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The oncogene product of the avian sarcoma virus CT10, P47ag-crk, contains the SH2, SH2', and SH3
domains and binds proteins in a phosphotyrosine (ptyr)-dependent manner. In this study, we have determined
the region of p47gag-crk essential for binding to ptyr-containing proteins. Mutant p47gag-crk proteins expressed
in Escherichia coli that have the intact SH2 and SH2' regions retained the capacity to bind ptyr-containing
proteins obtained from cells transformed by crk and src. The deletion of SH2 resulted in the loss of binding
activity. Other mutants that have altered SH2 or SH2' bound few, if any, of the ptyr-containing proteins. Those
mutants that bound ptyr-containing proteins associated with tyrosine kinase activity. We also found that
polypeptides containing SH2, SH2', and SH3 of p60v-src and p60csrc associated with ptyr-containing proteins
from crk-transformed cells. Thus, the SH2 and SH2' domains of P47gag-crk are responsible for their binding to
ptyr-containing proteins.

Many proteins involved in signal transduction have been
shown to contain three conserved domains, designated the
SH3, SH2, and SH2' domains (SH represents src homology)
or the A, B, and C boxes, respectively (34, 40, 49). These
domains, which we will refer to simply as SH2/3, were first
found among non-receptor-type tyrosine kinases (48), and
they were subsequently identified in the crk oncogene prod-
uct (34), phosphatidylinositol-specific phospholipase C
(PLC) (12, 49, 50), ras GTPase activator protein (GAP) (52,
54), and Nck protein, the function of which is not known
(27). The SH3 domain alone has been found also in several
proteins, some of which are associated with the membrane
cytoskeleton (11, 27, 28, 30, 45, 51, 53, 55, 57).
The SH2/3 domains are regulatory rather than catalytic

domains. The SH2/3 domains are dispensable for the cata-
lytic activity of PLC (12), GAP (31), and non-receptor-type
tyrosine kinases (3, 47). Mutations within the SH2 domain of
p60v-src and P130gag-fps inhibit their transforming activity and
produce transformation-defective, temperature-sensitive, or
host-dependent mutants (4, 7, 9, 10, 43, 48, 56). However,
recent studies have shown that some mutations in the SH2
domain may activate the transforming potential of p60csrc,
which is otherwise nontransforming (17, 39). Mutations in
the SH3 domain have been known to activate the catalytic
and transforming activity of p60csrc and p133C-abl (13, 14, 19,
20, 42). Morphological changes induced by p60v-src are also
modulated by the SH2/3 domains (1, 2, 23).
The oncogene product of the CT10 virus, p47gag-crk is a

fusion protein of a retroviral gag protein and c-crk, which
consists almost entirely of the SH2/3 domains (43a). Cells
transformed by P47gag-crk have an elevated level of phospho-
tyrosine (ptyr) by a mechanism that is yet to be clarified (34).
We have shown previously that p47gag-crk immunoprecipi-
tated by anti-gag or anti-crk antisera is associated with
nearly all of the cellular proteins phosphorylated on tyrosine
residues in CT10-transformed cells (35, 37). This association
was found to be due to a unique capacity of p47gag-crk to bind

* Corresponding author.
t Present address: Department of Pathology, National Institute of

Health, Tokyo, Japan.

ptyr-containing proteins (33). To determine the region of
p47gag-crk essential for the association with ptyr-containing
proteins, we have studied the binding of various crk mutants
expressed in Escherichia coli. We also have shown that the
amino-terminal region containing the SH2/3 domains of
p60v-src and p60csrc also bind ptyr-containing proteins.

MATERIALS AND METHODS

Cells and viruses. Chicken embryo fibroblasts (CEF) were
prepared, maintained, and infected as described previously
(16). Preparation of avian sarcoma virus CT10, which en-
codes p47gag9rk, and helper virus UR2AV (38) from molec-
ularly cloned DNA was described elsewhere (36). Crk-3Y1
(30a) and SR-3Y1 (21) cells are rat 3Y1 cells (22) transformed
by v-crk and v-src, respectively.

Plasmid constructions. A plasmid carrying the genomic
DNA of CT10, pCT10, and its derivatives were described
elsewhere (33a, 36). Briefly, p10-ASH2 lacks the SH2 and
SH2' domains (amino acids 208 to 338); p10-ASH3 lacks the
carboxyl terminus of SH2' and the SH3 domain (amino acid
340 to end); pOCC, pCOC, and pCCO lack the SH2 (amino
acids 235 to 316), SH2' (317 to 365) and SH3 (366 to 426)
domains, respectively; plO-BSP has a 12-base insertion in
the SH3 domain, which changes D386 to DRHAD in amino
acid sequence; p10-MH has a 15-base insertion between the
SH2' and SH3 domains (L365 to LTQAWV); p10-ESP has a
12-base insertion in the SH2' domain (E338 to ELACQ);
p10-SMH has a 12-base insertion between the SH2 and SH3
domains (P316 to PPSLG); plO-R294 and p10-N273 both
have 2-base substitutions in the SH2 domain which change
His-294 to Arg and Arg-273 to Asn, respectively.

Expression vectors were constructed as follows; their
structures are summarized in Fig. 1. The 160-bp Sau3AI
fragment of pCT10 was inserted into a BamHI site of the E.
coli expression vector pET3a (46) to generate pET-SAB.
This 160-bp fragment starts from 8 bases upstream of the
translation initiation codon of p47gag-crk and contains the
epitope domain recognized by monoclonal antibody (MAb)
3C2 (41). The BamHI fragments of pCT10 and its deriva-
tives, which extend from gag to the end of the crk gene, were
subcloned into the BamHI site of pET-SAB downstream of
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FIG. 1. The SH2/3 domains of crk. src, and PLC--y expressed
from pET3-derived vectors. pET-SAB (SAB) carries the amino-
terminal region of p47ag-crk including an epitope for MAb 3C2
(anti-p19gav). pET-CT10 (CT10) contains the entire SH2/3 domains
of p47g-crk pET-ASH2 (ASH2) lacks the SH2 and SH2' domains.
pET-ASH3 (ASH3) lacks SH3 and the carboxyl terminus of SH2'.
pET-OCC, pET-COC, and pET-CCO lack SH2, SH2', and SH3
domains, respectively. pET-BSP (BSP), pET-MH (MH), pET-ESP
(ESP), and pET-SMH (SMH) have four- or five-amino-acid inser-
tions within SH3, between SH2' and SH3, within SH2', and
between SH2 and SH2', respectively. pET-R294 (R294) and pET-
N273 (N273) have one amino acid substitution in the SH2 domain.
pET-C2 (C2) lacks the gag domain of P47A'( pET-SB (SB)

contains only SH2, SH2', and a small part of SH3. pET-MHC2
(MHC2) has only the SH3 domain. pET-VSH and pET-CSH (VSH/
CSH) carry the amino-terminal halves of p60V-' and p6Oc-r(,
respectively. pET-PSH has the carboxyl-terminal one of the two

SH2//SH2' domains and one SH3 domain of PLC-y.

the gag domain. The resulting plasmids were designated as

pET-CT10, pET-zASH2, pET-ASH3, pET-OCC, pET-COC,
pET-CCO, pET-BSP, pET-MH, pET-ESP, pET-SMH,
pET-R294, and pET-N273. pET-C2, which is pET3a carry-

ing the entire crk SH2/SH3 domains, was described previ-
ously (37). The 456-bp BamHI-BglII fragment of plO-SHB
(36), which contains the SH2 and SH2' domains and a small
part of the SH3 domain (M236 to D386) of crk, was inserted
into the BamHI site of pET3a to generate pET-SB. pET-
MHC2 is derived from pET3a and contains the 296-bp
MstII-HaeII fragment of pCT10, which spans the SH3
domain of crk.
SH2/3 domains of v-src, c-src, and PLC--y were also

subcloned into the pET3 expression vectors. pSR-XD2 (8)
and pHB5 (18), which carry the v-src and c-src genes,

respectively, were cleaved with NcoI and MluI and blunt
ended by DNA polymerase. The 774-bp fragments, which
start from the initiation codon of the src gene and contain the
entire SH2/3 domains, were inserted into pET3a by using a

BamHI 10-mer linker to generate pET-VSH (v-src) and
pET-CSH (c-src). A DNA fragment containing the carboxyl-
terminal one of two SH2/SH2' domains and one SH3 domain
of PLC-y was first subcloned into pCT10 to generate pgag-
PLC (37a) by substituting the SH2/3 domains of crk with the
744-bp BamHI-AvaI fragment of the PLC-y cDNA, which
was a gift from J. L. Knopf (49). The 1.9-kb BamHI fragment
of pgag-PLC, which includes the SH2/3 domains of PLC-y
and noncoding sequences from CT1O, was inserted into the
BamHI site of pET3c to generate pET-PSH.

Expression in E. coli and coupling of mutant P47gag-crk
proteins to protein A-Sepharose. A T7 RNA polymerase
expression system was used to produce crk peptides. E. coli
BL21(DE3)pLysS bearing pET3-derived expression vectors
was incubated with 0.4 mM isopropyl-,3-D-thiogalactopyran-
oside for 3 h (46). Cells were lysed in 50 mM Tris-HCI (pH
7.5)-150 mM NaCl-1 mM EDTA-0.1% Triton X-100-1 mM
phenylmethylsulfonyl fluoride (PMSF)-100 kallikrein inacti-
vator units (KIU) of Trasylol per ml by incubation at 4°C for
1 h after freeze-thawing. Lysates were adjusted to 10 mM
MgCl2-50 jig of DNase I per ml-20 ,ug of RNase A per ml
and were further incubated on ice for 4 h to digest nucleic
acids. Peptides expressed from pET-SAB-derived plasmids,
pET-SB, and pET-PSH were collected by centrifugation at
10,000 x g for 30 min, solubilized by boiling in 10 mM
Tris-HCl (pH 7.5)-i mM EDTA-2% sodium dodecyl sulfate
(SDS), and reconstituted to RIPA buffer conditions (10 mM
Tris-HCI [pH 7.5], 5 mM EDTA, 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 10% glycerol).
For the preparation of peptides expressed from pET-C2,
pET-MHC2, pET-VSH, and pET-CSH, lysates were ad-
justed to 15 mM EDTA and clarified by centrifugation for 30
min at 10,000 rpm in an SS34 rotor, and the supernatants
were reconstituted to RIPA.
MAb 3C2, recognizing pl9g"(, was provided by D. Boet-

tiger (University of Pennsylvania, Philadelphia) (41). The
antibody was produced in BALB/c mice, purified by using
DEAE Affi-Gel Blue (Bio-Rad), and bound covalently to
protein A-Sepharose (Pharmacia) with dimethyl pimelimi-
date as described elsewhere (32).
The crk-coupled beads (crk-beads) were made as follows.

The MAb 3C2-coupled beads were incubated in antigen
excess with P47ag-'k'k peptides expressed in E. coli, washed
sequentially with RIPA containing 300 and 10 mM NaCl, and
cross-linked by dimethyl pimelimidate. Before the cross-
linking, proteins bound to the beads were analyzed by
SDS-polyacrylamide gel electrophoresis (PAGE) and Coo-
massie blue staining. P47gag-crk and its derivatives were the
only bands detected except immunoglobulin, and their con-
centrations were approximately 0.1 p.g/pLl of beads.

In vitro association of P47gag-crk with ptyr-containing pro-
teins. Isotopic labeling, cell lysis, and immunoprecipitation
have been described previously (34). Crk-3Y1 cells were
labeled with 2.5 mCi of 32p; for 4 h in 2 ml of medium per
10-cm plate and lysed in 1 ml of RIPA buffer containing 0.5
mM Na3VO4, 0.05 mM Na2MoO3, 10 mM NaF, 1 mM
PMSF, and 100 KIU of Trasylol per ml. Five microliters of
crk-beads (see above) was preincubated with 5 pLg of peptide
expressed from pET-SAB to block unoccupied MAb 3C2.
The binding of endogenous p47,ga-crk from cell lysates to the
beads was estimated to be less than 10% of total p47ga8-crk
under the following conditions. The beads were incubated
for 2 h with 50 ,ul of 32P-labeled cell lysates and washed
sequentially with RIPA containing 300 and 10 mM NaCl.
Proteins were dissociated from the beads by boiling in
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FIG. 2. Association of p47gag-crk with ptyr-containing proteins from Crk-3Y1 cells. p47ga-crk and its mutants expressed from pET3-derived
vectors (Fig. 1) were covalently bound to protein A-Sepharose via MAb 3C2 (anti-pl9gag). These crk-beads were preincubated with peptide
expressed from pET-SAB for 30 min and then incubated with Crk-3Y1 cell lysates labeled in vivo with 32pi. Proteins associated with the
immune complexes were analyzed by SDS-PAGE. To show the ptyr-containing proteins which bound in vivo to P47ag'-crk expressed in
Crk-3Y1 cells, the same cell lysates were precipitated with either anti-ptyr antibody (anti-ptyr) or MAb 3C2 (anti-gag). Symbols: 4, major
ptyr-containing proteins (135, 120, 94, 87, and 65 to 75 kDa) in Crk-3Y1 cells; <, p47gag-rk

Laemmli's sample buffer and analyzed by SDS-PAGE. Gels
were treated with 1 N KOH at 55°C for 2 h before exposure.

A similar experiment was performed by using SR-3Y1
cells (src-transformed 3Y1 cells) except that nonlabeled cell
lysates were used and associated proteins were detected by
immunoblotting using anti-ptyr antibody (15).

Competition of P47gagC-rk binding to ptyr-containing pro-
teins by SH2/3 peptides. Peptides expressed from pET-C2,
pET-MHC2, pET-SB, pET-VSH, and pET-PSH were ex-
tracted as described above. Lysates (50 jig) from Crk-3Y1
cells were preincubated for 30 min at 4°C with 50 ,ul of RIPA
containing 5 to 20 ,ug of bacterially expressed peptides.
p47gag-crk was precipitated with MAb 3C2, and associated
proteins were analyzed by SDS-PAGE, followed by immu-
noblotting using anti-ptyr antibody.

In vitro association of P47gagC-rk with tyrosine kinases.
Crk-3Y1 cells (107) were lysed in 1 ml of Triton X-100 buffer
(10 mM Tris-HCl [pH 7.4], 5 mM EDTA, 150 mM NaCl,
1% Triton X-100, 10% glycerol, 0.5 mM Na3VO4, 1 mM
PMSF, 100 KIU of Trasylol per ml) for 30 min and clarified
by centrifugation. The lysates (100 ,u1) were incubated for 2
h with 5 or 10 RI1 of crk-beads preincubated for 30 min at
4°C with 5 p.g of peptide expressed from pET-SAB. After
washing with Triton X-100 buffer containing 300 mM NaCl,
the immune complexes were incubated in kinase buffer (50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES; pH 7.5], 5 mM MnCl2, 50 ,uM Na3VO4, 0.1%
Triton X-100, 50 p.M [-y-32P]ATP [3 Ci/mmol]) containing 0.2
mg of poly(Glu,Tyr) (Sigma) per ml for 10 min at 30°C.
Samples were combined with 2x Laemmli's sample buffer
and analyzed by 12% SDS-PAGE. Gels were treated with 1
N KOH at 55°C for 1 h. Because poly(Glu,Tyr) is a random
copolymer of 20 to 50 kDa, the areas of gels corresponding to
24 to 48 kDa were excised, and incorporation of 32p into
poly(Glu,Tyr) was quantitated by Cerenkov count. Radioac-
tivity measured on MAb 3C2-coupled beads preincubated
with peptide expressed from pET-SAB were subtracted from
all counts as background, and the activity is presented as

percentage of the counts obtained with authentic p47gag-crk
precipitated by MAb 3C2.

In vitro association between ptyr-containing proteins and
the SH2/3 domains of p60v`sc and p60c-src An excess of
peptides expressed from pET-VSH and pET-CSH was incu-
bated with anti-src MAb 327 (29) covalently bound to protein
A-Sepharose (gift from Y. Fukui). Five microliters of beads,
which contains approximately 0.5 p.g of src peptides, was

incubated with 100 p.g of lysate from Crk-3Y1 cells, and
proteins bound to these beads were analyzed by SDS-
PAGE, followed by immunoblotting using anti-ptyr anti-
body.

RESULTS

Association of p47gag-crk mutants with ptyr-containing pro-
teins from Crk-3Y1 cells. The wild-type and mutant forms of
p47gag-cr were expressed in E. coli (Fig. 1) and were

covalently bound to protein A-Sepharose by means of anti-
p199aB MAb 3C2. These crk-beads were incubated with
lysates of 32P-labeled Crk-3Y1 cells, which were derived
from a rat 3Y1 cell line transformed by p47gag-crk. The
association of ptyr-containing proteins with these crk-beads
was determined by SDS-PAGE (Fig. 2). p47gag-crk mutants
expressed from pET-BSP, pET-MH, and pET-SMH have
insertions of five or six amino acids within SH3, between
SH2' and SH3, and between SH2 and SH2', respectively. A
mutant-expressed pET-CCO lacks the SH3 domain. These
mutant proteins were similar to the wild-type p47gag-crk
expressed either in rat cells or in E. coli from pET-CT10, in
their association with four of five major ptyr-containing
proteins: 135-, 94-, 87-, and 65- to 75-kDa proteins but not a

120-kDa protein. Mutant proteins expressed from pET-SAB
(pl9gag portion of P47gag-crk), pET-ASH2 (P47gag-crk without
SH2 and SH2'), and pET-OCC (without SH2) did not
associate with any of the ptyr-containing proteins. Other
mutant proteins expressed from pET-ASH3 (P47gag-crk with-
out SH3 and the carboxyl terminus of SH2'), pET-COC
(without SH2'), pET-ESP (six-amino-acid insertion within
SH2'), pET-R294 (His-294 substituted with Arg), and pET-
N273 (Arg-273 with Asn) have small mutations within the
SH2 or SH2' domain. The association of these mutant
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FIG. 3. Association of p47g'g-crk mutants with ptyr-containing
proteins from SR-3Y1 cells. The crk-beads described in the legend to
Fig. 1 were incubated with SR-3Y1 (src-transformed 3Y1) cell
lysates for 2 h, and associated proteins were separated by SDS-
PAGE. The ptyr-containing proteins were detected by immunoblot-
ting with anti-ptyr antibody. Bars mark positions of prestained
molecular size markers: 205, 116, 77, and 46 kDa.

proteins with ptyr-containing proteins was weaker than that
of the wild-type p47gag-crk. Although small amounts of
32P-labeled p47gag-crk still bound to these crk-beads as a
result of unoccupied MAb 3C2 present on the beads, we
could not detect any ptyr-containing proteins bound to the
beads via the unoccupied MAb 3C2 (Fig. 2, lane SAB).
These results indicate that the binding to ptyr-containing
proteins requires the intact SH2 and SH2' domains.

Association of P47zag-crk mutants with ptyr-containing pro-
teins from SR-3Y1 cells. We examined whether p47gag-crk
mutants could bind proteins phosphorylated on tyrosine
by another oncogene product, p60vsrc (Fig. 3). The ptyr-
containing proteins (primarily 130, 78, and 65 kDa) were
associated with the wild-type p47gag-crk expressed from
pET-CT10, with mutant p47gag-crk proteins expressed from
pET-CCO and pET-SMH, and slightly less with those ex-
pressed from pET-BSP and pET-MH. The ability of mutant
p47gag-crk proteins to bind ptyr-containing proteins from
crk-transformed cells correlated with their capacity to bind
ptyr-containing proteins from src-transformed cells.

Competition in the association of P47gag-crk with ptyr-
containing proteins by polypeptides containing the SH2/3
domains. To study directly the role of various regions of
p47gag-crk in the binding to ptyr-containing proteins, the
SH2/3 domains of p47gag-crk p60v-src, and PLC-y were

expressed from pET3-derived vectors and were used as
competitors (Fig. 4). Wild-type p47gag-crk was precipitated
by an MAb against pl9gag (3C2) from untreated Crk-3Y1 cell
lysates or from lysates preincubated with the same amount
of various peptides. Two polypeptides of p47gag-crk ex-
pressed from pET-C2, carrying the entire SH2/3 domains, or
pET-SB, spanning SH2, SH2', and small part of SH3 (Fig.
1), substantially inhibited the association of wild-type
p47gag-crk with the 120-kDa ptyr-containing protein. How-
ever, only peptides expressed from pET-SB inhibited the
association with the 65- to 75-kDa ptyr-containing protein,
indicating that the SH3 region may have some inhibitory
effect on the binding to ptyr-containing proteins in the
context of the gag-less crk protein. No substantial competi-
tion was observed when cell lysates were preincubated with
the same amount of polypeptides expressed from the pET3a
vector, pET-MHC2 (the SH3 domain of P47gag-crk), pET-
VSH (the amino-terminal half of p6vsrc containing the
SH2/3 domains), and pET-PSH (the carboxyl-terminal SH2/
SH2' domains and one SH3 domain of PLC-y).

92- 4m

69-

46-

FIG. 4. Competition of binding to ptyr-containing proteins by
polypeptides containing the SH2/3 domains. Crk-3Y1 cells were
lysed and incubated with polypeptides expressed from pET3-de-
rived expression vectors (Fig. 1). Lanes: pET3a, plasmid without
insert; C2, pET-C2; SB, pET-SB; MHC2, pET-MHC2; VSH, pET-
VSH; PSH, pET-PSH. p47gag-crk was precipitated with MAb 3C2
(anti-pl9gag), and associated proteins were analyzed by SDS-PAGE,
followed by immunoblotting with anti-ptyr antibody. MAb 3C2
recognizes p47gas-crk from Crk-3Y1 cell lysates but does not bind the
competitor peptides.

Association of tyrosine kinase activity with P47gag-'rk mu-
tants. Using poly(Glu,Tyr) as a substrate, we determined
whether tyrosine kinase activity is associated with the pro-
teins bound to the beads carrying the wild-type and mutant
forms of p47gag-crk. The results (Table 1) are presented as a
percentage of enzyme activity associated with p47gag-crk
expressed in Crk-3Y1 rat cells. Significant tyrosine kinase
activity was associated with three mutant p47gag-crk proteins
expressed from pET-BSP, pET-MH, and pET-SMH as well
as the wild-type p47gag-crk expressed from pET-CT10. Less
tyrosine kinase activity was measured in the immunoprecip-
itates of p47gag-crk expressed from pET-ESP. As in the case
of association with ptyr-containing proteins, association
with kinase activity was correlated with the intact SH2 and
SH2' domains.

Association of the amino-terminal half of p60vs-c with
ptyr-containing proteins. To determine whether the associa-
tion between the SH2/3 domains and ptyr-containing pro-
teins is a general phenomenon or is specific to p47gag-crk, the

TABLE 1. Association of tyrosine kinase activity with
P47gag-crk mutants

Enzyme activitya (%)
Mutant

5 Ib 101±1

pET-CT10 16 31
pET-ASH2 0 2
pET-ASH3 0 0
pET-BSP 11 28
pET-MH 9 41
pET-ESP 1 14
pET-SMH 11 53
pET-R294 3 0
pET-N273 0 0

a Percentage of the tyrosine kinase activity associated with authentic
p47sas-rk expressed in rat cells.

b Quantity of crk-beads incubated with cell lysates.
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FIG. 5. Association of the amino-terminal halves of p60v-src and
p6Oc-src with ptyr-containing proteins. Cell lysates from Crk-3Y1
(lanes 1 to 3), SR-3Y1 (lanes 4 and 5), and 3Y1 (lanes 6 and 7) cells
were incubated with MAb 327 (lanes 1, 3, and 6), v-src peptide MAb
327 (lanes 2 and 7), and p47gag-rk MAb 3C2 (lane 3 and 5). Proteins
associated with these immunoprecipitates were analyzed by SDS-
PAGE, followed by immunoblotting using anti-ptyr antibody.

binding of ptyr-containing proteins to polypeptides contain-
ing the SH2/3 domains of p60v r, was examined. The poly-
peptides expressed from pET-VSH were incubated with
Crk-3Y1 cell lysates. Two of the five major ptyr-containing
proteins, 135- and 120-kDa proteins, were associated with
the polypeptides (Fig. 5, lane 2). In contrast to the experi-
ment using p47g9g-crk polypeptides, the 120-kDa protein was
the major protein associated with the src polypeptides. This
120-kDa protein was different in size from the ptyr-contain-
ing protein coimmunoprecipitated with p60v-src from SR-3Y1
cells (Fig. 5, lane 4) (26, 44). Similar results were obtained by
using polypeptides containing SH2/3 domains of p60csrc and
32P-labeled cell lysates (data not shown). We performed
similar experiments using CEF transformed by CT10 and
found that the major ptyr-containing proteins of 130 to 150
and 110 kDa associated with the src polypeptides (data not
shown). When polypeptides containing the carboxyl-termi-
nal SH2/SH2' domains and one SH3 domain of PLC-y
expressed from pET-PSH were used, no significant associ-
ation with ptyr-containing proteins was found (data not
shown).

DISCUSSION

The data presented here demonstrate that the SH2 and
SH2' domains are necessary and sufficient to recognize
ptyr-containing proteins (Table 2). Mutations in either SH2
(N273 and R294) or SH2' (ESP and ASH3) significantly
decreased the binding of p47gaz-crk to ptyr-containing pro-
teins. Compared with CCO, the ASH3 mutant lacks 26 amino
acids, 3 of which (Y340, P353, and V354) are well conserved
among the SH2/SH2'-containing proteins. On the other
hand, an insertional mutation in the sequence between the
SH2 and SH2' domains (SMH) did not affect the association.
Consistent with this finding, the distance between SH2 and
SH2' (from His-294 to Phe-330 of p479a`-crk) varies from 35
amino acids (P47gag-crk) (34) to 15 amino acids (GAP) (54) in
various SH2/3-containing molecules, suggesting that this
region comprises a spacer with variable length. In contrast to
the SH2/SH2' regions, the SH3 domain was dispensable for
the association with ptyr-containing proteins (CCO, BSP,
and SB). However, SH3 has a positive effect on transforma-
tion, because CCO does not transform CEF and BSP does
only weakly (Table 2). p47g9g-crk may bind to the membrane
cytoskeleton through the SH3 domain, as has been sug-
gested for other SH3-containing proteins (11).
The association with ptyr-containing proteins and tyro-

sine kinase activity appears to be an essential function of
p47zag-crk because the association correlates well with
transforming activity (Table 2). Previously, we showed that
mutations in the SH2 and SH2' domains of P47ga'9crk abol-

TABLE 2. Correlation of transforming activity with binding to
tyrosine kinase activity and ptyr-containing proteins

Virus or Transforming Association with:
protein activity' ptyr-containing protein' Kinase activity'
CT1O ++ ++ ++
ASH2 - - -
ASH3 - - _
OCC - - NDd
COC - - ND
CCO - + + ND
BSP + ++ ++
MH ++ ++ ++
ESP - +l- +l-
SMH ++ ++ ++
R294 - +/- -
N273 - +/- -
C2 ND + ND
SB ND + ND
MHC2 ND - ND

" From reference 33a and 36.
b Assayed by using ptyr-containing proteins from

cells.
' Assayed by using poly(Glu,Tyr) as a substrate.
d ND, Not determined.

Crk-3Y1 and SR-3Y1

ished the transforming activity of CT10 in parallel with a
relative decrease in the ptyr content of CEF infected with
these mutant viruses (37). However, it was not clear whether
p47 gag-crk carried by these transformation-defective CT1O
viruses could bind ptyr-containing proteins, because cells
infected by these mutant viruses contained little detectable
ptyr.
The binding of SH2 and SH2' domains to ptyr-containing

proteins was also demonstrated by using the amino-terminal
domains of p60vsrc and p6Oc-rc. These domains of p60vsrc
and p60csrc bind 135- and 120-kDa phosphoproteins from
crk-transformed rat cells, whereas p47gag-crk binds the 135-
kDa and three other ptyr-containing proteins but not the
120-kDa phosphoprotein. This difference suggests that each
of the SH2 and SH2' domains binds to a different spectrum
of ptyr-containing proteins. This might explain why the
carboxyl-terminal SH2/3 domains of PLC--y did not bind
ptyr-containing proteins from CT10-transformed cells. It has
been shown that p60v-sr' associates with a 120-kDa ptyr-
containing protein in src-transformed vole cells (25, 26) and
110- and 130-kDa ptyr-containing proteins in src-trans-
formed CEF (44) and that mutations within the SH2 domain
abolish the association (44, 58).
The SH2 and SH2' domains associate with tyrosine kinase

activity as well as ptyr-containing proteins (Table 1). This is
not surprising, because all known tyrosine kinases have
autophosphorylation sites, which may mediate the associa-
tion. We have shown elsewhere that p47gag-crk binds to
p60vsrc, p9vves and gp68erb in vitro and that the associ-
ation with p6Ov-sr( is enhanced by autophosphorylation of
p60v-srL and is inhibited by its dephosphorylation (33).
How do SH2 and SH2' domains recognize ptyr-containing

proteins? We have shown that the ptyr monomer cannot
compete with p47gag-crk in binding to ptyr-containing pro-
teins, which suggests that the SH2 and SH2' domains
recognize some primary amino acid sequences together with
ptyr residues (33). It is possible that the SH2 and SH2'
domains recognize polypeptide structures which are dis-
closed by conformational changes induced by tyrosine phos-
phorylation. p471"ga-crk can bind ptyr-containing proteins that
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have been denatured by boiling in 1% SDS (data not shown).
This finding suggests that the SH2 and SH2' domains recog-
nize primary amino acid sequences including ptyr rather
than some tertiary structures.
Although we have shown that binding to ptyr-containing

proteins appears to be an essential function of p47gag-crk, it is
still unclear how the ptyr content is elevated in crk-trans-
formed cells. Binding of p47gag-crk may activate tyrosine
kinases as polyomavirus middle T antigen does (6, 24). The
binding of middle T antigen to p60cSr, induces dephos-
phorylation of the C-terminal tyrosine residue and tyrosine
phosphorylation within the catalytic domain (5). It would be
interesting to examine the specific activity and phosphory-
lation status of the tyrosine kinases associated with
p47gag-crk. Alternatively, p47gag-crk may compete with ty-
rosine phosphatases and thus cause accumulation of ptyr-
containing proteins.
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ADDENDUM IN PROOF

Recently, the association between activated growth factor
receptors and the SH2 domains of PCL-y, GAP, crk, and src
has been described by Anderson et al. (la) and Moran et al.
(37b). Consistent with our observation, these authors have
found that the carboxyl-terminal SH2 domain of PLC-y
binds only weakly to ptyr-containing proteins; however,
they have demonstrated that the carboxyl-terminal SH2
domain of PLC-y augments binding of the amino-terminal
SH2 domain (la).
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