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tion, cytoskeletal organization, and signaling (1). Src
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In determining the role of Chk in T cell signaling, we
ave focused on its protein-protein interactions. We
etected a tyrosine phosphoprotein that coimmuno-
recipitated with Chk from pervanadate stimulated
uman blastic T cells. Subsequent Western blot anal-
sis identified this tyrosine phosphoprotein as paxil-
in. Paxillin, a cytoskeletal protein involved in focal
dhesions, was first identified as a v-Src substrate in
ransformed fibroblasts. Interestingly, Chk specifi-
ally bound tyrosine phosphorylated paxillin. Consis-
ent with our in vivo data, Chk and paxillin were ob-
erved to localize in similar cellular regions prior to
nd following stimulation. Using GST fusion proteins,
e determined that the Chk SH2 domain, not the SH3
omain, bound tyrosine phosphorylated paxillin. Spe-
ifically, paxillin bound to the FLVRES motif of the
hk SH2 domain. Using Far Western analysis, we re-
ealed that the Chk SH2 domain directly associates
ith tyrosine phosphorylated paxillin. Finally, p52Chk

xpression in Csk-deficient mouse embryo fibroblasts
ecreased total phosphotyrosine levels of paxillin, im-
lying a physiological role for Chk. These studies pro-
ide important insight into the role of Chk in tyrosine
ediated signaling, as well as T cell physiology.
Key Words: kinase; Chk; Src; paxillin.

The Src family of cytoplasmic tyrosine kinases plays
critical role in mitotic control, cell-cell communica-
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amily kinase activity is inhibited by phosphorylation
f a conserved, carboxy-terminal tyrosine (2). Con-
ersely, dephosphorylation of this site results in acti-
ation of intrinsic kinase activity (3). Mutation of this
onserved tyrosine to phenylalanine constitutively ac-
ivates c-Src and renders it oncogenic (4). Csk,
-terminal Src kinase, phosphorylates the conserved
nhibitory tyrosine of Src family kinases, thereby re-
ressing their kinase activity (5–11).
Recently, several groups identified a second member

f the Csk family, known as Chk, Csk homologous
inase (12–17). The Chk gene, previously termed Lsk,
yl, Matk, Ntk, Ctk, and Batk, codes for two distinct
roteins, p52Chk and p57Chk. The predominant Chk iso-
orm expressed in mouse, 52 kDa, lacks 40 N-terminal
mino acids present in the predominant human iso-
orm, 57 kDa, as a result of alternative splicing (18).
hk and Csk are structurally related genes (12, 19).
oth Chk isoforms, like Csk, contain Src homology

SH) domains 2 and 3, as well as a Src family catalytic
omain (SH1). Similar to Csk, neither Chk protein
ontains a myristoylation signal residue, nor has the
utophosphorylation or carboxyl-terminal tyrosine res-
dues typical of Src family kinases. Additionally, Chk
hosphorylates the inhibitory carboxyl-terminal ty-
osine of several Src family kinases, including Lck,
yn, c-Src, and Lyn, in vitro or in a yeast co-expression
ystem (12, 13, 20, 21). Despite the structural and
nzymatic similarities, differences exist between Chk
nd Csk. Chk expression, unlike the ubiquitous expres-
ion of Csk, is limited to neuronal and hematopoietic
ells. Chk expression, unlike Csk, is regulated by IL-4
nd IL-13 in human monocytes and by stem cell factor
n the human megakaryoblastic cell line MO7e (22, 23).
urthermore, Chk expression is induced in T cells upon
ctivation, whereas Csk is constitutively expressed
14).

Because of the differences in expression, T cells pro-
ide an attractive model for dissecting the individual
oles of Chk and Csk. The Src family is critical in T cell



physiology (24). Lck and Fyn are involved in the signal
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ransduction of T cell receptor, TcR, mediated activa-
ion (25, 26). In addition, Lck is also crucial for thymic
recursor development into differentiated T cell types
27). Csk overexpression in an antigen-specific T cell
ine, BI-141, inhibits TcR induced protein phosphory-
ation and lymphokine secretion, presumably by inhib-
ting Lck and Fyn (28, 29). We and others have dem-
nstrated that Chk does not appear to be involved in
cR signal transduction (30, 31). These observations

mply a unique role for Chk in T cell signaling.
In elucidating the role of Chk in T cell signaling, we

ave focused on its protein-protein interactions. The
pecificity of these transient protein-protein interac-
ions is mediated by conserved protein modules, such
s the SH2 and SH3 domains. The SH2 domains bind
hosphorylated tyrosine residues (32), whereas, SH3
omains bind proline-rich sequences (33). In this re-
ort, we immunoprecipitated a tyrosine phosphory-
ated protein with Chk in pervanadate stimulated, hu-

an blastic T cells. Subsequent experiments have
dentified the coprecipitated protein as paxillin, a cy-
oskeletal protein first identified as a v-Src substrate
34). GST fusion proteins expressing the Chk protein
inding domains were used to determine which region
nteracted with tyrosine phosphorylated paxillin.
astly, Csk-deficient mouse embryo fibroblasts, MEFs,
ere transfected with Chk to determine if paxillin was
ffected in vivo.

ATERIALS AND METHODS

Cells, cell culture, and antibodies. After informed consent, T cells
ere prepared from peripheral blood of healthy volunteers as previ-
usly described (35). T cells, greater than 90% purity, were activated
n complete medium with human recombinant IL-2 (1000 I.U./ml) for

days in culture at a density of 2 x 106 cells/ml. Complete medium
onsisted of RPMI-1640 supplemented with 10% fetal bovine serum,

mM L-glutamine, and 1% penicillin-streptomycin. Simian virus
SV) 40 immortalized Csk-deficient, MEFs were obtained from Dr.
kira Imamoto (10). MEFs were propagated in Dulbecco’s minimal
ssential medium supplemented with 10% fetal bovine serum. T cells
nd MEFs were cultured at 37°C in 5% CO2 incubators. The rabbit
olyclonal antibody raised against Chk was obtained from Santa
ruz Biotechnology (Santa Cruz, CA). This antibody was generated
gainst the predicted carboxyl-terminal (amino acids 449-465) of the
sk protein. The a-paxillin monoclonal antibody was obtain from
ymed, Inc. (San Francisco, CA). The a-phosphotyrosine monoclonal
ntibody, 4G10, and the a-GST and a-Lck polyclonal antibodies,
ere purchased from Upstate Biotechnology Inc. (Lake Placid, NY).
ntibody against Csk was kindly provided by Dr. Marietta Harrison

Purdue University).

Immunoprecipitation, electrophoresis, and Western blot analysis.
uman blastic T cells were incubated in the presence or absence of
ervanadate as described (36). Csk-deficient and p52Chk transfected
EFs were scraped from 10 cm plates prior to lysis. Cells were lysed

n buffer containing 1% NP-40, 150 mM NaCl, 50 mM Hepes (pH
.1), 10 mM EDTA, 0.4 mM Na3VO4, 10 mM NaF, 1 mM PMSF, 10
g/ml leupeptin, 10 mg/ml aprotinin, and 0.7 mg/ml pepstatin A. Cell

ysates were clarified by centrifugation for 15 minutes at 15,000 rpm
t 4°C. Lysates from 1 x 108 T cells or 100 mg total protein (BCA
rotein assay, Pierce, Rockford, IL) from MEFs were immunoprecipi-
669
a-paxillin) sepharose for one hour at 4°C. Immunoprecipitates were
ashed three to six times with lysis buffer. Excess competing peptide
as used in Chk immunoprecipitations where noted. Bound protein
as then eluted with Laemmli sample buffer and separated on 10%
DS PAGE. After electrophoretically transferring the proteins to
mmobilon membranes (37), the resulting blots were probed with the
ppropriate antibody. The antibodies used in these studies included
-phosphotyrosine, a-paxillin, and a-Chk. Enhanced chemilumines-
ence (ECL [Amersham Corp.]) was used for antibody detection as
escribed by the manufacturer. In experiments involving MEFs,
ands were quantified using laser densitometry. Blots were occasion-
lly stripped of bound antibodies by incubation in 62.5 mM Tris-HCl
pH 6.8), 100 mM b-mercaptoethanol, and 2% SDS for 30 minutes at
0°C. The stripped blots were washed extensively in TBS, blocked,
nd probed again with an appropriate antibody.

Subcellular fractionation. Pervanadate stimulated and unstimu-
ated blastic T cells were incubated for 15 minutes in hypotonic
uffer (10 mM Tris pH 7.4, 2 mM EDTA pH 8.0, supplemented with
rotease and phosphatase inhibitors as described above). The mem-
ranes were mechanically broken using a Wheaton Dounce homog-
nizer. Cell lysis was confirmed by staining with trypan blue. After
djusting lysate concentration to 150 mM NaCl, nuclei and intact
ell membrane were removed by two successive centrifugations at
,000 x g for 5 minutes. Supernatants were then separated into
oluble (S100) and particulate (P100) fractions by ultracentrifuga-
ion at 100,000 x g for 30 minutes. The various fractions were
xtracted in Laemmli sample buffer; particulate fractions were
ashed once with hypotonic buffer prior to extraction. Fractions

ontaining equivalent cell numbers were resolved on either 8 or 10%
DS PAGE and immunoblotted with either a-Chk or a-paxillin re-
pectively. The validity of the cell fractionation procedure was con-
rmed by blotting with a-Lck and a-Csk (data not shown).

cDNAs and constructs. The murine p52Chk cDNA was obtained
rom Dr. Christopher Jarvis (12, 18). The cDNA was digested by
coRI and XhoI and cloned into the vector pCDNA 3.1/Zeo(1) (In-
itrogen). The constructs were transfected in the MEFs with Lipo-
ectAMINE Reagent as described by the manufacturer (Life Tech-
ologies, Gaithersburg MD). Transfected cells were selected by
rowth in Dulbecco’s minimal essential medium containing 10% fetal
ovine serum and Zeomycin.
Bacterial expression plasmids encoding GST-Chk SH2, GST-Chk

H3, and GST-Chk SH2-SH3 were constructed by subcloning PCR-
enerated Bam H1 fragments, using Chk cDNA as the template, into
GEX-3X vectors. GST-Chk SH2 was generated with the following
ligonucleotides: 59-GATCGGATCCCCAAGCTCAGCCTCATGCCG-39
forward primer) and 59-GATCGGATCCGACTTGGTCCCGTGTT-
CCG-39 (reverse primer). GST-Chk SH3 was generated with the

ollowing oligonucleotides: 59-GATCGGATCCTCTCAGCCAGGATG-
CAACG-39 (forward primer) and 59-GATCGGATCCGGCATGAG-
CTGAGCTTGGG-39 (reverse primer). GST-Chk SH2-SH3 was gener-
ted with the forward primer used to generate GST-Chk SH3 and the
everse primer used to generate GST-Chk SH2.

To make the mutant GST-Chk SH2 (S149C) fusion protein, site-
irected mutagenesis was performed as described elsewhere (38).
he mutagenic primer used for S149C was 59-GTGCGGG-
GTGCGCACGCCACCCCG-39. Construction of all the plasmids was
erified by double-stranded sequencing.

Preparation of the GST fusion proteins. After transformation of
ST constructs into the JM105 strain of Escherichia coli, log-phase

ultures were induced for two hours at 37°C with 1.0 M isopropyl
-D-thiogalactopyranoside (IPTG). Cells were sonically lysed in
hosphate buffered saline, 1% Triton X-100 and centrifuged. Clari-
ed supernatants were incubated with glutathione Sepharose-4B for
0 minutes at 4°C. Bound fusion proteins were washed extensively
ith lysis buffer and eluted with 10 mM reduced glutathione. Pro-

eins were dialyzed against phosphate buffered saline, 10% glycerol,
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on, Beverly, MA). Protein concentration was determined (BioRad,
ercules, CA), and the proteins were stored at 270°C until further
se. Protein purity was checked using SDS-PAGE and subsequent
oomassie Blue staining.

GST in vitro binding assay. Two mg GST or equimolar amounts
f each purified GST fusion proteins were bound to glutathione-
garose beads for 60 minutes at 4°C, then washed in PBS. Pervana-
ate stimulated and unstimulated blastic T cells were lysed with the
ame lysis buffer used in immunoprecipitations. Cell lysates were
ncubated with bound GST fusion proteins for one to two hours at
°C, and washed three times with modified RIPA buffer (1% Triton
-100, 50 mM Hepes, pH 7.1, 1% sodium deoxycholate, 0.1% SDS,
50 mM NaCl, 10 mM EDTA, and 10% glycerol, and supplemented
ith the protease and phosphatase inhibitors described above). The
lots were probed with a-paxillin, and visualized by enhanced chemi-
uminescence.

Binding with GST fusion proteins (Far Western). Paxillin immu-
oprecipitates were resolved by 10% SDS-PAGE and transferred to
mmobilon membranes. Replica blots were initially blocked with
BS - 2.5% BSA for 60 minutes at room temperature. The blots were
robed with either 5 mg/ml of purified GST or equimolar concentra-
ions of purified GST-SH2 and GST-S149C, respectively. After a 60
inute incubation at room temperature, the blots were washed in
BS - 0.1 % Tween 20. The blots were then probed with a polyclonal
-GST antibody. Following washing, blots were incubated with
orseradish peroxidase conjugated a-rabbit antibody, washed, and
etected by enhanced chemiluminescence.

ESULTS

hk Coprecipitates a Tyrosine Phosphoprotein
in Human Blastic T Cells

The role of Chk in T cell signaling is currently un-
nown. To detect novel Chk protein interactions, we
ttempted to coimmunoprecipitate tyrosine phospho-
roteins from stimulated human blastic T cells. Ini-
ially, human peripheral blood T cells were activated
ith IL-2 (as described in Materials and Methods) to

nduce Chk expression. The activated T cells were then
timulated with pervanadate, a nonspecific inducer of
yrosine phosphorylation. A tyrosine phosphoprotein,
pproximately 70-75 kDa, coimmunoprecipitated with
hk following pervanadate stimulation (Fig. 1A). The
and was not present following peptide competition.
he blots were stripped and reblotted with a-Chk;
hereby verifying both equivalent loading and the effi-
acy of the peptide competition (Fig. 1B). This experi-
ent revealed the first protein association of Chk in T

ells.

oprecipitation of Tyrosine Phosphorylated Paxillin
with Chk

We then attempted to identify the Chk associated
yrosine phosphoprotein. Our search focused on Src
ubstrates. Of the prominent tyrosine phosphoproteins
n v-Src transformed cells, tyrosine phosphorylated
axillin has a size corresponding to the Chk associated
rotein (34). Furthermore, Csk associates with paxillin
39).
670
To determine whether the Chk associated protein
as in fact paxillin, we used Western blot analysis. We

mmunoprecipitated Chk in unstimulated and per-
anadate stimulated T cells, and immunoblotted using
-paxillin. Paxillin appeared to coimmunoprecipitate
ith Chk from both stimulated and unstimulated cells

Fig. 2A). Additional experiments determined that the
0 kDa binding from unstimulated cells was nonspe-
ific (data not shown). In parallel, the cell lysates were
mmunoprecipitated with a-paxillin, and immunoblot-
ed with a-phosphotyrosine to confirm that paxillin is
yrosine phosphorylated (Fig. 2B).

ubcellular Fractionation of Chk and Paxillin

Since tyrosine phosphorylated paxillin and Chk
ind, they should also co-localize in similar cellular
egions. Cellular localization of Chk and paxillin was
etermined by subcellular fractionation studies. Con-
istent with the coimmunoprecipitation studies, Chk
nd paxillin were located in similar cellular regions, in
oth the S100 (cytosolic) and the P100 (membrane)
ractions, prior to and following stimulation (Fig. 3).
lso, greater Chk and paxillin protein levels were lo-

FIG. 1. Coprecipitation of a tyrosine phosphoprotein with Chk in
uman blastic T cells. Human blastic T cells were unstimulated and
timulated with pervanadate. A. Lysates (1 x 108 cells) were immu-
oprecipitated with an a-Chk antibody (with and without competing
eptide) and resolved using SDS-PAGE. Subsequent Western blot
nalysis was performed using an a-phosphotyrosine antibody. B. The
bove-mentioned blot was stripped. Western blot analysis was then
erformed using an a-Chk antibody.
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ated in the stimulated P100 fractions than the un-
timulated P100 fractions. This implies an apparent
igration of the two proteins following stimulation.
owever, the specific cellular region where Chk and
axillin associate is currently unknown. The fractions
ere also immunoblotted with a-Lck and a-Csk anti-

era as controls for the fractionation procedure and
esponse to pervanadate (data not shown).

he Chk SH2 Domain Binds Tyrosine
Phosphorylated Paxillin

We next examined which Chk region binds tyrosine
hosphorylated paxillin. The Chk protein contains
H2 and SH3 protein domains. GST fusion proteins
xpressing the Chk SH3, SH2, and the SH3-SH2 do-
ains were generated, and used in an in vitro binding

ssay. Paxillin from unstimulated cells did not bind the
usion proteins. Whereas, paxillin from pervanadate
timulated cells coprecipitated only with the Chk SH3-
H2 and SH2 domains (Fig. 4A). Figure 4B demon-
trated equivalent loading of the respective fusion pro-
eins. Since paxillin did not bind the SH3 domain and
axillin affinity was comparable between the SH3-SH2
nd the SH2 fusion proteins, the Chk SH3 domain did
ot appear to be involved in binding paxillin. Thus, of
he known Chk protein binding regions, the SH2 do-
ain mediates paxillin association.

he Conserved SH2 Domain FLVRES Sequence
Is Required for Chk Binding to Tyrosine
Phosphorylated Paxillin

Subsequent experiments were performed to deter-
ine the Chk SH2 domain region or motif that binds

yrosine phosphorylated paxillin. Many SH2 mediated
nteractions involve phosphotyrosine; however, numer-
us observations have reported non-phosphotyrosine

FIG. 2. Coprecipitation of tyrosine phosphorylated paxillin with
hk in human blastic T cells. Human blastic T cells were unstimu-

ated and stimulated with pervanadate. A. Lysates (1 x 108 cells)
ere immunoprecipitated with an a-Chk antibody (with and without

ompeting peptide) and resolved using SDS-PAGE. Subsequent
estern blot analysis was performed using an a-phosphotyrosine

ntibody. B. The above-mentioned blot was stripped. Western blot
nalysis was then performed using and a-Chk antibody.
671
ade in the conserved FLVRES motif of the GST SH2
onstructs that eliminate in vitro binding to phospho-
yrosine containing proteins (40, 41). As expected, the
149C mutation completely abolished binding to ty-
osine phosphorylated paxillin (Fig. 5). These data in-
icate that Chk SH2 domain binding of tyrosine phos-
horylated paxillin is dependent on the FLVRES motif;
hereby, suggesting a phosphotyrosine dependent in-
eraction.

he Chk SH2 Domain Directly Binds Tyrosine
Phosphorylated Paxillin

Since paxillin has been shown to associate with Csk
39) as well as other proteins, Chk SH2 binding to
axillin may result from either a direct interaction or
hrough intermediate protein(s). To determine
hether the Chk SH2 domain directly interacts with

yrosine phosphorylated paxillin, we performed Far
estern analysis. Paxillin was immunoprecipitated

rom unstimulated and pervanadate stimulated T cells
nd subsequently probed with either purified GST,
ST-Chk SH2, or the GST-Chk SH2 mutant, S149C

Fig. 6A). The Chk SH2 domain, in contrast to GST
lone or the GST-S149 mutant, detected phospho-
yrosine containing paxillin from stimulated cells. The
lots were stripped and reprobed with an a-paxillin
ntibody to confirm the presence of paxillin (Fig. 6B).
hus, Chk, via its SH2 domain, binds directly to
yrosine phosphorylated paxillin.

FIG. 3. Subcellular fractionation of Chk and paxillin in human
lastic T cells. Human blastic T cells were treated in the absence and
resence of pervanadate. Cells were lysed and subsequently sepa-
ated into soluble (S100) and particulate (P100) fractions. Total cell
ysate (TCL), S100, and P100 fractions from approximately 1 x 107

ells were resolved using SDS-PAGE. Western blot analysis was
erformed using either an a-Chk antibody (A) or an a-paxillin anti-
ody (B).
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hk Expression in Csk Deficient Cells Regulates
Paxillin Phosphotyrosine Levels

Following the demonstration that Chk directly asso-
iates with tyrosine phosphorylated paxillin, we exam-
ned whether Chk may regulate paxillin phosphoty-
osine levels. Csk-deficient mouse embryo fibroblasts
MEFs) were stably transfected with p52Chk. MEFs

FIG. 4. The Chk SH2 domain binds tyrosine phosphorylated pa
ervanadate. A. Lysates (2 x 107 cells) were incubated with the foll
oncurrent with the binding assay, lysates (1 x 106 cells) were also
DS-PAGE, and immunoblotted with a-paxillin. B. The above-ment
672
ransfected with vector alone and MEFs expressing
arious levels of Chk were lysed and paxillin was im-
unoprecipitated. Paxillin phosphotyrosine levels
ere determined first by immunoblotting with a-phos-
hotyrosine antibodies, stripping the blots, and then
ormalizing the values to paxillin levels following

mmunoblotting with a-paxillin antibodies. The analy-
is reveals that Chk expression reduces paxillin phos-

in. Human blastic T cells were unstimulated and stimulated with
ng GST fusion proteins: GST alone, Chk SH3, SH3-SH2, and SH2

unoprecipitated with a-paxillin. The samples were resolved using
ed blot was stripped and then immunoblotted with a-GST.
xill
owi
imm
ion
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hotyrosine levels; furthermore, this regulation is de-
endent on Chk expression levels (Fig. 7).

ISCUSSION

The physiological role of Chk is currently unknown.
n addition, little is known about the role of Chk in
ignaling, specifically its protein-protein interactions.

FIG. 5. Tyrosine phosphorylated paxillin binds to the FLVRES
equence of the Chk SH2 domain. Human blastic T cells were un-
timulated and stimulated with pervanadate. Lysates (2 x 107 cells)
ere incubated with the following GST fusion proteins: GST alone,
hk SH2, and S149C (Chk SH2 mutant). The samples from the
inding assay were resolved via SDS-PAGE, and subsequently im-
unoblotted with a-paxillin.

FIG. 6. Direct binding of the Chk SH2 domain to tyrosine phos-
horylated paxillin. Human blastic T cells were unstimulated and
timulated with pervanadate. A. Lysates (1 x 106 cells) were immu-
oprecipitated with a-paxillin and resolved using SDS-PAGE. Far
estern analyses were then performed using the following GST

usion proteins: GST alone, Chk SH2, and S149C (Chk SH2 mutant).
. The above-mentioned blots were stripped and immunoblotted
ith a-paxillin.
673
hk has been shown to interact only with the receptors
-Kit and ErbB-2/neu (42, 43). Here we report a novel
nteraction involving Chk and paxillin.

In this study, we demonstrate the physical associa-
ion of paxillin with Chk by coimmunoprecipitation
xperiments using human blastic T cells. This in vivo
nteraction required the tyrosine phosphorylation of
axillin. Our finding that Chk and paxillin are located
n similar cellular regions in human blastic T cells,
oth prior to and following stimulation, supports the in
ivo data. Furthermore, our subcellular localization
tudies revealed a Chk presence primarily in the cyto-
olic fraction, with low levels present in the particulate
membrane) fraction. Following stimulation, greater
hk levels were present in the particulate fraction,

mplying a translocation from the cytoplasm to the
embrane. Previous reports have shown Chk in the

ytosolic fractions of Chk transfected NIH 3T3 fibro-
lasts and of Src-Chk (Chk tagged with the Src mem-
rane targeting signal) transfected BI-141 murine T
ell hybridomas (18, 31). Whereas, others have re-
orted Chk presence in both the cytosolic and particu-
ate fractions of resting human platelets and Chk over-
xpressing Dami cells (21, 44). Chk presence in the
articulate fractions, therefore, appears independent
f stimuli or of cell lineage. Rather, Chk presence in the
articulate fraction may result from Chk association
ith either a membrane bound protein or a protein

FIG. 7. Chk expression in Csk-deficient cells regulates paxillin
hosphotyrosine levels. Csk-deficient MEF clones, transfected with
ector alone and p52Chk, were lysed and paxillin was immunoprecipi-
ated (Top). Following SDS-PAGE, paxillin phosphotyrosine content
as determined by Western blotting using an a-phosphotyrosine
ntibody and quantified by laser densitometry. After stripping the
lots, phosphotyrosine levels were normalized to total paxillin levels.
otal paxillin levels were determined by Western blotting using an
-paxillin antibody and quantified by laser densitometry. (Bottom)
ysates from the various clones were resolved using SDS-PAGE.
estern blot analysis was performed using an a-Chk antibody.
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tudies examining Chk migration should clarify this
ssue.

We have also demonstrated tyrosine phosphorylated
axillin binding to the Chk SH2 domain by coprecipi-
ation studies using GST recombinant proteins. The
hk SH3 domain did not bind paxillin, nor did it en-
ance or stabilize SH2 binding to paxillin. Further-
ore, the SH2 mediated interaction with tryosine

hosphorylated paxillin was destabilized when
erine144 in the conserved SH2 domain FLVRES se-
uence was mutated. The phosphate moiety of the ty-
osine residue binds arginine in the FLVRES motif (45,
6). Our mutation studies revealed that paxillin binds
o the Chk SH2 FLVRES sequence and suggests that
his is a phosphotyrosine dependent interaction. Our
el overlay (Far Western) studies have determined
hat the Chk SH2 domain binding to tyrosine phos-
horylated paxillin is direct, and not mediated by a
hird protein.

Csk, like Chk, physically associates with tyrosine
hosphorylated paxillin via its SH2 domain (39). Chk
nd Csk binding to paxillin may suggest functional
edundancy. However, due to differing roles of Chk and
sk in T cells, they may independently associate with
axillin resulting in separate and distinct functions.
ndependent interactions with paxillin may result
rom activation of different receptors, thereby involv-
ng receptor specific Csk family members. Chk, unlike
sk, localizes to the cytoskeleton (21). As a result, Chk
nd Csk interactions with paxillin might be restricted
o specific cellular regions. Finally, since paxillin is
hosphorylated on tyrosine residues at positions 31,
18, and possibly 40 (47), Chk and Csk may physically
ssociate with paxillin at different phosphotyrosine
ites.
Csk-deficient MEFs contain elevated phosphoty-

osine levels of paxillin (48, 49). Using p52Chk trans-
ected Csk-deficient MEFs, we and others (31) observed
hk reduction of paxillin phosphotyrosine content.
egulation of paxillin phosphotyrosine content also ap-
ears dependent on the level of Chk expression. We
ostulate that Chk appears to have the following role
n vivo: Src binds the proline-rich region of paxillin via
ts SH3 domain (50) and subsequently phosphorylates
axillin (47). Paxillin may also be phosphorylated by a
hird protein, FAK for example (47), thereby creating
n SH2 binding site for Src (47, 51) which further
hosphorylates paxillin. Chk binds the newly and/or
dditionally phosphorylated paxillin. Following bind-
ng, Chk inactivates Src by phosphorylation. Ulti-

ately, levels of tyrosine phosphorylated paxillin are
educed. Paxillin probably acts as an adapter molecule,
ethering Chk and Src in close proximity, thereby fa-
ilitating Chk phosphorylation and subsequent inacti-
ation of Src.
674
ocalizes at focal plaques (52). Paxillin was originally
dentified in Rous sarcoma virus-transformed chick
mbryo fibroblasts (34). cDNA cloning of human and
hicken paxillin has revealed their primary structure.
axillin has a multitude of protein-protein interaction
otifs, including several SH2 and SH3 binding motifs

nd four double-zinc finger LIM domains (53). Paxillin
lso contains five novel protein-binding repeats termed
D motifs, two of which bind vinculin and FAK (54).
axillin binds to the c-Src SH3 domain (50). Whereas,
yrosine phosphorylated paxillin binds the SH2 do-
ains of Crk, Crkl, c-Src, Lck, and Csk (39, 47, 51, 55,

6). In addition, proteins such as FAK, Pyk2, v-Crk,
-Src, p210Bcr/Abl and v-Abl have been shown to tyrosine
hosphorylate paxillin (39, 47, 56–58). Diverse stimuli
uch as bioactive lipids, neuropeptides, hormones,
rowth factors, and extracellular matrix proteins cause
ignificant changes in paxillin phosphorylation (59).
hk, therefore, may play an important role in mediat-

ng the effects of the respective stimuli.
In summary, Chk via its SH2 domain directly binds

yrosine phosphorylated paxillin. Chk expression re-
uces phosphotyrosine levels of paxillin, demonstrat-
ng a potential biological role for Chk. Still unknown is
he role of Chk in signaling. The interaction of Chk
ith paxillin furthers studies involving other poten-

ially associated proteins. These studies provide in-
ight into the role of Chk in tyrosine mediated signal-
ng, as well as T cell physiology.
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