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ABSTRACT

The involvement of the proto-oncogene Vav in antigen receptor-mediated
signal transduction.

by Jun Wu.

Stimulation of the antigen receptors in T and B cells induces activation of
multiple tyrosine kinases including the Src and the Syk family members,
resulting in phosphorylation of numerous intracellular substrates. One such
substrate is the 95 kD proto-oncogene Vav, which is expressed exclusively in
hematopoietic and trophoblast cells. Vav contains a number of structural motifs
including a leucine-rich N-terminus, a putative guanine nucleotide exchange
domain for Rho/Rac/CDC42 family of small GTPases, a pleckstrin homology
domain, a cysteine-rich region, and one SH2 domain flanked by two SH3
domains. Although its expression pattern, structure and homology to other
proteins suggests a role in lymphocyte signal transduction, the involvement of
Vav in antigen receptor-mediated signaling processes is poorly understood. In
these studies, we show that overexpression of Vav alone in Jurkat T cells leads to
activation of nuclear factors, including NFAT, involved in interleukin 2 (IL-2)
expression, which is further enhanced with TCR stimulation. The Vav-mediated
NFAT activation in Jurkat cells is specific to antigen receptor-mediated gene
activation and depends upon an intact TCR signaling pathways. In addition, a
truncated Vav containing only the C-terminus functions as an inhibitor in TCR
signaling cascade. These studies strongly suggest that Vav plays an important
role in antigen receptor signal transduction. To explore the molecular
mechanisms by which Vav functions in lymphocytes, we have identified another
hematopoietic-specific tyrosine phosphoprotein, SLP-76, which associates with

Vav via the Vav SH2 domain following TCR stimulation. More importantly, Vav
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and SLP-76 functionally cooperate in TCR-mediated downstream gene
activation, suggesting that a complex containing Vav and SLP-76 participates in
the events triggered by antigen receptor stimulation. Finally, our genetic
analysis using mutant cell lines and mice demonstrate that both Src and
Syk/ZAP-70 PTKs contribute to Vav tyrosine phosphorylation in T and B cells.
The Syk/ZAP-70 PTKs, in particular, appear to directly recruit Vav following
antigen receptor stimulation, resulting in subsequent Vav tyrosine
phosphorylation. We further show that a point mutation of the Vav binding site
in ZAP-70 impairs ZAP-70's ability to interact with Vav, to phosphorylate Vav,
and to function in antigen receptor-mediated signal transduction. Taken
together, these data provide strong evidence that Vav is a critical component in

lymphocyte activation.

vii

AN

AR



Table of Contents

Chapter 1
Introduction

Chapter II
Involvement of the proto-oncogene Vav in T cell antigen
receptor-mediated signal transduction
Addendum
The GEF, PH and SH2 domains are important for

Vav function in T cells

Chapter III
Vav and SLP-76 physically interact and functionally

cooperate in TCR-mediated IL-2 gene activation

Chapter IV
Involvement of Src and Syk PTKSs in Vav tyrosine

phosphorylation following antigen receptor stimulation

Chapter V
The Vav binding site (Y315) in ZAP-70 is critical for

antigen receptor-mediated signal transduction

Chapter VI

Concluding remarks

viii

20

32

40

52

74

96

(:



T Ty Y ——

B \\ NN\

CHAPTER 1
Introduction



T lymphocytes play a critical role in normal immune responses against
pathogens, in transplantation rejection, and in autoimmune diseases. The
specificity of the T cell-mediated immune response is determined by the T cell
antigen receptor (TCR), which recognizes peptide complexed to the proper major
histocompatibility complex (MHC) molecule and transduces this extracellular
binding event to intracellular signal transduction machinery. This signal
transduction process induces a series of biochemical events, including tyrosine
phosphorylation of intracellular proteins, cytoskeletal rearrangement, Ca2*
influx, and Ras activation (1). These signaling events, through a poorly
understood mechanism, ultimately leads to effector functions such as
lymphokine production, cell proliferation and differentiation. Both biochemical
and genetic evidence indicates that this signal transduction pathway is crucial for
lymphocyte development and activation (1). This introduction will briefly
review the current understanding of the signal transduction events initiated by
engagement of the TCR and provide the rationale for undertaking the course of
experimentation described in this dissertation to determine the role of the proto-

oncogene Vav in TCR-mediated signal transduction pathways.

The TCR complex

The TCR is a multi-subunit complex consisting of Ti o and B chains, the CD3
¥, & and € chains, and a {-containing homodimer or heterodimer (2-4). Assembly
of all subunits is required for efficient surface expression. The disulfide-linked o
and P heterodimer is responsible for ligand recognition and is noncovalently
associated with the invariant CD3 and { chains (5). The o and B chains have very
short cytoplasmic tails which are incapable of transducing extracellular binding

events directly to intracellular signaling machinery. In contrast, the cytoplasmic
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domains of CD3 subunits and TCR { chains contain the immunoreceptor tyrosine
based activation motifs (ITAM) consisting of two YxxL paired sequences
separated by six to eight amino acids (4, 6, 7). This ITAM is present in three
copies in { and is found as a single copy in each of the CD3 subunits. Recent
studies have shown that the ITAM sequences are respoﬁsible for transducing
TCR-mediated downstream signaling events. A chimeric receptor containing a
single isolated ITAM motif is sufficient for the activation of the PTK pathway and
subsequent TCR-mediated proximal and distal signaling events (8, 9). The
importance of the ITAM motifs is further underscored by mutational analysis in
which mutations of either tyrosine residue within the ITAM motif results in an
impairment of receptor function (10). In addition, removal of the C-terminal
leucine residue within the ITAM sequence also leads to loss of receptor function
(8). Therefore, an intact ITAM is necessary and sufficient to transduce
extracellular ligand binding events to intracellular signaling events.

In B cells, the Iga and IgP subunits of the membrane Ig receptor also serve as
the signal transducing components for the B cell antigen receptor (BCR), and
each contains one copy of the ITAM (11, 12). Similar to what has been found in T
cells, chimeric receptors containing either the cytoplasmic domains of Iga. or IgB
subunits are capable of inducing signaling events such as tyrosine
phosphorylation and Ca2+ mobilization (12). Thus, the ITAM motifs found in the
CD3 subunits, the TCR { chains, the BCR Iga and IgP subunits, and other
immunoreceptor-associated molecules provide the molecular basis for initiating

signaling cascades following receptor engagement.
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Protein tvrosine ki (PTKs) in TCR signali

Unlike many growth factor receptors, the TCR complex does not possess
intrinsic tyrosine kinase activity. However, one of the earliest biochemical events
following TCR ligation is the activation of multiple cytoplasmic PTKs, resulting
in tyrosine phosphorylation of numerous cellular proteins (4, 13). The
importance of PTK activation is underscored by studies in which treatment of T
cells with a PTK inhibitor, herbimycin A, markedly impairs TCR-mediated

function (14). Recent biochemical and genetic evidence has demonstrated that

two families of PTKSs, Src and Syk, play obligatory and proximal roles in TCR-

71

mediated signal transduction. Studies of T cell lines have implicated the Src
family members Lck and Fyn as the initiating PTKs for TCR signaling (4). They
function by phosphorylating the tyrosine residues within the ITAM motifs
within the CD3 and { subunits following TCR stimulation. Phosphorylation of

L

the ITAMSs results in recruitment of Syk family PTKs via their two SH2 domains,

]

where they can become tyrosine phosphorylated and activated through the
actions of the Src family of PTKs (4, 15-17).

%
=

The critical role of the Src PTKs in T cell development and activation has
been demonstrated in cell lines or mice deficient in Lck, Fyn, or both kinases.
Mutant mice deficient in Lck have a severe reduction in thymocyte numbers and

a profound block in thymocyte development at the transition to the CD4+*CD8*

.

A

stage (18). The residual progression of thymocytes from CD4-CD8" to the double
positive stage in Ick-/- mice depends upon the redundant function of Fyn, since
mice lacking both Lck and Fyn show a complete arrest of thymocyte
development at the CD4"CD8" stage (19, 20). These results suggest that the pre-
TCR complex-mediated signaling events depend upon the Src PTKs Lck and Fyn.
In addition, TCR stimulation in T cells from Lck-deficient mice or in T cell lines .
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lacking a functional Lck molecule leads to a marked reduction in tyrosine
phosphorylation, calcium mobilization and proliferation (21). Another Src family
member Fyn also plays an important role in TCR signaling. Overexpression of
Fyn in transgenic mice or expression of a constitutive active form of Fyn in T cell
hybridomas significantly enhances TCR-mediated function (22, 23). Although no
significant alteration of T cell development is found in fyn-/- mice, the CD4* or
CD8* single positive thymocytes from these mice show a severe impairment in
TCR-mediated signaling events including tyrosine phosphorylation, calcium
mobilization, interleukin-2 (IL-2) production and proliferation (24, 25).

A Syk family PTK ZAP-70 is also implicated in proximal TCR signaling.
ZAP-70 is expressed exclusively in T cells and natural killer cells (15). The
central role of ZAP-70 in T cell development and activation has been
demonstrated in mice and humans. ZAP-70 deficient mice show a profound
block in T cell development at the transition from the CD4+*CD8* stage to the
single positive stage (26). ZAP-70 mutations in humans cause a severe combined
immunodeficiency characterized by the failure of CD4* T cells to respond to
antigen stimulation and by an absence of peripheral CD8* T cells (27-29). Taken
together, these results indicate that Lck, Fyn, and ZAP-70 PTKs play critical roles

at the proximal steps in TCR-mediated signal transduction.

Signal t jucti d leading tivati
Activation of the Src and Syk PTKs by engagement of the TCR leads to

tyrosine phosphorylation of multiple intracellular proteins including
phospholipase C y1 (PLCy1), Vav, Cbl and SLP-76 (1, 30). Tyrosine
phosphorylation of PLCy1 induces its enzymatic activity (31), leading to the
generation of the two second messengers, inositol 1,4,5-trisphosphate (IP3) and
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diacylglycerol (DAG), which are responsible for the rapid and sustained
intracellular calcium increase and activation of protein kinase C (PKC),
respectively (1). However, at the time of the initiation of these studies, the
functional significance of the tyrosine phosphorylation of other cellular
substrates was unclear. Nonetheless, these early biochemical events ultimately >
lead to a variety of T cell functions, including transcriptional activation of the IL-

2 gene.

TCR activation leads to cell cycle progression from resting Gg to G1 and the
production of IL-2. IL-2 is then available for stimulation of the IL-2 receptor in an
autocrine or paracrine fashion, causing T cells to enter S phase, which ultimately
results in cell proliferation. Therefore, regulation of IL-2 gene transcription is a
key step in T cell activation. Two critical requirements for IL-2 gene activation

upon TCR stimulation are the activation of calcineurin, a calcium/calmodulin

R

dependent protein phosphatase and Ras, a small molecular weight membrane

&

associated GTPase (32-35). It is believed that calcineurin is activated by the

7
(3
“r

increase of intracellular calcium caused by activation of PLCy1 (1). Calcium

NN

ionophores which elevate cytoplasmic free calcium can activate calcineurin
independently of TCR stimulation (1). In addition, two pharmacological agents,
FK506 and Cyclosporin A (CsA), can block TCR-mediated IL-2 gene activation by
inhibiting calcineurin function (36, 37). Ras activation is also critical for TCR- ¢
mediated IL-2 gene activation. Expression of an activated form of Ras, in N
conjunction with a calcium ionophore or an activated form of calcineurin, leads

to IL-2 gene activation, whereas a dominant negative form of Ras inhibits TCR

signaling (35, 38). Ras can be activated by a PKC-dependent pathway in T cells

(39). It is believed that DAG, a second messenger generated by PLCy1 activation,

is responsible for the activation of PKC and subsequent Ras activation. However, N
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TCR-induced Ras activation can not be completely blocked by a PKC inhibitor,
suggesting the presence of a PKC-independent pathway leading to Ras activation
in T cells (39). It has been shown that following TCR stimulation a 36 kD protein
(pp36) becomes tyrosine phosphorylated and associated with Grb2, an adaptor
protein for a Ras exchange factor SOS (40-42). The pp36/Grb2/SOS complex has
been proposed to serve as the link between the proximal TCR signaling
machinery and downstream Ras activation. However, the identity of pp36 and
the exact molecular mechanism by which TCR ligation induces Ras activation
remain to be determined.

While much progress has been made in defining the nature of the
biochemical events involving the activation of Ras and calcineurin pathways,
these are not the only pathways important for TCR-mediated functions. For
example, T cells exhibit a massive and rapid cytoskeletal rearrangement
following TCR engagement. Interestingly, inhibition of Rho by C3 exoenzyme or
expression of a dominant negative form of CDC42 inhibited the TCR-induced
cytoskeletal rearrangement (43, 44). In Jurkat T cells, actin polymerization also
appears to be important for TCR activation (45). Moreover, T cells from
immunodeficient patients with Wiskott-Aldrich Syndrome (WAS) have profound
defects in cytoskeletal organization and in their responses to antigens (46-48).
Interestingly, the protein that is defective in WAS, WASP, appears to be a novel
effector for the Rho/Rac/CDC42 family of small GTPases (49-53). These results
strongly suggest that activation of Rho/Rac/CDC42 pathways is another critical
event in T cell activation. However, the mechanism by which TCR ligation
triggers the activation of Rho/Rac/CDC42-mediated pathways remains
undefined.

QAR

\

AN

)

A

~

-



The proto-oncogene Vav

Since tyrosine phosphorylation of cellular proteins has been shown to be an
early and obligatory step in TCR signal transduction, identification and
understanding the function of these molecules may provide clues regarding
potential mechanisms for TCR-mediated signal transduction. One of these TCR-
induced tyrosine phosphorylated proteins is Vav, a 95 kD proto-oncogene
expressed exclusively in hematopoietic and trophoblast cells (54-57). Vav was
first identified as a result of an artifactual activation during the course of a gene
transfer assay (56). Removal of the first 67 amino acids (a.a.) in the amino-
terminal leucine-rich region activates its transforming potential when expressed
in NIH-3T3 cells (56, 58, 59). Although the function of Vav was unknown at the
time, its structure strongly suggested a role in signal transduction. It contains a
putative guanine nucleotide exchange factor (GEF) domain for Rho/Rac/CDC42
family of small GTPases (60, 61). A homologous domain is also present in
CDC24 and Dbl, two known GEFs for Rho. Moreover, Vav also contains a
number of structural motifs shared by other signaling molecules, including one
Src homology 2 (SH2) domain, two Src homology 3 (SH3) domains, a pleckstrin

homology (PH) domain, and a cysteine-rich domain (61).

1 844
7 . G ‘T
C GEF 7 ltich [SH3]| SH2¢ @

Figure 1. Schematic representation of the Vav proto-oncogene product.
N-terminus (a.a. 1-198); GEF domain (199-385); PH domain (403-504);
Cysteine-rich region (516-564); N-terminal SH3 domain (617-665);
SH2 domain (671-765); C-terminal SH3 domain (789-837).
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Recent studies show that Vav becomes tyrosine phosphorylated following a
variety of stimuli, including TCR, B cell antigen receptor (BCR) and IL-2 receptor
(TL-2R) stimulation (54, 55, 62, 63). When Vav was expressed ectopically in
fibroblasts, epidermal (EGF) or platelet-derived growth factors (PDGF)
stimulated its rapid tyrosine phosphorylation (54, 55). Activation of EGF or
PDGF receptors also resulted in association of these receptors with Vav via its
SH2 domain. Although Vav has not been found to associate with any receptors
upon ligand stimulation in hematopoietic cells, its SH2 domain was shown to
interact with a number of signaling molecules including ZAP-70 and an
unknown tyrosine phosphorylated protein Vap-1 (62, 64). Taken together, these
findings suggested that Vav may play an important role in the receptor-mediated
signaling processes in hematopoietic cells.

Although Vav shares homology with the GEFs for Rho/Rac but not Ras
family members, it was initially reported to account for most of the receptor-
stimulated Ras GDP/GTP exchange activity in both T and B cells (65, 66). In
addition, tyrosine phosphorylation of Vav or binding of DAG to its cysteine-rich
domain were shown to be required for this exchange activity (65-68). However,
these findings could not be confirmed by other investigators, who demonstrated
that neither Vav nor oncogenic Vav had any detectable exchange activity for Ras
and the morphology of Vav-transformed NIH-3T3 cells was distinct from Ras-
transformed cells (69, 70). The DAG/phorbol ester binding activity of the
cysteine-rich region in Vav also was controversial, since in vitro assays failed to
show any binding of Vav to DAG or phorbol ester (71). Therefore, the
significance of the findings implicating Vav as a Ras exchange factor in
lymphocytes is uncertain.

-
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The expression pattern, structure and tyrosine phosphorylation of Vav
strongly suggested its involvement in TCR-mediated signal transduction. I
decided to use Jurkat T cells as a model system to explore the potential role of
Vav in TCR-mediated signaling leading to IL-2 gene activation. To do so, I
transiently overexpressed Vav or oncogenic Vav in Jurkat T cells and examined
their effects on IL-2 promoter elements. Overexpression of wildtype Vav alone in
Jurkat cells markedly enhanced basal and TCR-mediated NFAT activation and
this Vav-mediated effect required a functional TCR signaling machinery. This
functional assay provided an easy tool to dissect the function of Vav in TCR
signaling. Since Vav contains a number of structural domains which are likely to
be involved in protein-protein interactions, I then took a biochemical approach to
identify molecules interacting with Vav following TCR stimulation. The
identification and function of the interacting molecules may provide clues for

Vav regulation and function in T cells.
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Involvement of the proto-oncogene Vav in

T cell antigen receptor-mediated signal transduction.
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Introduction:

Stimulation of the T cell antigen receptor (TCR) induces activation of
multiple tyrosine kinases, resulting in phosphorylation of numerous intracellular
substrates. One substrate is Vav, which is expressed exclusively in hematopoietic
and trophoblast cells. It contains a number of structural motifs including SH2,
SH3 and PH domains and a putative guanine nucleotide exchange (GEF)
domain. However, the function of Vav in lymphocyte signal transduction is
unclear. The initial goal of this dissertation research is to establish a functional
assay in Jurkat T cells in order to study the function of Vav in TCR-mediated
signaling pathways. In this study, we show that overexpression of Vav alone in
Jurkat T cells leads to activation of nuclear factors, including NFAT, involved in
interleukin 2 (IL-2) expression. In addition, Vav synergizes with TCR stimulation
in inducing NFAT- and IL-2- dependent transcription. We further define the
requirements of Vav-induced NFAT activation and propose that Vav plays an
important role at an yet unidentified proximal position in the TCR signaling
cascade. The following paper, reproduced from the journal in which it was
published, details the biochemical and functional analysis of the involvement of
Vav in TCR-mediated signal transduction.
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Stimulation of the T-cell antigen receptor (TCR) induces activation of multiple tyrosine kinases. resuiting
in phosphorylation of numerous intracellular substrates. One substrate is p95™", which is expressed exclu-
sively in hematopoietic and trophoblast cells. It contains a number of structural motifs. including Src
homology 2. Src homology 3. and pleckstrin homology domains and a putative guanine nucleotide exchange
domain. The role of p93'** in TCR-mediated signaling processes is unclear. Here. we show that overexpression
of p95'“ alone in Jurkat T cells leads to activation of the nuclear factors. including NFAT, involved in
interleukin-2 expression. Furthermore, p95'®" synergizes with TCR stimulation in inducing NFAT- and inter-
leukin-2-dependent transcription. In contrast. NFAT activation by a G-protein-coupled receptor is not mod-
ulated by p95'“" overexpression. suggesting that the effect is specific to the TCR signaling pathways. Although
removal of the first 67 umino acids of p95'®" activates its transforming potential in NIH 3T3 cells. this region
appears to be required for its function in T cells. We further demonstrate that the p95™'-induced NFAT
activation is not mimicked by Ras activation, though its function is dependent upon Ras and Raf. Furthermore,
the activating function of p95'* is blocked by FK506. suggesting that its activity also depends on calcineurin.
To further dissect p95™" involvement in TCR signaling, we analyzed various Jurkat mutants deficient in TCR
signaling function or TCR expression and showed that an intact TCR signaling pathway is required for p95™"”
to function. However, overexpression of p95™" does not appear to influence TCR-induced protein tyrosine
phosphorylation or increases in cytoplasmic free calcium. Taken together. our data suggest that p95™" plays

an important role at an yet unidentified proximal position in the TCR signaling cascade.

Engagement of the T-cell antigen receptor (TCR) by a pep-
tide-bound major histocompatibility complex molecule ini-
tiates a biochemical cascade involving activation of protein
tyrosine Kinases (PTKs). resulting in phosphorylation of mul-
tiple antracellular proteins. including the TCR ¢ and CD3
chains. ZAP-70. and phospholipase C-yl (PLC-y1) (61). Ty-
rosine phosphorylation of PLC-vy1 induces its enzymatic activ-
ity (45). leading to the generation of the two second messen-
gers. diacvlglycerol (DAG) and inositol 1.4.5-trisphosphate.
which are responsible for the rapid and sustained intracellular
calcium increase and activation of protein kinase C (PKC).
respectively. These early biochemical events. through poorly
understood processes. lead to a variety of T-cell funcuons.
including transcriptional activation of interleukin-2 (IL-2)
gene.

Tyrosine phosphorylation of cellular proteins has been
shown to be an early and obligatory step in TCR signal trans-
duction (33). Therctore. the identification and understanding
the tunction of these molecules is of considerable interest. One
of these TCR-induced tyrosine-phosphorylated proteins is
pYS'* (6. 42). the product of a proto-oncogene expressed ex-
clusively in hematopoietic and trophoblast cells (35. 63). It was
first idenuficd as a result of its malignant activation during the
course of a gene transter assay (35). Truncation of the amino-
terminal leucine-rich region activates its transforming poten-
tial when it is expressed in NIH 3T3 cells (11, 34, 35). p95'
contains a putative guanine nucleotide exchange factor (GEF)
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domain for small GTPases of the RhosRac family. A homolo-
gous domain is also present in CDC24 and Dbl. two known
GEFs for Rho and Rac proteins (1. 2, 18). Moreover. p95'**
also contains a number of structural motifs shared by other
signaling molecules. including one Src homology 2 (SH2) do-
main. two SH3 domains. a pleckstrin homology domain, and a
cysteine-rich domain (39. 44). Recent studies show that p95**
becomes tyrosine phosphorylated following a variety of stimuli.
including TCR. B-cell antigen receptor. and IL-2 receptor
stimulation (5, 6. 16, 42). When p95'™ is expressed ectopically
in fibroblasts, epidermal or platelet-derived growth factor will
stimulate its rapid tyrosine phosphorylation. Activation of epi-
dermal or platelet-derived growth factor receptors also resuits
in association of the receptors with p9s'** via its SH2 domain
(6. 42). Although p95'*" so tar has not been found to associate
with any receptors upon ligand stimulation in hematopoietic
cells. its SH2 domain has been shown to interact with a number
of signaling molecules. including ZAP-70 and an uncharacter-
ized tyrosine-phosphorylated protein. Vap-1 (5, 36). Taken
together. these findings suggest that pY5'“' may play an impor-
tant role in the receptor-mediated signaling processes in he-
matopoictic cells.

TCR activation leads to cell progression from resting G,, to
G, and the production of IL-2. IL-2 is then available for stim-
ulation of the IL-2 receptor in an autocrine or paracrine fash-
ion. causing T cells to enter S phase. which ultimately results in
cell proliferation. Theretore. regulation of IL-2 gene transcrip-
tion is a key step in T-cell activation. Two critical requirements
for IL-2 gene activation upon TCR stimulation are the activa-
tion of Ras and calcineurin. a calcium;calmodulin-dependent
protein phosphatase (10. 13. 47. 51). It is believed that cal-
cineurin is activated by the increase of intracellular calcium
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caused by activation of PLC-y1 (61). Two pharmacological
agents. FKS06 and cvelosporin A, can block TCR-mediated
IL-2 gene activation by inhibiting calcineurin tunction (15, 17).
Ras can be activated by PKC-dependent and PKC-indepen-
dent pathways (32). Expression of an activated form of Ras
leads to IL-2 gene activation in conjunction with a calcium
tonophore or an activated form of calcineurin. whereas a dom-
inant negative form of Ras inhibits TCR wignaling (51, 63).
These studies emphasize the critical role ot calcineurin and
Ras in TCR-mediated signals that regulate IL-2 gene expres-
sion.

Although pY5'“* shares homology with the GEFs for Rho:
Rac but not Ras family members. it has been reported to
account for most of the receptor-stimulated Ras GDP-GTP
exchange activity in both T and B cells (23. 26). In addition.
tyrosine phosphorvlation of p93'“* or binding of DAG to its
cysteine-rich domain was shown to be required for this ex-
change activity (23-23). However. these findings have not been
confirmed by other investigators. who demonstrated that nei-
ther p95'“* nor oncogenic vav has anv detectable exchange
activity for Ras and that the morphology of vav-transformed
NIH 3T3 cells is distinct that of from Ras-transtormed cells (7,
38). The DAG or phorbol ester binding activity of the cvsteine-
rich region in p95*”" also appears to be controversial. since in
vitro assayvs failed to show any binding of p93'" 10 DAG or
phorbol ester (37). Therefore. the functional significance of
pY5™ as a Ras exchange factor in lymphocytes remains un-
clear.

To explore the potential role of p95*™ in TCR-mediated
signaling leading to IL-2 gene activation. we overexpressed
p95'“" and oncogenic vav in Jurkat T cells and examined their
effects on IL-2 promoter elements. Here. we find that overex-
pression of p95'“' alone can activate the IL-2 promoter
through mechanisms which depend on both Ras and cal-
cineurin function. By using various Jurkat mutants deficient in
TCR signaling. we demonstrate that this pY3'“* activity re-
quires a functional TCR signaling pathway.

MATERIALS AND METHODS

Cells and reagents. Jurkat. JCaMi 6 (19, 50) J45 01 (20, and J RT3-T2.5 (46)
cells were marntained in RPMI 1630 medium supplemented with 107 fetal calf
serum, penicilhin, streptomyvern. and glutamine tmediumy Simuan virus 40 (SV30)
T-anugen (TAg)-transtected Jurhat (TAg Jurkat. a kind et trom G Crabtreey.
JHMULZ (20,3 HMI 2.2 (200, PF-2.4. and PE-2 8 gdo) cells were mamtiined in
medium with 2.0 mg of gencticin (Grbeo per mband transterred to genetian-tree
medium 48 h betore experiments to prevent amimoghcoside-mediated imhibition
ot phosphomositide hvdroivsis. JCaM 16 Lek cells (391 were maintained 1in me-
dium contaming 230 up ot hvgromyan per mi.

Plasmids. The p93' and oncogenic vav expression plasmids (pSVIES and
PSVO™ respectinely) were constructed by subcloming the £ooR tragments of v
<DNAs trom pSKI1E and pSKe™ into pSVTA. an SV 30 ongin-contaimng mam-
mahan expression vector (34, 35). The same ¢DNA nserts were also subcloned
into pEF-BOS. another mammahan expression vector 1431 to generate pEFILLS
and pEF6T An ohgonucleoude tragment comprising both a Kozak translatonal
imtation and the mye epriope tag sequences was hinked to the 3 end of the
pYs CDNA to generate hoth pS\ H3mye and pEFTIE mve. Plasmid pCDST.
aypressing oniv the extraceliular and transmembrane portion ot the human
D™ molecule. has been desertbed eisewnere £30) The NTras and DN-Rat
plinmids were kind gints trrom 1D Cantrell The NFAT, NFIL-2AL and L2
luciterase reporter constructs (NFAT-Lue, NFHL2A-Luc. and [L2-Luc) were
generous itts trom Go Crabtree. The v-Heras expression plasmid was hindly
provided by H Bourne.

Abs. The monoclonat antibody (MABY used for the sumulation of the TCR was
C03 which recognizes the Jurkat To @ chain 02y The antsvas polsclonal
anubody (Ab) was purchased trom Santa Cruz Broteennology (Santa Cruz.
Caht) Antuphosphotvrosine MAD 3G 10 was purchased trom Upstate Biotech-
nology Inc. (Lake Placid. VY. A MAb. 9E10. 1or the detection of the mye
epitope was Kindly provided by Jo M Bishop A uorescen nathiocvanate
CFITCOlcompugated ant-CDSa (FITC-CDS) Ab was purchased trom Becton
Dichinson ¢ Mountain View. Calit).

Cell transfections. stimulations. and luciferase assays. T Ag Jurhat celis (107)
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wore transienthv transtected by electroporation. as previousiv desenned toy, with
20 p of the reporter plasmids indicated and S0y ol g vector contiming either
a0 msert tempty vector) or a p9stt L Neterminallv truncated van or v-Heras
CDNAnsert. Forty hours atier transtection. 107 cells were coduoicd into a
ve-well plate (Corming) and cultured in o inal volume of 10w o RPMIL Tad0
eromth medium. Cells were unstimulated or simutated at 37 C romth me-
dium contmning either L0 pMaonomvein. a L1000 dilution o1 C3 s, 300
wM carbachol. or 30 ng of phorbol myristate acetate por miand < o u M ono-
mvan. Atter an X-h stimulation penod. cells were vsed in hanest rutder (100
mM KPO, [pH 78] Lo mM duhwothrentol. 17 Traton \-joh ung 106 al ot
Bsate was mived with 100wl of assas butter (200 mM KPO_jpH "~ iomM
ATP. 20 mM MeCla) tollowed by 100 wl of 1.0 mM lucitenin Luciierise activaty,
evpressed inarbitrany umits (ALY, was determined either in gupacate or 0
tnplicate for each expenmental condition [n the cotranstection exneriments. M
ue ot g vector contatming cither N1 7ras. DN-Rat. or pCDN T was cotranstected
with pSVHIS. For wild-tvpe Jurkat T cells and mutant dernatives. piasmid
pEF1IS or pEF13mye (40 pg) was transiently transtected mto 0 celis Fory
hours atter transtection. 5 x 10 cells were ahiquoted into a 24w ptatesan 1.8
ml ot medium. Cells were then sumulated and assased as deserines anene For
the infubiion assavs. cells were mamntained in medium contaiming cither 10 ng
of FK2U6 per mlor 3.0 uM herbimycin A tor 24 b atter iranstection: They were
stimulated and assaved as described above

Cell puritication and immunoblots. TAg Jurkat cells were transientis trans-
tected with pCDET. along with an empry vector. pSVILS or pSVET Taenn-tour
hours later, cells were hanvested and CDX-positive cells were enncned ty adding
FITC-CD¥ Ab and sheep anti-mouse immunoglobulin-coated magnete teads
(Drnal Inc.. Great Neck. N.Y.). The bound CDa-positine cells were then hved in
Ivsis butter contaimng 177 Nomdet P-40. 10 mM Tos (pH 7800 13 mM N\GClL 2
mM LEDTA. and protease and phosphatase inhibitors as previousin deseribed
(539). In the case of TCR sumulation. CDS-positive celis were stimulated with
C308 (1:250) for 2 min and then hsed immediately. Lysates equisalent o 10
cells were separated by sodium dodecyl sulfate-polvacrvlamide gel cicctrophore-
sis and were transferred to mitroceliulose membranes. The blots were blocked
with 5§77 bovine serum albumin (or 3% ovalbuminy in 10 mM Trix (pH = 9150
mM NaCl contammg (L0577 Tween detergent. Blots were incubates witn pnimary
Ab followed by ['*I]protein A or secondary Ab conjugated witn horseradish
peroxidase and then assaved by autoradiography or enhanced chemilumines-
cence assay. (ECL kit: Amersham). respectively.

M of calci by flow c v. Calcium measurements were
pertormed as previously described (21). The indicated transientis transtected
cells were ancubated in media at 10°mi with a 1O uM the caciumesenatine
Huorescence dyve Indo-1 (Molecular Probe. Menlo Park. Calit ) at 37 C and then
stned with FITC-CDR Ab at 4°C. Fluorescence-activated cell sorter analvs
was pertormed as presiously descnibed (4).

RESULTS

Overexpression of p9§™" in Jurkat T cells increases the
basal activity of IL-2 promoter elements and further potenti-
ates TCR-mediated signal transduction. TCR activation con-
tributes to the production of IL-2. cis-acting elements in the
IL-2 promoter bind nuclear factors. including NFAT and
NFIL-2A (14). Reporter constructs containing mulumers of
either element are responsive to TCR-mediated signaling and
require activation of both calcincurin and Ras pathwayvs (14,
15. 63). To determine the role of p95** in T-cell signaling. we
transiently overexpressed p95'“ in SV40 TAg-transtected
Jurkat T cells and examined its effect on the NFAT-Luc or
NFIL2A-Luc reporter construct. The expression vector used
contains an SV30 origin of replication to allow its high-level
gene expression in TAg Jurkat cells (10). By cotranstecting
truncated CD8 as a surface marker for transfected cells and
then cnriching the CD8-positive transfectants. we esumated
that the level of p953'“* overexpression is about § to 10 times
that of the endogenous p95'“* by Western blotting timmuno-
blotting) and autoradiography (Fig. 1A). Overexpression of
pYs'" alone resulted in 30- and 15-fold increases in basal
activity of the NFAT and NFIL-2A reporter constructs. respec-
tively (Fig. 1B). In contrast. reporter constructs driven by a
constitutively active Rous sarcoma virus promoter or CD4
enhancer promoter produced only a twofold increase of activ-
ity in the p95'*-overexpressing cells (data not shown).

Overexpression of a truncated form of p95'“'. lacking the
first 67 amino acids in the N terminus. did not lead to increases
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FIG. |. Overexpression of p95' in TAg Jurkat cells augments basal and TCR-stimulated IL-2 transcriptional activity. (A) TAg Jurkat cells were cotransfected with
plasmids ¢ncoding pCDR/T together with either an empty vector (lane 1), wild-type p95'* (lane 2). or N-terminally truncated vav (lane 3). CDS-positive cells were

purnificd. normalized. and blotted for vav expression. Sizes are indicated in kilodaltons. (B) TAg Jurkat cells were cotranstected with either NFAT-Luc or NFILZA-Luc
together with either an empty vector. wild-type p93' . or N-terminally truncated (N-trunc.) vav. Transtected cells were then assaved for luciferase activity. (C and D)
TAg Jurkat cells were transfected with either NFAT-Luc (C) or IL2-Luc (D). along with either an empty vector or wild-tvpe p95'™ . Cells were either unstimulated or
stimulated with an anu-TCR MADb (C305) and then assaved for luciferase activity. The results are shown as the fold induction of luciferase activity compared with the
actvity in unstimulated cells cotranstected with pSV7d empty vector and the reporter construct. Luciferase activities of the unstimulated cells transtected with the empty
vector were approximately 500 AU for NFAT-Luc and 200 AU for either NFIL2A-Luc or IL2-Luc. Maximal sumulated activities (by treatment with 50 ng of phorbol
myristate acetate per mi and 1.0 wM ionomycin) were typically about 10° AU for NFAT-Luc and 5 10" AU tor either NFIL2A-Luc or IL2-Luc. The results are
expressed as the mean of values determined from at least three independent experiments. Error bars represent standard errors of the means

in the basal activity of either NFAT or NFIL-2A (Fig. 1B). The
overexpression level of the truncated vav is similar to that of
wild type p95'" in TAg Jurkat cells (Fig. 1A). This result was
surprising, since the truncated p95'" is transforming in fibro-
blasts. but indicates that the effect observed with the full-length
pY3'"" does not simply reflect the overexpression of domains
(such as SH2 and SH3 domains) shared by other signaling
molecules. Moreover, it implies that the N-terminal region
may be required for p95'* function in T cells.

Not only did overexpression of p95'™" lead to NFAT activa-
tion without TCR stimulation. it also markedly augmented
TCR-stimulated NFAT activity compared with the level in the
control vector-transfected cells (Fig. 1C). A similar 10-fold
augmentation was observed on TCR-mediated induction of a
reporter construct containing the entire upstream 275 bp of the
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IL-2 regulatory region (Fig. 1D). Note that TCR stimulation
alone failed to activate the IL-2 promoter in this experiment
because costimulation with phorbol ester or CD28 stimulation
is required for activation of this promoter construct. Overex-
pression of the N-terminal truncated vav failed to enhance
TCR-mediated signal transduction (data not shown). The
pY5" -induced NFAT activation is not due to the expression of
TAg in Jurkat cells. since we also obtained similar results when
we overexpressed p93'" in unmodified (lacking TAg expres-
sion) Jurkat cells by using a different mammalian expression
vector. pEF-BOS (see Fig. 3 and 4). These data demonstrate
that overexpression of pY3'“* has a profound effect on TCR-
mediated activation of factors involved in IL-2 gene regulation
and allowed us to study turther the signaling role of p95** in
T cclls.
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FIG. 2. p9%'“ -mediated NFAT activation 1s not mimicked bv Ras activation but is dependent on Ras and calcineurin function. (A) TAg Jurkat cells were transfected
P P

with NFAT-Luc along with either an empty vector alone. p95'“'. or v-H-ras. Cells were either unstimulated or sumulated with ionomyein or an anti-TCR MAb (C305)
and then assaved for luciferase activity. The results are expressed as the means of values determined from at least three independent experiments. Error bar represent
standard errors of the means. (B) Cotransfection of N17ras or DN-Raf impairs the basal and TCR-mediated NFAT actvation induced by p95'™ onverexpression in TAg
Jurkat cells. A control vector. N17ras. or DN-Raf was cotransfected into TAg Jurkat cells with either a control vector or mye-p95'“* along with NFAT-Luc. Transtected
cells were sumulated and assaved for luciferase actmity. (C) An aliquot of cells from each transfection in panel B was Ivsed and blotted for mve epitope. Lanes | through
3 represent myc-p95'* plus vector. mye-pY5' plus N17ras. and myve-p93*" pius DN-Raf. respectively. (D) TAg Jurkat cells were transtected with NFAT-Luc along
with either a control vector or myc-p95'“'. sumulated in the presence or absence of FK506. and assayed for luciferase activity. (E) An aliquot of transfected cells in
panel D was Iysed and blotted for the myc epitope. Lane | through 3 represent control vector. myc-p95'™ . and myc-p95™ in the presence of FKS06. respectively. All
luciferase assay results are shown as the fold induction of luciferase activity compared with the activity in unstimulated cells cotransfected with pSV7d vector and
NFAT-Luc. The data are representative of at least two independent experiments

Rather than simply activating Ras alone, p95™" appears to
function upstream of or parallel to Ras and calcineurin. It has
been shown that the minimum requirement for NFAT induc-
tion is activation of both Ras and calcineurin (63). Expression
of a constitutively activated Ras protein. v-H-ras. generates a
signal which can synergize with a calcium signal to induce
NFAT (51. 63). Since a region of p93'“* shares homology with
GEF domains for the Rho/Rac family of small GTPases and
has been reported to be a Ras GEF in Ivmphocytes. one pos-
sibility is that p95'“* overexpression in T cells directly activates
Ras. It might then be expected to further svnergize with a basal
calcineurin activity leading to NFAT activation. Unlike p95*",
transfection of v-H-ras into TAg Jurkat cells did not lead to a
significant basal stimulation of NFAT activity (Fig. 2A). More-
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over. ionomycin. a calcium ionophore which activates cal-
cineurin. strongly svnergized with v-H-ras but not with p95*«*
in NFAT induction (Fig. 2A). These results are consistent with
the recent report showing that p95'“* does not directly activate
Ras (7).

However. Ras could still play a role in the effects of p95'™
overexpression. Since expression of either a dominant negative
Ras (N17ras) or a dominant negative Raf (DN-Raf) prevents
TCR-mediated activation of NFAT and the IL-2 gene (48. 51).
we coexpressed N17ras or DN-Raf along with p95'* in TAg
Jurkat cells to examine whether p95'“* mav depend on the Ras
pathway to exert its activity on NFAT. To monitor the level of
pYS'“* overexpression. we generated a myc epitope-tagged ver-
sion of p95'“*. Coexpression of either N17ras or DN-Raf abol-
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ished the elevated basal and TCR-mediated NFAT activity
induced by p95'“* overexpression (Fig. 2B) but did not sup-
press the level of transfected p95'“" (Fig. 2C). These data
suggest that p95'“* does not simply function to directly activate
Ras: rather. it appears to influence signaling events that de-
pend upon Ras function.

To determine whether the p95'“-induced activation of
NFAT also requires calcineurin function. we used two immu-
nosuppressive agents. FK506 and cyclosporin A. which are
known to inhibit calcineurin function and thus impair TCR-
mediated NFAT activation (15, 17). Treatment of Jurkat cells
with either FK506 or cyclosporin A completely blocked both
the clevation of basal levels and TCR-mediated NFAT activa-
tion in p95"“-overexpressing cells (Fig. 2D and data not
shown). The drug treatment was not toxic to the cells and did
not inhibit p95'** overexpression. as shown in Fig. 2E. These
results indicate that the NFAT activation in p95'“"-overex-
pressing cells depends on both Ras and calcineurin pathways
and suggest that p95'“* may function upstream of or parallel to
them in TCR signaling pathways.

The p95™" activity appears to be specific to TCR-mediated
signaling. TCR engagement induces PLC activity, which leads
to the hvdrolysis of phosphatidylinositol 4.5-bisphosphate and
generation of inositol 1.4,5-trisphosphate and DAG. These
second messengers are responsible for the rapid and sustained
intracellular calcium increase and activation of PKC upon
TCR stimulation. respectively (61). The calcium increase is
belicved to be responsible for activation of calcineurin.
whereas PKC activation can lead to Ras activation (61). In
J.HM1.2.2. a Jurkat T-cell line expressing the seven-transmem-
brane domain heterologous human muscarinic receptor
(HMIR). PLC-B is believed to be activated by the HMIR via
a heterotrimeric G-protein-mediated mechanism (12). Stimu-
lation of the HMIR in Jurkat cells induces increases in intra-
cellular Ca®* concentration and Ras activation (reference 20
and data not shown). We examined the effect of p95'“* over-
expression in JLHM1.2.2 cells, in which stimulation through
either TCR or HMIR can cause IL-2 gene activation. Consis-
tent with previous studies, carbachol stimulation of the HMIR
led to a potent induction of NFAT (Fig. 3) (12). Strikingly,
overexpression of p95*“* failed to augment the HMIR stimu-
lation. in contrast to its effect on TCR-mediated induction
(Fig. 3). In addition, overexpression of p95*" in Jurkat cells
had only minimal effects on the NFAT induction following
treatment with phorbol ester and calcium ionophore (data not
shown). These data argue that the p95'“" effect is specific to the
TCR-mediated signaling pathways and further implicate p95*“"
function in the proximal signaling events upstream of or par-
allel to Ras and calcineurin in T cells.

An intact TCR signaling pathway is required for p95™" to
function. The earliest events occurring after TCR stimulation
involve the activation of multiple cytoplasmic PTKs, mani-
fested by the tyrosine phosphorylation of a variety of cellular
proteins. including p95'“* (61). The role of PTK activation is
underscored by the effects of PTK inhibitors such as herbimy-
cin A. which markedly impairs TCR signaling (22. 33). If p95**
participates in the TCR-mediated signaling pathway, proximal
TCR signaling events may influence the effect of p95"™™ on
NFAT acuivation. In fact, incubation of p95'“*-transfected cells
with herbimycin A blocked the basal activation of NFAT (Fig.
4A). suggesting that PTKSs are required for p95™" function.

One of the cytoplasmic PTKs required for proximal TCR
signaling is Lck. A mutant Jurkat cell line. JCaM1.6. lacking
functional Lck fails to mobilize intracellular calcium. to induce
tyrosine phosphorvlation. or to express activation antigens fol-
lowing TCR stimulation (59). Interestingly. when p95'®" was
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FIG. 3. Overexpression of p95™™ in JJHMI1.2.2 cells specifically augments the
TCR-mediated NFAT acuvauon. JHMI.2.2 cells were cotransfected with
NFAT-Luc and either the control vector (pEF-BOS) or p95'®*. Transtected cells
were cither unstimulated or sumulated with an antu-TCR MAb (C305) or car-
bachol and assaved for induced luciferase acuvity as described in Matenals and
Methods. Luciferase activity was determined in either duplicate or triplicate for
each experimental condition. The results are shown as the fold induction of
luciferase acuvity compared with the acuvity in unstimulated cells cotransfected
with the empty pEF-BOS and NFAT-Luc reporter construct. Luciferase activi-
ties of the unstimulated cells transtected with the empty pEF-BOS vector were
typicaily 500 to 1.000 AU. Maximal sumulated activities (by treatment with 50 ng
of phorbol myristate acetate per ml and 1.0 uM ionomyein) were typically about
1 x 10° t0 3 x 10° AU. The data are representative of two independent

experniments.

overexpressed in JCaM1.6, no basal induction of NFAT was
observed (Fig. 4B and C). Reconstitution of this mutant cell
with wild-type murine Lck restored all TCR-mediated function
as well as the p95'* effect on NFAT (Fig. 4B and C) (59). In
contrast. v-H-ras was still able to activate NFAT in synergy
with ionomycin in JCaM1.6 (Fig. 4D). suggesting that p95'“",
unlike activated Ras. requires proximal signals which depend
on Lck to exert its activity. Another Jurkat mutant cell line.
J45.01, which lacks CD45 membrane protein tyrosine phos-
phatase. is defective in TCR-mediated signaling at a very prox-
imal step (41). The block in J45.01 is thought to result from
negative regulation of Lck (58). As with JCaM1.6 cells, no
NFAT induction was detected when p95'“* was overexpressed
in J45.01 cells (Fig. 4B and C). These data strongly suggest that
a PTK (Lck)'and a phosphatase (CD45), which are required
for proximal events in TCR signaling, are crucial for p95*"
function.

Recent studies showed that the signaling function of the
TCR complex reside within a common motif (ITAM) in CD3
and TCR { chains (30. 55). Following TCR cross-linking,
ITAMs in CD3 and TCR ¢ chains become tyrosine phosphor-
ylated. possibly by Lck. and serve as the binding sites for
another cytoplasmic PTK. ZAP-70 (9, 61). Thus. the TCR
ITAMs function as membrane anchors to facilitate the inter-
action of Lck and ZAP-70 (31). These initial biochemical
events then lead to tyrosine phosphorylation of downstream
intracellular substrates. The potential involvement of p95*“" in
the initial events in TCR-mediated signaling pathways was
further demonstrated by using a mutant Jurkat cell line. J.RT3-
T3.5. which fails to express a TCR because of TCR B-chain
deficiency (46). Overexpression of p95'™" in J.RT3-T3.5 cells
had no effect on basal NFAT activity (Fig. 5A). Another




4342 WU ET AL.

A

40 4

O vector
- W 095vav
2
g 30
E
3 201
'
[
-
2 10 1
0 1

- herbimycin + herbimycin

‘Treatment
¢

— — — — -+ P95Vt“'

Mot. CELL. BioL.

B 3¢
c
]
°
3 201
£
3
o
w
: 10
w
=z
ol BT P
JCaM1.6  J45.01 JCaM1.6/Lck Jurkat
Cell line
D 400
O vector
W pasvav

300 B v-Heras

NFAT Fold induction

2004
100
0
Unstimulated lonomycin Anti-TCR
JCaM1.6

FIG. 4. The effect of p95*“' overexpression on NFAT actnation requires the proximal tyrosine Kinase acuvity in Jurkat T cells. (A) NFAT induction by
overexpressing p95'' s sensitine to herbimycin A treatment. TAg Jurkat cells were cotranstected with NFAT-Luc and either an empry vector (pSV7d) or pys'™
Transtected cells were either untreated or treated with herbimycin A and assaved for luciferase activits. Western blot analysis showed that herbimycin A treatment does
not inhibit p95'®* overexpression in Jurkat cells (data not shown) (B) Overexpression of p95'“* in Jurkat mutants deficient in TCR signaling does not lead 10 basal
NFAT acuvauon. JCaM1.6. J45.01. Lek-reconsttuted JCaM 1.6 (JCaM 1.6 Lek). and wild-tvpe Jurkat cells were transtected with NFAT-Luc and either an empty vector
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over that in untreated (A) or unsumulated (B and D) vector-transtected cells. The data are representative of two independent experiments

HMIR-expressing TCR-negative Jurkat cell line. JHMI1.2.1.
also failed to induce NFAT when p95'" was overexpressed
(Fig. 5A). The p95'“ -induced NFAT acuvation was restored in
o of the TCR-B reconstituted Jurkat cells lines. PF-2.8 and
PF-2.4 (Fig. 5A) (46). Note that the intermediate effect on
NFAT activity in PF2.8 cells may reflect the fact that this cell
expresses only 15% of the level of TCR expressed by Jurkat
cells (22). Figure 5B shows that p95'“' was comparably over-
expressed in these cells. In addition. JJHM1.2.1 and Jurkat cells
overexpressed similar levels of pY3'** (data not shown). Thus,
a tunctional TCR is required for p95'“* to function.

The proximal TCR signaling events do not appear to be
altered in the p95™*-overexpressing cells. The data above sug-
gest that p95** may participate in the proximal events in TCR-
mediated signal transduction. One hypothesis is that p95'
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normally acts as a positive regulator or interacts with negative
regulators for a proximal PTK. Lck or ZAP-70. involved in
TCR signaling. Therefore one might expect that overexpres-
sion of p95'“" may activate these PTKs. resulting in hyperphos-
phorylation of the downstream substrates. and lead to NFAT
activation. To study whether p95'® overexpression increases
the levels of cellular tyrosine phosphorvlation. we cotrans-
fected truncated CDS. using it as a surface marker to purify the
p95'“* -transtected cells by using magnetic beads. and analyzed
the unsumulated and TCR-stimulated cell Iysates. We have
found that when two plasmid constructs are used in such co-
transfections. the plasmids are taken up and expressed by the
same population of cells. Similar approaches have also been
used by others (4). As shown in Fig. 6. we found no significant
alteration of tyrosine phosphorylation in unstimulated or stim-
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Jurkat, J.RT3-T3.5, J.HM1.2.1, PF-2.8, and PF-2.4 cells were cotransfected with
NFAT-Luc and either an empty vector (pEF-BOS) or myc-p95™*”. Transfected
cells were assayed for basal lucnferase activity. The mnlu are shown as the fold
ion over that in lated vector- fected cells. The data are rep-

ive of two ind d (B) Anti-myc blot of lysates from
p95™"-transfected Jurkat. J.RT3-T3.5, PF-2.8, and PF-2.4 cells (lanes 1 through
4, re ly). p95'™ was also overexpressed in J.HM1.2.1 celis to a level
similar to that in Jurkat cells (data not shown).

ulated p95™**-overexpressing cells compared with control cells,
suggesting that the balance between the proximal PTKs and
protein tyrosine phosphatases is largely unaltered by p95"*”
overexpression.

TCR stimulation activates PLC-vy1, resulting in the sustained
rise of intracellular calcium. If p95**” potentiates the proximal
TCR signaling events, this calcium response may be modulated
in the p95*““-overexpressing cells. TAg Jurkat cells were co-
transfected with truncated CD8 and p95**". We analyzed the

TCR Stimulation - + - s
106 — N £
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FIG. 6. Basal and TCR-stimulated cell phosphorylation in
p95™*"-overexpressing Jurkat cells. TAg Jurkat cels were transfected mth trun-
cated CDS8 along with either pSV7d vector (lanes 1 and 2) or p95“" (lanes 3 and
4). After 24 h, CD8-expressing cells were purified as described in Materials and
Methods and either left unstimulated (lanes 1 and 3) or stimulated with an
anti-TCR MADb (C305) for 2 min (lanes 2 and 4). Whole cell lysates were
prepared and blotted with antiphosphotyrosine MAb 4G10.
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intracellular calcium levels in CD8* and CD8™ cells by flow
cytometry. The gated CD8-positive transfectants overex-
pressed p95™” as determined by Western blotting (data not
shown). As shown in Fig. 7A and B, there is no significant
difference in either the basal or TCR-stimulated level of intra-
cellular calcium in p95*®*-overexpressing cells compared with
nontransfected cells. These data suggest that overexpression of
p95"™ in Jurkat T cells does not activate the proximal PTKs
involved in TCR signaling.

DISCUSSION

Signaling through the TCR results in a rapid increase in
tyrosine phosphorylation of numerous intracellular proteins,
including the proto-oncogene product p95™*”, and ultimately
leads to transcriptional activation of the IL-2 gene (61). The
detailed molecular mechanism by which the biochemical
events initiated by the TCR on the plasma membrane are
transmitted to the nucleus is still poorly understood. However,
the induced tyrosine phosphoproteins are likely to play an
important role. In this report, we show that overexpression of
P95, one of these substrates, in Jurkat T cells leads to a
marked induction of the basal and TCR-mediated IL-2 pro-
moter activity. Furthermore, this p95*®" activity requires the
functions of both Ras and calcineurin, as well as a functional
TCR complex. Our data strongly implicate the involvement of
p95"" in the TCR-mediated signaling pathway. This finding is
consistent with the impaired function of antigen receptors on T
and B lymphocytes which fail to express p95**” (16a, 60, 64).

It is striking that an intact N-terminal region is required for
P95 to exert its activity on NFAT. Although overexpression
of the full-length vav may nonspecifically titrate out a negative
inhibitor of TCR signaling pathways, this is unlikely since over-
expression of the N-terminal region alone or a truncated form
of p95* lacking its C-terminal Src homology domains fails to
mimic the effects of the full-length p95*“" in Jurkat cells (data
not shown). The leucine-rich amino-terminal of p95*** was
initially reported to contain a helix-loop-helix domain followed
by a leucine zipper, similar to the carboxy-terminal region of
myc proteins and the steroid binding domains of nuclear re-
ceptors (11, 34, 35). However, when more objective and quan-
titative criteria were applied in the sequence comparison, none
of these similarities was shown to be significant (1, 3). None-
theless, removal of this region can activate p95*** transforming
potential in NIH 3T3 cells, suggesting a regulatory function of
the N-terminal region (11, 34). It is interesting that this region
has some similarity with molecules which interact with actin or
other cytoskeletal proteins (1). One possibility is that the N-
terminal region allows p95"®* to bind to certain cytoskeletal
components, and deletion of this region may release p95*** to
interact with other signaling processes and cause transforma-
tion. However, in T cells, this region appears to be critical for
p95*®" function, perhaps by anchoring it to an appropriate
compartment to exert its physiological function. The identifi-
cation of molecules that interact with this region will be infor-
mative to understand its function.

p95*” shares homology with proven or putative Rho/Rac
GEF domains found in yeast CDC24, rodent CDC25™™, and
human Dbl (2). Unfortunately, little is known about the func-
tions of these GEFs, largely because of the difficulties in dem-
onstrating their catalytic activities against Rho or Rac. In fact,
only two members of this group, CDC24 and Dbl, have re-
cently been demonstrated to activate Rho or Rac GTPase
activity in vitro (2). On the other hand, p95*** has been re-
ported to be responsible for antigen receptor-stimulated Ras
activation in lymphocytes (23, 26). Here, we show that the
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effect of p95™*"* overexpression is distinct from that of simply
activating Ras pathway alone. Moreover, overexpression of
another known Ras GEF, SCD235, failed to induce NFAT
activation in Jurkat cells (data not shown). These data are
consistent with the reports arguing against p95**” as a GEF for
Ras (7, 38). The exchange activity of p95**” is further compli-
cated by the presence in T cells of SOS, a highly conserved Ras
GEF in other signaling processes (56). It has been shown that
upon TCR ligation, a 36-kDa protein (pp36) and Shc become
tyrosine phosphorylated and associate with Grb2, an adapter
protein for SOS (56, 57). In T cells, the pp36-Grb2-SOS or a
Shc-Grb2-SOS complex, rather than p95*?*, may serve as the
link between the receptor and the downstream Ras pathway
(50, 57).

How does overexpression of p95*** lead to basal activation
of NFAT and further synergy with TCR stimulation? It is
believed that the basal state of the TCR signaling represents a
dynamic equilibrium between activating and inhibitory signals
and that stimulation through the TCR leads to an alteration of
this balance. One explanation is that p95**" normally interacts
with a negative regulatory protein involved in the proximal
TCR signaling pathway. Overexpression of p95*** would titrate
out this inhibitory molecule and shift the equilibrium to favor
activating signals. It has been shown that in T and B cells,
p95™®” is able to interact with a number of proteins, including
some of the proximal PTKs (8, 27, 29, 36). However, p95"™**
does not appear to activate the proximal PTKs, since we found
no induction of basal or TCR-stimulated tyrosine phosphory-
lation when analyzing the lysates from p95*““-overexpressing
cells. In addition, our data on the intracellular calcium levels in
those cells also indicate that some of the known proximal
events may not be altered by p95**” overexpression. However,
it is possible that the phosphotyrosine assay is not sensitive
enough, especially if p95*“* modulates only a subset of phos-
phoproteins. Also, since we only examined the cells 1 day after
transfection, a shift of equilibrium by p95*** overexpression
may already be compensated for. More detailed kinetic and
biochemical analyses will be important in assessing p95** func-
tion.

An alternative explanation is that p95**" may be a key lim-
iting mediator in the TCR-mediated signaling cascade. Over-
expression of p95**” may amplify the basal TCR signaling and
allow it to proceed. For instance, the requirement for Lck or
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TCR expression could reflect tyrosine phosphorylation of
p95™" in order to exhibit its functional activity. In fact, in
p95““*-overexpressing Jurkat cells, p95™* was weakly tyrosine
phosphorylated in the basal state, and its tyrosine phosphory-
lation was further induced upon stimulation (data not shown).
It is interesting that not only do p95™®* and Dbl contain similar
GEF regions for Rho, but their oncogenic forms also share the
same transforming phenotypes in NIH 3T3 cells (1, 7, 38).
Since Dbl has been recently shown to activate Rho and Rac but
not Ras (28), p95"™" may act as a Rho/Rac GEF in hemato-
poietic cells. One of the earliest responses of cells to many
extracellular factors is a rapid reorganization of their actin
cytoskeleton. It has been shown that the formation of stress
fibers and focal adhesions is dependent on Rho proteins (53),
whereas membrane ruffling requires Rac proteins (54). Rho
and Rac have been implicated in regulating degranulation in
mast cells (49). In cytotoxic T cells, TCR stimulation triggers a
massive and rapid cytoskeleton rearrangement. Moreover, ex-
pression of Rac2, a hematopoietic cell-specific Rac family
member, is up-regulated upon T-cell activation (52). There-
fore, p95**“-mediated activation of Rho and/or Rac may be an
important TCR-mediated signaling event, in combination with
the Ras and calcineurin signals, leading to downstream effector
functions. In fact, recent evidence suggest that vav and Ras
may mediate distinct but interactive signaling pathways in fi-
broblasts (7, 35). Overexpression of p95*®” in T cells may lead
to activation of these small GTPases and further potentiate the
basal TCR signals resulting in IL-2 gene activation. Future
mutagenesis study of p95** and identification of its interacting
proteins may help us to resolve these alternatives.
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Addendum: The GEF, PH and SH2 domains are important for Vav function in
T cells.

Introduction:

Vav contains an interesting array of structural motifs including a putative
GEF domain for the Rho/Rac/CDC42 family of small GTPases, a PH domain
which may be involved in membrane targeting, and two SH3 and one SH2
domains presumably mediating protein-protein interactions. Recent studies in
mice and in cell lines have indicated that Vav is a critical component in antigen
receptor-mediated signal transduction. It is therefore of great interest to
determine the functional domains within Vav to further define the role of Vav in
lymphocyte signal transduction. A panel of Vav mutants including a GEF
deletion mutant, a PH domain deletion mutant, an SH2 mutant and an SH3
mutant were generated and analyzed by their ability to activate basal or TCR-
mediated NFAT activation in Jurkat T cells. We found that the GEF, PH, SH2
domains, but not the SH3 domain, are required for the full ability of Vav to
induce NFAT activation in Jurkat T cells.

Results and Discussion:

The GEF domain is the only potential catalytic domain in Vav and has been
highly controversial regarding its function. Altman and his colleagues have
shown that Vav is an activator for Ras in lymphocytes (1, 2), however, these
results have not been supported by other investigators. We have shown that
overexpression of Vav in Jurkat T cells fails to mimic the effect induced by
expression of an activated form of Ras (3). In addition, preliminary experiments
failed to show MAPK activation in cells overexpressing Vav (unpublished
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results). These data suggest that Vav is not simply an activator for Ras in T cells.
The GEF domain of Vav shares sequence homology with other known
Rho/Rac/CDC42 exchange factors such as Dbl and CDC24 (4, 5). Microinjection
of fibroblasts with cDNAs containing the GEF and PH domains of Vav also leads
to morphological changes similar to those of activation of Rho/Rac/CDC42 (6).
These results suggest that Vav may be an activator for Rho/Rac/CDC42 but not
for Ras. To further examine the role of the Vav GEF domain in T cells, we
generated a Vav deletion mutant in which the third conserved region of the GEF
domain was deleted. Since a small deletion or point mutations within this
conserved region in Dbl abolished its exchange activity on Rho, Rac and CDC42
(7), this deletion in Vav is likely to result in a loss of its GEF activity.
Intereéﬁngly, in contrast to wildtype Vav, overexpression of this GEF deletion
mutant failed to induce basal NFAT activation (Fig. 1). Furthermore, its ability to
enhance TCR-stimulated NFAT activation was markedly reduced when
compared with wildtype Vav. These data suggest that the GEF domain is
required for Vav function in T cells. These results further imply that the
Rho/Rac/CDC42-mediated events such as cytoskeletal organization, may play
an important role in antigen receptor-induced downstream gene activation.
However, our preliminary experiments showed that overexpressionn of Vav
in Jurkat T cells did not appear to simply activate either Rac-1 or CDC42, since
expression of an activated form of Rac-1 or CDC42 failed to mimic the effect
induced by overexpression of Vav (data not shown). In addition, coexpression of
the Vav GEF mutant with an activated form of Rac-1 failed to induced NFAT
activation (data not shown). It is possible that an activated form of either Rac-1
or CDC42 may not fully reproduce the physiological function of the GTPase in T

cells. Nonetheless, physiological effector(s) of Vav remains to be determined.
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It is intriguing to note that all known or putative Rho/Rac/CDC42 GEFs
contain a PH domain adjacent to the GEF domain. Although the exact function
of PH domains is still poorly defined, recent findings on Dbl suggest that they
may be involved in membrane localization processes (8). Interestingly, similar to
the GEF domain deletion mutant of Vav, a PH domain deletion mutant also
showed a marked reduction in its ability to induce basal or to synergize with
TCR-mediated NFAT activation when compared with wildtype Vav (Fig. 1).
These data suggest that the PH domain, and perhaps membrane localization of
Vav, is also important for Vav function in T cells.

In addition to the GEF and PH domain, Vav also contains two SH3 and one
SH2 domains in the C-terminus. The SH2 domain of Vav has been shown to
interact with a number of phosphorylated proteins including ZAP-70 (9),
whereas the C-terminal SH3 domain associates with the heterogeneous
ribonucleoprotein K (hnRNP-K) via a proline-rich sequence within hnRNP-K (10,
11). To examine the functional significance of the interactions mediated by the
Vav SH2 and SH3 domains, we generated an SH2 domain point mutant in which
an arginine residue within the predicted phosphate-binding site of the Vav SH2
domain was substituted with a lysine, and an SH3 domain point mutant in which
a proline residue within the SH3 domain shown to be required for its interaction
with hnRNP-K was mutated to a leucine (10). As shown in Figure 1, mutation
within the SH2 domain reduced the Vav activity to induce NFAT activation,
suggesting that interactions mediated by the Vav SH2 domain may be important
for Vav function in T cells.

In contrast, the C-terminal SH3 domain point mutant appeared to be more
potent in enhancing both basal and TCR-induced NFAT activation when
compared with wildtype Vav, while it completely failed to interact with hnRNP-
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K (10). These data suggest that the C-terminal SH3 domain may play a negative
regulatory role in Vav function. Recent studies on the tyrosine kinase Itk have
revealed that the SH3 domain of Itk is capable of intramolecularly interacting
with a proline-rich sequence within Itk, an interaction resulting in negative
regulation of Itk (12). Interestingly, a short proline-rich sequence (PxPP), which
resembles the SH3 domain-binding motif found in hnRNP-K (10), is also present
in Vav. It is therefore, important to determine whether the C-terminal SH3
domain of Vav is able to interact with Vav itself via the proline-rich sequence,

which may potentially lead to inactivation of Vav.
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Figure 1 The GEF, PH, SH2 domains, but not the SH3 domain of Vav is required
for the full activity of Vav to enhance both basal and TCR-mediated NFAT
activation. TAg Jurkat cells were cotransfected with NFAT-Luc with either
empty vector, wild-type Vav, the GEF del. mutant, the PH del. mutant, the
SH2RK, or the SH3cPL mutant. Transfected cells were then assayed for
luciferase activity. Western blot analysis showed comparable levels of

expression among wildtype and the mutants (data not shown).
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Materials and Methods:

Mutagenesis. The BamHI/Kpnl fragment of Vav from pEF115myc (3) was
subcloned into pUC19 and the resulting plasmid was digested with Xcml to
remove fragments containing n.t. 1240-1537. The digested plasmid was then
ligated with a linker (top strand: 5'-CAC CTG TTC CAG TTC CAG CTG TCC
ATT GAG-3', bottom strand: 5-TC AAT GGA CAG CTG GAA CAG GTG T-3).
The resulting plamid was then digested with BamHI and Kpnl and the insert was
subcloned back to pEF115myc to yield the GEF deletion mutant (lacking a.a. 296-
385). To generate the PH domain deletion mutant, pUC19Vav(BamHI/Kpnl)
was digested with Fsel and BsmI and the resulting plasmid was ligated with a
double-strand linker (top strand: 5'-CCC AAC ATC TAT CCG GAG AAT GCC-
3'; bottom strand: 5'-C ATT CTC CGG ATA GAT GTT GGG CCG G-3'). The
resulting plasmid was then digested with BamHI and Kpnl and the insert was
subcloned back into pEF115myc to yield the PH domain deletion mutant (lacking
a.a. 404-504). The SH2 domain point mutant (pEF115RK) was described
elsewhere. The SH3 domain point mutant was generated by first subcloning the
Kpnl/Xbal fragment from pEF115myc into pUC19. The resulting plasmid was
digested with BgIIl and BstXI and was then ligated with a double-strand oligo to
create a single substitution of n.t. 2500 (C to T), resulting in a point mutation at
a.a. 834 (P changed to L). The KpnlI/Xbal fragment was then cloned back into
pEF115myc to yield pEF115SH3cPL.

Cell line, transfection, and luciferase assay. TAg Jurkat cells were maintained and

transfected as described (3). Luciferase assays were performed as described (3).
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Vav and SLP-76 physically interact and functionally cooperate in
TCR-mediated IL-2 gene activation.
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Introduction

In addition to the Vav overexpression study in Jurkat cells, recent studies in
Vav-deficient mice have provided compelling evidence that Vav plays a critical
role in both lymphocyte development and activation. However, the molecular
mechanism by which Vav functions in T and B cells remains unknown. Since
Vav becomes tyrosine phosphorylated following antigen receptor stimulation, it
is reasonable to speculate that Vav may interact with other tyrosine
phosphoproteins following TCR stimulation. Thus, identification of Vav-
interacting protein may help to define the biochemical function of Vav in
lymphocytes.

A number of proteins have been reported to interact with Vav, demonstrated
by either using GST fusion proteins or coimmunoprecipitation. An unknown
tyrosine phosphoprotein of 75 kD has been consistently detected to interact with
Vav in thymocytes, T and B cells. In this study, I identified this protein as the
newly cloned hematopoietic-specific molecule SLP-76. I further showed that
SLP-76 interacts with Vav via the Vav SH2 domain and functions in cooperation
with Vav in TCR-mediated IL-2 gene activation. These results strongly suggest
that a signaling complex containing at least Vav and SLP-76 play an important
role in antigen receptor-mediated signal transduction. The following paper,
reproduced from the journal in which it was published, details the biochemical
and functional analysis of the interaction between Vav and SLP-76.
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Summary

T cell antigen receptor (TCR) stimulation induces tyro-
sine phosphoryiation of many intracellular proteins,
including the proto-oncogene Vav, which is expressed
exclusively in hematopoietic and trophoblast ceils. Vav
is critical for ymphocyte development and activation.
Overexpression of Vav in Jurkat T cells leads to poten-
tiation of TCR-mediated IL-2 gene activation. How-
ever, the biochemical function of Vav is unknown.
Here, we demonstrate that the major induced tyrosine
phosphoprotein associated with Vav is the hematopoi-
etic celi-specific SLP-76. The Vav SH2 domain is re-
quired for this interaction and for TCR-mediated Vav
tyrosine phosphoryliation. Similar to Vav, overexpres-
sion of SLP-768 markedly potentiates TCR-mediated
NF-AT and IL-2 gene activation. Furthermore, overex-
pression of both Vav and SLP-76 synergistically in-
duces basal and TCR-stimulated NF-AT activation.
These resuits suggest that a signaling complex con-
taining Vav and SLP-76 plays an important role in lym-
phocyte activation.

Introduction

The T lymphocyte antigen receptor (TCR) recognizes
pathogens or foreign antigens and initiates a series of
intracellular biochemical events that resuit in biological
responses. These signal transduction events are crucial
to both T cell development and T cell-mediated immune
responses. One of the earliest biochemical events fol-
lowing ligation of the TCR is the activation of Src family
protein tyrosine kinases (PTKs) such as Lck and Fyn,
which leads to phosphorylation of tyrosine residues
within the immunoreceptor tyrosine-based activation
motifs (ITAMs) in the TCR ( and CD3 chains (Weiss and
Littman, 1994). The phosphorylation of ITAMs results in
the subsequent recruitment and activation of Syk/ZAP-
70 family PTKs (Chan et al., 1991, 1992, 1994; twashima
et al., 1994; Wange et al., 1992). The activation of Src
family and Syk/ZAP-70 PTKs leads to the phosphoryla-
tion of many downstream substrates including phos-
pholipase-C y1 (PLC-vy1), the proto-oncogene Vav, and
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the recently cloned SLP-76 (Jackman et al., 1995; Weiss
and Littman, 1994). Although tyrosine phosphorylation
of PLC-v1 induces its enzymatic activity, leading to the
activation of the inositol phospholipid pathway, the sig-
nificance of the tyrosine phosphorylation of Vav and
SLP-76 remains unclear.

The proto-oncogene Vav was first identified as aresult
of its transforming activity during the course of an onco-
gene search of esophageal carcinoma DNA (Katzav et
al., 1989). However, its transforming potential in fibro-
blasts was shown to be due to the removal of its
N-terminal 67 aa (Coppola et al., 1991; Katzav et al.,
1989, 1991). Vav contains a number of interesting struc-
tural motifs, including a putative guanine nucleotide ex-
change factor (GEF) domain for the Rho/Rac/CDC42
families of small GTPases, a pleckstrin homology (PH)
domain, which may participate in membrane localiza-
tion, a cysteine-rich (C-rich) domain, which may form
zinc fingers, as well as two Src homology 3 (SH3) do-
mains and a Src homology 2 (SH2) domain at its C
terminus, which are presumably involved in protein-
protein interactions (Adams et al., 1992; Boguski and
McCormick, 1993; Boguski et al., 1992; Galland et al.,
1992; Koch et al., 1991). Vav is expressed exclusively
in hematopoietic and trophoblast cells (Katzav et al.,
1989; Zmuidzinas et al., 1995), and is readily tyrosine
phosphorylated in response to a variety of stimuli, in-
cluding stimulation of TCR, B cell antigen receptor
(BCR), and various cytokine receptors (Bustelo and Bar-
bacid, 1992; Bustelo et al., 1992; Evens et al., 1993;
Margolis et al., 1992). Its structure, expression, and tyro-
sine phosphorylation pattern suggests an important role
in signal transduction pathways in lymphocytes.

The importance of Vav in lymphocyte development
and activation was demonstrated recently in both mice
and cell lines. Germiine inactivation of the vav gene
results in earty embryonic lethality, suggesting its critical
role in trophoblast development (Zmuidzinas et al.,
1995). Chimeric mice derived from blastocysts lacking
the recombinase-activating gene (RAG) and embryonic
stem (ES) cells deficient in Vav expression displayed
a dramatic reduction in thymocyte number as well as
peripheral T and B cells (Fischer et al., 1995; Tarakhov-
sky et al., 1995; Zhang et al., 1995). Moreover, the Vav-
deficient mature T and B cells showed a profound defect
in proliferation and cytokine production in response to
TCR and BCR stimulation. The defect in Vav /- chimeras
appeared to be specific to TCR and BCR signaling path-
ways, since the Vav ‘'~ T cells could proliferate when
exogenous interleukin-2 (IL-2) was added. Similarty, li-
popolysaccharide or CD40 ligand stimulation could also
induce Vav '~ B cell proliferation. The block in Vav '~ T
cells appears to be in a proximal component of the TCR
signaling pathway, since the defect could be rescued
by treatment with phorbol ester and ionomycin, pharma-
cological agents that mimic the downstream events in-
duced by TCR stimulation and consequently induce IL-2

production.
The involvement of Vav in TCR signal transduction
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was also demonstrated in the human leukemic Jurkat
T cell line (Wu et al., 1995). Overexpression of Vav led
to a marked increase in basal nuclear factor of activated
cells (NF-AT) or IL-2-driven transcriptional activity,
which was further enhanced by TCR stimulation. This
Vav-induced NF-AT activation appeared to be specific
to the TCR, since it had no effect on NF-AT induction
induced by the G protein—coupled human muscarinic
receptor. Overexpression of Vav had no effect on phor-
bol ester and ionomycin-induced NF-AT activation but
required calcineurin and Ras to induce NF-AT, further
supporting the involvement of Vav in the proximal events
of TCR signaling. Finally, a functional TCR complex was
required for this Vav activity. These results are consis-
tent with the findings in Vav /- chimeric mice and provide
further evidence that Vav plays an important role in prox-
imal events involved in TCH signaling.

Recent approaches towards studying the function of
Vav have focused on identifying proteins that interact
with Vav in lymphocytes. Although Vav has not been
found to associate directly with antigen receptors fol-
lowing ligand stimulation in T and B cells, a number
of proteins have been reported to interact with Vav,
including an RNA-binding protein (hnRNP K), Ku-70,
Grb-2, JAK family members, Lck, ZAP-70, and tubulin
(Bustelo et al., 1995; Hobert et al., 1994; Gupta et al.,
1994; Huby et al., 1995; Katzav et al., 1994; Matsuguchi
etal., 1995; Romero et al., 1996; Ye and Baitimore, 1994).
Unfortunately, the functional significance of these inter-
actions remains unclear, since many of these associa-
tions were characterized by using GST fusion proteins
or the yeast two-hybrid system. However, an unknown
70-75 kDa tyrosine-phosphorylated protein has been
reproducibly shown to associate with Vav in celis follow-
ing antigen receptor stimulation in thymocytes, T cells,
and B cells (Bustelo et al., 1992; Gouy et al., 1995; Katzav
ot al.,, 1994). Therefore, we attempted to identify this
phosphoprotein in an effort to investigate the function
of Vav in T cells.

Here, we identify this tyrosine-phosphorylated protein
as the newly cloned 76 kDa SLP-76. SLP-76 was identi-
fied first through its association with GST-Grb2 fusion
proteins in vitro (Jackman et al., 1995). It contains a
number of potential tyrosine phosphorylation sites in its
N terminus, an SH2 domain in its C terminus, and a
central proline-rich region that may interact with SH3
domain-containing proteins such as Grb2 (Motto et al.,
19896). Interestingly, SLP-76 is also expressed specifi-
cally in hematopoietic cells and becomes readily tyro-
sine phosphorylated upon antigen receptor stimulation.
In this report, we show that the SH2 domain of Vav
interacts with tyrosine-phosphorylated SLP-76 in Jurkat
T cells. Moreover, an SH2 domain mutant of Vav fails
to become tyrosine phosphorylated or to interact with
SLP-76 following TCR or BCR stimulation. Overexpres-
sion of a truncated Vav protein containing its C-terminal
SH2 and two SH3 domains blocks TCR-mediated NF-
AT activation. This inhibitory effect is dependent upon
the SH2 domain phosphotyrosine-binding function.
These results suggest that the interactions mediated by
the Vav SH2 domain, such as the Vav-SLP-76 interac-
tion, are important for TCR signaling. Interestingly, simi-
lar to Vav, overexpression of SLP-76 markedly potenti-
ates the TCR-mediated IL-2 gene activation (Motto et
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al., 1996). In this report, we show that SLP-76 and Vav
act synergistically to induce NF-AT activation, sug-
gesting that a complex containing Vav and SLP-76 plays
an important role in TCR-mediated IL-2 gene activation.

Resulits

Vav and SLP-76 Interact in Jurkat T Cells
To identify potential regulators or effectors of Vav, we
immunoprecipitated Vav from Jurkat T cell lysates, re-
solved the precipitates by SDS-PAGE, and immunoblot-
ted the gels with anti-phosphotyrosine antibodies. Fol-
lowing TCR stimulation, the tyrosine phosphoryiation of
Vav was markedly increased when compared with Vav
precipitates from unstimulated celis. In addition, a sec-
ond phosphoprotein of 76 kDa coprecipitated with Vav
following receptor engagement (Figure 1A). A 76 kDa
phosphoprotein was aiso found to be associated with
Vav upon antigen receptor stimuiation in thymocytes
(data not shown; Gouy et al., 1995). By blotting the Vav
immunoprecipitates with antisera against known tyro-
sine-phosphorylated proteins with similar molecular
mass, we determined that this 76 kDa Vav-associated
phosphoprotein was not Syk, ZAP-70, Itk, Tec, paxillin,
or CD5 (data not shown). Recently, a 76 kDa protein,
SLP-76, was cloned from Jurkat T celis. Interestingly,
similar to Vav, SLP-76 is expressed specifically in hema-
topoietic cells and also becomes tyrosine phosphory-
lated upon TCR or BCR stimulation. Therefore, we at-
tempted to determine whether SLP-76 was the 76 kDa
phosphoprotein associated with Vav. As shown in Figure
1B, SLP-76 could be detected in Vav immunoprecipi-
tates from Jurkat lysates by Western blotting using an
anti-SLP-76-specific antiserum. Conversely, Vav could
also be coimmunoprecipitated with this anti-SLP-76 an-
tiserum (Figure 1C). There does appear to be a varying
degree of basal association between Vav and SLP-76
in Jurkat cells (Figures 1B and 1C; data not shown).
However, this association could be further induced by
TCR stimulation or by treatment with pervanadate, a
tyrosine phosphatase inhibitor that induces high leveis
of cellular tyrosine phosphorylation.

To analyze further the association between Vav and
SLP-76, Jurkat cells containing SV40 large T antigen
(TAg) were transiently transfected with a myc epitope-

tagged form of Vav. These transfected cells were then

lysed and Vav was immunoprecipitated with an anti-
myc epitope monocional antibody (MAb). As shown in
Figure 1D, SLP-76 could be readily detected in the Vav
immunoprecipitates from myc-Vav-transfected celis fol-
lowing TCR stimulation. In addition, anti-phosphotyro-
sine blots revealed that the SLP-76 associated with Vav
was tyrosine phosphorylated (data not shown). It is note-
worthy that only a weak basal association between Vav
and SLP-76 was detected in TAg-transfected Jurkat
cells, in contrast with the resuits obtained with parental
Jurkat cells (Figures 1B and 1C). One potential explana-
tion for these differences is that the interaction between
Vav and SLP-76 may depend upon tyrosine phosphory-
lation of Vav or SLP-76, or both, since we consistently
observed that the basal tyrosine phosphorylation level
of TAg Jurkat cells was much lower than that of parental
Jurkat cells (data not shown).
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Figure 1. Vav and SLP-76 Interact in Jurkat T Cells
(A) Anti-phosphotyrosine (4G10) biot of normal rabbit serum (NRS)
and anti-Vav from imulated and TCR-stim-
ulated Jurkat T cells. Jurkat cells (5 x 10) were either left unstimu-
lated or stimulated with anti-TCR MAD (C305, 1:500 dilution) for 2
min, and subsequently lysed in NP-40 lysis buffer and immunopre-
with the indi ibodies as described in Expenmental
Pro . The immunop i and 2 x 10° cell equivalent
lysates were then biotted with anti-phosphotyrosine antibody
(4G10). The migrations of Vav and the 76 kDa Vav-associated tyro-
sine phosphop are Indi by closed and open arrowheads,
respectively.
(B) SLP-76 coimmunoprecipitates with Vav. Jurkat celis (5 x 10')
were either left unstimulated, stimulated with 0305 or treated with
date. The ly were with either NRS
or anto-Vav antiserum. The upper part ot the blot was biotted with
anti-Vav antiserum, whereas the lower part was biotted with anti-
SLP-76 antiserum.
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Figure 2. SLP-76 Is the 76 kDa Vav-Associated Phosphoprotein
Jurkat cells were either left imulated or sti with C305
for 2 min. The lysates were then subject to two of p ing
with either pmmmuno or anti-SLP-76 and sub
with p G—ci d sep beads. The precleared Iysatos

were then immunoprecipitated with anti-Vav antiserum and the im-
munoprecipitates (left) or lysates (nght) were blotted with anti-phos-
photyrosine MADb (4G10). Each IP lane represents approximately 5
x 10’ cell equivalents. Each lysate lane represents approximatety
2 x 10° celi equivalents. The ciosed and open arrowheads represent
the migrations of Vav and SLP-76, respectivety.

To demonstrate further that SLP-76 is the only tyro-
sine-phosphorylated protein contained in the 76 kDa
band that coimmunoprecipitates with Vav, we pre-
cleared SLP-76 and then immunoprecipitated Vav from
the SLP-76-depleted Jurkat lysates. After two rounds
of depletion, over 90% of SLP-76 could be removed
from the lysates as assayed by Westemn blotting (data
not shown). Depletion of SLP-76 eliminated most of the
Vav-associated 76 kDa tyrosine phosphoprotein (Figure
2), indicating that the 76 kDa phosphoprotein is predom-
inantly SLP-76. Note that the band migrating at 105
kDa is likely a modified form of Vav, which has been
previously reported (Coppola et al., 1991) and could be
detected by both the anti-Vav antiserum or the anti-myc
epitope MAD (see Figure 4A; data not shown). Taken
together, these resuits demonstrate that in T cells, Vav
and SLP-76 interact with each other in vivo.

The SH2 Domain of Vav interacts with SLP-76

To define the region of Vav that mediates its interaction
with SLP-76, we transiently transfected TAg Jurkat cells
with a myc epitope-tagged truncated Vav (Vav-C), con-
taining the C-terminal SH2 and two SH3 domains (amino
acids 538-845). Vav-C was immunoprecipitated and im-

(C) vav covmmunoprocapnatu with SLP-?G Celis were processed
asin (B) and the ly itated with either preim-
rmneurumonml-SLPJSuMn ﬂnuppormlowormoﬂho
biot were biotted with anti-Vav and anti-SLP-76 antisera, respec-
tively.

(D) The myc tagged Vav with SLP-76. TAg Jurkat
celis were st with either DNA (pEFBOS)
ormycmwo-laqgod Vav (pEF115myc). Anormhcﬂon (20-40
hn, 1-2 x 10’ live celis were either left i d or i
Mtham:TCRMAb(csos 1500)1or2mn-ndth-10ynd.fho
y were d with anti-myc MAD (9E10), and
mmwmmoimmmmmm-nwc
MAD and anti-SLP-76 antiserum, respectively.
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Figure 3. The Vav SH2 Domain Can interact with SLP-76

(A) The C-terminal portion of Vav is sufficient for interacting with
SLP-76. TAQ Jurkat cells were transiently transtected with Vav-C
(pEFVav-Cmyc) and processed as descnbed in Figure 1D. The ly-
sates were immunoprecipitated with anti-myc MAD (9€10) and the
[ P were with anti-ph Y MADb
(4G10) (lanes 1 and 2). The whole ceil lysates are shown in lanes 3
and 4. The migrations of SLP-76 and Vav-C are indicated by closed
and open arrowheads. respectively.

(B) GST-VavSH2 fusion protein pi of Jurkat lysates. Jur-
kat cells were either left unstimulated or stimulated with C305 for
2 min. The lysates were first preclieared with GST alone and then
mixed with either GST alone or GST fusion protein containing the
Vav SH2 domasin (GST-VavSH2) in the absence or presence of 50
mM phenyt phosp The p P were then blotted
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mune complexes were analyzed by anti-phosphotyro-
sine Western blot. Following receptor stimulation, a
prominent 76 kDa tyrosine phosphoprotein was coim-
munoprecipitated with Vav-C (Figure 3A). Immunoblot
analysis confirmed that this phosphoprotein was SLP-
76 (data not shown), indicating that the C-terminal por-
tion of Vav is sufficient to mediate the interaction be-
tween Vav and SLP-76. Interestingly, Vav-C also be-
came tyrosine phosphorylated following TCR ligation,
demonstrating that the C-terminal region contains Vav
tyrosine phosphorylation sites.

The inducible association between Vav and SLP-76
suggests a possible SH2 domain-phosphotyrosine in-
teraction. Previous in vitro studies indicated that the
SH2 domain of Vav could interact with a number of
tyrosine phosphoproteins in lymphocytes (Bustelo et
al., 1992; Katzav et al., 1994). To examine whether the
association between Vav and SLP-76 is mediated by
the SH2 domain of Vav, a bacterial GST fusion protein
containing the Vav SH2 domain was used to bind tyro-
sine phosphoproteins in Jurkat lysates. As shown in
Figure 3B, GST-VavSH2 selectively bound to two major
tyrosine-phosphorylated proteins of 76 kDa and 70 kDa
following TCR stimulation. These interactions were likely
to be mediated by the SH2 domain and phosphotyrosine
interactions, since the addition of phenyl phosphate
could completely disrupt both these associations (Fig-
ure 3B). Both preclearing and direct Westemn blotting
experiments using the appropriate antisera revealed
that the 76 kDa and 70 kDa phosphoproteins were SLP-
76 and ZAP-70, respectively (Figure 3C; data not shown).
Note that SLP-76 depletion did not reduce the amount
of ZAP-70 associated with GST-VavSH2 and vice versa
(Figure 3C), suggesting that these interactions likely in-
volve separate complexes. Unlike the Vav-SLP-76 asso-
ciation, the interaction between Vav and ZAP-70 ap-
peared to occur at a much lower stoichiometry or may
be more transient, since it was difficult to detect in vivo
(see Figure 1A; data not shown), although it has been
possible to demonstrate in other studies (Katzav et al.,
1994; Gouy et al., 1995). Taken together, these data
indicate that the Vav SH2 domain is sufficient to interact
with SLP-76 following TCR stimulation.

The Vav SH2 Domain is Necessary for Both

the Vav-SLP-76 Interaction and Optimal
TCR-Stimulated Vav Tyrosine Phosphorylation

When Vav is introduced into fibroblasts, it is inducibly
tyrosine phosphorylated upon epidermal growth factor

L4

with anti-phosphotyrosine MAb (4G10). Each protein precipitation
lane represents approximatety 5 x 10’ cell equivalents and each
lysate lane represents 2 x 10° cell equivaients. The closed and
open arrowheads indicate the 76 kDa and 70 kDa phosphoproteins
associated with GST-VavSH2 fusion protein.
(C) GST-VavSH2 fusion protein interacts with SLP-76 and ZAP-70.
Jurkat cells were either left unstimulated or stimulated with C205 for
2min. The ly were first pi d twice with either preimmune
serum, anti-SLP-76 antiserum, or anti-ZAP-70 antiserum and then
precleared with GST alone. The precleared lysates were then precip-
itated with either GST alone or GST-VavSH2 and the protein precipi-
tates were bl d with anti-phosphoty e MADb (4G10). Each pro-
tein P! lane rep app ty 5 = 10’ cell
quival The rmg: of SLP-76 and ZAP-70 are indicated by
the closed and open arrowheads, respectively.
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or platelet-derived growth factor receptor stimulation
(Bustelo et al., 1992; Margolis et al., 1992). Activation of
these receptors also leads to binding of Vav to these
receptors via its SH2 domain, suggesting that the Vav
SH2 domain may mediate the recruitment of Vav to these
receptors where it can be tyrosine phosphorylated. The
TCR-mediated Vav-C tyrosine phosphorylation de-
scribed above is also consistent with this hypothesis.
Therefore, we generated an SH2 domain point mutant
of Vav and examined its tyrosine phosphorylation status
as well as its ability to associate with SLP-76 in Jurkat
T cells. Substitution of an arginine residue with lysine
(VavSH2RK) within the predicted phosphate-binding
site of the Vav SH2 domain markedly reduced its TCR-
induced tyrosine phosphoryiation, as compared with the
wild type (Figure 4A). Simitarly, we found that the SH2
domain of Vav was also required for its BCR-induced
tyrosine phosphorylation in chicken DT40 B cells (data
not shown). These data demonstrate that the Vav SH2
domain is important for TCR- or BCR-induced tyrosine
phosphorylation of Vav.

The SH2 mutant of Vav (VavSH2RK) also failed to
associate with SLP-76 following TCR stimulation (Figure
4B). Since SLP-76 also contains an SH2 domain that may
interact with tyrosine-phosphorylated Vav, one possible
explanation for the loss of the association between
VavSH2RK and SLP-76 is that the SH2 domain of SLP-76
could not bind to the weakly phosphorylated VavSH2RK.
This appeared to be unlikely, since a GST fusion protein
containing the SLP-76 SH2 domain failed to bind to
tyrosine-phosphorylated Vav (data not shown; Motto et
al., 1996). Taken together, these data demonstrate that
the Vav SH2 domain is both necessary and sufficient
for mediating the interaction between Vav and SLP-76
following TCR stimulation.

The Interaction(s) Mediated by Vav SH2

Domain Is Important for TCR Signaling

The early biochemical events induced by TCR stimula-
tion, through poorly understood mechanisms, lead to
gene induction and other T cell effector functions. Re-
porter constructs containing muitiple copies of the NF-
AT binding site or the entire IL-2 promoter and regulatory
elements have been useful tools to monitor TCR-medi-
ated signaling events. We previously showed that over-
expression of Vav in Jurkat T cells leads to a marked
increase of basal and TCR-stimulated NF-AT and IL-2
promoter activities (Wu et al., 1995). Since the C termi-
nus of Vav (Vav-C) is sufficient to interact with SLP-76
and to become tyrosine phosphorylated following TCR
stimulation, we attempted to determine whether overex-
pression of Vav-C was also sufficient to induce NF-AT
activation in Jurkat cells. In contrast with the full-length
Vav, overexpression of Vav=C not only completely failed
to induce basal NF-AT activity, but also inhibited TCR-
stimulated NF-AT induction (Figure 5), suggesting that
the effector domain of Vav may reside in its N-terminal
region. To map the region responsible for this inhibitory
effect, we examined the mutant of Vav-C (Vav-CSH2RK)
in which the arginine residue within the phosphotyrosine
binding pocket of the SH2 domain was substituted with
lysine. The levels of Vav-C and Vav-CSH2RK were com-
parable when assayed by Westem blot (data not shown).
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Figure 4. The Vav SH2 Domain Is N y for TCR-Induced Vav
Tyrosine Phosphorylation and Vav-SLP-76 interaction

(A) TCR-induced tyrosine phosphoryiations of wild-type and an SH2
domain point mutant of Vav. TAg Jurkat celis were transiently
transfected with either myc eprtope-tagged wild-type Vav (pEF115-
myc) or an SH2 domain mutant of Vav (pEF115mycRK). After trans-
fection (20-40 hr), 1-2 x 10’ live cells were either left unstimulated
or stimulated with anti-TCR MAD (C305. 1:1000) for 2 min and then
m.mwammommmw-mnmm
(9E10) and blotted with anti-phosphotyrosine MAD (4G10) (top). The
blot was then stripped and rebiotted with anti-myc MAb (9E10)
(bottom).
(B) VavSH2RK fails to associate with SLP-76. TAg Jurkat celis were
d and sti d as d in (A). The lysates were
iy D d with anti-myc MAD (9E10). The upper part of
the biot was blotted with anti-myc MAD (9E10) (top), whersas the
lower part was blotted with anti-SLP-76 antiserum (bottom).

This point mutation completely abolished the inhibitory
effect induced by overexpression of Vav-C, suggesting
that the NF-AT inhibition was dependent upon the phos-
photyrosine binding function of the Vav SH2 domain.
Overexpression of Vav-C may compete with the endoge-
nous Vav to form complexes with SLP-76 or to interact
with PTKs responsible for Vav tyrosine phosphoryiation,
thereby acting as a dominant negative to inhibit TCR
signaling. These data suggest that the interaction(s) me-
diated by Vav SH2 domain, such as the Vav-SLP-76
interaction, is important for TCR signaling events leading
to NF-AT activation.

SLP-76 and Vav Functionally Cooperate

in TCR-Mediated IL-2 Gene Activation

To address further the functional significance of the
interaction between Vav and SLP-76, we overexpressed
SLP-76 in Jurkat cells and examined its effect on the
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Figure 5. Overexpression of the C-Terminal Vav Inhibits TCR-Medi-
ated NF-AT Activation

Jurkat T cells were cotransfected with 20 ug of NF-AT-Luc together
with 20 ug of either an empty vector (vector), the C-terminal Vav
(Vav-C), or an SH2 domain point mutant of Vav-C (Vav-CSH2RK).
Cells were either unstimulated or stimulated with anti-TCR MAb
(C305. 1:1000) and subsequently assayed for luciferase activity. The
results are shown as the percent of the maximal stimulation for each
transfection condition induced by treatment with PMA (50 ng/ml)
plus ionomycin (1 uM). The maximum NF-AT responses for this
experiment were approximately 1.5 x 10° arbitrary light units (AU)
and did not differ significantly between different transfection condi-
tions. Luciferase activity was determined in triplicate in each experi-
mental condition. The data are representative of two independent
expenments.

NF-AT or IL-2-driven promoters. Unlike Vav, and as we
have recently reported (Motto et al., 1996), overexpres-
sion of SLP-76 only led to minimal basal induction of
NF-AT (Figure 6A). Similar to Vav, however, overexpres-
sion of SLP-76 dramatically synergized with TCR stimu-
lation to activate NF-AT and IL-2 transcriptional activity
(Figures 6A and 6B; Motto et al., 1996), suggesting its
involvement in events leading to IL-2 gene activation.
Since Vav and SLP-76 interact in T cells, we cotrans-
fected various amounts of SLP-76 or Vav cDNAs, or
both, into Jurkat cells to address whether they could
cooperate to influence the TCR-mediated NF-AT re-
sponses. Coexpression of SLP-76 and Vav led to a dose-
dependent synergy in basal NF-AT induction (Figure 7A).
The synergy between SLP-76 and Vav could also be
observed at lower doses of DNA when the TCR was
engaged (Figure 7B). However, at higher doses of DNA
the synergy decreased, suggesting that some compo-
nents of the signaling pathway may be near saturation
following receptor stimulation. Taken together, these
data demonstrate that SLP-76 and Vav not only physi-
cally interact in T cells but functionally cooperate in the
TCR signaling pathway leading to IL-2 gene activation.

Discussion
One immediate and obligatory consequence of trig-

gering the TCR is the tyrosine phosphorylation of multi-
ple intracellular substrates, including the proto-onco-
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Figure 6. Overexpression of Either Vav or SLP-76 Potentiates TCR-
Induced NF-AT and IL-2 Responses
Jurkat T cells were cotransfected with 20 ug of NF-AT-Luc (A) or
IL-2-Luc (B) together with 40 ng of either an empty vector (vector),
SLP-76, or Vav, as described in Expenmental Procedures. Cells
were either unstimulated or stimulated with either anti-TCR MAb
(C305, 1:1000) (A) or C305 plus PMA (50 ng/ml) (B), and subsequently
yed for | ivity. The resuits are shown as the percent
of the maximal stimulation for each transfection condition induced
by treatment with PMA (50 ng/ml) plus i ycin (1 uM) (i i
responses). The maximum NF-AT or IL-2 responses were approxi-
mately 2-4 < 10° AU. Luciferase activity was determined in duplicate
or triplicate in each expenmental condition. The data are representa-
tive of at least two independent expenments.

gene Vav. Recent studies showed that Vav is critical for T
and B cell development and antigen receptor-mediated
activation (Fischer et al., 1995; Tarakhovsky et al., 1995;
Zhang et al., 1995; Wu et al., 1995). In this report, we
demonstrate that another hematopoietic cell-specific
protein, SLP-76, interacts with Vav in T cells and that
the association is induced by TCR stimulation. Our study
demonstrates further that the interaction between Vav
and SLP-76 is mediated by the SH2 domain of Vav.
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Figure 7. Overexpression of Both Vav and SLP-76 Synergistically
Induces Basal and TCR-Stimulated NF-AT Activation

Jurkat cells were cotransfected with 20 ug of NF-AT-Luc together
with the indicated amount of either empty vector, Vav, SLP-76, or
Vav plus SLP-76. Cells were either imulated (A) or sti d
with anti-TCR MAb (C305. 1:1000) (B), and subsequently assayed
for luciferase activity. The resuits are shown as the fold induction
of lucif tivity as d with the activity in imulated
celis transfected with 2 ug of empty vector, which is approximately
200 AU. Lucif ivity was i in tripli in each
experimental condition. The data are rep ative of two indep
dent experiments.

Interestingly, a point mutation in the phosphotyrosine
binding pocket of the SH2 domain of Vav not only abol-
ished the TCR-induced association of Vav with SLP-786,
but also markedly reduced TCR-stimulated Vav tyrosine
phosphorylation, suggesting that the SH2 domain of
Vav may aiso serve a critical role in TCR-induced Vav
tyrosine phosphorylation. Furthermore, overexpression
of a truncated form of Vav, containing the C-terminal
SH2 and two SH3 domains, blocked TCR-mediated NF-
AT activation. This inhibitory effect was abrogated com-
pletely by a point mutation in the Vav SH2 domain, sug-
gesting that interactions mediated by this region, such
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as the Vav-SLP-76 association, are important in events
leading to downstream NF-AT induction. Similar to Vav,
overexpression of SLP-76 in Jurkat T cells markedly
potentiated TCR-mediated NF-AT and IL-2 gene activa-
tion. Moreover, SLP-76 and Vav could synergistically
activate basal and TCR-induced NF-AT activation. Thus,
our data implicate the involvement of a compiex be-
tween Vav and SLP-76 in TCR signaling events leading
to IL-2 gene activation.

Since Vav becomes tyrosine phosphorylated follow-
ing TCR stimulation and PTK activity is required for the
Vav-mediated NF-AT activation in Vav-overexpressing
Jurkat cells (Wu et al., 1995), its tyrosine phosphorylation
is likely to be important for its function. We demon-
strated that a point mutation within the SH2 domain
of Vav markedly reduces Vav tyrosine phosphorylation
following TCR stimulation, suggesting that the SH2 do-
main of Vav is important in mediating the recruitment
and tyrosine phosphorylation of Vav in T cells. Vav-C
contains the SH2 domain and becomes tyrosine phos-
phorylated following TCR stimulation. Thus, its overex-
pression could potentially compete with endogenous
Vav for TCR-induced recruitment, tyrosine phosphoryla-
tion, or both, thereby interfering with TCR signaling.

Our data provide two potential mechanisms by which
Vav becomes tyrosine phosphorylated following TCR
stimulation. Since SLP-76 is the major tyrosine-phos-
phorylated protein associated with Vav in vivo, it may
function as an adaptor for Vav tyrosine phosphorylation.
TCR stimulation could lead to tyrosine phosphorylation
of SLP-76, which could then recruit Vav via the Vav SH2
domain to the proximity of a PTK, thereby allowing Vav
to become phosphorylated. Altematively, Vav may be
directly recruited by a PTK, e.g., ZAP-70, for its tyrosine
phosphorylation. In fibroblasts, stimulation of the epi-
dermal growth factor or platelet-derived growth factor
receptors results in autophosphorylation of their cyto-
plasmic tails, providing the binding sites for the down-
stream molecules such as PLC-y1 via their SH2 do-
mains, which then lead to tyrosine phosphoryiation and
activation of these molecules (Koch et al., 1981). Al-
though the TCR and BCR do not possess intrinsic tyro-
sine kinase activity, the Syk/ZAP-70 kinase family mem-
bers have been shown to interact with the receptor ITAM
motifs following receptor stimulation (Weiss and Litt-
man, 1994). This recruitment results in tyrosine phos-
phorylation and activation of these kinases. Phosphory-
lated tyrosine residues within the PTKs may provide
further binding sites for other downstream SH2 domain-
containing proteins such as Vav. In this study and eise-
where (Katzav et al., 1984), we showed that the GST-
VavSH2 fusion protein could bind to phosphoryiated
ZAP-70 following TCR stimuiation. The predepletion ex-
periments revealed that this in vitro binding was not
dependent upon the presence of SLP-76 (Figure 4A),
suggesting that Vav may interact directly with ZAP-70
via the Vav SH2 domain. It is conceivable that the tyro-
sine phosphorylation of Vav then induces a conforma-
tional change, which allows it to dissociate from ZAP-70
and to interact with SLP-76 for other cellular functions. In
fact, the low stoichiometric association in vivo between
Vav and ZAP-70 suggests that the interaction may be
very transient. SH2 domains can provide specificity in
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signaling processes by binding to specific phosphotyro-
sine-containing sequences. The degenerate phospho-
peptide library approach has predicted muitiple poten-
tial Vav SH2 domain-binding sequences, including the
sequence YESP (Songyang et al., 1994). SLP-76 con-
tains two motifs of YESP, which likely serve as the bind-
ing sites for the Vav SH2 domain. Interestingly, the same
motif is also present in ZAP-70 (Y315) and in Syk (Y348).
Experiments are underway to determine whether these
tyrosine residues are important in mediating Vav phos-
phorylation and other downstream TCR signaling
events.

It is interesting that, although structurally unrelated
to Vav, overexpression of SLP-76 in T cells also dramati-
cally potentiates TCR-mediated NF-AT activation. This
suggests that SLP-76 plays a role in the TCR signaling
cascade and is likely to be a critical component in the
pathway. SLP-76 was initially cloned through its in vitro
association with GST fusion protein containing Grb-2,
a known adaptor critical for Ras activation (Jackman et
al., 1995). This in vitro interaction between Grb-2 and
SLP-76 is mediated by the SH3 domain of Grb-2 and
the proline-rich sequence in SLP-76 (Motto et al., 1996).
It has been shown that, following TCR stimulation, both
Grb-2 and PLC-y1 become associated with an unknown
36 kDa tyrosine-phosphorylated protein (pp36), which
may serve as a link between the receptor and the down-
stream Ras or PLC-vy1 activation pathways, or both (Bu-
day et al., 1994; Sieh et al., 1994). Interestingly, pp36
could also be easily detected in TCR-stimulated anti-
SLP-76 immunoprecipitates (Motto et al., 1996). Al-
though demonstration of an in vivo association between
SLP-76 and Grb-2 and the functional significance of this
complex are yet to be determined, these observations
suggest that SLP-76 may play a role in the proximal
TCR signaling events leading to activation of Ras or
PLC-y1 pathways, or both.

The function of Vav has been an enigma. Although
Vav contains sequence homology to exchange factors
for the Rac/Rho/CDC42 family of small GTPases but
not for Ras, it was reported to be the major antigen
receptor-stimulated Ras exchange factor in lympho-
cytes (Gulbins et al., 1993). However, this conclusion
has not been reproduced or supported by other studies.
For example, the transformation phenotype of the onco-
genic Vav-transfected fibroblasts is distinct from that
of fibroblasts transformed by oncogenic Ras, but is simi-
lar to the phenotype of cells transformed by oncogenic
Dbl (Bustelo et al., 1994), a known Rac/Rho/CDC42 ex-
change factor sharing homologous GEF domain with
Vav (Boguski and McCormick, 1993). Moreover, onco-
genic Vav- or Dbl-transformed cells did not exhibit ele-
vated levels of Ras-GTP (Bustelo et al., 1994; Khosravi-
Far et al., 1994). In Jurkat T cells, we and others also
showed that the effect of Vav overexpression is distinct
from that of simply activating Ras pathway alone (Wu
et al., 1995; Holsinger et al., 1995). These data suggest
that Vav 1s not simply a GEF for Ras. Here, we showed
that in contrast with the full-length Vav, overexpression
of the C-terminal Vav (Vav-C) not only failed to potentiate
NF-AT activity, but also appeared to function as a domi-
nant negative mutant for TCR signaling. This suggests
that an effector domain of Vav is N-terminal to its SH3
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and SH2 domains and may involve the GEF domain. A
detailed mutagenesis study of Vav shouid help to iden-
tify its functional domains.

The results of this study provide direct evidence for
an activation-dependent interaction between two hema-
topoietic-specific molecules, Vav and SLP-76. The asso-
ciation appears to play an important role in TCR signal
transduction. Since both Vav and SLP-76 contain anum-
ber of structural motifs that may potentially interact with
other signaling molecules, the association between Vav
and SLP-76 may further induce formation of a multipro-
tein signaling complex, which in turn functions coopera-
tively to influence the downstream events leading to
IL-2 gene induction. In fact, it has been shown that SLP-
76 also becomes associated with pp36 and tyrosine-
phosphorylated proteins of 62 kDa and 130 kDa (Motto
et al., 1996). Hence, overexpression of the C terminus
of Vav may compete with the endogenous Vav to form
nonfunctional complexes with SLP-76 and other pro-
teins, and thereby block TCR signaling. Future biochem-
ical and genetic analyses may help to elucidate the
mechanisms by which Vav and SLP-76 function in lym-
phocytes.

Experimental Procedures

DNA Constructs and Fusion Proteins
The NF-AT and IL-2 luciferase reporter constructs were gifts from
Dr. G. Crabtree. The myc epitope-tagged Vav expression plasmid
(PEF115myc) was described previously (Wu et al., 1995). The
C-terminal Vav (Vav-C) was constructed by replacing the BamH1-
Kpn1 fragment of Vav cDNA from pEF115myc with an oligonucieo-
tide fragment (BamHi-Kpnl) comprising both a Kozak transiational
initiation site and the myc epitope tag sequences, resuiting in the
plasmid pEFVav-Cmyc. Vav cDNA g the SH2 RK
(pEF115mycRK) was ger rilapping extension poly
ase chain reaction (PCR), using pEF115myc cONA as a template.
The resulting PCR product was subcloned into the pEF115myc after
| of the col ing wild-type sequence, resuiting in the
plasmid pEF115mycRK. The Vav—C containing the SH2 RK mutation
was constructed by replacing the Kpni-Xbai fragment of pEFVav-
Cmyc with the corresponding fragment from pEF115mycRK, re-
sulting in the plasmid pEFVav-CmycRK. The pEF/flag/SLP-76 and
GST/SLP-76/SH2 cDNAs were descnbed eisewhere (Motto et al.,
1996). The GSTVavSH2 was provided by Or. S. Katzav (Katzav et
al., 1994). GST fusion proteins were induced and affinity purified as
ok ibed (Smith and 1988).

Antibodies

The MAD used for the stimulation of the TCR was C305, which
recognizes the Jurkat Ti 8 chain (Weiss and Stobo, 1984). Anti-Vav
polycional anubody was purchased from Santa Cruz Biotechnology
(Santa Cruz, California). Sheep anti-SLP-76 antiserum was gener-
ated against amino acids 136-235 of human SLP-76 expressed as
a GST fusion protein (Motto et al., 1996). Anti-phosphotyrosine MAb,
4G10, was purchased from Upstate Biotechnology, Incorporated
(Lake Placid. New York). A MADb, 9E10, for the detection of the myc
epitope was provided by Dr. J. M. Bishop.

Cell Lines and Transfections
Jurkat cells (E6-1) were maintained in RPMI 1640 medium suppie-
monted w:th 10% fetal calf serum, penicillin, streptomycin, and giu-
dium). TAg Jurkat celis (a gift from Dr. G.
Crabtree) (Cllpslone and Crabtree, 1992) were maintained in the
complete medium with 2.0 mg/mi geneticin (GIBCO), and transferred
to geneticin-free medium 48 hr before expenments to prevent
de- d inhibiti o'phosphomosmdchydrolyus
Jurkat cells (10" were f by electrop
previously descnbed (Wu et al., 1995) with 20 ug of the NF-AT or
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IL-2 reporter plasmids and the indicated amount of vectors con-
taining either no insert (DEFBOS). Vav (pEF115myc), SLP-76 (pEF/
flag/SLP76), Vav-C (pEFVav-Cmyc). or Vav-CSH2RK (pEFVav-

a yeast gene (CDC24) invoived in cytoskeletal organization. Onco-
gene 7, 611-618.

Boguski. M., and McCormick. F. (1993). Proteins regulating Ras and

CmycRK) cDNA inserts. TAg Jurkat cells were tly
transtfected by electroporation with 20 g of the indicated plasmids
(either pEFBOS, pEF115myc, pEF115mycRK, or pEFVav-Cmyc) in
serum-free RPMI at a density of 2-3 « 10" cells/400 ul/cuvette with
aBio-Rad gene puiser set at 250 V and 960 uF. After electroporation,
the celis were transferred to RPMI and incubated at 37°C
for 2440 hr.

Luciferase Assays

Transtected Jurkat cells (2 < 10*) were aliquoted into a 96-well plate
(Corning) 20-40 hr after transfection and cultured in a final volume
of 100 ul RPMI growth medium. Cells were unstimulated or stimu-
lated at 37 C in the growth medium containing either 1:1000 dilution
of C305 ascites or 50 ng/mi phorbol mynstate acetate (PMA) and
1.0 uM ionomycin. After an 6-8 hr stimulation period, cells were
lysed in harvest buffer (100 mM KPO, [pH 7.8], 1.0 mM DTT, 1%
Triton X-100) and 100 ul of lysate was mixed with 100 .l of assay
buffer (200 mM KPO, [pH 7.8], 10 mM ATP, 20 mM MgCl,). Luciferase
activity was quantitated with a monolight luminometer (Analytical
Luminescence Laboratory, Ann Arbor. Michigan) immediately after
the addition of 100 ui of 1.0 mM luciterin (Sigma Chemical Company,

St. Louis. Mi ). Lucif ivity was d d either in
dupli or in tnpli for each experi | condition.

[ ipitati Protein Precipitati

Ceils were harvested and wuhod in phosphate-buffered saline, and
were left either with C305 (1:500
dilution) at 37°C for 2 min or w-th per date at room P

for 10 min, and then lysed at 10*/ml in the lysis buffer containing
1% NP40, 10 mM Tris (pH 7.8), 150 mM NaCl, 2 mM EDTA. protease
and phosphatase inhibitors, as previously described (Straus and
Weiss, 1992). After 20 min at 4 C. lysates were centrifuged for 15
min at 14,000 rpm. Lysates were then immunoprecipitated with the
indicated antibodies. When precipitated with GST tusion proteins,

its i Nature 366. 643-654.

Boguski. M.S., Bairoch, A., Attwood. T.K., and Michaels. G.S. (1992).
Proto-vav and gene expression [letter; comment). Nature 358. 113.
Buday, L.. Egan, S.E., Viciana, P.R., Cantrell. D.A., and Downward.
J. (1994). A complex of Grb2 adaptor protein. Sos exchange factor.

and a 36-kDa bound ty pt protein 1s impli-
cated in ras activation in T cells. J. Biol. Chem. 269, 9019-9023.
Bustelo. X.R., and Barbacid, M. (1992). Ty phosphoryiation of

the vav proto-oncogene product in activated B cells. Science 256.
1196-1199.
Bustelo. X.R.. Ledbetter, J.A., and Barbacid. M. (1992). Product of
vav proto-oncogene defines a new class of tyrosine protein kinase
substrates. Nature 356, 68-71.
Bustelo, X.R.. Suen, K., Lefthens, K., Meyers, C.A., and Barbacid.
M. (1994). Vav cooperates with Ras to transform rodent fibroblasts
butis not a Ras GDP/GTP exchange factor. Oncogene 9, 2405-2413,
Bustelo, X.R., Suen, K., Michael, W.M., Dreyfuss, G.. and Barbacid.
M. (1995). Association of the vav proto-oncogene product with
poly(rC)-specific RNA-binding proteins. Mol. Cell. Biol. 15, 1324~
1332
Chan, A.C., Irving, BA,, Fraser, J.D., and Weiss. A. (1991). The
{-chain s assocla(od with a tyrosine kinase and upon T cell antigen
with ZAP-70, a 70 kilodaiton tyrosine
phosphoprotein. Pmc Natl. Acad. Sci. USA 88, 9166-9170.
Chan, A.C., iwashima, M., Turck, C.W., and Weiss. A. (1992). ZAP-
70: a 70kDa protein tyrosine kinase that associates with the TCR
chain. Cell 71, 649-662.
Chan. A.C., van Oers, N.S.C., Tran, A,, Turka. L.. Law. C.-L.. Ryan,
J.C., Clark. E.A.,, and Weiss, A. (1994). Differential expression of
ZAP-70 lm:l Syk protein tyrosine kinases, and the role ov thus family

lysates were first precleared with GST alone before thay were pre- of p i in T ceil antig: P g g. J.
cipitated w:th the indicated GST fusion pi . R ] [ ’53' 4758-4766.

were then d ly in Clip NA., and Crab G.R. (1992). Identification of cal-
Iym butfer, molved by (SDS~-PAGE), and transferred to polyvinyli- cineunn as a key signalling enzyme in T-lymphocyte Na-

dene difluonde membranes.

Immunoblots

Blots were blocked with 3% albumin in TBST buffer (10 mM Tris,
[pH 7.9), 150 mM NaCl, with 0.05% Tween detergent). Blots were
incubated with the indicated antisera or MADb followed by a second-
ary antibody conjugated with horseradish peroxidase and then as-
sayed by enhanced chemiluminescence assay (ECL kit; Amersham
Life Sciences. Arington Heights, Illinois). In the case of reblotting
with a different primary antibody, biots were incubated at 70-C in
stripping butfer (2% SDS. 0.1 M 2-ME, 62.5 mM Tris (pH 6.8]) for
20 min, washed extensively in TBST butfer, and then blocked and
probed as descnbed above.
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Involvement of Src and Syk PTKSs in Vav tyrosine phosphorylation

following antigen receptor stimulation.
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Summary:

One of the earliest biochemical events following antigen receptor stimulation
in T and B cells is tyrosine phosphorylation of numerous intracellular substrates,
including the 95 kD proto-oncogene product Vav. Vav is expressed primarily in
hematopoietic cells and has been shown to be essential for both T and B cell
development and antigen receptor-mediated signal transduction. Recent
experiments have suggested that tyrosine phosphorylation of Vav is critical for
regulating its exchange activity for the Rho/Rac/CDC42 family of GTPases. To
identify the protein tyrosine kinase (PTK) responsible for Vav phosphorylation
and activation, we examined antigen receptor-mediated Vav tyrosine
phosphorylation in chicken B cells lacking the Src- and/or the Syk/ZAP-70-
family PTKs as well as in thymocytes from either Lck-, Fyn- or ZAP-70-deficient
mice. We demonstrate here that both Src and Syk/ZAP-70 families of PTKs
contribute to Vav tyrosine phosphorylation following antigen receptor
stimulation. Moreover, the SH2 domain of Vav is required for both Src and Syk
PTK-mediated Vav tyrosine phosphorylation. These data raise the possibility of
differential regulation of Vav by Src and Syk families of PTKs in antigen receptor
signaling.
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Introduction

Stimulation of the T and B cell antigen receptors (TCR and BCR) initiates a
cascade of signal transduction events including the activation of cytoplasmic
protein tyrosine kinases (PTKs) (1). The Src family members Lck and Fynin T
cells and Lyn, Fyn, and Blk in B cells are believed to be responsible for
phosphorylation of the tyrosine residues within the immunoreceptor tyrosine-
based activation motifs (ITAMs) in the TCR or BCR signaling subunits following
antigen receptor stimulation (1-3). Phosphorylation of the ITAMs results in
recruitment of Syk/ZAP-70 PTKs where they can become phosphorylated and
activated.

The critical roles of Lck, Fyn and ZAP-70 in T cell development and
activation has been demonstrated in immunodeficient patients, mice, and cell
lines deficient in one of these PTKs. Loss of either Lck or ZAP-70 leads to a
severe defect in both T cell development and TCR signaling function (4-9),
whereas T cells from Fyn-deficient mice develop normally but are impaired in
TCR signaling (10, 11). The importance of Lyn and Syk in BCR signaling has also
been revealed by inactivating these genes in either mice or the chicken B cell line
DT-40 by homologous recombination. Loss of Lyn expression results in
abnormal B cell maturation and reduced BCR function, whereas inactivation of
the syk gene leads to an early arrest of B cell development and a severe block of
BCR signaling (12-16).

Activation of the Src and Syk/ZAP-70 PTKs in T and B cells leads to tyrosine
phosphorylation of numerous cellular proteins including the proto-oncogene
Vav, phospholipase C vy isoforms, Cbl, Shc and SLP-76 (1, 17). Tyrosine
phosphorylation and/or activation of these substrates ultimately results in

downstream cytokine gene induction and other effector functions.
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The proto-oncogene Vav is expressed exclusively in hematopoietic and
trophoblast cells and contains an array of structural motifs, including a leucine-
rich N-terminal domain, a guanine nucleotide exchange (GEF) domain for the
Rho/Rac/CDC42 family of small GTPases, a pleckstrin homology (PH) domain,
a cysteine-rich region, and two Src homology 3 (SH3) domains that flank one src
homology 2 (SH2) domain (18, 19). Vav plays a critical role in lymphocyte
development and activation. Chimeric mice derived from blastocysts lacking the
recombinase-activating gene (RAG) and embryonic stem cells deficient in Vav
expression exhibit a marked reduction in thymocyte number and peripheral T
and B cells, as well as a specific defect in TCR- and BCR-mediated signal
transduction leading to cytokine production and proliferation (20-22). In
addition, overexpression of Vav in Jurkat T cells results in a marked increase in
basal NFAT or IL-2 promoter-driven transcriptional activity, that is further
enhanced by TCR stimulation (23). These results provide strong evidence that
Vav plays a critical role in antigen receptor signaling pathways.

The exact molecular mechanism by which Vav functions in lymphocytes still
remains elusive. However, its structure as well as recent data suggest that Vav is
likely to be involved in the activation of the Rho/Rac/CDC42 family of small
GTPases. The GEF domain in Vav shares close homology with those found in
Dbl and CDC24, two known GEFs for Rho, Rac or CDC42 (24). Moreover, recent
in vitro experiments and in fibroblasts have demonstrated that Vav, upon
tyrosine phosphorylation, can activate Rho/Rac/CDC42 family of GTPases (25,
26). These results strongly suggest that Vav may be an important regulator of the
Rho/Rac/CDC42-mediated signaling events such as cytoskeletal rearrangement

in lymphocytes.
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Since Vav becomes rapidly tyrosine phosphorylated following TCR or BCR
stimulation and its activity on Rho/Rac/CDC42 depends upon its tyrosine
phosphorylation (25-28)., identification of the kinase(s) responsible for the
phosphorylation of Vav in lymphocytes is of great interest. The Src family
member Lck appears to be sufficient to activate the exchange activity of Vav on
Rho/Rac/CDC42 in vitro and in fibroblasts (25, 26)., whereas the Syk/ZAP-70
family members have been shown to interact with Vav via the Vav SH2 domain
following antigen receptor stimulation (29-31). To identify upstream PTK(s)
responsible for phosphorylating Vav and to explore the potential role of Vav
tyrosine phosphorylation in antigen receptor-mediated signaling pathways, we
utilized various mutants of the chicken B cell DT-40, in which either the PTK
Lyn, the Syk kinase or both kinases have been inactivated by homologous
recombination (15, 32). In this study, we show that both the Src- and the Syk-
families of PTKs contribute to Vav tyrosine phosphorylation following antigen
receptor stimulation. Moreover, these kinases appear to utilize a similar
mechanism to recruit Vav, since the Vav SH2 domain is required for its
phosphorylation mediated by either Src or Syk PTKs. We further demonstrate
the involvement of these PTKSs in antigen receptor-mediated Vav tyrosine
phosphorylation in thymocytes by analyzing either Lck-, Fyn-, or ZAP-70-

deficient mice.

56

-
r



Results and Discussion:

To understand the molecular mechanism of Vav regulation in lymphocytes,
we have taken a genetic approach to determine the requirements for Vav tyrosine
phosphorylation following antigen receptor stimulation. We utilized three
mutants of the chicken cell line DT-40, generated by inactivation of either lyn, syk
or both genes by homologous recombination (15, 32). Loss of Lyn expression, the
only Src family member expressed in DT-40 cells, led to reduced tyrosine
phosphorylation of cellular proteins and delayed intracellular calcium increase
following BCR stimulation (Figure 1 and reference 15). Inactivation of syk not
only resulted in reduced tyrosine phosphorylation but also completely abolished
both the calcium increase and downstream gene induction (Figure 1 and
reference 15 and 33). The mutant cells deficient in both Lyn and Syk expression
exhibited the most severe phenotype, in which minimal or no tyrosine
phosphorylation or other signaling events could be observed following BCR
stimulation (Figure 1, data not shown and reference 32). Note that both Lyn-
deficient and Syk-deficient cells exhibited partial phosphotyrosine induction in
response to BCR stimulation (Figure 1). In addition, the patterns of tyrosine
phosphorylation in Lyn- or Syk-deficient cells were distinct (Figure 1),
suggesting that they may mediate tyrosine phosphorylation of different proteins.
To determine whether Lyn, Syk or both PTKs are required for BCR-induced Vav
tyrosine phosphorylation, we transiently transfected human Vav cDNA into
wildtype, Lyn-deficient, Syk-deficient, and Lyn/Syk double-deficient DT-40 cells.
These transfected cells were then lysed prior to and following BCR ligation, and
human Vav was immunoprecipitated with an anti-Vav antiserum, that does not
react with avian Vav (Figure 2A, and data not shown). As shown in Figure 24,
Vav was inducibly tyrosine phosphorylated following BCR stimulation in wild-
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mutants of DT-40 B cell lines. Wild-type, Lyn-deficient, Syk-deficient and
Lyn/Syk double-deficient cells were either left unstimulated or stimulated with
anti-BCR monoclonal antibody (mAb) (M4, 2 ug/ml) for 2 min., and
subsequently lysed in NP-40 lysis buffer. 2x10° cell equivalent lysates were then
blotted with anti-phosphotyrosine antibody (4G10). The mobilities of molecular

weight markers are indicated on the left.

58



type DT-40 cells. Loss of either Lyn or Syk did not substantially reduce the
magnitude of BCR-induced Vav tyrosine phosphorylation (Figure 2B). In
contrast, Lyn/Syk doubly-deficient DT-40 cells completely failed to exhibit any
Vav tyrosine phosphorylation following BCR ligation (Figure 2B). Cotransfection
of Vav with either a Src or a Syk kinase in Lyn/Syk doubly deficient cells
reconstituted Vav tyrosine phosphorylation (data not shown). These data
suggest that either Lyn or Syk PTK is capable of mediating Vav tyrosine
phosphorylation in B cells.

In T cells, Lck and Fyn, two Src family members, as well as ZAP-70 have
been shown to be critical in initiating TCR-mediated signal transduction events
including tyrosine phosphorylation of intracellular substrates (1). To determine
the physiological role of these PTKs in TCR-mediated Vav tyrosine
phosphorylation, we examined the phosphorylation status of Vav in thymocytes
from mice lacking either Lck, Fyn, or ZAP-70. We found that the TCR-stimulated
Vav tyrosine phosphorylation was reduced in the Lck-, Fyn-, or ZAP-70-
deficient thymocytes (Figure 3A, 3B), demonstrating the involvement of these
kinases in mediating Vav phosphorylation in T cells. The residual
phosphorylation of Vav in these thymocytes may suggest potential redundancy
or different sites of phosphorylation by each of these kinases. These data suggest
that both Src and Syk PTKs are important in TCR-mediated Vav tyrosine
phosphorylation in thymocytes. While these results are consistent with the
findings in DT-40 cells, one caveat is that the thymocyte population in either Lck-
or ZAP-70-deficient mice is different from the control animals, which may
complicate our interpretation. Detailed biochemical analyses on the thymocyte

subpopulations are underway to provide more accurate comparisons.

59

-



Figure 2 (A) P

Transfection:: Control Vav

BCR Stimulation: -+ -+ -

- 101— Pra——
83— ‘ ~
=i

-
Lt
‘”.1 K
.
¥
m——
(B) o
m———— 1
Celllines:  Lyn-/-  WT Syk-/-  WT Lyn/- Wt o
’ Syk-/-
BCR r 1T 1 r 1T 1 r 1T ! N
Stimulation: - + - + - + - + - + - + Blot:
[ ] [ ) — —_— e Anti-P-Tyr I
MU ——— — = = ’
Anti-Vav IP i’
N
o
60



Figure 2. (A) Tyrosine phosphorylation of Vav in wild-type DT-40 cells. Wild-
type DT-40 B cells were transiently transfected with either an empty vector or
human Vav (pCI115). After transfection (24-40 hrs), 1-2x10” cells were either left
unstimulated or stimulated with anti-BCR mAb (M4, 2 pg/ml) for 2 min. and
then lysed. The lysates were immunoprecipitated with anti-Vav polyclonal
antibody (Ab) and then the immunoprecipitates were blotted with anti-
phosphotyrosine mAb (4G10). The mobilities of molecular weight markers are
indicated on the left. The migration of Vav and heavy chain are indicated by
closed and open arrowheads, respectively.

(B) Tyrosine phosphorylation of Vav in mutant DT-40 cells. Wild-type, Lyn-
deficient, Syk-deficient and Lyn/Syk double-deficient DT-40 cells were
transiently transfected with human Vav (pCI115). After transfection (24-40 hrs),
1-2x107 cells were either left unstimulated or stimulated with anti-BCR mAb (M4,
2 pg/ml) for 2 min. and then lysed. The lysates were immunoprecipitated with
anti-Vav polyclonal Ab and then the immunoprecipitates were blotted with anti-
phosphotyrosine mAb (4G10) (top). The blot was then stripped and reblotted
with anti-Vav polycolonal Ab (bottom). Each mutant cell line was examined in

separate experiments in which wild-type cells were used as controls.
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Figure 3. Lck, Fyn and ZAP-70 regulate TCR-stimulation-induced tyrosine K
phosphorylation of Vav. Thymocytes isolated from wildtype from wild type
(Wt.), Ick-/-, fyn-/- (A), or zap-70-/- (B) mice were either left unstimulated or

stimulated with the anti-CD3 mAb 145-2C11 for 3 min. Vav immunoprecipitates .
were first analyzed with anti-phosphotyrosine Ab 4G10. The blots were stripped

and then blotted with anti-Vav. The lower band in (B) corresponds to the

migration of Vav.
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One means of phosphorylating Vav following antigen receptor stimulation is
by its recruitment by an upstream adaptor or a PTK, possibly via the Vav SH2
domain. To determine whether the SH2 domain of Vav is required for both Src
or Syk PTK-mediated Vav phosphorylation, we examined the tyrosine
phosphorylation status of an SH2 domain point mutant of Vav expressed in
wild-type DT-40 cells in response to BCR stimulation. Point mutation of the
arginine residue within the predicted phosphotyrosine-binding site of the Vav
SH2 domain abrogated BCR-induced tyrosine phosphorylation of Vav in wild-
type DT-40 cells (Figure 4). As both Lyn and Syk kinases can independently
contribute to Vav phosphorylation (Figure 2B), these results suggest that both the
Src and the Syk PTK-mediated Vav phosphorylation require the function of the
Vav SH2 domain.

Recent reports have shown that the Src kinase-mediated Vav tyrosine
phosphorylation is sufficient to induce the Vav activity on Rho/Rac/CDC42 in
vitro and in fibroblasts (25, 26). Here, we demonstrate that in DT-40 B cells and in
thymocytes both Src and Syk PTKSs contribute to Vav tyrosine phosphorylation.
Interestingly, in contrast to Syk-deficient DT-40 B cells, BCR stimulation in Lyn-
deficient cells led to a comparable level of IP3 generation and NFAT induction
when compared with that in wildtype cells (data not shown an reference 15).
These data suggest that Lyn-mediated Vav phosphorylation is not absolutely
required for some of the BCR-mediated signaling events. These results further
imply that Syk family PTKs may be able to phosphorylate and activate Vav, at
least in DT-40 B cells. In addition, our data raised a possibility that these two
distinct families of PTKs, Src and Syk, may phosphorylate Vav at different sites
under physiological conditions, resulting in different functional consequences.

In fact, Vav contains more than 30 potential tyrosine phosphorylation sites and
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Transfected with: WT SH2 Mut.

BCR Stimulation: - + - + . Blot:

Figure 4. The SH2 domain is necessary for BCR-induced Vav tyrosine

phosphorylation

Wild-type DT-40 cells were transiently transfected with either wild-type human ;
Vav (pCI115) or an SH2 domain point mutant of Vav (pCI154). After transfection , -
(24-40 hrs), 1-2x107 live cells were either left unstimulated or stimulated with "’
anti-BCR (M4, 2 ug/ml) for 2 min. and then lysed. The lysates were
immunoprecipitated with anti-Vav polyclonal Ab and blotted with anti-
phosphotyrosine mAb (4G10) (top). The blot was then stripped and reblotted
with anti-Vav polyclonal Ab (bottom).
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previous studies have suggested that multiple tyrosine phosphorylated residues
may exist following antigen receptor stimulation. For instance, the C-terminus of
Vav (Vav-C), containing the two SH3 and one SH2 domains, became tyrosine
phosphorylated following antigen receptor ligation when transfected into T and
B cells (data not shown and reference 34), demonstrating that this C-terminal
region contains tyrosine phosphorylated site(s). Meanwhile, a peptide or a GST
fusion protein encompassing Y174 in the amino-terminus of Vav has been
reported to be an efficient substrate for Syk (30, 35). Future phospho-peptide
mapping of Vav from either wild-type , Lyn- or Syk-deficient DT-40 cells will
help to examine this hypothesis.

Although both Src and Syk PTKSs are capable of mediating Vav
phosphorylation, they appear to utilize a common mechanism involving the Vav
SH2 domain. A number of tyrosine phosphorylated proteins have been shown to
interact with the Vav SH2 domain following antigen receptor stimulation,
including Syk, ZAP-70, SLP-76 and CD19 (29-31, 36). Both Syk and ZAP-70
contain a consensus Vav SH2 domain binding motif, YESP, allowing them to
directly recruit Vav. Recent studies have shown that the tyrosine residues within
the YESP motifs in Syk and ZAP-70 are important for their interaction with the
Vav SH2 domain and the subsequent Vav tyrosine phosphorylation, as well as
for antigen receptor-mediated signal transduction (30, 31). However, ZAP-
70/Syk-mediated Vav tyrosine phosphorylation cannot account for all the Vav
tyrosine phosphorylation events in lymphocytes; Vav still becomes tyrosine
phosphorylated following BCR stimulation in Syk-deficient DT-40 cells. CD19
and SLP-76 also contain one or more Vav SH2 domain binding sites and have
been shown to interact with the Vav SH2 domain following antigen receptor

stimulation. Thus, they may function as adaptors for the recruitment and
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tyrosine phosphorylation of Vav in the absence of ZAP-70 or Syk. Future

mutagenesis studies may help to resolve these alternatives.
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MATERIALS AND METHODS

Mice. Wildtype mice (C57BL/6 strain) were purchased from The Jackson
Laboratory (Bar Harbor, ME). Ick-/- mice (7) and fyn-/- mice (10) were obtained -
from Drs. T. Mak (Amgen and the Ontario Cancer Institute, Toronto, Ontario,
Canada) and R. Perlmutter (University of Washington, Seattle, WA), respectively.

zap-70-/- mice were generated by homologous recombination-based gene
targeting method (T. Kadlecek and A. Weiss, unpublished results).

DNA constructs. The Vav expression plasmid (pCI115) was constructed by
subcloning the EcoRI fragment containing the full length human vav from
pSK115 into pCIneo, a mammalian expression vector (InVitrogen) (37). The SH2
domain point mutant (R695L) of Vav (pCI154) was constructed by subcloning the
EcoRI fragment from pSK154 into pClneo (37).

Antibodies The mAb used for the stimulation of the BCR was M4 (kindly
provided by M Cooper and CL Chen). Anti-CD3 mADb 145-2C11 was obtained e
from the American Type Culture Collection (Rockville, MD). Anti-Vav 3 -

polyclonal Ab and mAb were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA) and Upstate Biotechnology Inc (Lake Placid, NY), respectively. Anti- o |
phosphotyrosine mAb, 4G10, was purchased from Upstate Biotechnology Inc.
Cell lines and transfections. Wild-type, Syk-deficient, Lyn-deficient and
Lyn/Syk double-deficient cells were maintained in RPMI-1640 medium
supplemented with 10% fetal calf serum, 1% chicken serum, penicillin, (o
streptomycin and glutamine, as previously described (15). Wild-type and all )
three mutants of DT-40 cells were resuspended in serum-free medium (RPMI
1640) and then transferred into a 0.4 cm cuvette (BioRad) at a density of 2x107
cells/0.45 ml/cuvette. 30 pg of wildtype Vav cDNA (pCI115) were added to the
cuvette. Cells were then electroporated with a Bio-Rad gene pulser set at 350V
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and 500uF and then left on ice or RT for 10 min. After electroporation, the cells
were transferred to the medium used to maintain DT-40 cells and incubated at
37°C for 24-40 hrs.

Stimulation, immunoprecipitations, protein precipitations, and immunoblotting
Cells were harvested and washed in phosphate-buffered saline, and were left
either unstimulated or stimulated with M4 (2 pg/ml) at 37°C for 2 minutes.
Preparation of thymocytes was described previously. Stimulation of mouse
thymocytes with 10 ug/ml purified anti-CD3 mAb 2C11 was carried out as
described (38). Cells were then lysed in the lysis buffer containing 1% NP40, 10
mM Tris (pH 7.8), 150 mM NaCl, 2 mM EDTA, protease and phosphatase
inhibitors, as previously described (31). After 20 min at 4°C, lysates were
centrifuged for 15 min at 14,000 rpm. Lysates were then immunoprecipitated
with the indicated antibodies. Resulting immunoprecipitates were then washed
extensively in lysis buffer, resolved by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE), transferred to PVDF membranes, and blotted as previously
described (23).
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The Vav binding site (Y315) in ZAP-70 is critical for

antigen receptor-mediated signal transduction.
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Summary

Stimulation of antigen receptors in T and B cells leads to the activation of the
Src- and Syk/ZAP-70- families of protein tyrosine kinases (PTK). These PTKs
subsequently phosphorylate numerous intracellular substrates, including the
proto-oncogene product Vav. Vav is essential for both T and B cell development
and T and B cell antigen receptor-mediated signal transduction. Following
receptor ligation, Vav associates with phosphorylated Syk/ZAP-70 PTKs, an
interaction that depends upon its SH2 domain. In this study we demonstrate
that a point mutation of tyrosine 315 (Y315F) in ZAP-70, a putative Vav SH2
domain binding site, eliminated the Vav-ZAP-70 interaction. Moreover, the Y315
mutation impaired the function of ZAP-70 in antigen receptor signaling.
Surprisingly, this mutation also resulted in marked reduction in the tyrosine
phosphorylation of ZAP-70, Vav, SLP-76 and Shc. These data demonstrate that
the Vav binding site in ZAP-70 plays a critical role in antigen receptor-mediated

signal transduction.
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Introduction

Stimulation of the T and B cell antigen receptors (TCR and BCR) initiates a
cascade of signal transduction events involving the activation of two families of
protein tyrosine kinases (PTKs), Src- and Syk/ZAP-70 (1). The Src family
members initiate these events by phosphorylating the tyrosine residues within
the immunoreceptor tyrosine-based activation motifs (ITAMs) following
TCR/BCR stimulation (1). The Syk/ZAP-70 PTKs are subsequently recruited to
the phosphorylated ITAMs, where they become phosphorylated and activated
(1). Activation of these kinases further leads to tyrosine phosphorylation of
numerous cellular proteins including Vav, phospholipase C y isoforms, Shc, and
SLP-76 (1, 2, 3, 4). Tyrosine phosphorylation and/or activation of these
substrates ultimately results in downstream cytokine gene induction and other
effector functions.

Vav is expressed exclusively in hematopoietic cells and contains an array of
structural motifs, including a guanine nucleotide exchange (GEF) domain for the
Rho/Rac/CDC42 family of small GTPases, a pleckstrin homology (PH) domain,
and two Src homology 3 (SH3) domains that flank one src homology 2 (SH2)
domain (5, 6). Vav plays a critical role in lymphocyte development and
activation (9-12). Recent functional data in vitro and in fibroblasts suggests that
Vav functions as a GEF for the Rho/Rac/CDC42 family of small GTPases (5-8).
However, the exact molecular mechanism by which Vav functions in
lymphocytes remains to be determined.

We have previously shown the Vav SH2 domain is required for its
TCR/BCR-induced tyrosine phosphorylation (13). In addition, we and others
have previously reported that tyrosine phosphorylated ZAP-70 can associate
with the Vav SH2 domain following TCR stimulation (13-15). Interestingly, both
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ZAP-70 (Y315) and Syk (Y348) contain a consensus Vav SH2 domain binding
sequence, YESP (16). By using the chicken B cell DT-40 in transient transfection
experiments, we show here that Y315 in ZAP-70 is critical for antigen receptor-
mediated signaling. We find that mutation of Y315 in ZAP-70 prevents its
interaction with the Vav SH2 domain. The point mutation in ZAP-70 also results
in global defects in antigen receptor-mediated signaling events, as measured by
the marked reduction in inducible tyrosine phosphorylation of ZAP-70, Vav,
SLP-76 and Shc. These data strongly suggest that Y315 of ZAP-70 plays a critical
role in regulating ZAP-70 function.
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Results and Discussion:

Mutation of Y315 impairs ZAP-70 function. To examine functional
requirements of Y315 in ZAP-70 in antigen receptor mediated signal
transduction, we transfected the Syk-deficient DT-40 B cells with either wild-type
or the mutated ZAP-70 [ZAP-70(Y315F)] along with a NFAT reporter construct
(19). Consistent with the previous reports (19, 20), loss of syk in DT-40 resulted in
a complete block in BCR-stimulated NFAT activation, a defect that could be
rescued by expression of wild-type ZAP-70 (Fig. 1). In contrast, mutation of Y315
in ZAP-70 markedly impaired its ability to reconstitute BCR-induced NFAT
activation (Fig. 1).

Y315 of ZAP-70 is required for interaction with the SH2 domain of Vav. To
determining whether tyrosine 315 within the YESP motif of ZAP-70 functions as
the Vav binding site, we transiently transfected Syk-deficient DT-40 cells with
either wild-type ZAP-70 or ZAP-70(Y315F) and examined their abilities to
interact with a GST fusion protein containing the Vav SH2 domain (GST-
VavSH2). Asshown in Fig. 2A, GST-VavSH2 fusion protein selectively bound to
wild-type ZAP-70 following BCR stimulation or by treatment with the protein
tyrosine phosphatase inhibitor pervanadate (Fig. 2A). In contrast, mutation of
Y315 in ZAP-70 markedly impaired its ability to bind to the Vav SH2 domain.

Lck also associates with ZAP-70 via its SH2 domain following TCR
stimulation (21, 22). Interestingly, both wild-type ZAP-70 and ZAP-70(Y315F)
from either BCR-stimulated or pervanadate-treated lysates could bind efficiently
to GST-LckSH2 domain (Fig. 2B), indicating that Y315 in ZAP-70 is specifically
required for its interaction with the Vav SH2 domain but not Lck SH2 domain.

Although initial phospho-peptide mapping studies failed to identify Y315 as

one of the major tyrosine phosphorylated residues in ZAP-70, it is important to
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Fig. 1. Mutation of Y315 in ZAP-70 impairs its function in BCR-mediated signal
transduction. Syk-deficient DT-40 cells were transiently cotransfected with 20 pg
of NFAT-Luc along with 30 pug of either an empty vector, wild-type ZAP-70 or
ZAP-70 (Y315F). After transfection (24-40 hr), cells were either left unstimulated
or stimulated with either anti-BCR (M4, 2 ug/ml) or PMA (50 ng/ml) plus
ionomycin (1 pM) for 6-8 hrs, and subsequently assayed for luciferase activity.
The results are shown as the fold induction of luciferase activity as compared
with the activity in unstimulated cells transfected with the empty vector, which
is approximately 200 AU. Luciferase activity was determi1‘1ed in triplicate in each
experimental condition. The data are representative of at least three independent
experiments. The lower panel represents anti-ZAP-70 blot (MAb 2F3.2) of
equivalent amount of lysates from different transfectants in the Luciferase assay

described above.
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Fig. 2. Y315 in ZAP-70 is required for its binding to the Vav SH2 domain. (A)
Syk-deficient DT-40 cells were transiently transfected with either an empty
vector, wild-type ZAP-70 or ZAP-70 (Y315F). Cells were then either left
unstimulated or stimulated with either anti-BCR or pervanadate and then lysed.
The lysates were first pre-cleared with GST alone and then mixed with a GST
fusion protein containing the Vav SH2 domain. The protein complexes were
blotted with anti-ZAP-70 mAb (2F3.2). The lysate lanes represent approximately
one tenth volume of the total cell lysates used for GST precipitations. (B)
Mutation of Y315 in ZAP-70 did not affect its ability to interact with the Lck SH2
domain. Syk-deficient cells were transfected as described in (A) and were either
left unstimulated or stimulated with anti-BCR or pervanadate. The lysates were
first precleared with GST alone and then precipitated with GST fusion protein
containing the Lck SH2 domain. The protein complexes were then blotted with

anti-ZAP-70 mAb (2F3.2).
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note that not all of the phosphorylation sites observed by two dimensional
peptide mapping were identified (23, 24). In fact, the corresponding residue
(Y348) in Syk has been shown to be a major in vitro autophosphorylation site and
it serves as the binding site for the Vav SH2 domain (15, 25). Moreover, not only
did mutation of Y315 in ZAP-70 abolish the ZAP-70-Vav interaction, this
interaction could also be completely disrupted by the presence of a ZAP-70
peptide encompassing phosphorylated Y315 (14). These observations strongly
argue that Y315 in ZAP-70 does represent an in vivo phosphorylation site
following antigen receptor stimulation.

Mutation of Y315 in ZAP-70 markedly reduces tyrosine phosphorylation of
Vav, SLP-76, Shc and ZAP-70 itself. To assess whether the Y315 mutation
affects ZAP-70-mediated Vav tyrosine phosphorylation, we transiently
coexpressed human Vav with empty vector, wild-type ZAP-70, ZAP-70(Y315F)
or wild-type Syk into Lyn/Syk double-deficient DT-40 cells, in which BCR-
induced Vav phosphorylation was completely absent (Fig. 3A, data not shown
and reference 26). Coexpression of Vav with either wild-type ZAP-70 or Syk, but
not ZAP-70(Y315F), led to Vav tyrosine phosphorylation, which was further
induced by BCR stimulation (Fig. 3A).

To further examine the impact of Y315 mutation on ZAP-70-mediated
tyrosine phosphorylation of other downstream substrates, we analyzed the
tyrosine phosphorylation status of SLP-76 and Shc. Coexpression of wild-type
ZAP-70 with either SLP-76 or Shc in Syk-deficient or Lyn/Syk double deficient
DT-40 cells resulted in BCR-stimulated SLP-76 or Shc phosphorylation (Figure
3B, 3C and data not shown). Surprisingly, mutation of Y315 in ZAP-70
substantially impaired its ability to mediate phosphorylation of SLP-76 and Shc
(Figure 3B and 3C and data not shown). In addition, mutation of Y315 also
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Fig. 3. (A) Vav is not phosphorylated in cells transfected with ZAP-70(Y315F)
Lyn/Syk double-deficient DT-40 cells were transiently cotransfected with human
Vav (pCI115) along with either an empty vector, wild-type ZAP-70, ZAP-
70(Y315F) or Syk. After transfection (20-40 hrs), cells were either left
unstimulated or stimulated with anti-BCR (M4, 2 pg/ml) for 2 min. and then
lysed. The lysates were immunoprecipitated with anti-Vav polyclonal Ab and
the immune complexes were blotted with anti-phosphotyrosine Ab (4G10)
(upper panel). The blot was then stripped and reblotted with anti-Vav
polyclonal Ab (middle panel). Equivalent amount of lysates were taken from
each experimental condition and resolved on a SDS-PAGE and then blotted with
anti-ZAP-70 mAb (2F3.2) (lower panel). (B) Mutation of Y315 in ZAP-70 reduces
ZAP-70-mediated SLP-76 tyrosine phosphorylation. Syk-deficient DT-40 cells
were transiently transfected with FLAG-epitope tagged human SLP-76 (FLAG-
SLP-76) along with either an empty vector, wildtype ZAP-70 or ZAP-70(Y315F).
Cells were stimulated and lysed as described in (A). The lysates were
immunoprecipitated with anti-FLAG epitope antibody (M2) and the immune
complexes were blotted with 4G10 (upper panel). The blot was then stripped
and reblotted with anti-FLAG antibody (lower panel). Anti-ZAP-70 Western blot
revealed equivalent expression between wildtype ZAP-70 and ZAP-70(Y315F)
(data not shown). (C) Mutation of Y315 in ZAP-70 also reduces ZAP-70-
mediated Shc tyrosine phosphorylation. Lyn/Syk double-deficient DT-40 cells
were transiently transfected with human Shc cDNA along with either an empty
vector, wildtype ZAP-70 or ZAP-70(Y315F). Cells were stimulated and lysed as
described in (A). The lysates were immunoprecipitated with anti-Shc
monoclonal antibody and the immune complexes were blotted with 4G10 (upper

panel). The blot was then stripped and reblotted with polyclonal anti-Shc
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antibody (lower panel). Anti-ZAP-70 Western blot showed equivalent
expression between wildtype ZAP-70 and ZAP-70(Y315F) (data not shown). (D)
Mutation of Y315 reduces BCR-mediated ZAP-70 tyrosine phosphorylation. Syk-
deficient DT-40 cells were transiently transfected with either a vector, a myc-
epitope tagged wildtype or ZAP-70(Y315F). Cells were either left unstimulated
or stimulated with anti-BCR or pervanadate for 2 min and then lysed. The
lysates were then immunoprecipitated with anti-myc antibody (9E10) and the
immune complexes were blotted with 4G10 (upper panel). The blot was then
stripped and reblotted with anti-ZAP-70 mADb (2F3.2) (lower panel).
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markedly reduced ZAP-70 tyrosine phosphorylation following antigen receptor
stimulation in Syk-deficient cells and in Jurkat T cells (Fig. 3D and data not
shown). Taken together, Y315 of ZAP-70 is not only required for Vav tyrosine
phosphorylation, but also for tyrosine phosphorylation of other downstream
substrates such as SLP-76, Shc, and even for ZAP-70 itself.

Mutation of Y315 in ZAP-70 does not affect ZAP-70 kinase activity or
binding of ZAP-70 to receptor ITAMs. One explanation for the global defects of
ZAP-70(Y315F) could be that the Y315F mutation reduced ZAP-70 kinase
activity. Myc epitope-tagged ZAP-70 or ZAP-70(Y315F) was expressed in
Lyn/Syk double-deficient cells and the kinase activity of anti-myc epitope tag
immunoprecipitates was measured as both autophosphorylation and
phosphorylation of an exogenous substrate, band IIl. The in vitro kinase assay
failed to reveal a substantial difference between wild-type ZAP-70 and ZAP-
70(Y315F) in their abilities to phosphorylate Band III, although there may be a
modest reduction in autophosphorylation of ZAP-70(Y315F) (Fig. 4A).

Another critical step for ZAP-70 phosphorylation and activation is binding of
ZAP-70 to the ITAMs following receptor stimulation. We used a biotinylated
doubly phosphorylated ITAM peptide to precipitate ZAP-70 from lysates of Syk-
deficient DT-40 cells transfected with either wild-type ZAP-70 or ZAP-70(Y315F).
Similar amounts of wild-type ZAP-70 and ZAP-70(Y315F) bound to the
phosphorylated peptide (Fig. 4B). In addition, similar amounts of tyrosine
phosphorylated TCR { chain were found to coimmunoprecipitate with either
form of ZAP-70 when analyzed in Jurkat T cells (data not shown). Taken
together, these data demonstrate that mutation of Y315 of ZAP-70 did not

dramatically affect its kinase activity or its binding to receptor ITAM.
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Fig. 4. (A) Mutation of Y315 in ZAP-70 does not affect its intrinsic tyrosine
kinase activity. Lyn/Syk double deficient DT-40 cells were transient transfected
with either an empty vector, a myc epitope tagged wild-type ZAP-70 or ZAP-
70(Y315F). After transfection (24-40hrs), the lysates were immunoprecipitated
with anti-myc epitope (9E10) and then subjected to an in vitro kinase assay. The
products were separated on a SDS-PAGE gel and transferred to PVDF
membrane. The membrane was subjected to KOH treatment and then in vitro
phosphorylated proteins were detected by autoradiography (upper panel).
Expression of ZAP-70 was detected by immunoblotting the same membrane with
anti-ZAP-70 mAb (2F3.2) (lower panel). (B) Mutation of Y315 in ZAP-70 does
not affect its binding to receptor ITAMs. Syk-deficient cells were transfected
with either an empty vector, ZAP-70 or ZAP-70(Y315F). After transfection (24-40
hrs), the lysates were mixed with 1 pg of doubly phosphorylated peptide
encompassing the second ITAM of TCR { chain, followed by the addition of
avidin beads to collect complexes. The complexes were then blotted with anti-

ZAP-70 mAb (2F3.2).
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In summary, we demonstrate here that Y315 in ZAP-70 is required to interact
with the Vav SH2 domain, and is critical for ZAP-70-mediated gene activation.
Notably, the Y315-homologous residue in Syk is also required for its interaction
with the Vav SH2 domain and for Vav phosphorylation(15). We provide
evidence here that the Y315 mutation results in a global defect in ZAP-70-
mediated signaling pathways, suggesting an important role of Y315 in regulating
ZAP-70 function.

Our results also underscore some differences between TCR- and BCR-
mediated signaling pathways. A mutant Jurkat T cell line lacking the Src family
member Lck failed to exhibit TCR-induced tyrosine phosphorylation, calcium
mobilization and downstream gene activation (27). In addition, no ZAP-70
activation and Vav tyrosine phosphorylation could be observed in this mutant
cell line (28, 29), suggesting that ZAP-70 activity depends upon functional Lck in
T cells. In contrast, Lyn-deficient B cells showed similar BCR-induced Vav
tyrosine phosphorylation, IP3 generation and NFAT induction when compared
to wild-type cells (data not shown, and reference 19). Moreover, expression of
ZAP-70 alone in Lyn/Syk double-negative DT-40 cells was capable of inducing
Vav tyrosine phosphorylation, although to levels less than that by expression of
Syk (Fig. 3A and data not shown). These results suggest that the function of
Syk/ZAP-70 PTKs in B cells may be less dependent upon Src family kinases.

Antigen receptor stimulation results in the assembly of multiprotein
complexes, a process likely to facilitate efficient tyrosine phosphorylation and/or
activation of appropriate signaling molecules (2). The Vav-ZAP-70 binding via
Y315 may be important in initiating the proper formation of such signaling
complexes, as both proteins are able to interact with many other signaling

molecules (2). Since Vav possesses an GEF domain for Rho/Rac/CDC42 (7, 8),
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the interaction between Vav and ZAP-70 may provide a mechanism by which SR
ZAP-70 activates downstream Rho/Rac/CDC42-mediated signaling events such

as cytoskeletal rearrangement. Mutation of Y315 in ZAP-70 may result in an ~
impaired recruitment, phosphorylation and/or activation of many proteins

including ZAP-70, Vav, SLP-76 and Shc.
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Materials and Methods:

DNA constructs and fusion proteins. The NFAT luciferase reporter
construct was a gift from Dr. G. Crabtree. The Vav plasmid (pCI115) was
constructed by subcloning human vav into pClneo (InVitrogen). The parental
plasmid for the ZAP-70 mutant was pPCDNA3-ZAP-70. The Y315F mutant of
ZAP-70 [ZAP-70(Y315F)] was created by M13-based, oligonucleotide-directed,
site-specific mutagenesis procedures {(17)]. The myc epitope-tagged wild-type
ZAP-70 (pSXSRa-ZAP-myc) was provided by Dr. L. Samelson. DNA encoding
wild-type rat Syk was subcloned into the mammalian expression vector pEFBOS.
GSTVavSH2 was provided by Dr. S. Katzav. The human Shc plasmid and the
FLAG epitope tagged human SLP-76 cDNA were provided by Dr. M. Gishizky
and Dr. G. Koretzky, respectively.

Antibodies and peptide. The mADb used for the stimulation of the BCR was
M4 (provided by M Cooper and CL Chen). Anti-Vav polyclonal Ab was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-
phosphotyrosine mAb, 4G10, was purchased from Upstate Biotechnology Inc.
(Lake Placid, N.Y.). Anti-ZAP-70 mAb (2F3.2) was described previously (18).
The anti-myc epitope mAb (9E10) was provided by Dr. J. M. Bishop. The peptide
used in this paper represents a biotinylated doubly phosphorylated version of
the second ITAM of the TCR { chain (18).

Cell lines, transfections and luciferase assays. Wild-type and various
mutants of DT-40 cells were maintained and transfected transiently as previously
described (17, 19). Briefly, 30 ug of either an empty vector, wild-type ZAP-70 or
ZAP-70(Y315F) and 20 pg of NFAT-Luc construct was used. Cells were then
electroporated, processed, and assayed as described (17).
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Immunoprecipitations, protein precipitations, peptide binding, and
immunoblotting. Cells were harvested, washed, and were left either
unstimulated or stimulated with M4 (2 pg/ml) and then lysed as previously
described (13). Lysates were then immunoprecipitated with the indicated
antibodies. When precipitated with GST fusion proteins, lysates were first pre-
cleared with GST alone (10 pg) before they were precipitated with the indicated
GST fusion proteins (2-5 pg). Resulting immunoprecipitates or protein
complexes were resolved by SDS-polyacrylamide gel electrophoresis (SDS-
PAGE). Peptide binding and immunoblotting were carried out as previously
described (18).

In vitro kinase assay. After transient transfection, wild-type and mutant
ZAP-70 were immunoprecipitated and in vitro kinase assays were performed as
previously described (17). Samples were then analyzed by SDS-PAGE,
transferred to PVDF membrane, treated with 1 M KOH for 1 hour, and then
subjected to autoradiography and immunoblotting.
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The antigen receptors in T and B cells recognize pathogens and foreign
antigens and initiate a series of signal transduction events resulting in
morphologic change, proliferation, and the acquisition of immunologic effector
functions. Since these events are crucial for lymphocyte development and
activation, understanding the mechanisms by which signaling proteins
participate in antigen receptor-mediated pathway can provide insights into the
regulation of the immune response. The structure and expression pattern of the
proto-oncogene Vav, as well as its tyrosine phosphorylation and homology to
other signaling molecules prompted me to explore its role in antigen receptor-
mediated signal transduction. In this dissertation research, I developed a
functional assay in Jurkat T cells to show that Vav plays an important role in
TCR-mediated gene activation. The assay further represents a useful tool to
perform structural and functional analysis of Vav. In addition, both biochemical
and genetic approaches were taken to demonstrate the importance of the
interactions between Vav and other signaling molecules including SLP-76 and
ZAP-70. The present research suggests that Vav may be an critical regulator in a
novel antigen receptor-mediated signaling pathway leading to events such as
cytoskeletal rearrangement and morphological changes. While considerable
progress has been made by us and others in analyzing the function of Vav in
T and B cells, many questions still remain unanswered. The following discussion
will address some of these major unsolved issues and discuss future
experimental directions to define the molecular mechanisms by which Vav and

other Vav-related proteins function.
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Overexpression of Vav in Jurkat T cells.

' The finding that overexpression of Vav alone in Jurkat T cells enhances both
basal and TCR-stimulated NFAT activation suggests an important role for Vav in
TCR signaling pathways, it also allows us to start dissecting the function of Vav
ina T cell line. However, one concern regarding such an overexpression
approach is whether it reflects the physiological function of Vav in T cells. In
particular, since Vav shares a number of structural motifs found in other
signaling molecules, it is possible to generate an artifactual effect when Vav is
overexpressed at a five to ten-fold level over the endogenous protein. However,
the following observations provide strong support for the validity of the

overexpression approach.

" " ¥ 5 ¢ %% %» 8.

First, overexpression of either truncated forms of Vav, one lacking the first 67
amino acid or another containing only the first 198 amino acid in the N-terminus,
did not enhance either basal or TCR-stimulated NFAT activation (1). Moreover,
overexpression of the GEF or PH domain deletion mutant of Vav also failed to

induce basal NFAT activation (Fig. 1, addendum for chapter II). These data

- > e g

argue that the effect observed with full-length Vav does not simply reflect the
overexpression of domains (such as SH2 and SH3 domains) shared by other
signaling molecules. Secondly, Vav-induced NFAT activation was specific to
TCR-mediated signaling pathway and depended upon an intact TCR signaling
complex (1). These data demonstrate the specificity of the Vav-mediated effect in
T cells and further suggest its role in TCR-mediated signal transduction. The
most compelling evidence which supports the physiological relevance of the
Vav-induced IL-2 gene activation came from the analysis of the Vav-deficient T
cells. Chimeric mice derived from blastocysts lacking the recombinase-activating

gene and embryonic stem cells deficient in Vav expression displayed a dramatic
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reduction in thymocyte number as well as peripheral T and B cells (2-4).
Consistent with our findings that overexpression of Vav in Jurkat T cells led to
enhancement of IL-2 gene activation, the Vav-deficient mature T cells from these
mice showed a profound defect in IL-2 production and proliferation in response
to TCR stimulation (2-4). Moreover, similar to the effect induced by Vav
overexpression, the defect in the Vav-deficient T cells also appeared to be specific
to TCR-mediated signaling, since they could proliferate normally when
exogenous IL-2 was added. Finally, the defect in the Vav-deficient T cells also
appears to be in a proximal event of the TCR signaling pathway, since treatment
of these cells with PMA and ionomycin could induce IL-2 production and
proliferation. Taken together, these results strongly argue that Vav-induced
NFAT activation in Jurkat cells does reflect, at least in part, the physiological role
of Vavin T cells.

Nonetheless, it is important to note that an outcome induced by
overexpression of Vav may be a sum of multiple effects. For instance, in contrast
to the GEF, PH or SH2 domain, the C-terminal SH3 domain appears to play an
inhibitory role in TCR-mediated NFAT activation, since a C-terminal SH3
domain point mutant of Vav showed higher activity in inducing basal and TCR-
stimulated NFAT activation when compared with wildtype Vav (Fig. 1,
addendum for chapter II). Furthermore, the presence of endogenous Vav may
also complicate the interpretation when overexpressing a mutant form of Vav in
Jurkat cells. Therefore, generation of a Vav-deficient cell line may be an ideal
and economical approach to define the functional domains within Vav. The
chicken DT-40 cells may be a suitable candidate, since they show an unusually
high level of homologous recombination (5), and many mutants of this cell line

have been successfully generated using gene targeting (6-8).
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The N-terminal domain of Vav and oncogenesis.

Vav was originally identified as an oncogene as a result of the removal of its
first 67 amino acids (9). Despite its potent transforming activity in fibroblasts,
overexpression of the N-terminal truncated Vav in Jurkat T cells not only failed
to induce any basal NFAT activity, but also inhibited TCR-stimulated NFAT
activation (1). The N-terminal region of Vav alone is not sufficient nor does it
function in trans with the rest of the molecule to activate NFAT, since
overexpression of a truncated form of Vav containing the first 198 amino acids
alone or together with the oncogenic Vav failed to induce any NFAT activation
(unpublished results). These results imply that the N-terminal region plays an
important role in regulating Vav function in T cells. Furthermore, they raise
questions regarding whether the oncogenic phenotype of the N-terminal
truncated Vav in fibroblasts reflects the true function of wildtype Vav in
lymphocytes.

It has been shown that oncogenic Vav can activate Rac or CDC42 small
GTPases when transfected into fibroblasts (10, 11), a likely mechanism to cause
cell transformation. In fact, transformation induced by oncogenic Vav can be
blocked by cotransfection of a dominant negative form of Rac-1 (12).
Interestingly, simila; to oncogenic Vav, expression of an activated form of CDC42
in Jurkat T cells did not enhance basal NFAT activity, and instead, it inhibited
TCR-mediated gene activation (unpublished results). Therefore, it is possible
that oncogenic Vav does activate Rho/Rac/CDC42-mediated pathways in both
fibroblasts or T cells, but the N-terminal region may allow wildtype Vav to reside
in an appropriate cellular compartment to interact with appropriate signaling
partners and to exert its physiological function. In support of this hypothesis,

recent studies have revealed different subcellular localization patterns between
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wildtype Dbl and an oncogenic form of Dbl (Cerione, R.A., personal comm.).
Thus, it is important to determine the subcellular localization of both wildtype
and oncogenic Vav in T cells, and in particular, whether antigen receptor
stimulation alters their cellular localization.

The N-terminal region of Vav is perhaps the most mysterious and exciting
part of Vav. This leucine-rich region was initially reported to contain a helix-
loop-helix domain followed by a leucine zipper (13). Although none of these
similarities have later been shown to be significant (14, 15), the N-terminal region
does share homology with calponin, a muscle structural protein which interacts
with actin and other cytoskeletal components (14). Similar calponin homology
(CH) domain have been identified in two recently-cloned putative GTPase-
activating proteins (IQGAPs) for Racl and CDC42 (Fig 1) (16). Therefore, it is
likely that the CH domain of Vav may bind to some cytoskeletal components,
allowing it to interact with appropriate signaling molecules, whereas deletion of
this region may release Vav to interact with other signaling processes and cause
transformation. Identification of molecules that interact with this region will not
only be informative to understand Vav function in lymphocytes, but also may
shed lights on the mechanisms of oncogenesis.

Vav: from lymphocytes to C. elegans.

When Vav was ectopically expressed in fibroblasts, it became tyrosine
phosphorylated following PDGF or EGF stimulation (17, 18). Moreover,
activation of the PDGF and EGF receptors resulted in their association with Vav
via the Vav SH2 domain, leading to subsequent Vav tyrosine phosphorylation. A
recent degenerate phosphopeptide library approach has predicted a potential
Vav SH2 domain binding sequence within the cytoplasmic tail of PDGF or EGF
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receptor (19). So why do activated PDGF or EGF receptors interact specifically
with and phosphorylate a heterologous protein like Vav? Furthermore, since
tyrosine phosphorylated Vav has been shown to activate Rho/Rac/CDC42
family of GTPases (10, 11), what is the functional significance of Vav tyrosine
phosphorylation by these receptors?

Recent isolation of a ubiquitous Vav homologue, Vav2, may provide partial
answer for these questions (20, 21). Vav2 shares 63% and 55% identity at the
nucleic acid and amino acid levels, respectively, and contains all the structural
motifs found in Vav. Therefore, the inducible association between the growth
factor receptors and Vav and subsequent Vav tyrosine phosphorylation suggests
that Vav2 may function downstream of PDGF or EGF receptors, serving as a link
between these receptors and Rho/Rac/CDC42-mediated signaling events. In
addition, since TCR stimulation in the Vav-deficient T cells is still capable of
inducing certain downstream signaling events such as tyrosine phosphorylation
of cellular proteins and IL-2 receptor expression (2, 3), it is important to
determine whether Vav2 can compensate the defects seen in the Vav deficiency.

More interestingly, a Vav homologue also appears to be present in C. elegans
(VavC) (Genbank accession number U39470 and Figure. 2). Although
preliminary database search failed to identify any known genetic defect to be
associated with the VavC locus (unpublished results), inactivation experiments
such as antisense approach may help to elucidate the function of VavC in C.
elegans. Since both the EGF receptor-homologue let-23 have been shown to be
essential for normal development of C. elegans (22), VavC may be involved in the
signaling events initiated by let-23 to activate downstream Rho/Rac/CDC42
family of GTPases.
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Sequence alignment reveals some interesting features among these related
molecules (Figure 2). All three members share homology in the N-terminus,
GEF, PH, SH2 domains, however, the C. elegans Vav does not appear to contain
any SH3 domain found in Vav and Vav2. It has been proposed in the addendum
of chapter II that the Vav SH3 domain may interact with a proline-rich region
(a.a. 607-610) between the cysteine-rich and the N-terminal SH3 domains (Figure
2), an interaction which may result in negative regulation of the molecule.
Interestingly, in contrast to Vav and Vav2, VavC does not contain the proline rich
sequence, suggesting that VavC may be regulated differently. Note that all three
members contain CH domains in the N-terminus, again suggesting that this
region may interact with some cytoskeletal components and such interaction
may be important for these family members to function properly. It is also
striking that a series of potential tyrosine phosphorylation sites are conserved
among the N-termini of these family members (Fig. 2). In fact, Y174 in Vav has
been suggested to be phosphorylated by Syk family kinases (23). Since these
potential phosphorylation sites are adjacent to the GEF domain, it is possible that
tyrosine phosphorylation may lead to a conformational change within the region,
allowing the GEF domain to be functional. It is also noteworthy that these
conserved tyrosine residues and their surrounding sequences resemble the
immunoreceptor tyrosine based inhibitory motif (ITIM) (24). The ITIM motifs
are found in many inhibitory molecules and have been shown to dampen growth
factor- or antigen receptor-mediated signaling by recruiting the protein tyrosine
phosphatases SHP-1 and SHP-2 (25, 26). Does Vav or its related molecule recruit
these phosphatases via this motif? If so, does this interaction result in down
regulation of Vav or its partner? Future mutagenesis studies may provide clues

for the mechanisms by which Vav and its related molecules are regulated in
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different cell types or organisms.
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Figure 1. Alignment of calponin homology (CH) domains in IQGAP2, IQGAP1,
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Figure 2. Alignment of Vav, Vav2 and C. elegans Vav (VavC)

.V

. :
QRA
LKV
AQG

O O NN N0 ™
-t AYeRVe Ry, oo
-~ NN mmMmo
LU B> <A X
1.3 a>u X0
< o & Em
v =z o

> B> v
< < 3] -
El2 4 m (o )

EEE EEE

« . 0
. . -
oxz . Z
= .. 3>
> .. B =
> .. b >ie I°4
L oxwn
.. ]
=) .. B -~ > wW>o
m-m >
Y- .
2% o .

Qff Q xaw < o X .
(SRS < A > .
=R = xzZA m <A [ e ] 200 H > xE
o> X @ LA a [Ne 24
ounz F3 ) T
[N -1 T
Bl - > T

OIn X 2
[SESNY] @ x>
&> b -
0 X E -
< <]
>
E=m
= ax

nw o

PV

vV Q

TN

AV L
G

[OE] > [ -4
0>+ OE >
B3 nan
z~A [ LR
An> e
X 0o
ER-
4 e >H
&= ®mao0 0o
o ol X O X W > m
= o NS I >0 >0 -
> 5] o - S5 I | =
wAax . X 0o 4 334 = ®nQ
-4 <O 1 X~ ano nnn S b
<] w [BYE B3 <O ooz ox>
>N U >N U >N 0 >N 0 >N U >N 0 >N U >N U
° > D> o > > o> > o> > 9> > > > ° > > o> >
>oam >mm >u® >PU® > 0T >mom >0 o >om
> > > P> B > P> > > - > > > P

105

o

€'



626
618
P 706
676
678
763
735
737
822
775
859

EE 150

.Q‘o
.ﬁo .
aZH ‘B - '
bR ] 0. (o N-"N4 . ,
> I W0 yeyen . ‘\
= Qo>
FEAL) 0 )
s Ol € R
> = = N t
>0 AW
m > e » 00
= B =
— A
& P

VN -
a - ,
X - g
X - /
= -a
= -0
\
> H
c )
- ]
G o -« BEE .
S . B - - (3]
4 o N @] - - [T) ::.
WX Z T -z xaz
4] B >N U v g
RN a>> o> > S
>5mT® >mm >Smowm ©
> > > 5> > >

106 !



References:

1.

Wuy, ], S. Katzav, and A. Weiss. 1995. A functional T-cell receptor signaling
pathway is required for p95v@" activity. Mol. Cell. Biol. 15:4337-4346.

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

Tarakhovsky, A., M. Turner, S. Schaal, P. Joseph Mee, L. P. Duddy, K.
Rajewsky, and V. L. J. Tybulewicz. 1995. Defective antigen receptor-mediated
proliferation of B and T cells in the absence of Vav. Nature. 374:467-470.
Fischer, K.-D., A. Zmuldzinas, S. Gardner, M. Barbacid, A. Bernstein, and C.
Guidos. 1995. Defective T-cell receptor signalling and positive selection of
Vav-deficient CD4"CD8* thymocytes. Nature. 374:474-477.

Bourne, H. R., D. A. Sanders, and F. McCormick. 1991. The GTPase
superfamily: Conserved structure and molecular mechanism. Nature.
349:117-127.

Takata, M., H. Sabe, A. Hata, T. Inazu, Y. Homma, T. Nukada, H. Yamamura,
and T. Kurosaki. 1994. Tyrosine kinases Lyn and Syk regulate B cell receptor-
coupled Ca2+ mobilization through distinct pathways. Embo J. 13:1341-9.
Takata, M., Y. Homma, and T. Kurosaki. 1995. Requirement of phospholipase
C-gamma 2 activation in surface immunoglobulin M-induced B cell
apoptosis [see comments]. ] Exp Med. 182:907-14.

Takata, M., and T. Kurosaki. 1996. A role for Bruton's tyrosine kinase in B cell
antigen receptor-mediated activation of phospholipase C-y2. ]. Exp. Med.
184:31-40.

107




10.

11.

12.

13.

14.

15.

16.

Katzav, S., D. Martin-Zanca, and M. Barbacid. 1989. vav, a novel human
oncogene derived from a locus ubiquitously expressed in hematopoietic
cells. EMBO ]. 8:2283-2290.

Crespo, P, K. E. Schuebel, A. A. Ostrom, J. S. Gutkind, and X. R. Bustelo.
1997. Phosphotyrosine-dependent activation of Rac-1 GDP/GTP exchange
by the vav proto-oncogene product. Nature. 385:169-172.

Han, J., B. Das, W. Wei, L. V. Aelst, R. D. Mosteller, R. Khosravi-Far, J. K.
Westwick, C. J. Der, and D. Broek. 1997. Lck regulates Vav activation of
members of the Rho family of GTPases. Mol. Cell. Biol. 17:1346-1353.
Bustelo, X. R., K. Suen, K. Leftheris, C. A. Meyers, and M. Barbacid. 1994.
Vav cooperates with Ras to transform rodent fibroblasts but is not a Ras
GDP/GTP exchange factor. Oncogene. 9:2405-2413.

Katzav, S.,J. L. Cleveland, H. E. Heslop, and P. D. 1991. Loss of the amino-
terminal helix-loop-helix domain of the vav proto-oncogene activates its
transforming potential. Molec. Cell Biol. 11:1912-20.

Adams, J. M., H. Houston, J. Allen, T. Lints, and R. Harvey. 1992. The
hematopoitically expressed vav proto-oncogene shares homology with the
dbl GDP-GTP exchange factor, the ber gene and a yeast gene (CDC24)
involved in cytoskeletal organization. oncogene. 7:611-618.

Boguski, M. S., A. Bairoch, T. K. Attwood, and G. S. Michaels. 1992. Proto-
vav and gene expression [letter; comment]. Nature. 358:113.

Brill, S., S. Li, C. W. Lyman, D. M. Church, J. J. Wasmuth, L. Weissbach, A.
Bernards, and A. J. Snijders. 1996. The Ras GTPase-activating-protein-related
human protein IQGAP2 harbors a potential actin binding domain and
interacts with calmodulin and Rho family GTPases. Mol. Cell. Biol. 16:4869-
4878.

108

]



17.

18.

19.

20.

21.

23.

Margolis, B., P. Hu, S. Katzav, J. M. Oliver, A. Ullrich, A. Weiss, and J.
Schlessinger. 1992. Tyrosine phosphorylation of vav: A proto-oncogene
combining SH2 and SH3 domains with motifs found in transcriptional
factors. Nature. 356:71-74.

Bustelo, X. R., J. A. Ledbetter, and M. Barbacid. 1992. Product of vav proto-
oncogene defines a new class of tyrosine protein kinase substrates. Nature.
356:68-71.

Songyang, Z., S. E. Shoelson, ]. McGlade, P. Olivier, T. Pawson, X. R. Bustelo,
M. Barbacid, H. Sabe, H. Hanafusa, T. Yi, R. Ren, D. Baltimore, S. Ratnofsky,
R. A. Feldman, and L. C. Cantley. 1994. Specific motifs recognized by the
SH2 domains of Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol.
Cell. Biol. 14:2777-2785.

Henske, E. P., M. P. Short, S. Jozwiak, C. M. Bovey, S. Ramlakhan, J. L.
Haines, and D. J. Kwiatkowski. 1995. Identification of VAV2 on 9934 and its
exclusion as the tuberous sclerosis gene TSC1. Ann. Hum. Genet. 59:25-37.
Schuebel, K. E., X. R. Bustelo, D. A. Nielsen, B. J. Song, M. Barbacid, D.
Goldman, and L. J. Lee. 1996. Isolation and characterization of murine vav2, a
member of the vav family of proto-oncogenes. Oncogene. 13:363-371.
Sternberg, P. W., G. Lesa, J. Lee, W. S. Katz, C. Yoon, T. R. Clandinin, L. S.
Huang, H. M. Chamberlin, and G. Jongeward. 1995. Let-23-mediated signal
transduction during Caenorhabditis elegans development. Mol. Reprod. Dev.
42:523-528.

Deckert, M., S. Tartare-Deckert, C. Couture, T. Mustelin, and A. Altman.
1996. Functional and physical interactions of Syk family kinases with the Vav
proto-oncogene product. Immunity. 5:591-604.

109

e -

.



24.

26.

Long, E. O., M. Colonna, and L. L. Lanier. 1996. Inhibitory MHC class I
receptor on NK and T cells: a standard nomenclature [letter]. Immunol. Today.
17:86-91.

Lanier, L. L., and J. H. Phillips. 1996. Inhibitory MHC class I receptors on NK
cells and T cells. Immunol. Today. 17:86-91.

Kharitonenkov, A., Z. Chen, L. Sures, H. Wang, J. Schilling, and A. Ullrich.
1997. A family of proteins that inhibit signaling through tyrosine kinase
receptors. Nature. 386:181-186.

110

g

R\ *
o -
I R - 3 — -

-



e ~ el 4 //1/ & v-si "_4
L/

g 1] 4
Nan francisco &%, 02512iv-Lf 1t S
OQ[ &]O’ WL
LB MP\’Y ,'r‘\« e ol i

\)
~ C‘(
(A"!, [::J ,_3\(\
“o &

g

D

L4
2 D

’ =
0N
L

\‘T‘

&
R 7.5
- ¢

Y,

.\
- ;. R

ng/b WICISeo
~ 3
““\V[jj%’k LIBRARY f?’ e

B/

ANVHaI] (4;,[::]
7(‘131/;'_[1‘/'253 0‘ Szgﬁmayu
\- //
‘P.r,,} LIBRA RY 7-‘\&

9 / ] \'Jg’
O]
% m L
(/J‘ i ,\-A’
%

"
-
=3 _5‘\

N7
=y

\‘.'S\ /’13,

e
)
N

) 0 s

’;

[ii]

- 025121P. ﬁ/’?’l
*-')d/z 1CISCO s, ] 53
1 LIBRARY [T, /e

ljj

’ .A
(/

£ O
zt & ,.5
C "’7

N &
CSY‘?/Z' ANnclsco
LIBRARY
(o

r.'g’ O"'/

e ¥ E:] )bvo
'3 %,
s UC
wﬁ’muzvﬁ/ﬁ A : % S Zgﬁma&‘o
972—.7 ¥\,\‘> m%”» LIBRARY

© 8 O

f("%[:j S AUVYEIn o”(/,op
035’;31/1*._5/77;;53 ' f
9,

7] 2__; N &
& CJ
l::] ’\* -1(
1) G et VYT g,

' wif
Slziz’/z/‘; 1Cisco 025301 lf
israry 7, Mo
O“ E:l o
N

4‘/4' [__:j 'A
“TC %, ;”‘
*qm, WNCgeo
& 8
g3 Li BEKSFL);»OQ\ [:.:] /)l—\)yo
M e ¥ 24

B\

S

Q/
&

&

Iy D
1 &
N
&9,

J C A
d’

'>
~’/
S,

‘fp
’/—

1’0 o
&

%

~
%

/_1
\‘@
>
o’{"/ [j .\4’)»0’. ED
(7/ C - 2 o> Alvyglil
024U
q’a"/ LI
., R T
4’% CJ

1, &
1, \)
..\\?

&

%
" e
S ﬂgﬁzzch&m

LIBRARY

,.3
8 e e 4(,,[:103\

4’/%

\\

v

)m\?agn o,*

ozj‘zvz/zvﬁ/f?/zisj
N

s
L] ¢>“* AVY I C"(«Om c»,\“p

\Y. &/‘
Q- C4
- W
-\
o
o
& U

’\N\ 9] ,ér “© a:P
J’ “«~ 5,
LIBRARY & %, e & 2,
0 E::] 5

~b"’

A}i\?\d{!n %

-b
1 ) o,vsjzyzzzgfz}zy
by,

&,

, LIBRARY 2
C-ZIC T

) 2
/‘I_ “Z) ‘?] \\'5 C:::
%, O 4
‘P o“\\‘ 1'/, e
4, Sdgﬁzxzmco »4
a?’

< S -«,0 3
4 b
o, zMﬁma&o LN
L [ : <7
| l '7 i
R W &7 ARINY
'1‘ 4’ . -
: 0
Z/ZJSD i i
BRARY S y% 9]
’\* Cf [:g «P» O’ﬁ-, [:
& A Yygl1] oxo S é /C 4
3 5 o .
0ISurLf Wt 5" § 21 CS' : @]7-‘ weiso
s “E-:J LIBRARY
4"({* [:.:]

,
2,

7
41','
/‘,
/

&
c -
Cxuvuan ’(,,OE:] &

A
"\'\
,bO
N

Op

g 2
RNRZ

“‘Z[C 4‘% C {,s\“* AUV gil
,‘;\"' 4,
ED & CY/C

/ &
s [:j %vo Q 24 e
1, )

, WSS oagun. ﬁ
CST?(zﬁz/me D 2 S
’? & o, w\
S AR Rl

\&.\ »
o
S\
0 S 7gﬁ«/1¢"I¢c0
O La,
‘,o‘* (::] ;,,* LIBRARY }»\*

L. R

&
N
1»,) &

/I é\%[j LIBRARY
Yo
o

’I/1

)
By

’)
o
0"
S
/) -A\

(‘

9
<,
,L

AUvygI

mj’m,zyz?z 5"

WncIgeo b
%

1,
L3 )

Cj\@‘* XUVueIn
1‘,1

’9) A—j 0.7_?1 Ij[irzﬁl SD
o, Iy &
e I:']
3 LZC “%

E’j e

\é\ % CSVWZ JRnci§co
S
g, TBRARY

@)
%, S‘\q
5 S francisc
& 1,
(@) &,
P
c\
o) Qe s
%
e
O

~x 1,
S LIBRARY
S AyVYEIT

D,
p’ S
Qt'

od

N
\_\

e X
7t L

o

~A
3

%) ) LY 5
(7.51.71 ’g]/[SD ‘\0<

Y 1
opufT® 5 Sanfri

& 40 -
035’13111'_L[271 5‘ ,\oz S zgﬁ Mo =,
P

oS



—

;Y

1 A
{ . EES \'-);:; / .
. P P .
N 2, TN . S Py ; 1 i

Not to be taken
from the room.

——y e ]
.7 -
L, - .

. Y — LN \"‘

i ’ . . SN Piveos RESARES O

PR A O c- , . . ) \ e / /o S B

4 LA = . 3 ] . [ .

K . N o T A Y Ny o e SV N . [ l (A e e
M PARY S ey b LB
- R — ) . i

BN P P

RN

. " "’- -
ATIVU T ("7:,,. LrJ S

A vt g . ‘,('-" l/',
L A | OIS

- ]

A N

ATT UG

. . ‘¢_ ., s e ooy .
LN J‘\ ASUEE SRS A ! 1
o )
- bey B »‘-1*"‘_ R YPIRS E) o/_ HE

- .‘) | S P

N

: TN 1, e e
ol ool cg} ‘ | R M b
e,
° ‘.;'t' { 7 o .
Lo IS - " ; ; A
/ ‘ \ iy e V! /‘ TGO ’
e = 1 JRAIRAS .. N ’ L
"‘) ‘, A o ~

C_?
J

N
: N N
N r'k DO S I §

. N f\:“ Ln \"' ALY \\;‘r' s
(CJ ™ = L]
A ) " . —

Y

S R T

| N

{: J ;‘: "J,

Ty SRRl

- IR

s Sy ,,:-_v.') . b u»—r.'; Il.{ \s ~ ‘:‘-
} bostip e M0 R . ' o
K, - - e .

e O R

a :
57 e s

['*j :, ) (__x,] P ( J

3 -~ ~ - ~ . .
o . gt TR IS T ! v
e {0 - AN Ui N N oo U

R v I ! 3 - W d -
Lo ~ gl . o L i’y L . o
RIS \ . 7 ) SN P P C™y TN Lo AN L
[ I A O e I N TSN [ LRI RN [ sodee e
I \‘_‘»\ f / oAl ; : S =

S — SO P

o A ) 7
Y - - . P
" f”J L e , ["7 (7] 5 e
- L'-‘j‘" } R *E‘ ‘ ‘.- N - - | -1 \
: A — - i . . %
RN | v ey ’ [ + M i
Ty - {t ;5 R



-y






