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1. ABSTRACT

This review discusses in considerable detail the
tyrosine phosphorylation events that couple the T cell
antigen receptor to downstream signaling pathways. First,
the protein kinases that catalyze these tyrosine
phosphorylation are introduced, then the phosphatases that
mediate removal of phosphate from tyrosine residues. Next,
we discuss the molecular clock work by which these
enzymes initiated T cell activation. Finally, we briefly
review the key substrates for tyrosine phosphorylation and
their role in coupling the kinases and phosphatases to gene
transcription and other aspects of the T lymphocyte
response to antigen.

2.  INTRODUCTION

The principal function of the mature T
lymphocyte is to recognize foreign antigen and respond to
it by a complex activation process (reviewed in 1), which
involves the transition to a metabolically active state and
either secretion of immunoregulatory lymphokines or a
targeted destruction of infected cells.  Usually the triggered
T cells undergo clonal expansion into a population of cells
with identical specificity, some of which survive long-term
as memory cells.  T cell activation plays a crucial role in
the adaptive immune response and is largely responsible for
the recruitment and activation of many other cell types.

On the molecular level, recognition of antigenic
peptides bound to MHC molecules on the surface of
antigen-presenting cells is mediated by a unique, clonotypic
T cell antigen receptor (TCR).  If appropriate co-receptors
(e.g. CD4 or CD8 and CD28) and accessory molecules are
present, the resulting multiple receptor triggering events
result in a highly organized cascade of biochemical events
that are relayed from the contact site through the plasma
membrane and the cytoplasm, and into the nucleus
(reviewed in 2-5).  This cascade causes multiple
morphological and metabolic effects, including cytoskeletal
reorganization, increased cell volume and, importantly,
sequential transcriptional activation of previously silent genes.

On most mature T cells the TCR consists of two
polymorphic disulfide-linked proteins, TCRalpha and
TCRbeta, which are members of the immunoglobulin
superfamily, in a complex with 4 invariant CD3
polypeptides: one gamma, one delta, and two epsilon, plus
a homo- or heterodimer containing TCR-zeta, its splice-
variant eta, or the gamma chain, which is shared with the
FcepsilonRI.  In most T cells, TCR-zeta is found as a
homodimer. The antigen-recognizing alpha/betaTCR
polypeptides each contain a single membrane spanning
region, but very short cytoplasmic domains, while the other
subunits, notably zeta, have large cytoplasmic tails that
participate in signal generation.  A conserved immune
receptor tyrosine-containing activation motif (ITAM) is
found once in each CD3 chains, in TCR-eta and in the
gamma chain, and in three tandem copies in the TCR-zeta.
As described below, these motifs are important for signal
generation and transmission.

Many of the early signaling events initiated by
the TCR occupancy have been uncovered during the past

ten years (6-10).  The identification of a number of protein
tyrosine kinases (PTKs) and many of their substrates,
constitutes a major advance in our understanding of TCR
signaling (11,12).  We have also learned that many
receptors of the immunoglobulin superfamily employ a
similar mechanism of signal transduction, which involves
PTKs of the Src, Syk, Csk and Tec families, adapter
proteins and effector enzymes in a highly organized
tyrosine phosphorylation cascade.  It is important to note,
however, that this cascade is also equally dependent on the
class of enzymes that remove phosphate from the PTK
substrates (including from the PTKs themselves), the
protein tyrosine phosphatases (PTPases)(reviewed in 13-
17).  In intact cells, tyrosine phosphorylation is rapidly
reversible and generally of a very low stoichiometry even
under induced conditions. It follows that a relatively minor
change in the PTK - PTPase balance can have a major
impact on the growth of T cells (18-20).  Our
understanding of the PTPases clearly lags behind the
current state-of-the-art insights into the PTKs.  This review
will summarize the role of PTKs, PTPases and substrates in
TCR signaling.

2.1. Inositol phospholipid hydrolysis and calcium
mobilization

In the early 1980s it was found that antigen
receptor-mediated activation of lymphocytes was
associated with rapid hydrolysis of inositol phospholipids,
mainly phosphatidylinositol-4,5-bisphosphate, by a
phospholipase C (PLC) activity (1,21-24).  For many years,
this response was thought to be the key consequence of
TCR ligation and all subsequent events were assumed to be
regulated by either or both of the produced second
messengers: diacylglycerol, which activates the
serine/threonine-specific protein kinase C (PKC; 25-30),
and inositol-1,4,5-trisphosphate (IP3), which liberates Ca2+
from certain intracellular stores (31-37).  This conclusion
was largely based on the finding that increased inositol
phospholipid hydrolysis was detected as early as 20
seconds after receptor triggering (31,32) and that [Ca2+]i
started to rise within 30-60 seconds (38-41), together with
the observation that the combination of a Ca2+ ionophore
plus a phorbol ester (which activates PKC) causes many
responses characteristic of lymphocyte activation (42,43),
such as lymphokine secretion, morphological changes and
proliferation.  Today we know that many other biochemical
events, notably tyrosine phosphorylation, take place before
or in parallel with the activation of phospholipase C, and
that phorbol esters not only mimic the diacylglycerol-
induced activation of protein kinase C, but also affects
many other important enzymes.  Although no longer
considered the sine qua non of TCR signaling, protein
kinase C and [Ca2+]i are still regarded as important parts
of TCR signal transduction.

2.2.  TCR-induced tyrosine phosphorylation
The involvement of tyrosine phosphorylation as a

mechanism of lymphocyte signal transduction was
recognized in the late 1980s (44-53).  The first polypeptide
found to be tyrosine phosphorylated upon receptor
triggering was the zeta-chain of the TCR complex itself
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(44). The list of known substrates grown quite long since
then and now includes numerous proteins with known
enzymatic activities or other functions, such as the gamma
isoform of phospholipase C (PLC-gamma1; 54-56), lipid
kinases, protein kinases, nucleotide exchange factors,
GTPase stimulating factors, adapter proteins, and
cytoskeletal components.  Importantly, protein tyrosine
kinase (PTK) inhibitors (57,58), which prevent
phosphorylation of all these substrates, also block all
examined early and late parameters of cell activation,
including increased phosphatidylinositol turnover, an
increase in intracellular calcium, interleukin-2 (IL-2)-
receptor expression, cytotoxicity, blast transformation and
DNA synthesis (59-64).

The crucial tyrosine phosphorylation events that
drive T cell activation by the TCR are catalyzed by a
number of PTKs, which are expressed in T cells.  These
include the Src family PTKs Lck and Fyn, the Syk family
kinases Zap-70 and Syk, the Csk kinase and, the Tec family
kinases Itk (=Emt) and Txk (=Rlk). The biology of all these
kinases will be discussed first.

3.  SRC-RELATED KINASES IN T CELLS

The Src family of nonreceptor PTKs consists of
nine members (reviewed in 68), of which three are
expressed in T cells, namely Lck, Fyn and c-Yes.  NK cells
also express c-Fgr, while B cells have Blk, Lyn and Fyn.

3.1.  Lck - a co-receptor associated PTK
Lck (65,66) was the first PTK to be implicated in

T cell activation (67).  This enzyme is a member of the Src
family of nonreceptor PTKs  and is expressed at high levels
only in T lymphocytes, thymocytes and NK cells.  It is
located at the inner surface of the plasma membrane,
largely due to the covalent attachment of both myristic acid
at Gly-2 (69), a feature of all Src-family PTKs, and
palmitic acid at Cys-3 and Cys-5 (70-73).  This short first
N-terminal region (sometimes termed the SH4 domain) is
followed by a 80-amino acid long region, which is unique
to Lck and which mediates a specific, interaction between
Lck and the cytoplasmic domains of the CD4 and CD8 (74-
76).  The expression of these two glycoproteins on the
surface of T lymphocytes correlates with their ability to
recognize antigen in the context of class I and II major
histocompatibility complex (MHC) molecules,
respectively.  CD4+ cells are usually of a helper/inducer
phenotype, while CD8+ cells predominantly exhibit
cytotoxic and suppressor properties.  CD4 and CD8 play
important accessory roles in T cell activation because they
can bind to constant regions of the MHC molecules on the
antigen-presenting cell (APC).  Thus they participate in the
formation of a multimeric complex that includes the
TCR/CD3, MHC class I or class II molecules, CD4 or
CD8, and Lck (67).  This complex apparently serves both
to stabilize the interaction between the T cell and the APC,
and to facilitate transmembrane signaling.  The formation
of this multimeric complex is also important for thymic
education, and for selection of the T cell repertoire.

The high-stoichiometry association of Lck with
CD4 and CD8 is important for its function in T cells. On

one hand, CD4 and CD8 restrict the random movement of
Lck in the membrane (77), presumably limiting the ability
of Lck to phosphorylate TCR-associated substrate proteins,
such as the TCR-zeta chain.  On the other hand, when an
antigenic peptide presented on MHC molecules is
recognized and bound by the TCR, CD4 or CD8 are
brought to the immediate vicinity of this complex (78) due
to their binding to invariable parts of the MHC molecule.
As a result, CD4/CD8-associated Lck is juxtaposed to a
previously inaccessible set of substrates, e.g. the TCR-zeta
chain (67) and PLC-gamma1.  However, recent studies
have shown that it is not CD4 or CD8 that provide the
driving force for the recruitment of Lck to the triggered
TCRs, but that Lck itself is required for this translocation.
More specifically, it seems that the SH2 domain of Lck is
involved in bringing both Lck and the attached CD4 or
CD8 to the site of TCR engagement (79).  The properties of
the various domains of Lck and the key mechanisms of Lck
regulation are discussed below.

3.2.  Fyn - a Src-family PTK associated with the TCR
complex

The simple model of Lck being the initiator
kinase for TCR signaling was complicated by the finding
that another Src family PTK, Fyn, is directly associated
with the receptor complex (80,81). Further support for an
important role for Fyn came from the observations that
thymocytes from mice expressing a fyn transgene were
more readily triggered by TCR stimulation and produced
higher levels of IL-2 than controls (82). Conversely, T cells
from mutant mice lacking Fyn displayed somewhat
diminished responses (83,84).  It is still not clear to what
extent Lck and Fyn have overlapping roles in TCR
signaling, but there is ample evidence that they also have
unique functions.  For example, lack of Lck can not be
compensated for by the normal expression of Fyn during
early stages of thymocyte development (85).  Conversely,
both of them can phosphorylate TCR-zeta (although it is
not known if they target the same tyrosines).  Fyn also has
a number of unique targets, such as FYB, which will be
discussed below (see Chapter 7.4.).

3.3.  c-Yes, the third and least understood Src-related
kinase in T cells

In addition to Lck and Fyn, T cells contain a third
Src-related kinase, c-Yes, the cellular homologue of the v-
Yes oncogene from Yamaguchi’s 73/Esh avian sarcoma
virus (86).  The role of this PTK in T cells, if any, remains
unknown.  As c-Yes is related to Lck and, in particular,
Fyn, it may well participate in TCR signaling in a
redundant manner.  Its presence may also explain the less
than striking phenotype of T cells from fyn-/- animals.

3.4.  Structure and Regulation of Src family PTKs
The structure of Src family kinases, as well as the

other key tyrosine kinases involved in T cell activation, are
shown in Figure 1.  For a detailed review of all Src family
PTKs (Src, Fyn, Yes, Fgr, Lyn, Hck, Lck, Blk and Yrk),
their structure, regulation and biology, we refer the reader
to a recent book (68). The following will concentrate on the
three members of the family that are present in T cells.
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Figure 1. Structure of key PTKs involved in T cell activation.  The location of domains and tyrosine phosphorylation sites are
approximate only, and not all reported sites of phosphorylation are indicated.

3.4.1.  Lipid modification and lipid raft association of
Lck and Fyn

All Src family members have a glycine at
position 2, which becomes covalently attached in an amide
linkage to a myristyl moiety with the simultaneous removal
of Met-1, in a reaction catalyzed by a endoplasmic myristyl
transferase (68).  Some Src-like kinases (e.g. Lck and Fyn)
also have one or two cysteines within their first 6 amino
acids, which become modified by palmityl groups in a
thioester bond (70-73).  Mutation of Gly-2 prevents
membrane localization of Lck, and therefore binding to
CD4 or CD8.  Single mutations of Lck at Cys-3 and Cys-5
still allows some membrane localization, but a double
mutation prevents it completely (72,73). Since membrane
localization is required for the biological activity of Lck,
these mutants also become functionally inactive (73). Fyn
is also modified with myristate at Gly2 and palmitate at
Cys-3, and these two acyl chains target the kinase to the
plasma membrane and, perhaps even more importantly, to
plasma membrane microdomains enriched in glycolipids
and cholesterol, termed lipid rafts (87). This was initially
observed as a co-immunoprecipitation of Lck with
glycolipid-anchored proteins (88,89). During the last few
years, intense focus on these lipid rafts has made it clear
that they play an important role in T cell activation by
being enriched in signaling molecules and by acting as
platforms for the assembly of signaling complexes (90-95).

3.4.2.  Unique N-Terminal Region
The nine Src kinases differ markedly from each other

within the 80 - 100 amino acid region that follows the extreme
N-terminal myristylation and acylation sequence (68).  This
region presumably confers unique properties on the different
family members, including their interaction with various surface
receptors (e.g. CD4, CD8 and TCR) and substrates.  In many
cases, the unique N-terminus also contains sites for
phosphorylation by other kinases, such as protein kinases A and
C, and a proline-directed kinase such as Erk or Cdc2.

In the case of Lck, the part of the unique N-
terminus needed for binding to CD4 and CD8 has been
mapped to a region surrounding cysteines 20 and 23
(96,97).  The cytoplasmic tails of CD4 and CD8 contain
similarly spaced cysteines, leading to the suggestion that
binding may involve a metal ion and the formation of a
tetrahedral cage-like configuration between the two
proteins.  Although the binding is tight, it can be disrupted
in intact cells by serine phosphorylation of the cytoplasmic
tail of CD4 (98). This phosphorylation can be induced by
phorbol ester, suggesting an involvement of PKC, and
results in release of Lck from CD4 and an enhanced
internalization of CD4 from the cell surface (99).  It thus
seems that this regulation serves to remove CD4, decrease
the availability of CD4-Lck co-receptors and
downmodulate T cell activation.
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The N-terminus of Lck can also be
phosphorylated at several serine and threonine residues
(100-104), including Ser-42 and Ser-59 (105,106).
Phosphorylation of peptides corresponding to these latter
sites suggests that they may be substrates for protein kinase
C and a proline-directed kinase, perhaps Erk, respectively.
Phosphorylation at Ser-194 in the SH2 domain was also
reported by Soula and coworkers (107). Although serine
phosphorylation has been speculated to act as a negative
feedback and to reduce Lck’s participation in signaling, the
consequences of this modification have remained unclear.

The N-terminal region of Fyn is needed for
binding to TCR-zeta (108-110). However, the mechanism
of interaction seems to be quite different and involves
binding to unphosphorylated ITAM motifs.  The exact
molecular mechanism is not understood, although this
binding mode is shared with both Lyn and Fyn binding to
the B cell receptor complex (111). By contrast, neither Lck
nor Src can bind to TCR-zeta in this fashion.  Mutation of
four residues (Gly-2, Cys-3, Lys-7 and Lys-9) within the
first 10 amino acids of Fyn inhibits its binding to TCR-zeta
(110).  These mutations all interfere with lipid modification
and membrane localization of Fyn, the two latter by
preventing recognition by the myristyl transferase.

Like Lck, Fyn can also be phosphorylated at N-
terminal serine residues, although the sites of
phosphorylation are unknown (112) and the physiological
consequences, if any, remain unexplored.

3.4.3.  SH3 Domain
Next from the N-terminal region reside the

conserved SH3 and SH2 domains.  The SH3 domain
consists of 50-60 amino acids folded into a sandwich of
five anti-parallel beta-strands that also create a hydrophobic
pocket (113,114).  The ligand binding surface contains a
cluster of hydrophobic residues that is flanked by so called
"RT" and "n-Src" loops that connect the ba and bb, and bb
and bc strands, respectively.  Mutations in the RT loop
occur in the activating form of v-Src (115).  As first evident
with Abl-SH3-domain binding to 3BP-1 (116), the barrel-
like pocket binds to polyproline motifs defined by either the
sequence RXPXXP (Type 1) or PXXPXR (Type 2).  Binding
affinities are in the micromolar range.  In the case of Lck and
Fyn SH3 domains, as many as 10 proteins can be precpitated
from T-cell lysates (unpublished data) and include the p85
subunit of PI 3-kinase (117-120) and the cytoskeleton protein
dynamin (121,122). The physiological significance of many of
these interactions remain to be defined.

The crystal structures of the Src family PTKs
Hck and c-Src reveal that the SH3 domain also plays an
important role in the suppression of the catalytic domain by
binding to a linker region between the SH2 and kinase
domain (123,124).  This binding helps maintain the kinase
in an inactive conformation.  The SH3 domain binds to the
proline-containing linker, while the RT and nSrc loops
extend on either side of it to contact the catalytic domain.
Although the linker sequence contains only one proline
residue, it forms a left-handed PPII helix that binds in a
characteristic type 2 orientation.  The proline packs in a

way similar to the first proline of a typical PXXPXR motif,
while a Gln occupies the other site that normally binds to a
proline.  The connection between the SH3 and SH2
domains appears to be flexible with only minimal
interaction between the SH3 and SH2 domains themselves.
These structural insights explain why the SH3 domain is
necessary for suppression of Src family PTKs (125-128)

3.4.4.  SH2 Domain
SH2 domains are protein-protein interaction

modules comprised of about 100 amino acids and bind
PTyr in the context of specific adjacent amino acid
sequences (129).  SH2 domains are well conserved between
different Src family members and are likely to have similar,
although not identical, ligand binding specificities.  Nuclear
magnetic resonance (NMR) and crystal analysis show that
the SH2 domain consists of two alpha-helices that pack at
either side of a central four-stranded beta-sheet
(123,124,130,131).  PTyr-containing peptides bind in an
extended fashion across the surface of the domain.  In Src
family SH2 domains, PTyr is bound in a pocket on one side
of the central sheet, while an additional hydrophobic pocket
recognizes a leucine or isoleucine at position PTyr- + 3.  In
its pocket, PTyr interacts with a key conserved Arg residue,
forming an ion pair with the phosphate.  Other residues
stabilize the interaction by hydrogen bonding and amino-
aromatic group interactions.  The optimal binding motifs
initially derived by screening peptide libraries were found
to favor PTyr-Glu-Glu-IIe (PTyr + 1-3 = Tyr-EEI) (132).
The dissociation constant for binding is in the 1 nM range.
It should be noted, however, that physiological (or
proposed) ligands do not have exactly this sequence, and it
is likely that multiple ligands with a whole range of
affinities from 1 to several tens of nanomolar exist in cells.
Such a spectrum of ligands could play a role in hierarchical
or sequential interaction events.  In addition, the peptide
binding analyses carried out so far have not (for technical
reasons) included peptides with cysteine and tryptophan, or
with PSer, PThr or multiple PTyr residues.  In fact,
peptides with PTyr at positions +1 or +2 (in addition to
position 0) are very high affinity ligands for Src family
SH2 domains (L. Cantley, personal communication).

The SH2 domain not only binds other proteins,
but also participates in the folding of the inactive
conformation of the kinase.  This is accomplished by
binding of the tyrosine phosphorylated (at Tyr-505 in Lck)
short C-terminal tail (123,124).  The interaction is of
relative low affinity (133), apparently because  the
interaction is limited to recognition of Gln-PTyr-Gln-Pro
motif without the usual interactions with a side chain
occupying the PTyr- + 3 pocket.  It also appears that the
binding of the SH2 to the C-terminal tail must be
accompanied by SH3 domain binding to the linker region
for the holoenzyme to remain in an inactive state (123,124).
A logical consequence of this notion is that alternative
ligands with a high affinity for the SH3 or SH2 domains
may break up the suppressed conformation by a
competitive mechanism (68).  Examples of this type of
activation include the interaction of Hck with the HIV Nef
protein (134) and the interaction of Lck with Tip (135-140),
a transforming protein of Herpesvirus saimiri.
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The importance of the SH2 domain both in
interaction with other proteins (which can be regulators or
substrates) and in intramolecular regulation of kinase
activity, is also well illustrated by the effects of point-
mutations or deletions within this region.  Generally, Src
family PTKs without functional SH2 domain are
catalytically active, but have a reduced capacity to perform
their biological functions (141-145).  The SH2 domain of
Lck is also subject to an incompletely understood
mechanism of regulation through phosphorylation at Tyr-
192 (146).  This residue lies near the PTyr- +3 binding
pocket and its phosphorylation results in a decreased
affinity for ligand.  The modification seems to occur in
intact T cells as a somewhat later event of negative
consequence for the participation of Lck in TCR signaling
(146).  In vitro and in co-transfected COS cells, both Syk
and Zap-70 are able to catalyze the phosphorylation, which
may be part of a negative feedback loop to limit the TCR
signaling cascade.

3.4.5.  Kinase Domain
Following the SH2 domain is a highly conserved

kinase domain of about 300 amino acids, also called the Src
homology domain 1 (SH1), showing some 80 percent
homology amongst Src kinases family members.  Structural
motifs include a glycine-rich ATP-binding loop followed
by a crucial lysine residue (Lys-273 in Lck) that interacts
with ATP and is involved in phosphotransfer to the
substrate (147), and a flexible so-called activation loop
(148,149).  The catalytic domain has an overall fold
comprising a smaller N-terminal lobe connected by a
flexible hinge to a larger C-terminal lobe (123,124).  The
N-terminal lobe is a five stranded antiparallel beta-sheet
with a single helix (termed helix C) that connects with a
mostly alpha-helical C-terminal lobe.  In a restrained state,
helix C contributes to the displacement of several catalytic
residues from their optimal positions. In the case of cell
cycle kinase Cdk2 binding to cyclin A, helix C is involved
in inducing an active conformation (150).  A similar
mechanism involving helix C presumably operates in
activation of Src family kinases.

3.5.  Regulation of Src-family PTKs
The function of Src-family PTKs is tightly

regulated at all available levels: transcription of the genes,
processing of the resulting mRNA, translation, and several
covalent modifications and protein-protein interactions
(reviewed in 68).  Best characterized are the post-
translational mechanisms, which include acylation of the
N-terminus, reversible phosphorylation of tyrosine and
serine residues, intramolecular interactions, association
with transmembrane receptors and cytoskeletal elements
and complex formation with regulatory proteins or
substrates.  Different Src-family PTKs seem to be regulated
principally by similar mechanisms, but may associate with
different regulatory proteins or substrates.  These
associations are largely dictated by the unique N-termini
and by the SH2 and SH3 domains.

3.5.1.  Positive regulation by tyrosine phosphorylation
in the kinase domain

A tyrosine residue in the activation loop of the
kinase domain, Tyr-394 in Lck and Tyr-417 in the

hematopoietic form of Fyn, is crucial for the catalytic
function of the domain.  The crystal structure of the
activate conformation of the Lck kinase domain shows that
the phosphoryl group at Tyr-394 is involved in generating a
competent active site (152).  The activation loop of the
activated Lck domain has a radically different
conformation when compared to the unphosphorylated loop
of other kinases.  This residue forms salt bridges with Arg-
363 and Arg-387.  Arg-363 interacts through a water
molecule, while Arg-387 makes two hydrogen bonds.  A
comparison of activate and inactive kinases shows that
Arg-387 is expelled from a pocket that it occupies in the
inactive structure resulting in a re-ordering of the activation
segment of the kinase.  In this scenario, the side chain of
Arg-363 becomes re-oriented freeing the helix C to lift
back to a position needed for an active catalytic site.

Although Tyr-394 of Lck and Tyr-417 of Fyn are
normally phosphorylated to very low stoichiometry in vivo
(153-157), a higher level phosphorylation at these sites
correlates with situations in which Lck and Fyn are
activated. Particularly, C-terminally mutated Lck or Fyn
have considerably higher levels of Tyr-394 and Ty-417
phosphorylation, respectively (158-160). Mutation of Tyr-
394 to a phenylalanine in Lck abrogates the capacity of the
kinase to phosphorylate substrates or transform cells (157).
Thus, phosphorylation at Tyr-394 is crucial for catalytic
activity of Lck, suggesting that the normally low level of
phosphate at Tyr-394 detected in intact T cells indicates
that very few Lck molecules are catalytically active at any
given time.

It has long been taken for granted that
phosphorylation of Lck at Tyr-394 (and at the
corresponding site in all Src family PTKs) is solely the
result of autophosphorylation (65,66,100,161).  However,
since the reaction most likely is catalyzed in trans between
two kinase molecules, there is no particular reason to
assume that it can only occur as a result of homotypic
interaction.  Rather, it is likely that two different Src family
PTKs can transactivate each other.  In addition, there is
some data that suggests the existence of a cytosolic non-Src
family PTK that can phosphorylate Tyr-394 of Lck in
response to hydrogen peroxide (162). As this putative
positive regulator of Lck (the “Tyr-394-kinase”) has not
been identified, the issue remains speculative.

3.5.2.  Dephosphorylation of the activation loop tyrosine
It is still unclear how phosphate is removed from

the positive regulatory tyrosine phosphorylation site in the
activation loop of Src family PTKs, but studies with
PTPase inhibitors (163), suggest that the turnover is rapid.
Given the importance of phosphate at Tyr-394 for the
catalytic function of Lck, a PTPase acting on this site
would be expected to reduce tyrosine phosphorylation by
Lck. Conversely, inhibition of this PTPase would probably
cause a strong and unopposed activation of Lck with
catastrophic consequences for the T cell and the host
organism. It was recently shown that isolated T cell
membranes contain a PTPase activity that maintains the
TCR machinery in a resting state (164). Inhibition of this
activity caused the same set of tyrosine phosphorylation



Kinases and phosphatases in TCR signaling

924

events as receptor ligation, a response that depended on
Lck (i.e. it was absent in JCaM1 cell membranes), but was
unaffected by the absence of SHP1, SHP2 or CD45 (164).

It has been proposed that CD45, the PTPase that
removes phosphate from the negative regulatory site (see
below), also dephosphorylates the tyrosine residue in the
activation loop of Lck (and perhaps Fyn).  While this
certainly remains fully possible, there is evidence to
suggest that another PTPase carries the main responsibility
for this dephosphorylation.  Perhaps this crucial and
potentially dangerous task is shared by several PTPases.

Based on findings in vitro and in thymocytes
from the SHP1-deficient motheaten mice, it has been
suggested that SHP1 dephosphorylates Lck at Tyr-394
(165-168). This may well be true under circumstances
where SHP1 is recruited to an ITIM-containing inhibitory
receptor (such as LAIR-1 in T cells) and juxtaposed to the
TCR/CD4, but it does not seem to occur in resting T cells
or following triggering of T cells by monoclonal antibodies
to the TCR complex alone (169).

We have found that the PEP PTPase can
negatively regulate TCR-induced signaling events in a
manner that suggests a very receptor-proximal site of action
(170).  As the TCR-induced tyrosine phosphorylation of
Lck is decreased in the presence of active PEP, it is
possible that Tyr-394 is a target for this PTPase.  Another
study concluded that PEP dephosphorylates Fyn at the
corresponding Tyr-417 (171).  Both possibilities are
compatible with the physical association of PEP with Csk
(172), the kinase that negatively regulates Lck  and Fyn (173).
These issues are discussed in more detail in section 5.6.

3.5.3.  Regulatory C-terminus
The C-terminus of Src family PTKs plays an

important role in suppression of the kinase domain (68).
Within this short tail resides a conserved tyrosine residue
(Tyr-505 in Lck and Tyr-528 for Fyn(T)), which is
phosphorylated to a relatively high stoichiometry in intact
cells and subsequently binds to the SH2 domain within the
same molecule and thereby stabilizes the kinase in a
restrained inhibitory conformation (123,124).  As
mentioned above, the SH3 domain is also required to
stabilize this conformation of the enzyme.  The three-
dimensional structure of the suppressed conformation
reveals that these intramolecular interactions push the two
lobes of the kinase domain together reducing access to the
catalytic cleft and forcing the helix C to move outward
(123,124).  It has been estimated that ~50% of Lck is in this
suppressed state in T cells (174).  It appears that the
percentage is somewhat higher for Fyn.

In particular, mutation of the conserved carboxy-
terminal tyrosine residue to phenylalanine leads to a
constitutively increased PTK activity of the enzyme and
confers transforming potential to these proteins when
expressed in NIH 3T3 cells (158-160).  The effects of
active Src-family PTKs in these cells are not, however,
directly applicable to lymphoid cells. Transfection of Tyr-
505-to-Phe mutated Lck into a CD4-8- T cell line did not

alter its level of basal tyrosine phosphorylation, but
nevertheless augmented TCR-induced tyrosine
phosphorylation and IL-2 production.  We have observed
the same effect of activated Lck expressed in the Lck-
deficient JCaM1 variant of Jurkat.  This indicates that the
level of tyrosine phosphorylation in T cells does not simply
reflect the catalytic activity of Lck, but that other
mechanisms, such as Lck location, substrate accessibility,
and PTPases play major roles.

3.5.4.  Suppression of Src family kinases by Csk
Two important opposing enzymes regulate the

phosphorylation status of the C-terminal negative regulatory
tyrosine in Src family PTKs, namely the Csk PTK (173,175)
and the CD45 PTPase (11,13).  The Csk kinase seems to be the
only PTK that efficiently phosphorylates this site, thus acting
as a general negative regulator of all Src family PTK-mediated
events.  Csk is a small (only 50 kDa) cytosolic nonreceptor
PTK expressed in all examined cell types.  Structurally, it
resembles the Src family kinases in having SH3, SH2 and
kinase domains (Figure 1), but differs in lacking an N-terminal
membrane attachment motif, a tyrosine autophosphorylation
site and a C-terminal regulatory sequence typical of Src-family
kinases.  Csk seems to be highly specific for the C-terminus of
Src-family PTKs, having only one additional putative
substrate, namely CD45 (176).

Posttranslational regulation of Csk has been
observed by several groups and two important mechanisms
of Csk regulation were recently uncovered.  Csk is an
exception from the general rule that PTKs are regulated by
tyrosine phosphorylation.  Nevertheless, a posttranslational
modulation of the catalytic activity of Csk has been
observed in three instances.  Oetken and co-workers (177)
observed that the specific activity of Csk undergoes a
transient activation after TCR triggering.  Csk also became
physically associated to a 72-75 kDa tyrosine
phosphorylated protein, but with considerably slower
kinetics.  Another study by Fargnoli and colleagues (178)
found that malignant T cells from patients with cutaneous T
cell leukemia (Sezary syndrome) had an increased fraction
of membrane-bound, but mainly inactive Csk.  Finally,
Vang et al (179) may have uncovered the operative
mechanism in these settings with the discovery that cAMP-
dependent protein kinase (PKA) phosphorylates a serine
residue (S364) in the catalytic domain of Csk and thereby
activates the kinase 2-3 fold.  This cAMP-dependent
activation mechanism may well explain the long-term
inhibition of T cell activation by agents that elevate cAMP
levels.  In support of this notion, prostaglandin E and a
membrane-permeable cAMP analogue caused the
phosphorylation of Csk at Ser-364, activated Csk,
suppressed Lck and the phosphorylation of TCR-zeta and
Zap-70, and the TCR-induced transactivation of the IL-2
gene (179).  All these effects were abrogated by
introduction of a Csk-S364C mutant and all effects on Lck
were abrogated by mutation of Tyr-505 to a Phe residue.
Thus, Csk may be the most important target for cAMP-
induced immune suppression.

Another important advance in our understanding
of Csk regulation was the recent discovery of a
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transmembrane molecule, termed PAG (180)  or Cbp (181),
which specifically binds Csk through its SH2 domain.
PAG/Cbp is anchored to lipid rafts and is phosphorylated on
tyrosine in resting T cells (181), thus anchoring Csk in the
subcellular compartment that is enriched in Src family kinases.
Upon TCR triggering, PAG/Cbp is rapidly dephosphorylated
by an unknown PTPase and Csk dissociates (181).  This
apparently allows lipid raft-located Lck and Fyn to remain
active and phosphorylate ITAMs and other molecules.  After
some 5 min, however, PAG/Cbp is rephosphorylated and Csk
returns to the lipid rafts.  This coincides with the downturn of
tyrosine phosphorylation.  The importance of this mechanism
is perhaps best illustrated by the consequences of expression of
a Csk-SH3-SH2 protein (lacking kinase domain), which will
compete with endogenous Csk for binding to PAG/Cbp (181).
This truncated protein caused a striking increase in basal and
induced levels of tyrosine phosphorylation, which also lasted
longer than in controls.  The protein also augmented
NFAT/AP-1 reporter gene activation (181).  Interestingly, the
dominant negative Csk-SH3-SH2 construct became even more
potent when its SH3 domain was debilitated by a point
mutation that prevented association with PEP (see Chapter
5.6).

3.5.5.  Csk is opposed by CD45
Apparently, the catalytic activity of Src-family

PTKs depends on the balance between the counteracting
effects of Csk and CD45 (11,13). This balance is probably
different in lymphocyte types and subpopulations
expressing different types and amounts of Src-family PTKs
and distinct isoforms of CD45.

CD45 is a large (180-220 kDa) transmembrane
receptor-like PTPase with a highly glycosylated and
variable extracellular portion and an invariable cytoplasmic
part consisting of two PTPase domains in tandem (see
chapter 5.2).  CD45 appears to be essential for TCR-
induced T cell activation, as indicated by the findings that
CD45-negative T cell mutants failed to respond to TCR
triggering with proliferation (183), early tyrosine
phosphorylation and inositol phospholipid hydrolysis (184).
The response to antigen was regained in a revertant CD45+
clone (185). Although some controversies remain regarding
the preference for specific Src-family members, data from
several laboratories agree with the notion that at least Lck
and Fyn are physiologically relevant substrates for CD45 in
vivo (186-194).  Dephosphorylation of these kinases by
CD45 seems to correlate with responsiveness of the T cells
to TCR stimulation, suggesting that the role of CD45 is, at
least partly, to keep Src-family PTKs sufficiently active to
participate in signal transmission.  Findings with CD45-
negative B lymphocytes suggest that B cell-specific kinases
are similarly regulated by CD45 (195). It should also be
noted that other PTPases seem to perform the same type of
task. For example, expression of the CD45-related
receptor-like PTPase, PTP-alpha in fibroblasts activated the
transforming potential of c-Src by dephosphorylating its
negative regulatory Tyr-527 residue (196).

3.5.5.  Additional phosphorylation events
Src family PTKs can be phosphorylated at

additional tyrosine residues and, as mentioned above,

serine residues.  Most of these modifications are poorly
understood and their physiological significance has not
been well documented yet.  Known tyrosine
phosphorylation sites include Tyr-192 in the SH2 domain
of Lck (146,197).  Phosphorylation of this residue (which is
conserved in all Src family PTKs) by Syk or Zap-70 results
in reduced ligand binding of the SH2 domain (146).  Thus,
this event may play a role in a negative feedback loop
designed to limit the activation cascade initiated by TCR
ligation.  The corresponding residue in c-Src has also been
reported to be phosphorylated (198), and we have found
that the C-terminal SH2 domain of the p85 subunit of
phosphatidylinositol-3-kinase (PI3K) can be
phosphorylated by the Abl PTK at the corresponding Tyr-
688 (199), with the same ligand affinity reducing
consequences.  Thus, this may be a more widespread
mechanism for negative feedback of SH2 domains.

Another functionally similar modification is the
tyrosine phosphorylation of the c-Src SH3 domain at Tyr-
138 (200), which results in a reduced binding of Pro-rich
ligands to this domain.  It is not yet known if Lck or Fyn
are phosphorylated at the corresponding site in their SH3
domains.

Mechanistically, the phosphorylation of Src
family PTK SH3 and SH2 domains is intriguing, since it
would be predicted to prevent the folding of the
holoenzyme into the suppressed conformation, or,
alternatively, open up this conformation.  Consequently,
these modifications should lead to activation, while at the
same time preventing interaction with substrates that are
ligands for the SH3 or SH2 domain.

3.5.6.  Src family PTKs and viruses
An exciting development over the past few years

has been the connection between viruses and their
opportunistic use of Src kinases through viral proteins that
have adapted to take advantage of the SH3 and SH2
domains of Lck and Fyn.  The Nef protein of Human
Immunodeficiency Virus -1 interacts with the SH3 domain
of Lck and thereby inhibits T cell activation and production
of lymphokines needed for a productive anti-viral response
(201).  Another example is the T lymphotropic virus of
non-human primates Herpesvirus saimiri, which can
immortalize human T lymphocytes in vitro (135-140).  The
protein of C-type strains of this virus, Tip (tyrosine kinase
interacting protein), binds to the SH3 domain of Lck (135-
140).  This interaction activates Lck, but also interferes
with the function of Lck in the cells.  Tip even suppressed
the transforming ability of oncogenic F505 Lck and anti-
CD3 induced tyrosine phosphorylation.  Herpesvirus
saimiri strain 11 of subgroup A carries a gene termed StpA
(saimiri transformation-associated protein, group A), which
is required for the lymphoma-inducing potential of the
virus (202).  A highly conserved Tyr-Ala-Glu-Val/Ile motif
binds to the SH2 domains of Src, Lck and Fyn (137).

The DNA tumor virus, hamster polyomavirus
(HamT), causes lymphoid malignancies, and induces IL-2
transcription.  Dominant negative Fyn, but not Lck,
blocked this effect suggesting some kind of selective
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interaction with Fyn (203).  In another example, the p40tax-1

oncoprotein of Human T cell leukemia virus type 1
(HTLV-1), the known etiologic agent of adult T cell
leukemia can functionally cooperate with Lck (204).  Tax
can render the hematopoietic cell line BAF-B03 cytokine-
independent when co-expressed with Lck-Y505F.

The envelope glycoprotein gp120 of Human
Immunodeficiency Virus -1 binds to CD4.  This binding
has been reported to activate the CD4-associated Lck (205),
a finding that has been contested (206).  Binding of gp120
also activates phosphatidylinositol-3-kinase (PI3K) and
phosphatidylinositol-4-kinases associated with CD4/Lck
complex (118).  This is probably related to the crosslinking
effects of the capsid protein on the intact virus.  In contrast,
ligation of CD4 by soluble monovalent gp120 will inhibit
TCR-induced use of Lck and subsequent Zap-70
recruitment (207,208)  Membrane-associated HIVenv
causes rapid T cell death and in the process activates Lck
and Fyn, without activating Zap-70 (209).  These effects
may be due to the sequestering of Lck and Fyn from the
TCR complex.  A similar mechanism may apply to the
stimulatory effects of antagonistic peptides on CD4-Lck in
the absence of T-cell activation (210).

4.  SYK FAMILY PTKS IN T CELLS

Unlike Src kinases, the Syk family PTKs, Zap-70
(211) and Syk (212) are comprised of two tandem SH2
domains linked to a kinase domain (Figure 1).  The two
SH2 domains are also spaced with considerable distance
between them, and there is a long “linker” region between
the second SH2 domain and the catalytic domain, which is
similar to Src family kinases, but represents a separate
evolutionary branch of PTKs.  Both Zap-70 and Syk lack
sites for myristylation, palmitylation or other recognized
mechanisms for anchoring to the plasma membrane.
Accordingly, they have been considered to be freely
cytosolic enzymes.  The use of confocal microscopy,
however, has demonstrated that Zap-70 is preferentially
located at the plasma membrane also in the resting T cell
(213), albeit less tightly.  Thus, the recruitment of Zap-70
can proceed more rapidly and efficiently.

Syk is expressed in all hematopoietic cell
lineages (212), including platelets (214,215) and
erythrocytes (216).  It is also found in many
nonhematopoietic cell types. Expression levels vary among
leukocytes, with mature T cells in general having the
lowest levels (217).  Zap-70, on the other hand is
exclusively found in T cells and NK cells (211).

A very important advance for our understanding
of the importance of Syk and Zap in leukocyte signaling
and development was the recent discovery of patients
lacking a functional zap gene (218-220), as well as the
generation of zap (221) and syk (222,223) null allele mutant
mice.  Lack of Zap in humans leads to a severe
immunodeficiency characterized by the absence of CD8+ T
cells and TCR-unresponsive mature CD4+ T cells.  Mice
lacking Zap are also deficient in the production of CD4+ T
cells, while the natural killer (NK) cells are unaffected.

Mice lacking Syk, on the other hand, died in utero from
massive hemorrhage, while RAG2-/- mice reconstituted
with fetal liver cells from the syk-/- mice failed to develop B
cells (222,223) and intraepithelial TCRgamma/delta+ T
cells (224).  Most other T cells (as well as other leukocyte
types) appear normal, although detailed signaling studies
have not yet been carried out with them.  Significantly,
double knock-out mice (225) show a much more severe and
early arrest in thymic development of T cells.  Thus, it appears
that Syk can compensate for Zap during thymocyte
development, a notion that is supported by the higher level of
Syk expression in thymocytes compared to mature T cells
(226).  These largely non-overlapping requirements for Syk
and Zap clearly reflect differences in both expression pattern
and differences in biological function. This question is
particularly pertinent in cells expressing more equal levels of
both PTKs, such as TCRgamma/delta+ T cells and NK cells.

4.1.  Regulatory mechanisms for Zap-70
Perhaps the most important feature of Zap-70 is

its recruitment and high affinity association with the
phosphorylated ITAMs of the TCR receptor complex
(211,227-229).  The crystal structure of the complex of the
N-terminus of Zap-70 bound to a doubly phosphorylated
ITAM peptide (230) shows that the second SH2 domain
binds the first phosphorylated tyrosine of the peptide in the
usual SH2 - ligand manner, while the second
phosphorylated tyrosine interacts with both SH2 domains
in a unique manner due to the presence of an incomplete
PTyr-binding pocket in the N-terminal SH2 domain, which
is made functional by the close proximity of the other SH2
domain.  This feature of the solved structure explained the
weak binding of singly phosphorylated peptides, the poor
activity of the isolated SH2 domains, and the strongly
synergistic binding of doubly phosphorylated ITAMs
(231,232).

Binding of Zap-70 to ITAMs alone is insufficient
to activate the kinase (233,234).  This accounts for the fact
that Zap-70 can be inactive when bound to TCR-zeta (as
observed in thymocytes).  Activation is dependent on the
phosphorylation of a tyrosine residue in the activation loop
of Zap-70, Tyr- 493 (235-238), which corresponds to Tyr-
394 of Lck (see above) as well as the positive regulatory
phosphorylation sites in nearly all other protein kinases.  In
contrast to Src family PTKs and Syk, Zap-70 is completely
unable to autophosphorylate at Tyr-493 and is therefore
under the control of PTKs that can, such as Lck and
possibly Fyn (211,227,236,239,240).  Phosphorylation by
Lck can activate the kinase by as much as 10-fold.  For
catalytic activity, Zap-70 also requires a cation showing a
preference for Mn2+ over Mg2+ in vitro (241). Zap-70
molecules with Tyr-493 substituted for by a phenylalanine
residue show normal very low basal kinase activity in the
test tube (and probably none in intact cells), but cannot be
activated by Lck.  Exactly how Lck interacts with Zap-70
to recognize Tyr-493 as a substrate is not clear, but it seems
that the SH2 domain of Lck is involved (242,243), perhaps
by binding to phosphorylated Tyr-319 of Zap-70 (244).
This residue is crucial for proper function of Zap-70 in
TCR signaling (245, 246), either because it is needed for
interaction with Lck (244), or with PLC-gamma1 (246).
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Although the binding of up to three Zap-70
molecules to each zeta-chain does not automatically lead to
activation of Zap-70, it is thought to place Zap-70 in a
favorable position and subcellular location for Lck-
mediated phosphorylation at Tyr-493 and activation.  In
addition, it seems that the activated molecules of Zap-70
undergo enhanced autophosphorylation, probably in trans,
at multiple additional sites (see below).  Mutation of Tyr-
493 reduces this phosphorylation at other sites (236).

While phosphorylation at Tyr-493 is needed to
activate Zap-70, the role of the adjacent Tyr-492 is less
clear.  Lck does not phosphorylate Tyr-492, but once Zap-
70 has been activated by Lck-mediated phosphorylation of
Tyr-493, Zap-70 becomes able to autophosphorylate Tyr-
492 (237,238).  However, phosphorylation at Tyr-492 is
not required for activation, and may even have some
negative impact.  Thus, a replacement of Tyr-492 with a
phenylalanine resulted in a relatively normal Zap-70
protein with somewhat higher catalytic activity (237).  It
remains possible, however, that the mutant does not behave
exactly as a normal Zap-70 without phosphate at Tyr-492
since the hydroxyl group at Tyr-492 may be involved in
hydrogen bonding or other interactions in this regulatory
region of the kinase. More phosphorylation sites in Zap-70
are discussed below (Chapter 3.3).

4.2.  Regulation of Syk
Despite their high degree of structural similarity,

Zap-70 and Syk show a surprising number of differences in
their regulation and biology.  Both seem to use their
tandem SH2 domains to bind to doubly phosphorylated
ITAMs in the signaling subunits of leukocyte surface
receptors, although Syk also participates in signaling by
receptors that lack these motifs, e.g. from the IL-2 receptor
(247) and integrins on neutrophils (248).  In all these cases,
Syk becomes rapidly tyrosine phosphorylated in response
to receptor crosslinking.  In some of these papers, Syk was
found to associate with the receptor prior to stimulation
(249-251), while in others, Syk was reported to be recruited
through its tandem SH2 domains to the receptor ITAMs
upon their phosphorylation.  This is perhaps best
documented for the Fc-epsilonRI, in which the Fc-
epsilonRI-gamma chain is a particularly good ligand for the
SH2 domains of Syk (251,252). Some T cells have this
gamma chain as part of their TCR complexes (253), as do
NK cells as part of the CD16 receptor.  The mode of
binding to these receptors is important because the
requirement for ITAM phosphorylation determines how
dependent on Src family PTKs (assuming that they are the
only PTKs phosphorylating the ITAMs) the utilization of
Syk is.  In the case of the TCR, it is not yet clear whether
Syk associates with the TCR prior to receptor triggering
and whether Syk binds through its SH2 domains to the
ITAMs upon their phosphorylation (254).

Despite the relatively high degree of amino acid
homology between their kinase domains, Zap-70 and Syk
differ substantially in their substrate phosphorylation
characteristics (255,256).  It appears that Zap-70 has a
much more narrow substrate spectrum.  It has also been
estimated that the specific activity of Syk is up to 100-fold

higher than that of Zap-70 (257).  For example, when Syk
and Zap-70 are expressed in parallel in COS cells, Syk is
highly phosphorylated and causes tyrosine phosphorylation
of multiple cellular proteins, while Zap-70 remains mostly
unphosphorylated and inactive.  This situation changes for
Zap-70 if Lck is co-expressed, but much less so for Syk.
Direct measurements of the catalytic activity show that
Zap-70 is activated by Lck, while the activity of Syk
remains the same.  Even under these circumstances, the
activity of Zap-70 remains much lower than that of Syk
(using traditional in vitro substrates).  This difference in
inherent kinase activity may be very important in T cells
where Zap-70 is expressed at much higher levels than Syk.
Nevertheless, we find approximately as much kinase
activity in Syk immunoprecipitates as in Zap-70
immunoprecipitates from Jurkat T cells (146).

Unlike Zap-70, Syk binding alone to doubly
phosphorylated ITAMs upregulates its catalytic activity by
as much as 10-fold (252,258).  This is probably because
Syk lacks Zap-70’s dependence on a Src family PTK for
phosphorylation at the positive regulatory site in the
activation loop (8,255,256,259).  Syk autophosphorylates at
both tyrosine residues in this loop, Tyr-518 and Tyr-519
(residues 520 and 521 in human Syk) both in vitro and in
transfected mammalian, yeast or bacterial cells.  For
example, in a yeast two-hybrid system, Syk was
catalytically active and contained phosphate at Tyr-518,
Tyr-519, and several additional sites, while Zap-70 was
completely unphosphorylated (260).

While Zap-70 activation is highly dependent on
phosphorylation at Tyr-493 (but not Tyr-492) in its
activation loop, Syk is positively regulated by
phosphorylation at both Tyr-518 and Tyr-519, the latter
perhaps being somewhat more important (232,259).  In B
cells, where Syk has been more widely studied, the
autophosphorylation site of Syk is needed for BCR-
mediated signaling (232,261,262).  However, even a
doubly phenylalanine-substituted mutant of Syk retains
more than 60% of the catalytic activity of wild-type Syk
and the single mutants are essentially as active as the wild-
type enzyme (259).  Nevertheless, all three mutants have
severely reduced biological effects.  This discrepancy
between activity and signaling capacity is probably
explained by the association of Lck through its SH2
domain to the doubly phosphorylated Tyr-518/Tyr-519
(263).  This has been observed in the two hybrid system
and in co-expression studies where the loss of these
residues ablates Lck SH2 recognition.  The sequence of this
site is Tyr-Tyr-KAQ, in which the first phosphorylated
tyrosine apparently fits in the PTyr binding pocket of the
Lck-SH2 domain and the second is in position +1 and a
hydrophobic ala in position +3 (263).  Although this is not
a classical SH2 ligand since there is a lysine at +2, it does
have an acidic PTyr at +1 and a hydrophobic residue at +3,
and direct binding studies indicate that it binds with a
dissociation constant of approximately 10 nM.  Based on
these findings, we have speculated (263) that Lck or other
Src family PTKs, in addition to being upstream activators,
are also downstream effectors of Syk.
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The C-terminal tail of Syk is some 20 amino
acids shorter than that of Zap-70, and ends only three
residues after a triple tyrosine motif, which apparently is
phosphorylated in intact cells.  Two different observations
indicate that this site may be involved in regulation of Syk.
First, the activity of Syk is reduced by binding of an
antibody to the C-terminus, which also recognizes only a
subpopulation of Syk molecules (252).  Second,
replacement of the 3 tyrosines with phenylalanines leads to
activation of Syk (our unpublished observation).

Syk also differs from Zap-70 in its ability to
phosphorylate ITAMs within the TCR-zeta chain (257).  In
transfected cells, Syk augmented TCR-induced ITAM
phosphorylation.  This was also observed in non-lymphoid
cells in the absence of other lymphoid kinases, and in
peptide phosphorylation studies.  This observation suggests
another mechanism by which Syk may bypass the need for
Lck, essentially replacing both Lck and Zap-70. Since Syk
is expressed at higher levels in thymocytes and some
subsets of mature intraepithelial gamma/delta T cells,
which often lack CD4 or CD8, Syk may be more important
in these cells.

4.3.  Both Zap-70 and Syk act as docking proteins
Despite their different expression, regulation and

catalytic properties, Zap-70 and Syk share a common
function as docking proteins that recruit a number of
downstream signaling molecules in a manner similar to
growth factor receptor PTKs.  Assuming that all identified
sites are correct, it seems that more than 10 tyrosines in
Zap-70 and Syk can be phosphorylated, many of them
located in the “linker” region of the kinases.  Several
identified phosphorylation sites resemble classical SH2
binding motifs and a number SH2 domain-containing
proteins have been found to bind phosphorylated Zap-70
and Syk, including Lck (242,244,263), Fyn (242), Abl
(234), PLC-gamma1 (246), Vav-1 (260,264), Ras-GAP
(234), c-Cbl (265-267)  In all these cases, it is believed that
the physical proximity of these signaling proteins serves to
facilitate their tyrosine phosphorylation by Zap-70/Syk, or
by the Src family PTKs.

Of particular interest is the binding of the Lck
and Fyn SH2 domains to Zap-70, which may provide a
basis for the earlier observation that Lck is in physical
association with the TCR complex (268), and provides a
potential mechanism for the recruitment of Lck to the TCR
and the close proximity with Zap-70.  It is curious that
binding of Lck to Zap-70 occurs at a different site in this
kinase than in Syk, which attracts the Lck SH2 domain to
the doubly phosphorylated Tyr-518/Tyr-519 motif in the
activation loop (263).  In the case of Zap-70, binding does
not involve the corresponding Tyr-492/Tyr-493, but
apparently occurs through Tyr-319 in the linker region
(244).  Despite this seeming difference, however, both sites
are created through autophosphorylation.  For Zap-70, Tyr-
319 is an important site, since a Y319F mutant Zap-70 is
unable to mediate TCR signaling and even acts as a
dominant negative in reducing signaling in cells expressing
endogenous Zap-70 (245,246).  It remains unclear,
however, if it is due to binding of Lck or PLC-gamma1 (or

perhaps both) to phospho-Tyr-319.  The corresponding
residue in Syk, Tyr-345, is not nearly of the same
importance for the function of Syk in signaling.  An
adjacent residue, Tyr-315 in Zap-70 and Tyr-341 in Syk
(Tyr-352 in human Syk), binds the SH2 domain of Vav-1.
These sites appear to be phosphorylated through
autophosphorylation.

Finally, c-Cbl binds through its SH2 domain to
Tyr-292 in Zap-70 and an unidentified tyrosine in Syk.
This binding reduces the biological effects of Zap-70 and
Syk via an unknown effect that may include ubiquitination
of the kinase, steric hindrance of binding to the adjacent
binding sites, or the Cbl-mediated juxtaposition of a
PTPase.

4.4.  Dephosphorylation of Zap-70 and Syk
Since the phosphorylation state of many different

tyrosine residues on Zap-70 and Syk play important roles in
the transmission of signals from the TCR, it is clear that
one or, more likely, several PTPases participate in the
regulation of these functions by dephosphorylating these
phosphorylation sites.  The rapid induction of
hyperphosphorylation of Zap-70 and Syk following brief
treatments of intact cells with PTPase inhibitors, supports a
model in which the turnover of phosphate on these kinases
is fast.  Candidates for the PTPases that dephosphorylate
Zap-70 and Syk include SHP1 (167-169) and PEP (171).
At present, however, the available data do not demonstrate
that these two PTPases play significant roles in intact cells,
nor are other PTPases excluded.  All of these enzymes are
discussed more in Chapter 5.

5.  STRUCTURE AND FUNCTION OF THE TEC-
FAMILY PTKS IN T CELLS

Three non-receptor kinases of the Tec family are
found in T cells, namely Tec (269-271), Itk (272) [also
termed Emt (273) or Tsk (274)] and Txk (275) [also called
Rlk (276)].  Like the Src-related kinases and Zap-70/Syk,
these kinases contain a regulatory N-terminus with several
protein-protein interaction regions linked to a C-terminal
catalytic domain (277,278).  The N-terminus of Tec and Itk
begins with a pleckstrin-homology (PH) domain, followed
by a proline-rich motif in a region shared with other Tec
family PTKs and sometimes referred to as the Tec
homology (TH) domain (Figure 1).  This is followed by an
SH3 domain, an SH2 domain, and a catalytic domain, as in
Src family PTKs.  Txk is unique in that it lacks a PH
domain and instead comes in two different isoforms due to
alternative initiation of translation (279). The smaller, 52-
kDa, protein is nuclear, while the larger protein is 58 kDa
and has a string of cysteine residues in its N-terminus.
These residues are the target for palmitylation, which
targets the proteins to the cytoplasmic face of the plasma
membrane.

The presence of an N-terminal PH domain is a
unique feature of the Tec family PTKs (except Txk).  These
domains are independently folded modules comprised of
some 100 amino acid and bind phospholipids and some
proteins.  In many proteins, the PH domain mainly
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functions to localize the protein to the phospholipid layer of
the inner aspect of the plasma membrane.  This seems to be
the case for Itk, which binds phosphatidylinositol-3,4,5-
trisphosphate produced by PI3K (280-282).  Since this
particular phosphoinositide normally is present in the
plasma membrane at very low concentrations in resting T
cells, Itk is mainly cytosolic.  Upon TCR ligation and PI3K
activation, Itk translocates to the plasma membrane.  In
Jurkat T leukemia cells, which lack the PTEN phosphatase
that removes phosphatidylinositol-3,4,5-trisphosphate, the
levels of this lipid are constitutively high and Itk is
constitutively membrane bound (283).

Translocation of Itk is followed by
phosphorylation of a tyrosine residue in its activation loop,
catalyzed by Lck (284-286), which results in activation of
the catalytic domain of Itk.  Itk is also subject to an
intramolecular folding mechanism reminiscent of, but
different from, the suppression of Src family PTKs.  In the
case of Itk (and probably all Tec PTKs), the proline-rich
region in the TH domain binds to the SH3 domain (287).
This binding prevents the SH3 domain from binding to
cellular ligands, which include Sam 68 and the Wiskott-
Aldrich syndrome protein (WASP) (288), and also prevents
the proline-rich motif from interacting with Grb-2.

The physiological roles of Tec family PTKs have
been illuminated by several key discoveries during the past
eight years.  The first was the observation that Itk is
physically and functionally associated with the CD28 co-
receptor (289).  However, mice lacking Itk (290-293)
displayed a much more normal thymic development than
anticipated and only mildly perturbed T cell immune
responses.  Mice lacking Txk (294) also had a minimal
phenotype.  Mice lacking both Itk and Txk (295), however,
have severe defects in T cell function, notably a lack of
PLC-gamma1 phosphorylation and activation.  Itk has also
been shown to form a physical complex with the PLC-
gamma1 (296) and to be required for calcium mobilization
(292).  Both Itk and Txk also associate with and
phosphorylate SLP-76 (297-299), LAT (298,300), and a
novel adapter protein called RIBP (301)(also known as
TSAd).  Finally, at least Itk associates with WASP, a
unique protein linked to Wiskott-Aldrich syndrome, an X-
linked combined immunodeficiency affecting cells of
several hematopoietic lineages, suggests a role in
cytoskeletal responses (302).  Thus, it seems that Itk and
Txk are important for T cell activation, but have largely
overlapping functions that include coupling the TCR to
PLC-gamma1, Ca2+ and cytoskeletal reorganization (303).
Itk appears to be involved particularly in signaling through
CD28 and CD2 (304).  A non-redundant function of Tec in
CD28 signaling and phosphorylation of Dok has also been
reported (305).

5.1.  Other tyrosine kinases in T cells
T cells express several other PTKs, some of

which may play various roles in TCR signaling.  Among
the kinases, the Ca2+-dependent proline-rich kinase Pyk2
appears to be involved in a capacity that resembles that of
focal adhesion kinase (Fak) in many other cell systems,
namely to mediate integrin signaling and regulation of

adhesion (306-308) and phosphorylation of paxillin (309).
Pyk2 is activated by the TCR and CD28 (310-312),
apparently downstream of Fyn (313), and seems to
participate in pathways that lead to IL-2 production (314).

The Jak family PTKs Jak1 and Jak3 are
expressed in T cells and mediate signaling from receptors
for IL-2.  T cells also contain c-Abl, Ack, Ttk, Ctk, and
some receptor PTKs like the insulin receptor and the
receptor for insulin-like growth factor 1.

6.  PROTEIN TYROSINE PHOSPHATASES IN T
CELL ACTIVATION

As we predicted already in 1990 (17), it has now
become evident that several PTPases affect TCR signaling
and T cell activation in a negative manner (13-
16,169,170,315,316). It is clear that these PTPases require
their catalytic activities for this inhibition and that they
inhibit by different mechanisms and at different locations in
the signaling cascades (Figure 2). In addition, several
PTPases do not affect TCR signaling at all, supporting the
notion that PTPases have a high degree of specificity. This
specificity is the combined result of subcellular targeting,
regulation, and intrinsic substrate specificity of the catalytic
domain (reviewed in 14-16).

Subcellular targeting of PTPases is largely accomplished
by the presence of protein-protein interaction domains or
other modules and motifs in the non-catalytic N- or C-
terminal extensions that most PTPases have. These
domains include SH2, ERM, PDZ and Sec14p homology
domains, as well as proline-rich motifs for binding SH3
domains, kinase interaction motifs or signals for retention
in the endoplasmic reticulum. Through these domains, the
PTPases are enriched in compartments that presumably
also contain their physiological substrates. For TCR
signaling, perhaps the most interesting compartment is the
plasma membrane, where the TCR and the Src, Syk, and
Tec family kinases reside when activated and most early
tyrosine phosphorylation events occur. Recent findings
have suggested that specialized domains within the plasma
membrane, the so-called lipid rafts or glycolipid-enriched
membrane domains, act as platforms for TCR signaling by
concentrating key kinases and signaling molecules at the
TCR. It is not yet known if specific PTPases reside in these
domains, or are actively excluded from them, but it seems
likely that such mechanisms add a new element of
specificity and regulation to the PTPases.

The protein modules that direct PTPases to
specific intracellular locations and juxtapose them to their
substrates, also play an additional role, namely as tools for
regulation of the catalytic activity. In isolation, several full-
length PTPases adopt a suppressed conformation with a
much lower phosphatase activity than their catalytic
domains expressed alone. At least in the cases where this
has been studied in some detail, it is clear that the non-
catalytic regions fold onto the phosphatase domains and
block their function. This intramolecular inhibition is
relieved by engagement of the non-catalytic module by its
cognate ligand (e.g. the ligands for the SH2 domains in
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Figure 2. Schematic model for where PTPases are known or suspected to act in T cell activation.  PTPases are in blue, tyrosine
phosphorylated protein in red, and unphosphorylated (on tyrosine) proteins are in gray.  Arrows denote phosphorylation, T-lines
dephosphorylation, other interactions are indicated with simple lines.  Note that most tyrosine phosphorylated proteins do not
presently have a PTPase designated to them in the model, because the identity of the enzyme is unknown.  However, all these
proteins are dephosphorylated by some cellular PTPase in T cells.

SHP1 and SHP2). This mechanism ensures that the PTPase
is only catalytically active when the enzyme is in its
appropriate location and interacts with another protein. This
clearly adds to the specificity of PTPases in vivo.

The past few years have also seen a tremendous
increase in the interest in PTPases as drug targets.
Particularly the lack of SHP1 in motheaten mice (317,318)
and the demonstration that lack of PTP1B augments insulin
receptor signaling (319), have opened many eyes to the
potential of PTPase inhibitors as drugs for the treatment of
human disease.  The known crystal structure of many
PTPases, a convenient colorimetric assay amenable to high-
through-put screening, together with emerging information
on substrate-specificity and regulation, make PTPases ideal
targets for drug development.  These efforts will
undoubtedly benefit from, and synergize with, the advances
in our understanding of the role of PTPases in
physiological and pathophysiological processes, including
the etiology and mechanisms of autoimmunity (13,320).

6.1.  PTPases present in T lymphocytes
An important first step towards the goal of

learning which PTPases are involved in T cell activation or
other relevant aspects of T cell physiology, is the
determination of which PTPases are present in these cells.
We have found (315; unpublished) that T cells express at

least three receptor-like PTPases (CD45, PTPepsilon and
PTPalpha), some15 non-receptor PTPases (HePTP,
TCPTP, SHP1, SHP2, PEP, PTP-PEST, PTP-MEG2,
PTPH1, PTP-MEG1, PTP36, PTP-BAS, PRL-1, PRL-2,
and LMPTP-A and -B) and at least nine dual-specific
PTPases (Pac1, MKP1, MKP2, MKP3, MKP6, MKP-X,
VHR, VHX, hYVH1). Most of these enzymes have not yet
been studied much in T cells. They are expressed at
different levels and are found in different compartments of
the T cell. The subcellular locations of some of these
PTPases are compatible with a role in signal transduction
from the TCR or other surface receptors, while others
presumably play entirely different roles in T cell
physiology (315). The following sections will briefly
review the properties and function of important PTPases in
T cells.

6.2.  Role of CD45 in T cell activation
The purification and cloning of the first PTPase,

PTP1B, in 1990 (321,322), revealed that a well known
glycoprotein expressed on all leukocytes, the leukocyte
common antigen CD45, had a high degree of similarity to
PTP1B (322).  Indeed, it was shown soon thereafter that
CD45 had a readily measurable PTPase activity (323).
Around the same time, Jeanette Pingel and Matt Thomas
found that CD45 was required for the activation of an
antigen-specific T cell clone  (183), and we discovered that
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CD45 spontaneously dephosphorylated and activated Lck
in T lymphocyte plasma membranes (186).  These three
findings together provided the basis for the current
perception that CD45 is an important PTPase that maintains
Src family PTKs in an unphosphorylated state, ready to be
utilized for TCR signaling.  Thus, CD45 sets the threshold
for T cell activation and TCR sensitivity by determining the
amount of Lck and Fyn available for TCR signal
transduction.  This concept has withstood the tests of a
decade of experimentation although new details and some
twists have been added.

CD45 is a transmembrane receptor-like
glycoprotein with two catalytic domains in tandem in its
cytoplasmic tail (324,325).  The extracellular domain forms
a highly glycosylated and slender rod, which is variable due
to alternative splicing of exons 4, 5, and 6 during
processing of the primary RNA transcript.  CD45R0 lacks
sequences encoded by exons 4-6, while the largest isoform,
CD45-RABC, contains them all.  Different T cell
populations and subtypes have different expression patterns
of CD45 isoforms, each individual cell expressing several
isoforms, which presumably have somewhat different
physiological functions.  The functional differences may
reflect variable interactions with other surface proteins,
resulting in enhanced or reduced juxtaposition with other
signaling molecules (e.g. CD4-Lck).  Different isoforms
have distinct effects on the tyrosine phosphorylation of
some signaling molecules, like Vav-1 (326).  However, our
understanding of the alternative splicing of CD45 and its
role in lymphocyte physiology is still rudimentary.

Expression of CD45 is required for TCR/CD3-
induced early tyrosine phosphorylation and enhanced
inositol phospholipid turnover (184) and calcium
homeostasis (327). Although some controversy remains
regarding the preference for specific Src family members,
data from several laboratories agree with the notion that at
least Lck and Fyn are physiologically relevant substrates
for CD45 in vivo (186).  It appears that Lck may be a better
substrate than Fyn, perhaps because the N-terminus of Lck
has a binding affinity for CD45 (328).  The role of CD45 is
also supported by the finding that chimeric receptors
carrying a constitutively active Lck-Y505F mutant can
restore signaling in CD45-negative cells (329), and the
same Lck mutant can rescue the arrest in thymic
development seen in CD45- mice (330).

This purely positive role of CD45 is apparently
counterbalanced by a negative effect on cell adhesion (331)
and the direct dephosphorylation of the zeta subunit of the
TCR (332) and Jak family PTKs (333).  The
dephosphorylation of ITAMs would prevent the association
with the Zap-70 PTK with the receptor complex and the
subsequent activation of Zap-70 by Lck, and thereby
reduce TCR signaling.  This may, at least in part, explain
the contradictory findings obtained with anti-CD45 mAbs,
which can be either stimulatory or inhibitory for T cell
activation.  Similarly, the dephosphorylation of Jak kinases
results in attenuated signaling from cytokine receptors
(333).  CD45 has also been proposed to dephosphorylate
the activating site, Tyr-394, of Lck, but the evidence for
this is not convincing.

The transmembrane nature of CD45, and its
highly glycosylated extracellular domain, have prompted
numerous investigators to ask how such a large molecule
behaves during the contact of a T cell with an APC.  It has
been proposed that CD45 would provide steric hindrance to
TCR - MHC interaction and therefore must be removed
from the contact site (334).  There is some evidence that
may be the case (335).  Furthermore, membrane-associated
Lck is largely found in glycolipid-enriched membrane rafts.
This fraction of Lck is hyperphosphorylated on tyrosine
(presumably at Tyr-505) and has lower catalytic activity
(336).  CD45 is not located in these rafts, suggesting that
only Lck molecules outside of rafts can interact with CD45
to be dephosphorylated at Tyr-505.  The concept of
PTPases being excluded form rafts and the contact area
between the T cell and the APC is very intriguing and
would provide a convenient mechanism for the enhanced
tyrosine phosphorylation that occurs after TCR triggering
despite the overwhelming overall PTPase activity.
However, excluding CD45 does not achieve this objective,
since it is primarily a positive regulator of Src family
kinases and TCR signaling.

6.3.  HePTP - in control of MAP kinases
The hematopoietic protein tyrosine phosphatase,

HePTP (337), also called LCPTP (338), is a ~40-kDa
PTPase expressed in all examined leukocyte populations
and leukemic cell lines.  The first hint of a physiological
role in leukocyte biology was provided by the observation
that the gene encoding HePTP is located on chromosome 1
at q32.1 (339), a site of frequent chromosomal deletions in
leukemias and trisomy in myelodysplastic syndrome
(340,341).  Indeed, alterations in HePTP expression has
been documented in myeloid leukemia (339).  Recent
insights into the function of HePTP fit well with this
proposed role in the regulation of cell growth.

HePTP consists of PTPase domain with an N-
terminal extension that contains a 15-amino acid motif
(kinase interaction motif, KIM) that mediates a specific
interaction with the MAP kinases Erk and p38 (342-344).
Binding of these two kinases does not require
phosphorylation or activation of either enzyme, but places
the activation loop tyrosines of Erk/p38 close to the
activating site of HePTP, leading to a very efficient
dephosphorylation and inactivation of the bound MAP
kinase.  As these kinases play crucial roles in signaling
pathways to IL-2 gene transactivation in T cells, it is not
surprising that HePTP is able to suppress this
transcriptional activation in response to TCR triggering of
T cells (345).  Thus, HePTP apparently is a negative
regulator of T cell activation, and probably of many other
aspects of T cell physiology that depend on MAP kinases,
such as development in the thymus, survival and apoptosis.
Surprisingly, however, mice lacking HePTP have a
minimal phenotype and seem to develop thymocytes and
immune responses with minimal problems, despite
displaying a 2-3 fold hyperactivation of Erk (346).

The exact mechanism by which HePTP is targeted
to the Erk and p38 MAP kinases merits a few words. Physical
interaction occurs mainly through the KIM in the N-terminus
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of HePTP and the back side (i.e. opposite the catalytic cleft
side) of the MAP kinase molecule.  A KIM is also found a two
other PTPases, which also bind Erk and p38 (347).  In the
complex, the catalytic center of HePTP is juxtaposed to the
activation loop of Erk, allowing for a very efficient
dephosphorylation of Tyr-185 in the loop.  This serves to
maintain the bound Erk in an inactive state.  Furthermore, the
complex is apparently arranged so that Erk (if first activated)
can phosphorylate a serine and a threonine in the N-terminus
of HePTP adjacent to the KIM (342).  This phosphorylation
causes dissociation of the complex, allowing Erk to escape.  In
addition, a serine residue within the KIM can be
phosphorylated by cAMP-dependent kinase, also leading to
dissociation of the complex (342).  In resting T cells, the
complex of HePTP and Erk is cytosolic, but enriched near the
plasma membrane (315).  Upon TCR stimulation, some of the
bound Erk molecules are activated by the upstream activator
Mek, enabling them to phosphorylate HePTP, dissociate and
translocate to the nucleus where most of Erk's substrates are
located. HePTP remains cytosolic (315) and presumably serves
as a trap for inactivated MAP molecules that return from the
nucleus.  Thus, a key function of HePTP is to sequester a pool
of MAP kinases and to keep them handy for quick, but
transient, activation.

Once active MAP kinase molecules have escaped
HePTP and translocated to the nucleus, they become targets
for another group of PTPases, the dual-specificity
phosphatases, many of which are highly specialized for MAP
kinases and efficiently remove phosphate from both Thr-183
and Tyr-185 in the activation loop (reviewed in 348).
However, most of these enzymes are not expressed in resting
lymphocytes, but are induced and appear some 30 - 60 min
after TCR triggering.  As a result, MAP kinases have a
“window” of roughly 1 hour to accomplish their TCR-induced
mission. We call this the "sequential phosphatase model". It is
also interesting to note that there are many more phosphatases
that counteract MAP kinase activation than there are MAP
kinases or activators of MAP kinases. Thus, this may be the
first example of regulation being mostly on the phosphatase
side of the equilibrium.

6.4.  SHP1 - mediator of inhibitory signaling
SHP1 (formerly called HCP, PTP1C or SHPTP1) is

expressed at high levels in all cells of hematopoietic lineages,
including T cells.  The first insight into the importance of
SHP1 came from the observation that the motheaten mutation
in mice (349), which is characterized by spotty hairloss (hence
the name) and a number of abnormalities in the function of the
immune system and the phagocytic leukocyte types, is the
result a homozygous loss of SHP1 (317,318). T lymphocytes
from these mice are hyperresponsive to TCR stimulation (350),
suggesting that some aspect of T cell activation is negatively
regulates by SHP1.  At least part of this function is mediated
through a direct dephosphorylation of the Zap-70 and Syk
(351), and perhaps also dephosphorylation of Lck (352,353).

It appears that all physiologically significant
functions of SHP1 in hematopoietic cells are regulated by a
class of inhibitory surface receptors, which possess the so
called ITIM (immunoreceptor tyrosine-based inhibitory
motif) (354-357).  Upon ligation of these receptors by their

ligands, which typically induces their juxtaposition to
activating receptors, the ITIM motif is phosphorylated by
Lck or Fyn, and then recruits the tandem SH2 domains of
SHP1 in a manner that is very similar to the recruitment of
ZAP-70 to ITAMs in the TCR complex.  This mechanism
not only serves to juxtapose SHP1 to its target molecules,
but also activates SHP1 as much as 100-fold (358,359).  At
present, little is known about ITIM-containing receptors in
T lymphocytes, while numerous such receptors are known
in B cells and NK cells (reviewed in 14,356,357).  The
biology of ITIM-containing receptors is a new and
promising field of study, which is likely to shed more light
on the function of SHP1 and the dampening of immune
responses.  The autoimmune syndrome resulting from loss
of SHP1 in the motheaten mouse, also sets a strong
precedence for a possible role of disturbances in the ITIM-
receptor/SHP1 system in human autoimmune conditions.

6.5.  SHP2 in T cell activation
Despite their structural similarity, SHP1 and

SHP2 have different, sometimes even opposite,
physiological functions (reviewed in 14-16).  In many
systems, SHP2 seems to behave mainly as a positive
regulator of signals leading to activation of the MAP kinase
pathway (360,361).  The mechanism of this positive role
remains unclear, but seems to involve the
dephosphorylation of a Gab2 associated negative regulator
of the MAP kinase pathway.  Initial reports suggested that
tyrosine phosphorylation of SHP2 in its C-terminal tail was
responsible for enhanced recruitment of Grb2 to the
membrane and thereby translocation of Sos and activation
of Ras (362,363).  Although this mechanism may operate
under some circumstances, there is compelling evidence
that tyrosine phosphorylation of SHP2 is not important for
the enhancement of MAP kinase activation (360; our
unpublished observation).

In T lymphocytes, SHP2 has been reported to
become phosphorylated on tyrosine upon TCR triggering
(364) [although negative results have also been published
(365)] as well as after addition of IL-2 (366).  It was also
recently shown that expression of SHP2 augments TCR-
induced MAP kinase activation (367) albeit to a relatively
small extent.  An earlier report from the same group found
a 110-120 kDa protein that was tyrosine phosphorylated
upon TCR stimulation and co-immunoprecipitated with
SHP2 from Jurkat cells (365).  In our hands, SHP2 also
affects the survival of Jurkat T cells, suggesting that the
effects of SHP2 on the MAP kinase pathway in these cells
may, at least in part, reflect differences in cell viability
between transfectants.

Several papers have suggested that SHP2 plays a
negative role in lymphoid cells by binding to ITIM
sequences that also bind SHP1 and the inositol 5-
phosphatase SHIP.  SHP2 has also been proposed as the
effector molecule for the inhibitory CTLA-4 receptor in
mice (368).  However, the loss of SHP2 is embryonically
lethal and SHP2 is required for the development of
hematopoietic and lymphoid cell lines (369).  It appears
that SHP2 is an important component of signaling from
many growth factor receptors and integrins and that its
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primary role is to augment MAP kinase activation.  The
physiologically relevant substrate(s) for SHP2, however,
remain unknown.

6.6.  PEP - a partner of Csk in suppression of TCR
signaling

The proline-, glutamic acid-, serine-, and
threonine-enriched PTPase PEP (370) is found primarily in
hematopoietic cells, while the closely related enzyme PTP-
PEST (371) is widely expressed.  A third member of this
group, PTP-HSCF, is present mostly in early hematopoietic
stem cells and fetal liver (372-374).  All three enzymes
have been found to form complexes with Csk
(172,375,376), the kinase that inhibits Src family PTKs by
phosphorylating their C-termini (see Chapter 2.5.4),
although their mode of binding varies.  PEP and PTP-PEST
bind to the SH3 domain of Csk through Pro-rich motifs in
their C-terminal noncatalytic regions (172,375), while PTP-
HSCF binds to the SH2 domain of Csk upon tyrosine
phosphorylation (376).  In T cells, most of PEP is found in
complex with Csk (172).

Expression of PEP in Jurkat T cells results in
strong inhibition of TCR-induced transactivation of the IL-
2 gene, immediate early genes like c-fos, MAP kinase and
JNK activation, TCR-zeta phosphorylation and increases
phosphorylation of Lck at Tyr-394 (170).  The catalytic
activity of PEP was required for these effects and co-
expression of Csk augmented them.  In fact, expression of
Csk even augmented the inhibitory effect of PEP in T cells
expressing Lck-Y505F (170), which cannot be suppressed
by Csk.  Thus, in this system, Csk inhibited TCR signaling
by strengthening the function of PEP, presumably by
docking with PAG/Cbp. Taken together, it appears that
PEP and Csk form a cooperative team that utilize PAG/Cbp
to inhibit TCR signaling at a very receptor-proximal step,
most likely at the level of Src family kinase activation loop
phosphorylation (170-172).  Dephosphorylation at this
crucial regulatory point leads to global suppression of the
whole T cell activation response.  Thus, PEP would be an
ideal candidate for a PTPase that may be altered in
autoimmunity or other human diseases.

Although both PEP and PTP-PEST bind to Csk,
they do not seem to have the same functions in cells.
Unlike PEP, PTP-PEST binds to Cas (377,378) and paxillin
(379) and is involved in the regulation of adhesion and
migration of cells. PTP-PEST has been shown to directly
dephosphorylate and inactivate the Pyk2 kinase (380). In
lymphocytes, PTP-PEST dephosphorylates Shc, Pyk2, Fak
and Cas and negatively regulates cell activation (381).

6.7.  PTP-MEG2 - a regulator of secretory vesicles
The 68-kDa PTP-MEG2 (382) is unique among

PTPases in that it contains the newly recognized
phospholipid-binding Sec14p homology domain.  This
domain binds a highly phosphorylated inositol
phospholipid in a manner that positively regulates the
enzymatic activity of PTP-MEG2 in vivo (383;
unpublished).  The Sec14p homology domain is also
responsible for targeting PTP-MEG2 to the enclosing
membrane of secretory vesicles, which in T cells contain

IL-2 and other lymphokines. The function of PTP-MEG2
on these vesicles is apparently to regulate their formation
and size (384), which is important for proper secretion of
their contents.  Thus, PTP-MEG2 does not regulate TCR
signaling events directly, but plays a role in the secretory
response in already activated T cells.  However, the
importance of PTP-MEG2 is not yet clear and no studies
have yet been conducted to address the possible role in
PTP-MEG2 in human disease.

6.8. ERM-PTPases - gatekeepers at the membrane-
cytoskeleton interface

The ERM domain-containing PTPases, often
referred to as the “cytoskeletal” PTPases, are also
newcomers in the T cell activation field.  Four different
enzymes of this group, PTPH1, PTP-MEG1, PTP36/PEZ,
and PTP-BAS are present in T cells and all lymphoid
organs (315).  However, the expression these enzymes
varies in different manners during hematopoiesis and
thymocyte development.  PTPH1 and PTP36/PEZ appear to
be expressed early in development and then decline
(315,385), while PTP-MEG1 is instead present at higher
levels in more mature lymphoid cells (315).

The four enzymes share a common structure
consisting of an N-terminal region with homology to band
4.1 and other cytoskeletal proteins (termed the ERM
domain), a central region often with at least one PDZ
domain, and a C-terminal PTPase domain.  PTP-BAS is
somewhat larger and contains several additional PDZ
domains.  The ERM domains are responsible for directing
these enzymes to the actin cytoskeleton at the cytoplasmic
face of the plasma membrane (316). PDZ domains typically
bind to the cytoplasmic tails of several transmembrane
proteins, as exemplified by the association of PTP-BAS
with the cytoplasmic tail of Fas/CD95 (386), a receptor that
induces programmed cell death.  Similar associations may
be relevant also for other ERM-PTPases in T cells, but
have not yet been reported.  Thus, the ERM-PTPases are
ideally placed for involvement in transmembrane signaling
events. Indeed, expression of PTPH1 and PTP-MEG1 in T
cells, caused a marked decrease in TCR-induced gene
activation and MAP kinase signaling (315,316). In contrast,
PTP36/PEZ had no effect. The inhibition by PTPH1 and
PTP-MEG1 required the presence of both catalytic activity
and the N-terminal ERM domain (315), suggesting that
these enzymes dephosphorylate one or several membrane-
localized signaling molecules.  Although it appears that
TCR signaling was inhibited at a very receptor-proximal
point, the substrates for these PTPases have not yet been
found.  Nevertheless, particularly PTPH1 is among the
most efficient negative regulators of TCR signaling and it
will be interesting to learn exactly how PTPH1 participates
in TCR signaling.

6.9.  PTEN - in control of lymphocyte life and death
The enzyme encoded by the PTEN tumor

suppressor gene has the PTPase signature sequence, but
was recently discovered to mainly dephosphorylate a non-
protein substrate: the D3-position of the inositol ring of
inositol phospholipids (387), including in T cells (388).
Thus, PTEN is the direct antagonist of phosphatidylinositol
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3-kinase (PI3K), an enzyme involved in many important
aspects of T cell physiology, such as TCR signaling, co-
receptor signaling, cytoskeletal rearrangements, motility,
differentiation and cell survival.  In T lymphocytes, PTEN
is found in the cytoplasm, but is enriched at the plasma
membrane (315) where these lipids mostly are located.
Many lymphomas and leukemias have deletions or
mutations in PTEN and typically display prolonged
survival and resistance to receptor-induced cell death.
Since antigen-induced cell death is an important part of the
down-regulation of an immune response, alterations in
PTEN expression or function would be expected to cause
prolonged T cell activation.  Indeed, the Jurkat T leukemia
cell line, the most widely used model for TCR signaling,
has debilitating mutations in both PTEN alleles and
therefore completely lacks PTEN protein (283,389).
Reintroduction of PTEN into Jurkat cells induces a rapid
apoptosis (388), an effect that is counteracted by co-
expression of constitutively active protein kinase B (also
termed c-Akt).  This kinase is normally activated by the
phospholipids that PTEN removes by dephosphorylation.
This and other similar findings suggest that PTEN directly
controls the activity of protein kinase B, a key regulator of
cell survival.  It is likely that reduced PTEN function (e.g.
by heterozygous mutations) will lead to prolonged or
exaggerated immune responses and autoimmunity.

6.10.  LMPTP - a small and peculiar enzyme
The low molecular weight PTPase, LMPTP, is

different from other PTPases in many fundamental respects
(reviewed in 16,390).  Its amino acid sequence only shares
the minimal essential catalytic core residues with other
PTPases, and although the three-dimensional structure of
the catalytic center is very similar to other PTPases, the rest
of the enzyme is completely different.  Unlike other
PTPases, LMPTP is highly conserved through evolution
from yeast to man.  A highly homologous gene is even
found in some prokaryotes.  This suggests that LMPTP is
likely to be involved in the regulation of an ancient and
perhaps fundamental cellular function that predates the
evolution of tyrosine phosphorylation as a mechanism of
intracellular signal relay in single-cell organisms.

The primary transcript of the LMPTP gene
undergoes alternative splicing to yield three mRNAs
encoding different isoforms (390).  The first two proteins
(called fast and slow) are functional, while the C isoform
encodes a smaller (15 kDa) protein devoid of PTPase
activity and of unknown physiological significance (391).
An interesting, and potentially very helpful, aspect of
LMPTP is the marked correlation between allelic
polymorphism in the LMPTP gene and many important
allergic, autoimmune, inflammatory and degenerative
diseases (reviewed in 390).  There are three common
alleles, termed A*, B* and C*, which affect mRNA
splicing and result in different ratios of the two active
isozymes and distinct total LMPTP activity.  Thus each
LMPTP-related disease can be correlated with levels of
either isozyme or total LMPTP phosphatase activity.  These
studies also indicate that LMPTP has an important function
in normal cells, including lymphocytes.

We have tried to elucidate the function of
LMPTP in T cells, where it is found mostly at the
cytoplasmic face of the plasma membrane (315).  Despite
this preferential location, LMPTP was recovered
exclusively in the soluble fraction after ultracentrifugation,
indicating that it does not associate stably with membrane
proteins or cytoskeleton structures (315).  Furthermore,
LMPTP is phosphorylated on two tyrosine residues in
resting T cells and is dephosphorylated (perhaps by itself)
after TCR triggering (392).  Expression of LMPTP also
augmented TCR-induced reporter gene activation (315), an
effect that may be mediated through dephosphorylation of
the negative regulatory Tyr-292 of ZAP-70, resulting in
hyperactivation of ZAP-70 and increased activation of
MAP kinase (393).  It is not yet clear if this is the principal
function of LMPTP in T cells.

7. INITIATION OF THE TCR SIGNALING
CASCADE

It is generally agreed that a key initiating event in
T cell activation by antigen is the increased
phosphorylation of ITAM tyrosines in TCR subunits by Src
family kinases.  How the TCR couples antigen recognition
to this phosphorylation, however, is far from clear.
Proposed models include juxtaposition of Lck to the TCR
mediated by CD4 or CD8 (67,74-76,78), increased local
concentration of kinases and substrates following receptor
oligomerization, or a lipid raft-mediated enrichment of
kinases and their substrates together with the exclusion of
PTPases.  Although many results agree with each of these
models, there is ample evidence that none of these models
is sufficient by itself.  A central question is whether ligation
of the TCR by MHC plus a peptide antigen induces a
conformational change in the TCR/CD3 complex.  No
direct evidence exists to support this notion.  Instead, most
researchers believe that MHC-induced redistribution and
clustering of TCRs in the plane of the membrane is the
critical event that induces signaling.  The molecular
mechanisms, however, remain unclear.  Most importantly,
the functional connection between TCR ligation and the
action of the Src family PTKs Lck and Fyn is unknown.
Nevertheless, it is widely accepted that activation of these
kinases is the key consequence of TCR triggering.

7.1.  ITAM phosphorylation by Src family PTKs
In vitro, both Lck and Fyn can phosphorylate

ITAM tyrosines of the zeta chain, but they do not
phosphorylate all residues equally well (our unpublished
observation).  Fyn seems to phosphorylate only one site
with high affinity, while Lck readily phosphorylates four or
five of the sites. In Lck-deficient cell lines, such as the
Jurkat T cell derivative JCaM1, TCR triggering results in a
minimal (but detectable!) zeta chain phosphorylation, some
Zap-70 recruitment, but no Zap-70 phosphorylation
(256,394-396).  A normal zeta phosphorylation and Zap-70
response is restored upon re-expression of Lck (394).
Thus, it seems that Lck is the kinase responsible for much,
if not all, of the ITAM phosphorylation that follows TCR
triggering in T cells. Fyn may catalyze some ITAM
phosphorylation in the absence of Lck, but is largely unable
to compensate for the loss of Lck.  It has been reported that
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Syk also can phosphorylate ITAMs (257), but this is
probably of relatively minor importance in most T cell
populations due to their very low or undetectable levels of
this kinase.  It is not impossible that some other kinase(s)
participate in ITAM phosphorylation in an Lck-dependent
manner.

It was recently proposed that the tyrosines of the
zeta-chain ITAMs are phosphorylated in a specific
sequence: B1 - C2 - A2 - B2 - A1 - C1 (397), where A, B,
and C refer to the three ITAMs from the N-terminus
towards the C-terminus, and 1 and 2 are the first and
second tyrosines within each ITAM.  This order has been
contested (398), but the paper does imply that some degree
of organization and hierarchy does exist.  A specific
sequence of phosphorylation could be achieved by a
combination of two mechanisms: first, if singly
phosphorylated ITAMs serve as docking sites for the SH2
domains Src-related kinases, as has been proposed (399-
401).  Second, if more than one kinase is involved.  Thus,
when the first tyrosine of an ITAM is phosphorylated, a Src
family PTK may bind via its SH2 domain to the
phosphorylated site.  This may place the kinase domain
close to the next tyrosine and thereby facilitate its
phosphorylation.  Binding would also be expected to free
the kinase from an auto-inhibitory conformation due to
disruption of the association of its SH2 domain with the
phosphorylated C-terminus.  Alternatively, ITAMs may
selectively bind only activated forms of Src kinases, where
the SH2 domain is already free.  Both tyrosines within each
ITAM motif represent a reasonable Src SH2 domain-
binding motif.  It may important that these motifs do not
match exactly the best possible binding sequence PTyr-
Glu-Glu-Ile (192), and therefore would bind with
somewhat lower affinities.  Thus, it would be expected that
Zap-70 would readily compete out any Src family PTKs
from ITAMs as soon as the second tyrosine is
phosphorylated.

It seems clear that TCR dimerization or
oligomerization is important for initiation of signal
transduction, but on a molecular level it is far from clear
why a cluster of 20 ITAMs (carried by 2 TCRs) would
initiate signaling where 10 ITAMs on one TCR does not.
Similarly, chimeric molecules carrying the intracellular
region of zeta (with three ITAMs) require crosslinking to
signal even if these chimeras already exist as dimers.
Perhaps the PTKs involved in the very first
phosphorylation event can only phosphorylate another
juxtaposed receptor, as in the case of most growth factor
receptors.  The association of Fyn(T) in T cells (and both
Fyn and Lyn in B cells) with unphosphorylated ITAMs
through a somewhat undefined mechanism (229) may
imply that Fyn is involved in this initial event.  This model,
however, is insufficient since TCR function seems to be
largely unperturbed in Fyn-/- mice (83,84).  The notion that
receptor oligomerization creates regions in the plasma
membrane with a higher concentration of ITAMs that
increase the efficiency of phosphorylation by Lck is also
insufficient to explain the experimental data.  In this case,
signaling would be linearly correlated with the size of TCR
surface caps and therefore much slower than what is
observed.

7.2.  Which PTPase dephosphorylates the ITAMs?
It appears that the ITAM phosphates are rapidly

turned over in intact T cells since high levels of phosphate
occupancy is rapidly induced by PTPase inhibitors like
pervanadate (our unpublished observation).  Thus,
increased ITAM phosphorylation following TCR triggering
could be achieved by elevated rates of phosphorylation,
reduced dephosphorylation, or a combination of both.
There is evidence that CD45 may be involved in zeta chain
dephosphorylation (332).  It has also been proposed that
SHP1 catalyzes this reaction (350,353), but the evidence
for a direct effect is lacking.  It is likely that the main
responsibility for zeta dephosphorylation is carried by
another, unidentified PTPase.

7.3.  Consequences of ITAM phosphorylation
It seems that the main purpose of ITAM

phosphorylation is to create docking sites for the tandem
SH2 domains of Zap-70 and perhaps also Syk.  Since these
motifs are sufficient to transduce seemingly complete
activation signals by themselves when introduced into
chimeric transmembrane proteins that can be oligomerized
by extracellular stimuli, e.g. mAbs (402,403), it appears
that their phosphorylation is sufficient for induction of a
biological response.  This notion is supported by
experiments with cytotoxic T cells transfected with
chimeric constructs bearing Src or Syk family kinases as
their intracellular region and CD7 and CD16 as
extracellular and transmembrane parts, respectively (8).
Crosslinking of chimeras containing Syk, or co-
crosslinking of a chimera of Zap-70 with a chimera having
a Src family kinase, caused T cell activation and
cytotoxicity.  In contrast, crosslinking of Lck or Fyn
chimeras had little effect (8). Thus, it seems that, by having
Zap-70 and Syk already bound, these constructs completely
bypassed the need for ITAM phosphorylation.

As shown by peptide binding and competition
experiments, the binding affinity of the two tandem SH2
domains of Zap-70 for the doubly phosphorylated ITAMs
is in the low nanomolar range (233,254), which is well
within a physiologically relevant range.  Currently, no other
signaling molecule is known to bind to doubly
phosphorylated ITAMs with affinities even close to those
of Zap-70.  In contrast, singly phosphorylated ITAMs have
a low affinity for Zap-70 and cannot (at least by this
mechanism alone) recruit Zap-70.  In resting T cells, some
of the ITAM tyrosines may be phosphorylated at an easily
detectable level, but the ITAMs generally do not contain
more than one phosphate. Thus, efficient Zap-70
recruitment occurs only after the later steps of sequential
phosphorylation.

Even if most of the published work has focused
on the zeta-chain, it seems that the solitary ITAMs of the
CD3gamma, -delta, and -epsilon chains fulfill a very
similar function; they become phosphorylated and recruit
Zap-70 in what appears to be an identical manner.
Nevertheless, it has also been proposed that these chains
generate signals that are qualitatively distinct (404,405) and
lead to the downstream tyrosine phosphorylation of a
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distinct, but overlapping, spectrum of proteins.  This
finding has not been satisfactorily explained.

7.4.  Multiple ITAMs - redundancy, amplification or
sensitivity?

Since the most common form of the TCR
complex is composed of two dimers of the CD3 subunits
(epsilon-delta and epsilon-gamma) and a zeta-zeta dimer,
there are 10 ITAMs in each receptor complex.  Why does
the receptor need so many functional motifs?  At least two
hypothesis have been proposed to answer this question.
First, multiple ITAMs may serve to amplify the level of the
signal.  In support of this notion, all three doubly
phosphorylated zeta ITAMs readily bind Zap-70 in vitro
forming a 1:3 complex (406).  Thus, the fully
phosphorylated zeta-zeta dimer in a TCR complex may
bind as many as six Zap-70 molecules, and the CD3
subunits four more.  If the ITAMs simply serve to amplify
the signal, it may well be that the motifs are functionally
redundant and readily substitute for each other.  Indeed, in
chimeric molecules, the intensity of the signal generated by
oligomerization correlates fairly well with the number of
ITAMs present in the cytoplasmic tail (407).  Peptide
binding studies also demonstrate that all ITAMs bind Zap-
70 with very similar affinities (233).  ITAMs are also
exchangeable in inducing apoptosis in double positive
thymocytes or stimulation of single positive cells (408).
Under physiological conditions T cells often encounter
antigens of low affinity or abundance and it may be
important for the TCR to be able to augment signaling by
using multiple ITAMs and recruit up to ten Zap-70
molecules per receptor.

A second explanation for the presence of multiple
ITAMs in the TCR complex is that they are functionally
different in some way.  The amino acid sequences of the 6
different ITAMs are far from identical.  In fact, there are
some potentially important differences in the nature of the
two amino acids at positions +1 and +2 relative to the
tyrosine and the leucine or isoleucine (at +3) in each
ITAM.  Such differences are likely to result in different
affinities for various SH2 domains for these sites.  In
addition, there are differences in the number and placement
of acidic residues, which have an important impact on the
phosphorylation of adjacent tyrosine by PTKs, and some
ITAMs contain proline residues that may kink the
polypeptide backbone.

It is not entirely clear whether the ITAMs only
bind Zap-70 in intact T cells.  A number of other signaling
molecules with SH2 domains, such as Grb-2, RasGAP, PI
3-kinase, PLC-gamma1, Shc, SHIP and Src family PTKs
have been shown to bind (401,409-411), but in general with
lower affinities.  In addition, at least the zeta-chain
associates with components of the cytoskeleton in a
phosphorylation-dependent manner.  Interestingly, some of
these molecules bind reasonably well to singly
phosphorylated ITAMs, which bind poorly to Zap-70, and
some show more selectivity for the different ITAMs.  For
example, the binding of the TCR complex to a detergent
insoluble cytoskeletal matrix is dependent on the most C-
terminal ITAM of TCR-zeta (412,413).  Shc may bind

preferentially to the most N-terminal ITAM of zeta (414).
In B cells, BCR ITAMs have also been reported to show
different avidities for SH2 domains (401).  In the case of
the Fc-epsilonRI complex, Src family kinases show greater
specificity in binding to the ITAM of the beta chain, while
Syk preferentially binds the gamma chain (415).  In
general, it seems that doubly phosphorylated ITAMs bind
Zap-70 (or Syk) with such a high affinity that other SH2
domain-containing signaling molecules are unable to
compete for binding to any significant extent.  However,
the situation is likely to be quite different when ITAMs are
monophosphorylated.  Thus, if the phosphorylation of
ITAM tyrosines in the TCR complex proceeds in specific
sequence, it is possible that some molecules bind
transiently at earlier steps, but are replaced by Zap-70 upon
addition of a second phosphate within the ITAM.  This
notion begs the questions: To what stoichiometry are the
individual ITAM tyrosines phosphorylated under
physiological conditions? And, do alterations in this
stoichiometry correlate with the biological outcomes of
TCR triggering?

7.5.  Partial TCR-zeta phosphorylation and T cell
anergy

It has recently been observed that the degree to
which ITAMs are phosphorylated does indeed vary and that
this appears to correlate with different TCR signaling and
radically different T cell responses. Unlike growth factor
receptors, the TCR complex is not a simple binary on-off
switch.  Instead, the recognition of peptide in the groove of a
MHC molecule is a delicate balancing act that can result in
radically different responses ranging from survival in a resting
state, to the induction of anergy, partial activation or full
activation, which may lead to proliferation or cell suicide.  The
type of response depends on the avidity of peptide binding, on-
off rates and degrees of receptor aggregation.

While unphosphorylated TCR-zeta is
approximately 16 kDa, a one-dimensional SDS PAGE
often resolves phospho-zeta into two Mr species of 21 and
23 kDa, the latter presumably corresponding to fully or
nearly fully phosphorylated zeta.  Under optimal conditions
of TCR triggering, the 21-kDa form first increases rapidly
and then the 23-kDa form appears, presumably reflecting
the additive effects of increasing numbers of phosphate
moieties. Under conditions that fail to cause T cell
activation and instead induce a state of unresponsiveness
referred to as T cell anergy, the 21-kDa form of zeta
increases to a variable extent, but the most highly modified,
23-kDa form fails to appear (416-418).  Since this
resolution of phospho-zeta only into two Mr forms is far
from actually visualizing the 6 different phosphorylation
states (assuming that the location of the phosphate is
irrelevant), it is not to be expected that this phenomenon
will correlate perfectly with functional outcome.

The conditions that induce anergy generally
represent stimulation with peptides that bind to MHC with
good affinity, but are low to intermediate affinity ligands
for the TCR.  In molecular terms, this also means that the
off-rate is relatively high and that each individual TCR is
bound by peptide/MHC ligand for a shorter amount of time
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following each binding event.  Assuming that the tyrosines
of the ITAMs of zeta are indeed phosphorylated in an
ordered sequence (397), it is clear that this ordered
phosphorylation must require a certain amount of time and
that it must be rapidly reversible in the opposite order
(otherwise it could not be observed!).  If this assumption is
correct, then engagement of an individual TCR by a high-
affinity agonist results in the sequential and time-dependent
transition of the zeta subunit from a low phosphorylation
state through discrete intermediate steps to a fully
hexaphosphorylated state.  When the fourth phosphate is
added, one ITAM becomes doubly phosphorylated and
capable of recruiting one Zap-70 molecule.  Similarly,
when the fifth and sixth phosphates are added, the second
and third Zap-70 can be recruited.  We also assume that the
recruitment of Zap-70 and, perhaps more importantly its
phosphorylation at the activating site, Tyr-493, which
perhaps must be preceded by phosphorylation at Tyr-319,
also must require a certain amount of time.  Importantly, in
the case of TCR triggering by an agonist, the TCR remains
ligated for a sufficiently long time for all these multiple
steps to occur.  In contrast, when the TCR is engaged by a
somewhat lower affinity ligand, the average time that each
TCR remains ligated is shorter than the time required for
completion of the stepwise phosphorylation of the ITAMs,
Zap-70 recruitment and activation.  Such peptides will
induce what seems like a partial signaling response with an
increase in zeta phosphorylation and accumulation of the
21-kDa form of phospho-zeta, but fail to complete the
phosphorylation sequence (and hence to generate 23-kDa
phosphozeta). The recruitment of Zap-70 may proceed to
some level, but there is no phosphorylation and activation
of Zap-70.  Importantly, however, an engagement of the
TCR that lasts a shorter amount of time, can be repeated
sooner than a longer lasting one.  This can result in a higher
accumulation of the 21-kDa form of zeta and create the
impression of a qualitatively different signal.

Even if many details are uncertain at this time,
the above model makes a number of predictions which are
compatible with published observations.  More importantly
perhaps, many of these predictions can be tested
experimentally.  For example, the model predicts that there
are intermediate affinity ligands or conditions that may
induce a high level of zeta phosphorylation, but fail to
induce sufficient Zap-70 phosphorylation for a full
biological response.  This has been observed for example in
thymocytes where inactive Zap-70 constitutively associates
with a highly phosphorylated zeta (419).

7.6.  The role of CD4 and CD8 in the initiation of T cell
activation

Under physiological conditions, T cell activation
results from the contact of a T cell with an APC bearing
antigenic peptide fragments complexed with self MHC
molecules, as well as ligands for co-stimulatory receptors
expressed on the responding T cell.  While the recognition
of antigen/MHC by the TCR is crucial for establishing a
contact between the two cells, referred to as an immune
synapse, the contact is stabilized by several other ligand -
receptor pairs, such as the CD4 and CD8 co-receptors,
which bind to non-polymorphic regions of the same MHC

molecules. On the T cell, other important molecules include
CD2, CD28, and several integrins.  However, none of these
interactions are productive unless the TCR is engaged.

It is generally believed that the juxtaposition of
the TCR with the CD4 and CD8 co-receptors facilitates the
initial event of TCR signaling, namely the phosphorylation
of the tyrosines of the ITAMs of the TCR signaling
subunits by the Lck bound to CD4 or CD8 (67,74-76,78).
This notion is supported by a wealth of data, but there are
also a few papers that hint at a somewhat more complicated
reality.  It is clear that antibody-induced CD4 co-ligation
with the antigen-receptor complex potentiates the T cell
responses and concordant zeta phosphorylation, that CD4
and CD8 function as co-receptors require their association
with Lck (420-423), and that antibody-induced
sequestering of CD4 or CD8 away from the TCR reduces
TCR signaling (424).  CD4 and CD8 are clearly of
importance under physiologic conditions of T cell
stimulation by low concentration of antigen (425).
However, it is far from clear that CD4 and CD8 are the
active partners that provide the driving force to pull Lck to
the vicinity of the TCR.  In fact, there is evidence that Lck
mediates CD4 association with the TCR (426) and that the
SH2 domain of Lck is required (427).  Thus, it appears that
Lck can be attracted to the TCR and brings CD4 or CD8
with it to strengthen the complex and cell-cell interaction.

Although most mature alpha/betaTCR+ T cells
require the presence of the CD4 and CD8 co-receptors for
an optimal response to antigen, there are CD4-8- T cells,
which respond to antigen or mAbs against the TCR or
CD3.  A prime example is the most widely used model for
TCR signaling, the Jurkat T leukemia cell line, which usually
is CD8-negative and either has a very low level of CD4 or is
CD4-negative.  Nevertheless, these cells are among the most
easily triggered T cells, perhaps due to their high expression of
Lck.  It is clear in these cells that Lck actively participates in
TCR signaling in a manner that is completely independent of
CD4 or CD8.  Even if these cells are abnormal, they provide
an undeniable contradiction to the dogma that CD4 or CD8
initiate T cell activation by bringing in Lck to the TCR.  Thus,
there must be an alternate mechanism for initiation of the
tyrosine phosphorylation cascade. This other mechanism may
naturally operate in normal T cells as well also when Lck is
bound to CD4 or CD8.

7.7.  Role of lipid rafts in TCR signaling
A new development that has met with great

enthusiasm in the field, is the discovery of specialized
aggregates within the plane of the plasma membrane, the so
called lipid rafts or glycolipid-enriched microdomains
(87,90-92).  These detergent-insoluble regions consist of
cholesterol, sphingolipids and proteins anchored by
saturated fatty acids and glycosylinositol lipids.  Some
signaling molecules, like LAT, are almost exclusively
located in these lipid rafts (93,95,428), while others, such
as Lck and Fyn, are there to a variable degree or in a
regulated manner.  In a resting T cells, the TCR is not
contained within lipid rafts, but upon TCR triggering the
receptor becomes surrounded and apparently embedded in
these rafts (429).  During contact of a T cell with an APC
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(335), the contact area (immune synapse) between the two
cells becomes enriched in lipid rafts, which can be
visualized by fluorescein-labeled cholera toxin.  The
molecular mechanism of lipid raft movement to the
immune synapse is unknown, but appears to involve the
actin myosin cytoskeleton (430).

The charm of lipid rafts is that their accumulation
around the ligated TCRs provides a mechanism for a strong
enrichment of Lck and Fyn and their immediate substrates
(90-95).  By extension, the model also predicts that
inhibitory molecules, such as PTPases, are excluded from
the 'hot spot' of TCR signaling (336,431).  However, the
dilemma of how TCR initiates ITAM phosphorylation is not
solved by including lipid rafts into the model of TCR function.
There is also very little evidence for exclusion of endogenous
PTPases.  Nevertheless, it seems that lipid rafts do play a
positive role and may be very important for the stabilization
and maintenance of an optimal TCR signaling machinery.

7.8.  Nonredundant functions of Fyn(T)

A long-standing, and still unanswered, question
in TCR signaling is the relative roles of Lck and Fyn.
While Lck clearly has unique functions during thymic
development (85), it is far from clear to what extent Lck
and Fyn are responsible for overlapping or unique functions
in mature T cells.  The issue is complicated by the typically
somewhat lower expression of Fyn in most T cell lines.
The presence of c-Yes, which is closely related to Fyn, in
most T cells also compromises the interpretation of
findings in fyn-/- mice, in which TCR signaling was only
modestly affected (83,84).  Overexpression of Fyn
correlated with enhanced Ca2+ influx and proliferation (82).
By contrast, expression of the dominant negative form of
kinase-inactive Fyn inhibited these events.  However, it
may well be that kinase-inactive Fyn also competed with
endogenous Lck and it may well be that overexpression of
any Src family kinase would enhance TCR signaling.

Perhaps the only direct comparison between Lck
and Fyn under similar circumstances were experiments
using the Lck-negative and Fyn-low Jurkat subline JCaM1
stably transfected with Lck or Fyn (432).  In clones that
expressed equal levels of either kinase, the TCR induced a
very different set of tyrosine phosphorylation events.
Interestingly, TCR-zeta phosphorylation was weaker and
only reached the 21-kDa level in JCaM-Fyn cells, while the
23-kDa form readily appeared in the Lck-expressing cells.
Fyn also failed to support Zap-70 phosphorylation and
activation, but induced a normal Vav phosphorylation.
Thus, Fyn was able to mediate a more restricted set of
events similar to those seen in T cell challenged with
altered peptide ligands (433).  In agreement with this
notion, such peptides induce activation of Fyn, but not Lck.

Another line of investigation that supports a
nonredundant role for Fyn in TCR signaling is the
identification and cloning of Fyn-specific substrates, such
as FYB (434) and SKAP55 (435).  The former protein was
also cloned under the name SLAP-130 (436) and seems to
be important for TCR signaling to integrins (437),
suggesting a possible role for Fyn in this pathway.

7.9.  Does Syk participate in T cell activation?
Although the model of T cell activation that

begins with phosphorylation of the zeta chain by Lck
(plus Fyn?), followed by Zap-70 recruitment and
activation, is well established by numerous studies, the
possible role of Syk is much less clear.  Most mature T
cells express Syk although the amount of Syk protein is
much lower than the amount of Zap-70 protein.
However, since the specific activity of Syk may be as
much as 100-fold higher than that of Zap-70, the lower
level expression of Syk may not exclude its participation
as a first glance may suggest.  It has also been debated
whether Syk is redundant with Zap-70, or acts in a
different manner either upstream of Lck, in parallel with
Lck or in some combination of these. These issues are
discussed above in section 3.2.

Zap-70 and Syk can substitute for one another
in some cells, such as Syk-negative chicken B cells
(231).  On the other hand, in the Lck- and Syk-negative
JCaM1 cells, function can be restored with either Lck or
Syk, but not with Zap-70 (256).  In certain CD45- cells,
Syk can mediate TCR responses, while Zap-70 cannot
(438).  Thus, it seems likely that in CD4-8- cells,
particularly in some gamma/delta T cells, Syk may
substitute for the combination of Lck and Zap-70 in
TCR signaling.  Since even low levels of Syk are easily
activated by receptor crosslinking, these cells may have
a low threshold for activation by antigen.

8.  SUBSTRATES FOR KINASES AND PHOSPHATASES:
ENZYMES, ADAPTERS AND DOWNSTREAM
SIGNALING PATHWAYS

Numerous tyrosine phosphorylation events
follow the triggering of the TCR and the mobilization of
the PTKs discussed above.  Some of these
phosphorylation reactions are unique to T cells or
lymphoid cells, while others are more or less generic to
the activation of any mammalian cell.  The increased
phosphorylation of PTK substrates leads to the
activation of many signaling pathways, morphological
changes, and enhanced integrin function.  Signaling
pathways initiated by tyrosine phosphorylation include
Ca2+ mobilization and influx, the activation of the small
GTP-binding proteins Ras, Rac, and Rho, the activation
of serine kinase cascades, activation of lipid kinases,
cytoskeletal rearrangements and phosphorylation of
integrins to enhance their avidity for extracellular
ligands. Major challenges in T cell biology are to define
the exact contribution of each signaling protein to the
pleiotropic T cell activation response, as well as the
spatiotemporal parameters that govern the dynamic
interactions of individual proteins with multimolecular
signaling complexes in activated T cells.

Over the past several years, considerable progress
has been made in this area with the identification of an
array of immune cell-restricted adapters (reviewed in
439,440).  These adapters lack enzymatic or transcriptional
domains, but have multiple motifs and domains
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Figure 3. Domain structure of substrates for tyrosine phosphorylation and adapters that interact with them.  The location of
domains and tyrosine phosphorylation sites are approximate only, and not all reported sites of phosphorylation are indicated.

involved in association with other proteins.  With the
potential to create various combinations of multi-protein
complexes, they  appear to integrate signals and to
coordinate the interplay between signaling molecules and
pathways.  Adapters include LAT (linker for activation of T
cell), SLP-76 (SH2-domain-containing leukocyte protein of
76 kDa), FYB (Fyn(T)-binding protein)/SLAP (for SLP-76-
associated protein), SKAP55 (Src-kinase-associated protein
of 55 kDa), the 3BP2 protein, Shc, Grb2 and others.  In
addition, some enzymes (e.g. PI3K) have adapter subunits
that participate in orchestrating protein-protein interactions.
The schematic structures of many PTK substrates and
adapters are shown in Figure 3.

8.1.  PLC-gamma1
A key substrate for the TCR-coupled PTKs is the

gamma 1 isoform of phospholipase C (PLC-gamma1).
TCR engagement provokes rapid increases in both the
tyrosine phosphorylation and the catalytic activity of PLC-
gamma1 (51,54-56).  The activated enzyme hydrolyzes
phosphatidylinositol-4,5-bisphosphate to IP3 and
diacylglycerol (see section 1.1).  These metabolites act as
second messengers to stimulate the release of Ca2+ from
intracellular stores and activate PKC,  respectively (33).
The increase in the intracellular free Ca2+ concentration
plays crucial roles in the induction of numerous T cell
activation-associated responses  (441,442).  A pivotal target

of the Ca2+ signaling pathway is NFAT, a transcription
factor that regulates the expression of several T cell
activation-associated genes, including the gene for IL-2
(443).  The importance of the [Ca2+ ]i increase during the
early stages of T cell activation has raised considerable
interest in the mechanism whereby the TCR activates PLC-
gamma1, as well as the interactions of PLC-gamma1 with
other components of the TCR-linked signaling machinery.
Mammalian cells express at least 10 different PLC family
members, which are grouped into three subfamilies, beta,
gamma, and delta (444-446).  The PLC-gamma subfamily
contains two members,  PLC-gamma1 and -gamma2, both
of which bear structural motifs that confer regulation by
PTKs.  PLC-gamma1 is widely expressed in mammalian
tissues, while PLC-gamma2 expression is largely restricted
to hematopoietic and lymphoid lineage cells (447,448).
Among lymphoid cells, T cells express predominantly
PLC-gamma1, while NK and B cells express PLC-gamma2
in amounts similar to or greater than those of PLC-gamma1
(449).  Although some evidence suggests that the two PLC-
gamma isoforms are subject to different modes of
regulation (450,451), the functional significance of PLC-
gamma1 versus PLC-gamma2 activation in various
lymphoid sub-populations remains unclear.

PLC-gamma1 is largely responsible for the
increase in phosphatidylinositol hydrolysis induced by
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stimulation of receptor tyrosine kinases (444), as well as
multichain antigen receptors, which lack intrinsic PTK
domains but employ nonreceptor PTKs as proximal
signaling elements (51,55,56).  Targeted disruptions of both
plcg1 alleles in mice result in early embryonic lethality,
indicating an essential role for this enzyme during
development (452).  The lethal consequences of plcg1 gene
disruption have so far precluded analyses of the signaling
functions of PLC-gamma1 in developing thymocytes or
mature peripheral T cells in vivo.  However, the availability
of a plcg1-/-DT40 chicken B-cell line has allowed some
valuable insights into the regulation and function role of
PLC-gamma1 during B-cell antigen receptor (BCR)
stimulation (453).  A common structural feature of the
PLCs is a split catalytic domain comprised of conserved X
and Y subdomains.  According to current models, PLC
activation hinges, in part, on a conformational change that
juxtaposes the X and Y subdomains to create a contiguous
catalytic domain (445,446,454).  In the PLC-gamma
subfamily, the X and Y domains are separated by the SH
region, a stretch of approximately 500 amino acids that
encodes two SH2 domains and one SH3 domain.  The dual
SH2 domains permit PLC-gamma recruitment to specific
phosphotyrosine-containing target sequences (132), which
not only positions the enzyme for phosphorylation by
membrane-associated PTKs, but also allows associations
with other cytoplasmic signaling proteins.  On the other
hand, the SH3 domain may mediate associations between
PLC-gamma1 and proline-rich motifs found in c-Cbl (455),
as well as cytoskeletal proteins (456).  In addition to its role
in the regulation of PLC-gamma1 catalytic activity
(457,458), the SH region may allow PLC-gamma1 to act as
a scaffold for the assembly of multimolecular signaling
complexes during TCR signaling.

Stimulation of the platelet-derived growth factor
(PDGF) receptor (459) or TCR (54) triggers the rapid
phosphorylation of PLC-gamma1 on at least three tyrosine
residues.  Studies performed with PDGF-responsive cells
indicated that phosphorylation of Tyr-783 is essential for
activation of PLC-gamma1, while phosphorylation at a
second site, Tyr-1254, was needed for maximal stimulation
of phosphoinositide breakdown by PDGF (459).
Interestingly, a third Phe substitution, at Tyr-771, actually
increased the PDGF-dependent activation of PLC-gamma1
in these cells.  The mechanisms through which these
phosphorylation events modulate the activities of the
catalytic X and Y domains have not been defined.

The biochemical events that link TCR stimulation
to the phosphorylation and catalytic activation of PLC-
gamma1 are only partially understood.  Results obtained
with genetically deficient Jurkat T cell lines and gene-
targeted mice indicate that optimal tyrosine
phosphorylation of PLC-gamma1 requires the concerted
activities of Lck, ZAP-70, and Itk (or Txk/Rlk)
(246,295,394).

Moreover, studies performed with LAT- (95,460)
or SLP-76- (461) deficient Jurkat T cell lines indicate that
both of these adapter proteins are needed for optimal
coupling of these upstream PTKs to PLC-gamma1.

Although the sequence of events that leads to PLC-gamma1
activation remains unclear, both the amino- and carboxyl-
terminal SH2 domains are required for phosphorylation and
activation of the enzyme during PDGF receptor (462) or
BCR stimulation (453).  In addition to mediating
associations with phosphotyrosine-containing proteins, the
more C-terminal PLC-gamma1 SH2 domain binds to
phosphatidylinositol-3,4,5-trisphosphate, which suggests
that this region might also receive a regulatory input from
phosphoinositide 3-kinase (463,464).

8.2.  LAT
Following its activation by TCR engagement,

Zap-70 phosphorylates LAT and SLP-76, two key adapter
proteins for coupling the TCR to downstream signaling
pathways.  LAT (previously termed pp36) is a
transmembrane type III surface protein with a small
extracellular region attached to an extended cytoplasmic
tail that contains nine tyrosine residues conserved between
humans and mice (465,466).  LAT contains two cysteine
residues in the amino-terminal end that serve as
palmitylation sites, targeting the protein to glycolipid-
enriched microdomains in the cell membrane. LAT is
expressed exclusively in hematopoietic cells, primarily in T
cells, natural killer cells, mast cells, but not B cells.

The essential function of LAT was initially
demonstrated by over-expressing LAT with mutations in
Tyr-171 and Tyr-191 in Jurkat cells (465).  Expression of
this molecule inhibited AP-1 and NF-AT activation after
TCR cross-linking.  The availability of the LAT-deficient
Jurkat cell lines JCaM2.5 and ANJ3 further supported this
view (467,460).  In these cell lines there is defective Ca2+

flux, Ras-Erk activation and there is also a reduction in the
phosphorylation of PLC-gamma1, Vav and SLP-76.  All of
these defects were corrected after transfection of LAT.

The role of LAT in vivo has been probed with the
generation of knockout mice by gene targeting (468).
Disruption of the LAT gene produced healthy mice with a
block in T cell development but not in NK cells or platelets.
No mature T cells were present.  Thymocytes in LAT-/-
mice were arrested at the double-negative stage
CD25+CD44-, indicating that LAT is essential already for
pre-TCR signaling.  Interestingly, mice deficient in SLP-76
also show a block in T cell development in the double
negative stage.

The main function of LAT appears to be to create
docking sites for SH2 containing proteins, including
(directly or indirectly) PLC-gamma1, the 85 kDa regulatory
subunit of PI3K, Vav, Cbl, Itk, Grb2, Grap, Gads and SLP-
76.  Although only one site, Tyr-191, has been directly
shown to contain phosphate in intact T cells (465), site-
directed mutagenesis experiments (467) along with knock-
in mice (469) have shown that the four distal tyrosines are
essential for LAT function.  Knock-in mice, with the four
distal tyrosines mutated to Phe, showed the same
phenotype as the LAT-/- null mice: thymocyte maturation
arrest at the CD4-CD8- stage and no mature T cells.  The
role of the four distal tyrosines has been studied in more
detail in the LAT deficient cells, JCam2.5, reconstituted
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with different LAT constructs mutated at Tyr-132, Tyr-171,
Tyr-191 and Tyr-226 (467).  The mutant lacking all four
tyrosines was still tyrosine phosphorylated, indicating that
at least one more site can be phosphorylated.  Furthermore,
this study showed that Tyr-132 is involved in PLC-gamma1
binding, while Tyr-171, Tyr-191 and Tyr-226 are
responsible for Grb2 binding and Tyr-171 and Tyr-191 for
Gads binding. Mutation of Tyr-132, which prevented PLC-
gamma1 binding, also abrogated PLC-gamma1 tyrosine
phosphorylation and Erk and NFAT activation, suggesting
that PLC-gamma1 is involved in Ras activation.  It remains
unclear where PI3K, Vav, Cbl, Itk, and SLP-76 bind.

8.3.  SLP-76
The pleiotropic signaling functions of LAT are

intricately intertwined with those of a second adapter
protein, SLP-76 (SH2 domain-containing leukocyte protein
of 76 kDa).  This adapter protein is expressed in T cells
specifically, platelets, NK cells and myeloid cells of the
monocyte and granulocyte lineage (470,471).  The primary
structure of this adapter molecule includes an NH2-
terminal acidic domain containing three tyrosine
phosphorylation sites, a central proline-rich region and an
SH2 domain in its C terminus (439,472).  The middle
proline-rich region is constitutively associated with the
SH3 domain of Gads, a hematopoietic-specific Grb2-
related molecule (473-475).  On the other hand, Gads,
through its SH2 domain, binds to tyrosine phosphorylated
LAT after TCR engagement, what leads to the recruitment
of Gads/SLP-76 to the plasma membrane. Following TCR
ligation SLP-76 becomes tyrosine phosphorylated by Zap-
70 (476) generating binding sites for the SH2 domains of
the guanine nucleotide exchange factor for the Rac/Rho
family of GTPases, Vav (477,478), the adapter molecule,
Nck (479) and the Tec family PTK, Itk (297).

Early studies performed in the Jurkat T cell line
showed that SLP-76 over-expression augments TCR/CD3
induced IL-2 promoter activity and increases MAPK Erk
activation (481,481). Characterization of a SLP-76
deficient T cell line (482) revealed that while
phosphorylation of Zap-70, LAT and Vav remained
unaltered in these cells after TCR stimulation, SLP-76 was
required for optimal PLC-gamma1 phosphorylation and
activation. In addition, Ca2+ mobilization and NF-AT
activation were reduced, as well as CD69 expression, Erk2
phosphorylation and AP-1 transcriptional activity (482).

The physiological role that SLP-76 plays in vivo has
been examined in mice deficient in SLP-76 by homologous
recombination (483,484).  These mice show the same
phenotype than LAT-/- mice, absence of mature thymocytes
and T cell development abrogation at the double negative stage
CD25+CD44-.  Although LAT and SLP-76 interact with the
same molecules, the fact that LAT-/- or SLP-76-/- mice, along
with deficient cell lines for these molecules, show the same
phenotype points out that these molecules are not redundant in
T cells, since they cannot substitute one another.  Therefore,
both are required for T cell development and for T cell
activation after TCR cross-linking.

SLP-76 also acts as an adapter in the regulation
of the lymphoid cytoskeleton.  This is accomplished by the

arrangement of a trimolecular complex between SLP-76,
Vav and Nck (479). TCR ligation induces the Zap-70
phosphorylation of SLP-76 tyrosines, Tyr-113 and Tyr-128,
which once phosphorylated provide docking sites for Vav-1
and Nck binding (477,479,485).  Vav-1 is a hematopoietic
protein, with GEF activity for the small GTP binding
proteins Rho and Rac1 that regulates the assembly of
filamentous actin into stress fibers and lamellipodia,
respectively.  On the other hand, Nck is an adapter protein
with three SH3 domains and one SH2 domain that interacts
with several proteins that include the serine/threonine
kinase Pak (p21-activated kinases) (486) and the Wiskott-
Aldrich syndrome protein (WASP) (487). Pak belongs to a
family of serine/threonine kinases that are activated by
binding to GTP bound Rac1 or Cdc42. Vav-1 and Nck
ability to individually promote actin polymerization may be
increased by their proximity on the SLP-76 scaffold.  In
this sense, Vav-1 activation of Rac1 generates Rac-GTP
that could activate Pak1. Consistent with this, SLP-76, Nck
and Vav-1 expression enhanced TCR induced actin
polymerization, while dominant negative forms of these
components inhibited polymerization.

Finally, it should be pointed out that SLP-76 is a
member of a growing family of adapter proteins that also
includes BLNK, BASH and MIST/CLNK.  These proteins
appear to have at least partly redundant functions, but are
expressed at different levels in different subsets of
hematopoietic cells and at different times of cellular
activation or differentiation,

8.4.  FYB/SLAP-130, now called ADAP
In initial studies on SLP-76, it was noted that the

SLP-76 SH2 domain bound three proteins of 36, 55 and
120 kDa (480).  Since the mutation of the SLP-76 SH2
domain blocks its ability to augment IL-2 (480), the
identities of the binding partners was of interest.  While the
36-kDa protein turned out to be LAT, the 120-130-kDa
protein was novel and was given the name SLAP-130
(SLP-76 associated phosphoprotein of 130 kDa) (481).
The same protein was found by C. Rudd's laboratory as a
protein specifically associated with the SH2 domain of Fyn
(488) and subsequently cloned under the name FYB
(Fyn(T)-binding protein) (489).  FYB/SLAP-130 possesses a
proline-rich region that can bind to the SH3 domains,
several tyrosine phosphorylation sites, an SH3-like domain,
an Enabled/vasodilator stimulated phosphoprotein
homology 1 domain (EVH1) binding site, and two stretches
of highly charged residues similar to nuclear localization
sequences (481,489,490).  Expression of FYB/SLAP-130 is
restricted to T cells, monocytes, platelets and mast cells but
not B-cells (489,491).

The physiological role of FYB/SLAP has been
controversial since overexpression studies showed either an
increase (489,492,493) or a reduction (93,481) in IL-2
production depending on the experimental system used.
Recently, two different groups have reported the generation
of knock-out mice for FYB/SLAP (494,495).  T cells from
these mice show defective T cell proliferation and cytokine
production after TCR engagement.  In addition, T cells
lacking FYB/SLAP show no increase in integrin adhesion
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after TCR ligation.  Most signaling events, such as PLC-
gamma1 and SLP-76 tyrosine phosphorylation, MAP
kinase activation or Ca2+ were normal in FYB/SLAP-/- T
cells.  However, IL-2 production and CD25 or CD69
induction were lower compared to normal lymphocytes.
This work indicates that FYB/SLAP is involved in coupling
TCR induced cytoskeleton rearrangement with activation of
integrin function, which is necessary for a complete antigen
response.  A role for FYB/SLAP in remodeling of the actin
cytoskeleton upon TCR engagement was also suggested
independently (490). Furthermore, in mast cells, upon
stimulation by the Fc-epsilonRI, FYB/SLAP is involved in
integrin-mediated adhesion to fibronectin and
degranulation (491). Based on these new observations,
FYB/SLAP-130 has been renamed ADAP for adhesion and
degranulation-promoting adapter protein (491,494,495).

8.5.  Ras activation
It has been known for a long time that TCR

stimulation is followed by Ras activation (496). However,
the mechanisms involved in this activation are not yet clear
in T cells; there is data that supports the co-existence of at
least two independent pathways for Ras activation in T
cells.  In the classical model, Ras activation is mediated by
translocation of a Shc-Grb2-Sos complex to the plasma
membrane after TCR stimulation.  Shc is an adapter protein
that is expressed in T cells as two isoforms of 46 and 52
kDa and is composed of an N-terminal phosphotyrosine
binding domain (PTB), a central collagen homology
domain (CH1), which contains tyrosine phosphorylation
sites, and a C-terminal SH2 domain (497).  Shc is rapidly
phosphorylated on tyrosine residues in response to TCR
engagement, and phosphorylated Shc subsequently binds
Grb2 and Sos, in both T cell hybridomas and normal blood
lymphocytes (498).  A physical interaction between the
SH2 domain of Shc and the TCR zeta-chain has been
demonstrated (414), suggesting that a Shc-Grb2-Sos
complex localized to the activated TCR would be one
mechanism of Ras activation of T cells (414,499).
However, this model has not been convincingly proven to
be of relevance in T cells.

A variation of the first mechanism of Ras
activation is that Shc-Grb2-Sos, or just Grb2-Sos, bind to
LAT (467) instead of the TCR-zeta chain or CD3.
However, to complicate matters, the ubiquitously expressed
Grb2 (500) has company in T cells: Grap (Grb2-related
adapter protein) (501,502) and Gads (Grb2-related adapter
downstream of Shc) (503) are expressed preferentially in
hematopoietic cells, and both share significant homology
with Grb2.  Like Grab2, they have a central SH2 domain
and two SH3 domains at the ends.  In addition, Gads,
contains a proline- and glutamine-rich region between the
SH2 domain and the C-terminal SH3 domain.  Gads was
cloned by five different labs and is also known as Mona,
Grap2, GrpL, or Grf40 (503).

The second pathway for Ras activation has been
delineated recently in T cells.  This pathway involves a
constitutive Gads/SLP-76 complex, PLC-gamma1
activation, and the guanine exchange factor RasGRP.  First,
Gads, through its SH2 domain, binds to tyrosine
phosphorylated LAT after TCR engagement (473-475),

leading to the recruitment of Gads/SLP-76 to the plasma
membrane.  This facilitates the interaction between a Tec
family kinase associated with SLP-76 to phosphorylate
PLC-gamma1 bound to LAT (504,505).  PLC-gamma1 also
associates directly with SLP-76 further facilitating the
phosphorylation by Itk or Txk.  Once activated, PLC-
gamma1 hydrolyzes phosphatidylinositol 4,5 bisphosphate
to produce diacylglycerol, which directly activates
RasGRP, a recently characterized nucleotide exchange
factor (506), which is a major Ras activator in T cells
(507,508).  This pathway may also explain the efficiency of
phorbol esters, which mimic diacylglycerol, in activating
the Ras - MAP kinase pathway in T cells.

Gads-/- mice have been generated by gene
targeting (509). The mice exhibit less severe defects than
do mice deficient in SLP-76.  Gads knockout mice revealed
the requirement for this molecule in T cell development,
but not in the production of other lineages.  Double-
negative thymocytes showed a block in proliferation but
they were still able to differentiate into mature T cells.
Positive and negative selection was also impaired.  In these
thymocytes there is no interaction between LAT and SLP-
76 and there is also a reduction in PLC-gamma1
phosphorylation and in Ca2+ mobilization.  In addition,
mice made transgenic for a dominant-negative form of
Gads show similar effects on T cell development and T cell
signaling (510). Gads-/- thymocytes presumably retain the
Shc/Grb2/Sos or LAT/Grb2/Sos pathway, which might be
enough for driving thymocyte differentiation, but not
proliferation. Grb2 also plays an important and perhaps
distinct role in thymocyte development, since its decreased
expression, through haploid insufficiency, selectively
reduces JNK and p38 but not Erk activation, and impairs
negative but not positive selection (511).

8.6.  Vav-1
The protooncogene product Vav-1 is expressed

specifically in hematopoietic cells and trophoblastic cells
(512).  In T cells, this protein undergoes a rapid increase in
tyrosine phosphorylation following TCR ligation, and this
response is intensified by CD28 costimulation (513-515).
Vav-1 functions as a guanine nucleotide exchange factor
(GEF) for members of the Rac/Rho family of small
GTPases, specifically Rac1 and RhoG (516,517).  The
relevance of Vav-1 to TCR-dependent responses was
highlighted by the dramatic defects in T cell development
and function displayed by Vav-1-/- mice (518-520).  These
mice exhibit a significant impairment in T cell maturation
past the CD4+CD8+ double-positive stage.  The single-
positive T cells that do emerge from the thymus show
severe defects in TCR-dependent IL-2 production,
proliferation, and effector functions.  In keeping with the
GEF activity of Vav-1 toward Rac1/RhoG, loss of Vav-1 in
T cells leads to dramatic defects in antigen-induced
cytoskeletal reorganization and TCR clustering.  However,
the complex domain structure of Vav-1 suggests that this
protein may have functions in addition to the Rac1/RhoG
GEF activity, which is conferred by the pleckstrin
homology (PH)- Dbl homology (DH) module found in
other Rho family-directed GEFs.  Unlike other Rho-GEFs,
however, Vav-1 contains a calponin homology (CH)
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domain, an acidic region containing tyrosine
phosphorylation sites, a zinc finger (ZF) domain, and one
SH2 domain flanked by two SH3 domains.  The exact
contributions of many of these domains to Vav1 function in
T cells remain poorly understood, although Vav-1 does
play a role downstream of the TCR in one or many
pathways that lead to activation of the NFAT/AP-1
transcription factor complex (521).

The kinase that phosphorylates Vav-1 in T cells
is not entirely clear, but there are good reasons to think that
ZAP-70 is involved.  First, SH2 domain of Vav-1 can bind
to a Tyr-Glu-Ser-Pro motif at Tyr-315 in the 'linker' region
of ZAP-70 (522,523).  Second, both Zap-70 and Fyn are
required for Vav-1 phosphorylation (524).  Perhaps, Vav-1
needs to bind to phospho-Tyr-315 of Vav in order to be
juxtaposed to Fyn for phosphorylation.  On the other hand,
Vav-1 was readily phosphorylated (together with SLP-76)
in T cells stimulated with an antagonist peptide that failed
to induce Zap-70 activation (525).  In this system, Rac was
activated, while the Ras - MAP kinase pathway was not.
Perhaps, Vav-1 phosphorylation was carried out by Fyn
without the help of Zap-70 under these circumstances.

8.7.  PI3K
Although PI3K is not activated by direct tyrosine

phosphorylation, this enzyme still participates in tyrosine
phosphorylation-driven early signaling events in T cells
(526-528).  The p85 adapter subunit of PI3K contains a
region with homology to the Bcr protein, Pro-rich motifs,
one SH3 domain, two SH2 domains, and a coli-coil region
involved in binding to the 110-kDa catalytic subunit.
These domains provide multiple avenues for regulatory
input and formation of multicomponent complexes,
including binding to CrkL, c-Cbl (529), LAT (530), CD28
(531), and possibly with the TCR-zeta and CD3 chains
(532), via the SH2 domains, and to Src family PTK SH3
domains via the Pro-rich motifs (117,118,533).  Finally the
catalytic subunit interacts directly with active GTP-
associated Ras, an interaction that upregulates the
enzymatic activity several fold (534).  All these protein-
protein interaction serve both to activate PI3K and to place
the enzyme at the plasma membrane in the vicinity of the
triggered TCR.

The importance of PI3K in TCR signaling seems
to be two fold.  First, the enzyme produces
phosphatidylinositol-3,4,5-trisphosphate, which serves as a
ligand for several PH domains, notably those of PLC-
gamma1, Vav and Itk.  This facilitates translocation of
these proteins to the plasma membrane and explains why
PI3K activity is required for their activation (535,536).
The PI3K products also lead to the activation of numerous
other signaling pathways, including the PDK - Akt kinases,
which regulate cell survival (537).  All these consequences
are constitutively elevated (although still inducible) in the
Jurkat T leukemia cell line due to their lack of the opposing
PTEN phosphatase.

The second mode in which PI3K plays a role in
TCR signaling is as an adapter or scaffolding protein that
not only is recruited, but apparently helps recruit other

protein to the TCR.  Thus, overexpression of individual p85
domains will disturb and inhibit TCR signals in a manner
that is unrelated to the phosphorylation of inositol
phospholipids (538).  This function, in contrast to the
catalytic activity, appears to be regulated by tyrosine
phosphorylation: Abl- or Lck-mediated phosphorylation at
Tyr-688 in the C-terminal SH2 domain of p85 serves to
turn off this domain (539).  This may serve as a negative
feedback regulation of SH2 domain engagement or as a
step in a more dynamic signaling complex assembly.

8.8.  c-Cbl
The multi-functional protooncogenic protein c-

Cbl is rapidly phosphorylated on several tyrosine residues
in response to a wide variety of extracellular stimuli,
including T-cell receptor ligation (540-542).  The 120-kDa
protein was initially identified as a mammalian homologue
to v-Cbl, an oncogenic gene product of the Cas NS-1
retrovirus.  Since then, several additional vertebrate, as well
as  invertebrate, homologues have been discovered.  c-Cbl
is expressed in a number of tissues, including cells of
hematopoietic and lymphoid origins (543-546).

The protein contains several highly conserved
domains including an N-terminal tyrosine-kinase binding
domain, a RING finger domain, C-terminal
phosphorylation sites, a leucine  zipper, as well as a UBA
domain with homology to enzymes involved in
ubiquitination and degradation.  Since its discovery, a
number of interesting functions of c-Cbl have been
uncovered.  These include the negative regulation of
tyrosine kinases and gene expression, possible adapter
functions, as well as being an E3 ubiquitin -ligase
(547,548).  c-Cbl has been shown to interact with several
signaling proteins including the p85 regulatory subunit of
PI3K and Vav-1 (528,545,549).  Cbl is also a participant  in
interactions involving  adapter proteins, CrkL, C3G, Grb-2
and SLP-76 (528,550).  Moreover, the c-Cbl protein has
been shown to interact with number of tyrosine kinases
involved in TCR signaling.  These kinases include Fyn,
Zap-70, and Syk (265,548,551).  In addition, Fyn and Zap-
70 have been shown to be negatively regulated by c-Cbl,
through mechanisms involving enhanced protein
degradation, and reduced tyrosine phosphorylation of a key
tyrosine residue, respectively (552,553).

An important step towards understanding the role
of c-Cbl in T cells was the deletion of its gene through
homologous recombination (554-556).  The key feature of
these mice is that Zap-70 is more phosphorylated and more
active than in control mice.  Another more recent advance
was the discovery of Cbl-b, a related protein with opposite
function, which is also tyrosine phosphorylated upon TCR
triggering (557).  It seems that c-Cbl and Cbl-b may
balance each other by a competition mechanism.

8.9.  TSAd
Another interesting molecule involved in T-cell

signal transduction is TSAd (T-cell SH2 domain-containing
adapter).  The cDNA for this protein was cloned from an
activated CD8+ T-cell cDNA library (558).  The mRNA
was detected in several lymphoid tissues, preferentially in
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activated CD4+ and CD8+ T-cells.  However, TSAd
expression was not detected in the Jurkat T cell leukemic
line or in B-cells (558).  The role of TSAd in T cell
signaling remains unclear.  One report suggests that TSAd
is a negative regulator of activation induced responses to
TCR, or TCR/CD28 triggering by interfering with the
kinase activity of Lck (559).  Another study suggests that
TSAd is a positive regulator of IL-2 promoter gene activity
and is localized predominantly in the nucleus through a
mechanism involving its SH2 domain (560).  TSAd was
also found as a protein that associates with MEKK2 and
that regulates the Mek5-Erk5 pathway (561), and as a
protein that associates with Itk and Txk (301).  At present,
these results are difficult to reconcile and demonstrate the
need for additional studies to determine the physiological
role of TSAd in T cells.

8.10.  SAP/SH2D1A
X-linked lymphoproliferative disease is a rare

genetic immunodeficiency disorder characterized by
extreme susceptibility to EBV infection, which often leads
to early death as a result of uncontrolled responses to EBV
infection (562).  Recent evidence has implicated defects in
SAP (SLAM-associated protein), a small 128 aa protein
containing an SH2 domain and a short C-terminal tail,  as
the primary cause of this disease (563-566).  The exact
mechanisms by which defects in SAP cause XLP remain
unclear.  Characterization of several mutations identified in
XLP patients suggests that the disease is associated with
decreased SAP protein stability and mutations resulting in
its inability to interact with its binding partners, leading to
defective signaling from cell surface receptors.   To date,
SAP has been shown to interact with at least four CD2-
related receptor proteins including CD150 (SLAM) and
CD244 (2B4) and it is believed that disruption of signals
transmitted through these receptors contributes to disease
(564,566,567).  A recent study has reported aberrant TCR
signaling in CD4 Th cells from patients with XLP.  T
helper cells from these patients showed increased
phosphorylation of several cellular proteins involved in
TcR signaling, including hyperphosphorylation of c-Cbl,
Zap-70, and the TCR-zeta chain.  Furthermore, defects
were also observed in the production of IFN-gamma and
IL-2 by T helper cells from these patients (568).  Though, it
remains unclear which defects in SAP cause this deadly
disease, it appears that this molecule is a versatile
component of several signaling pathways involved in
controlling lymphoproliferative responses.  Evidence has
shown that disruption of this subtle balance can lead to
catastrophic consequences.

8.11.  TRIM
While the TCR-zeta chain is the focus of early

molecular changes, it is not the only member of the
receptor complex with the potential the generate
intracellular signals.  Bruyns and coworkers (569) have
recently identified a novel dimeric structure (termed TRIM
for T-cell receptor interacting molecule) that loosely
associates with the receptor complex.  TRIM is member of
a growing family of dimeric type III transmembrane
proteins made of a short extracellular region attached to an
extended cytoplasmic tail.  As with TCR-zeta chain, the

small extracellular region of TRIM is unlikely to directly
bind to ligand.  Instead, it may act as a cell surface adapter
engaged by adjacent receptors.  Interestingly, instead of
possessing ITAMs,  TRIM has six tyrosine residues that
include a src-kinase (Tyr-XXL) and phosphatidylinositol 3-
kinase (Tyr-XXM) SH2 domain binding motif.  TRIM is
therefore unlikely to be a simple homologue of TCR-zeta,
and instead carries potential information linked to other
functions.

8.12.  Other PTK substrates
In addition to the substrates for tyrosine

phosphorylation reviewed above, a large number of other
proteins become phosphorylated on tyrosine upon TCR
triggering.  These proteins include additional
transmembrane proteins and co-receptors, like CD5, CD6,
CD28 and CTLA-4, many cytoskeletal proteins (e.g. ezrin),
and proteins of unclear function or relevance, such as the
AAA family ATPase VCP (570), the RNA binding protein
Sam68 (571), LckBP1 (572), HS1 (573), Lnk (574), and
Nck (575). Many more likely remain to be identified.

9.  CONCLUDING REMARKS

During the last decade our understanding of the
machinery of T cell activation has advanced tremendously.
However, the wide-spread belief that we now know all the
key players and pathways is probably an illusion.  In fact,
researchers in this field in the 1970s thought that they
understood the biochemical basis for lymphocyte
activation: it was simply a question of cAMP
concentration.  Later, it became clear that Ca2+ was the key
to everything, then PKC entered the scene, then tyrosine
phosphorylation, etc.  At least, today we realize that all
these pathways, and many more, operate in lymphocytes.
All these pathways interact, synergize, counteract and
control each other in a complicated spatial and temporal
network of reactions that govern the behavior of T cells at
all times.  Despite all the progress, there is still limited
understanding of how signaling interacts with general
metabolism, the structural components and architecture of
the cell, organelle homeostasis and replication, gene
expression and DNA replication, the cell cycle, stimulus-
induced secretion of bioactive peptides, and why one T cell
responds in one way, while another T cell responds in a
completely different manner to the same stimulus.

Since tyrosine phosphorylation and the first
tyrosine kinase were discovered by Hunter and Sefton in
1980 (576), it has gradually become clear that this rare type
of protein modification plays a fundamental role in
numerous processes that have been acquired specifically by
higher eukaryotes and multicellular organisms during the
last 570 million years of evolution.  In contrast to
modification of serine and threonine residues,
phosphorylation of tyrosine is typically involved in
responses that are regulated with respect to the organism,
rather than the cell itself.  Thus, tyrosine phosphorylation is
a key mechanism of cell-to-cell communication, signal
transduction, cell growth and proliferation, cell cycle
control, differentiation, malignant transformation, cell
morphology, regulation of the cytoskeleton,
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neurotransmission, adhesion, gene regulation and
transcription, intracellular vesicle transport, endocytosis,
exocytosis, embryogenesis and development, and a number
of inherited or acquired human diseases from cancer and
angiogenesis to immune function.  Compared to protein
phosphorylation in general, phosphorylation on tyrosine
stands out as a unique feature of more highly evolved and
complex multicellular life.

Tyrosine phosphorylation obviously plays an
important role in the function of the immune system, a set
of specialized cells that to a high extent combine most of
the functions listed above for tyrosine phosphorylation.  In
many respects, the immune system competes only with the
nervous system in complexity and extent of cell
specialization and need for cell-to-cell communication.  It
is not surprising, therefore, that immune cells express
numerous unique tyrosine kinases and phosphatases, many
of which are also expressed at high levels in the brain.
Compared to most cells, immune cells have much higher
levels of basal tyrosine kinase activity, which is
counterbalanced by a remarkably high tyrosine phosphatase
activity.  It appears that lymphocytes must spend a lot of
ATP simply in adding and removing phosphate from
tyrosine residues on cellular proteins.  The advantage of
this seemingly futile ATP consumption is that immune cells
can respond rapidly and can monitor multiple changing
inputs on a continuous basis and integrate them into a
balanced and appropriate response.  There are also risks
involved: aberrant tyrosine phosphorylation, whether
causative or not, is observed in many diseases of the
immune system.  Genetic damage that involves tyrosine
kinases or phosphatases can result in serious or even fatal
disorders that range from immunodeficiencies
(218,220,577-579) to autoimmunity (13,320,390) and
malignant diseases (178,339,580).  Viruses have also
evolved to take advantage of tyrosine phosphorylation in
lymphoid cells (see section 2.5.7.).

The major challenges of the next decades of
molecular T cell research will be to complete the schemes
of signaling pathways and mechanisms, integrate them all
into a working model that can accurately explain the
behavior of T cells under all circumstances, and, most
importantly, help us understand the biochemical and
genetic basis for human diseases.

10. ACKNOWLEDGEMENTS

Work reported herein was supported by grants
AI35603, AI40552, AI41481, and AI48032 from the
National Institutes of Health (T.M.).

11.  REFERENCES

1. Altman, A., K. M. Coggeshall & T. Mustelin: Molecular
events mediating T cell activation. Adv. Immunol 48, 227-
360 (1990)

2. Zenner, G., J. Zurhausen, P. Burn & T. Mustelin:
Towards unravelling the complexity of T cell signal

transduction. BioEssays 17, 967-975 (1995)

3. van Leeuwen, J.E. & L. E. Samelson: T cell antigen-
receptor signal transduction. Curr Opin Immunol 11, 242-8,
1999

4. Weiss, A.: T cell antigen receptor signal transduction: A
tale of tails and cytoplasmic protein-tyrosine kinases. Cell
73, 209-212 (1993)

5. Klausner, R. D. & L. E. Samelson T cell antigen receptor
activation pathways: The tyrosine kinase connection. Cell
64, 875-878 (1991)

6. Weiss, A. & D. Littman: Signal transduction by
lymphocyte antigen receptors. Cell 76, 263-274 (1994)

7. van Leeuwen, J. E. & L. E. Samelson: T cell antigen-
receptor signal transduction. Curr Opin Immunol 11, 242-
248 (1999)

8. Kolanus, W., C. Romeo & B. Seed: T cell activation by
clustered tyrosine kinases. Cell 74, 171-183 (1993)

9. Abraham, R. T., L. M. Karnitz, J. P. Secrist & P. J.
Leibson: Signal transduction through the T-cell antigen
receptor. Trends Biochem Sci 17, 434-438 (1992)

10. Cantrell, D. A.: T cell antigen receptor signal
transduction pathways. Cancer Surv 27, 165-175 (1996)

11. Mustelin, T.: T cell antigen receptor signaling: Three
families of tyrosine kinases and a phosphatase. Immunity 1,
351-356 (1994)

12. Mustelin, T. & P. Burn: Regulation of src family
tyrosine kinases in lymphocytes. TIBS 18, 215-220 (1993)

13. Mustelin, T.: Keeping the T cell immune response in
balance; Role of protein tyrosine phosphatases in
autoimmunity. In: Current Directions on Autoimmunity Vol
2, Altman, A (ed) Karger Press. In press (2001)

14. Mustelin, T., J. Brockdorff, A. Gjörloff-Wingren, P.
Tailor, S. Han, X. Wang & M. Saxena: T cell activation:
The coming of the phosphatases. Frontiers in Bioscience 3,
d1060-1096 (1998)

15. Mustelin, T., J. Brockdorff, L. Rudbeck, A. Gjörloff-
Wingren, S. Han, X. Wang, P. Tailor & M. Saxena: The
next wave: Protein tyrosine phosphatases enter T cell
antigen receptor signaling. Cellular Signalling 11, 637-650
(1999)

16. Mustelin, T., G.-S. Feng, N. Bottini, A. Alonso, N.
Kholod, D. Birle, J. Merlo & H. Huynh: Protein tyrosine
phosphatases. Front Biosci, 7, d85-142,  (2002)

17. Iivanainen, A. V., C. Lindqvist, T. Mustelin & L. C.
Andersson: Phosphotyrosine phosphatases are involved in
reversion of T lymphoblastic proliferation. Eur J Immunol
20, 2509-2512 (1990)



Kinases and phosphatases in TCR signaling

946

18. Garcia-Morales, P., Y. Minami, E. T. Luong, R. D.
Klausner & L. E. Samelson: Tyrosine phosphorylation in T
cells is regulated by phosphatase activity: Studies with
phenylarsine oxide. Proc Natl Acad Sci USA 87, 9255-9259
(1990)

19. O'Shea, J. J., D. W. McVivar, T. L. Bailey, C. Burns &
M. J. Smyth: Activation of human peripheral blood T
lymphocytes by pharmacological induction of protein-
tyrosine phosphorylation. Proc Natl Acad Sci USA 89,
10306-10310 (1992)

20. Secrist, J. P., L. A. Burns, L. Karnitz, G. A. Koretzky &
R. T. Abraham: Stimulatory effects of the protein tyrosine
phosphatase inhibitor, pervanadate, on T-cell activation
events. J Biol Chem 268, 5886-5893 (1993)

21. Fisher, D. B. & G. D. Mueller: Studies on the
mechanism by which phytohemagglutinin rapidly
stimulates phospholipid metabolism of human
lymphocytes. Biochim Biophys Acta 248, 434-448 (1971)

22. Maino, V. C., M. J. Hayman & M. J. Crumpton:
Relationship between enhanced turnover of
phosphatidylinositol and lymphocyte activation by
mitogens. Biochem J 146, 247-252 (1975)

23. Cockcroft, S., J. R. Lamb E. D. Zanders: Inositol lipid
metabolism in human T lymphocytes activated via the T3
complex. Immunology 60, 209-218 (1987)

24. Michell, R. H.: Inositol phospholipids and cell surface
receptor function. Biochim Biophys Acta 415, 81-95 (1975)

25. Takai, Y., A. Kishimoto, Y. Iwasa, Y. Kawahara, T.
Mori & Y. Nishizuka: Calcium-dependent activation of a
multifunctional protein kinase by membrane phospholipids.
J Biol Chem 254, 3692-3401 (1979)

26. Niedel, J. E., L. J. Kuhn & G. R. Vandenbark: Phorbol
diester receptor copurifies with protein kinase C. Proc Natl
Acad Sci USA 80, 36-40 (1983)

27. Kikkawa, U., Y. Takai, Y. Tamaka, R. Miyake & Y.
Nishizuka: Protein kinase C as a possible receptor protein
of tumor-promoting phorbol esters. J Biol Chem 258,
11442-11449 (1983)

28. Castagna, M., Y. Takai, K. Kaibuchi, K. Sano, U.
Kikkawa & Y. Nishizuka: Direct activation of calcium-
activated, phospholipid-dependent protein kinase by tumor-
promoting phorbol ester. J Biol Chem 247, 7847-7852
(1982)

29. Nishizuka, Y.: Studies and perspectives of protein
kinase C. Science 233, 305-308 (1986)

30. Nishizuka, Y.: The molecular heterogeneity of protein
kinase C and its implications for cellular regulation. Nature
334, 661-668 (1988)

31. Imboden, J. B. & J. D. Stobo: Transmembrane
signaling by the T cell antigen receptor. Perturbation of the
T3-antigen receptor complex generates inositol phosphates
and releases calcium ions from intracellular stores. J Exp
Med 161, 446-456 (1985)

32. Treves, S., F. DiVirgili, V. Cerundolo, P. Zanovello, D.
Collavo & T. Pozzan: Calcium and inositolphosphates in
the activation of T cell-mediated cytotoxicity. J Exp Med
166, 33-42 (1987)

33. Berridge, M. J.: Inositol trisphosphate and
diacylglycerol as second messengers. Biochem J 220, 345-
360 (1984)

34. Majerus, P. W., E. J. Neufeld & D. B. Wilson:
Production of phosphoinositide-derived messengers. Cell
37, 701-703 (1984)

35. Majerus, P. W., T. M. Connolly, H. Deckmyn, T. S.
Ross, T. E. Bross, H. Ishii, V. S. Bansalm,  & D. B.
Wilson: The metabolism of phosphoinositide-derived
messenger molecules. Science  234, 1519-1522 (1986)

36. Berridge, M. J.: Inositol trisphosphate and calcium
signalling. Nature 361, 315-325 (1993)

37. Streb, H., R. F. Irvine, M. J. Berridge & I. Schulz:
Release of Ca2+ from a nonmitochondrial intracellular store
in pancreatic acinar cells by inositol-1,4,5-trisphosphate.
Nature 306, 67-69 (1983)

38. Tsien, R. Y., T. Pozzan & T. J. Rink: T cell mitogens
cause early changes in cytoplasmic free Ca2+ and
membrane potential in lymphocytes. Nature 295, 68-70
(1982)

39. Weiss, A., J. Imboden, D. Shoback & J. Stobo: Role of
T3 surface molecules in human T-cell activation: T-cell-
dependent activation results in an increase in cytoplasmic
free calcium. Proc Natl Acad Sci USA 81, 4169-4173
(1984)

40. Hesketh, T. R., G. A. Smith, M. D. Houslay, G. B.
Warren & J. C. Metcalfe: Is an early calcium flux necessary
to stimulate lymphocytes? Nature 267, 490-492 (1977)

41. O'Flynn, K., D. C. Linch & P. E. Tatham: The effect of
mitogenic lectins and monoclonal antibodies on
intracellular free calcium concentration in human T-
lymphocytes. Biochem J 219, 661-666 (1984)

42. Truneh, A., F. Albert, P. Goldstein & A. M. Schmitt-
Verhulst: Early steps of lymphocyte activation bypassed by
synergy between calcium ionophores and phorbol ester.
Nature 313, 318-320 (1985)

43. Kaibuchi, K., Y. Takai & Y. Nishizuka: Protein kinase
C and calcium ionophore in mitogenic response of
macrophage depleted human peripheral T lymphocytes. J
Biol Chem 260, 1366-1371 (1985)



Kinases and phosphatases in TCR signaling

947

44. Samelson, L. E., W. F. Davidson, H. C. Morse III & R.
D. Klausner: Abnormal tyrosine phosphorylation on T-cell
receptor in lymphoproliferative disorders. Nature 324, 674-
676 (1986)

45. Samelson, L. E., M. D. Patel, A. M. Weissman, J. B.
Harford & R. D. Klausner: Antigen activation of murine T
cells induces tyrosine phosphorylation of a polypeptide
associated with the T cell antigen receptor. Cell 46, 1083-
1090 (1986)

46. Patel, M., L. E. Samelson & R. D. Klausner: Multiple
kinases and signal transduction.  Phosphorylation of the T
cell antigen receptor complex. J Biol Chem 262, 5831-5838
(1987)

47. Klausner, R. D., J. J. O'Shea, H. Luong, P. Ross, J. A.
Bluestone & L. E. Samelson: T cell receptor tyrosine
phosphorylation. Variable coupling for different activating
ligands. J Biol Chem 262, 12654-12659 (1987)

48. Baniyash, M., P. Garcia-Morales, E. T. Luong, L. E.
Samelson & R. D. Klausner: The T cell antigen receptor
zeta chain is tyrosine phosphorylated upon activation. J
Biol Chem 263, 18225-18230 (1988)

49. Weissman, A. M., P. Ross, E. T. Luong, P. Garcia-
Morales, M. L. Jelachich, W. E. Biddison, R. D. Klausner
& L. E. Samelson: Tyrosine phosphorylation of the human
T cell antigen receptor zeta-chain: Activation via CD3 but
not CD2. J Immunol 141, 3532-3536 (1988)

50. Hsi, E. D., J. N. Siegel, Y. Minami, E. T. Luong, R. D.
Klausner & E. T. Samelson: T cell activation induces rapid
tyrosine phosphorylation of a limited number of cellular
substrates. J Biol Chem 264, 10836-10842 (1989)

51. June, C. H., M. C. Fletcher, J. A. Ledbetter & L. E.
Samelson: Increases in tyrosine phosphorylation are
detected before phospholipase C activation after T cell
receptor stimulation. J Immunol 144, 1591-1598 (1990)

52. Koyasu, S., D. J. McConkey, L. K. Clayton, S.
Abraham, B. Yandava, T. Katagiri, P. Moingeon, T.
Yamamoto & E. L. Reinherz: Phosphorylation of multiple
CD3zeta tyrosine residues leads to formation of pp21 in
vitro  and in vivo. J Biol Chem 267, 3375-3381 (1992)

53. Qian, D., I. Griswold-Prenner, M. R. Rosner & F. W.
Fitch: Multiple components of the T cell antigen receptor
complex become tyrosine-phosphorylated upon activation.
J Biol Chem 268, 4488-4493 (1993)

54. Park, D. J., H. W. Rho & S. G. Rhee: CD3 stimulation
causes phosphorylation of phospholipase C-gamma1 on
serine and tyrosine residues in a human T-cell line. Proc
Natl Acad Sci USA 88, 5453-5456 (1991)

55. Weiss, A., G. Koretzky, R. C. Schatzman & T.
Kadlecek: Functional activation of the T-cell antigen
receptor induces tyrosine phosphorylation of phospholipase

C-gamma1. Proc Natl Acad Sci USA 88, 5484-5488 (1991)

56. Secrist, J. P., L. Karnitz & R. T. Abraham: T-cell
antigen receptor ligation induces tyrosine phosphorylation
of phospholipase C-gamma1. J Biol Chem 266, 12135-
12139 (1991)

57. Akiyama, T., J. Ishida, S. Nakagawa, H. Ogawara, S.
Watanabe, N. Itoh, M. Shibuya & Y. Fukami: Genistein, a
specific inhibitor of tyrosine-specific protein kinases. J Biol
Chem 262, 5592-5595 (1987)

58. Uehara, Y., Y. Murakami, S. Mizuno & S. Kawai:
Inhibition of transforming activity of tyrosine kinase
oncogenes by herbimycin A. Virology 164, 295-298 (1988)

59. Mustelin, T., K. M. Coggeshall, N. Isakov & A.
Altman: Tyrosine phosphorylation is required for T cell
antigen receptor-mediated activation of phospholipase C.
Science 247, 1584-1587 (1990)

60. June, C., M. C. Fletcher, J. A. Ledbetter, G. L.
Schieven, J. N. Siegel, A. F. Phillips & L. E. Samelson:
Inhibition of tyrosine phosphorylation prevents T-cell
receptor-mediated signal transduction. Proc Natl Acad Sci
USA 87, 7722-7727 (1990)

61. Trevillyan, J. M., Y. Lu, D. Atluru, C. A. Phillips & J.
M. Bjorndahl: Differential inhibition of T cell receptor
signal transduction and early activation events by a
selective inhibitor of protein-tyrosine kinase. J Immunol 87,
7722-7727 (1990)

62. Muñoz, E., A. M. Zubiaga & B. T. Huber: Tyrosine
protein phosphorylation is required for protein kinase C-
mediated proliferation in T cells. FEBS Lett 279, 319-322
(1991)

63. Ståhls, A., M. Heiskala, T. Mustelin & L. C.
Andersson: Activation of natural killer cells via the FcγRIII
(CD16) requires initial tyrosine phosphorylation. Eur J
Immunol 22, 611-614 (1992)

64. O'Shea, J., D. McVicar, D. Kuhns & J. Ortaldo: A role
for protein tyrosine kinase activity in natural cytotoxicity as
well as antibody-dependent cellular cytotoxicity. Effects of
herbimycin A. J Immunol 148, 2497-2502 (1992)

65. Marth, J. D., R. Peet, E. G. Krebs & R. M. Perlmutter:
A lymphocyte-specific protein-tyrosine kinase gene is
rearranged and overexpressed in the murine T cell
lymphoma LSTRA. Cell 43, 393-404 (1985)

66. Voronova, A. F. & B. M. Sefton: Expression of a new
tyrosine protein kinase is stimulated by retrovirus promoter
insertion. Nature 319, 682-684 (1986)

67. Mustelin, T. & A. Altman: Do CD4 and CD8 control T
cell activation via a specific tyrosine protein kinase?
Immunol Today 10, 189-192 (1989)



Kinases and phosphatases in TCR signaling

948

68. Mustelin, T.: Src family tyrosine kinases in leukocytes.
R.G. Landes Co. Austin, TX. ISBN 1-57059-113-X. pp.1-
155 (1994)

69. Marchildon G. A., J. Casnellie JE, Walsh KA, Krebs
EG: Covalently bound myristate in a lymphoma tyrosine
protein kinase. Proc Natl Acad Sci USA 81, 7679-7682
(1984)

70. Shenoy-Scaria, A. M., L. K. Timson Gauen, J. Kwong,
A. S. Shaw & D. M. Lublin: Palmitylation of an amino-
terminal cysteine motif of protein tyrosine kinases p56lck

and p59fyn mediates interaction with glycosyl-
phosphatidylinositol-anchored proteins. Mol Cell Biol 13,
6385-6392 (1993)

71. Paige, L. A., M. J. S. Nadler, M. L. Harrison, J. M.
Cassady & R. L. Geahlen: Reversible palmitoylation of the
protein-tyrosine kinase p56lck. J Biol Chem 268, 8669-
8674 (1993)

72. Bijulmakers, M. J., M. Isobe-Nakamura, L. J. Ruddock
& M. Marsh: Intrinsic signals in the unique domain target
p56lck to the plasma membrane independently of CD4. J
Cell Biol 137, 1029-1040 (1997)

73. Yurchak, L. K. & B. M. Sefton: Palmitoylation of either
Cys-3 or Cys-5 is required for the biological activity of the
Lck tyrosine protein kinase. Mol Cell Biol 15, 6914-6922
(1995)

74. Rudd, C. E., J. M. Trevillyan, J. D. Dasgupta, L. L.
Wong & S. F. Schlossman: The CD4 receptor is complexed
in detergent lysates to a protein-tyrosine kinase (pp58) from
human T lymphocytes. Proc Natl Acad Sci USA 85, 5190-
5194 (1988)

75. Veillette A, M. A. Bookman, E. M. Horak & J. B.
Bolen: T CD4 and CD8 T cell surface antigens are
associated with the internal membrane tyrosine-protein
kinase p56lck. Cell 55, 301-308 (1988)

76. Barber, E. K., J. D. Dasgupta, S. F. Schlossman, J. M.
Trevillyan & C. E. Rudd: The CD4 and CD8 antigens are
coupled to a protein-tyrosine kinase (p56lck) that
phosphorylates the CD3 complex. Proc Natl Acad Sci USA
86, 3277-3281 (1989)

77. Haughn, L., L., S. Gratton, L. Caron, R. P. Sekaly, A.
Veillette & M. Julius: Association of tyrosine kinase p56lck

with CD4 inhibits the induction of growth through the
alpha beta T-cell receptor. Nature 358, 328-331 (1992)

78. Emmrich, F.: Cross-linking of CD4 and CD8 with the
T-cell receptor complex: Quaternary complex formation
and T-cell repertoire selection. Immunol. Today 9, 296-300
(1988)

79. Thome, M., V. Germain J. P. DiSanto & O. Acuto: The
p56lck SH2 domain mediates recruitment of CD8/p56lck to
the activated T cell receptor/CD3/zeta complex. Eur J

Immunol 26, 2093-2100 (1996)

80. Samelson, L. E., A. F. Phillips, E. T. Luong & R. D.
Klausner: Association of the fyn protein-tyrosine kinase
with the T-cell antigen receptor. Proc Natl Acad Sci USA
87, 4358-4362 (199)

81. Gassmann, M., M. Guttinger, K. E. Amrein & P. Burn:
Protein tyrosine kinase p59fyn  is associated with the T cell
receptor-CD3 complex in functional human lymphocytes.
Eur J Immunol 22, 283-286 (1992)

82. Cooke, M. P., K. M. Abraham, K. A. Forbush & R. M.
Perlmutter: Regulation of T cell receptor signaling by a src
family protein-tyrosine kinase (p59fyn) Cell 65, 281-291
(1991)

83. Stein, P. L., H.-M. Lee, S. Rich & P. Soriano: pp59fyn

mutant mice display differential signaling in thymocytes
and peripheral T cells. Cell 70, 741-750 (1992)

84. Appleby, M. W., J. A. Gross, M. P. Cooke, S. D. Levin,
X. Qian & R. M. Perlmutter: Defective T cell receptor
signaling in mice lacking the thymic isoform of p59fyn. Cell
70, 751-763 (1992)

85. Molina, T. J., K. Kishihara, D. P. Siderowski, W. van
Ewijk, A. Narendran, E. Timms, A. Wakeham, C. J. Paige,
K.-U. Hartmann, A. Veillette, D. Davidson & T. W. Mak:
Profound block in thymocyte development in mice lacking
p56lck. Nature 357, 161-164 (1992)

86. Kitamura, N., A. Kitamura, K. Toyoshima, Y.
Hirayama & M. Yoshida: Avian sarcoma virus Y73
genome sequence and structural similarlty of its
transforming gene product to that of Rous sarcoma virus.
Nature 297, 205-208 (1982)

87. Rodgers, W., B. Crise & J. K. Rose: Signals
determining protein tyrosine kinase and glycosyl-
phosphatidylinositol-anchored protein targeting to a
glycolipid-enriched membrane fraction. Mol Cell Biol 14,
5384-5391 (1994)

88. Stefanová, I., V. Horejsí, I. Ansotegui, W. Knapp & H.
Stockinger: GPI-anchored cell-surface molecules
complexed to protein tyrosine kinases. Science 254, 1016-
1019 (1991)

89. Garnett, D., A. N. Barclay, A. M. Carmo & A. D.
Beyers: The association of the protein tyrosine kinases
p56lck and p60fyn with the glycosyl phosphatidylinositol-
anchored proteins Thy-1 and CD48 in rat thymocytes is
dependent on the state of cellular activation. Eur J Immunol
23, 2540-2544 (1993)

90. Janes, P. W., S. C. Ley, A. L. Magee & P. S.
Kabouridis: The role of lipid rafts in T cell antigen receptor
(TCR) signalling. Semin Immunol 12, 23-34 (2000)



Kinases and phosphatases in TCR signaling

949

91. Kabouridis, P. S., J. Janzen, A. L. Magee & S. C. Ley:
Cholesterol depletion disrupts lipid rafts and modulates the
activity of multiple signaling pathways in T lymphocytes.
Eur J Immunol 30, 954-963 (2000)

92. Viola, A.: The amplification of TCR signaling by
dynamic membrane microdomains. Trends Immunol 22,
322-327 (2001)

93. Boerth, N. J., J. J. Sadler, D. E. Bauer, J. L. Clements,
S. M. Gheith & G. A. Koretzky: Recruitment of SLP-76 to
the membrane and glycolipid-enriched membrane
microdomains replaces the requirement for linker for
activation of T cells in T cell receptor signaling. J Exp Med
192, 1047-1058 (2000)

94. Ishiai, M., M. Kurosaki, K. Inabe, A. C. Chan, K.
Sugamura & T. Kurosaki: Involvement of LAT, Gads, and
Grb2 in compartmentation of SLP-76 to the plasma
membrane. J Exp Med 192, 847-856 (2000)

95. Zhang, W., B. J. Irvin, R. P. Trible, R. T. Abraham &
L. E. Samelson: Functional analysis of LAT in TCR-
mediated signaling pathways using a LAT-deficient Jurkat
cell line. Int Immunol 11, 943-950 (1999)

96. Shaw, A. S., K. E. Amrein, C. Hammond, D. F. Stern,
B. M. Sefton & J. K. Rose: The lck tyrosine protein kinase
interacts with the cytoplasmic tail of the CD4 glycoprotein
through its unique amino-terminal domain. Cell 59, 627-
636 (1989)

97. Turner, J. M., M. H. Brodsky, B. A. Irving, S. D. Levin,
R. M. Perlmutter & D. R. Littman: Interaction of the unique
N-terminal region of tyrosine kinase p56lck with
cytoplasmic domains of CD4 and CD8 is mediated by
cysteine motifs. Cell 60, 755-765 (1990)

98. Hurley, T. R., K. Luo & B. M. Sefton: Activators of
protein kinase C induce dissociation of CD4, but not CD8,
from p56lck. Science 245, 407-409 (1989)

99. Sleckman, B. P., J. Shin, V. E. Igras, T. L. Collins, J.
L., Strominger & B. J. Burakoff: Disruption of the CD4-
p56lck complex is required for rapid internalization of CD4.
Proc Natl Acad Sci USA 89, 7566-7570 (1992)

100. Casnellie, J. E.: Sites of in vivo phosphorylation in the
T cell tyrosine protein kinase in LSTRA cells and their
alteration by tumor promoting phorbol esters. J Biol Chem
262, 9859-9864 (1987)

101. Veillette, A., I. D. Horak, E. M. Horak, M. A.
Bookman & J. B. Bolen: Alterations of the lymphocyte-
specific protein tyrosine kinase (p56lck) during T-cell
activation. Mol Cell Biol 8, 4353-4361 (1988)

102. Marth, J. D., D. B. Lewis, M. P. Cooke, E. D. Mellins,
M. E. Gearn, L. E. Samelson, C. B. Wilson, A. D. Miller &
R. M. Perlmutter: Lymphocyte activation provokes
modification of a lymphocyte-specific protein tyrosine

kinase (p56lck) J Immunol 142, 2430-2436 (1989)

103. Danelian, S., R. Fagard, A. Alcover, O. Acuto & S.
Fischer: The lymphocyte-specific protein tyrosine kinase
p56lck is hyperphosphorylated on serine and tyrosine
residues within minutes after activation via T cell receptor
or CD2. Eur J Immunol 19, 2183-2189 (1989)

104. Veillette, A., I. D. Horak & J. B. Bolen: Post-
translational alterations of the tyrosine kinase p56lck in
response to activators of protein kinase C. Oncogene Res 2,
385-401 (1988)

105. Winkler, D. G., I. Park, T. U. Kim, N. S. Payne, C. T.
Walsh, J. L. Strominger & J. Shin: Phosphorylation of Ser-
42 and Ser-59 in the N-terminal region of the tyrosine
kinase p56lck. Proc Natl Acad Sci USA 90, 5176-5180
(1993)

106. Watts, J. D., M. J. Welhem, L. Kalt, J. W. Schrader &
R. Aebersold: IL-2 stimulation of T lymphocytes induces
sequential activation of mitogen-activated protein kinases
and phosphorylation of p56lck at serine-59. J Immunol 151,
6862-6871 (1993)

107. Soula, M., B. Rothhut, L. Camoin, J.-L. Guillaume, D.
Strosberg, T. Vorherr, P. Burn, F. Meggio, S. Fischer & R.
Fagard: Anti-CD3 and phorbol ester induce distinct
phosphorylation sites in the SH2 domain of p56lck. J Biol
Chem 268, 27420-27427 (1993)

108. Timson Gauen, L. K., A.-N. T. Kong, L. E. Samelson
& A. S. Shaw: p59fyn tyrosine kinase associates with
multiple T-cell receptor subunits through its unique amino-
terminal domain. Mol Cell Biol 12, 5438-5446 (1992)

109. Gauen, L. K., Y. Zhu, F. Letourneur, Q. Hu, J. B.
Bolen, L. A. Matis, R. D. Klausner & A. S. Shaw:
Interactions of p59fyn and ZAP-70 with T-cell receptor
activation motifs: defining the nature of a signaling motif.
Mol Cell Biol 14, 3729-3741 (1994)

110. Timson Gauen, L. K., M. E. Linder & A. S. Shaw:
Multiple features of the p59fyn src homolgy 4 domain define
a motif for the immune-receptor tyrosine-based activation
motif (ITAM) binding and for plasma membrane
localization. J Cell Biol 133, 1007-1015 (1996)

111. Pleiman, C. M., C. Abrams, L. T. Gauen, W. Bedzyk,
J. Jongstra, A. S. Shaw & J. C. Cambier: Distinct p53/56lyn

and p59fyn domains associate with nonphosphorylated and
phosphorylated Ig-alpha. Proc Natl Acad Sci USA 91,
4268-4272 (1994)

112. Peters, D. J., B. R. McGrew, D. C. Perron, L. M.
Liptak & A. P. Laudano: In vivo phosphorylation and
membrane association of fyn proto-oncogene product in
IM-9 human lymphoblasts Oncogene 5, 1313-1319 (1990)

113. Musacchio, A., M. Noble, R. Pauptit, R. Wierenga &
M. Saraste: Crystal structure of a src-homology 3 (SH3)



Kinases and phosphatases in TCR signaling

950

domain. Nature 359, 851-855 (1992)

114. Yu, H., M. K. Rosen, T. B. Shin, C. Seidel-Dugan, J.
S. Brugge & S. L. Schreiber: Solution structure of the SH3
domain of src and identification of its ligand-binding site.
Science 258, 1665-1668 (1992)

115. Johnson, L. N., M. E. Nobel & D. J. Owen: Active and
inactive protein kinases: structural basis for regulation. Cell
85, 149-158 (1996)

116. Cicchetti, P., B. J. Mayer, G. Thiel & D. Baltimore:
Identification of a protein that binds to the SH3 region of
Abl and is similar to Bcr and GAP-rho. Science 257, 803-
806 (1992)

117. Prasad, K. V. S., O. Janssen, R. Kapeller, M. Raab, L.
C. Cantley & C. E. Rudd: Src-homology 3 domain of
protein kinase p59fyn mediates binding to
phosphatidylinositol 3-kinase in T cells. Proc Natl Acad Sci
USA 90, 7366-7370 (1993)

118. Prasad, K. V. S., Kapeller, R., Janssen, O., Repke, H.,
Duke-Cohan, J.S., Cantley, L.C. & Rudd, C.E.:
Phosphatidylinositol (PI) 3-Kinase and PI-4 kinase binding
to the CD4-p56lck complex: the p56lck SH3 domain binds to
PI 3-kinase but not PI 4-Kinase. Mol Cell Biol 13, 7708-
7717. (1993)

119. Pleiman, C. M., W. M. Hertz & J. C. Cambier:
Activation of phosphatidylinositol-3' kinase by Src-family
kinase  binding to the p85 subunit. Science. 263, 1609-1612
(1994)

120. Kapeller, R. & L. C. Cantley: Phosphatidylinositol 3-
kinase. BioEssays 16, 565-576 (1994)

121. Rodaway, A. R., M. J. Sternberg & D. L. Bentley:
Similarity in membrane proteins. Nature 342, 624 (1989)

122. Shpetner, H. S. & R. B. Vallee: Identification of
dynamin, a novel mechanochemical enzyme that mediates
interactions between microtubules. Cell 58, 669-678 (1989)

123. Wu, W., S. C. Harrison & M. Eck: Three-dimensional
structure of the tyrosine kinase c-Src. Nature 385, 595-602
(1997)

124. Sicheri, F., I. Moarefi & J. Kuriyan: Crystal structure
of the Src family tyrosine kinase Hck. Nature 385, 602
(1997)

125. Murphy, S. M., M. Bergmann & D. O. Morgan:
Suppression of c-Src activity by C-terminal Scr kinase
involves the c-Src SH2 and SH3 domains: analysis with
Saccharomyces cerevisae. Mol Cell Biol 13, 5290-5300
(1993)

126. Okada, M., B. W. Howell, M. A. Broome & J. A.
Cooper: Deletion of the SH3 domains of Src interferes with
regulation by the phosphorylated carboxyl-terminal
tyrosine. J Biol Chem 268, 18070-18075 (1993)

127. Superti-Furga, G., S. Fumagalli, M. Koegl, S. A.
Courtneidge & G. Draetta: Csk inhibition of c-Src activity
requries both the SH2 and SH3 domains of Src. EMBO J
12, 2625-2634 (1993)

128. Erpel, T., G. Superti-Furga & S. A. Courtneidge:
Mutational analysis of the Src SH3 domain: the same
residues of the ligand binding surface are importance for
intra- and intermolecular interactions. EMBO J 14, 963-975
(1993)

129. Pawson, T. & G. Gish: SH2 and SH3 domains: from
structure to function. Cell 71, 359-362 (1992)

130. Waksman, G., D. Kominos, S. C. Robertson, N. Pant,
D. Baltimore, R. B. Birge, D. Cowburn, H. Hanafusa, B.
Mayer, M. Overduin, M. D. Resh, C. B. Rios, L. Silverman
& J. Kuriyan: Crystal structure of the phosphotyrosine
recognition domain SH2 of v-src complexed with tyrosine-
phosphorylated peptides. Nature 358, 358-653 (1992)

131. Eck, M. J., S. E. Shoelson & S. C. Harrison:
Recognition of a high affinity phosphotyrosil peptide by the
Src homology-2 domain of p56lck. Nature 362, 87-91
(1993)

132. Songyang, Z., S. E. Shoelson, M. Chaudhuri, G. Gish,
T. Pawson, W. G. Haser, F. King, T. Roberts, S. Ratnofsky,
R. J. Lechleider, B. G. Neel, R. B. Birge, J. E. Fajardo, M.
M. Chou, H. Hanafusa, B. Schaffhausen & L. C. Cantley:
SH2 domains recognize specific phosphopeptide
sequences. Cell 72, 767-778 (1993)

133. Payne, G., S. E. Sholeson, G. Gish, T. Pawson & C. T.
Walsh: Proc Natl Acad Sci USA 90, 4902-4906 (1993)

134. Saksela, K., G. Cheng & D. Baltimore: Proline-rich
(PxxP) motifs in HIV-1 Nef bind to SH3 domains of a
subset of Src kinases and are required for the enhanced
growth of Nef+ viruses but not for down-regulation of
CD4. EMBO J 14, 484 (1995)

135. Wiese, N., A. Y. Tsygankov, U. Klauenberg, J. B.
Bolen, B. Fleischer & B. M. Broker: Selective activation of
T cells kinase p56lck by Herpesvirus saimiri protein Tip. J
Biol Chem 271, 847-852 (1996)

136. Jung, J. U., S. M. Lang, T. Jun, T. M. Roberts & R. C.
Desrosiers: Downregulation of Lck-mediated signal
transduction by tip of herpesvirus saimiri. J Virology 69,
7814-7822 (1995)

137. Lee, H., J. J. Trimble, D. W. Yoon, D. Regier, R. C.
Desrosiers & J. U. Jung: Genetic variation of herpesvirus
saimiri subgroup A transforming protein and its association
with cellular src. J Virol 71, 3817-3825 (1997)

138. Merlo, J. J. & A. Y. Tsygankov: Human T-cells
transduced by a retroviral vector to express Herpesvirus
saimiri proteins Tip and StpC. Anticancer Res. 18, 2389-
2396 (1998)



Kinases and phosphatases in TCR signaling

951

139. Henderson, E. E., A. Y. Tsygankov, J. J. Merlo, G.
Romano & M. Guan: Altered replication of human
immunodeficiency virus type-I (HIV-1) in T-cell lines
transduced to express Herpesvirus saimiri proteins Tip and
StpC. Virology 264, 125-133 (1999)

140. Merlo, J. J. & A. Y. Tsygankov: Herpesvirus saimiri
oncoproteins Tip and StpC synergistically stimulate NF-κB
activity and interleukin-2 gene expression. Virology 279,
325-338 (2001)

141. Wang, H. C. & J. T. Parson: Deletions and insertions
within an amino-terminal domain of pp60v-src inactivate
transformation and modulate membrane stability. J Virol
63, 291-302 (1989)

142. Reynolds, A. B., S. B. Kanner, H. C. R. Wang & J. T.
Parsons: Stable association of activated pp60src with two
tyrosine-phosphorylated cellular proteins. Mol Cell Biol 9,
3951-3958 (1989)

143. Wendler, P. A. & F. Boschelli: Src homology 2
domain deletion mutants of p60v-src do not phosphorylate
cellular proteins of 120-150 kDa. Oncogene 4, 231-236
(1989)

144. Weil, R. & A. Veillette: Intramolecular and
extramolecular mechanisms repress the catalytic activity of
p56lck in resting T-lymphocytes. J Biol Chem 269, 22830-
22838 (1994)

145. Veillette, A. & L. Caron, M. Fournel & T. Pawson:
Regulation of the enzymatic function of the lymphocyte-
specific tyrosine protein kinase p56lck by the non-catalytic
SH2 and SH3 domains. Oncogene 7, 971-980 (1992)

146. Couture, C., Z. Songyang, T. Jascur, S. Williams, P.
Tailor, L. C. Cantley & T. Mustelin: Regulation of the Lck
SH2 domain by tyrosine phosphorylation. J Biol Chem 271,
24880-24884 (1996)

147. Kamps, M. P., S. S. Taylor & B. M. Sefton: Direct
evidence that oncogenic tyrosine kinases and cyclic AMP-
dependent protein kinase have homologous ATP-binding
sites. Nature 310, 589-592 (1984)

148. Yamaguchi, H. & W. A. Hendrickson: Structural basis
for activation of human lymphocyte kinase Lck upon
tyrosine phosphorylation. Nature 384, 484-489 (1996)

149. Hubbard, S. R.: Crystal structure of the activated
insulin receptor tyrosine kinase in complex with peptide
substrate and ATP analog. EMBO J 16, 5572-5581 (1997)

150. Jeffrey, P. D., A. A. Russo, K. Polyak, E. Gibbs, J.
Hurwitz, J. Massague & N. P. Pavletich: Mechanism of
CDK activation revealed by the structure of a cyclin A-
CDK2 complex. Nature 376, 313-320 (1995)

151. Yamaguchi, H. & W. A. Hendrickson: Structural basis
for activation of human lymphocyte kinase Lck upon
tyrosine phosphorylation. Nature 384, 484-489 (1996)

152. Eck, M. J., S. K. Atwell, S. E. Shoelson & S. C.
Harrison. Structure of the regulatory domains of the Src-
family tyrosine kinase Lck. Nature 368, 764-769 (1994)

153. Veillette, A., M. A. Bookman, E. M. Horak, L. E.
Samelson & J. B. Bolen: Signal transduction through the
CD4 receptor involves the activation of the internal
membrane tyrosine-protein kinase pp56lck. Nature 338,
257-260 (1989)

154. Veillette, A., J. B. Bolen & M. A. Bookman:
Alterations in tyrosine protein phosphorylation induced by
antibody-mediated cross-linking of the CD4 receptor of T
lymphocytes. Mol Cell Biol 9, 4441-4446 (1989)

155. Luo, K. & B. M. Sefton: Cross-linking of T-cell
surface molecules CD4 and CD8 stimulates
phosphorylation of the lck tyrosine protein kinase at the
autophosphorylation site. Mol Cell Biol 10, 5305-5313
(1990)

156. Boulet, I., R. Fagard & S. Fischer: Correlation
between phosphorylation and kinase activity of a tyrosine
protein kinase: p56lck. Biochem Biophys Res Commun 149,
56-64 (1987)

157. Abraham, N. & A. Veillette: Activation of p56lck

through mutation of a regulatory carboxy-terminal tyrosine
residue requires intact sites of autophosphorylation and
myristilation. Mol Cell Biol 10, 5197-5206 (1990)

158. Marth, J. D., J. A. Cooper, C. S. King, S. F. Ziegler,
D. A. Tinker, R. W. Overell, E. G. Krebs & R. Perlmutter:
Neoplastic transformation induced by an activated
lymphocyte-specific protein tyrosine kinase (pp56 lck) Mol
Cell Biol 8, 540-550 (1988)

159. Amrein, K. E. & B. M. Sefton: Mutation of a site of
tyrosine phosphorylation in the lymphocyte-specific
tyrosine protein kinase, p56lck, reveals its oncogenic
potential in fibroblasts. Proc Natl Acad Sci USA 85, 4247-
4251 (1988)

160. Kawakami, T., Y. Kawakami, S. A. Aaronson & K. C.
Robbins: Acquisition of transforming activity by FYN, a
normal SRC-related human gene. Proc Natl Acad Sci USA
85, 3870-3874 (1988)

161. Veillette, A. & M. Fournel: The CD4-associated
tyrosine protein kinase p56lck is positively regulated
through its site of autophosphorylation. Oncogene 5, 1455-
1462 (1990)

162. Hardwick, J. & B. M. Sefton: The activated form of
the Lck tyrosine protein kinase in cells exposed to
hydrogen peroxide is phosphorylated at both Tyr-394 and
Tyr-505. J Biol Chem 272, 25429-25432 (1997)

163. Oetken, C., M. von Willebrand, A. Marie-Cardine, T.
Pessa-Morikawa, A. Ståhls, S.Fischer & T. Mustelin:
Induction of hyperphosphorylation and activation of the



Kinases and phosphatases in TCR signaling

952

p56lck protein tyrosine kinase by phenylarsine oxide, a
phosphotyrosine phosphatase inhibitor. Mol Immunol 31,
1295-1302 (1994)

164. Jin, Y.-J., J. Friedman & S. J. Burakoff: Regulation of
tyrosine phosphorylation in isolated T cell membrane by
inhibition of protein tyrosine phosphatases. J Immunol 161,
1743-1750 (1998)

165. Pani, G., Fischer, K.-D., Mlinaric-Rascan, I. &
Siminovitch, K. A., Signaling capacity of the T cell antigen
receptor is negatively regulated by the PTP1C tyrosine
phosphatase. J Exp Med 184, 839-852 (1996)

166. Lorenz, U., K. S. Ravichandran, S. J. Burakoff & B.
G. Neel: Lack of SHPTP1 results in src-family kinase
hyperactivation and thymocyte hyperresponsiveness. Proc
Natl Acad Sci USA 93, 9624-9629 (1996)

167. Plas, D. R., R. Johnson, T. J. Pingel, R. J. Matthews,
M. Dalton, G. Roy, A. C. Chan & M. L. Thomas: Direct
regulation of ZAP-70 by SHP-1 in T cell antigen receptor
signaling. Science 272, 1173-1176 (1996)

168. Raab, M. & C. E. Rudd: Hematopoietic cell
phosphatase (HCP) regulates p56LCK phosphorylation and
ZAP-70 binding to T cell receptor zeta chain. Biochem.
Biophys. Res. Commun. 222, 50-57 (1996)

169. Brockdorff, J., S. Williams, C. Couture & T. Mustelin:
Dephosphorylation of ZAP-70 and inhibition of T cell
activation by activated SHP1. Eur J Immunol 29, 2539-
2550 (1999)

170. Gjörloff-Wingren, A., M. Saxena, S. Williams, D.
Hammi & T. Mustelin: Characterization of TCR-induced
receptor-proximal signaling events negatively regulated by
the protein tyrosine phosphatase PEP. Eur J Immunol 29,
3845-3854 (1999)

171. Cloutier, J. F. & A. Veillette: Cooperative inhibition
of T-cell antigen receptor signaling by a complex between
a kinase and a phosphatase. J Exp Med 189, 111-121
(1999)

172. Cloutier, J. F. & A. Veillette: Association of inhibitory
tyrosine protein kinase p50csk with protein tyrosine
phosphatase PEP in T cells and other hemopoietic cells.
EMBO J 15, 4909-4918 (1996)

173. Bergman, M., T. Mustelin, C. Oetken, J. Partanen, N.
A. Flint, K. E. Amrein, M. Autero, P. Burn & K. Alitalo:
The human p50csk tyrosine kinase phosphorylates Lck at
Tyr-505 and down-regulates its catalytic activity. EMBO J
11, 2919-2924 (1992)

174. Sefton, B. M.: The lck tyrosine protein kinase.
Oncogene 6, 683-686 (1990)

175. Nada, S., M. Okada, A. MacAuley, J. A. Cooper & H.
Nakagawa. Cloning of a complementary DNA for a
protein-tyrosine kinase that specifically phosphorylates a

negative regulatory site of p60c-src. Nature 351, 69-72
(1991)

176. Autero, M., J. Saharinen, T. Pessa-Morikawa, M.
Soula-Rothhut, C. Oetken, M. Gassmann, M. Bergman, K.
Alitalo, P. Burn, C. G. Gahmberg & T. Mustelin: Tyrosine
phosphorylation of the CD45 phosphotyrosine phosphatase
by the p50csk kinase creates a binding site for the Lck
tyrosine kinase and activates the phosphatase. Mol Cell
Biol 14, 1308-1321 (1994)

177. Oetken, C., C. Couture, M. Bergman, N. Bonnefoy-
Bérard, S. Williams, K. Alitalo, P. Burn & T. Mustelin:
TCR/CD3-triggering causes activation of the p50csk
tyrosine kinase and engagement of its SH2 domain.
Oncogene 9, 1625-1631 (1994)

178. Fargnoli, M.-C., R. L. Edelson, C. L. Berger, S.
Chimenti, C. Couture, T. Mustelin & R. Halaban: TCR
diminished signaling in cutaneous T-cell lymphoma is
associated with decreased kinase activities of Syk and
membrane-associated Csk. Leukemia 11, 1338-1346 (1997)

179. Vang, T., K. M. Torgersen, V. Sundvold, M. Saxena,
F. O. Levy, B. S. Skalhegg, V. Hansson, T. Mustelin & K.
Tasken: Activation of the COOH-terminal Src kinase (Csk)
by cAMP-dependent protein kinase inhibits signaling
through the T cell receptor. J Exp Med 193, 497-507 (2001)

180. Brdicka, T., D. Pavlistova, A. Leo, E. Bruyns, V.
Korinek, P. Angelisova, J. Scherer, A. Shevchenko, I.
Hilgert, J. Cerny, K. Drbal, Y. Kuramitsu, B. Kornacker, V.
Horejsi & B. Schraven: Phosphoprotein associated with
glycosphingolipid-enriched microdomains (PAG), a novel
ubiquitously expressed transmembrane adapter protein,
binds the protein tyrosine kinase csk and is involved in
regulation of T cell activation. J Exp Med 191, 1591-1604
(2000)

181. Kawabuchi, M., Y. Satomi, T. Takao, Y. Shimonishi,
S. Nada, K. Nagai, A. Tarakhovsky & M. Okada:
Transmembrane phosphoprotein Cbp regulates the
activities of Src-family tyrosine kinases. Nature 404, 999-
1003 (2000)

182. Torgersen, K. M., T. Vang, H. Abrahamsen, S. Yaqub,
V. Horejsi, B. Schraven, B. Rolstad, T. Mustelin & K.
Tasken: Release from tonic inhibition of T cell activation
through transient displacement of C-terminal Src kinase
(Csk) from lipid rafts. J Biol Chem 276, 29313-29318
(2001)

183. Pingel, J. T. & M. L. Thomas: Evidence that the
leukocyte-common antigen is required for antigen-induced
T lymphocyte proliferation. Cell  58, 1055-1065 (1989)

184. Koretzky, G. A., J. Picus, M. L. Thomas & A. Weiss:
Tyrosine phosphatase CD45 is essential for coupling T-cell
antigen receptor to the phosphatidyl inositol pathway.
Nature 346, 66-68 (1990)

185. Koretzky, G. A., M. A. Kohmetscher, T. Kadlecek &
A. Weiss: Restoration of T cell receptor-mediated signal



Kinases and phosphatases in TCR signaling

953

transduction by transfection of CD45 cDNA into a CD45-
defficient variant of the Jurkat T cell line. J. Immunol. 149,
1138-1142 (1992)

186. Mustelin, T., K. M. Coggeshall & A. Altman: Rapid
activation of the T cell tyrosine protein kinase pp56lck by
the CD45 phosphotyrosine phosphatase. Proc Natl Acad
Sci USA. 86, 6302-6306 (1989)

187. Ostergaard, H. L., D. A. Shackelford, T. R. Hurley, P.
Johnson, R. Hyman, B. M. Sefton & I. S. Trowbridge:
Expression of CD45 alters phosphorylation of the lck-
encoded tyrosine protein kinase in murine lymphoma T-cell
lines. Proc Natl Acad Sci USA 86, 8959-8963 (1989)

188. Mustelin, T. & A. Altman: Dephosphorylation and
activation of the T cell tyrosine kinase pp56lck by the
leukocyte common antigen (CD45) Oncogene 5, 809-813
(1990)

189. Mustelin, T., T. Pessa-Morikawa, M. Autero, M.
Gassman, C. G. Gahmberg, L. C. Andersson & P. Burn:
Regulation of the Fyn tyrosine protein kinase by the CD45
phosphotyrosine phosphatase. Eur J Immunol 22, 1173-
1178 (1992)

190. Cahir McFarland, E. D., T. R. Hurley, J. T. Pingel, B.
M. Sefton, A. Shaw & M. L. Thomas: Correlation between
Src family member regulation by the protein-tyrosine-
phosphatase CD45 and transmembrane signaling through
the T-cell receptor. Proc Natl Acad Sci USA 90, 1402-1406
(1993)

191. Hurley, T. R., R. Hyman & B. M. Sefton: Differential
effects of expression of the CD45 tyrosine protein
phosphatase on the tyrosine phosphorylation of the lck, fyn
and c-src tyrosine protein kinases. Mol Cell Biol 13, 1651-
1656 (1993)

192. Shiroo, M., L. Goff, M. Biffen, E. Shivnan & D.
Alexander: CD45 tyrosine phosphatase-activated p59fyn

couples the T cell antigen receptor to pathways of
diacylglycerol production, protein kinase C activation and
calcium influx. EMBO J 11, 4887-4897 (1992)

193. Sieh, M., J. B. Bolen & A. Weiss: CD45 specifically
modulates binding of Lck to a phosphopeptide
encompassing the negative regulatory tyrosine of Lck.
EMBO J 12, 315-321 (1993)

194. Turka, L. A., S. B. Kanner, G. L. Schieven, C. B.
Thompson & J. A. Ledbetter: CD45 modulates T cell
receptor/CD3-induced activation of human thymocytes via
regulation of tyrosine phosphorylation. Eur J Immunol 22,
551-557 (1992)

195. Justement, L. B., K. S. Campbell, N. C. Chien & J. C.
Cambier: Regulation of B cell antigen receptor signal
transduction and phosphorylation by CD45. Science 252,
1839-1842 (1991)

196. Zheng, X. M., Y. Wang & C. J. Pallen: Cell
transformation and activation of pp60c-src by

overexpression of a protein tyrosine phosphatase. Nature
359, 336-339 (1992)

197. Couture, C., G. Baier, C. Oetken, S. Williams, D.
Telford, A. Marie-Cardine, G. Baier-Bitterlich, S. Fischer,
P. Burn, A. Altman & T. Mustelin: Activation of Lck by
p72syk through physical association and N-terminal
tyrosine phosphorylation. Mol Cell Biol 14, 5249-5258
(1994)

198. Stover, D. R., P. Furet & N. B. Lydon: Modulation of
the SH2 binding specificity and kinase activity of Src by
tyrosine phosphorylation within its SH2 domain. J Biol
Chem 21, 12481-12487 (1996)

199. von Willebrand, M., S. Williams, M. Saxena, J.
Gilman, P. Tailor, T. Jascur, G. P. Amarante-Mendes, D. R.
Green & T. Mustelin: Modification of phosphatidylinositol
3-kinase SH2 domain binding properties by Abl- or Lck-
mediated tyrosine phosphorylation at Tyr-688. J Biol Chem
273, 3994-4000 (1998)

200. Broome, M. A. & T. Hunter: The PDGF receptor
phosphorylates Tyr 138 in the c-Src SH3 domain in vivo
reducing peptide ligand binding.  Oncogene 14, 17-34
(1997)

201. Greenway, A., A. Azad, J. Mills & D. McPhee:
Human immunodeficiency virus type 1 Nef binds directly
to Lck and mitogen-activated protein kinase, inhibiting
kinase activity. J Virology 70, 6701-6708 (1996)

202. Fickenscher, H., B. Biesinger, A. Knappe, W. S. & B.
Fleckenstein: Regulation of the herpesvirus saimiri
oncogene stpC, similar to that of T-cell activation genes, in
growth-transformed human T lymphocytes. J Virol 70,
6012-6019 (1996)

203. Brizuela, L., E. T. Ulug, M. A. Jones & S. A.
Courtneidge: Induction of interleukin-2 transcription by the
hamster polyomavirus middle T antigen: a role for Fyn in T
cell signal transduction. Eur J Immunol 25, 385-393 (1995)

204. Miyazaki, R., Z. J. Liu & T. Taniguchi: Selective
cooperation of HTLV-1-encoded p40tax-1 with cellular
oncoproteins in the induction of hematopoietic cell
proliferation. Oncogene 12, 2403-2408 (1996)

205. Hivroz, C. F. Mazerolles, M. Soula, R. Fagard, S.
Graton, S. Meloche, R. P. Sekaly & A. Fischer: Human
immunodeficiency virus gp120 and derived peptides
activate protein tyrosine kinase p56lck in human CD4 T
lymphocytes. Eur J Immunol 23, 600-607 (1993)

206. Kaufman, R., D. Laroche, K. Buchner, F. Hucho, C. E.
Rudd, C. Linschau, P. Ludwig, A. Hoer, E. Oberdisse, J.
Kopp, I.-J. Korner & R. H.: The HIV-1 surface protein
gp120 has no effect on transmembrane signal transduction
in T cells. J AIDS 15, 760-770 (1992)

207. Cefai, D., M. Ferrer, N. Serpente & T. Idziorek:
Internalization of HIV glycoprotein gp120 is associated



Kinases and phosphatases in TCR signaling

954

with down-modulation of membrane CD4 and p56lck

together with impairment of T cell activation. J Immunol
149, 285-294 (1992)

208. Morio, T., T. Chatila & R. S. Geha: HIV glycoprotein
gp120 inhibits TCR-CD3-mediated activation of fyn and
lck. Int Immunol 9, 53-64 (1997)

209. Tian, H., R. Lempicki, L. King, E. Donoghue, L. E.
Samelson & D. I. Cohen: HIV enveloped-directed signaling
aberrancies and cell death of CD+ T cells in the absence of
TCR co-stimulation. Int Immunol 8, 65-74 (1996)

210. Racioppi, L., G. Matarese, U. D'Oro, M. De Pascale,
A. M. Masci, S. Fontana & S. Zappacosta: The role of
CD4-Lck in T-cell receptor antagonism:  evidence for
negative signaling. Proc Natl Acad Sci USA 93, 10360-
10365 (1996)

211. Chan, A. C., M. Iwashima, C. W. Turck & A. Weiss:
ZAP-70: A 70 kd protein-tyrosine kinase that associates
with the TCRzeta chain. Cell 71, 649-662 (1992)

212. Taniguchi, T., T. Kobayashi, J. Kondo, K. Takahashi,
H. Nakamura, J. Suzuki, K. Nagai, T. Yamada, S.
Nakamura & H. Yamamura. Molecular cloning of a porcine
gene syk that encodes a 72-kDa protein-tyrosine kinase
showing high susceptibility to proteolysis. J Biol Chem
266, 15790-15796 (1991)

213. Huby, R. D., M. Iwashima, A. Weiss & S. C. Ley:
ZAP-70 protein tyrosine kinase is constitutively targeted to
the T cell cortex independently of its SH2 domains. J Cell
Biol 137, 1639-1649 (1997)

214. Gross, B. S., J. R. Lee, J. L. Clements, M. Turner, V.
I. Tybulewicz, P. R. Findell, G. A. Koretzky & S. P.
Watson: Tyrosine phosphorylation of SLP-76 is
downstream of Syk following stimulation of the collagen
receptor in platelets. J Biol Chem 274, 5963-5971 (1999)

215. Poole, A., J. M. Gibbins, M. Turner, M. J. van Vugt, J.
van de Winkel, T. Saito, V. L. Tybulewicz & S. P. Watson:
The Fc receptor gamma-chain and the tyrosine kinase Syk
are essential for activation of mouse platelets by collagen.
EMBO J 16, 2333-2341 (1997)

216. Harrison, M., C. Isaacson & D. Burg: Phosphorylation
of human erythrocyte band 3 by endogenous p72syk. J Biol
Chem 269, 955-959 (1994)

217. Chu, D.H., N. S. van Oers, M. Malissen, J. Harris, M.
Elder & A. Weiss: Pre-T cell receptor signals are
responsible for the down-regulation of Syk protein tyrosine
kinase expression. J Immunol 163, 2610-2620 (1999)

218. Arpaia, E., M. Shahar, H. Dadi, A. Cohen & C. M.
Roifman: Defective T cell receptor signaling and CD8+

thymic selection in humans lacking Zap-70 kinase. Cell 76,
947-958 (1994)

219. Elder, M. E., D. Lin, J. Clever, A. C. Chan, T. J. Hope,
A. Weiss & T. G. Parslow: Human severe combined

immunodeficiency due to a defect in ZAP, a T cell tyrosine
kinase. Science 264, 1596-1599 (1994)

220. Chan, A. C., T. A. Kadlecek, M. E. Elder, A. H.
Filipovich, W.-L. Kuo, M. Iwashima, T. G. Parslow & A.
Weiss: ZAP deficiency in an autosomal recessive form of
severe combined immunodeficiency. Science 264, 1599-
1601 (1994)

221. Negishi, I., N. Motoyama, K.-I. Nakayama, K.
Nakayama, S. Senju, S. Hatakeyama, Q. Zhang, A. C. Chan
& D. Y. Loh: Essential role for ZAP-70 in both positive
and negative selection of thymocytes. Nature 376, 435-438
(1995)

222. Turner, M., P. J. Mee, P. S. Costello, O. Williams, A.
A. Price, L. P. Duddy, M. T. Furlong, R. L. Geahlen & V.
L. J. Tybulewicz: Perinatal lethality and blocked B-cell
development in mice lacking the tyrosine kinase Syk.
Nature 378, 298-302 (1995)

223. Cheng, A. M., B. Rowley, W. Pao, A. Hayday, J. N.
Bolen & T. Pawson: Syk tyrosine kinase required for
mouse viability and B-cell development. Nature 378, 303-
306 (1995)

224. Mallick-Wood, C. A., W. Pao, A. M. Cheng, J. M.
Lewis, S. Kulkarni, J. B. Bolen, B. Rowley, R. E. Tigelaar,
T. Pawson & A. C. Hayday: Disruption of epithelial
gamma/delta T cell repertoires by mutation of the Syk
tyrosine kinase. Proc Natl Acad Sci USA 93, 9704-9709
(1996)

225. Cheng, A. M., I. Negishi, S. J. Anderson, A. C. Chan,
J. Bolen, D. Y. Loh & T. Pawson: The Syk and ZAP-70
SH2-containing tyrosine kinases are implicated in pre-T
cell receptor signaling. Proc Natl Acad Sci USA 94, 9798-
9801 (1997)

226. Chan, A. C., N. Van Oers, A. Tran, L. Turka, C. L.
Law, J. C. Ryan, E. A. Clark & A. Weiss: Differential
expression of ZAP-70 and Syk protein tyrosine kinases,
and the role of this family of protein tyrosine kinases in
TCR signaling. J Immunol 152, 4758-4766 (1994)

227. Chan, A. C., B. A. Irving, J. D. Fraser & A. Weiss:
The zeta chain is associated with a tyrosine kinase and
upon T-cell antigen receptor stimulation associates with
ZAP-70, a 70-kDa tyrosine phosphoprotein. Proc Natl
Acad Sci USA 88, 9166-9170 (1991)

228. Van Oers, N. S. C., N. Killeen & A. Weiss: ZAP-70 is
constitutively associated with tyrosine-phosphoryated TCR
zeta in murine thymocytes and lymph node T cells.
Immunity 1, 675-685 (1994)

229. Gauen, L. K., Y. Zhu, F. Letourneur, Q. Hu, J. B.
Bolen, L. A. Matis, R. D. Klausner & A. S. Shaw:
Interactions of p59fyn and ZAP-70 with T-cell receptor
activation motifs:  defining the nature of a signaling motif.
Mol Cell Biol 14, 3729-3741 (1994)

230. Hatada, M. H., X. Lu, E. R. Laird, J. Green, J. P.
Morgenstern, M. Lou, C. S. Marr, T. B. Philips, M. K.



Kinases and phosphatases in TCR signaling

955

Ram, K. Teriault: Molecular basis for interaction of the
protein tyrosine kinase ZAP-70 with the T-cell receptor.
Nature 376, 32-38 (1995)

231. Kong, G. H., J. Y. Bu, T. Kurosaki, A. S. Shaw & A.
C. Chan: Reconstitution of Syk function by the ZAP-70
protein tyrosine kinase. Immunity 2, 485-492 (1995)

232. Kurosaki, T., S. A. Johnson, L. Pao, K. Sada, H.
Yamamura & J. C. Cambier: Role of Syk
autophosphorylation site and SH2 domains in B cell
antigen receptor function. J Exp Med 182, 1815-1821.
(1996)

233. Isakov, N., R. L. Wange, W. H. Burgess, J. D. Watts,
R. Aebersold & L. E. Samelson: ZAP-70 binding
specificity to T cell receptor tyrosine-based activation
motifs:  the tandem SH2 domains of ZAP-70 bind distinct
tyrosine-based activation motifs with varying affinity. J
Exp Med 181, 375-380 (1995)

234. Neumeister, E. N., Y. Zhu, S. Richard, C. Terhorst, A.
S. Chan & A. S. Shaw: Binding of ZAP-70 to
phosphorylated T-cell receptor zeta and eta enhances its
autophosphorylation and generates specific binding sites
for SH2 domain-containing proteins. Mol Cell Biol 15,
3171-3178 (1995)

235. Watts, J. D., M. Affolter, D. L. Krebs, R. L. Wange, L.
E. Samelson & R. Aebersold: Identification by electrospray
ionization mass spectrometry of the sites of tyrosine
phosphorylation induced in activated Jurkat T cells on the
protein tyrosine kinase ZAP-70. J Biol Chem 269, 29520-
29529 (1994)

236. Chan, A. C., M. Dalton, R. Johnson, G. H. Kong, T.
Wang, R. Thoma & T. Kurosaki: Activation of ZAP-70
kinase activity by phosphorylation of tyrosine 493 is
required for lymphocyte antigen receptor function. EMBO J
14, 2499-2508 (1995)

237. Wange, R. L., R. Guitian, N. Isakov, J. D. Watts, R.
Aebersold & L. E. Samelson: Activating and inhibitory
mutations in adjacent tyrosines in the kinase domain of
ZAP-70. J Biol Chem 270, 18730-18733 (1995)

238. Mege, D., V. Di Bartolo, V. Germain, L. Tuosto, F.
Michel & O. Acuto: Mutation of tyrosine 492/493 in the
kinase domain of ZAP-70 affects multiple T-cell receptor
signaling pathways. J Biol Chem 271, 32644-32652 (1996)

239. Van Oers, N. S. C., N. Killeen & A. Weiss: Lck
regulates the tyrosine phosphorylation of the T cell receptor
subunits and ZAP-70 in murine thymocytes. J Exp Med
183, 1053-1062 (1996)

240. Weil, R., J. F. Cloutier, M. Fournel & A. Veillette:
Regulation of Zap-70 by Src family tyrosine protein
kinases in an antigen-specific T-cell line. J Biol Chem 270,
2791-2799 (1995)

241. Isakov, N., R. L. Wange, J. D. Watts, R. Aebersold &
L. E. Samelson: Purification and characterization of human
ZAP-70 protein-tyrosine kinase from a baculovirus

expression system. J Biol Chem 271, 15753-15761 (1996)

242. Duplay, P., M. Thome, F. Herve & O. Acuto: p56lck

interacts via its src homology 2 domain with the ZAP-70
kinase. J Exp Med 179, 1163-1172 (1994)

243. Yamaskai, S., M. Takamatsu & M. Iwashima: The
kinase, SH3 and SH2 domains of Lck play critical roles in
T-cell activation after ZAP-70 membrane localization. Mol
Cell Biol 16, 7151-7160 (1996)

244. Pelosi, M., V. Di Bartolo, V. Mounier, D. Mege, J.-M.
Pascussi, E. Dufour, A. Blondel & O. Acuto: Tyrosine 319
in the interdomain B of ZAP-70 is a binding site for the
SH2 domain of Lck. J Biol Chem 274, 14229-14237 (1999)

245. Di Bartolo, V., D. Mege, V. Germain, M. Pelosi, E.
Dufour, F. Michel, G. Magistrelli, A. Isacchi & O. Acuto:
Tyrosine 319, a newly identified phosphorylation site of
ZAP-70, plays a critical role in T cell antigen receptor
signaling. J Biol Chem 274, 6285-6294 (1999)

246. Williams, B. L., B. J. Irvin, S. L. Sutor, C. C. S. Chini,
E. Yacyshyn, J. Bubeck Wardenburg, M. Dalton, A. C.
Chan & R. T. Abraham: Phosphorylation of Tyr319 in
ZAP-70 is required for T-cell antigen receptor-dependent
phospholipase C-gamma1 and Ras activation. EMBO J 18,
1832-1844 (1999)

247. Yan, S. & G. Berton: Signaling by adhesion in human
neutorphils:  Activation of the p72syk tyrosine and
formation of protein complexes containing p72syk and Src
family kinases in neutrophils spreading over fibrinogen. J
Immunol 158, 1902-1910 (1997)

248. Minami. Y., Y. Nakagawa & A. Kawahara: Protein
tyrosine kinase Syk is associated with and activated by the
IL-2 receptor: possible link with the c-myc induction
pathway. Immunity 2, 89-100 (1995)

249. Hutchcroft, J. E., M. L. Harrison & R. L. Geahlen: B
lymphocyte activation is accompanied by phosphorylation
of a 72-kDa protein-tyrosine kinase. J Biol Chem 266,
14846-14849 (1991)

250. Couture, C., G. Baier, A. Altman & T. Mustelin: Lck-
independent activation and tyrosine phosphorylation of
p72syk by TCR/CD3 stimulation. Proc Natl Acad Sci USA
91, 5301-5305 (1994)

251. Benhamou, M., N. J. Ryba, H. Kihara, H. Nishikata &
R. P. Siraganian: Protein-tyrosine kinase p72syk in high
affinity IgE receptor signaling. Identification as a
component of pp72 and association with the receptor
gamma chain after receptor aggregation. J Biol Chem 268,
23318-23324 (1993)

252. Shiue, L., J. Green, O. M. Green, J. L. Karas, J. P.
Morgenstern, M. K. Ram, M. K. Taylor, M. J. Zoller, L. D.
Zydowsky, J. B. Bolen & J. S. Brugge: Interaction of p72syk

with the gamma and beta subunits of the high-affinity
receptor for immunoglobulin E, FcepsilonRI. Mol Cell Biol
15, 272-281 (1995)



Kinases and phosphatases in TCR signaling

956

253. Ohno, H., T. Aoe, C. Ra, T. Yamamoto & T. Saito:
TCR isoform containing the Fc receptor gamma chain
exhibits structural and functional differences from isoform
containing CD3zeta Int Immunol 5, 1403-1411 (1993)

254. Bu, J.-Y., A. S. Shaw & A. C. Chan: Analysis of the
interaction of ZAP and syk protein-tyrosine kinases with
the T-cell antigen receptor by plasmon resonance. Proc
Natl Acad Sci USA 92, 5106-5110 (1995)

255. Williams, B. L., K. L. Schreiber, W. Zhang, R.
Wange, L. Samelson, P. J. Leibson & R. T. Abraham:
Genetic evidence for differential coupling of Syk family
kinases to the T-cell receptor: reconstitution studies in a
ZAP-70-deficient Jurkat T-cell line. Mol Cell Biol 18,
1388-1399 (1998)

256. Williams, S., C. Couture, J. Gilman, T. Jascur, M.
Deckert, A. Altman & T. Mustelin: Reconstitution of TCR-
induced Erk2 kinase activation in Lck-negative JCaM1
cells by Syk, but not Zap. Eur J Biochem 245, 84-90 (1997)

257. Latour, S., L. M. Chow & A. Veillette: Differential
intrinsic enzymatic activity of Syk and Zap-70 protein-
tyrosine kinases, J Biol Chem 271, 22782-22790 (1996)

258. Rowley, R. B., A. L. Burkardt, H.-G. Chao, G. R.
Matsueda & J. B. Bolen: Syk protein-tyrosine kinase is
regulated by tyrosine-phosphorylated Igalpha/Igbeta
immunoreceptor tyrosine activation motif binding and
autophosphorylation. J Biol Chem 270, 11590-11594
(1995)

259. Couture, C., S. Williams, N. Gauthier, P. Tailor & T.
Mustelin: Role of tyrosines 518 and 519 in regulation of
catalytic activity and substrate phosphorylation by the Syk
protein tyrosine kinase. Eur J Biochem 246, 447-451
(1997)

260. Deckert, M., S. Tartare-Deckert, C. Couture, T.
Mustelin & A. Altman: Physical and functional interaction
of the protein tyrosine kinase Syk with the
protooncoprotein Vav. Immunity 5, 591-604 (1996)

261. Kurosaki, T., S. A. Johnson, L. Pao, K. Sada, H.
Yamamura & J. C. Cambier: Role of the Syk
autophosphorylation site and SH2 domains in B cell
antigen receptor signaling. J Exp Med 182, 1815-1823
(1995)

262. Furlong, M. T., A. M.  Mahrenholz, K. H. Kim, C. L.
Ashendel, M. L. Harrison & R. L. Geahlen: Identification
of the major sites of autophosphorylation of the murine
protein-tyrosine kinase Syk. Biochim Biophys Acta. 1355,
177-190 (1997)

263. Couture, C., M. Deckert, S. Williams, F. Otero Russo,
A. Altman & T. Mustelin: Identification of the site in the
Syk protein tyrosine kinase that binds the SH2 domain of
Lck. J Biol Chem 271, 24294-24299 (1996)

264. Katzav, S., M. Sutherland, G. Packham, T. Yi & A.
Weiss: The protein tyrosine kinase ZAP-70 can associate

with the SH2 domain of proto-vav. J Biol Chem 269,
32579-32585 (1994)

265. Fournel, M., D. Davidson, R. Weil & A. Veillette:
Association of tyrosine protein kinase Zap-70 with the
protooncogene product p120-cbl in T lymphocytes. J Exp
Med 183, 301-306 (1996)

266. Ota, Y. & L. E. Samelson: The product of the proto-
oncogene c-cbl: a negative regulator of the Syk tyrosine
kinase. Science 276, 418-420 (1997)

267. Fitzer-Attas, C. J., D. G. Schindler, T. Waks and Z.
Eshhar: Direct T cell activation by chimeric single chain
Fv-Syk promotes Syk-Cbl association and Cbl
phosphorylation. J Biol Chem 272, 8551-8557 (1997)

268. Burgess, K. E., A. D. Odysseos, C. Zalvan, B. J.
Druker, P. Anderson, S. F. Schlossman and C. E. Rudd:
Biochemical identification of a direct physical interaction
between CD4:p56lck and Ti(TcR)/CD3 complex. Eur J
Immunol 21, 1663-1668 (1991)

269. Mano, H., F. Ishikawa, J. Nishida, H. Hirai & F.
Takaku: A novel protein-tyrosine kinase, tec, is
preferentially expressed in liver. Oncogene 5, 1781-1786
(1990)

270. Mano, H., K. Mano, B. Tang, M. Koehler, T. Yi, D. J.
Gilbert, N. A. Jenkins, N. G. Copeland & J. N. Ihle:
Expression of a novel form of Tec kinase in hematopoietic
cells and mapping of the gene to chromosome 5 near Kit.
Oncogene 8, 417-424 (1993)

271. Sato, K., H. Mano, T. Ariyama, J. Inazawa, Y. Yazaki
& H Hirai: Molecular cloning and analysis of the human
Tec protein-tyrosine kinase. Leukemia 8,1663-1672 (1994)

272. Siliciano, J. D., T. A. Morrow & S. V. Desiderio: Itk,
a T-cell-specific tyrosine kinase gene inducible by
interleukin 2. Proc Natl Acad Sci USA 89, 11194-11198
(1992)

273. Yamada, N., Y. Kawakami, H. Kimura, H.
Fukamachi, G. Baier, A. Altman, T. Kato, Y. Inagaki & T.
Kawakami: Structure and expression of novel protein-
tyrosine kinases, Emb and Emt, in hematopoietic cells.
Biochem Biophys Res Comm 192,231-240 (1993)

274. Heyeck, S. D. & L. J. Berg: Developmental regulation
of a murine T-cell-specific tyrosine kinase gene, Tsk. Proc
Natl Acad Sci USA 90, 669-673 (1993)

275. Sommers, C.L., K. Huan, E. W. Shores, A. Grinberg,
D. A. Charlick, C. A. Kozak & P. E. Love: Murine txk: a
protein tyrosine kinase gene regulated by T cell activaiton.
Oncogene 11, 245-251 (1995)

276. Hu, Q., D. Davidson, P. L. Schwartzberg, F.
Macchiarini, M. J. Leonardo, J. A. Bluestone & L. A.
Matis: Identification of Rlk, a novel protein tyrosine kinase
with predominant expression in the T cell lineage. J Biol



Kinases and phosphatases in TCR signaling

957

Chem 270, 1928-1934 (1995)

277. Debnath, J., M. Chamorro, M. J. Czar, E. D.
Schaeffer, M. J. Leonardo, H. E. Varmus & P. L.
Schwartzber: rlk/TXK encodes two forms of a novel
cysteine string tyrosine kinase activated by Src family
kinases. Mol Cell Biol 19, 1498-1507 (1999)

278. Mano H.: The Tec family protein-tyrosine kinases: a
subset of kinases for a subset of signalings. Int J Hematol
69, 6-12 (1999)

279. Smith, C. I. E., T. C. Islam, P. T. Mattsson, A. J.
Mohamed, B. F. Nore & M. Vihinen: The Tec family of
cytoplasmic tyrosine kinases: mammalian Btk, Bmx, Itk,
Tec, Txk and homologs in other species. BioEssays 23,
436-446 (2001)

280. August, A., A. Sadra, B. Dupont & H. Hanafusa: Src-
induced activation of inducible T cell kinase (ITK) requires
phosphatidylinositol 3-kinase activity and the Pleckstrin
homology domain of inducible T cell kinase. Proc Natl
Acad Sci USA 94, 11227-11232 (1997)

281. Salim, K., M. J. Bottomley, E. Querfurth, M. J.
Zvelebil, I. Gout, R. Scaife, R. L. Margolis, R. Gigg, C. I.
Smith, P. C. Driscoll, M. D. Waterfield & G. Panayotou:
Distinct specificity in the recognition of phosphoinositides
by the pleckstrin homology domains of dynamin and
Bruton's tyrosine kinase. EMBO J 15, 6241-6250 (1996)

282. Okoh, M. P. & M. Vihinen: Pleckstrin homology
domains of tec family protein kinases. Biochem Biophys
Res Com 265, 151-157 (1999)

283. Shan, X., M. J. Czar, S. C. Bunnell, P. Liu, Y. Liu, P.
L. Schwartzberg & R. L. Wange: Deficiency of PTEN in
Jurkat T cells causes constitutive localization of Itk to the
plasma membrane and hyperresponsiveness to CD3
stimulation. Mol Cell Biol 20, 6945-6957 (2000)

284. Gibson, S., A. August, Y. Kawakami, T. Kawakami,
B. Dupont & G. B. Mills: The EMT/ITK/TSK (EMT)
tyrosine kinase is activated during TCR signaling: LCK is
required for optimal activation of EMT. J Immunol 156,
2716-2722 (1996)

285. Gibson, S., A. August, D. Branch, B. Dupont & G. M.
Mills: Functional LCK Is required for optimal CD28-
mediated activation of the TEC family tyrosine kinase
EMT/ITK. J Biol Chem 271, 7079-7083 (1996)

286. Heyeck, S. D., H. M. Wilcox, S. C. Bunnell & L. J.
Berg: Lck phosphorylates the activation loop tyrosine of
the Itk kinase domain and activates Itk kinase activity. J
Biol Chem 272, 25401-25408 (1997)

287. A. H. Andreotti, A. H., S. C. Bunnell, S. Feng, L. J.
Berg and S. L. Schreiber: Regulatory intramolecular
association in a tyrosine kinase of the Tec family. Nature
385, 93-97 (1997)

288. Cory, G. O. L. MacCarthy-Morrogh, S. Banin, I. Gout,
P. M. Brickell, R. J. Levinsky, C. Kinnon and R. C.
Lovering: Evidence that the Wiskott-Aldrich syndrome
protein may be involved in lymphoid cell signaling
pathways. J Immunol 157, 3791-3795 (1996)

289. August, A., S. Gibson, Y. Kawakami, T. Kawakami,
G. B. Mills & B. Dupont: CD28 is associated with and
induces the immediate tyrosine phosphorylation and
activation of the Tec family kinase ITK/EMT in the human
Jurkat leukemic T-cell line. Proc Natl Acad Sci USA 91,
9347-9351 (1994)

290. Liao, X. C. & D. R. Littman: Altered T cell receptor
signaling and disrupted T cell development in mice lacking
Itk. Immunity 3, 757-769 (1996)

291. Bachmann, M. F., D. R. Littman & X. C. Liao:
Antiviral immune responses in Itk-deficient mice. J Virol
71, 7253-7257 (1997)

292. Liu, K. Q., S. C. Bunnell, C. B. Gurniak & L. J. Berg:
T cell receptor-initiated calcium release is uncoupled from
capacitative calcium entry in Itk-deficient T cells. J Exp
Med 187, 1721-1727 (1998)

293. Fowell, D. J., K. Shinkai, X. C. Liao, A. M. Beebe, R.
L. Coffman, D. R. Littman & R. M. Locksley: Impaired
NFATc translocation and failure of Th2 development in
Itk-deficient CD4+ T cells. Immunity 11, 399-409 (1999)

294. Sommers, C. L., R. L. Rabin, A. Grinberg, H. C. Tsay,
J. Farber & P. E. Love: A role for the Tec family tyrosine
kinase Txk in T cell activation and thymocyte selection. J
Exp Med 190, 1427-1438 (1999)

295. Schaeffer, E. M., J. Debnath, G. Yap, D. McVicar, X.
C. Liao, D. R. Littman, A. Sher, H. E. Varmus, M. J.
Lenardo & P. L. Schwartzberg: Requirement for Tec
kinases Rlk and Itk in T cell receptor signaling and
immunity. Science 284, 638-641 (1999)

296. Perez-Villar, J. J. & S. B. Kanner: Regulated
association between the tyrosine kinase Emt/Itk/Tsk and
phospholipase-C gamma 1 in human T lymphocytes. J
Immunol 163, 6435-6441 (1999)

297. Su, Y. W., Y. Zhang, J. Schweikert, G. A. Koretzky,
M. Reth & J. Wienands: Interaction of SLP adapters with
the SH2 domain of Tec family kinases. Eur J Immunol 29,
3702-3711 (1999)

298. Bunnell, S. C., M. Diehn, M. B. Yaffe, P. R. Findell,
L. C. Cantley & L. J. Berg: Biochemical interactions
integrating Itk with the T cell receptor-initiated signaling
cascade. J Biol Chem 275, 2219–2230 (2000)

299. Schneider, H., B. Guerette, C. Guntermann &
Christopher E. Rudd: Resting lymphocyte kinase (Rlk/Txk)
targets lymphoid adaptor SLP-76 in the cooperative
activation of interleukin-2 transcription in T-cells. J Biol



Kinases and phosphatases in TCR signaling

958

Chem 275, 3835–3840 (2000)

300. Ching, K. A., J. A. Grasis, P. Tailor, Y. Kawakami, T.
Kawakami & C. D. Tsoukas: TCR/CD3-Induced activation
and binding of Emt/Itk to linker of activated T cell
complexes: requirement for the Src homology 2 domain. J
Immunol 165, 256-262 (2000)

301. Rajagopal, K., C. L. Sommers, D. C. Decker, E. O.
Mitchell, U. Korthauer, A. I. Sperling, C. A. Kozak, P. E.
Love & J. A. Bluestone: RIBP, a novel Rlk/Txk- and Itk-
binding adaptor protein that regulates T cell activation. J
Exp Med 190, 1657–1668 (1999)

302. Cory, G. O., L. MacCarthy-Morrogh, S. Banin, I.
Gout, P. M. Brickell, R. J. Levinsky, C. Kinnon & R. C.
Lovering: Evidence that the Wiskott-Aldrich syndrome
protein may be involved in lymphoid cell signaling
pathways. J Immunol 157, 3791-3795 (1996)

303. Tsoukas, C. D., J. A. Grasis, K. A. Ching, Y.
Kawakami & T. Kawakami: Itk/Emt: a link between T cell
antigen receptor-mediated Ca2+ events and cytoskeletal
reorganization. Trends Immunol 22, 17-20 (2001)

304. King, P. D., A. Sadra, A. Han, X. R. Liu, R. Sunder-
Plassmann, E. L. Reinherz & B. Dupont: CD2 signaling in
T cells involves tyrosine phosphorylation and activation of
the Tec family kinase, EMT/ITK/TSK. Int Immunol 8,
1707-1714 (1996)

305. Yang, W.-C., M. Ghiotto, B. Barbarat & D. Olive: The
role of Tec protein-tyrosine kinase in T cell signaling. J
Biol Chem 274, 607–617 (1999)

306. van Seventer, G. A., H. J. Salmen, S. F. Law, G. M.
O'Neill, M. M. Mullen, A. M. Franz, S. B. Kanner, E. A.
Golemis & J. M. van Seventer: Focal adhesion kinase
regulates beta1 integrin-dependent T cell migration through
an HEF1 effector pathway. Eur J Immunol 31, 1417-1427
(2001)

307. van Seventer, G. A., M. M. Mullen & J. M. van
Seventer: Pyk2 is differentially regulated by beta1 integrin-
and CD28-mediated co-stimulation in human CD4+ T
lymphocytes. Eur J Immunol 28, 3867-3877 (1998)

308. Hunter, A. J. & Y. Shimizu: Alpha 4 beta 1 integrin-
mediated tyrosine phosphorylation in human T cells:
characterization of Crk- and Fyn-associated substrates
(pp105, pp115, and human enhancer of filamentation-1)
and integrin-dependent activation of p59fyn. J Immunol 159,
4806-4814 (1997)

309. Ostergaard, H. L., O. Lou, C. W. Arendt & N. N.
Berg: Paxillin phosphorylation and association with Lck
and Pyk2 in anti-CD3- or anti-CD45-stimulated T cells. J
Biol Chem 273, 5692-5696 (1998)

310. Berg, N. N. & H. L. Ostergaard: T cell receptor
engagement induces tyrosine phosphorylation of FAK and
Pyk2 and their association with Lck. J Immunol 159, 1753-

1757 (1997)

311. Tsuchida, M., S. J. Knechtle & M. M. Hamawy: CD28
ligation induces tyrosine phosphorylation of Pyk2 but not
Fak in Jurkat T cells. J Biol Chem 274, 6735-6740 (1999)

312. Tsuchida, M., E. R. Manthei, T. Alam, S. J. Knechtle
& M. M. Hamawy: Regulation of T cell receptor- and
CD28-induced tyrosine phosphorylation of the focal
adhesion tyrosine kinases Pyk2 and Fak by protein kinase
C. A role for protein tyrosine phosphatases. J Biol Chem
275, 1344-1350 (2000)

313. Qian, D., S. Lev, N. S. van Oers, I. Dikic, J.
Schlessinger & A. Weiss: Tyrosine phosphorylation of
Pyk2 is selectively regulated by Fyn during TCR signaling.
J Exp Med 185, 1253-1259 (1997)

314. Katagiri, T., T. Takahashi, T. Sasaki, S. Nakamura &
S. Hattori: Protein-tyrosine kinase Pyk2 is involved in
interleukin-2 production by Jurkat T cells via its tyrosine
402. J Biol Chem 275, 19645-19652 (2000)

315. Gjörloff-Wingren, A., P. Oh, M. Saxena, S. Han, X.
Wang, S. Williams, J. Schnitzer & T. Mustelin: Subcellular
localization of intracellular protein tyrosine phosphatases in
T cells. Eur J Immunol 30, 2412–2421 (2000)

316. Han, S., S. Williams & T. Mustelin: Cytoskeletal
protein tyrosine phosphatase PTPH1 reduces T cell antigen
receptor signaling. Eur J Immunol 30, 1318-1325 (2000)

317. Tsui, H. W., K. A. Siminovitch, L. de Souza & F. W.
L. Tsui: Motheaten and viable motheaten mice have
mutations in the haematopoietic cell phosphatase gene. Nat
Genet 4, 124-129 (1993)

318. Kozlowski, M., I. Mlinaric-Rascan, G-S. Feng, R.
Shen, T. Pawson & K. A. Siminovitch: Expression and
catalytic activity of the tyrosine phosphatase PTP1C is
severely impaired in motheaten and viable motheaten mice.
J Exp Med 178, 2157-2163 (1993)

319. Elchebly, M., P. Payette, E. Michaliszyn, W.
Cromlish, S. Collins, A. L. Loy, D. Normandin, A. Cheng,
J. Himms-Hagen, C. C. Chan, C. Ramachandran, M. J.
Gresser, M. L. Tremblay & B. P. Kennedy: Increased
insulin sensitivity and obesity resistance in mice lacking the
protein tyrosine phosphatase-1B gene. Science 283, 1544-
1548 (1999)

320. Mustelin, T. & N. Bottini: Protein tyrosine
phosphatases in autoimmunity. Eur J Allerg Clin Imm, in
press (2001)

321. Charbonneau, H., N. K. Tonks, S. Kumar, C. D. Diltz,
M. Harrylock, D. E. Cool, E. G. Krebs, E. H. Fischer & K.
A. Walsh: Human placenta protein-tyrosine-phosphatase:
amino acid sequence and relationship to a family of
receptor-like proteins. Proc Natl Acad Sci USA 86, 5252-
5256 (1989)

322. Guan, K., R. S. Haun, S. J. Watson, R. L. Geahlen &
J. E. Dixon: Cloning and expression of a protein-tyrosine-



Kinases and phosphatases in TCR signaling

959

phosphatase. Proc Natl Acad Sci USA 87, 1501-1505
(1990)

323. Tonks, N. K., H. Charbonneau, C. D. Diltz, E. H.
Fischer & K. A. Walsh: Demonstration that the leukocyte
common antigen CD45 is a protein tyrosine phosphatase.
Biochemistry 27, 8695-8701 (1988)

324. Thomas, M. L.: The leukocyte common antigen
family. Annu Rev Immunol 7, 339-369 (1989)

325. Trowbridge, I. S. & M. L. Thomas: CD45: An
emerging role as a protein tyrosine phosphatase required
for lymphocyte activation and development. Annu Rev
Immunol 12, 85-116 (1994)

326. McKenney, D. W., H. Onodera, L. Gorman, T.
Mimura & D. M. Rothstein: Distinct isoforms of CD45
protein-tyrosine phosphatase differentially regulate
interleukin 2 secretion and activation signal pathways
involving Vav in T cells. J Biol. Chem 270, 24949-24954
(1995)

327. Volarevic, S., B. B. Niklinska, C. M. Burns, H.
Yamada, C. H. June, F. J. Dumont & J. D. Ashwell: The
CD45 tyrosine phosphatase regulates phosphotyrosine
homeostasis and its loss reveals a novel pattern of late T
cell receptor-induced Ca2+ oscillations. J Exp Med 176,
835-844 (1992)

328. Gervais, F. G. & A. Veillette: The unique amino-
terminal domain of p56lck regulates interactions with
tyrosine protein phosphatases in T lymphocytes. Mol Cell
Biol 15, 2393-2401 (1995)

329. Duplay, P., A. Alcover, C. Fargeas, R. P. Sekaly and
P. E. Branton: An activated epidermal growth factor
receptor/Lck chimera restores early T cell receptor-
mediated calcium response in a CD45-deficient T cell line.
J Biol Chem 271, 17896-17902 (1996)

330. Seavitt, J., L. White, K. Murphy & D. Loh: Expression
of the p56lck Y505F mutation in CD45-deficient mice
rescues thymocyte development. Mol Cell Biol 19, 4200-
4208 (1999)

331. Shenoi, H., J. Seavitt, A. Zheleznyak, M. L. Thomas
& E. J. Brown: Regulation of integrin-mediated T cell
adhesion by the transmembrane protein tyrosine
phosphatase CD45. J Immunol 162, 7120-7 (1999)

332. Furukawa, T., M. Itoh, N. X. Krueger, M. Streuli & H.
Saito: Specific interaction of the CD45 protein-tyrosine
phosphatase with tyrosine-phosphorylated CD3 zeta chain.
Proc Natl Acad Sci USA 91, 10928-10932 (1994)

333. Irie-Sasaki, J., T. Sasaki, W. Matsumoto, A. Opavsky,
M. Cheng, G. Welstead, E. Griffiths, C. Krawczyk, C. D.
Richardson, K. Aitken, N. Iscove, G. Koretzky, P. Johnson,
P. Liu, D. M. Rothstein & J. M. Penninger: CD45 is a JAK
phosphatase and negatively regulates cytokine receptor
signalling. Nature 409, 349-354 (2001)

334. Shaw, A. S. & M. L. Dustin: Making the T cell
receptor go the distance: A topological view of T cell
activation. Immunity 6, 361-369 (1997)

335. Monks, C. R. F., B. A. Freiberg, H. Kupfer, N. Sciaky
& A. Kupfer: Three-dimensional segregation of
supramolecular activation clusters in T cells. Nature 395,
82-86 (1997)

336. Rodgers, W. & J. K. Rose: Exclusion of CD45 inhibits
activity of p56lck associated with glycolipid-enriched
membrane domains. J Cell Biol 135, 1515-1523 (1996)

337. Zanke, B., H. Suzuki, K. Kishihara, L. Mizzen, M.
Minden, A. Pawson & T. W. Mak: Cloning and expression
of an inducible lymphoid-specific, protein tyrosine
phosphatase (HePTPase) Eur J Immunol 22, 235-239
(1992)

338. Adachi, M., M. Sekiya, M. Isobe, Y. Kumura, Z.
Ogita, Y. Hinoda, K. Imai & A. Yachi: Molecular cloning
and chromosomal mapping of a human protein-tyrosine
phosphatase LC-PTP. Biochem Biophys Res Comm 186,
1607-1615 (1992)

339. Zanke, B., J. Squire, H. Griesser, M. Henry, H.
Suzuki, B. Patterson, M. Minden & T. W. Mak: A
hematopoietic protein tyrosine phosphatase (HePTP) gene
that is amplified and overexpressed in myeloid
malignancies maps to chromosome 1q32.1. Leukemia 8,
236-244 (1994)

340. Fonatsch, C., D. Haase, M. Freund, H. Bartels & H.
Tesch: Partial trisomy 1q. A nonrandom primary
chromosomal abnormality in myelodysplastic syndromes?
Cancer Genet Cytogenet 56, 243-253 (1991)

341. Mamaev, N., S. E. Mamaeva, V. Pavlova & D.
Patterson: Combined trisomy 1q and monosomy 17p due to
translocation t(1;17) in a patient with myelodysplastic
syndrome. Cancer Genet Cytogenet 35, 21-25 (1988)

342. Saxena, M., S. Williams, J. Brockdorff, J. Gilman &
T. Mustelin: Inhibition of T cell signaling by MAP kinase-
targeted hematopoietic tyrosine phosphatase (HePTP) J
Biol Chem 274, 11693-11700 (1999)

343. Saxena, M., S., Williams, K. Taskén & T. Mustelin:
Crosstalk between cAMP-dependent kinase and MAP
kinase through hematopoietic protein tyrosine phosphatase
(HePTP) Nature Cell Biology 1, 305-311 (1999)

344. Oh-hora M, Ogata M, Mori Y, Adachi M, Imai K,
Kosugi A, Hamaoka T: Direct suppression of TCR-
mediated activation of extracellular signal-regulated kinase
by leukocyte protein tyrosine phosphatase, a tyrosine-
specific phosphatase. J Immunol 163: 1282-1288 (1999)

345. Saxena, M., S. Williams, J. Gilman & T. Mustelin:
Negative regulation of T cell antigen receptor signaling by
hematopoietic tyrosine phosphatase (HePTP) J Biol Chem



Kinases and phosphatases in TCR signaling

960

273, 15340-15344 (1998)

346. Gronda, M., S. Arab, B. Iafrate, H. Suzuki & B.
Zanke: Hematopoietic protein tyrosine phosphatase
suppresses extracellular stimulus-regulated kinase
activation. Mol Cell Biol 21, 6851-6858 (2001)

347. Pulido R, Zuniga A, Ullrich A PTP-SL and STEP
protein tyrosine phosphatases regulate the activation of the
extracellular signal-regulated kinases ERK1 and ERK2 by
association through a kinase interaction motif. EMBO J 17:
7337-7350 (1998)

348. Saxena, M. & T. Mustelin: Extracellular signals and
scores of phosphatases: All roads lead to MAP kinase.
Semin Immunol 12, 387-396 (2000)

349. Shultz, L. D. & M. C. Green: Motheaten, an
immunodeficient mutant of the mouse. J Immunol 116,
936-943 (1976)

350. Pani, G., K.-D. Fischer, I. Mlinaric-Rascan & K. A.
Siminovitch: Signaling capacity of the T cell antigen
receptor is negatively regulated by the PTP1C tyrosine
phosphatase. J Exp Med 184, 839-852 (1996)

351 . Brockdorff, J., S. Williams, C. Couture & T.
Mustelin: Dephosphorylation of ZAP-70 and inhibition of
T cell activation by activated SHP1. Eur J Immunol 29,
2539-2550 (1999)

352. Lorenz, U., K. S. Ravichandran, S. J. Burakoff & B.
G. Neel: Lack of SHPTP1 results in src-family kinase
hyperactivation and thymocyte hyperresponsiveness. Proc
Natl Acad Sci USA 93, 9624-9629 (1996)

353. Raab, M. & C. E. Rudd: Hematopoietic cell
phosphatase (HCP) regulates p56LCK phosphorylation and
ZAP-70 binding to T cell receptor zeta chain. Biochem
Biophys Res Comm 222, 50-57 (1996)

354. Muta, T., T. Kurosaki, Z. Misulovin, M. Sanchez, M.
C. Nussenzweig & J. V. Ravetch: A 13-amino-acid motif in
the cytoplasmic domain of FcgammaRIIB modulates B-cell
receptor signalling. Nature 368, 70-73 (1994)

355. D’Ambrosio, D., K. L. Hippen, S. A. Minskoff, I.
Mellman, G. Pani, K. A. Siminovitch & J. C. Cambier:
Recruitment and activation of PTP1C in negative
regulation of antigen receptor signaling by FcgammaRIIB1.
Science 268, 293-297 (1995)

356. Unkeless, J. C. & J. Jin: Inhibitory receptors, ITIM
sequences and phosphatases. Curr. Opin. Immunol 9, 338-
343 (1997)

357. Vivier, E. & M. Daëron: Immunoreceptor tyrosine-
based inhibition motifs. Immunol Today 18, 286-291
(1997)

358. Pei, D., U. Lorenz, U. Klingmüller, B. G. Neel & C. T.
Walsh: Intramolecular regulation of protein tyrosine

phosphatase SH-PTP1: A new function for Src homology 2
domains. Biochemistry 33, 15483-15493 (1994)

359. Townley, R., S-H. Shen, D. Banville & C.
Ramachandran: Inhibition of the activity of protein tyrosine
phosphatase 1C by its SH2 domains. Biochemistry 32,
13414-13418 (1993)

360. Feng, G. S.: Shp-2 tyrosine phosphatase: Signaling
one cell or many. Exp Cell Res 253, 47-54 (1999)

361. Feng, G. S. & T. Pawson: Phosphotyrosine
phosphatases with SH2 domains: regulators of signal
transduction. Trends Genet 10, 54-58 (1994)

362. Bennett, A. M., T. L. Tang, S. Sugimoto, C. T. Walsh
& B. G. Neel: Protein-tyrosine-phosphatase SHPTP2
couples platelet-derived growth factor receptor beta to Ras.
Proc Natl Acad Sci USA 91, 7335-7339 (1994)

363. Li, W., R. Nishimura, A. Kashishian, A. G. Batzer, W.
J. H. Kim, J. A. Cooper & J. Schlessinger: A new function
for a phosphotyrosine phosphatase: Linking GRB2-Sos to a
receptor tyrosine kinase. Mol Cell Biol 14, 509-517 (1994)

364. Tailor, P., T. Jascur, S. Williams, M. von Willebrand,
C. Couture & T. Mustelin: Involvement of Src-homology-
2-domain-containing protein tyrosine phosphatase 2 in T
cell activation. Eur J Biochem 237, 736-742 (1996)

365. Frearson, J. A., T. Yi & D. R. Alexander: A tyrosine-
phosphorylated 110-120-kDa protein associates with the C-
terminal SH2 domain of phosphotyrosine phosphatase-1D
in T cell receptor-stimulated T cells. Eur J Immunol 26,
1539-1543 (1996)

366. Adachi, M., M. Ishino, T. Torigoe, Y. Minami, T.
Matozaki, T. Miyazaki, T. Taniguchi, Y. Hinoda & K.
Imai: Interleukin-2 induces tyrosine phosphorylation of
SHP-2 through IL-2 receptor beta chain. Oncogene 14,
1629-1633 (1997)

367. Frearson, J. A. & D. R. Alexander: The
phosphotyrosine phosphatase SHP-2 participates in a
multimeric signaling complex and regulates T cell receptor
(TCR) coupling to the Ras/mitogen-activated protein kinase
(MAPK) pathway in Jurkat T cells. J Exp Med 187, 1417-
1426 (1998)

368. Marengère, L. E. M., P. Waterhouse, G. S. Duncan, H-
W. Mittrücker, G-S. Feng & T. W. Mak: Regulation of T
cell receptor signaling by tyrosine phosphatase SYP
association with CTLA-4. Science 272, 1170-1173 (1996)

369. Qu, C., S. Nguyen, J. Chen & G. S. Feng:
Requirement of Shp-2 tyrosine phosphatase in lymphoid
and hematopoietic cell development. Blood 97, 911-914
(2001)

370. Matthews, R. J., D. B. Bowne, E. Flores & M. L.
Thomas: Characterization of hematopoietic intracellular
protein tyrosine phosphatases: Description of a phosphatase



Kinases and phosphatases in TCR signaling

961

containing an SH2 domain and another enriched in proline-
, glutamic acid-, serine-, and threonine-rich sequences. Mol
Cell Biol 12, 2396-2405 (1992)

371. Yang, Q., D. Co, J. Sommercorn & N. K. Tonks:
Cloning and expression of PTP-PEST. J Biol Chem 268,
6622-6628 (1993)

372. Cheng, J., L. Daimaru, C. Fennie & L. A. Lasky: A
novel protein tyrosine phosphatase expressed in
linloCD34hiScahi hematopoietic progenitor cells. Blood 88,
1156-1167 (1996)

373. Huang, K., C. L Sommers, A. Grinberg, C. A. Kozac
& P. E. Love: Cloning and characterization of PTP-K1, a
novel nonreceptor protein tyrosine phosphatase highly
expressed in bone marrow. Oncogene 13, 1567-1573
(1996)

374. Dosil, M., N. Leibman & I. Lemischka: Cloning and
characterization of fetal liver phosphatase 1, a nuclear
protein tyrosine phosphatase isolated from hematopoietic
stem cells. Blood 88, 4510-4525 (1996)

375. Davidson, D., J. F. Cloutier, A. Gregorieff & A.
Veillette:  Inhibitory tyrosine protein kinase p50csk is
associated with protein-tyrosine phosphatase PTP-PEST in
hemopoietic and non-hemopoietic cells. J Biol Chem 272,
23455-23462 (1997)

376. Wang, B., S. Lemay, S. Tsai & A. Veillette: SH2
domain-mediated interaction of inhibitory protein tyrosine
kinase Csk with protein tyrosine phosphatase-HSCF. Mol
Cell Biol 21, 1077-1088 (2001)

377. Garton, A. J., A. J. Flint & N. K. Tonks: Identification
of p130(cas) as a substrate for the cytosolic protein tyrosine
phosphatase PTP-PEST. Mol Cell Biol 16, 6408-6418
(1996)

378. Cote, J. F., A. Charest, J. Wagner & M. L. Tremblay:
Combination of gene targeting and substrate trapping to
identify substrates of protein tyrosine phosphatases using
PTP-PEST as a model. Biochemistry 37, 13128-13137
(1998)

379. Shen, Y., G. Schneider, J. F. Cloutier, A. Veillette &
M. D. Schaller: Direct association of protein-tyrosine
phosphatase PTP-PEST with paxillin. J Biol Chem 273,
6474-6481 (1998)

380. Lyons, P. D., J. M. Dunty, E. M. Schaefer & M. D.
Schaller: Inhibition of the catalytic activity of cell adhesion
kinase beta by protein-tyrosine phosphatase-PEST-
mediated dephosphorylation. J Biol Chem 276, 24422–
24431 (2001)

381. Davidson, D. & A. Veillette: PTP-PEST, a scaffold
protein tyrosine phosphatase, negatively regulates
lymphocyte activation by targeting a unique set of
substrates. EMBO J 20, 3414-3426 (2001)

382. Gu, M., I. Warshawsky & P. W. Majerus: Cloning and
expression of a cytosolic megakaryocyte protein-tyrosine-
phosphatase with sequence homology to retinaldehyde-
binding protein and yeast SEC14p. Proc Natl Acad Sci USA
89, 2980-2984 (1992)

385. Sawada, M., M. Ogata, Y. Fujino & T. Hamaoka:
cDNA cloning of a novel protein tyrosine phosphatase with
homology to cytoskeletal protein 4.1 and its expression in
T-lineage cells. Biochem Biophys Res Comm 203, 479-484
(1994)

386. Sato, T., S. Irie, S. Kitada & J. C. Reed: FAP-1: A
protein tyrosine phosphatase that associates with Fas.
Science 268, 411-415 (1995)

387. Maehama, T. & J. E. Dixon: The tumor suppressor,
PTEN/MMAC1, dephosphorylates the lipid second
messenger, phosphatidylionsitol 3,4,5-trisphosphate. J Biol
Chem 273, 13375-13378 (1998)

388. Wang, X., A. Gjörloff-Wingren, M. Saxena, N.
Pathan, J. C. Reed & T. Mustelin: The tumor suppressor
PTEN regulates T cell survival and antigen receptor
signaling by acting as a phosphatidylinositol 3-
phosphatase. J Immunol 164, 1934-1939 (2000)

389. Sakai, A., C. Thieblemont, A. Wellmann, E. S. Jaffe &
M. Raffeld: PTEN gene alterations in lymphoid neoplasms.
Blood 9, 3410-3418 (1998)

390. Bottini, N., E. Bottini, F. Gloria-Bottini & T.
Mustelin: LMPTP and human disease: in search of
biochemical mechanisms. Submitted.

391. Tailor, P., J. Gilman, S. Williams & T. Mustelin: A
novel isoform of the low molecular weight protein tyrosine
phosphatase, LMPTP-C, arising from alternative mRNA
splicing. Eur J Biochem 262, 277-282 (1998)

392. Tailor, P., S. Williams, J. Gilman, C. Couture & T.
Mustelin: Regulation of the low molecular weight
phosphotyrosine phosphatase (LMPTP) by phosphorylation
at tyrosines 131 and 132. J Biol Chem 272, 5371-5376
(1997)

393. Bottini, N., L. Stefanini, S. Williams, A. Alonso, J.
Merlo, T. Jascur, C. Couture & T. Mustelin: Activation of
ZAP-70 through specific dephosphorylation at the
inhibitory Tyr-292 by the low molecular weight
phosphotyrosine phosphatase (LMPTP) Submitted.

394. Straus, D. & A. Weiss: Genetic evidence for the
involvement of the lck tyrosine kinase in signal
transduction through the T cell antigen receptor. Cell 70,
585-593 (1992)

395. al-Ramadi, B. K., T. Nakamura, D. Leitenberg & A. L.
Bothwell: Deficient expression of p56lck in Th2 cells leads
to partial TCR signaling and a dysregulation in lymphokine
mRNA levels. J Immunol 157, 4751-4761 (1996)



Kinases and phosphatases in TCR signaling

962

396. Gupta, S., A. Weiss, G. Kumar, S. Wang & A. Nel:
The T-cell antigen receptor utilizes Lck, Raf-1, and MEK-1
for activating mitogen-activated protein kinase. J Biol
Chem 269, 17349-17357 (1994)

397. Neumeister Kersh, E., A. S. Shaw & P. M. Allen:
Fidelity of T cell activation through multistep T cell
receptor zeta phosphorylation. Science 281, 572-575 (1998)

398. van Oers, N. S. C., B. Tholen, B. Malissen, C. R.
Moomaw, S. Afendis & C. A. Slaughter: The 21- abnd 23-
kD forms of TCRzeta are generated by specific ITAM
phosphorylations. Nat Immunol 1, 322-328 (2000)

399. Clark, M. R., S. A. Johnson & J. C. Cambier: Analysis
of Ig-alpha-tyrosine kinase interaction reveals two levels of
binding specificity and tyrosine phosphorylated Ig-alpha
stimulation of Fyn activity. EMBO J 13, 1911-1919 (1994)

400. Flaswinkel, H. & M. Reth: Dual role of the tyrosine
activation motif of the Ig-alpha protein during signal
transduction via the B cell antigen receptor. EMBO J 13,
83-89 (1994)

401. Johnson, S. A., C. M. Pleiman, L. Pao, J. Schneringer,
K. Hippen & J. C. Cambier: Phosphorylated
immunoreceptor signaling motifs (ITAMs) exhibit unique
abilities to bind and activate lyn and syk tyrosine kinases. J
Immunol 155, 4596-4603 (1995)

402. C. Romeo, M. Amoit & B. Seed: Sequence
requirements for induction of cytoslysis by the T cell
antigen/Fc receptor zeta chain. Cell 68, 889-897 (1992)

403. Irving, B. A. & A. Weiss: The cytoplasmic domain of
the T cell receptor zeta chain is sufficient to couple to
receptor-associated signal transduction pathways. Cell 64,
891-901 (1991)

404. Wegener, A.-M. K., F. Letourneur, A. Hoeveler, T.
Brocker, F. Luton & B. Malissen: The T cell receptor/CD3
complex is composed of at least two autonomous
transduction modules. Cell 68, 83-95 (1992)

405. Letourneur, F. & R. D. Klausner: Activation of T cells
by a tyrosine kinase activation domain in the cytoplasmic
tail of CD3epsilon. Science 255, 79-82 (1992)

406. Weissenhorn, W., M. J. Eck, S. C. Harrison & D. C.
Wiley: Phosphorylated T cell receptor zeta-chain and
ZAP70 tandem SH2 domains form a 1:3 complex in vitro.
Eur J Biochem 238, 440-445 (1996)

407. Irving, B. A., A. C. Chan & A. Weiss: Functional
characterization of a signal transducing motif present in the
T cell antigen receptor z chain. J Exp Med 177, 1093-1103
(1993)

408. Shinkai, Y., A. Ma, H. L. Cheng & F. W. Alt: CD3
epsilon and CD3 zeta cytoplasmic domains can
independently generate signals for T cell development and
function. Immunity 2, 401-411 (1995)

409. Exley, M., L. Varticovski, M. Peter, J. Sancho & C.
Terhorst: Association of phosphatidylinositol 3-kinase with
a specific sequence of the T cell receptor zeta chain is
dependent on T cell activation. J Biol Chem 269, 15140-
15146 (1994)

410. Osman, N., S. C. Lucas, H. Turner & D. Cantrell: A
comparison of the interaction of Shc and the tyrosine
kinase ZAP-70 with the T cell antigen receptor zeta chain
tyrosine-based activation motif. J Biol Chem 270, 13981-
13986 (1995)

411. Osborne, M. A., G. Zenner, M. Lubinus, X. Zhang, Z.
Songyang, L. C. Cantley, P. Majerus, P. Burn & J. P.
Kochan: The inositol 5'-phosphatase SHIP binds to
immunoreceptor signaling motifs and responds to high
affinity IgE receptor. J Biol Chem 271, 29271-29278
(1996)

412. Caplan, S. & M. Baniyash: Normal T cells express
two T cell antigen receptor populations, one of which is
linked to the cytoskeleton via zeta chain and displays a
unique activation-dependent phosphorylation pattern. J Biol
Chem 271, 20705-20712 (1996)

413. Rozdzial, M. M.,  B. Malissen & T. H. Finkel:
Tyrosine-phosphorylated T cell receptor zeta?chain
associates with the actin cytoskleton upon activation of the
mature T lymphocyte. Immunity 3, 623-633 (1995)

414. Ravichandran, K. S., K. K. Lee, Z. Songyang, L. C.
Cantley, P. Burn & S. J. Burakof: Interaction of Shc with
the zeta chain of the T cell receptor upon T cell activation.
Science 262,  902-905 (1993)

415. Jouvin, M. H., M. Adamczewski, R. Numerof, O.
Letourneur, A. Valle & J. P. Kinet: Differential control of
the tyrosine kinases Lyn and Syk by the two signaling
chains of the high affinity immunoglobulin E receptor. J
Biol Chem 269, 5918-5925 (1994)

416. Sloan-Lancaster, J., A. S. Shaw, J. B. Rothbard & P.
M. Allen: Partial T cell signaling:  altered phospho-zeta and
lack of Zap70 recruitment in APL-induced T cell anergy.
Cell 79, 913-922 (1994)

417. Madrenas, A. J., R. L. Wange, J. L. Wang, N. Isakov,
L. E. Samelson & R. N. Germain: Zeta phosphorylation
without ZAP-70 activation induced by TCR antagonists or
partial agonists. Science 267, 515-518 (1995)

418. La Face, D. M., C. Couture, K. Anderson, G. Shih, J.
Alexander, A. Sette, T. Mustelin, A. Altman & H. M. Grey:
Differential T cell signaling induced by antagonist peptide-
MHC complexes and the associated phenotypic responses.
J Immunol 158, 2057-2064 (1997)

419. Gary-Gouy, H., V. Lang, S. Sarun, L. Boumsell & G.
Bismuth: In vivo association of CD5 with tyrosine-
phosphorylated ZAP-70 and p21 phospho-zeta molecules in
human CD3+ thymocytes. J Immunol 159, 3739-3747
(1997)



Kinases and phosphatases in TCR signaling

963

420. Zamoyska, R., P. Derham, S. D. Gorman, P. von
Hoegen, J. B. Bolen, A. Veillette & J. R. Parnes: Inability
of CD8alpha' polypeptides to associate with p56lck

correlates with impaired function in vitro and lack of
expression in vivo. Nature 342, 278-281 (1989)

421. LeTourneur, F., J. Gabert, P. Cosson, D. Blanc, J.
Davoust and B. Malissen: A signaling role for the
cytoplasmic segment of the CD8 alpha chain detected
under limiting stimulatory conditions. Proc Natl Acad Sci
USA 87, 2339-2343 (1990)

422. Chalupny, N. J., J. A. Ledbetter & P. Kavathas:
Association of CD8 with p56lck is required for early T cell
signaling events. EMBO J 10, 1201-1207 (1991)

423. Glaichenhaus, N., N. Shastri, D. R. Littman & J. M.
Turner: Requirement for association of p56lck with CD4 in
antigen-specific signal transduction in T cells. Cell 64, 511-
520 (1991)

424. Ledbetter, J. A., C. H. June, P. S. Rabinovitch, A.
Grossman, T. T. Tsu & J. B. Imboden: Signal transduction
through CD4 receptors: Stimulatory vs. inhibitory activity
is regulated by CD4 proximity to the CD3/T cell receptor.
Eur J Immunol 18, 525-532 (1988)

425. Harding, C. V. & E. R. Unanue: Quantitation of
antigen-presenting cell MHC class II/peptide complexes
necessary for T-cell stimulation. Nature 346, 574-576
(1990)

426. Collins, T. L., S. Uniyal, J. Shin, J. L. Strominger, R.
S. Mittler & S. J. Burakoff: p56lck association with CD4 is
required for the interaction between CD4 and the TCR/CD3
complex and for optimal antigen stimulation. J Immunol
148, 2159-2162 (1992)

427. Caron, L., N. Abraham, T. Pawson & A. Veillette:
Structural requirements for enhancement of T-cell
responsiveness by the lymphocyte-specific tyrosine protein
kinase p56lck. Mol Cell Biol 12, 2720-2729 (1992)

428. Torgersen, K. M., J. T. Vaage, B. Rolstad & K.
Taskén: A soluble LAT deletion mutant inhibits T-cell
activation: reduced recruitment of signalling molecules to
glycolipid-enriched microdomains. Cell Signal 13, 213-220
(2001)

429. Montixi, C., C. Langlet, A. M. Bernard, J. Thimonier,
C. Dubois, M. A. Wurbel, J. P. Chauvin, M. Pierres & H.
T. He: Engagement of T cell receptor triggers its
recruitment to low-density detergent-insoluble membrane
domains. EMBO J 17, 5334-5348 (1998)

430. Moran, M. & C. Miceli: Engagement of GPI-linked
CD48 contributes to TCR signals and cytoskeletal
reorganization: a role for lipid rafts in T cell activation.
Immunity 9, 787-96 (1998)

431. Su, M. W., C. L. Yu, S. J. Burakoff &.Y. J. Jin:
Targeting Src homology 2 domain-containing tyrosine

phosphatase (SHP-1) into lipid rafts inhibits CD3-induced
T cell activation. J Immunol 166, 3975-3982 (2001)

432. Denny, M. F., B. Patai & D. B. Straus: Differential T-
cell antigen receptor signaling mediated by the Src family
kinases Lck and Fyn. Mol Cell Biol 20, 1426-1435 (2000)

433. Huang, J., D. Tilly, A. Altman, K. Sugie & H. M.
Grey: T-cell receptor antagonists induce Vav
phosphorylation by selective activation of Fyn kinase. Proc
Natl Acad Sci USA 97, 10923-10929 (2000)

434. da Silva, A. J., Z. Li, C. de Vera, E. Canto, P. Findell
& C. E. Rudd: Cloning of a novel T-cell protein FYB that
binds FYN and SH2-domain-containing leukocyte protein
76 and modulate interleukin 2 production. Proc Natl Acad
Sci USA 94, 7493-7498 (1997)

435. Marie-Cardine, A., E. Bruyns, C. Eckerskorn, H.
Kirchgessner, S. C. Meuer & B. Schraven: Molecular
cloning of SKAP55, a novel protein that associates with the
protein tyrosine kinase p59fyn in human T-lymphocytes. J
Biol Chem 272, 16077-16780 (1997)

436. Musci, M. A., L. R. Hendricks-Taylor, D. G. Motto,
M. Paskind, J. Kamens, C. W. Turck & G. A. Koretzky:
Molecular cloning of SLAP-130, an SLP-76-associated
substrate of the T cell antigen receptor-stimulated protein
tyrosine kinases. J Biol Chem 272, 11674-11677 (1997)

437. Peterson, E. J., M. L. Woods, S. A. Dmowski, G.
Derimanov, M. S. Jordan, J. N. Wu, P. S. Myung, Q. H.
Liu, J. T. Pribila, B. D. Freedman, Y. Shimizu & G. A.
Koretzky: Coupling of the TCR to integrin activation by
Slap-130/Fyb. Science 293, 2263-2265 (2001)

438. D. H. Chu, H. Spits, J. F. Peyron, R. B. Rowley, J. B.
Bolen and A. Weiss: The Syk protein tyrosine kinase can
function independently of CD45 or Lck in T cell antigen
receptor signaling. EMBO J 15, 6251-6261 (1996)

439. Rudd, C. E.: Lymphocyte signaling: Adapting new
Adaptors. Curr Biol 8, R805-R808 (1998)

440. Rudd, C. E.: Adaptors and molecular scaffolds in
immune cell signaling. Cell 96, 1-20 (1999)

441. Desai, D. M., M. E. Newton, T. Kadlecek & A. Weiss:
Stimulation of the phosphatidylinositol pathway can induce
T-cell activation. Nature 348, 66-69 (1990)

442. Timmerman, L. A., N. A. Clipstone, S. N. Ho, J. P.
Northrop & G. R. Crabtree: Rapid shuttling of NF-AT in
discrimination of Ca2+ signals and immunosuppression.
Nature 383, 837-840 (1996)

443. Rao, A., C. Luo & P. G. Hogan: Transcription factors
of the NFAT family: regulation and function. Annu Rev
Immunol 15, 707-747 (1997)

444. Kamat, A. & G. Carpenter: Phospholipase C-gamma1:
regulation of enzyme function and role in growth factor-
dependent signal transduction. Cytokine Growth Factor
Rev 8, 109-117 (1997)



Kinases and phosphatases in TCR signaling

964

445. Katan, M.: Families of phosphoinositide-specific
phospholipase C: structure and function. Biochim Biophys
Acta 1436, 5-17 (1998)

446. Rhee, S. G. & Y. S. Bae: Regulation of
phosphoinositide-specific phospholipase C isozymes. J Biol
Chem 272, 15045-15048 (1997)

447. Coggeshall, K. M., J. C. McHugh & A. Altman:
Predominant ex-pression and activation-induced tyrosine
phosphorylation of phospholipase C-gamma 2 in B
lymphocytes. Proc Natl Acad Sci USA 89, 5660-5664
(1992)

448. Kang, J. S., F. Kohlhuber, H. Hug, D. Marme, D. Eick
& M. Ueffing: Cloning and functional analysis of the
hematopoietic cell-specific phospholipase C(gamma)2
promoter. FEBS Lett 399, 14-20 (1996)

449. Ting, A. T., L. M. Karnitz, R. A. Schoon, R. T.
Abraham & P. J. Leibson: Fc gamma receptor activation
induces the tyrosine phosphorylation of both phospholipase
C (PLC)-gamma 1 and PLC-gamma 2 in natural killer cells.
J Exp Med 176, 1751-1755 (1992)

450. Barker, S. A., K. K. Caldwell, J. R. Pfeiffer & B. S.
Wilson: Wortmannin-sensitive phosphorylation,
translocation, and activation of PL-Cgamma1, but not
PLCgamma2, in antigen-stimulated RBL-2H3 mast cells.
Mol Biol Cell 9, 483-496 (1998)

451. Blake, R. A., G. L. Schieven & S. P. Watson:
Collagen stimulates tyrosine phosphorylation of
phospholipase C-gamma 2 but not phospholipase C-gamma
1 in human platelets. FEBS Lett 353, 212-216 (1994)

452. Ji, Q. S., G. E. Winnier, K. D. Niswender, D.
Horstman, R. Wisdom, M. A. Magnuson & G. Carpenter:
Essential role of the tyrosine kinase substrate
phospholipase C-gamma1 in mammalian growth and
development. Proc Natl Acad Sci USA 94, 2999-3003
(1997)

453. DeBell, K. E., B. A. Stoica, M. C. Veri, B. Di, S.
Miscia, L. J. Graham, B. L. Rellahan, M. Ishiai, T.
Kurosaki & E. Bonvini: Functional independence and
interdependence of the Src homology domains of phospho-
lipase C-gamma 1 in B-cell receptor signal transduction.
Mol Cell Biol 19, 7388-7398 (1999)

454. Essen, L. O., O. Perisic, R. Cheung, M. Katan & R. L.
Williams: Crystal structure of a mammalian
phosphoinositide-specific phospholipase C delta. Nature
380, 595-602 (1996)

455. Graham, L. J., B. A. Stoica, M. Shapiro, K. E. DeBell,
B. Rellahan, J. Laborda & E. Bonvini: Sequences
surrounding the Src-homology 3 domain of phospholipase
Cgamma-1 increase the domain’s association with Cbl.
Biochem Biophys Res Comm 249, 537-541 (1998)

456. Bar-Sagi, D., D. Rotin, A. Batzer, V. Mandiyan & J.
Schlessinger: SH3 domains direct cellular localization of
signaling molecules. Cell 74, 83-91 (1993)

457. Horstman, D. A., A. Chattopadhyay & G. Carpenter:
The influence of deletion mutations on phospholipase C-
gamma 1 activity. Arch Biochem Biophys 361, 149-155
(1999)

458. Horstman, D. A., K. DeStefano & G. Carpenter:
Enhanced phospholipase C-gamma1 activity produced by
association of independently expressed X and Y domain
polypeptides. Proc Natl Acad Sci USA 93, 7518-7521
(1996)

459. Kim, H. K., J. W. Kim, A. Zilberstein, B. Margolis, J.
G. Kim, J. Schlessinger & S. G. Rhee: PDGF stimulation of
inositol phospholipid hydrolysis requires PLC-gamma 1
phosphorylation on tyrosine residues 783 and 1254. Cell
65, 435-441 (1991)

460. Finco, T. S., T. Kadlecek, W. Zhang, L. E. Samelson
& A. Weiss: LAT is required for TCR-mediated activation
of PLCgamma1 and the Ras pathway. Immunity 9, 617-626
(1998)

461. Yablonski, D., M. R. Kuhne, T. Kadlecek & A. Weiss:
Uncoupling of nonreceptor tyrosine kinases from PLC-
gamma-1 in an SLP-76-deficient T cell. Science 281, 413-
416 (1998)

462. Ji, Q. S., A. Chattopadhyay, M. Vecchi & G.
Carpenter: Physiological requirement for both SH2
domains for phospholipase C-gamma1 func-tion and
interaction with platelet-derived growth factor receptors.
Mol Cell Biol 19, 4961-4970 (1999)

463. Bae, Y. S., L. G. Cantley, C. S. Chen, S. R. Kim, K. S.
Kwon & S. G. Rhee: Activation of phospholipase C-
gamma by phosphatidylinositol 3,4,5-trisphosphate. J Biol
Chem 273, 4465-4469 (1998)

464. Rameh, L. E., S. G. Rhee, K. Spokes, A. Kazlauskas,
L. C. Cantley & L. G.  Cantley: Phosphoinositide 3-kinase
regulates phospholipase Cgamma-mediated calcium
signaling. J Biol Chem 273, 23750-23757 (1998)

465. W. J. Zhang, J. Sloan-Lancaster, J. Kitchen, R. P.
Trible & L. E. Samelson: LAT: the ZAP-70 tyrosine kinase
substrate that links T cell receptor to cellular activation.
Cell 92, 83-92 (1998)

466. Weber, J. R., S. Orstavik, K. M. Torgersen, N. C.
Danbolt, S. F. Berg, J. C. Ryan, K. Tasken, J. B. Imboden
& J. T. Vaage: Molecular cloning of the cDNA encoding
pp36, a tyrosine-phosphorylated adaptor protein selectively
expressed by T cells and natural killer cells. J Exp Med
187, 1157-1161 (1998)

467. Zhang, W., R. P. Trible, M. Zhu, S. K. Liu, C. J.
McGlade & L. E. Samelson: Association of Grb2, Gads,
and phospholipase C-gamma 1 with phosphorylated LAT
tyrosine residues. Effect of LAT tyrosine mutations on T
cell angigen receptor-mediated signaling. J Biol Chem 275,
23355-23361 (2000)



Kinases and phosphatases in TCR signaling

965

468. Zhang W, Sommers CL, Burshtyn DN, Stebbins CC,
DeJarnette JB, Trible RP, Grinberg A, Tsay HC, Jacobs
HM, Kessler CM, Long EO, Love PE, Samelson LE (1999)
Essential role of LAT in T cell development. Immunity 10,
323-332 (1999)

469. Sommers, C. L., R. K. Menon, A. Grinberg, W.
Zhang, L. E. Samelson & P. E. Love: Knock-in mutation of
the distal four tyrosines of linker for activation of T cells
blocks murine T cell development. J Exp Med 194, 135-
142 (2001)

470. Clements, J. L., S. E. Ross-Barta, L. T. Tygrett, T. J.
Waldschmidt & G. A. Koretzky: SLP-76 expression is
restricted to hemopoietic cells of monocyte, granulocyte,
and T lymphocyte lineage and is regulated during T cell
maturation and activation. J Immunol 161, 3880-3889
(1998)

471. Clements, J. L., J. R. Lee, B. Gross, B. Yang, J. D.
Olson, A. Sandra, S. P. Watson, S. R. Lentz & G. A.
Koretzky: Fetal hemorrhage and platelet dysfunction in
SLP-76-deficient mice. J Clin Invest 103, 19-25 (1999)

472. Peterson, E. J., J. L. Clements, N. Fang and G. A.
Koretzky: Adaptor proteins in lymphocyte antigen-receptor
signaling. Curr Opin Immunol 10, 337-344 (1998)

473. Liu, S. K., N. Fang, G. A. Koretzky & C. J. McGlade:
The hematopoietic-specific adapter protein gads functions
in T-cell signaling via interactions with the SLP-76 and
LAT adapters. Curr Biol 9, 67-75 (1999)

474. Asada, H., N. Ishii, Y. Sasaki, K. Endo, H. Kasai, N.
Tanaka, T. Takeshita, S. Tsuchiya, T. Konno & K.
Sugamura: Grf40, A novel Grb2 family member, is
involved in T cell signaling through interaction with SLP-
76 and LAT. J Exp Med 189, 1383-1390 (1999)

475. Law, C. L., M. K. Ewings, P. M. Chaudhary, S. A.
Solow, T. J. Yun, A. J. Marshall, L. Hood & E. A. Clark:
GrpL, a Grb2-related adapter protein, interacts with SLP-76
to regulate nuclear factor of activated T cell activation. J
Exp Med 189, 1243-1253 (1999)

476. Wardenburg JB, Fu C, Jackman JK, Flotow H,
Wilkinson SE, Williams DH, Johnson R, Kong G, Chan
AC, Findell PR. Phosphorylation of SLP-76 by the ZAP-70
protein-tyrosine kinase is required for T-cell receptor
function. J Biol Chem 271, 19641-19644 (1996)

477. Raab M, da Silva AJ, Findell PR, Rudd CE.
Regulation of Vav-SLP-76 binding by ZAP-70 and its
relevance to TCR zeta/CD3 induction of interleukin-2.
Immunity 6, 155-164 (1997)

478. Fang N, Koretzky GA. SLP-76 and Vav function in
separate, but overlapping pathways to augment interleukin-
2 promoter activity. J Biol Chem 274, 16206-16212 (1999)

479. Bubeck-Wardenburg, J., R. Pappu, J. Y. Bu, B. Mayer,
J. Chernoff, D. Straus & A. C. Chan: Regulation of PAK

activation and the T cell cytoskeleton by the linker protein
SLP-76. Immunity 9, 607-616 (998)

480. Motto, D. G., S. E. Ross, J. Wu, L. R. Hendricks-
Taylor, G. A. Koretzky: Implication of the GRB2-
associated phosphoprotein SLP-76 in T cell receptor-
mediated interleukin 2 production. J Exp Med 183, 1937-
1943 (1996)

481. Musci M. A., L. R. Hendricks-Taylor, D. G. Motto,
M. Paskind, J. Kamens, C, W, Turck & G. A. Koretzky:
Molecular cloning of SLAP-130, an SLP-76-associated
substrate of the T cell antigen receptor-stimulated protein
tyrosine kinases. J Biol Chem 272, 11674-11677 (1997)

482. Yablonski, D, Kuhne MR, Kadlecek T, Weiss A.
Uncoupling of nonreceptor tyrosine kinases from PLC-
gamma1 in an SLP-76-deficient T cell. Science 281, 413-
416 (1998)

483. Pivniouk, V., E. Tsitsikov, P. Swinton, G. Rathbun, F.
W. Alt & R. S. Geha: Impaired viability and profound
block in thymocyte development in mice lacking the
adapter protein SLP-76. Cell 94, 229-238 (1998)

484. Clements, J. L., B. Yang, S. E. Ross-Barta, S. L.
Eliason, R. F. Hrstka, R. A. Williamson & G. A. Koretzky:
Requirement for the leukocyte-specific adapter protein
SLP-76 for normal T cell development. Science 281, 416-
419 (1998)

485. Wu, J., D. G. Motto, G. A. Koretzky & A. Weiss: Vav
and SLP-76 interact and functionally cooperate in IL-2
gene activation. Immunity 4, 593-602 (1996)

486. Galisteo, M. L., J. Chernoff, Y. C. Su, E. Y. Skolnik &
J. Schlessinger: The adapter protein Nck links receptor
tyrosine kinases with the serine-threonine kinase Pak1. J
Biol Chem 271, 20997-21000 (1996)

487. Rivero-Lezcano, O. M., A. Marcilla, J. H. Sameshima
& K. C. Robbins: Wiskott-Aldrich syndrome protein
physically associates with Nck through Src homology 3
domains. Mol Cell Biol 15, 5725-5731 (1995)

488. da Silva, A. J., O. J. Janssen & C. E. Rudd:
TcRzeta/CD3-p59fyn(T) associated p120/130 binds to the
SH2 domain of p59fyn(T) J Exp Med 178, 2107-2113 (1993)

489. da Silva, A. J., Z. Li, C. de Vera, E. Canto, P. Findell
& C. E. Rudd: Cloning of a novel T-cell protein FYB that
binds FYN and SH2-domain-containing leukocyte protein
76 and modulate interleukin 2 production. Proc Natl Acad
Sci USA 94, 7493-7498 (1997)

490. Krause, M., A. S. Sechi, M. Konradt, D. Monner, F. B.
Gertler & J. Wehland: Fyn-binding protein (Fyb)/SLP-76-
associated protein (SLAP), Ena/vasodilator-stimulated
phosphoprotein (VASP) proteins and the Arp2/3 complex
link T cell receptor (TCR) signaling to the actin
cytoskeleton. J Cell Biol 149, 181-194 (2000)



Kinases and phosphatases in TCR signaling

966

491. Geng, L., S. Pfister, S. K. Kraeft & C. E. Rudd:
Adapter FYB (Fyn-binding protein) regulates integrin-
mediated adhesion and mediator release: differential
involvement of the FYB SH3 domain. Proc Natl Acad Sci
USA 98, 11527-11532 (2001)

492. Veale, M., M. Raab, Z. Li, A. J. da Silva, S. K. Kraeft,
S. Weremowicz, C. C. Morton & C. E. Rudd: Novel
isoform of lymphoid adapter FYN-T-binding protein (FYB-
130) interacts with SLP-76 and up-regulates interleukin 2
production. J Biol Chem 274, 28427-28435 (1999)

493. Raab, M., H. Kang, A. da Silva, X. Zhu & C. E. Rudd:
FYN-T-FYB-SLP-76 interactions define a T-cell receptor
zeta/CD3-mediated tyrosine phosphorylation pathway that
up-regulates interleukin 2 transcription in T-cells. J Biol
Chem 274, 21170-21179 (1999)

494. Peterson, E. J., M. L. Woods, S. A. Dmowski, G.
Derimanov, M. S. Jordan, J. N. Wu, P. S. Myung, Q. H.
Liu, J. T. Pribila, B. D. Freedman, Y. Shimizu & G. A.
Koretzky: Coupling of the TCR to integrin activation by
Slap-130/Fyb. Science 293, 2263-2265 (2001)

495. Griffiths, E. K., C. Krawczyk, Y. Y. Kong, M. Raab,
S. J. Hyduk, D. Bouchard, V. S. Chan, I. Kozieradzki, A. J.
Oliveira-Dos-Santos, A. Wakeham, P. S. Ohashi, M. I.
Cybulsky, C. E. Rudd & J. M. Penninger: Positive
regulation of T cell activation and integrin adhesion by the
adapter Fyb/Slap. Science 293, 2260-2263 (2001)

496. Cantrell, D.: T cell antigen receptor signal
transduction pathways. Annu Rev Immunol 14, 259-274
(1996)

497. Ravichandran, K. S.: Signaling via Shc family adapter
proteins. Oncogene 20, 6322-6330 (2001)

498. Ravichandran KS, Lorenz U, Shoelson SE, Burakoff
SJ. Interaction of Shc with Grb2 regulates association of
Grb2 with mSOS. Mol Cell Biol 15, 593-600 (1995)

499. Osman, N., S. C. Lucas, H. Turner & D. A. Cantrell:
comparison of the interaction of Shc and the tyrosine
kinase ZAP-70 with the T cell antigen receptor zeta chain
tyrosine-based activation motif. J Biol Chem 270, 13981-
13986 (1995)

500. Rozakis-Adcock, M., J. McGlade, G. Mbamalu, G.
Pelicci, R. Daly, W. Li, A. Batzer, S. Thomas, J. Brugge, P.
G. Pelicci, J. Schlessinger & T. Pawson: Association of the
Shc and Grb2/Sem5 SH2-containing proteins is implicated
in activation of the Ras pathway by tyrosine kinases.
Nature 360, 689-692 (1992)

501. Feng, G. S., Y. B. Ouyang, D. P. Hu, Z. Q. Shi, R.
Gentz & J. Ni:. Grap is a novel SH3-SH2-SH3 adapter
protein that couples tyrosine kinases to the Ras pathway J
Biol Chem 271, 12129-12132 (1996)

502. Trub, T., J. D. Frantz, M. Miyazaki, H. Band & S. E.
Shoelson: The role of a lymphoid-restricted, Grb2-like

SH3-SH2-SH3 protein in T cell receptor signaling. J Biol
Chem 272, 894-902 (1997)

503. Liu, S. K., D. M. Berry & C. J. McGlade: The role of
Gads in hematopoietic cell signalling. Oncogene 6284-
6290 (2001)

504. Bunnell, S. C., M. Diehn, M. B. Yaffe, P. R. Findell,
L. C. Cantley & L. J. Berg: Biochemical interactions
integrating Itk with the T cell receptor-initiated signaling
cascade. J Biol Chem 275, 2219-2230 (2000)

505. Schneider, H., B. Guerette, C. Guntermann & C. E.
Rudd: Resting lymphocyte kinase (Rlk/Txk) targets
lymphoid adapter SLP-76 in the cooperative activation of
interleukin-2 transcription in T-cells. J Biol Chem 275,
3835-3840 (2000)

506. Ebinu, J. O., D. A. Bottorff, E. Y. Chan, S. L. Stang,
R. J. Dunn & J. C. Stone: RasGRP, a Ras guanyl
nucleotide- releasing protein with calcium- and
diacylglycerol-binding motifs. Science 280, 1082-1086
(1998)

507. Dower, N. A., S. L. Stang, D. A. Bottorff, J. O. Ebinu,
P. Dickie, H. L. Ostergaard & J. C. Stone: RasGRP is
essential for mouse thymocyte differentiation and TCR
signaling. Nat Immunol 1, 317-321 (2000)

508. Ebinu, J. O., S. L. Stang, C. Teixeira, D. A. Bottorff, J.
Hooton, P. M. Blumberg, M. Barry, R. C. Bleakley, H.
Ostergaard & J. C. Stone: RasGRP links T-cell receptor
signaling to Ras. Blood 95, 3199-3203 (2000)

509. Yoder, J., C. Pham, Y. M. Iizuka, O. Kanagawa, S. K.
Liu, J. McGlade & A. M. Cheng: Requirement for the SLP-
76 adapter GADS in T cell development. Science 291,
1987-1991 (2001)

510. Kikuchi, K., Y. Kawasaki, N. Ishii, Y. Sasaki, H.
Asao, T. Takeshita, I. Miyoshi, N. Kasai & K. Sugamura:
Suppression of thymic development by the dominant-
negative form of Gads. Int Immunol 13, 777-783 (2001)

511. Gong, Q., A. M. Cheng, A. M. Akk, J. Alberola-Ila, G.
Gong, T. Pawson & A. C. Chan: Disruption of T cell
signaling networks and development by Grb2 haploid
insufficiency. Nat Immunol 2, 29-36 (2001)

512.. Bonnefoy-Berard, N., A. Munshi, I. Yron, S. Wu, T.
L. Collins, M. Deckert, T. Shalom-Barak, L. Giampa, E.
Herbert, J. Hernandez, N. Meller, C. Couture & A. Altman:
Vav: function and regulation in hematopoi-etic cell
signaling. Stem Cells 14, 250–268 (1996)

513. Bustelo, X. R. & M. Barbacid: Tyrosine
phosphorylation of the vav proto-oncogene product in
activated B cells. Science 256, 1196-1199 (1992)

514. Bustelo, X. R., J. A. Ledbetter & M. Barbacid:
Product of vav proto-oncogene defines a new class of
tyrosine protein kinase substrates. Nature 356, 68-74
(1992)



Kinases and phosphatases in TCR signaling

967

515. Wu, J., D. G. Motto, G. A. Koretsky & A. Weiss: Vav
and SLP-76 interact and functionally cooperate in IL-2
gene activation. Immunity 4, 593-602 (1996)

516. Crespo, P., X. R. Bustelo, D. S. Aaronson, O. A.
Coso, M. Lopez-Barahona, M. Barbacid & J. S. Gutkind:
Rac-1 dependent stimulation of the JNK/SAPK signalling
pathway by Vav. Oncogene 13, 455-460 (1996)

517. Crespo, P., K. E. Schuebel, A. A. Ostrom, J. S.
Gutkind & X. R. Bustelo: Phosphotyrosine-dependent
activation of Rac-1 GDP/GTP exchange by the vav proto-
oncogene product. Nature 385, 169-72 (1997)

518. Tarakhovsky, A., M. Turner, S. Schaal, P. J. Mee, L.
P. Duddy, K. Rajewsky & V. L. J. Tybulewicz: Defective
antigen receptor-mediated proliferation of B and T cells in
the absence of Vav. Nature 374, 467-470 (1995)

519. Fischer, K. D., A. Zmuldzinas, S. Gardner, M.
Barbacid, A. Bernstein & C. Guidos: Defective T-cell
receptor signalling and positive selection of Vav-deficient
CD4+CD8+ thymocytes. Nature 374, 474-477 (1995)

520. Zhang, R., F. W. Alt, L. Davidson, S. H. Orkin & W.
Swat: Defective signaling through the T- and B-cell antigen
receptors in lymphoid cells lacking the vav proto-oncogene.
Nature 374, 470-473 (1995)

521. Wu, J., S. Katzav & A. Weiss: A functional T-cell
receptor signaling pathway is required for p95vav activity.
Mol Cell Biol 15, 4337-4346 (1995)

522. Katzav, S., M. Sutherland, G. Packham, T. Yi & A.
Weiss: The protein tyrosine kinase ZAP-70 can associate
with the SH2 domain of proto-vav. J Biol Chem 269,
32579-32585 (1994)

523. Wu, J., Q. Zhao, T. Kurosaki & A. Weiss: The Vav
binding site (Y315) in ZAP-70 is critical for antigen
receptor-mediated signal transduction. J Exp Med 185,
1877-1882 (1997)

524. Michel, F., L. Grimaud, L. Tuosto & O. Acuto: Fyn
and ZAP-70 are required for Vav phosphorylation in T
cells stimulated by antigen presenting cells. J Biol Chem
273, 1-7 (1998)

525. Huang, J., K. Sugie, D. La Face, A. Altman, & H. M.
Grey: TCR antagonist pewptides induce formation of APC-
T cell conjugates and activate a Rac signaling pathway. Eur
J Immunol 30, 50-58 (2000)

526. Ward, S. G., S. C. Ley, C. MacPhee & D. A. Cantrell:
Regulation of D-3 phosphoinositides during T cell
activation via T cell antigen receptor/CD3 complex and
CD2 antigens. Eur J Immunol 22, 45-49 (1992)

527. Karnitz, L. M., S. L. Sutor & R. T. Abraham: The Src-
family kinase, Fyn, regulates the activation of
phosphatidylinositol 3-kinase in an interleukin 2-responsive
T cell line. J Exp Med 179, 1799-1808 (1994)

528. von Willebrand, M., G. Baier, C. Couture, P. Burn &
T. Mustelin: Activation of phosphatidylinositol 3-kinase in
Jurkat T cells depends on the presence of the p56lck
tyrosine kinase. Eur J Immunol 24, 234-238 (1994)

529. Gelkop, S., Y. Babichev & N. Isakov: T cell activation
induces direct binding of the Crk adaptor protein to the
regulatory subunit of phosphatidylinositol 3-kinase (p85)
via a complex mechanism involving the Cbl protein. J Biol
Chem 276, 36174-36182 (2001)

530. von Willebrand, M., S. Williams, P. Tailor & T.
Mustelin: Phosphorylation of the Grb2- and
phosphatidylinositol 3-kinase p85-binding p36/38 by Syk
in Lck-negative T cells. Cell Signal 10, 407-413 (1998)

531. Prasad, K. V. S., C. Yun-Cai, M. Raab, B. Duckworth,
L. Cantley, S. E. Shoelson & C. E. Rudd: T-cell antigen
CD28 interacts with the lipid kinase phosphatidylinositol 3-
kinase by a cytoplasmic Tyr(P)-Met-Xaa-Met motif. Proc
Natl Acad Sci USA 91, 2834-2838 (1994)

532. Exley, M., L. Varticovski, M. Peter, J. Sancho & C.
Terhorst: Association of phosphatidylinositol 3-kinase with
a specific sequence of the T cell receptor zeta chain is
dependent on T cell activation. J Biol Chem 269, 15140-
15146 (1994)

533. Vogel, L. B. & D. J. Fujita: The SH3 domain of p56lck

is involved in binding to phosphatidylinositol 3'-kinase
from T lymphocytes. Mol Cell Biol 13, 7408-7417 (1993)

534. Rodriguez-Viciana, P., P. H. Warne, R. Dhand, B.
Vanhaesebroeck, I. Gout, M. J. Fry, M. D. Waterfield & J.
Downward: Phosphatidyl-3-OH kinase as a direct target of
Ras. Nature 370, 527-532 (1994)

535. von Willebrand, M., T. Jascur, N. Bonnefoy-
Bérard, H. Yano, A. Altman, Y. Matsuda & T. Mustelin:
Inhibition of phosphatidylinositol 3-kinase blocks
TCR/CD3-induced activation of the mitogen-activated
kinase Erk2. Eur J Biochem 235, 828-835 (1996)

536. Falasca, M., S. Logan, V. Lehto, G. Baccante, M.
Lemmon & J. Schlessinger: Activation of phospholipase
Cgamma by PI 3-kinase-induced PH domain-mediated
membrane targeting. EMBO J 17, 414-422 (1998)

537. Franke, T. F., S.-I. Yang, T. O. Chan, K. Datta, A.
Kazlauskas, D. Morrison, D. R. Kaplan & P. N. Tsichlis:
The protein kinase encoded by the Akt proto-oncogene is a
target of the PDGF-activated phosphatidylinositol 3-kinase.
Cell 81, 727-736 (1995)

538. Jascur, T., J. Gilman & T. Mustelin: Involvement of
phosphatidylinositol 3-kinase in NFAT activation in T
cells. J Biol Chem 272, 14483-14488 (1997)

539. von Willebrand, M., S. Williams, M. Saxena, J.
Gilman, P. Tailor, T. Jascur, G. P. Amarante-Mendes, D. R.
Green & T. Mustelin: Modification of phosphatidylinositol
3-kinase SH2 domain binding properties by Abl- or Lck-



Kinases and phosphatases in TCR signaling

968

mediated tyrosine phosphorylation at Tyr-688. J Biol Chem
273, 3994-4000 (1998)

540. Donovan, J. A., R. L. Wange, W. Y. Langdon & L. E.
Samelson: The protein product of the c-cbl protooncogene
is the 120-kDa tyrosine-phos-phorylated protein in Jurkat
cells activated via the T cell antigen receptor. J Biol Chem
269, 22921-22924 (1994)

541. Feshchenko, E.A., W.Y. Langdon & A.Y. Tsygankov,
Fyn, Yes, and Syk phosphorylation sites in c-Cbl map to
the same tyrosine residues that become phosphorylated in
activated T cells. J Biol Chem 273, 8323-8331 (1998)

542. Reedquist, K. A., T. Fukazawa, G. Panchamoorthy,
W. Y. Langdon, S. E. Shoelson, B. J. Druker, and H. Band:
Stimulation through the T cell receptor induces Cbl
association with Crk proteins and the guanine nucleotide
exchange protein C3G. J Biol Chem 271, 8435-8442 (1996)

543. Langdon, W. Y., C. D. Hyland, R. J. Grumont, and H.
C. Morse, 3rd: The c-cbl proto-oncogene is preferentially
expressed in thymus and testis tissue and encodes a nuclear
protein. J Virol 63, 5420-5424 (1989)

544. Langdon, W. Y., J. W. Hartley, S. P. Klinken, S. K.
Ruscetti, and H. C. Morse, 3rd: v-cbl, an oncogene from a
dual-recombinant murine retrovirus that induces early B-
lineage lymphomas. Proc Natl Acad Sci USA 86, 1168-
1172 (1989)

545. Marengere, L. E., C. Mirtsos, I. Kozieradzki, A.
Veillette, T. W. Mak, and J. M. Penninger: Proto-
oncoprotein Vav interacts with c-Cbl in activated
thymocytes and peripheral T cells. J Immunol 159, 70-76
(1997)

546. Cory, G. O., R. C. Lovering, S. Hinshelwood, L.
MacCarthy-Morrogh, R. J. Levinsky, and C. Kinnon: The
protein product of the c-cbl protooncogene is
phosphorylated after B cell receptor stimulation and binds
the SH3 domain of Bruton's tyrosine kinase. J Exp Med
182, 611-615 (1995)

547. Joazeiro, C. A., S. S. Wing, H. Huang, J. D. Leverson,
T. Hunter & Y. C. Liu: The tyrosine kinase negative
regulator c-Cbl as a RING-type, E2-dependent ubiquitin-
protein ligase. Science 286, 309-312 (1999)

548. Tsygankov, A. Y., A. M. Teckchandani, E. A.
Feshchenko, and G. Swaminathan: Beyond the RING: CBL
proteins as multivalent adaptors. Oncogene 20, 6382-6402
(2001)

549. Pedraza-Alva, G., S. Sawasdikosol, Y. C. Liu, L. B.
Merida, M. E. Cruz-Munoz, F. Oceguera-Yanez, S. J.
Burakoff, and Y. Rosenstein: Regulation of Cbl molecular
interactions by the co-receptor molecule CD43 in human T
cells. J Biol Chem 276, 729-737 (2001)

550. Chu, J., Y. Liu, G. A. Koretzky, and D. L. Durden:
SLP-76-Cbl-Grb2-Shc interactions in FcgammaRI
signaling. Blood 92, 1697-1706 (1998)

551. Tsygankov, A., S. Mahajan, J. Fincke, and J. Bolen:
Specific association of tyrosine-phosphorylated c-Cbl with
Fyn tyrosine kinase in T cells. J Biol Chem 271, 27130-
27137 (1996)

552. Andoniou, C. E., N. L. Lill, C. B. Thien, M. L. J.
Lupher, S. Ota, D. D. Bowtell, R. M. Scaife, W. Y.
Langdon & H. Band: The Cbl proto-oncogene product
negatively regulates the Src-family tyrosine kinase Fyn by
enhancing its degradation. Mol Cell Biol 20, 851-867
(2000)

553. Rao, N., M. L. Lupher, Jr., S. Ota, K. A. Reedquist, B.
J. Druker, and H. Band: The linker phosphorylation site
Tyr292 mediates the negative regulatory effect of Cbl on
ZAP-70 in T cells. J Immunol 164, 4616-4626 (2000)

554. Murphy, M. A., R. G. Schnall, D. J. Venter, L.
Barnett, I. Bertoncello, C. B. Thien, W. Y. Langdon & D.
D. Bowtell: Tissue hyperplasia and enhanced T-cell
signalling via ZAP-70 in c-Cbl-deficient mice. Mol Cell
Biol 18, 4872-4882 (1998)

555. Naramura, M., H. Kole & R. Hu: Altered thymic
positive selection and intracellular signals in Cbl-deficient
mice. Proc Natl Acad Sci USA 95, 15547-15552 (1998)

556. Thien, C.B.F., D.D.L. Bowtell, & W.Y. Langdon:
Perturbed regulation of ZAP-70 and sustained tyrosine
phosphorylation of LAT and SLP-76 in c-Cbl-deficient
thymocytes. J Immunol 162, 7133-7139 (1999)

557. Elly, C., S. Witte, Z. Zhang, O. Rosnet, S. Lipkowitz,
A. Altman, and Y. C. Liu: Tyrosine phosphorylation and
complex formation of Cbl-b upon T cell receptor
stimulation. Oncogene 18, 1147-1156 (1999)

558. Spurkland, A., J. E. Brinchmann, G. Markussen, F.
Pedeutour, E. Munthe, T. Lea, F. Vartdal, and H. C.
Aasheim: Molecular cloning of a T cell-specific adaptor
protein (TSAd) containing an Src homology (SH) 2 domain
and putative SH3 and phosphotyrosine binding sites. J Biol
Chem 273, 4539-46.(1998)

559. Sundvold, V., K. M. Torgersen, N. H. Post, F. Marti,
P. D. King, J. A. Rottingen, A. Spurkland, and T. Lea: T
cell-specific adaptor protein inhibits T cell activation by
modulating Lck activity. J Immunol 165, 2927-2931 (2000)

560. Marti, F., N. H. Post, E. Chan, and P. D. King: A
transcription function for the T cell-specific adaptor
(TSAd) protein in T cells: critical role of the TSAd Src
homology 2 domain. J Exp Med 193, 1425-1430 (2001)

561. Sun, W., K. Kesavan, B. C. Schaefer, T. P.
Garrington, M. Ware, N. L. Johnson, E. W. Gelfand & G.
L. Johnson: MEKK2 associates with the adapter protein
Lad/RIBP and regulates the MEK5-BMK1/ERK5 pathway.
J Biol Chem 276, 5093–5100 (2001)

562. Purtilo, D. T., C. K. Cassel, J. P. Yang, and R. Harper:
X-linked recessive progressive combined variable



Kinases and phosphatases in TCR signaling

969

immunodeficiency (Duncan's disease) Lancet 1, 935-940
(1975)

563. Coffey, A. J., R. A. Brooksbank, O. Brandau, T.
Oohashi, G. R. Howell, J. M. Bye, A. P. Cahn, J. Durham,
P. Heath, P. Wray, R. Pavitt, J. Wilkinson, M. Leversha, E.
Huckle, C. J. Shaw-Smith, A. Dunham, S. Rhodes, V.
Schuster, G. Porta, L. Yin, P. Serafini, B. Sylla, M. Zollo,
B. Franco, and D. R. Bentley: Host response to EBV
infection in X-linked lymphoproliferative disease results
from mutations in an SH2-domain encoding gene. Nat
Genet 20, 129-135 (1998)

564. Morra, M., O. Silander, S. Calpe, M. Choi, H.
Oettgen, L. Myers, A. Etzioni, R. Buckley, and C. Terhorst:
Alterations of the X-linked lymphoproliferative disease
gene SH2D1A in common variable immunodeficiency
syndrome. Blood 98, 1321-1325 (2001)

565. Morra, M., M. Simarro-Grande, M. Martin, A. S.
Chen, A. Lanyi, O. Silander, S. Calpe, J. Davis, T. Pawson,
M. J. Eck, J. Sumegi, P. Engel, S. C. Li, and C. Terhorst:
Characterization of SH2D1A missense mutations identified
in X-linked lymphoproliferative disease patients. J Biol
Chem 276, 36809-36816 (2001)

566. Sayos, J., C. Wu, M. Morra, N. Wang, X. Zhang, D.
Allen, S. van Schaik, L. Notarangelo, R. Geha, M. G.
Roncarolo, H. Oettgen, J. E. De Vries, G. Aversa & C.
Terhorst: The X-linked lymphoproliferative-disease gene
product SAP regulates signals induced through the co-
receptor SLAM. Nature 395, 462-469 (1998)

567. Tangye, S. G., S. Lazetic, E. Woollatt, G. R.
Sutherland, L. L. Lanier, and J. H. Phillips: Human 2B4, an
activating NK cell receptor, recruits the protein tyrosine
phosphatase SHP-2 and the adaptor signaling protein SAP.
J Immunol 162, 6981-6985 (1999)

568. Nakamura, H., J. Zarycki, J. L. Sullivan & J. U. Jung:
Abnormal T cell receptor signal transduction of CD4 Th
cells in X-linked lymphoproliferative syndrome. J Immunol
167, 2657-2665 (2001)

569. Bryuns, E., A. Marie-Cardine, H. Kirchgessner, K.
Sagolla, A. Shevchenko, M. Mann, F. Autschbach, A.
Bensussan, S. Meuer & B. Schraven: T cell receptor (TCR)
interacting molecule (TRIM), a novel disulphide-linked
dimer associated wih the TCR-CD3-zeta complex, recruits
intracellular signaling proteins to the plasma membrane. J
Exp Med 188, 561-575 (1998)

570. Egerton, M., O. R. Ashe, D. Chen, B. J. Druker, W. H.
Burgess & L. E. Samelson: VCP, the mammalian homolog
of CDC48, is tyrosine phosphorylated in response to T cell
antigen receptor activation. EMBO J 11, 3533-3540  (1992)

571. Fusaki, N., A. Iwamatsu, M. Iwashima & J. I.
Fujisawa: Interaction between Sam68 and Src family
tyrosine kinases Fyn and Lck, in T cell receptor signaling. J
Biol Chem 272, 6214-6219 (1997)

572. Takemoto, Y., M. Furuta, X. K. Li, W. J. Strong-
Sparks & Y. Hashimoto: LckBP1, a proline-rich protein
expressed in haematopoietic lineage cells, directly

associates with the SH3 domain of the protein tyrosine
kinase p56lck. EMBO J 14, 3403-3014 (1995)

573. Yamanashi, Y., M. Okada, T. Semba, T. Yamori, H.
Umemori, S. Tsunasawa, K. Toyoshima, D. Kitamura, T.
Watanabe & T. Yamamoto: Identification of HS1 protein
as a major substrate of protein-tyrosine kinase(s) upon B-
cell antigen receptor-mediated signaling. Proc Natl Acad
Sci USA 90, 3631-3635 (1993)

574. Huang, X., Y. Li, K. Tanaka, K. G. Moore & J. I.
Hayashi: Cloning and characterization of Lnk, a signal
transduction protein that links T-cell receptor activation
signal to phospholipase Cgamma1, Grb2, and
phosphatidylinositol 3-kinase. Proc Natl Acad Sci USA 92,
11618-11622 (1995)

575. Yablonski, D., L. P. Kane, D. Qian & A. Weiss: A
Nck-Pak1 signaling module is required for T-cell receptor-
mediated activation of NFAT, but not of JNK. EMBO J 17,
5647-5657 (1998)

576. Hunter, T. & B. M. Sefton: Transforming gene
product of Rous sarcoma virus phosphorylates tyrosine.
Proc Natl Acad Sci USA 77, 1311-1315 (1980)

577. Jacobsen, M., D. Schweer, A. Ziegler, R. Gaber, S.
Schock, R. Schwinzer, K. Wonigeit, R. B. Lindert, O.
Kantarci, J. Schaefer-Klein, H. I. Schipper, W. H. Oertel, F.
Heidenreich, B. G. Weinshenker, N. Sommer & B.
Hemmer: A point mutation in PTPRC is associated with the
development of multiple sclerosis. Nat Genet 26, 495-499
(2000)

578. Tchilian, E. Z., D. L. Wallace, R. S. Wells, D. R.
Flower, G. Morgan & P. C. L. Beverley: A deletion in the
fene encoding the CD45 antigen in a patient with SCID. J
Immunol 166, 1308-1313 (2001)

579. Kung, C., J. T. Pingel, M. Heikinheimo, T. Klemola,
K. Varkila, L. I. Yoo, K. Vuopala, M. Poyhonen, M. Uhari,
M. Rogers, S. H. Speck, T. Chatila & M. L. Thomas:
Mutations in the tyrosine phosphatase CD45 gene in a child
with severe combined immunodeficiency disease. Nat Med
6, 343-345 (2000)

580. Loda, M., P. Capodieci, R. Mishra, H. Yao, C. Coless,
W. Grigioni, Y. Wang, C. Magi-Galluzzi & P. J. Stork:
Expression of mitogen-activated protein kinase
phosphatase-1 in the early phases of human epithelial
carcinogenesis. Am J Pathol 149, 1553-1564 (1996)

Key words: Review, T cell activation, Lck, Fyn, c-Yes,
Syk, ZAP-70, Itk, Txk, CD45, HePTP, PEP, PTP-MEG2,
PTPH1, PTP-MEG1, PTP36, PTEN, LMPTP,
PLCgamma1, SLP-76, LAT, FYB, SLAP-130, Vav-1,
PI3K, c-Cbl, TSAd, SAP, SH2D1A, TRIM, Review

Send correspondence to: Professor Tomas Mustelin,
M.D., Ph.D., Program of Signal Transduction, Cancer
Center, The Burnham Institute, 10901 North Torrey Pines
Road, La Jolla, California 92037, USA. Tel: 858-713-6270,
Fax: 858- 713-6274, E-mail: tmustelin@burnham-inst.org


