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Signals from the T cell receptor (TCR) are required for T cell ac-
tivation and the generation of an immune response. Critical for
TCR stimulation is the resulting increase in intracellular calcium
concentration ([Ca2+]i), which is important for the activation of
transcription factors that regulate gene expression. The Tec-fami-
ly protein tyrosine kinase IL-2–inducible T cell kinase (ITK)
plays an important role in this pathway, stimulating the secretion
of interleukin-2 (IL-2), as well as the T helper 2 (TH2) cytokines
IL-4, -5, and -13 (1). ITK mediates TCR-stimulated increases in

[Ca2+]i in part by phosphorylating and activating phospholipase
C–γ1 (PLC-γ1) (2–5). Activated PLC-γ1 generates the second
messengers inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG) from the hydrolysis of phosphatidylinositol 4,5-bisphos-

phate (PIP2) (Fig. 1). Whereas IP3 triggers increases in [Ca2+]i,
which leads to the activation of nuclear factor of activated T
cells (NFAT) and nuclear factor κB (NF-κB) signaling pathways,
DAG activates Ras-dependent signals, such as the extracellular
signal–regulated kinase (ERK) pathway, which are important
for the induction of cytokines such as IL-2 (6–8). SH2-
domain–containing leukocyte protein of 76 kD (SLP-76), an
adaptor protein that is critical for T cell development and func-
tion, is also required for PLC-γ1 activation (9). ITK and SLP-76

form a complex during T cell activation, and work by Bogin et
al. sheds new light on the functional consequences of this inter-
action. This study has implications for our understanding of the
mechanism of activation of ITK, as well as the role of the SLP-
76 signaling complex in TCR signaling (10).

ITK contains an N-terminal pleckstrin homology (PH) do-
main; a Tec homology (TH) domain, which contains a Zn2+-
binding BH [Bruton’s tyrosine kinase (Btk) homology] motif; a
proline-rich region (PRR); a Src homology 3 (SH3) domain; an
SH2 domain; and a C-terminal kinase domain (Fig. 2A) (11).
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Fig. 1. TCR signaling pathways leading to ITK and SLP-76. ITK may exist as a folded monomer or a dimer in its inactive state.
Upon stimulation of the TCR, ITK is recruited to the plasma membrane, where it interacts with SLP-76 and becomes activated.
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Stimulation of the TCR leads to the activation of the Src-family
tyrosine kinases Lck and Fyn, which phosphorylate and activate
phosphoinositide 3-kinase (PI3K) and the Syk-family tyrosine
kinase member ζ chain–associated protein kinase of 70 kD
(ZAP-70). Activated PI3K generates membrane phosphatidyli-
nositol 3,4,5-trisphosphate (PIP3). ITK is recruited to the cell
membrane through the interaction of its PH domain with PIP3,
where it is phosphorylated by Lck (12). Although ZAP-70 is re-
quired for the activation of ITK, the precise role it plays has
been unclear (13).

SLP-76 has an N-terminal acidic domain containing three
tyrosine phosphorylation sites, a central PRR, and a C-termi-
nal SH2 domain (Fig. 2B) (14, 15). The SH3 domain of PLC-
γ1 interacts with the PRR of SLP-76, and this interaction is
important for PLC-γ1 activation (16–18). The SH2 domain of
ITK binds directly to Tyr145 within the N terminus of SLP-76,
and the SH3 domain of ITK binds the PRR of SLP-76 (19,
20). TCR-stimulated tyrosine phosphorylation and activation
of PLC-γ1 are substantially reduced in the absence of either
ITK or SLP-76, resulting in dramatically decreased Ca2+ mo-
bilization (5, 9). The SH2 and SH3 domains of ITK and
amino acids 157 to 223 (denoted the P-I region in the central
PRR) of SLP-76 are important in mediating PLC-γ1 activa-
tion, indicating that multiple protein-protein interactions play
a role in this process (2, 19, 21). It was thought that the func-
tional consequence of the interaction between ITK and SLP-
76 was the proper localization of ITK with PLC-γ1, because
early work indicated that SLP-76 was not required for the ac-
tivation of ITK (9).

The ITK, SLP-76, and PLC-γ1 complex also interacts with
the integral membrane adaptor protein LAT (linker of activated
T cells) through the growth factor receptor–bound protein 2
(Grb2)–related adaptor protein Gads, which bridges SLP-76
and LAT. LAT, similar to ZAP-70, is also required for the acti-
vation of ITK; however, its role in this process remains unclear
(13). Whereas the interaction between LAT and PLC-γ1 is es-
sential for the membrane localization of PLC-γ1, it is the inter-
action between SLP-76 and ITK that activates PLC-γ1 (22). Bo-
gin et al. show that the SLP-76:PLC-γ1:ITK complex is critical
for the tyrosine phosphorylation of PLC-γ1 on Tyr783 (10), a site
that is important for its activation (23). Of greater interest, the
authors also suggest that the interaction with SLP-76 is critical
for maintaining the catalytic activity of ITK. In the absence of
SLP-76, TCR-stimulated activation of ITK was greatly reduced
in both magnitude and duration. In vitro experiments showed
that the majority of the active ITK in activated T cells was asso-
ciated with SLP-76, because the removal of ITK from the im-
munoprecipitated SLP-76 complex by high salt elution resulted
in a substantial loss of the catalytic activity of ITK (10). How-
ever, when the eluted ITK was desalted and added back to SLP-
76, the kinase activity of ITK was recovered and SLP-76 was
phosphorylated, although the site of phosphorylation is not
known. Bogin et al. suggest a model similar to that for Src ki-
nases, whereby ITK interacts with SLP-76 through its SH2 or
SH3 domains, or both, thus allowing the maintenance of ITK in
an active conformation. These findings have implications for
our understanding of the structure of ITK and perhaps those of
other Tec kinases.

Although the structure of full-length ITK is unknown, Src-
family tyrosine kinases, which are similar in structure to Tec ki-
nases (with the exception of the TH and PH domains), are main-
tained in an inactive conformation due to intramolecular interac-
tions between their SH1, SH2, and SH3 domains and their ki-
nase domains (24, 25). These interactions allosterically prevent
the activation of the kinase domain. However, the kinase activity
of Src kinases is increased because of either ligand binding to
the inhibitory domains or tyrosine phosphorylation of the kinase
domain, which release the inhibitory interactions from the ki-
nase domain  (24, 25). Unlike Src-family kinases, the conforma-
tion of ITK may be determined by both intramolecular and inter-
molecular interactions (Fig. 2, C and D) (26, 27). To date, two
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Fig. 2. Proposed structure of ITK. (A) Structural domains of ITK.
(B) Structural domains of SLP-76, including those sites implicat-
ed in interactions with Vav, ITK, PLC-γ1, and Gads. (C) In-
tramolecular folded conformation of inactive ITK. (D) Alternative
head-to-tail dimer of inactive ITK. (E) Relationship between SLP-
76 and ITK and the resulting effect on the kinase activity of ITK.
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kinds of interactions have been shown. The first, unique to Tec-
family kinases, is an interaction between the SH3 and PRR do-
mains of ITK, which maintains ITK in a folded conformation
(26) . The second interaction occurs between the SH2 domain of
one ITK molecule and the SH3 domain of a second ITK, which
causes their dimerization in a head-to-tail configuration (27, 28).
Both interactions may inhibit the catalytic activity of ITK by
blocking the kinase domain of ITK and precluding its function.
In addition, these ITK-ITK interactions may block the associa-
tion of ITK with other signaling partners, such as SLP-76. How-
ever, ITK may form dimers only in the vicinity of receptors at
the membrane that activate ITK [such as the inducible costimu-
lator (ICOS)]; thus, it is unclear whether dimers of ITK are inac-
tive (29). Nevertheless, when the TCR is stimulated, any in-
tramolecular and intermolecular interactions within the cytoplas-
mic pool of ITK are disrupted because of competitive binding of
ITK domains with other proteins in signaling complexes (19),
presumably increasing the proportion of ITK in the active con-
formation. Through the interaction of SLP-76 with both the SH2
and SH3 domains of ITK, SLP-76 may determine the conforma-
tion and active state of ITK. The study by Bogin et al. suggests
that the TCR-stimulated association between SLP-76 and ITK
not only activated ITK, but was also required to maintain the ac-
tivity of ITK (Fig. 2E). Because ITK interacts with Tyr145 of
SLP-76, the data also suggest that the phosphorylation of this
residue or the interaction between the SH3 domain of ITK and
SLP-76, or both, may play critical roles in the activation of ITK.
In addition, the requirement for both LAT and ZAP-70 for the
activation of ITK may be to allow the formation of a SLP-
76–LAT complex and the phosphorylation of Tyr145 of SLP-76
by ZAP-70, which promotes the subsequent assembly of the
SLP-76–ITK complex (30).

Because a large fraction of active ITK is associated with
SLP-76, most of the substrates of ITK might be found within the
SLP-76–containing complex. This includes not only PLC-γ1 but
also Vav (a guanine nucleotide exchange factor  for the Rho-
family small guanosine triphosphatases), because Vav interacts
with SLP-76. ITK phosphorylates Vav, and in the absence of Vav
tyrosine phosphorylation of ITK is drastically reduced, suggest-
ing that Vav is required for the activation of ITK (31–33).
Whether SLP-76 is required for the interaction between Vav and
ITK is not known; however, because both SLP-76 and Vav are
required for the full activation of ITK and because they form a
multiprotein complex, these findings emphasize the importance
of the proper assembly of the SLP-76–containing signaling
complex for the stimulation and maintenance of ITK activity.
Fluorescence microscopy experiments in which T cells were
stimulated on coverslips coated with antibody to TCR showed
that a complex containing SLP-76 first clusters near an activated
TCR and then moves to the center of the contact interface be-
tween the TCR and the coverslip containing the antibody to TCR
(34, 35). It may be inferred that ITK accompanies SLP-76 in this
movement, but it would be interesting to determine whether the
maintenance of the activity of ITK through its interaction with
SLP-76 is required or involved in this movement. These new
findings suggest that the partnership between SLP-76 and ITK is
critical to keep the music going for ITK and its substrates!
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