGF-
R-derived phosphopeptides for the ability to compete with
immobilized 527-P for binding to GST-SH2. A peptide con-
taining the autophosphorylation site at Tyr-857 (PD857-P;
Fig. 2A) failed to interfere with the binding of GST-SH2 to
immobilized 527-P, even at concentrations 100,000-fold
greater than required for half-maximal competition by
YEEI-P. Thus, this peptide appears to have an extremely
low affinity for Src SH2, since it is at least 10-fold less
effective than Src-derived phosphopeptides in the competi-
tion assay. This was surprising because Tyr-857 has previ-
ously been reported to mediate the association of Src with
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FIG. 2. Relative affinity of the GST-SH2 fusion protein for

various phosphopeptides. (A) Sequences of the phosphopeptides
used as competitors in panel B. (B) Competition assay with different
phosphopeptides. Increasing concentrations of each of the free
peptide competitors listed in panelA were added to 527-P previously
coupled to Affi-Gel, mixed thoroughly, and then incubated with 0.1
pg of GST-Src SH2 fusion proteins for 30 min at 40C. Bound
proteins were eluted, subjected to SDS-PAGE, and detected by
immunoblotting with a "2I-labeled goat anti-rabbit antibody. Radio-
activity in each band was quantitated with a PhosphorImager. One
hundred percent binding was defined as the level of binding ob-
served without any peptide competitor. Open circles, competition
with YEEI-P; closed circles, competition with PD751-P; open
squares, competition with 527-P; closed squares, competition with
416-P; open triangle, competition with PD857-P.

the activated receptor (7, 8). In contrast, PD751-P, a phos-
phopeptide representing the autophosphorylation site that
mediates the association of the p85 subunit of P13 kinase
with the activated receptor (10, 18), competes relatively
efficiently; 100-fold less free PD751-P peptide than 527-P is
required for half-maximal competition (Fig. 2B). These
findings suggest that the region around Tyr-857 is likely not
to mediate the association of the Src protein with the
PDGF-R as previously reported, and they show that the
competition assay can distinguish peptides with relative
affinities for the Src SH2 domain that range over more than
5 orders of magnitude.
A glutamic acid N terminal to tyrosine 527 is important for

binding to Src SH2. Although the peptide 527-P appears
to have a relatively weak affinity for Src SH2, it binds
more efficiently than other phosphopeptides (e.g., PD857-P).
527-P also binds more efficiently than the nonphosphorylated
version of the peptide, suggesting that phosphorylation of
Tyr-527 is required for binding. To seek other features of
527-P responsible for its ability to recognize Src SH2, we
tested variant forms of the 527-P peptide for binding to
GST-SH2.
To assess which sequences flanking the phosphotyrosine

in 527-P play a role in binding to GST-SH2, we synthesized
a shorter version of 527-P (527-P 6-mer; Fig. 3A). When this
shorter form of 527-P was immobilized and incubated with

FIG. 3. Binding of GST-SH2 to altered versions of 527-P phos-
phopeptide. (A) Sequences of the phosphorylated forms of the
peptides used in panels B and C. (B) Binding of GST-SH2 to a
random form of 527-P but not to a short version of the peptide. 527,
527(R), and 527 6-mer peptides in both the phosphorylated and
nonphosphorylated forms were used to bind GST-SH2, and the
results were analyzed as described in the legend to Fig. 1. (C)
Competition assay comparing wild-type 527-P and 527-P E--A
peptides. 527-P and 527-P E-*A were used to compete for binding of
GST-SH2 to immobilized 527-P as described in the legend to Fig. 2.

GST-SH2, the amount of bound GST-SH2 was greatly
diminished over that bound to immobilized 527-P (Fig. 3B).
The low level of binding to 527-P 6-mer was still dependent
on phosphate, since no binding was observed with the
nonphosphorylated version of the peptide. These results
suggest that in addition to the phosphorylation on tyrosine,
the sequences surrounding the phosphorylated tyrosine in
527-P are important for binding GST-SH2.
We also generated a randomized version of 527-P [527-

P(R); Fig. 3A] in which the position of each of the residues
except the central phosphotyrosine was changed, but the
total amino acid content and the charge balance on either
side of the phosphotyrosine were retained. When this pep-
tide was coupled to Affi-Gel and incubated with GST-SH2,
binding to immobilized 527-P(R) and binding to wild-type
527-P were indistinguishable (Fig. 3B). Thus, it appears that
the positional changes in 527-P(R) do not greatly affect the
binding of GST-SH2 to this peptide, and the binding ob-
served is still dependent on phosphotyrosine.
Taken together, these results indicate that residues flank-

ing phosphorylated Tyr-527 may be important for binding to
the GST-SH2 fusion protein, although the exact position of
these residues may not be critical. We compared the N-ter-
minal sequences of 527-P with those of other phosphopep-
tides that bind GST-SH2 (Fig. 2A) and noted that all of the
phosphopeptides for which GST-SH2 has appreciable affin-
ity, including 527-P(R), have a glutamic acid residue at
position -3 or -4 with respect to the phosphotyrosine.
PD857-P and 527-P 6-mer, which show reduced affinity for
GST-SH2, both lack a glutamic acid in this region. To test
the importance of this residue for binding of GST-SH2 to

A.
527-P
416-P
PD751 -P
PD857-P
YEEI-P

B.
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TABLE 1. Binding properties of mutant Src SH2 domains

Position of Conserved Coordinates Bindinge
Mutant' Positioneo Conserved with phospho-Mutantaresidue residues tyrosined SH2 SH3/SH2

W148E PA1 + + - <0.1 0.4
W148Y 1.0 NT
R155A caA2 + + 0.8 0.8
R155K 0.5 0.5
P165L AB2 - - 1.0 NT
R175L PB5 + + + <0.1 <0.1
N198E 3D1 - - 0.6 0.6
H201R PD4 + - 0.8 NT
H201L 0.4 NT
wT 1.0 1.0

a Residue within pp60csrC and mutational change.
b According to the normalized SH2 nomenclature (38).
c+ +, invariant; +, highly conserved; -, weakly conserved or noncon-

served.
d Coordinates with phosphotyrosine (+) or does not coordinate with

phosphotyrosine (-), as judged from the crystal structure (37, 38).
e Level of binding as a fraction of wild-type GST-SH2 or GST-SH3/SH2

binding. Data are averages of two independent experiments, in each case
incubating three different amounts of fusion protein (0.05, 0.1, or 0.5 pLg) with
the immobilized 527-P peptide. NT, not tested.

527-P more directly, we synthesized a 13-mer phosphopep-
tide similar to 527-P with a Glu-+Ala mutation at position -3
(Fig. 3A). Various concentrations of this mutant peptide
were incubated with GST-SH2 and immobilized 527-P; 10-
fold-higher concentrations of 527-P E-)A than of wild-type
527-P were needed to inhibit the binding of GST-SH2 to
Affi-Gel-coupled 527-P (Fig. 3C). These results suggest that
a glutamic acid at position 524 has a significant role in the
recognition of 527-P by GST-SH2.

Mutations in the Src SH2 domain and the presence of the
Src SH3 domain affect binding to 527-P. Having identified
some of the residues in 527-P important for binding to
GST-SH2, we were interested in the residues within the SH2
domain which might be important for binding 527-P. Al-
though 527-P binds weakly to GST-SH2, the binding is
specific for the Src SH2 domain. The C-terminal SH2
domain of the p85 subunit of PI3 kinase and the SH2 domain
of the Vav protein do not bind efficiently to 527-P (data not
shown). To identify residues within the Src SH2 domain that
might be responsible for this specific interaction with 527-P,
we tested mutant SH2 domains for the ability to bind
immobilized 527-P. Mutations have been made previously in
the Src SH2 domain and assayed in vivo for their effects on
the biological and enzymatic activities of pp60Y527F (12). We
made GST-SH2 fusion proteins with several of these mu-
tants and compared the binding of mutant and wild-type
GST-SH2 to 527-P (Table 1).
Arg-175 is invariant in all SH2 domains and coordinates

twice with the phosphotyrosine in the peptides (42). Chang-
ing this residue to leucine produces the most severe reduc-
tion in binding of all mutants tested (Table 1 and Fig. 4A).
Even at 100-fold-higher concentrations of this mutant do-
main, very little binding is observed (data not shown).
Trp-148 is also invariant in SH2 domains; although it does
not contact phosphotyrosine, this residue is critical for the
tertiary structure of the domain. When Trp-148 is changed to
glutamic acid, a severe reduction in binding is observed;
however, the more conservative change of this tryptophan
residue to a tyrosine had no effect on its ability to bind 527-P
(Table 1).
Other mutations reduce binding of the SH2 domain to

A. B.
GST-SH2

/ k 'k Iz Vt/4~) ?c~b\
N (i

~~ 11 -~

GST-SH2
/ 7I

GST-
SH3/SH2rX7

FIG. 4. (A) Mutant SH2 domains display different affinities for
immobilized 527-P peptide. Indicated mutant GST-SH2 fusion pro-
teins were bound to immobilized 527-P peptide and analyzed as
described in the legend to Fig. 1. (B) The presence of the SH3
domain enhances binding of the W148E mutant to 527-P. The
W148E GST-SH2 fusion and the W148E GST-SH3/SH2 fusion were
bound to 527-P and analyzed as described in the legend to Fig. 1. wt,
wild type.

527-P to 20 to 80% of wild-type binding. These include two
changes in another conserved arginine that also contacts the
phosphotyrosine in the peptide (R1SSA and R1SSK; Table 1
and Fig. 4A) (42). Changes in a conserved histidine (H201R
and H201L), which does not contact phosphotyrosine but is
important for maintaining active-site geometry (42), reduce
binding (Table 1 and Fig. 4A). The H201L mutant shows
only 40% of wild-type binding, while the more conservative
H201R mutant displays closer to wild-type levels of binding.
Although Asn-198 is not well conserved, the mutant N198E
domain binds at only 60% of wild-type levels (Table 1 and
Fig. 4A). The P165L mutant, with a change at another
nonconserved residue, displays wild-type binding (Table 1).
Many of these mutants were also assayed in the context of

the GST-SH3/SH2 fusion proteins. For the most part, the
mutants behaved the same in GST-SH3/SH2 fusion proteins
as they did in the context of GST-SH2 alone (data not
shown), with one notable exception. The affinity of W148E
GST-SH3/SH2 for 527-P is significantly greater than the
affinity of W148E GST-SH2 for the immobilized phos-
phopeptide (Fig. 4B). Although the binding of W148E GST-
SH3/SH2 is not at wild-type levels, the presence of the SH3
domain appears to enhance the ability of the W148E mutant
to bind 527-P.
R175L binds with high affinity to PD751-P. To determine

whether the SH2 mutations would affect binding of the
GST-SH2 fusion to other phosphopeptides, we assayed the
binding of the mutant SH2 domains to the phosphopeptides
whose affinity for the wild-type SH2 domain we had already
estimated (Fig. 2). The phosphorylated and nonphosphory-
lated forms of these peptides were coupled to Affi-Gel and
incubated with the mutant GST-SH2 fusion proteins. Bind-
ing of the mutant domains to immobilized 416-P, PD751-P,
and PD857-P was similar to that observed for each of these
mutant domains binding to immobilized 527-P (although
slight variation may not have been detected; data not
shown). The one exception was the mutant R175L domain: it
binds poorly to 527-P but binds at near wild-type levels to
PD751-P (Fig. 5). The R175L mutant domain binds with the
same kinetics as the wild-type domain but exhibits a slightly
faster time course for dissociation, resulting in a 10-fold-
reduced affinity compared with the affinity of the wild-type
domain for PD751-P in a competition assay (data not shown).
The wild-type SH2 domain also binds the nonphosphory-

lated version of PD751 (Fig. 5). Competitions using free
PD751 and PD751-P to inhibit binding of the wild-type Src
SH2 domain to PD751 suggest that the affinity of the wild-
type domain for PD751-P is approximately 50-fold greater
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Srcwt c-src NH- COOH

SH2

FIG. 5. Binding of wild-type and R175L mutant SH2 domains to
527-P and PD751-P phosphopeptides. Wild-type (wt) and R175L
mutant GST-SH2 fusion proteins were bound to phosphorylated and
nonphosphorylated forms of 527 and PD751 and analyzed as de-
scribed in the legend to Fig. 1.

than the affinity of the domain for the nonphosphorylated
version of the peptide (data not shown). The binding of the
R175L mutant domain to PD751-P, as well as the binding of
the wild-type domain to both PD751-P and PD751, suggests
that this binding is at least partly independent of phospho-
tyrosine (see Discussion).
The SH2 domain of pp60R75L is accessible for phosphopep-

tide binding. pp60c-Sc is extensively phosphorylated at Tyr-
527. Previous studies (37) have shown that pp6Ocs?' cannot
be precipitated from whole cell lysates with 527-P peptide
coupled to Affi-Gel, presumably because the SH2 domain of
pp6Oc-s? is associated with the phosphorylated Tyr-527 on
the same molecule (Fig. 6A). When Tyr-527 is changed to
phenylalanine to prevent the intramolecular SH2 interaction,
pp6O 527F can be precipitated from whole cell lysates with
immobilized 527-P (Fig. 6A). Src protein binding to immo-
bilized phosphopeptides has thus proven a useful assay to
determine the conformation of Src and Src family members
within lysates (37, 38).
We have described an interaction between the Src SH2

domain and PD751-P that is not strictly dependent on
phosphotyrosine, since a mutant which abolishes phospho-
tyrosine binding (R175L) retains affinity for this peptide (Fig.
5). This interaction provides a useful means to determine the
conformation of Src proteins that contain lesions in their
SH2 domains that affect phosphotyrosine binding. If the in
vitro assays that we describe mimic the Src SH2 interactions
that occur in vivo, mutations that disrupt binding of the
GST-SH2 fusion protein to the 527-P peptide should disrupt
the interaction of the Src SH2 domain with the phosphory-
lated C terminus in context of the entire protein. As a result
of this disruption, the SH2 domain in these mutant proteins
would be expected to be accessible for binding to certain
immobilized peptides, such as PD751-P. The properties of
the R175L mutant SH2 domain provided a means to test this
prediction, because the mutant does not bind 527-P but can
interact with PD751-P. We would expect that the SH2
domain of pp6OR17SL should no longer complex with Tyr-527
and should therefore be available to bind to immobilized
PD751-P (Fig. 6A).
Whole cell lysates of NIH 3T3 cell expressing various

mutant Src proteins were incubated with PD751-P coupled to
Affi-Gel, and precipitated proteins were examined for the
level of binding of the different Src mutants. As predicted
from earlier experiments, immobilized PD751-P does not
bind wild-type pp6Ocsrc but does bind pp6O proteins with a
mutation in Tyr-527 (pp6OYS27F )(Fig. 6B). Proteins with two
point mutations (pp6oRl75L Y 2 ) also bind immobilized
PD751-P, as predicted by the ability the mutant R175L

SrOY527F NH2

SH2

NH2

SH2
R175L

OP

SrcR1f75L

B.

BINDING TO
PHOSPHO-
PEPTIDE
PROBE

No

Yes

Yes

Bound to PD751-P Whole cell lysates
/ ~~/t 7

IxAC
I \

pp60-__ _

FIG. 6. (A) Predicted conformations of three different Src pro-
teins and their abilities to bind immobilized PD751-P phosphopep-
tide. wt, wild type. (B) Binding of mutant Src proteins to PD751-P.
Whole cell lysates expressing various mutant Src proteins were
incubated with immobilized PD751-P peptide, and the bound pro-
teins were detected by immunoblotting with monoclonal antibody
327 and a 1"I-labeled secondary antibody. One-twentieth of the
amount of protein added to each precipitation was loaded in the
lanes labeled "Whole cell lysates" to indicate the level of Src
protein expressed in each of the lysates. R175L-a and R175L-b are
two different clones of NIH 3T3 cells expressing the mutant Src
protein.

GST-SH2 fusion protein to bind this peptide. Interestingly,
proteins with the single mutation in the SH2 domain
(pp60Rl75L) also bind immobilized PD751-P, consistent with
such a mutation disrupting the interaction between the Src
SH2 domain and the phosphorylated C terminus.

DISCUSSION

By estimating the affinity of the Src SH2 domain for
various phosphopeptides, we have provided evidence that
bears directly on the selection of biologically relevant targets
by the Src SH2 domain, both intramolecularly and intermo-
lecularly. We have also defined residues within both the
phosphopeptides and the SH2 domain important for binding
and have identified a role for the adjacent SH3 domain in
SH2-phosphopeptide binding. These results are of particular
interest in light of the recent crystal structure of the Src SH2
domain as well as attempts to identify sequence motifs in
phosphopeptides that might mediate high-affinity binding.
Finally, the mutations in the SH2 domain that we have
assayed for binding have been described previously for their
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effects on the biological activities of pp6Ocsrc and pp60Y527F
in different cell types. Our binding data may provide some
biochemical basis for the complex biological phenotypes
associated with these mutants.

Low-affinity but specific binding of the Src SH2 domain to
two Src-derived phosphopeptides. To date, the only naturally
occurring Src SH2 interaction that has been well docu-
mented is the intramolecular binding of the Src SH2 domain
to phosphorylated Tyr-527, the negative regulatory site at
the C terminus of the Src protein (23, 37, 38). We have
shown here that the affinity of this interaction in vitro is 4
orders of magnitude lower than the affinity of the Src SH2
domain for the consensus high-affinity YEEI-P peptide (Fig.
2B). The Kd of the interaction between the Src SH2 and
YEEI-P has been measured at 4 nM (39), which suggests that
the Kd of the interaction between the Src SH2 and 527-P is
approximately 40 ,uM. This affinity is significantly lower than
those calculated for intermolecular binding events by SH2-
containing proteins (11, 18, 45).
The binding between the SH2 domain and the 527-P

phosphopeptide is specific, however. First, the Src SH2
domain binds only to the phosphorylated form of the C-ter-
minal peptide (Fig. 1A); the affinity of the domain for the
nonphosphorylated C-terminal peptide at least 100-fold
lower. Second, the Src SH2 domain binds some phos-
phopeptides with even lower affinity than that estimated for
the interaction with 527-P. For example, the affinity of the
Src SH2 domain for the PDGF-R phosphopeptide PD857-P is
at least an order of magnitude lower than that for 527-P.
Third, not all SH2 domains bind the phosphopeptide con-
taining Tyr-527; fusion proteins containing the SH2 domains
of the Vav protein and the C-terminal portion of p85 subunit
of PI3 kinase do not bind efficiently to 527-P (data not
shown).
A specific, low-affinity interaction between the SH2 do-

main and Tyr-527 is consistent with models for the regulation
of pp6Oc-s. Because the interaction is hypothesized to be
intramolecular, the local concentrations of the components
of the binding reaction are high, implying that relatively low
affinities will permit efficient binding. Also, the inhibition of
kinase activity associated with phosphorylation of Tyr-527
must be regulatable. A tight interaction between the SH2
domain and phosphorylated Tyr-527 might not permit dere-
pression of enzymatic activity by the action of phosphatases
on phosphorylated Tyr-527.
The Src SH2 domain may be involved in a second regu-

latory event mediated by the intramolecular binding of the
SH2 domain to autophosphorylated Tyr-416 (22, 41). Our in
vitro data suggest that such an interaction is possible. The
Src SH2 domain binds to a phosphopeptide containing
Tyr-416 as avidly as it does to phosphopeptide 527-P (Fig.
2B). The binding is phosphotyrosine dependent and specific
for the Src SH2 domain, since the SH2 domains of Vav and
p85 do not bind appreciably to 416-P. This specific, low-
affinity interaction is also consistent with a regulatable,
intramolecular binding event. Definitive evidence that either
of these interactions actually occurs within the context of the
entire protein may require determination of the crystal
structure of the Src protein.
Requirement for an N-terminal glutamic acid within the

phosphopeptide target. All of the peptides to which the Src
SH2 has been shown to bind have a glutamic acid residue at
positions -3 or -4 with respect to phosphotyrosine (Fig. 2A
and 3A). A single change of this residue to an alanine in
527-P results in reduced affinity of the peptide for the SH2
domain (Fig. 3A and C). The importance of this glutamic

acid in binding is supported by studies of mutations in the C
terminus of the Src protein; such mutations activate the
kinase and transforming activities of the protein (4). If the
interaction between the Src SH2 domain and the phosphor-
ylated C terminus of the Src protein inhibits Src's kinase
activity, mutations which disrupt binding of the C terminus
to the SH2 domain are predicted to be activating. Other than
those directly affecting Tyr-527, the only changes that acti-
vated the kinase and transformation activities of the Src
protein were mutations in Glu-524 (4).
The region N terminal to the phosphotyrosine has not

previously been considered an important factor in recogni-
tion by SH2 domains. The motif identified as mediating the
binding between SH2 domain of the p85 subunit of P13
kinase and the PDGF-R consists of a phosphotyrosine and
three residues C terminal to the phosphotyrosine (11). Se-
lection strategies to search for phosphopeptides that bind
tightly to the SH2 domains of Src family members have
focused exclusively on sequence motifs in the region C
terminal to the phosphotyrosine (39). The crystal structure
of the Src SH2 domain with a high-affinity peptide (43)
identifies the phosphotyrosine and the isoleucine at position
+3 in the phosphopeptide as mediating the contacts with the
SH2 domain. Our results suggest that sequence motifs in the
N-terminal portion of the phosphopeptides bear further
examination.

Association of the Src SH2 domain with PDGF-R phos-
phopeptides. The binding site on the PDGF-R for Src and Src
family members has been the subject of much investigation.
We have tested two PDGF-R phosphopeptides and find that
the Src SH2 domain binds with high affinity only to the
phosphopeptide containing Tyr-751. However, we do not
believe that this phosphorylation site mediates the associa-
tion of Src with the PDGF-R. Tyr-751 has been reported by
others to mediate the interaction of PI3 kinase with activated
receptors (10, 18), and in our assay, the C-terminal SH2
domain of the p85 subunit of P13 kinase has at least 10-fold-
greater affinity for this phosphopeptide target (data not
shown).

Phosphorylated Tyr-857 and the analogous residues on
other receptors have been implicated previously in the
association of Src and Src family members with activated
receptors (7, 8). We believe the weak affinity between
GST-SH2 and PD857-P observed in this in vitro reaction to
be inconsistent with Tyr-857 mediating an intermolecular
SH2 interaction between the PDGF-R and the Src protein.
Such an interaction is likely to require the much higher
affinities, as reported for the association of the p85 subunit of
PI3 kinase (18) and the GTPase-activating protein (11) with
the PDGF-R.

Others have recently reported the identification of a
high-affinity juxtamembrane binding site for Src family mem-
bers on the PDGF-R (30). The phosphorylation of Tyr-857
may serve only to ensure that the other tyrosines on the
receptor are fully phosphorylated.

Residues within the SH2 domain and the presence of the
SH3 domain affect binding to phosphopeptides. Our analysis
of the residues in the SH2 domain important for phos-
phopeptide binding was aided greatly by the recent determi-
nation of the structure of the Src SH2 domain complexed
with various phosphopeptides (42, 43). Most of the mutated
residues are well conserved. Some are involved in binding
the phosphotyrosine on the target, some are important
structurally, and some may be implicated in the interaction
of the domain with residues flanking the phosphotyrosine on
the target.

MOL. CELL. BIOL.



BINDING OF THE Src SH2 DOMAIN TO PHOSPHOPEPTIDES 7285

The invariant tryptophan which marks the N-terminal
boundary of all SH2 domains is important for the tertiary
structure of the SH2 domain, with the side chain of Trp-148
packing against other conserved side chains to form the
hydrophobic core of the structure. As predicted by this
critical role in the formation of the hydrophobic core of the
SH2 domain, the W148E mutation drastically reduces bind-
ing of the domain to phosphopeptide targets (Fig. 4B).
Proteins containing W148E also exhibit altered mobility on
SDS-PAGE (data not shown). A more conservative change,
W148Y, does not impair binding, demonstrating that the
invariant tryptophan can be replaced by a similar residue and
still retain function.
The reduction in binding observed with W148E is partially

restored by the inclusion of the SH3 domain in the fusion
protein, suggesting that the SH3 domain might stabilize the
SH2 domain and its interactions with phosphopeptides. The
presence of the SH3 domain also increases the level of
binding to the wild-type SH2 domain (Fig. 1A), although the
effect is not as great. Interactions between the SH2 and SH3
domains have been postulated previously because these
domains often appear together, usually with an SH3 domain
followed immediately by an SH2 domain. Definitive proof of
the interaction between these two domains will require
crystallization together with appropriate phosphopeptides.
Arg-155 is involved in the simultaneous recognition of the

phosphate group and the aromatic ring of the phosphoty-
rosine. Amino-aromatic interactions are comparable in
strength with conventional hydrogen bonds between non-
charged groups, and this particular amino-aromatic interac-
tion is optimally constructed. Given the importance of this
residue, it was somewhat surprising that the mutations
R155K and R155A reduce binding only slightly. The adjacent
position 156 in the Src SH2 domain is also an arginine and
might substitute for Arg-155 in coordinating the phosphoty-
rosine. It is also possible that Arg-155 can be functionally
replaced other residues; in fact, some SH2 domains do have
a lysine in this position. Marengere and Pawson (26) have
mutated the equivalent residue in the GTPase-activating
protein SH2 domain and find that a number of different
substitutions at this position have little effect on the binding
properties of this domain.

His-201 is strongly conserved and makes contacts that
may be critical for the maintenance of active-site geometry.
Although theoretical predictions suggest that changing this
residue to a leucine might preserve the interactions attrib-
uted to the histidine (42), we find that such a change impairs
binding to phosphopeptides. The more conservative muta-
tion, H201R, still preserves 80% of wild-type binding, sug-
gesting that another basic residue might partially substitute
for His-201. Arginine at position 201 is also hypothesized to
make novel contacts with the phosphopeptide that are not
possible for the histidine (42).

It has been suggested that the loops between the con-
served a helices and ,B strands might contact the regions
flanking the phosphotyrosine and mediate specificity. Two of
the tested mutant domains change residues in loops: Pro-165
in the loop between P strands A and B, and Asp-198 at the
edge of the CD loop that contains an insertion specific to Src
family members. The P165L mutant domain binds with
wild-type affinity, while the N198E mutant domain exhibited
60% of wild-type binding. The position of Asn-198 at the
edge of the Src-specific loop allows us to postulate a role for
this residue and the Src insertion in mediating contacts that
might be important for SH2 interactions specific for the Src
protein. The effect of this mutation on the biology of

pp6OY527F is consistent with such a role (12, 13). While the
parental protein transforms both chicken and mouse cells,
the N198E mutant no longer transforms chicken cells effi-
ciently, suggesting that an SH2-mediated contact important
for transformation by Src in chicken cells might have been
disrupted.
Arg-175 and its role in SH2 binding. Arg-175 plays a critical

role in binding the phosphotyrosine in peptide targets. This
residue forms an ion pair with the phosphate group, with
specific hydrogen-bonding interactions between the two
terminal nitrogens and two of the phosphate oxygens. Such
a dual interaction is possible only with an arginine residue.
Consistent with this unique role, the R175L mutant SH2
domain displays the most drastic reduction in binding to
phosphopeptides of all mutants tested (Table 1 and Fig. 4A).
We have tested the R175L mutation in the context of

pp60C-Sfl for the accessibility of the SH2 domain, and
pp60R175L has also been assayed for biological and enzy-
matic activities. Results in chicken cells are consistent with
the possibility that the R175L mutation disrupts the intramo-
lecular interaction between the Src SH2 domain and the
phosphorylated C-terminal Tyr-527. pp60R175L displays ele-
vated levels of kinase activity as well as the ability to
transform chicken cells (12). As predicted for such a disrup-
tion, the SH2 domain of pp60Rl5L is accessible and binds
immobilized PD751-P (Fig. 6A).
When the R175L mutation is placed in the context of the

activated pp60Y521 protein, the phenotyes vary in different
cell types. While the parental pp60Y5 7 protein is able to
transform both chicken and mouse cells, pp60R175L1Y527F no
longer transforms mouse cells yet transforms chicken cells
better than the parental protein (12, 13). This host range
phenotype cannot be readily explained; the mutant R175L
SH2 domain binds poorly to most tyrosine-phosphorylated
proteins in both cell types (la). We have made one intriguing
observation that may bear on the complex phenotype asso-
ciated with R175L. While unable to bind most other phos-
phopeptides, the mutant R175L SH2 domain is able to bind
the PDGF-R phosphopeptide PD751-P. Since Arg-175 medi-
ates the binding observed in the crystal structure, the affinity
of the mutant domain for this peptide suggests a novel type
of binding event.
We believe that the binding of the Src SH2 domain to the

Tyr-751-containing peptide is at least partly phosphotyrosine
independent. Others have reported phosphotyrosine-inde-
pendent binding events associated with SH2 domains (6,
33a), and we have observed that the wild-type Src SH2
domain binds the nonphosphorylated version of PD751 (Fig.
5). The R175L mutant domain displays higher affinity for the
nonphosphorylated PD751 than for other phosphopeptides,
including YEEI-P (data not shown). Others have shown that
a deletion (A144-175) that abolishes binding of activated Src
to most phosphopeptides (37) does not affect binding of the
activated protein to PD751-P (2). This result suggests that
the binding site for the PD751-P peptide is in the C-terminal
portion of the Src SH2 domain, unlike the binding site for
other phosphopeptides. Consistent with the possibility of
two binding sites is the observation that the nonphosphory-
lated version of PD751 is unable to compete for binding of
the wild-type SH2 domain to 527-P (data not shown).
Although these data point to a mode of binding that is not

dependent on phosphotyrosine, we do observe greater levels
of binding of both the wild-type and R175L mutant domains
to the phosphorylated version of the PD751 peptide. This
may be explained simply by nonspecific electrostatic inter-
actions between the PD751-P peptide (which is relatively
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acidic) and the SH2 domain (which contains a number of
basic residues). We believe that these nonspecific electro-
static interactions may increase the affinity of a primarily
phosphotyrosine-independent binding event. Consistent
with this hypothesis is our observation that although free
phosphotyrosine competes completely for the binding of the
SH2 domain to the 527-P and YEEI-P phosphopeptides, it
competes only partially for the binding of the SH2 domain to
PD751-P (data not shown).
The phosphotyrosine-independent binding of the SH2

domain to the PD751 peptide and the affinity of the R175L
mutant for this peptide may offer some explanation for the
host range phenotype associated with pp60 5L/Y527F. Cer-
tain SH2 binding events which are phosphotyrosine indepen-
dent and therefore do not require Arg-175 might occur and
allow for transformation in some cell types. Arg-175-medi-
ated SH2 interactions would be abolished, eliminating trans-
formation in other cell types.
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