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ITK (IL-2-inducible T cell kinase), a Tec family protein tyrosine
kinase (PTK), is one of three PTKs required for T cell antigen
receptor (TCR)-induced activation of phospholipase C-�1 (PLC-�1).
Like Src and Abl family PTKs, ITK adopts an inactive, ‘‘closed’’
conformation, and its conversion to the active conformation is not
well understood, nor have its direct substrates been identified. In
a side-by-side comparison of ITK and ZAP-70 (� chain-associated
protein kinase of 70 kDa), ITK efficiently phosphorylated Y783 and
Y775 of PLC-�1, two phosphorylation sites that are critical for
its activation, whereas ZAP-70 did not. SLP-76 (SH2-domain-
containing leukocyte protein of 76 kDa), an adaptor required for
TCR-induced activation of PLC-�1, was required for the phosphor-
ylation of both PLC-�1 sites in intact cells. Furthermore, this event
depended on the N-terminal tyrosines of SLP-76. Likewise, SLP-76,
particularly its N-terminal tyrosines, was required for TCR-induced
tyrosine phosphorylation and activation of ITK but was not re-
quired for the phosphorylation or activation of ZAP-70. Both
ZAP-70 and ITK phosphorylated SLP-76 in vitro; thus, both PTKs are
potential regulators of SLP-76, but only ITK is regulated by SLP-76.
Upon TCR stimulation, a small fraction of ITK bound to SLP-76. This
fraction, however, encompassed most of the catalytically active
ITK. Catalytic activity was lost upon mild elution of ITK from the
SLP-76-nucleated complex but was restored upon reconstitution of
the complex. We propose that SLP-76 is required for ITK activation;
furthermore, an ongoing physical interaction between SLP-76 and
ITK is required to maintain ITK in an active conformation.

adaptor protein � kinase regulation � phospholipase C-� �
signal transduction

A key event in antigen receptor signaling pathways is the
tyrosine phosphorylation and activation of phospholipase

C-� (PLC-�), triggering calcium flux and subsequent gene
activation. Antigen-receptor-mediated activation of PLC-� en-
zymes depends on Src-, Syk-, and Tec-family protein tyrosine
kinases (PTKs) (1, 2). In the case of the T cell receptor antigen
(TCR) signaling pathway, these roles are filled by Lck, ZAP-70
(� chain-associated protein kinase of 70 kDa), and ITK (IL-2-
inducible T cell kinase), respectively. In addition, PLC-� acti-
vation depends on the adapter proteins LAT (linker for activa-
tion of T cells) and SLP-76 (SH2-domain-containing leukocyte
protein of 76 kDa), which are expressed in T cells, mast cells,
platelets, and neutrophils; or the SLP-76 analog BLNK (B cell
linker protein), which is expressed in B cells. These adaptors are
substrates of the Syk family tyrosine kinases and are required to
couple these kinases to the phosphorylation and activation of
PLC-� (3, 4). Thus, SLP-76-deficient Jurkat T cells (J14) exhibit
severely compromised TCR-induced PLC-�1 activation, which is
restored upon reconstitution with WT SLP-76 (5).

The phosphorylation sites that are necessary and sufficient for
TCR-induced activation of PLC-�1 are Y783 and the recently
described Y775 (6). Phosphorylation of the other known sites,
Y472, Y771, and Y1254, is dispensable for the activation of the

enzyme in this signaling pathway (6). One point that remains
unclear is the identity of the PTK that directly phosphorylates
PLC-�1 in the context of the TCR signaling pathway; both
ZAP-70 and ITK have been suggested to fulfill this role (2).

SLP-76 lacks intrinsic catalytic activity and acts as a scaffold,
recruiting other proteins for correct localization during molec-
ular signal transduction. SLP-76 contains three domains (3, 4):
an N-terminal acidic domain, which includes three TCR-
inducible tyrosine phosphorylation sites, Y113, Y128, and Y145; a
central proline-rich domain; and a C-terminal SH2 domain. The
N-terminal phosphorylation sites and central proline-rich do-
main are required for PLC-�1 activation (7–9). Through these
domains, SLP-76 interacts with a large number of signaling
proteins, including Nck, Vav, Gads, and the Tec family kinase
ITK (3, 4).

Tec family PTKs have been implicated in antigen-receptor
signaling in many hematopoietic cell types. Three members of
this family [ITK, RLK (resting lymphocyte kinase), and Tec] are
expressed in T cells (10). Among these, ITK is most strongly
implicated in the regulation of PLC-�1, because the tyrosine
phosphorylation and activation of PLC-�1 are diminished in T
cells from ITK-deficient mice (11). ITK comprises an N-terminal
pleckstrin homology domain, a proline-rich Tec homology do-
main, an SH3 domain, an SH2 domain, and a C-terminal
catalytic domain (10). It also contains two tyrosine phosphory-
lation sites that are thought to play a role in its activation (12):
Y511, residing in the activation loop of the kinase domain; and
Y180, residing in the SH3 domain.

In the resting state, ITK folds into an autoinhibited confor-
mation, stabilized by an intramolecular interaction between the
SH3 domain and the proline-rich region (13). After TCR
stimulation, ITK undergoes a series of tyrosine phosphorylation
events and biochemical interactions that result in the release of
its kinase domain and its shift from an inactive to an active state.
ITK activation depends on Lck (14, 15), ZAP-70 (16), and LAT
(16, 17). Lck directly phosphorylates ITK at Y511, whereas
ZAP-70 plays an indirect role in ITK activation. Finally, a
possible role for ITK in regulating its own activity is shown by its
ability to autophosphorylate at Y180 upon T cell stimulation (12).

A number of observations suggest that SLP-76 and ITK act in
concert to mediate PLC-�1 activation. Both are required to
mediate TCR-induced activation of PLC-�1 (5, 11); further-
more, both act downstream of ZAP-70, which is required for
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tyrosine phosphorylation of SLP-76 and for activation of ITK
(16, 18, 19). Finally, ITK has been shown to bind to regions of
SLP-76 that are required for PLC-�1 activation (7, 20). Based on
these findings, SLP-76 might act as a passive adaptor protein to
facilitate the colocalization of ITK with PLC-�1 or other sub-
strates; alternatively, SLP-76 might play an active role in regu-
lating the catalytic activity of ITK. Although attractive, this
hypothesis has never been directly proven.

In this study, we present evidence that ITK, but not ZAP-70,
is capable of phosphorylating PLC-�1 at the two sites required
for the activation of PLC-�1. We further show that catalytically
active ITK is found primarily in complex with SLP-76 and
present evidence that SLP-76 constitutes both a positive regu-
lator of ITK and a potential substrate. Finally, we demonstrate
that a continued interaction with SLP-76 is required to maintain
ITK in an active state.

Results
PLC-�1 phosphorylation and subsequent activation depend on
both ITK and ZAP-70 (1, 2). The PLC-�1 phosphorylation sites
required for its activation are Y783 and Y775 (6). To test which
kinase most efficiently phosphorylated these sites, we isolated
ITK and ZAP-70 by immunoprecipitation from stimulated and
unstimulated cells and compared their ability to phosphorylate
a recombinant PLC-�1 fragment in vitro. PLC-�1 phosphoryla-
tion was detected by using phospho-specific antibodies. The
specificity of the antisera was confirmed by using an appropriate
site-specific, phosphorylated blocking peptide (data not shown).
ITK, isolated from TCR-stimulated cells, efficiently phosphor-
ylated the PLC-�1 fragment at Y783 and at Y775, whereas ZAP-70
did not (Fig. 1A). In contrast, both kinases exhibited similar
catalytic activity when recombinant SLP-76 was used as a
substrate (Fig. 1B), suggesting that both kinases were isolated in
an active conformation but differ in their catalytic specificity.
Additional immune-complex kinase assays revealed that Lck,
Tec, and Txk/RLK, isolated from TCR-stimulated cells, failed to
phosphorylate PLC-�1 at Y783, suggesting that these kinases
cannot phosphorylate PLC-�1 at this activation site or that they
were immunoprecipitated in an inactive conformation (data not
shown). Together, these experiments demonstrate that catalyt-
ically active ZAP-70 is unable to directly phosphorylate the
tyrosines critical for PLC-�1 activation, whereas ITK efficiently
phosphorylates both PLC-�1 sites.

In intact cells, TCR-induced phosphorylation of PLC-�1 at
Y783 depends on SLP-76 (21), but the requirements for Y775

phosphorylation are not known. We addressed this question by
using a SLP-76-deficient, Jurkat-derived T cell line (J14) as well
as J14 cells that were stably reconstituted with WT or mutant
FLAG-tagged SLP-76. SLP-76-expressing cells exhibited TCR-
induced phosphorylation of PLC-�1 at both Y783 and Y775 (Fig.
2, lanes 3 and 4), but neither site was phosphorylated in the
absence of SLP-76 nor upon mutation of its N-terminal phos-
phorylation sites (Fig. 2). Thus, SLP-76 and, in particular, its
N-terminal phosphorylation sites, are required to mediate TCR-
induced phosphorylation of both PLC-�1 activation sites in
intact cells.

The above results suggested that SLP-76 may regulate PLC-�1
phosphorylation by regulating the activity of ITK. The immune-
complex kinase assay described above reflects an increase in the
catalytic activity of ITK and ZAP-70, which occurs upon TCR
stimulation. We used this assay to test whether SLP-76 is required
for the TCR-induced activation of ITK or ZAP-70. Whereas
TCR-induced activation of ZAP-70 was independent of SLP-76,
this adaptor was required for the TCR-induced activation of ITK
(Fig. 3A, lanes 1–4). Moreover, the N-terminal phosphorylation
sites of SLP-76 were required for the TCR-induced activation of
ITK but not for activation of ZAP-70 (Fig. 3A, lanes 5 and 6).

Activation of tyrosine kinases is accompanied by their phos-
phorylation on tyrosine residues, raising the possibility that
SLP-76 may influence the tyrosine phosphorylation of ITK. At
1 min after TCR stimulation, TCR-induced phosphorylation of
ITK was substantially reduced in SLP-76-deficient cells, or upon
mutation of the N-terminal tyrosine phosphorylation sites of
SLP-76 (Fig. 3B, upper two blots). As a control for cell stimu-
lation, we examined TCR-induced tyrosine phosphorylation of
ZAP-70 which, as previously described (5), did not depend on
SLP-76 (Fig. 3B, lower two blots). Thus, at 1 min after TCR
stimulation, SLP-76 is required for both the tyrosine phosphor-
ylation and activation of ITK.

In contrast, at 10 min after TCR stimulation, TCR-induced
phosphorylation of ITK was reported previously to be indepen-
dent of SLP-76 (5). To further probe this apparent contradiction,
we examined the time course of TCR-induced ITK tyrosine
phosphorylation in the presence and absence of SLP-76. As
previously reported (16), TCR-induced ITK phosphorylation
peaked at �1 min and was close to baseline levels by 10 min (Fig.
3C, lanes 7–12). Over the entire time course, ITK tyrosine
phosphorylation was substantially reduced in SLP-76-deficient
cells as compared with SLP-76-reconstituted cells (Fig. 3C). We
therefore suggest that the previously reported results reflect the
choice of an inappropriate time point for measuring TCR-
induced ITK phosphorylation.
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Fig. 1. ITK, but not ZAP-70, efficiently phosphorylates both PLC-�1 activation
sites, Y783 and Y775, in vitro. J14 cells stably reconstituted with WT FLAG-tagged
SLP-76 were mock-stimulated or stimulated for 1 min with anti-TCR and then
lysed as described in Materials and Methods. (A) ITK or ZAP-70 immune com-
plexes were prepared from the lysates of 5 � 106 cells, and their catalytic activity
was assayed, using a GST–PLC�1SH2-SH2-SH3 fusion protein as a substrate. Kinase
reaction products (top and middle blots) and immune complex beads (bottom
blot) were separated by SDS/PAGE, and phospho-specific antibodies, anti-PLC-�1
pY783 or anti-PLC-�1 pY775, were used to detect phosphorylation of the GST–
PLC-�1 fusion protein. The beads were probed by Western blotting with anti-ITK
and anti-ZAP-70 antibodies, as indicated. The data are representative of at least
two independent experiments. (B) Conditions were the same as in A, except that
the kinase substrate was GST–PLC�1SH2-SH2-SH3 (top blot) or His-tagged SLP-76
(middle blot). Anti-pTyr (4G10) was used to detect phosphorylation of His-tagged
SLP-76. The data are representative of at least two independent experiments. IP,
immunoprecipitation.
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Taken together, the above results demonstrate that SLP-76 is
required for the tyrosine phosphorylation and activation of ITK,
which, in turn, is uniquely capable of phosphorylating PLC-�1 at
Y783 and Y775. Indeed, ITK and SLP-76 have been shown to
associate upon TCR stimulation (22), raising the possibility that
SLP-76 may activate ITK by directly binding to it and altering its
conformation. This model has been previously proposed (20) but
never demonstrated. We therefore examined the role that this
association may play in the SLP-76-dependent activation of ITK.

We first confirmed the previously reported TCR-inducible
association of ITK with SLP-76 (22). Upon immunoprecipitation
of ITK, we detected a coprecipitating, tyrosine-phosphorylated
band with electrophoretic mobility identical to that of SLP-76
(Fig. 3C, lanes 8–12). Indeed, when anti-ITK immune complexes
were probed with anti-SLP-76, we detected a weak, inducible
association of ITK with SLP-76 (Fig. 4A). As a control for
specificity, no SLP-76-reactive band was detected in ITK immu-
noprecipitates from SLP-76-deficient cells or in immunoprecipi-
tates prepared by using preimmune serum (normal rabbit serum)
(Fig. 4A). In a reciprocal experiment, we immunoprecipitated
FLAG-tagged SLP-76 and clearly detected an inducible associ-
ation with the ITK protein, an association that was not seen in
SLP-76-deficient cells (Fig. 4B). To further substantiate the
inducible association of SLP-76 with ITK, we tested whether ITK
kinase activity could be detected in association with SLP-76.
Indeed, a kinase activity, capable of phosphorylating Y783 of
PLC-�1, was observed in anti-FLAG immunoprecipitates from
TCR-stimulated cells but was not found in normal rabbit serum
immunoprecipitates (Fig. 5A, lanes 1–4). This activity was
abrogated by preclearing the lysates with anti-ITK before the
anti-FLAG immunoprecipitation (23); thus, the SLP-76-
associated kinase activity can be identified as ITK.

We wondered whether catalytically active ITK is found pri-
marily in complex with SLP-76 or in the much larger pool of ITK
that is not associated with SLP-76. The specific activity of
ITK, defined as its catalytic activity normalized to the amount of
ITK protein, was much higher in the anti-FLAG immune
complexes, as compared with the activity found in direct anti-
ITK immunoprecipitates (Fig. 5A, compare lanes 4 and 8). To
test whether catalytically active ITK is found exclusively in

association with SLP-76, we removed SLP-76 from the lysates by
three rounds of immunoprecipitation with anti-FLAG. After
preclearing, no FLAG-tagged SLP-76 was detected in the pre-
cleared lysates (Fig. 5A, lanes 5 and 6). This procedure did not
substantially reduce the overall level of ITK protein, but the
remaining ITK was not catalytically active (Fig. 5A, lanes 7–10).
Thus, most of the catalytically active ITK in the cell is found in
association with SLP-76.
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Fig. 2. SLP-76 and its N-terminal tyrosine phosphorylation sites are required for
TCR-induced phosphorylation of PLC-�1 at Y783 and Y775. J14-derived cell lines
stably expressing the indicated FLAG-tagged alleles of SLP-76 were mock-
stimulated or stimulated for 1 min with anti-TCR and lysed. Anti-PLC�1 immune
complexespreparedfromlysatesof5�106 cellswereseparatedbySDS/PAGEand
probed by Western blotting with phospho-specific antibodies (anti-PLC�1 pY783

or anti-PLC�1 pY775), as indicated. Each blot was then stripped and reprobed with
anti-PLC�1. The results are representative of at least three independent experi-
ments. IB, immunoblot; IP, immunoprecipitation.
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Fig. 3. TCR-induced activation and tyrosine phosphorylation of ITK depend
on SLP-76 and the N-terminal tyrosine phosphorylation sites of SLP-76. The
indicated J14-derived cell lines were stimulated with anti-TCR for 1 min, and
ITK or ZAP-70 was immunoprecipitated from the lysates, as indicated. (A)
SLP-76 is required to activate ITK. Immune complexes were assayed for cata-
lytic activity as in Fig. 1B, using GST–PLC�1SH2-SH2-SH3 as a substrate for ITK (first
blot) and His-tagged SLP-76 as a substrate for ZAP-70 (third blot). The elec-
trophoretic mobility of the substrate (SLP-76) and enzyme (ZAP-70) are indi-
cated by arrows on the right. In parallel, the immune complexes were probed
for the presence of the relevant kinase (second and fourth blots). A represen-
tative result of at least three similar experiments is shown. (B) SLP-76 is
required for TCR-induced phosphorylation of ITK. Immune complexes were
probed with anti-phosphotyrosine and then stripped and reprobed with
anti-ITK or anti-ZAP-70, respectively. (C) Time course of TCR-induced phos-
phorylation of ITK in the presence and absence of SLP-76. ITK was immuno-
precipitated from the lysates of 10 � 106 cells, then probed with anti-
phosphotyrosine, and then stripped and reprobed with anti-ITK. The bands
corresponding to tyrosine-phosphorylated ITK and coimmunoprecipitating
SLP-76 are indicated by arrows. This experiment was repeated three times with
similar results. IP, immunoprecipitation.
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Because catalytically active ITK is found in association with
SLP-76, we wondered whether it might lose its activity upon
dissociation from the complex. To address this question, immu-
noprecipitates of FLAG-tagged SLP-76 prepared from TCR-
stimulated cells were eluted with 200 mM LiCl, followed by
washing the beads to remove the salt. This mild procedure
removed ITK protein and catalytic activity from the anti-FLAG
beads, whereas SLP-76 remained bound to the beads (Fig. 5B,
lanes 1 and 2). After desalting the eluate by dialysis, ITK was
reimmunoprecipitated from the eluate and was found to lack
catalytic activity (Fig. 5B, lane 3). Activity was recovered by
recombining the desalted eluate with the eluted, washed beads
for 90 min at 4°C, followed by washing of the beads. Under these
conditions, ITK protein and activity were observed to reassoci-
ate with the beads (Fig. 5B, lane 4). Interestingly, SLP-76
underwent a mobility shift, in only those lanes in which active
ITK was present, which was consistent with the notion that
SLP-76 itself represents a substrate of ITK. Taken together, this
experiment provides strong evidence that an ongoing physical
interaction with SLP-76 is required to maintain ITK in a
catalytically active conformation.

Discussion
The regulation and function of ITK are the subject of much
research and speculation. Like Src and Abl family PTKs, ITK
folds into an autoinhibited conformation, but the mechanisms
that activate the kinase, in the context of physiologic signaling
pathways, are not well understood (13, 24, 25). Some have
speculated that SLP-76 could activate ITK, by sequestering
domains that are required for autoinhibitory interactions. To
date, this speculation is based primarily on interactions between
recombinant fragments of ITK and SLP-76-derived peptides
(20). According to another model, the ITK SH2 domain forms
a complex with cyclophilin A, a peptidyl-prolyl cis/trans isomer-
ase, and this interaction inhibits ITK catalytic activity (26). Still
others have suggested that an inducible interaction between ITK
and tyrosine phosphorylated LAT may play a role in its activa-
tion (16, 17).

Of the five known PLC-�1 phosphorylation sites, Y775 and
Y783 are necessary and sufficient for its activation (6). SLP-76 is
required for TCR-induced phosphorylation of PLC-�1 at Y783

(21, 27). We now show that SLP-76, in particular its N-terminal
tyrosine phosphorylation sites, also is required for the TCR-
induced phosphorylation of the recently identified site Y775. We
therefore set out to identify the kinase that directly phosphor-
ylates these two sites and to investigate whether and how it is
regulated by SLP-76.

The two kinases that are most directly implicated in TCR-
induced PLC-�1 activation are ITK and ZAP-70. Each kinase
may influence PLC-�1 activation by phosphorylating PLC-�1
itself or by phosphorylating one or both of the adaptors LAT and
SLP-76, which, in turn, are required for PLC-�1 activation. To
better identify their direct targets, we established an in vitro,
immune-complex kinase assay, using physiologically relevant,
recombinant substrates. Both ITK and ZAP-70 exhibited TCR-
inducible activity in this assay system, which was reflected in
their ability to phosphorylate recombinant SLP-76 when they
were isolated from TCR-stimulated cells. More importantly, this
side-by-side comparison revealed a striking difference in the
substrate specificity of ITK and ZAP-70. Whereas ITK phos-
phorylated a recombinant PLC-�1 fragment at both Y775 and
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Fig. 4. TCR-inducible association of SLP-76 and ITK. J14 cells or J14 cells that
were stably reconstituted with FLAG-tagged WT SLP-76 were mock-stimulated or
stimulated with anti-TCR and then lysed as in Fig. 1. (A) Anti-ITK immune com-
plexes were prepared from the lysates of 6 � 106 cells and sequentially probed
with anti-SLP-76 and then with anti-ITK. Normal rabbit serum (NRS) was used to
control fornonspecificabsorptiontothebeads. (B)Anti-FLAGimmunecomplexes
were prepared from the lysates of 15 � 106 cells and sequentially probed with
anti-ITK and then with anti-FLAG. The data are representative of at least three
independent experiments. IP, immunoprecipitation.
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Fig. 5. Catalytically active ITK is found in a complex with SLP-76. J14 cells
stably reconstituted with FLAG-tagged WT SLP-76 were mock-stimulated or
stimulated with anti-TCR and lysed as in Fig. 1. (A) SLP-76 was removed from
the lysates by three rounds of immunoprecipitation with anti-FLAG (SLP-76
preclearing), or lysates were untreated (no preclearing). Subsequently, anti-
FLAG immune complexes were prepared from the lysates of 15 � 106 cells, or
anti-ITK immune complexes were prepared from the lysates of 5 � 106 cells.
Normal rabbit serum (NRS) was used to control for nonspecific absorption to
the beads (lanes 1 and 2). Immune complexes were assayed for kinase activity,
using GST–PLC�1SH2-SH2-SH3 as a substrate (top blot). After the kinase assay, the
immunoprecipitation beads were analyzed separately for the presence of ITK
(middle blot) and FLAG-tagged SLP-76 (bottom blot). (B) Anti-FLAG immune
complexes prepared from the lysates of 20 � 106 TCR-stimulated cells were left
alone (lane 1) or were eluted with kinase reaction buffer supplemented with
0.2 M LiCl and then washed with kinase reaction buffer (lane 2). Eluates were
desalted by dialysis against kinase reaction buffer and reimmunoprecipitated
with anti-ITK (lane 3) or added back to the eluted anti-FLAG beads (lane 4). All
beads were then washed before measuring in vitro kinase activity (top blot).
After the reaction, the immunoprecipitation beads were analyzed for the
presence of ITK (middle blot) and FLAG-tagged SLP-76 (bottom blot). IP,
immunoprecipitation.
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Y783, ZAP-70 did not efficiently phosphorylate either site.
Similarly, Bruton’s tyrosine kinase, a Tec family PTK expressed
in B cells, phosphorylates the corresponding sites on PLC-�2
more efficiently than Syk does (28, 29). ITK-dependent phos-
phorylation of PLC-�1 Y783 has not been conclusively demon-
strated in intact cells (27); nonetheless, the above evidence
suggests that Tec family kinases are uniquely competent to
phosphorylate PLC-� enzymes at the sites critical for their
activation. In intact T cells, phosphorylation of these same sites
depends on SLP-76. We now propose an explanation for this
correlation by demonstrating that SLP-76 directly regulates the
catalytic activity of ITK.

The TCR-inducible tyrosine phosphorylation and activation
of ITK were abrogated in SLP-76-deficient T cells, clearly
demonstrating that SLP-76 is an upstream regulator of ITK. This
function of SLP-76 requires its N-terminal tyrosine phosphory-
lation sites, which are known to bind to the SH2 domain of ITK
(20, 22) and are likely responsible for the inducible interaction
of SLP-76 with ITK. Each of the three tyrosine phosphorylation
sites of SLP-76 contributes to PLC-�1 activation (30); their
individual and combined contribution to ITK activation remains
to be determined.

Several models may explain the SLP-76-dependent phosphor-
ylation and activation of ITK. The ITK–SLP-76 interaction may
unmask phosphorylation sites within the kinase required for its
activation. Another possibility is that SLP-76 may bridge an
interaction between Lck and ITK, thereby bringing about the
transphosphorylation and activation of ITK. Indeed, Lck is
known to transphosphorylate ITK at Y511, which is found within
the activation loop of ITK (14, 15), and has also been shown to
bind to SLP-76 (31, 32). Finally, the TCR-inducible interaction
between the SH2 domain of ITK and the N-terminal tyrosine
phosphorylation sites on SLP-76 may compete with interactions
that maintain the autoinhibited conformation of ITK, as previ-
ously suggested (20). ITK activation, in turn, would lead to its
increased tyrosine phosphorylation via increased autophosphor-
ylation at Y180 (12). Of course, these possibilities are not
mutually exclusive. In a similar fashion, Bruton’s tyrosine kinase
requires the SLP-76 analog B cell linker protein to mediate its
B cell antigen receptor-induced transtyrosine phosphorylation
and autophosphorylation (33).

All of the above models postulate that ITK activation takes
place within a SLP-76 nucleated complex. To test this assump-
tion, we confirmed a TCR-inducible interaction between full-
length SLP-76 and ITK. The selective removal of SLP-76-
associated ITK by preclearing experiments demonstrated that
the relatively small proportion of ITK, found in complex with
SLP-76, encompasses nearly all of the catalytically active ITK in
the cell. This result was surprising because it suggests that, once
phosphorylated and activated, ITK cannot dissociate from
SLP-76 without losing its activity. Indeed, the catalytic activity
of SLP-76-associated ITK was lost upon its mild elution from the
SLP-76 complex and was restored upon reconstitution of the
physical interaction between SLP-76 and ITK. Because this mild
elution step should not affect the state of ITK phosphorylation,
we suggest that SLP-76 exerts an ongoing effect on tyrosine-
phosphorylated ITK, which is required to maintain ITK in an
active state.

Several models may explain the ongoing requirement for
SLP-76 association to maintain ITK activity. SLP-76 may act as
a regulatory subunit, which prevents ITK from reassuming the
‘‘closed,’’ inactive conformation, by binding to ITK, as suggested
in the ‘‘bidentate’’ model of ITK regulation (13); alternatively,
SLP-76 may compete with the interaction of ITK with molecules
that inhibit its catalytic activity, such as cyclophilin A (26).
Another possibility is that SLP-76 and Vav may act in concert to
maintain the active form of ITK. Indeed, Vav, which binds to the

N-terminal tyrosines of SLP-76 (3), also is required for the
TCR-induced phosphorylation and activation of ITK (34).

When comparing the catalytic activity of ITK and ZAP-70, we
observed similar, robust phosphorylation of recombinant
SLP-76 by both kinases. This result was unexpected, given the
strong evidence that ZAP-70 phosphorylates SLP-76: a dramatic
reduction in the TCR-induced phosphorylation of SLP-76, ob-
served in ZAP-70-deficient cells (18), and the efficient ZAP-
70-mediated tyrosine phosphorylation of SLP-76, observed
when the two proteins are coexpressed in a heterologous system
(19, 35). Indeed, ZAP-70 can phosphorylate SLP-76-derived
peptides in vitro, with a Km in the 10–50 �M range (19).
Nonetheless, our result raises the possibility that SLP-76 may be
a physiologically relevant substrate of both ITK and ZAP-70. In
further support of this idea, the kinase domain of ITK, expressed
as a GST fusion protein, was shown to phosphorylate a GST
fusion protein encompassing the N terminus of SLP-76, with a
Km of 16 �M (36). In another study, SLP-76 was efficiently
phosphorylated in COS cells, upon coexpression of another Tec
family kinase, RLK (37). Our experiment demonstrates direct
phosphorylation of full-length SLP-76, by full-length ITK, which
was activated by a physiologically relevant signal. It also com-
pares the potential of ITK and ZAP-70 to mediate SLP-76
phosphorylation. Given the different catalytic specificity of ITK
and ZAP-70, as evidenced by their strikingly different abilities to
phosphorylate a PLC-�1 fragment, we speculate that these
enzymes may target different sites on SLP-76, and, indeed, ITK
is not required to phosphorylate Y145 of SLP-76 (30). Further
work will be required to identify the site(s) phosphorylated by
ITK and to determine their functional relevance in the context
of intact cells.

The Src, Lck, and Abl PTKs can be activated by well studied,
oncogenic mutations that disrupt the closed conformation of the
kinase (25). Examples of adaptors that bind to and activate WT
PTKs in the context of normal physiologic signaling pathways are
few, and in this sense the SLP-76-ITK interaction may become
an important paradigm for understanding PTK regulation.

Materials and Methods
Antibodies. The monoclonal antibody C305 was used for anti-TCR
stimulations (38). Monoclonal anti-FLAG epitope (M2) was from
Sigma (St. Louis, MO). Polyclonal anti-PLC-�1 was from Santa
Cruz Biotechnology (Santa Cruz, CA). Anti-phosphotyrosine
(4G10) was from Upstate Cell Signaling Solutions (Lake Placid,
NY). Phospho-specific anti-PLC-�1 pY783 was from Biosource
(Camarillo, CA). Phospho-specific anti-PLC-�1 pY775 (6) was
provided by Barbara L. Rellahan (Laboratory of Immunobiology,
Division of Monoclonal Antibodies, Center for Drug Evaluation
and Research, Food and Drug Administration, Bethesda, MD).
Polyclonal anti-ITK (BL12) (39) was provided by Michael G.
Tomlinson (University of Birmingham, Birminigham, U.K.) and
Joseph Bolen (Millennium Pharmaceuticals, Inc., Cambridge,
MA). Polyclonal anti-ZAP-70 (40) was provided by Dapeng Qian
(Progenics Pharmaceuticals, Inc., Tarrytown, NY) and Arthur
Weiss (University of California, San Francisco, CA). Polyclonal
anti-SLP-76 has been described previously (21).

Cell Culture. The SLP-76-deficient Jurkat-derived cell line J14, its
WT SLP-76-reconstituted derivative, J14–76-11, and the SLP-76-
Y3F-reconstituted derivative have been described previously (5, 7)

Recombinant Proteins. A GST fusion protein encompassing resi-
dues 538–851 of PLC-�1 (GST-PLC�1SH2-SH2-SH3) (7) was pu-
rified and eluted from glutathione agarose (Sigma) by using
standard procedures. BL21-CodonPlus-RIL bacteria (Strat-
agene, La Jolla, CA) were transformed with N-terminally His-
tagged, full-length human SLP-76, cloned into pDEST17
(Invitrogen, Carlsbad, CA), and grown in M9 minimal medium

6642 � www.pnas.org�cgi�doi�10.1073�pnas.0609771104 Bogin et al.



(41) containing 50 �g/ml carbenicillin and 34 �g/ml chloram-
phenicol at 24°C to the mid-log phase. Expression was induced
by adding 0.4 mM isopropyl-�-D-thiogalactopyranoside at 16°C
for 24 h. Bacteria were collected by centrifugation; frozen at
�70°C; thawed into PBS containing 1 mM DTT, 2 mM phenyl-
methanesulfonyl f luoride, 1 �g/ml pepstatin, 10 �g/ml aprotinin,
10 �g/ml leupeptin, 5 �g/ml RNase, 5 �g/ml DNase, and 10
�g/ml lysozyme at 4°C; and disrupted by sonication with a probe
sonicator at 4°C. The lysate was cleared by centrifugation at
9,000 � g for 12 min at 4°C, and the supernatant was incubated
with Ni-NTA agarose beads (Qiagen, Valencia, CA). His-tagged
SLP-76 was eluted from the beads by using 200 mM imidazole
at pH 6.

Cell Lysis and Immunoprecipitation. Jurkat cells were washed in
PBS containing Ca2� and Mg2� (Dulbecco’s PBS), preheated to
37°C for 10 min, and stimulated for 1 min with �-TCR (C305)
or mock-stimulated, collected, and lysed at 108 cells/ml in cold
lysis buffer (20 mM Hepes, pH 7.3/1% Triton X-100/150 mM
NaCl/10% glycerol/10 mM NaF/1 mM Na3VO4/10 �g/ml apro-
tinin/2 mM EGTA/10 �g/ml leupeptin/2 mM phenylmethane-

sulfonyl f luoride). After 20 min at 4°C, lysates were centrifuged
at 4°C in a microcentrifuge at 16,000 � g for 10 min. Superna-
tants were used directly for immunoprecipitation of kinases or
were ultracentrifuged at 137,000 � g for 11 min at 4°C, before
immunoprecipitation with anti-FLAG.

In Vitro Kinase Assay. Anti-Flag or anti-ZAP-70 immunoprecipi-
tates were assayed for kinase activity essentially as described
(23), but with the modification of using 10 �M ATP and either
0.1–1 �g recombinant GST–PLC�1SH2-SH2-SH3 or 1 �g of His-
tagged, recombinant SLP-76 as a substrate. Reactions were
terminated after 15 min by adding EDTA to a concentration of
12.5 mM. Supernatants and beads were analyzed separately by
SDS/PAGE, followed by detection with ECL.
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