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The protein tyrosine kinase (PTK) Csk is a potent negative regulator of several signal transduction
processes, as a consequence of its exquisite ability to inactivate Src-related PTKs. This function requires not
only the kinase domain of Csk, but also its Src homology 3 (SH3) and SH2 regions. We showed previously that
the Csk SH3 domain mediates highly specific associations with two members of the PEP family of nonreceptor
protein tyrosine phosphatases (PTPs), PEP and PTP-PEST. In comparison, the Csk SH2 domain interacts with
several tyrosine phosphorylated molecules, presumed to allow targetting of Csk to sites of Src family kinase
activation. Herein, we attempted to understand better the regulation of Csk by identifying ligands for its SH2
domain. Using a modified yeast two-hybrid screen, we uncovered the fact that Csk associates with PTP-HSCF,
the third member of the PEP family of PTPs. This association was documented not only in yeast cells but also
in a heterologous mammalian cell system and in cytokine-dependent hemopoietic cells. Surprisingly, the
Csk–PTP-HSCF interaction was found to be mediated by the Csk SH2 domain and two putative sites of tyrosine
phosphorylation in the noncatalytic portion of PTP-HSCF. Transfection experiments indicated that Csk and
PTP-HSCF synergized to inhibit signal transduction by Src family kinases and that this cooperativity was
dependent on the domains mediating their association. Finally, we obtained evidence that PTP-HSCF inacti-
vated Src-related PTKs by selectively dephosphorylating the positive regulatory tyrosine in their kinase
domain. Taken together, these results demonstrate that part of the function of the Csk SH2 domain is to
mediate an inducible association with a PTP, thereby engineering a more efficient inhibitory mechanism for
Src-related PTKs. Coupled with previously published observations, these data also establish that Csk forms
complexes with all three known members of the PEP family.

The Src family of cytoplasmic protein tyrosine kinases
(PTKs) has been linked to a wide variety of signal transduction
pathways (2, 9, 31, 39). First and foremost, there is firm genetic
and biochemical evidence that these enzymes play a pivotal
role in the initiation of immunoreceptor (i.e., antigen receptor
and Fc receptor) signaling in hemopoietic cells. In addition,
Src-related kinases have been implicated in the modulation of
signaling through cytokine receptors, receptor PTKs, integrins
and G protein-coupled receptors. Some indication also sug-
gests that they may be involved in the progression through
mitosis and in secretion. Lastly, several members of the Src
family have been demonstrated to carry the potential to cause
malignant cellular transformation, when deregulated by muta-
tion or overexpression.

Given the biological importance of Src-related PTKs, signif-
icant efforts have been directed towards understanding their
regulation. Current data indicate that their function is princi-
pally regulated by tyrosine phosphorylation (9, 36). Their cat-
alytic activity is augmented by phosphorylation of a tyrosine
(Y) positioned in the kinase domain (Y394 for Lck; Y417 for
FynT). This phosphorylation occurs through autophosphoryla-
tion and provokes a conformational alteration in the catalytic
domain that favors enzymatic activity. Conversely, Src kinases

are repressed by phosphorylation of another tyrosine located
near their carboxy terminus (Y505 for Lck; Y528 for FynT).
This inhibitory effect results from the ability of the phosphor-
ylated carboxy terminus to bind intramolecularly to the Src
homology 2 (SH2) domain of Src kinases, therby causing a
change of structure in the kinase domain. Phosphorylation of
the carboxy-terminal tyrosine is not the result of autophos-
phorylation but rather is mediated by another group of cyto-
plasmic PTKs, the Csk family.

The Csk family of inhibitory PTKs comprises two members
named Csk and Chk (9). They share a common primary struc-
ture, including, from the amino terminus to the carboxy ter-
minus, (i) an SH3 domain, capable of interactions with proline-
rich polypeptides; (ii) an SH2 domain involved in associations
with tyrosine phosphorylated molecules; and (iii) a catalytic
domain. Unlike Src-related enzymes, which are anchored to
the inner aspect of the plasma membrane through lipid mod-
ifications at their amino terminus, Csk family kinases are pri-
marily located in the cytosol. On the basis of this distinction, it
is postulated that Csk and Chk need to associate with the
plasma membrane to inactivate Src kinases, presumably as a
result of reversible SH2 domain-mediated interactions.

Whereas little is known of the biological role of Chk, there
is mounting evidence that Csk is a potent negative regulator of
intracellular processes induced by Src family kinases. Most
notably, Csk is a key repressor of antigen receptor-mediated
signal transduction in T lymphocytes (8, 35). Furthermore, Csk
was demonstrated to be essential for normal embryonic devel-
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opment in the mouse (24, 29). Structure-function analyses re-
vealed that, in addition to its kinase domain, the SH3 and SH2
regions of Csk are necessary for its inhibitory function (10, 22).
Interestingly, the Csk SH3 domain was found to allow consti-
tutive association of Csk with two proline-enriched cytoplasmic
protein tyrosine phosphatases (PTPs) belonging to the PEP
family, PEP and PTP-PEST (11, 13, 21). Further studies re-
vealed that PEP cooperates with Csk to inactivate Src family
kinases, through its capacity to dephosphorylate the positive
regulatory tyrosine of Src-related enzymes (12). In contrast,
the Csk SH2 domain was observed to allow binding to tyrosine
phosphorylated molecules such as the transmembrane adapter
PAG (also named CREB binding protein), members of the
Dok family of adapters, and the focal adhesion-associated mol-
ecules paxillin and tensin (4, 5, 10, 25, 30, 34). It is presumed
that these polypeptides allow recruitment of Csk to diverse
sites of Src family kinase activation at the membrane.

In this manuscript, we attempted to understand further the
regulation of Csk. Through a modified yeast two-hybrid screen,
we found that Csk physically interacts with PTP-HSCF, the
third known member of the PEP family of PTPs. Contrary to
the Csk-PEP and Csk–PTP-PEST interactions, this association
was revealed to be mediated by the SH2 region of Csk and by
sites of tyrosine phosphorylation on PTP-HSCF. Like Csk and
PEP, however, Csk and PTP-HSCF were shown to cooperate
to inactivate signaling events triggered by Src kinases.

MATERIALS AND METHODS

Yeast two-hybrid screen. A full-length rat csk cDNA was inserted in the SaII
site of the Saccharomyces cerevisiae expression vector pBTM116/Src (provided by
M. Lioubin and L. Rohrschneider, Fred Hutchinson Cancer Center, Seattle,
Wash.). In addition to the DNA-binding domain of LexA, this vector contains
the Src kinase (with tyrosine-to-phenylalanine mutations at positions 416 and
527), which allows tyrosine phosphorylation of potential targets in yeast cells.
The construct was stably expressed in the yeast strain L40, according to standard
protocols (11). After confirming adequate expression of Csk-LexA (“bait”) and
Src (data not shown), yeast cells were transformed with a mouse primitive
hemopoietic cell (EML) cDNA library cloned in the expression vector pVP16
(28, 40). This vector bears the transactivation region of VP16. Transformants
were selected for their ability to grow in medium lacking histidine, and for the
presence of b-galactosidase activity (data not shown). Over 100 independent
clones were subsequently subjected to elimination of the bait, and those showing
concomitant loss of b-galactosidase activity were kept for further analyses. Plas-
mids were rescued from these yeast cells according to standard protocols and
analyzed by sequencing, restriction enzyme digestions, or both (data not shown).
To determine whether binding to Csk in the yeast two-hybrid system required the
presence of Src, mating assays were carried out using derivatives of AMR70
expressing either pBTM116-Csk or pBTM116/Src-Csk (data not shown) (11).

Cells. Cos-1 cells were propagated in a-minimal essential medium supple-
mented with 10% fetal calf serum (FCS) and antibiotics. The interleukin-3
(IL-3)-dependent mouse myeloid cell line 32D was grown in RPMI 1640 medium
with 10% FCS, antibiotics and 5% WEHI-3B conditioned medium (as a source
of IL-3). To inhibit PTP activity in 32D cells, cells were incubated for 10 min in
growth medium containing PIC (bPV; 20 mM), a synthetic analog of pervanadate
(provided by B. Posner, McGill University, Montréal, Québec, Canada).

cDNAs and antibodies. A full-length mouse ptp-hscf cDNA (6) was cloned by
PCR from IL-3-dependent Ba/F3 pro-B cells. The entire cDNA was sequenced
and found to contain no mutations (data not shown). cDNAs encoding variants
of PTP-HSCF with mutations of critical residues in the phosphatase domain
(cysteine 229-to-serine [C229S] and aspartate 197-to-alanine [D197A] PTP-
HSCF), or of tyrosines in the carboxy-terminal noncatalytic domain of PTP-
HSCF (tyrosine 354-to-phenylalanine [Y354F], Y381F, and Y419F PTP-HSCF),
were produced by PCR. All mutants were fully resequenced to ensure that no
unwanted mutation was introduced in the process of their creation (data not
shown). For expression in Cos-1 cells, ptp-hscf cDNAs were inserted in the
expression vector pXM139, which possesses the origin of replication of simian

virus 40 and the adenovirus major late promoter. cDNAs coding for the various
forms of Csk were reported elsewhere (8, 10). Those encoding activated (Y505F)
Lck, Chk, wild-type FynT, Tac-z, and kinase-inactive (K295R) Zap-70 were also
described previously (1, 7, 12). Antibodies against PTP-HSCF were produced in
rabbits using a bacterial fusion protein (TrpE) encompassing amino acids 283 to
453 of mouse PTP-HSCF, which correspond to the carboxy-terminal noncatalytic
segment of PTP-HSCF (6). These antibodies recognized efficiently PTP-HSCF,
but failed to react with PEP and PTP-PEST (data not shown). Antibodies
directed against Csk, Lck, Fyn, Chk, Syk, phospholipase C-g1, Cbl, Vav, p85, Shc,
glutathione-S-transferase (GST) or phosphotyrosine were described elsewhere.

Transfections. To study protein associations, Cos-1 cells were transiently
transfected by the DEAE-dextran method (19). To analyze the effect of PTP-
HSCF on protein tyrosine phosphorylation, Cos-1 cells were transfected through
lipofection, using the Lipofectamine-Plus reagent (12).

Immunoprecipitations and immunoblots. Cells were lysed in modified 13
TNE buffer (50 mM Tris [pH 8.0], 1% Nonidet P-40, 2 mM EDTA [pH 8.0],
and 150 mM NaCl) supplemented with protease and phosphatase inhibitors,
as detailed previously (14). Immunoprecipitations and immunoblots were per-
formed according to protocols detailed elsewhere (41). For quantitation, data
were analyzed with a PhosphorImager (BAS2000; Fuji).

In vitro binding assays. GST fusion proteins were produced in bacteria and
purified on agarose-glutathione beads as described elsewhere (32). In vitro bind-
ing assays were performed using 100 mg of lysates from Cos-1 cells transfected
with the indicated cDNAs and 0.2 mg of GST fusion proteins. After several
washes, bound proteins were eluted in sample buffer and detected by immuno-
blotting with anti-PTP-HSCF or antiphosphotyrosine antibodies.

Immune-complex phosphatase assays. Wild-type and mutated versions of the
PTP-HSCF proteins were expressed in Cos-1 cells by transient transfection.
Proteins were then recovered by immunoprecipitation with anti-PTP-HSCF an-
tibodies and assayed for phosphatase activity using the PTP assay system (New
England Biolabs, Inc.), as described elsewhere (12). The expression of the var-
ious PTP-HSCF mutants was verified by immunoblotting of parallel immuno-
precipitates with anti-PTP-HSCF antibodies. All experiments were conducted
under linear assay conditions (data not shown).

Metabolic labeling and peptide mapping. Transfected Cos-1 cells were labeled
for 2 h in phosphate-free Dulbecco minimal essential medium containing 32Pi

(1.0 mCi/ml; carrier free; New England Nuclear Research Products) and 2%
dialyzed FCS. They were subsequently lysed in 1X TNE buffer containing pro-
tease and phosphatase inhibitors. FynT molecules were isolated by immunopre-
cipitation and separated in 8% sodium dodecyl sulfate (SDS)-polyacrylamide
gels. Cleavage with cyanogen bromide was performed as explained previously
(42). Cyanogen bromide-produced fragments of FynT were resolved by electro-
phoresis in 18% SDS-polyacrylamide gels and detected by autoradiography.

RESULTS

Identification of potential Csk-binding proteins by a modi-
fied yeast two-hybrid screen. To comprehend further the reg-
ulation of Csk, we attempted to identify additional ligands for
its noncatalytic domains using the yeast two-hybrid system. In
these experiments, a modified version of the two-hybrid system
was used, in which the bait (full-length Csk) was coexpressed
with the Src kinase in the yeast. Since yeast cells contain little
or no endogenous PTK activity, this modification encourages
the detection of ligands for SH2 domains. Yeasts were subse-
quently transformed with a mouse primitive hemopoietic cell
cDNA library and screened for interacting proteins as detailed
in Materials and Methods (data not shown).

Through this approach, we were able to identify the already-
known Csk-binding partners, Dok-3 and paxillin (data not
shown) (4, 27). Moreover, Dok-2, another Dok-related mole-
cule (16), was uncovered. In all cases, these associations were
dependent on coexpression of Src in the yeast (data not
shown), thereby implying that they were mediated by the Csk
SH2 domain. We also identified three independent cDNA
clones encoding PTP-HSCF (also named FLP-1, PTP-K1,
BDP1, and PTP20) (Fig. 1A), a third member of the PEP/PTP-
PEST family of PTPs expressed exclusively in primitive hemo-

1078 WANG ET AL. MOL. CELL. BIOL.



poietic cells (3, 6, 18, 23, 26). No other PTP was found (data
not shown). All three ptp-hscf clones encoded sequences con-
tained within the carboxy-terminal noncatalytic domain of
PTP-HSCF (Fig. 1A). The smallest clone (18.1) corresponded
to amino acids 343 to 429 of the mouse PTP-HSCF protein
(Fig. 1) (6). While the precise function of this region of the
molecule is not known, its sequence is significantly conserved
in mouse, human, and rat PTP-HSCF (Fig. 1B).

Reconstitution of Csk-PTP-HSCF association in mamma-
lian cells. Csk associates with PEP and PTP-PEST via a direct
interaction involving the SH3 region of Csk and a conserved
proline-rich motif in the carboxy-terminal noncatalytic domain
of PEP and PTP-PEST (PPPLPERTPESFIVVEE in PEP and
PPPLPERTPESFVLADM in PTP-PEST [core prolines are
underlined]) (11, 13, 21). It is notable, however, that the non-
catalytic domain of PTP-HSCF is markedly shorter than that of
PEP and PTP-PEST and that it does not contain a related
proline-enriched sequence. Hence, the mechanism underlying
the interaction between Csk and PTP-HCSF may be different.
This idea was also supported by the observation that the asso-
ciation of Csk with the carboxy-terminal fragment of PTP-
HSCF in yeast required coexpression of Src (data not shown).
Hence, the Csk–PTP-HSCF interaction may actually involve
the Csk SH2 domain and sites of tyrosine phosphorylation on
PTP-HSCF. In further agreement with this notion, it was re-
ported that Src-related PTKs can cause tyrosine phosphoryla-
tion of PTP-HSCF in transfected cells (38).

We wanted to examine whether the association between Csk
and PTP-HSCF also occurred in mammalian cells. To this end,
Cos-1 cells were transiently transfected with cDNAs coding for
PTP-HSCF and the Src kinase Lck (to permit tyrosine phos-

phorylation of PTP-HSCF) in the absence or in the presence of
a csk cDNA. Since others had demonstrated that PTP-HSCF is
capable of autodephosphorylation (38), an inactive version of
the phosphatase (C229S PTP-HSCF) was employed in these
assays, to favor PTP-HSCF tyrosine phosphorylation. After 40
h, cells were lysed in nonionic detergent-containing buffer, and
the ability of Csk to associate with PTP-HSCF was monitored
by immunoblotting of anti-Csk immunoprecipitates with anti-
bodies directed against PTP-HSCF (Fig. 2, first panel).

This experiment demonstrated that, in cells transfected with
both the ptp-hscf and the csk cDNAs (Fig. 2, lane 4), large
amounts of a 48-kDa product consistent with PTP-HSCF were
present in anti-Csk immunoprecipitates. Small quantities of
PTP-HSCF were also found in these immunoprecipitates in
the absence of Csk overexpression (Fig. 2, lane 3), most likely
due to the presence of endogenous Csk molecules in Cos-1
cells (data not shown). No coimmunoprecipitation was de-
tected in cells lacking PTP-HSCF (Fig. 2, lanes 1 and 2). A
concomitant immunoblot of total cell lysates with antiphospho-
tyrosine antibodies (second panel) confirmed that C229S PTP-
HSCF was detectably tyrosine phosphorylated in this system
(Fig. 2, lanes 3 and 4), in keeping with an earlier report (38).
While tyrosine phosphorylation of PTP-HSCF occurred in the
presence of Lck alone (Fig. 2, lane 3), it is noteworthy that this
phosphorylation was further increased by coexpression of Csk
(Fig. 2, lane 4). This observation will be further addressed in
Fig. 5. Parallel immunoblots with anti-PTP-HSCF, anti-Csk,
and anti-Lck (Fig. 2, third to fifth panel, respectively) sera
demonstrated that all polypeptides were appropriately ex-
pressed in this study. No tyrosine phosphorylation of PTP-
HSCF occurred in the absence of Lck and Csk, or in the

FIG. 1. Identification of PTP-HSCF as a potential Csk-binding protein in the yeast two-hybrid system. (A) The primary structure of PTP-HSCF
is shown. The positions of conserved critical residues in the phosphatase domain (aspartate 197 and cysteine 229 in the mouse protein) and of three
tyrosines in the carboxy-terminal noncatalytic domain (tyrosines 354, 381, and 419) are indicated. The locations and boundaries of the three
independent ptp-hscf cDNA clones identified in the yeast two-hybrid screen are shown at the bottom. a. a., amino acid. (B) Comparison of the
carboxy-terminal sequences of mouse, human, and rat PTP-HSCF. The amino acid sequences (residues 343 to 429) corresponding to the smallest
cDNA clone identified in the yeast two-hybrid screen (clone 18.1) are compared for mouse, human, and rat PTP-HSCF. In the case of the human
protein sequence, part of the data is derived from expressed sequence tag database analyses. Identical amino acids are shown as dots, while gaps
in the sequence alignment are revealed by hyphens. The three conserved tyrosine-based motifs are boxed.
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presence of other PTKs such as Syk, Pyk2, or Chk (data not
shown).

The interaction between Csk and PTP-HSCF is mediated by
the Csk SH2 domain. The structural domains mediating the
association between Csk and PTP-HSCF were subsequently
examined (Fig. 3). Transient transfection assays were per-
formed as detailed above, except that variants of Csk carrying
a deletion in the SH3 (DSH3 Csk) or SH2 motif (DSH2 Csk) or
a point mutation abolishing kinase activity (K222R Csk) were
tested (Fig. 3A). We found that, as was the case for wild-type
Csk (Fig. 3A, top panel, lane 2), the SH3 domain-lacking
variant of Csk (lane 3) and kinase-inactive Csk (lane 5) inter-
acted strongly with PTP-HSCF. By opposition, DSH2 Csk (Fig.
3A, top panel, lane 4) failed to associate with the phosphatase.
Importantly, a parallel immunoblot of total cell lysates with
anti-Csk antibodies (middle panel) confirmed that all Csk vari-
ants were expressed in equivalent amounts in the transfected
cells. Hence, the results of this experiment indicated that the
SH2 domain but not the SH3 region or the kinase domain was
required for the association between Csk and PTP-HSCF.

In light of these findings, we tested whether the SH2 domain
of Csk alone was sufficient to mediate the association with
PTP-HSCF (Fig. 3B). Tyrosine phosphorylated PTP-HSCF

was first produced in Cos-1 cells by expressing C229S PTP-
HSCF with Lck. Cell lysates were then incubated with immo-
bilized GST fusion proteins encompassing either the Csk SH3
domain, the Csk SH2 domain, or both. After several washes,
associated PTP-HSCF polypeptides were detected by immu-
noblotting with either anti-PTP-HSCF (top panel) or antiphos-
photyrosine (bottom panel) antibodies. This analysis demon-
strated that the SH2 domain of Csk (Fig. 3B, lane 2), but not
the SH3 region (lane 3) or GST alone (lane 1), could interact
with PTP-HSCF. The association of the Csk SH2 domain with
PTP-HSCF was not further augmented by the additional pres-
ence of the SH3 domain (lane 4). A mutant version of the Csk
SH2 domain (R107K Csk [lane 5]), in which a critical arginine
(arginine 107) participating in phosphotyrosine-binding in
other SH2 domains was replaced by lysine, showed reduced
binding to PTP-HSCF. All GST fusion proteins were present
in equivalent quantities in this assay (data not shown).

The specificity of the interaction between the Csk SH2 do-
main and PTP-HSCF was ascertained next, by testing addi-
tional SH2 domains derived from other molecules (Fig. 3C).
We found that most other SH2 domains evaluated (top and
middle panels), including those of the Csk-related enzyme Chk
(lane 3), Vav (lane 6), Grb2 (lane 7), p85 (lane 9), phospho-
lipase C-g1 (lanes 10 and 11), and SLP-76 (lane 12), did not
bind to tyrosine phosphorylated PTP-HSCF. Small amounts of
binding were detected with the SH2 domain of the Src-related
PTKs Lck (lane 4) and FynT (lane 5) and the inositol phos-
phatase SHIP (lane 8). Nonetheless, titration experiments with
serial dilutions of fusion proteins revealed that these SH2
regions bound to PTP-HSCF approximately 10 to 20 times less
strongly than the Csk SH2 domain (data not shown). Reprob-
ing of the immunoblot membrane with anti-GST antibodies
(bottom panel) demonstrated that all fusion proteins were
expressed in comparable amounts.

Binding of the Csk SH2 domain requires two conserved
tyrosines in the carboxy-terminal noncatalytic domain of PTP-
HSCF. After that, we wanted to identify the binding site(s) for
Csk in PTP-HSCF. Since the ability of Csk to associate with
PTP-HSCF was mediated by the Csk SH2 domain, we focused
our attention on potential sites of tyrosine phosphorylation in
the carboxy-terminal noncatalytic segment of PTP-HSCF. Se-
quences analyses revealed that three conserved tyrosines were
present within the smallest fragment of PTP-HSCF identified
in the yeast two-hybrid screen (Fig. 1B): Y354 (Y354 AVV),
Y381 (Y381SQV), and Y419 (Y419EEV). In order to identify
which one(s) of these residues was recognized by the Csk SH2
region, the three tyrosines were mutated either individually or
in combination to phenylalanines.

The resulting mutants were tested for their ability to asso-
ciate with Csk using the cotransfection system described in Fig.
2. The analysis depicted in Fig. 4 (first panel) demonstrated
that the PTP-HSCF variants in which either Y354 (lane 3) or
Y381 (lane 4) was substituted by phenylalanine exhibited
slightly reduced binding to Csk, by comparison to control PTP-
HSCF (lane 2). Y419F PTP-HSCF (lane 5) had unaltered
Csk-binding capacity. Interestingly, mutation of both Y354 and
Y381 (lane 6) totally abolished the Csk-PTP-HSCF interac-
tion. By opposition, alteration of both Y354 and Y419 (lane 7)
had the same effect as mutation of Y354 alone (lane 3). In
keeping with these data, an antiphosphotyrosine immunoblot

FIG. 2. Association of Csk with PTP-HSCF in mammalian cells.
Cos-1 cells were transfected (1) or not (2) with cDNAs coding for a
phosphatase-inactive version of PTP-HSCF (C229S PTP-HSCF) and
wild-type Csk, in the presence of a constitutively activated version of
Lck (Y505F Lck). After 40 h, the association of Csk with PTP-HSCF
was assessed by immunoblotting of anti-Csk immunoprecipitates (IP)
with anti-PTP-HSCF (aHSCF) antibodies (first panel). Tyrosine phos-
phorylation of PTP-HSCF was determined by immunoblotting of total
cell lysates with antiphosphotyrosine (aP.tyr) antibodies (second pan-
el). Expression of PTP-HSCF (third panel), Csk (fourth panel), and
Lck (fifth panel) was verified by immunoblotting of total cell lysates
with the appropriate antibodies. The positions of PTP-HSCF, Csk, and
Lck are indicated on the left. Exposures in all panels except the second
panel were 2 h, and that in the second panel was 4 h.
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(second panel) also showed that the phosphotyrosine content
of PTP-HSCF was reduced by mutation of either Y354
(;30%) (lane 3) or, to a greater extent, Y381 (;75%) (lane 4).
It was fully abrogated by replacement of both tyrosines (lane
6). Therefore, the results of this experiment suggested that
both Y354 and Y381 were sites of phosphorylation in PTP-
HSCF, and that these two tyrosines were involved in mediating
binding to Csk. The importance of these residues for binding to
the Csk SH2 domain was confirmed by in vitro binding assays
(data not shown).

The SH2 domain of Csk can protect PTP-HSCF from de-
phosphorylation. The results depicted in Fig. 2 suggested that

expression of Csk also influenced the phosphotyrosine content
of PTP-HSCF. In order to test this possibility more rigorously,
Cos-1 cells were transfected with cDNAs coding for PTP-
HSCF and Lck, in the absence or presence of wild-type Csk, as
outlined above. In addition to C229S PTP-HSCF, two other
PTP-HSCF variants were tested in this experiment: wild-type
PTP-HSCF and D197A PTP-HSCF, another inactive version
of PTP-HSCF. The extent of tyrosine phosphorylation of the
various forms of PTP-HSCF was determined by immunoblot-
ting with antiphosphotyrosine antibodies (Fig. 5A, first panel).
In the absence of Csk (lanes 1 to 4), no tyrosine phosphoryla-
tion of wild-type PTP-HSCF (lane 2) could be noted, presum-

FIG. 3. The SH2 domain of Csk is necessary and sufficient to mediate binding to PTP-HSCF. (A) Structure-function analyses of Csk. Cos-1 cells
were transfected and assayed as detailed in the legend of Fig. 2, except that various forms of Csk were used. The migrations of PTP-HSCF, Csk,
and Lck are shown on the left. Exposures in the first to fourth panels were 7, 4, 7, and 4 h, respectively. (B) In vitro binding assays. Cos-1 cells
were transfected with cDNAs coding for phosphatase-inactive PTP-HSCF (C229S PTP-HSCF) and activated Lck (Y505F Lck). After 40 h, cells
were lysed and postnuclear lysates were incubated with equivalent quantities of the indicated bacterial fusion proteins. After several washes,
binding of PTP-HSCF was revealed by immunoblotting with anti-PTP-HSCF (aHSCF) or antiphosphotyrosine (aP.tyr) antibodies. The position
of PTP-HSCF is indicated on the left. (C) Differential ability of various SH2 domains to bind PTP-HSCF in vitro. As detailed in the legend of Fig.
3B, except that various recombinant SH2 domains were used in the binding assay. The amounts of GST fusion proteins utilized in the assays were
verified by reprobing the immunoblot membrane with anti-GST antibodies (bottom panel). The positions of PTP-HSCF and of the GST fusion
proteins are shown on the left. Exposures in the top, middle, and bottom panels were 16, 26, and 16 h, respectively.

VOL. 21, 2001 ASSOCIATION OF Csk WITH PTP-HSCF 1081



ably due to rapid autodephosphorylation of the phosphatase
(38). However, in keeping with the results presented above,
tyrosine phosphorylation of C229S (lane 3) and D197A (lane
4) PTP-HSCF was readily detected. In cells cotransfected with
the csk cDNA (lanes 5 to 8), there was clear tyrosine phos-
phorylation of wild-type PTP-HSCF (lane 6). The phosphoty-
rosine content of the two inactive PTP-HSCF variants (lanes 7
and 8) was either unchanged or moderately augmented. Thus,
these results showed that Csk expression augmented the extent
of tyrosine phosphorylation of PTP-HSCF, in particular wild-
type PTP-HSCF.

Two possibilities could underlie the impact of Csk on PTP-
HSCF tyrosine phosphorylation. First, Csk could phosphory-
late PTP-HSCF directly. Alternatively, through binding of its
SH2 domain, Csk could protect PTP-HSCF from autodephos-
phorylation and/or dephosphorylation by other cellular PTPs.
To distinguish between these two propositions, the impact of
various mutations in Csk on its capacity to promote tyrosine
phosphorylation of wild-type PTP-HSCF was determined (Fig.
5B). Like wild-type Csk (first panel, lane 2), we observed that
DSH3 Csk (lane 3) and kinase-inactive Csk (lane 6) were apt at
inducing PTP-HSCF tyrosine phosphorylation in this system.
In comparison, DSH2 Csk (lane 4) was incapable of augment-
ing the phosphotyrosine content of PTP-HSCF. R107K Csk
(lane 5), which carries a point mutation in the SH2 region, also
had a reduced effect compared to wild-type Csk (lane 2).

In addition, we contrasted the ability of Csk to enhance
PTP-HSCF tyrosine phosphorylation with that of Chk, the
other Csk family member (Fig. 5C). In accord with the inability
of the Chk SH2 domain to bind tyrosine phosphorylated PTP-

HSCF (Fig. 3C), we found that Chk (Fig. 5C, top panel, lane 3)
was incapable of increasing the phosphotyrosine content of
PTP-HSCF. Hence, in combination, the findings in Fig. 5 sup-
ported the idea that Csk augmented the tyrosine phosphory-
lation of PTP-HSCF via an SH2 domain-dependent, kinase
activity-independent, mechanism. Presumably, the Csk SH2
domain protected PTP-HSCF from autodephosphorylation
and/or dephosphorylation by other cellular PTPs, through
binding and shielding of the tyrosine phosphorylated residues.

Association of Csk with PTP-HSCF in primitive hemopoi-
etic cells. All the experiments reported above were conducted
either in yeast cells or in transfected Cos-1 cells. Obviously, we
needed to obtain evidence that endogenous Csk and PTP-
HSCF proteins also interacted in primitive hemopoietic cells.
For this purpose, we chose the IL-3-dependent mouse myeloid
cell line 32D, which is known to express PTP-HSCF. Unfortu-
nately, though, the physiological stimuli leading to activation of
Src family kinases and/or tyrosine phosphorylation of PTP-
HSCF in early hemopoietic cells are not identified. To circum-
vent this problem, protein tyrosine phosphorylation was induced
in 32D cells by treatment with PIC (bPV), a pharmacological
inhibitor of PTPs known to activate Src-related enzymes in
other systems (43). After PIC treatment, Csk was immunopre-
cipitated from cell lysates, and the presence of PTP-HSCF in
these immunoprecipitates was detected by immunoblotting
with anti-PTP-HSCF antibodies (Fig. 6A). As expected, we
found that no PTP-HSCF was associated with Csk in unstimu-
lated cells (lane 2). Following stimulation with PIC, however,
significant quantities of PTP-HSCF became complexed with
Csk (lane 6). By comparison, PTP-HSCF was not associated
with the Csk-related enzyme Chk, which is also expressed in
32D cells, in either unstimulated (lane 3) or stimulated (lane 7)
cells. No PTP-HSCF was observed in immunoprecipitates ob-
tained with normal rabbit serum (lanes 4 and 8). Taking into
consideration the total amount of PTP-HSCF present in 32D
cells (lanes 1 and 5), it was estimated that approximately 10%
of PTP-HSCF became associated with Csk in PIC-treated cells.

The ability of PTP-HSCF to associate with other signaling
molecules expressed in 32D cells was also ascertained (Fig.
6B). Whereas PTP-HSCF was clearly detected in immunopre-
cipitates obtained with two distinct anti-Csk sera (lanes 2 and
3), none was found to be associated with the kinases Chk (lane
4), Fyn (lane 5) and Syk (lane 10). Similarly, no PTP-HSCF
was bound to the SH2 domain-containing molecules phospho-
lipase C-g1 (lane 6), Cbl (lane 7), Vav (lane 8), phosphatidyl-
inositol 39 kinase (p85 subunit) (lane 9), and Shc (lane 11).
Therefore, we concluded that Csk and PTP-HSCF could in-
ducibly associate in primitive hemopoietic cells and that their
association was highly specific.

Csk and PTP-HSCF cooperate to inhibit signalling initiated
by Src family protein tyrosine kinases. Finally, we wished to
evaluate the impact of the Csk-PTP-HSCF interaction on cell
signaling. On the one hand, Csk and PTP-HSCF might coop-
erate to inhibit intracellular signaling initiated by Src family
kinases, as described for Csk and PEP (12). However, in light
of the distinct structural basis for the Csk-PTP-HSCF interac-
tion, it is conceivable that the purpose of this association is
different. For example, Csk and PTP-HSCF might antagonize
each other’s activity by having opposite actions on the same
substrate, possibly Src family kinases. To test these hypotheses,

FIG. 4. Two tyrosines in the carboxy-terminal region of PTP-HSCF
are required for PTP-HSCF tyrosine phosphorylation and binding to
Csk. Cells were transfected and tested as outlined in the legend of Fig.
2, with the exception that a series of PTP-HSCF mutants was used. All
PTP-HSCF variants also carried the C229S mutation. The migrations
of PTP-HSCF, Csk, and Lck are shown on the left. Exposures in the
first and second panels were 2 and 12 h, respectively, and those in the
third to fifth panels were 5 h.
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the effect of Csk and PTP-HSCF on a signaling mechanism
dependent on Src kinases was studied. Because little is known
of the role of Src-related PTKs in primitive hemopoietic cells,
these experiments were performed with the help of a previ-
ously described heterologous system in which a typical Src
kinase-mediated signaling event is recapitulated (12).

Briefly, Cos-1 cells were transfected with cDNAs encoding a
chimeric receptor containing the cytoplasmic domain of the z
chain of the T-cell antigen receptor complex (Tac-z), the Src
family kinase FynT, and the protein tyrosine kinase Zap-70. A
kinase-inactive variant of Zap-70 (lysine 295-to-arginine Zap-
70) was used in these assays, to ensure that baseline tyrosine
phosphorylation of the substrate Zap-70 was caused exclusively
by FynT. Cells were also transfected with cDNAs encoding Csk
alone (either wild-type or R107K), PTP-HSCF alone (either
wild-type or Y359F-Y381F), or both, and tyrosine phosphory-
lation of Zap-70 was monitored by immunoblotting of total cell

lysates with antiphosphotyrosine antibodies (Fig. 7A, first pan-
el). This analysis showed that wild-type Csk alone (lane 2) or
wild-type PTP-HSCF alone (lane 4) provoked only a small
reduction in substrate tyrosine phosphorylation. Similar results
were obtained with expression of R107K Csk (lane 3) or
Y359F-Y381F PTP-HSCF (lane 5). By contrast, in cells ex-
pressing both wild-type Csk and wild-type PTP-HSCF (lane 6),
there was a marked decrease in the phosphotyrosine content of
Zap-70. The inhibitory impact of Csk and PTP-HSCF com-
bined was partially alleviated by mutation of either the SH2
domain of Csk (lane 8) or the two sites of tyrosine phosphor-
ylation of PTP-HSCF (lane 7). More strikingly, it was nearly
eliminated when both molecules were mutated (lane 9). Par-
allel immunoblots with antibodies directed against Csk (second
panel), PTP-HSCF (third panel), Fyn (fourth panel), Zap-70
(fifth panel), and z (sixth panel) confirmed that all polypep-
tides were adequately expressed in this experiment.

FIG. 5. The Csk SH2 domain protects PTP-HSCF from dephosphorylation. (A) Cos-1 cells were transfected with cDNAs coding for various
forms of PTP-HSCF, in the absence (lanes 1 to 4) or presence (lanes 5 to 8) of Csk. All transfections contained Y505F Lck. Tyrosine
phosphorylation of PTP-HSCF was determined by immunoblotting of total cell lysates with antiphosphotyrosine (aP.tyr) antibodies (first panel).
The positions of PTP-HSCF, Csk, and Lck are shown on the left. wt, wild type. Exposures in the first and second panels were 14 and 3 h,
respectively, and those in the third and fourth panels were 6 h. (B) Structural requirements for induction of PTP-HSCF tyrosine phosphorylation
by Csk. Cells were transfected and tested as detailed for panel A, with the exception that wild-type PTP-HSCF and various forms of Csk were
utilized. The positions of PTP-HSCF, Csk, and Lck are shown on the left. Exposures in the first to fourth panels were 14, 4, 7, and 4 h, respectively.
(C) Differential ability of Csk and Chk to provoke tyrosine phosphorylation of PTP-HSCF. Cells were transfected and tested as detailed for panel
A, except that Csk and Chk were compared. Expression of Csk and Chk was confirmed by immunoblotting of total cell lysates with the appropriate
antibodies (data not shown). The positions of PTP-HSCF and Lck are shown on the left. Exposure in the top panel was 14 h, and those in the
middle and bottom panels were 6 h.
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For proper interpretation of this experiment, it was impor-
tant to ensure that the enzymatic activity of Csk and PTP-
HSCF was not affected by these mutations. Along these lines,
previous studies had shown that the kinase activity of Csk was
not altered by the R107K mutation (10, 34). However, we also
had to verify that the Y354F-Y381F mutations did not reduce
the phosphatase activity of PTP-HSCF. To eliminate this pos-
sibility, immune complex phosphatase assays were performed
as detailed in Materials and Methods, using myelin basic pro-
tein as an exogenous substrate (Fig. 7B). This study showed
that the catalytic activity of Y354F-Y381F PTP-HSCF was
similar to that of wild-type PTP-HSCF. In comparison, the
enzymatic function of C229S PTP-HSCF was abrogated.
Therefore, we could deduce that Csk and PTP-HSCF cooper-
ated to inhibit signalling events triggered by Src-related PTKs.
While some small degree of cooperation between these two
molecules could take place in the absence of the domains
mediating their association (Fig. 7, first panel, compare lane 9
with lane 1), it was clear that their synergism was largely de-
pendent on their capacity to associate physically (lane 6).

In order to comprehend the mechanism by which PTP-
HSCF synergized with Csk, the possibility that it regulated the
state of tyrosine phosphorylation of Src-related enzymes was
tested (Fig. 8). Cos-1 cells were transfected as outlined for Fig.
7A, in the absence or in the presence of a wild-type ptp-hscf
cDNA. Later, they were metabolically labeled with 32Pi, and
lysed, and FynT polypeptides were recovered by immunopre-
cipitation with anti-Fyn antibodies. The state of phosphoryla-
tion of FynT was examined by gel electrophoresis (Fig. 8A).
Although overexpression of PTP-HSCF did not reduce the
overall phosphorylation of FynT (compare lane 2 with lane 1),
it provoked a reproducible increase in the electrophoretic mo-

bility of FynT. Additionally, PTP-HSCF caused the disappear-
ance of FynTp, an activated version of FynT previously found
to be phosphorylated at the positive regulatory site, Y417 (12).

In light of these observations, FynT phosphorylation was
investigated in greater detail through peptide mapping studies
(Fig. 8B). The phosphorylated products detected in Fig. 8A
were gel purified, cleaved with cyanogen bromide, and re-
solved in 18% SDS-polyacrylamide gels. This analysis demon-
strated that PTP-HSCF had no appreciable impact on phos-
phorylation of the C3 fragment of FynT (compare lane 2 with
lane 1). This peptide bears Y528, the inhibitory carboxy-ter-
minal tyrosine phosphorylated by Csk. Nonetheless, PTP-
HSCF provoked a significant reduction in the extent of phos-
phorylation of the C2 fragment, which contains the positive
regulatory site Y417. A decrease in the phosphate content of
the amino-terminal C1 fragment of FynT was also noted in this
experiment. However, it was not observed in other experiments
(data not shown). The significance of this finding is not clear.
Lastly, we observed that FynTp polypeptides isolated from
cells lacking PTP-HSCF (Fig. 8A, lane 4) were predominantly
phosphorylated within the C2 fragment. This phosphorylation
was absent in cells expressing PTP-HSCF (lane 5). On the basis
of these results, we concluded that PTP-HSCF caused dephos-
phorylation of Y417, but not Y528, of FynT in cells.

DISCUSSION

Earlier studies established that the ability of Csk to inhibit
Src-related PTKs in vivo requires intact Csk SH3 and SH2
domains (10, 22). We subsequently reported that the SH3
domain of Csk mediates highly specific and constitutive inter-
actions with the nonreceptor PTPs PEP and PTP-PEST (11,

FIG. 6. Association of Csk with PTP-HSCF in primitive hemopoietic cells. (A) Association of Csk with PTP-HSCF in factor-dependent mouse
myeloid cells. IL-3-dependent 32D cells were treated or not for 10 min with bPV (PIC), an analog of pervanadate. After cell lysis, postnuclear
supernatants were immunoprecipitated with the indicated antibodies, and the presence of PTP-HSCF in these immunoprecipitates was determined
by immunoblotting with anti-PTP-HSCF (aHSCF) antibodies. (B) Specificity of the association between Csk and PTP-HSCF in mouse myeloid
cells. As described for panel A, except that, in all cases, cells were pretreated with bPV (PIC). PI, phosppatidyl inositol; NRS, normal rabbit serum.
For both panels, the positions of PTP-HSCF and of the heavy chain of immunoglobulin [Ig(H)] are shown on the left; those of prestained molecular
weight markers (in kilodaltons) are indicated on the right. Exposure, 14 h.
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13, 21). In the case of Csk-PEP, this association was shown to
augment the capacity of Csk to inactivate Src kinases, by way of
the ability of associated PEP to dephosphorylate the activating
tyrosine and, possibly, substrates of Src-related enzymes (12).
Several groups also documented that the SH2 domain of Csk
can interact with various tyrosine phosphorylated proteins, in-
cluding Dok-related molecules, PAG, paxillin, and tensin (5,
10, 25, 30, 34). While the functions of these associations have
not been firmly established, they likely mediate the recruitment
of Csk to foci of Src-related kinase activation in the cell.

Herein, we found that Csk also associates with PTP-HSCF,
the third known member of the PEP family (3, 6, 18, 23, 26).
This interaction was documented in yeast, in a heterologous
mammalian cell system, and in primitive hemopoietic cells.
Unlike the previously described Csk-PEP and Csk-PTP-PEST
interactions, the association between Csk and PTP-HSCF in-
volved the Csk SH2 domain and conserved tyrosines (Y354
and Y381) in the carboxy-terminal noncatalytic region of PTP-
HSCF. Transfection studies revealed that Csk and PTP-HSCF
cooperated to inhibit signaling events initiated by Src-related
PTKs, and that this synergy was greatly facilitated by the do-
mains mediating their association. Finally, evidence was ad-
duced that the inhibitory impact of PTP-HSCF was due at least

in part to its capacity to prevent phosphorylation of the positive
regulatory tyrosine of Src family kinases.

These findings led to the identification of a novel function
for the Csk SH2 domain, distinct from its aforementioned role
in recruiting Csk to sites of Src-related PTK activation. By
binding the PTP-HSCF, the SH2 region enhanced the capacity
of Csk to inhibit Src-related PTKs. This synergism was seem-
ingly consequent to the ability of PTP-HSCF to dephosphor-
ylate the positive regulatory site of Src kinases, thereby ideally
complementing the capacity of Csk to phosphorylate their in-
hibitory carboxy-terminal tyrosine. Such a mechanism does not
exclude the possibility that PTP-HSCF also served the purpose
of recruiting Csk near activated Src-related molecules. In fact,
this is likely to be the case, as tyrosine phosphorylation of
PTP-HSCF is triggered by activated Src kinases (this report)
(38). Hence, binding of Csk to tyrosine phosphorylated PTP-
HSCF probably fulfils two complementary goals: juxtaposition
of Csk near activated Src kinases by physical recruitment and
enhancement of the inhibitory potential of Csk by a catalytic
mechanism.

Obviously, the interaction of Csk with PTP-HSCF is evoca-
tive of its association with PEP and PTP-PEST. One important
difference, however, is that the binding to PEP and PTP-PEST

FIG. 7. Cooperative inhibition of Src kinase-mediated signaling by Csk and PTP-HSCF. (A) Cos-1 cells were transfected with cDNAs coding
for Tac-z, FynT, and kinase-inactive Zap-70 (K295R Zap-70), in the absence (2) or presence (1) of the indicated cDNAs. Tyrosine phosphor-
ylation of Zap-70 was monitored by immunoblotting of total cell lysates with antiphosphotyrosine (aP. tyr) antibodies (first panel). Similar results
were obtained when Zap-70 was isolated from cell lysates by immunoprecipitation (data not shown). The positions of Zap-70, Csk, PTP-HSCF,
FynT, and Tac-z are shown on the left. wt, wild type. Exposures in the first to sixth panels were 48, 15, 5, 10, 15, and 10 h, respectively. (B) Immune
complex phosphatase assays. The activities of various PTP-HSCF polypeptides were measured in an immune complex kinase assay, as outlined in
Materials and Methods. The reactions were conducted for various periods of time (abscissa), and 32P-labeled myelin basic protein was used as
substrate. The amount of radioactivity released in the medium is shown on the ordinate (in counts per minute [CPM]). The abundance of the
PTP-HSCF proteins was verified by immunoblotting of parallel PTP-HSCF immunoprecipitates with anti-PTP-HSCF antibodies (top). Exposure,
3 h. Symbols: E, empty vector; 3, C229S PTP-HSCF; ■, Y354F-Y381F PTP-HSCF; Œ, wild-type PTP-HSCF.
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is mediated by the SH3 domain of Csk and is constitutive (11,
13, 21). By opposition, the association of Csk with PTP-HSCF
was found to be SH2 domain mediated and reversible. It could
be implied from this distinction that the inhibitory signal trans-
duced by Csk-PTP-HSCF is qualitatively different from that
triggered by Csk-PEP and Csk-PTP-PEST. Whereas this no-
tion remains plausible, our studies failed to produce any evi-
dence supporting this notion. Rather, the SH2 domain- and
SH3 domain-dependent associations of Csk with PTPs seem to
result in functionally analogous inhibitory mechanisms. The
capacity of PTP-HSCF (this report) and PEP (12) to inactivate
Src kinases through a similar biochemical effect is in keeping
with this proposition. The phosphotyrosine-dependence of the
Csk-PTP-HSCF association may simply indicate that it is of
shorter duration, as the complex would dissociate once the
activity of the Src kinases is repressed and tyrosine phosphor-
ylation of PTP-HSCF has subsided. Consequently, inhibition
by Csk-PTP-HSCF may be more finely tuned to the degree of
activation of Src family PTKs.

Our data revealed that the presence of Csk also favored the
tyrosine phosphorylation of PTP-HSCF. Interestingly, this ef-
fect was found to be independent of the catalytic activity of
Csk. Rather, it required the presence of an intact Csk SH2
domain. Binding of the Csk SH2 domain probably stabilized
tyrosine phosphorylation of PTP-HSCF, by shielding the phos-
photyrosines from dephosphorylation by PTP-HSCF and/or

other cellular PTPs. A similar situation has been documented
for other SH2 domains (20, 33). Through this mechanism, the
association of Csk with PTP-HSCF would trigger an amplifying
loop that augments Csk recruitment and allows a more sus-
tained inhibitory response to take place. It is likely that this
feature is a common and advantageous consequence of SH2
domain-mediated interactions.

Since tyrosine phosphorylation of PTP-HSCF was difficult to
detect in the absence of PTP inhibition, one could argue that
such a phosphorylation does not occur in a physiologically
meaningful way. However, several findings indicated that this
is unlikely to be the case. First, tyrosine phosphorylation of
PTP-HSCF was highly specific, as we were unable to detect a
similar modification of PEP or PTP-PEST (our unpublished
results). Second, tyrosine phosphorylation of PTP-HSCF could
be detected in the absence of PTP inhibition, such as when the
levels of Csk were increased in the cell (Fig. 5). Importantly,
this phosphorylation occurred at the sites that were also phos-
phorylated under conditions of PTP inhibition (our unpub-
lished results). And third, the putative sites of tyrosine phos-
phorylation of PTP-HSCF were essential for the ability of
wild-type PTP-HSCF and Csk to cooperate towards inhibiting
Src-related PTKs. Thus, tyrosine phosphorylation of PTP-
HSCF is very likely to occur in cells, albeit transiently, and to
be a biologically significant event.

The results of our studies allowed the identification of two

FIG. 8. Impact of PTP-HSCF on FynT phosphorylation. (A) Overall FynT phosphorylation. Cos-1 cells were transfected as outlined in the
legend of Fig. 7A, in the absence or in the presence of wild-type (wt) PTP-HSCF. Cells were subsequently metabolically labeled with 32Pi, and the
extent of FynT phosphorylation was evaluated by immunoprecipitation with anti-Fyn antibodies and gel electrophoresis. Cells transfected with a
constitutively activated form of FynT (Y528F FynT) were used as control. This mutant is highly phosphorylated at the positive regulatory site,
tyrosine 417, while lacking phosphorylation at the inhibitory site, tyrosine 528. The migrations of FynT and FynTp are indicated on the left, whereas
those of prestained molecular mass markers (in kilodaltons) are shown on the right. Exposure, 3 h. (B) Cyanogen bromide cleavage. The
phosphorylated polypeptides from panel A were subjected to cleavage with cyanogen bromide. The products of these reactions were then separated
in 18% SDS-polyacrylamide gels and detected by autoradiography. The positions of C1, C2, and C3 are indicated on the left; those of prestained
molecular mass markers (in kilodaltons) are shown on the right. Exposure: lanes 1 to 3, 8 h; lanes 4 to 6, 60 h.
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potential binding motifs for the Csk SH2 domain: Y354AVV
and Y381SQV of PTP-HSCF. It was previously demonstrated
that the sequence Y314SSV in PAG was also recognized by the
SH2 domain of Csk (5, 25). These three sequences are in clear
agreement with the motif pY(T/A/S)X(M/I/V) (where pY is
phosphotyrosine and X is any residue), which has been se-
lected as the preferential Csk SH2 domain-binding sequence in
a peptide library (37). Hence, it is probable that the peptide
library-derived motif represents a predominant Csk SH2 do-
main-binding sequence in vivo. Obviously, it will be of interest
to see whether other Csk SH2 region-binding proteins, such as
Dok-related molecules, paxillin, tensin, and Fak, associate with
Csk through a similar decoy.

Chk is a Csk-related molecule selectively expressed in he-
mopoietic cells and brain (9). Interestingly, we found herein
that Chk did not bind to PTP-HSCF. Likewise, it was reported
earlier that Chk was incapable of associating with PEP and
PTP-PEST (11, 13, 21). Therefore, the ability to interact phys-
ically with the PEP family of PTPs appears to be restricted to
Csk. Even though the biological significance of this distinction
remains to be fully elucidated, it is noteworthy that Csk and
Chk do seem to have dissimilar biological roles. In support of
this idea, it was found that Chk was an inefficient negative
regulator of antigen receptor signaling in T-cells, in striking
contrast to Csk (15). The inability of Chk to interact with
PEP-related phosphatases may explain at least part of this
functional difference.

In combination with previously published findings (11, 13,
21), the results reported here reveal that Csk associates with all
three members of the PEP family. This is probably more than
a coincidence. As there is no conclusive evidence that Csk
interacts with other PTPs (our unpublished results), this ob-
servation strongly argues for a unique functional affinity be-
tween the two classes of molecules. Very possibly, their alli-
ance has evolved from their shared capacity to inhibit Src-
related PTKs. As a corollary, the selective nature of the
association of Csk with PEP family members suggests that
PEP-related PTPs play a significant role in the regulation of
Src-related PTKs in vivo. Along these lines, it should be men-
tioned that, with the exception of the receptor-like PTP CD45
and members of the PEP family (12, 17; this report), little is
known of the PTPs responsible for inactivating Src kinases in
mammalian cells. In light of our data, it seems probable that
PEP-related molecules play a pivotal role in this process. If this
is the case, it will be interesting to determine whether the three
distinct types of Csk-PTP complexes have independent func-
tions. Our studies to date suggest that the Csk-PEP and Csk-
PTP-HSCF complexes are capable of similar inhibitory effects
on Src kinases. However, taking into consideration the re-
ported differences in the intracellular localization of PEP,
PTP-PEST, and, possibly, PTP-HSCF (11, 13, 18, 23), these
three complexes may be aimed at inhibiting separate cellular
pools of Src-related kinases. Future studies will be needed to
address this possibility.
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