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ABSTRACT Phosphorylation of the carboxyl terminus of
pp60C'T, the product of the c-src protooncogene, at Tyr-527
suppresses its tyrosine kinase activity and transforming poten-
tial. It has been proposed that the phosphorylated carboxyl
terminus of pp60111 inhibits kinase activity by binding to the
SH2 (src homology 2) domain. We have synthesized- peptides
corresponding to the carboxyl-terminal 13 residues of pp60'w
phosphorylated and nonphosphorylated at Tyr-527. A highly
transforming mutant, pp6OC`src(F527), in which Tyr-527 is mu-
tated to Phe, bound to the phosphorylated peptide innobilized
to Affi-Gel 10. Binding of the phosphorylated peptide was
abolished by deletion of residues 144-175 in the SH2 domain
but not by deletion of residues 93-143, which removes most of
the SH3 domain. The phosphorylated peptide also bound to
pp6OvSrc, the transforming protein of Rous sarcoma virus.
Only traces of pp60v7 and pp6Oc 527) bound to the corre-
sponding nonphosphorylated c-src peptide. Normal pp60'1
bound much less efficiently to the phosphorylated peptide than
did pp60`8)c(FS27). A phosphorylated peptide corresponding to
the carboxyl terminus of the c-fgr protein also bound to
pp60cSrc(F527), but with weaker affinity. Furthermore, the
phosphorylated synthetic carboxyl-terminal pp6OC4re peptide
markedly inhibited phosphorylation of pp604rC(F527) during
cytoskeletal kinase assays. These results provide direct evi-
dence for models in which the phosphorylated carboxyl termi-
nus of pp60C`rc binds intramolecularly or intermolecularly to
the SH2 domain of the c-src protein.

The product of the c-src protooncogene, pp60'-src, is the
normal cellular counterpart of the transforming protein of
Rous sarcoma virus, pp60vsrc (1, 2). The major site of
tyrosine phosphorylation of pp6Ocsrc is located near its
carboxyl terminus (3, 4). The phosphorylated residue, Tyr-
527 (3), has been implicated as a site of negative regulation
(3-15). Phosphorylation of pp60c`rc at Tyr-527 suppresses its
tyrosine kinase activity and transforming potential (5-15),
whereas phosphorylation at Tyr-416 contributes to the en-
hanced kinase activity and transforming properties of acti-
vated pp60c-src mutants (8, 9, 14, 16, 17). Evidence in support
of a regulatory role for Tyr-527 phosphorylation includes the
observation that the kinase activity of pp6csrc is stimulated
by enzymatic dephosphorylation or by mutation of Tyr-527
(5, 6, 8-14). The mechanism by which carboxyl-terminal
phosphorylation suppresses pp6O-src kinase activity and its
transforming ability is not known. It has been proposed that
the phosphorylated carboxyl terminus of pp6Ocsrc may reg-
ulate its activity by binding to other regions of the c-src-
encoded protein, possibly acting as an allosteric effector,
pseudosubstrate inhibitor, or product analog inhibitor (6, 15,
18-23).

pp60csrc contains two domains, SH2 (src homology 2,
residues 140-250) and SH3 (src homology 3, residues 88-
139), that are highly conserved among nonreceptor tyrosine
kinases (boxes A, B, and C) (23-25). The finding that the
v-crk-encoded protein SH2 domain, as well as bacterially
expressed SH2 constructs, binds to phosphotyrosine-
containing proteins (19, 26-29) has suggested that the SH2
domain may regulate the activity of normal pp60c-src by
binding to its phosphorylated carboxyl terminus (19-22).
We have now synthesized phosphorylated and nonphos-

phorylated peptides modeled on the carboxyl terminus of
pp6csrc and tested them for the ability to bind to normal
pp60csrc and to a highly transforming activated mutant pro-
tein, pp6Oc-src(F527), in which Tyr-527 is replaced by phenyl-
alanine. We found that the phosphorylated peptide prefer-
entially bound to activated pp60csrc(F527) but not to a similar
protein in which residues 144-175 of the SH2 domain were
deleted. In addition, the phosphorylated peptide inhibit-
ed phosphorylation of pp6oc-src(F527) during kinase assays
conducted on the detergent-insoluble cytoskeletal matrix.

MATERIALS AND METHODS
Peptide Synthesis. The O-phosphotyrosine-containing pep-

tide Thr-Ser-Thr-Glu-Pro-Gln-Tyr(P)-Gln-Pro-[14C]Gly-Glu-
Asn-Leu, which corresponds to the carboxyl terminus of
pp60C-src phosphorylated at Tyr-527, was synthesized by
standard Merrifield solid-phase procedures (30, 31). The
corresponding nonphosphorylated carboxyl-terminal peptide
of pp60c-src (Thr-Ser-Thr-Glu-Pro-Gln-Tyr-Gln-Pro-[14C]-
Gly-Glu-Asn-Leu), and an analog with a tyrosine -- phenyl-
alanine substitution (Thr-Ser-Thr-Glu-Pro-Gln-Phe-Gln-Pro-
[14C]Gly-Glu-Asn-Leu) were similarly prepared. Phosphoryl-
ated and nonphosphorylated peptides modeled on the car-
boxyl terminus of the c-fgr-encoded protein, Thr-Ser-Ala-
Glu-Pro-Gln-Tyr(P)-Gln-Pro-[14C]Gly-Asp-Gln-Thr and Thr-
Ser-Ala-Glu-Pro-Gln-Tyr-Gln-Pro-[14C]Gly-Asp-Gln-Thr
were also synthesized. Phosphotyrosine was incorporated as
the tert-butoxycarbonyl-O-(dibenzylphosphono)-L-tyrosine
derivative (Peninsula Laboratories). A complete description
of the synthetic procedures will be published elsewhere.

Isotopic Labeling of Cells and Preparation of Cell Extracts.
Plasmid-transfected NIH 3T3 cells that overexpress wild-
type chicken pp60c-src [NIH(pMcsrc/foc)B] cells or
pp60c-src(F527) containing a Tyr-527 -* Phe mutation [NIH-
(pcsrc527/foc/EP)Bl] cells have been previously described
(8, 32). NIH 3T3 cells expressing pp60csrc(F527) with deletion
of residues 93-143 (D11) and residues 144-175 (D12) (33, 34)
were provided by Harold Varmus (University of California,
San Francisco). Cells were labeled for 3 hr, as described (35),
with [35S]methionine (0.5 mCi/ml; 1 Ci = 37 GBq). Each
10-cm plate of cells was washed twice with ice-cold phos-
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phate-buffered saline (PBS) and extracted with 2 ml of NP-40
buffer [1% Nonidet P40/140 mM NaCl/20 mM Tris HCl, pH
7.5/1 mM CaCl2/1 mM MgCl2/leupeptin (25 ug/ml, Sigma,
freshly added)/aprotinin (10 Ag/ml, Sigma, freshly added)/
0.5 mM phenylmethylsulfonyl fluoride (Sigma, freshly added
from a 100 mM stock solution in absolute ethanol)/0.1 mM
sodium orthovanadate] by scraping with a rubber policeman
at 40C.

Binding of pp6(csrc(F527) and pp6O' to Affi-Gel-10-Linked
Peptides. 14C-labeled peptides were covalently coupled to
Affi-Gel-10 (Bio-Rad). The degree of substitution, measured
by scintillation counting, was 5.1 ,umol/ml for both the
phosphorylated and nonphosphorylated carboxyl-terminal
peptides of the c-src protein, 9.4 ,umol/ml for the nonphos-
phorylated carboxyl-terminal peptide ofthe c-fgr protein, and
5.6 ,mol/ml for the phosphorylated carboxyl-terminal pep-
tide of the c-fgr protein. NP-40 extracts were normalized to
contain comparable levels of immunoprecipitable [35S]me-
thionine-labeled pp60-src and pp60Csrc(F527). Similarly, NP-40
extracts of [35S]methionine-labeled NIH 3T3 cells expressing
high levels of pp0c-src(F527) with deletions of residues 93-143
(D11) or residues 144-175 (D12) were normalized to contain
approximately equal quantities of each mutant protein.
NP-40 extracts of [35S]methionine-labeled cells or [y_32p]_
ATP-labeled cytoskeletal preparations (see below) were pre-
cleared batchwise with Affi-Gel-10 blocked with ethanol-
amine in NP-40 buffer essentially as described (4). Aliquots
of the precleared lysates, 200 Al, were shaken end-over-end
for 30 min with 200 Al of Affi-Gel-10/peptide, 50%o (vol/vol)
in NP-40 buffer, at 4°C. Competitive binding studies were
conducted with 50 ,ul of Affi-Gel-10/peptide in the presence
or absence of 1.3 mM phosphorylated or nonphosphorylated
peptides. The pellets were washed four times with 1 ml of
NP-40 buffer. Washed pellets were boiled for 3 min in 0.1 ml
of SDS sample buffer [10% (vol/vol) glycerol/2.3% (wt/vol)
SDS/0.0625 M Tris-HCl, pH 6.8/5% (vol/vol) 2-mercapto-
ethanol)] and analyzed by electrophoresis on SDS/9%o poly-
acrylamide gels as described (35).
The amount of pp6v-src, pp60c-src, or pp6c-src(Fs27) bound

to the Affi-Gel-coupled peptides was quantified by reprecip-
itation with an antibody against the amino terminus of
pp60V-src and pp60c-src. Pellets containing bound proteins in
SDS sample buffer were diluted 10-fold with reprecipitation
buffer (10 mM Tris HCl, pH 7.4/0.3% SDS/10 mg of oval-
bumin per ml/1% NP-40). The pellets were removed by brief
centrifugation at 4°C. For reprecipitation of pp6ocsrc and
pp6oc-src(F527), 200 ,l of the diluted supernatant solutions was
immunoprecipitated with 10 ,l of ascites fluid containing a
monoclonal antibody directed against residues 2-17 of
pp60 V-src and pp60c-src (Microbiological Associates) and the
immunoprecipitate was analyzed on SDS/9% polyacrylam-
ide gels essentially as described (4, 35).
In Situ Kinase Assays. In situ kinase assays were performed on

the detergent-insoluble cytoskeletal matrix of NIH 3T3 cells
transformed by pp6OCsrc(F527) [NIH(pcsrc527/foc/EP)B1 cells]
(8), the Schmidt-Ruppin A v-src protein [NIHp(Mvsrc/foc/
EP)A2 cells] (36), or the Schmidt-Ruppin D v-src protein
[NIH(pMvsrcD/foc)A cells] (36) essentially as described (37,
38), in the presence and absence of 3.6 mM peptides.
pp60 srC(F52 was reprecipitated from [y32P]ATP-labeled cyto-
skeletal extracts in SDS sample buffer with a monoclonal anti-
body directed against residues 2-17, following a 10-fold dilution
with reprecipitation buffer as described above. In situ-labeled
cytoskeletal extracts and reprecipitated pp60S-C(F527 were ana-
lyzed by electrophoresis on SDS/9o polyacrylamide gels and
were subjected to autoradiography at -70°C. Alkali gels were
incubated with 1 M NaOH for 1 hr at 550C to enhance detection
of phosphotyrosine (39). [y32P]ATP-labeled cytoskeletal prepa-
rations containing pp6OV-srC and pp6cs-rc(F527) were also extracted

with NP-40bufferand analyzed for binding to the phosphorylated
and nonphosphorylated c-src peptides as described above.

RESULTS
Activated ppOWCrC(FS27) Binds to the Phosphorylated Car-

boxyl-Terminal Peptide of the c-src-Encoded Protein. Syn-
thetic peptides corresponding to the phosphorylated and
nonphosphorylated carboxyl-terminal 13 residues of the c-src
and c-fgr proteins immobilized on Affi-Gel-10 were tested for
their ability to bind proteins from extracts of [35S]methionine-
labeled NIH 3T3 cells overexpressing a highly transforming
c-src variant, pp6OcsrC(F527). The bound proteins were eluted
by heating in SDS sample buffer and were resolved on an
SDS/9%o polyacrylamide gel. A 60-kDa protein was prefer-
entially bound to the phosphorylated carboxyl-terminal pep-
tide of pp60csrc (Fig. 1A, lane 2) and with weaker affinity to
the phosphorylated carboxyl-terminal peptide of the c-fgr
protein (Fig. 1A, lane 4). Only small amounts of the 60-kDa
protein bound to the nonphosphorylated c-src peptide (Fig.
1A, lane 1) or to an analog with a tyrosine -+ phenylalanine
substitution (Fig. 1A, lane 3).
We suspected that the 60-kDa protein bound by the phos-

phorylated peptide was activated pp6c-src(F527). We therefore
tested the binding of various peptides to cell extracts con-
taining pp6oc-src(F527) and reprecipitated the bound proteins
with antibodies specific for the amino terminus of pp60csrc.
The antibodies detected pp60csrC(F527) bound to the phospho-
rylated pp60csrc carboxyl-terminal peptide (Fig. 1B, lane 3).
Only slight traces of pp6c`src(F527) bound to the nonphospho-
rylated carboxyl-terminal peptides of the c-src and c-fgr
proteins (virtually undetectable in Fig. 1B, lanes 1 and 5).
Immunoprecipitation of pp6oc-src(F527) bound to phosphoryl-
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FIG. 1. Binding of pp60c-src(F527) to the phosphorylated carboxyl-
terminal peptides of the c-src and c-fgr proteins. (A) NP-40 extracts
of [j5S]methionine-labeled NIH 3T3 cells expressing pp6Ocsrc(F527)
were bound to immobilized 13-residue peptides modeled on the
nonphosphorylated carboxyl terminus of the c-src protein (lane 1),
the phosphorylated carboxyl terminus of the c-src protein (lane 2),
the carboxyl terminus of the c-src protein with a phenylalanine
substitution at position 527 (lane 3), and the phosphorylated carboxyl
terminus of the c-fgr protein (lane 4). (B) NP-40 extracts of [35S]me-
thionine-labeled NIH 3T3 cells expressing pp60c-src(F527) were bound
to immobilized peptides modeled on the nonphosphorylated car-
boxyl terminus of the c-src protein (lanes 1 and 2), the phosphoryl-
ated carboxyl terminus of the c-src protein (lanes 3 and 4), and the
nonphosphorylated carboxyl terminus of the c-fgr protein (lanes 5
and 6), eluted, and immunoprecipitated with antibodies directed
against the amino terminus of the c-src protein (lanes 1, 3, and 5) or
with antibodies against the amino terminus of the c-src protein
blocked by prior incubation with the immunizing peptide (lanes 2, 4,
and 6). (C) Inhibition of binding of pp60c-src(F527) by competition with
soluble phosphopeptide. NP-40 extracts of [35S]methionine-labeled
NIH 3T3 cells expressing pp6oc-src(F527) were bound to the immobi-
lized pp6csrc carboxyl-terminal 13-residue phosphopeptide in the
presence of the corresponding soluble nonphosphorylated (lane 1)
and phosphorylated (lane 2) peptides (1.3 mM) or in the absence of
any competing peptides (lane 3). Proteins were analyzed on an
SDS/9%o polyacrylamide gel. The electrophoretic mobility of
pp6oc-src(F527) is indicated. Molecular masses of marker proteins are
indicated in kDa.
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ated c-src peptide was blocked by the immunizing peptide
(Fig. 1B, lane 4). Binding of pp6Oc-src(F527) to the immobilized
phosphorylated peptide was markedly reduced by competi-
tion with the soluble phosphorylated peptide (Fig. 1C, lane 2)
but not by the nonphosphorylated peptide (Fig. 1C, lane 1).
We then compared the binding ofeach peptide to activated

pp6Oc-src(F527) and normal pp60csrc. Extracts of [35Sjmethio-
nine-labeled NIH 3T3 cells overexpressing either normal
ppW-src or activated PPWc-src(F527) were adjusted to contain
approximately equal amounts of the corresponding c-src
proteins. Each extract was allowed to react with Affi-Gel-
coupled peptides corresponding to the phosphorylated and
nonphosphorylated carboxyl termini of the c-src protein and
the nonphosphorylated carboxyl terminus of the c-fgr pro-
tein. Bound proteins were eluted and reprecipitated with
antibodies specific for residues 2-17 of pp60csrc. A 60-kDa
protein was reprecipitated from extracts of pp60c-srC(F527)_
transformed cells bound to the phosphorylated carboxyl
terminus of the c-src protein (Fig. 2, lane 5). Only small
amounts of normal pp60Csrc bound to the phosphorylated
carboxyl-terminal pp60csrC peptide (barely detectable in Fig.
2, lane 2).
The phosphorylated c-src peptide also bound to pp60VSrC and

pp60Csrc(F52"n labeled with [y-<32P]ATP in cytoskeletal prepara-
tions (Fig. 3, lanes 1, 3, and 5). In contrast, only traces ofpp60V-'rc
and pp60c-srcF527) bound to the nonphosphorylated c-src peptide
(Fig. 3, lanes 2, 4, and 6).

Deletion ofResidues 144-175 in theSH2 Domain ofpp6Oc-
Abolishes Binding to the Phosphorylated c-src Carboxyl-Terminal
Peptide. Deletion mutant Dll (33, 34), which lacks residues
93-143 of pp60`-src(F527, bound efficiently to the phosphorylated
carboxyl-terminal peptide ofthe c-src protein (Fig. 4B, lane 1) but
not very well to the corresponding nonphosphorylated peptide
(Fig. 4B, lane 2). These results indicated that residues 93-143,
which include most of the SH3 domain, are not essential for
binding to the phosphorylated peptide. In contrast, deletion
mutant D12 (33, 34), which lacks residues 144-175 in the SH2
domain of pp6O`src(F527), did not bind to either the phosphoryl-
ated or nonphosphorylated c-src carboxyl-terminal peptides
(Fig. 4B, lanes 3 and 4). Immunoprecipitation with antibodies
against residues 2-17 of the c-src protein verified that the cell
extracts contained approximately equal quantities of each mu-
tant protein (Fig. 4A). These results are consistent with previous
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FIG. 3. Binding of phosphorylated pp60vsr and pp6Ocsrc(F527) to
the c-src carboxyl-terminal peptide. Detergent-extracted cytoskele-
tal preparations ofNIH 3T3 cells transformed by pp6oc-src(F527) (lanes
1 and 2), plasmid p(Mvsrc/foc/EP)A2 (36) encoding the Schmidt-
Ruppin A v-src protein (lanes 3 and 4), or plasmid (pMvsrcD/foc)A
(36) encoding the Schmidt-Ruppin D v-src protein (lanes 5 and 6)
were labeled in situ with [-32P]ATP. NP-40 extracts were bound to
immobilized synthetic peptides modeled on the phosphorylated
carboxyl terminus of the c-src protein (lanes 1, 3, and 5) or the
nonphosphorylated carboxyl terminus of the c-src protein (lanes 2,
4, and 6). Bound proteins were washed, eluted, and immunoprecip-
itated with antibodies directed against the amino terminus of
pp60C-src. Immunoprecipitates were analyzed on an SDS/9%o poly-
acrylamide gel.

suggestions of an interaction of the phosphorylated carboxyl
terminus of pp60-SrC with the SH2 domain (19-22).
The Phosphorylated Carboxy-Terminal Peptide of pp60-"

Inhibits in Situ Phosphorylation of Activated pp6O 4s¢. Since
the phosphorylated carboxyl terminus of pp60csrc negatively
regulates its kinase activity, it was possible that binding ofthe
synthetic phosphopeptide to pp6Ocsrc(FS27) might have a sim-
ilar effect. In situ kinase assays were performed on the
detergent-insoluble cytoskeletal matrix of NIH 3T3 cells
expressing pp6c-src(FS27) after incubation with phosphoryl-
ated or nonphosphorylated carboxyl-terminal peptides. A
60-kDa protein was one of the major proteins phosphorylated
in the absence of peptides (Fig. SA, lane 2). Reprecipitation
of the phosphorylated extracts with antibodies specific for
the amino terminus of pp60csrc demonstrated that activated
pp60c-src(F527) was the 60-kDa protein phosphorylated in cyto-
skeletal kinase assays (Fig. SB, lane 2). The radioactivity
incorporated into pp6c-src(F527) was stable to alkali treatment
of gels, consistent with the presence ofphosphotyrosine. The
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FIG. 2. Comparison ofthe binding of synthetic peptides to normal
pp60C-src and activated pp60CsrC(F527). NP-40 extracts of [35S]methio-
nine-labeled NIH 3T3 cells expressing normal pp60csrc (lanes 1-3) or
activated pp6oc-src(F527) (lanes 4-6) were bound to immobilized
synthetic peptides modeled on the nonphosphorylated carboxyl
terminus of the c-src protein (lanes 1 and 4), the phosphorylated
carboxyl terminus of the c-src protein (lanes 2 and 5), and the
nonphosphorylated carboxyl terminus of the c-fgr protein (lanes 3
and 6). Bound proteins were washed, eluted, and immunoprecipi-
tated with antibodies directed against the amino terminus of
pp6OCsrc. Immunoprecipitates were analyzed on an SDS/9o poly-
acrylamide gel. The electrophoretic mobility of pp6Oc-src (p60) is
indicated.

B

p C30 -10 - 4-D12
*-D1l 1 _

1. 2

-97

--66
*_p6.
-43

I 2 3 4

FIG. 4. Analysis of binding of pp60c-src(F527) SH3 and SH2 dele-
tion mutants to the phosphorylated carboxyl-terminal c-src peptide.
NP-40 extracts of [35S]methionine-labeled NIH 3T3 cells D11 (ex-
pressing pp60c-src(F527) with a deletion of residues 93-143) and D12
(expressing pp6Ocsrc(F527) with a deletion of residues 144-175) were
adjusted to contain equal quantities of each mutant. (A) Equal
volumes of the Dll (lane 1) and D12 (lane 2) extract were immuno-
precipitated with antibodies against residues 2-17 of the c-src protein
to verify that the extracts contained the same level of each mutant.
(B) The equalized Dll (lanes 1 and 2) and D12 (lanes 3 and 4) extracts
were mixed with immobilized peptides modeled on the phosphoryl-
ated (lanes 1 and 3) and nonphosphorylated (lanes 2 and 4) carboxyl
termini of the c-src protein. Bound proteins were eluted and immu-
noprecipitated with antibodies directed against the amino terminus of
the c-src protein. The reprecipitated c-src mutant proteins were
analyzed on an SDS/9o polyacrylamide gel.
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FIG. 5. Influence of carboxyl-terminal c-src peptides on in situ
phosphorylation of pp60Csrc(F527). (A) The detergent-insoluble cyto
skeletal matrix of NIH 3T3 cells expressing activated pp6OC-src(F527)
was analyzed for in situ kinase activity with [yt32P]ATP in the
presence of synthetic peptides modeled on the nonphosphorylated
(lane 1) and phosphorylated (lane 3) carboxyl termini ofpp60-src, and
in the absence of peptide additives (lane 2). (B) An aliquot of the
phosphorylation products of each kinase assay in A was immuno-
precipitated with antibodies against the amino terminus of ppC-src.
Lanes are numbered as in A.

synthetic phosphotyrosine-containing carboxyl-terminal
peptide of pp60c-src greatly reduced the in situ phosphoryla-
tion of pp6oc-src(F527) (Fig. SA, lane 3; Fig. 5B, lane 3). In
contrast, the nonphosphorylated carboxyl-terminal peptide
of the c-src protein had significantly weaker inhibitory ac-
tivity (Fig. 5A, lane 1; Fig. 5B, lane 1). Since a nonphospho-
rylated peptide corresponding to the carboxyl terminus of the
c-src protein is a substrate for pp60csrc (3), the weak inhibi-
tion of kinase activity by the nonphosphorylated c-src pep-
tide was probably due to competitive inhibition. The marked
inhibition of in situ kinase activity by the phosphorylated
c-src peptide was probably a consequence of its binding to
activated pp6c-src(F527) In accord with this premise, the
phosphorylated peptide also inhibited autophosphorylation
of pp6Oc-src(F527) during immune complex kinase assays (data
not shown).

DISCUSSION
In this study we have shown that a synthetic phosphopeptide
modeled on the carboxyl-terminal phosphoregulatory site of
pp60csrc binds to pp60csrc activated by mutation of the
Tyr-527 phosphorylation site to Phe. In contrast, the non-
phosphorylated carboxyl-terminal peptide of the c-src pro-
tein did not bind very well to activated pp6oc-src(F527). The
inability of normal pp60csrc to bind efficiently to the phos-
phorylated c-src peptide suggests that it is in a conformation
in which the binding sites are less accessible. One possibility
is that the binding sites for the phosphorylated peptide may
already be occupied as a result of self-interaction with the
phosphorylated carboxyl terminus of normal pp60csrc and
may therefore not be available for interacting with the
synthetic phosphopeptide (Fig. 6B). This observation is con-
sistent with proposed models in which the phosphorylated
carboxyl terminus of pp60csrc regulates its activity by inter-
acting with other sites on the c-src protein (6, 15, 18-23).
These sites would presumably be unable to bind efficiently to
the carboxyl terminus of pp60c-src(F527), since the carboxyl
terminus is not phosphorylated. The vacant binding sites
would therefore be free to bind the synthetic phosphopeptide
(Fig. 6A). The inability of the nonphosphorylated c-src pep-
tide and an analog with a Tyr -* Phe substitution to bind
efficiently to activated pp6oc-src(F527) (Fig. 6C) is consistent
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FIG. 6. Proposed model illustrating differential binding of car-
boxyl-terminal synthetic c-src peptides to normal and mutant c-src
proteins. (A) ppC-src(FS27) interacts with the phosphorylated syn-
thetic peptide because its SH2 domain is not bound tightly to its
nonphosphorylated carboxyl terminus. (B) High-affinity binding of
the phosphorylated carboxyl terminus of normal pp6OC-src with its
complementary binding site in the SH2 domain inhibits binding of the
synthetic phosphopeptide. (C) pp6C-srC(F527) does not bind with high
affinity to a nonphosphorylated synthetic peptide with a Tyr-527 -*

Phe substitution. (D) Deletion of the putative binding site in the SH2
domain of pp60c-srC(FS27) prevents binding of the phosphorylated
synthetic peptide.

with the deregulation associated with loss of the carboxyl-
terminal phosphorylation site. The inhibition of phosphory-
lation observed during kinase assays on cytoskeletal prepa-
rations and immunoprecipitates containing activated
pp6c-src(F527) is consistent with models in which binding of
the phosphorylated carboxyl terminus of pp60csrC negatively
regulates its kinase activity (6, 15, 18-23). The mechanism by
which the phosphorylated peptide inhibits kinase activity is
unclear.

Phosphorylation of tyrosine occurs at the carboxyl termini
of other protein-tyrosine kinases, including the products of
the Ick (40, 41), fyn (35, 42), and c-fgr protooncogenes (43).
Residues corresponding to the phosphorylated tyrosines are
conserved in the c-yes, hck, and lyn proteins, suggesting that
carboxyl-terminal tyrosine phosphorylation is a general fea-
ture of nonreceptor tyrosine kinases (15). These other tyro-
sine kinases may also bind to their phosphorylated carboxyl-
terminal peptides. The ability of the Ick carboxyl terminus to
regulate pp6Ocsrc (44) suggested that the phosphorylated
carboxyl-terminal peptides of other src family members
might also bind to activated pp60csrc. In accord with this
prediction, a phosphorylated 13-residue peptide modeled on
the carboxyl terminus of the c-fgr protein bound to
pp60c-src(F527). The binding of the c-fgr phosphopeptide was
weaker than that of the corresponding c-src phosphopeptide.
The c-fgr and c-src phosphopeptides differ at 4 of the 13
amino acids.

Deletion mutant D11 (33, 34), which is missing residues
93-143 of pp60csrc(F527), bound to the phosphorylated c-src
carboxyl-terminal peptide. These results indicated that res-
idues 93-143, which include most of the SH3 domain, are not
essential for binding. On the other hand, deletion mutant D12
(33, 34), which lacks residues 144-175 in the SH2 domain of
pp6c-src(F527), did not bind to the phosphorylated carboxyl-
terminal c-src peptide (Fig. 6D). These results are consistent
with previous suggestions that an interaction of the phos-
phorylated carboxyl terminus with the SH2 domain of
pp6c-src regulates its activity (19-22).
We do not know whether the proposed interaction of the

phosphorylated carboxyl terminus with pp60csrc is an inter-
molecular or intramolecular phenomenon. The inability of
normal pp60csrc to bind efficiently to high concentrations of
the immobilized phosphorylated peptide suggests that intra-
molecular binding predominates, with each molecule of
pp60csrc binding its own carboxyl-terminal tail. Intramolec-
ular binding could be favored as a consequence of proximity

Biochemistry: Roussel et al.
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or other stabilizing interactions. However, in vivo other
proteins containing SH2 domains may bind to the phospho-
rylated carboxyl terminus of a subpopulation of pp60-src
molecules, as has been proposed for the v-crk protein (19).
Mutations in residues 144-175 of the SH2 domain are

among those that suppress the transforming activity of
pp60c-src(F527) in a host-dependent manner, indicating that this
region may be crucial for interacting with specific host cell
proteins (33, 34, 45). Indeed, residues 149-169 in this region
of the SH2 domain have recently been found to be required
for association of pp60-src with the detergent-insoluble cyto-
skeletal matrix (46). pp60v-src and transforming variants of
pp60csrc are associated with the detergent-insoluble matrix,
whereas normal pp60csrc is not (37, 38, 47, 48). Binding of the
phosphorylated carboxyl terminus of normal pp60csrc to the
SH2 domain may repress its kinase activity and transforming
potential, in part, by blocking interaction of the SH2 domain
with specific cellular targets.
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