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ABSTRACT

Biochemical Analysis of Essential Proteins Involved in T cell Antigen

Receptor-Mediated Signal Transduction

Monica Sieh Moore

Mounting an effective immune response requires the concerted

interaction of T and B lymphocytes activated by foreign antigens. Recognition

of an antigen by the T cell receptor (TCR) initiates a biochemical cascade that

culminates in proliferation, lymphokine production or cytotoxic activity.

One of the earliest biochemical events leading to these cellular responses is

the activation of Lck, a lymphocyte specific protein tyrosine kinase (PTK). In

this thesis, the "intramolecular model" for regulation of the Src family PTK

as it applies to Lck, was addressed. Studies with leukemic T cell lines and

their CD45-deficient mutants, as well as phosphopeptides encompassing the

negative regulatory site (Y505) demonstrate that Lck can be modulated by

CD45 in vivo. Moreover, this was a specific effect since Fyn, another member

of the Src family PTKs, was not equally affected by the presence of CD45.

These findings not only support the"intramolecular model" proposed for

regulation of Src-like kinases, but also provide insight into the molecular

mechanism by which CD45 functions as a positive regulator in TCR signaling.

Although activation of the cytoplasmic PTKs Lck/Fyn and ZAP-70

results in Ras-GTP accumulation, the biochemical pathway linking these two

events is poorly understood. In this thesis, a novel inducible tyrosine

phosphorylated 36-38 kDa protein (pp36-38) is described. The importance of

pp36-38 is underscored by experiments demonstrating that pp36-38 can

associate with Grb2-SOS complexes as well as with PLC Y1, providing a

- vi -



possible link between cytoplasmic PTKs and the Ras pathway. A Grb2-GST

fusion protein was used to affinity purify pp36-38 from forty liters of Jurkat T

cells. Five proteins were isolated including dynamin, Samé8, Cbl and two

unknown proteins of 80 kDa and 36 kDa. Notably, dynamin, Samó8 and Cbl

were shown to interact with Grb2, indicating that this affinity purification is a

reasonable approach for purifying pp36-38. Therefore, the gene encoding the

purified 36 kDa was cloned and antisera against p36 were generated.

However, studies with these anti-p36 antisera revealed that the purified p36

protein was an in vitro artifact and did not correspond to the pp36–38 seen

associated with Grb2 in vivo. A new protocol for the purification of pp36–38

is presented and discussed herein.
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CHAPTER 1

ANOVERVIEW OF T CELL RECE R

I TI



Preface

T and B lymphocytes play a key role in mounting an effective cellular and

humoral immune response. The ability of T lymphocytes to distinguish

between self and foreign antigens is mediated by the T cell antigen receptor

(TCR), an oligomeric complex consisting of at least six transmembrane

polypeptides. The signaling cascade initiated in response to TCR activation is

similar to that evoked by many mitogens and growth factors: an increase in

tyrosine kinase activity, a rapid induction of tyrosine phosphoproteins

followed by activation of the Y1 subunit of phospholipase C (PLC Y1).

Activation of PLCY1 leads to increases in cytoplasmic free Ca2+, Ras-GTP
accumulation and activation of several serine/threonine kinases including

members of the MAP kinases (Mitogen Activated Protein), ultimately leading

to gene transcription (1). This introduction will review our current

understanding of some of the proximal signal transduction events mediated

by engagement of the TCR complex. Additionally, it will highlight the

importance of the experiments described herein that attempt to understand

how tyrosine kinases are regulated and how the TCR couples to Ras
activation.



The TCR is a multichain complex composed of a disulfide-linked Ti of or

Yö heterodimer non-covalently associated with the invariant CD3 complex.

Association between the Ti of chains and the CD3 complex is obligatory for

the efficient receptor assembly and expression on the cell surface. The CD3

complex is composed of the Y, 6 and e chains, along with the disulfide-linked (,

chain homodimer or ºn heterodimer. Within each TCR complex, there

appears to be two copies of CD3e that can associate with either the 6 or Y chains

to form dimers. While the Ti chains recognize both the major

histocompatibility complex (MHC) as well as the antigenic peptide displayed

in the cleft of an MHC molecule, the function of the associated CD3 and &

chains is to couple the Tio■ or Tiyö to the intracellular signal transduction

machinery.

Initial clues to this function came from studies using monoclonal

antibodies reactive with extracellular domains of the CD3 complex that were

able to recapitulate TCR signal transduction. Furthermore,

stimulation/aggregation of chimeric molecules, consisting of the cytoplasmic

domains of the CD3e or Ç subunits fused to a heterologous extracellular

domain, was able to mimic the events initiated by TCR engagement including

tyrosine phosphorylation, PLCY1 activation, increases in Cat”, and cytotoxic
responses (reviewed in Ref.1). This important finding greatly simplified the

multimeric TCR complex into a single transmembrane protein that was more

amenable to genetic manipulation. In this manner, the sequence in the

cytoplasmic domains of the CD3 and (, chains that is required for proper

signaling was mapped to a motif consisting of two YXXI/L sequences
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separated by six to eight amino acids. This motif, now known as ITAM

(Immunoreceptor Tyrosine-based Activation Motif) was first identified by

Reth as being present in the Y, 6, e and & chains of the TCR receptor, as well as

in the Ig-o and Ig-B chains of the B cell receptor and the Y-chain of the FcyRIII

receptor (2). It is still not known whether the CD3) and 6 chains can also

mimic the TCR-mediated signals. The ITAMs in the TCR complex, present in

a single copy in the CD3 e, Y and 6 chains, or in six copies in the G-chain

homodimer, is depicted in Figure 1. Since TCR stimulation induces cellular

protein tyrosine phosphorylation and chimeric molecules containing ITAMs

have been coimmunoprecipitated with protein tyrosine kinase (PTK) activity

(3,4), the functionality of the ITAM can be partially explained by its ability to

associate with cytoplasmic PTKs. The three candidate cytoplasmic PTKs that

have been implicated in mediating the TCR signaling events will be discussed
below.

WOTV - -
i i i

One candidate PTK, Fyn, a member of the Src family of tyrosine kinases, is

present either exclusively in hematopoeitic cells (FynT) or primarily in the

brain (FynB). The molecular basis for generating these two isoforms of Fyn is

the tissue-specific alternative splicing of the mutually exclusive forms of exon

7(5). FynT was first implicated in TCR signaling in studies demonstrating

that small amounts of FynT coimmunoprecipitated with the TCR complex

under mild non-ionic detergent conditions (6). Notably, the stoichiometry of

this association seems to be quite low since sensitive in vitro kinase assays

were required to detect this interaction. Though further structure-function

analyses mapped this association to the first 10 amino acids of Fyn T, and to

the ITAMs in the CD3 and C chains, this association was mapped using an
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Figure 1. The T cell antigen receptor complex

Schematic illustration of the clonotypic Tio/3 heterodimer

associated with the signal transducing CD3 and G chains. The

immunoreceptor tyrosine-based activation motif (ITAM), depicted

as rectangular boxes, is present singly in each CD3 chain or

triply in the G chain.
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overexpression system (7), suggesting that the interaction of Fyn with the

TCR may be indirect or very weak.

More compelling evidence supporting the notion that Fyn.T indeed

contributes to TCR-triggered signals comes from additional genetic and

functional studies. First, overexpression of FynT in thymocytes of transgenic

mice enhances TCR-mediated tyrosine protein phosphorylation, calcium flux

and cellular proliferation, whereas overexpression of a kinase inactive form

of Fyn.T inhibits TCR-induced thymocyte proliferation (8). Second, expression

of a constitutively activated version of Fyn.T (Y528F) augments the

responsiveness of an antigen-specific T-cell line (BI-141) (8). Third,

stimulation of the TCR induces a transient and reproducible, albeit modest,

increase in Fyn PTK activity towards an exogenous substrate (9). These data,

in conjuction with the physical association described between the TCR and

Fyn■ , suggest that Fyn'■ participates in the signal transduction induced by the

engagement of the TCR.

However, targeted disruption of the fyn gene by homologous
recombination did not affect the total number of T cells in either the

periphery or in the various thymocyte populations. Similarly, TCR signaling

in peripheral T cells and immature double positive (CD4+CD8+) thymocytes

was normal in the fyn-deficient mice. However, Fyn does seem to be required

for proper TCR signaling in CD4 or CD8 single positive thymocytes, since they

displayed a striking defect in the ability to respond to TCR stimuli including

anti-CD3 antibody or concanavalin A, a mitogenic lectin (10,11). Taken

together, the evidence suggests that Fyn plays a role in signaling mediated by

the TCR, though its role may be restricted to a subset of mature thymocytes.



Evid for the invol t of Lck in TCR-mediated signali

There is substantial genetic and biochemical evidence supporting the

involvement of Lck, another member of the Src family of tyrosine kinases, in

TCR-mediated signal transduction. Unlike the other ubiquitously expressed

members of the Src family of tyrosine kinases, such as Src, Yes and Yrk

(reviewed in Ref.12), the expression of Lck is restricted to T lymphocytes, NK

cells and some B cells. In fact, Lck was originally identified in a murine T cell

lymphoma (LSTRA) in which insertion of a Moloney Murine Leukemia

Virus (MoMulV) long terminal repeat (LTR) within the Lck gene caused a

several-fold increase in Lck expression relative to normal lymphocytes

(Marth et al., 1985). The first suggestive evidence that Lck was involved in T

cell signaling came from the discovery that Lck could directly associate with

CD4 and CD8 (13, 14). Quantitative evaluations showed that 50–90% of Lck is

associated with CD4 in CD4-positive T lymphocytes, and 10–25% is complexed

to CD80, in CD8-positive T cells. These non-covalent interactions are

dependent on pairs of cysteine residues located in the unique domain of Lck,

and in the cytoplasmic domains of CD4 and CD80 (15, 16). Thus, it was

postulated that binding of CD4 or CD8 to MHC molecules allows Lck to be in

close juxtaposition to the TCR complex during antigen recognition, making

Lck an attractive candidate for a regulated PTK involved in TCR signal

transduction. Indeed, coaggregation of CD4 with the TCR enhances both

proximal and distal signaling events associated with the engagement of the

TCR alone (17, 18). More importantly, CD4 and CD8 mutants unable to

associate with Lck have a dramatically diminished ability to enhance antigen

responsiveness (19-21), whereas, reconstitution with CD4 molecules capable

of associating with Lck restores TCR function (21).



The strongest genetic evidence supporting an essential function for Lck in

TCR-mediated signal transduction comes from isolation of mice or T cell

lines deficient in Lck. An Lck-deficient variant of the Jurkat leukemic cells

(JCaM1.6) and of a cytotoxic T cell clone (CTLL-2), exhibited markedly reduced

TCR-induced tyrosine protein phosphorylation, calcium flux and effector

functions (22), which were corrected by re-introduction of wild-type Lck (22).

Unlike Fyn, disruption of Lck by homologous recombination in the mouse

had a profound effect on thymic development, demonstrated by a remarkable

decrease in numbers of double and single positive thymocytes and peripheral

T cells, while the numbers of progenitor double negative thymocytes

appeared to be normal (23). Taken together, these data demonstrate that Lck

plays a distinct role in TCR signaling that cannot be compensated by the

endogenous expression of Fyn and Yes kinases.

Although the catalytic activity of Lck is clearly involved in TCR-mediated

signaling, it is curious that under certain conditions, CD4-associated Lck can

enhance TCR-mediated signals by a mechanism independent of its enzymatic

activity. This process apparently involves the SH2 domain of Lck,

underscoring the importance of this domain in recruiting other tyrosine

phosphorylated molecules or protecting certain tyrosine phosphoproteins

from dephosphorylation (24). Consistent with the notion that an increase in

the catalytic activity of Lck may not be sufficient to initiate a T cell response,

there is only a minimal increase in its kinase activity (2-fold) following TCR

stimulation in Jurkat cells (25) but none detected in peripheral blood T

lymphocytes or in two leukemic T cell lines (9). Additionally, a comparison

of the phosphorylation status of Lck in wild type versus CD45-deficient T cell

leukemic lines (26, 27) suggests that a large proportion of Lck molecules are

basally active. Furthermore, transfection of a constitutively active Lck (F505)
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into a CD4 negative T cell hybridoma (BI-141) is not sufficient to initiate the

TCR signaling cascade (28).

Thus, the initiating step of the T cell signaling cascade is likely to involve

localization of Lck to the TCR complex by co-aggregation of CD4 or CD8,

rather than an increase in the enzymatic activity of Lck. Although

crosslinking CD4 and CD8 with the TCR can clearly enhance TCR signaling as

mentioned above, the isolation of T cell lines that do not express CD4 or CD8

and that are still able to induce a normal TCR-mediated response (29) seems

to argue against a simple substrate proximity model. Furthermore, there is

indirect evidence suggesting that Lck, independently of CD4 or CD8, may be in

close proximity to the TCR complex, albeit in low stoichiometry. First,

overexpression of CD4 in a T cell clone inhibited the ability of this cell to be

stimulated by anti-TCR mabs, presumably by "sequestering Lck" away from

the TCR complex (30). Second, reconstitution of JCaM1.6 cells with a

myristylation mutant of Lck failed to restore TCR signaling (D. Straus,

personal communication). Since this Jurkat variant lacks CD8 and expresses

only low levels of CD4, this suggests that plasma membrane localization is

essential for Lck function in TCR signal transduction. Consistent with this

notion, Lck is both myristylated and palmitylated (31, 32) and may be targetted

to the plasma membrane in close proximity to the TCR complex,

independently of its association with CD4 or CD8. Third, the TCR (, chain can

be co-immunoprecipitated with Lck in a heterologous overexpression system

(33, 34) and in vivo, albeit in low stoichiometry (35). Thus, it seems that a

small amount of Lck could be constitutively associated with the TCR

complex, and that another mechanism must exist for regulating the ability of

TCR- associated Lck to phosphorylate the ITAMs.

- 10



One possible mechanism, based on studies with growth hormones (36), is

that engagement of the TCR complex induces a conformational change in the

ITAMs, allowing its subsequent phosphorylation by the Lck or Fyn molecules

that are weakly associated with the TCR complex. Phosphorylation of the

ITAMs, in turn, would lead to the initiation of the signaling cascade as will be

discussed later in this chapter. Alternatively, it is possible that engagement of

the TCR complex leads to a co-aggregation and activation of the weakly

associated cytoplasmic tyrosine kinases. In either case, it is clear that

delineating the factors that regulate the activity of Lck, is required before

achieving a complete understanding of its role in TCR signal transduction.

vi -70 i V º -

A third PTK implicated in proximal TCR signaling is ZAP-70, designated

for zeta associated protein. ZAP-70 is a member of the Syk-family of PTKs and

structurally distinct from members of the Src family PTKs. It contains two

tandemly arranged SH2 (Src-homology 2) domains and a C-terminal kinase

domain. However, unlike Lck and Fyn, the Syk-family PTKs are not

myristylated and do not contain SH3 (Src-homology 3) domains, or known

sites of negative regulation at their C-termini. Although structurally similar

to Syk, ZAP-70 is expressed exclusively in thymocytes, peripheral T cells and

natural killer cells (NK cells). In contrast, Syk is predominantly expressed in

B cells, myeloid cells and thymocytes, but drastically reduced in peripheral T

cells (37).

There is strong correlative biochemical evidence for the involvement of

ZAP-70 in TCR function. First, ZAP-70 was originally identified and cloned as

a 70 kDa tyrosine phosphoprotein that associated with the TCR (, chain

following TCR stimulation (3). Further studies have shown that the CD3e

- 11 -



subunit can also associate with ZAP-70 following TCR stimulation (38, 39).

Additionaly, in vitro studies utilizing phosphopeptides encompassing the

individual ITAMs of CD3e, 8 and Y chains bound to ZAP-70, suggest that ZAP

70 interacts with subunits of the TCR. Second, the ability of the stimulated

TCR to initiate a signaling cascade strongly correlates with its ability to

associate with ZAP-70 (40,41). Phosphopeptides that block the interaction of

ZAP-70 with the G chain can also inhibit T cell signaling events (42).

Furthermore, overexpression of the SH2 domains of ZAP-70 can block TCR

mediated signaling (43,44) by inhibiting the tyrosine phosphorylation of

downstream substrates (43). Taken together, the data strongly suggest that

binding of ZAP-70 to an ITAM is required for proper TCR-mediated signaling.

Genetic evidence also supports a possible role for ZAP-70 in thymic

development and in TCR signal transduction. A group of SCID (severe

combined immunodeficiency) patients have been described as having a

reduced number of CD8 T cells in the periphery. Although these patients had

peripheral CD4 T cells, these cells were unable to proliferate in response to

TCR-dependent stimuli. At least three distinct genetic mutations, including a

three amino acid insertion and a 13 base pair deletion within the kinase

domain of ZAP-70, have been identified. These mutations result in

drastically reduced amounts of ZAP-70 protein expression and/or function,

demonstrating that ZAP-70 activity is required for proper TCR signaling in

peripheral CD4+ T cells and for thymic development (45–47). Consistent with

these results, targeted disruption of the zap70 gene in mice caused a profound

block in T cell ontogeny, supporting the notion that ZAP-70 is required for

proper TCR-mediated signaling in thymocytes (48). Interestingly, thymocyte

cell lines derived from a ZAP-70 deficient patient expressed elevated levels of

Syk PTK, suggesting that Syk may be able to compensate for the absence of

- 12



ZAP-70 in mediating receptor signaling (49). The targeted disruption of both

zap-70 and of syk gene in mice may help elucidate the functional role of Syk

in the thymus.

While the active TCR complex is likely to consist of ZAP-70 bound to a

phosphorylated ITAM (reviewed above), there is compelling evidence that a

member of the Src family of PTKs is required for phosphorylating the ITAM.

First, in the Lck deficient mutant JCaM1.6, there is no inducible tyrosine

phosphorylation of ITAM and subsequent association with ZAP-70 (38).

Second, in a heterologous system, the association of ZAP-70 with the CD8/.

chimera requires the co-expression of Lck or Fyn (3). Additionally, co

transfection of Lck, but not of ZAP-70, along with the CD8/Q chimera induces

the phosphorylation of the C chain (3, 34). Third, Lck but not ZAP-70 can

efficiently phosphorylate the TCR & chain in vitro (A. Chan, unpublished

observation). Together, these data indicate that the Src-family PTKs, most

notably Lck, plays a role upstream of ZAP-70 in TCR-mediated signal

transduction by inducing the phosphorylation of the ITAM (Figure 2).

Binding of ZAP-70 to the phosphorylated ITAM either in the CD3 or Ç

chains (38,50) involves the two SH2 domains of ZAP-70 (34, 40, 51) Although

ZAP-70 can bind to peptides in which a single tyrosine in the ITAM is

phosphorylated, maximal ZAP-70 binding is achieved when both tyrosines in

the ITAM are phosphorylated (52, 53; and reviewed in 54). This notion is

further supported by the crystal structure of the two tandem SH2 domains of

ZAP-70, which demonstrates that the region between the two ZAP-70 SH2

domains forms a coiled-coil structure (55). This allows the two ZAP-70 SH2

- 13 -



Figure 2. A

TCR complex.

Interaction of antigen with receptor leads to phosphorylation of

immunoreceptor tyrosine-based activation motifs (ITAMs) within

the T-cell receptor (TCR) chains by a Src family kinase. ZAP-70 is

recruited to the phosphorylated ITAMs by interaction with its SH2

domains. ZAP-70 is phosphorylated by Src family kinases,

possibly leading to modulation of its activity.
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domains to simultaneously bind the closely spaced phosphotyrosines (only 6

to 8 residues apart) of the ITAM. Furthermore, spacing between the tandem

SH2 domains of ZAP-70 as well as between the two tyrosines of the ITAM, are

critical for functional interactions in vivo (44). Thus, phosphorylation of the

ITAMs on both tyrosines forms the basis for the simultaneous association

with the two SH2 domains of ZAP-70 and likely influences the ensuing
downstream TCR-mediated effector functions.

However, the association of ZAP-70 with the ITAM does not seem to be

sufficient to activate ZAP-70. In freshly isolated lymph node T cells and

thymocytes, the basally tyrosine phosphorylated TCR & chain is constitutively

associated with ZAP-70 but the cells are not constitutively active. Notably,

ZAP-70 is only minimally tyrosine phosphorylated in these cells (56).

However, engagement of the TCR leads to a marked increase in ZAP-70

phosphorylation and the concomitant induction of cellular phosphotyrosine

proteins (57). Furthermore, stimulation with an antagonist peptide induces

the phosphorylation of the low molecular weight isoform of TCR (, chain and

its association with ZAP-70 but fails to induce ZAP-70 phosphorylation and T

cell activation (58). Thus, there seems to be a causal association between ZAP

70 phosphorylation and its catalytic activity.

There is indeed evidence that ZAP-70 kinase activity can be regulated by

its phosphorylation status. Recently, both electrospray ionization mass

spectrometry and biochemical approaches have identified several tyrosine

residues in ZAP-70 that are phosphorylated in vivo following stimulation of

the TCR (59, 60). At least three tyrosines (Y492, Y493 and Y292) have been

identified as in vivo phosphorylation sites upon TCR stimulation.

Individually mutating the autophosphorylation sites Y492 and Y493, located

within the kinase domain, have beeen shown to increase or inhibit the
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kinase activity of ZAP-70, respectively (42, 60). Thus, it seems that tyrosine

phosphorylation of ZAP-70 may regulate its kinase activity or serve as a

docking site for binding to other proteins.

f TCR-medi ivation: ivati f

hosphatidylinositol (PI) i l

In the case of growth factor receptors, ligand binding induces

dimerization, activation of tyrosine kinase activity and autophosphorylation.

The tyrosine-phosphorylated regions of the receptor, in turn, function as high

affinity binding sites for a series of SH2 domain and PTB (phosphotyrosine

binding) domain-containing proteins (61, 62). Both the SH2 and PTB

domains are capable of binding to phosphorylated tyrosine residues.

However, whereas the PTB domain recognizes phosphotyrosine in the

context of amino-terminal residues, the carboxy-terminal residues seem to

determine the binding specificity to the SH2 domain (reviewed in Ref. 62).

Unlike the growth factor receptors, it is still unclear how engagement of

the TCR and activation of the relevant cytoplasmic PTKs lead to the

subsequent phosphorylation of cellular proteins, partly because it has been

difficult to isolate the in vivo substrates for these kinases. Even so, there is an

increasing amount of evidence demonstrating that tyrosine phosphorylation

of cellular proteins such PLCY1 (63–65), Vav (66), SLP-76 (67), pp36-38 (68-70),

ZAP-70 (3), Cbl (71), Shc (72), MAPK (73), Grb2 associated p116 (69) and ezrin

(74) may regulate ensuing cellular interactions and/or increases in catalytic

activity.

In the case of PLC Y1, phosphorylation on two critical tyrosine residues

has been shown to be necessary for in vivo function and for enhancing its

catalytic activity in vitro (75, 76). Tyrosine phosphorylation of PLC Y1
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increases its affinity towards the profilin bound phosphatidylinositol-4,5-

biphosphate (PIP2)(77) and leads to PIP2 hydrolysis into the two second

messengers diacylglycerol (DAG) and inositol-1,4,5-triphosphate (InsP3) (78,

79). InsP3 binds to the specialized homotetrameric InsP3 receptor that spans

the endoplasmic reticular (ER) membrane and triggers release of [Ca2+]i from
the ER (80).

In T cells, the increase in intracellular calcium occurs in two phases, an

initial peak and a plateau phase persisting for several hours. The sustained

increase is thought to be required for many cellular responses, including a

commitment to interleukin-2 production (IL-2) (81, 82). The release of

calcium from intracellular stores and the ER accounts for the initial peak,

whereas the plateau phase is thought to be mediated by the influx of

extracellular calcium across the plasma membrane via capacitative entry

mechanisms (reviewed in Ref. 79). The capacitative entry mechanism is

thought to play a key role in replenishing the intracellular calcium stores and

generating calcium waves (reviewed in Ref. 80). Although several second

messengers have been proposed as a mechanism by which depleted stores

signal the [Ca2+]i entry channel (reviewed in Ref. 80), an interesting
candidate is the [Ca2+]i influx factor (CIF), a diffusable phosphorylated
intermediate initially isolated from Jurkat T cells stimulated with

phytohemagglutinin (PHA) (83). More recently, several mutant Jurkat T cell

defective in the capacitance entry mechanism have been isolated (84, 85).

Characterization of this entry mechanism should greatly enhance our

understanding of how calcium concentrations are regulated in T cells.

The other second messenger produced as a result of PLC Yl activation is

DAG, a lipid moiety that activates the PKC family of serine/threonine kinases

by increasing the affinity of this kinase for (Ca2+]i and phospholipid
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(reviewed in Ref. 86). Although phosphatidylinositol hydrolysis generates

an initial peak of DAG, hydrolysis of other phospholipids, such as

phosphatidylcholine, produces diacylglycerol at a relatively later phase in

cellular responses. Generation of diacylglycerol is thought to be critical for

sustaining PKC activation (reviewed in Ref. 87). There are multiple

isozymes of PKC expressed in T cells (88,89). Interestingly, transfection of

activated forms of PKC-epsilon and, to a lesser extent PKC-alpha but not PKC

zeta, can regulate the transcription factors AP-1 and nuclear factor of activated

T cells (NF-AT), suggesting that these isoforms may have distinct functions.

The importance of increasing the concentration of intracellular calcium

and activating PKC in T cells is underscored by the effects of calcium

ionophores and phorbol esters. More specifically, calcium inonophores and

phorbol esters can mimic the distal events mediated by TCR engagement (89;

reviewed in Ref. 90). Consistent with this, inhibition of calcium increases

with chelators of extracellular calcium or inhibition of PKC activation by PKC

inhibitors block T cell activation (91). Furthermore, constitutively active

forms of calcineurin or PKC also induce IL-2 production (92,93). Thus,

understanding how the mobilization of [Ca2+]i and activation of PKC

contribute to the subsequent cellular events is of ultimate importance.

It is likely that the increase in [Ca2+]i influences calmodulin-dependent

events (94) Studies have revealed that calcineurin (PP2B), a calcium- and

calmodulin- activated serine/threonine phosphatase, is a target of

cyclophilin-cyclosporin A and FK506-FKBP complexes (reviewed in Ref. 95,

96). Since then, several studies have linked these binding events with

functional properties of T lymphocytes and, in so doing, have confirmed that

calcineurin is a necessary and late-acting cytoplasmic mediator of the signal

arising from the TCR (97, 93). Thus, the increase in intracellular calcium is

- 19 -



thought to activate the phosphatase activity of calcineurin, which then

dephosphorylates NFATp/c (nuclear factor of activated T cells) allowing it to

translocate from the cytoplasm to the nucleus (reviewed in Ref. 98).

Although one of the candidate NFATp/c proteins is a substrate for

calcineurin in vitro (99), it remains to be demonstrated that the

dephosphorylation of this NFATp/c indeed regulates its translocation to the

nucleus. NFATp/c, in conjunction with AP1 family members, c-fos and c

jun, form the nuclear NFAT component that regulates the promoters of

cytokine genes such as IL-2. The full activation of AP1 is not only dependent

on new protein synthesis but recent studies suggest that it may require both

calcium- and PKC-dependent pathways (100, 101).
The identification of PKC substrates is of considerable interest since a

number of cellular proteins are phosphorylated on serine and threonine

residues following treatment with phorbol esters. Among these cellular

substrates are the CD3) and 6 chains, CD4, the IL-2 receptor, MAP kinase and

the Raf-1 kinase (reviewed in Ref. 90). Whether these proteins are direct

substrates for PKC, or are substrates for PKC regulated kinases remains to be

determined. Notably, treatment of T cells with phorbol ester is sufficient to

activate Ras, a small molecular weight GTP-binding protein (102). Ras is in

an active conformation when it is bound with GTP, and inactive when bound

to GDP. The conversion between the GDP and GTP bound states is catalyzed

by nucleotide exchange factors, while the hydrolysis of GTP to GDP is

facilitated by GAP (GTPase activating protein) (reviewed in Ref. 103). Thus,

the finding that phorbol esters, by activating PKC, could inhibit the activity of

GAP and activate Ras, provided the first clue that Ras participates in T cell

signaling.
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The importance of Ras in T cell signaling is underscored by studies

demonstrating that constitutively active Ras is capable of activating the

transcriptional factors such as AP1 and of synergizing with ionomycin to

activate the IL-2 gene (104, 105). Although an increasing number of Ras

effectors have been identified (106), including PI3K (107), Rac (108,109) and

RasGAP (110), the transmission of signal from Ras to the nucleus is proposed

to involve the serine/threonine protein kinase Raf. Activated Ras binds to

the N-terminal domain of Raf, recruiting it from the cytosol to the plasma

membrane where it is tyrosine phosphorylated and activated (111). Although

there is suggestive evidence that Raf is additionally modified in order to be

fully activated, the nature of this modification is not yet clear (112). Once Raf

is activated, it phosphorylates and activates the dual specificity

serine/threonine and tyrosine kinase MEK1/MEK2 or MAPKK (MAP Kinase

Kinase), which in turn, phosphorylates and activates MAPK (ERK1 and 2). A

fraction of the activated ERK1/ERK2 population translocates into the nucleus

and phosphorylates transcription factors, such as TCF/Elk1 (reviewed in Ref.

111). Phosphorylation of Elk1 by ERK1/2 seem to be obligatory for the

transcription of c-fos gene, a component of the AP1 transcription factor

required for activation of NFAT (111).

The other component of AP1 is c-jun. It is now known that

phosphorylation of c-jun both positively and negatively regulates its

transcriptional activity (113). Recently, cloning of the kinase responsible for

phosphorylating c-jun, JNK1, has demonstrated that it is a member of the

family of MAPK. However, JNK seems to be differentially regulated from

MAP kinases, in that its activation in T cells requires co-stimulation of both

calcium- and PKC-dependent pathway (101,114). This working model for

TCR-mediated signaling is summarized in Figure 3. Interestingly, JNK can
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Engagement of the TCR leads to the tyrosine phosphorylation of a

number of cellular substrates, including PLC Y1. Tyrosine

phosphorylation of PLC Y1 leads to the ativation of the

phosphatidylinositol pathway, which in concert with other

signaling pathways culminate in lymphokine gene transcription.

Arrows do not necessarily indicate direct interactions.
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also be activated synergistically by the TCR and the costimulatory receptor

CD28 (101).

How the TCR activates Ras is not clear. As previously mentioned, one
mechanism involves the activation of PKC and the concomitant decrease in

GAP activity. However, inhibition of PKC function does not completely

inhibit Ras activation by TCR stimulation (115), suggesting that there is a PKC

independent pathway connecting the TCR to Ras. Furthermore, this PKC

independent pathway linking the TCR complex to Ras involves a tyrosine

kinase since this pathway could be inhibited with the use of tyrosine kinase

inhibitors (115). However, the proteins involved in this pathway have not

been identified yet.

Considerable progress has been made in understanding the activation of

Ras by receptor PTKs. Genetic studies with the epidermal growth factor

receptor (EGFR) have shown that Grb2 (Sems in Caenorhabditis elegans and

Drk in Drosophila melanogaster), a highly conserved adaptor protein that has

a single SH2 domain flanked by two SH3 domains, is involved in coupling

receptor PTKs to Ras activation (reviewed in Ref. 116). Biochemical

dissection of the pathway revealed that Grb2 is responsible for linking the

receptor PTKs to a guanine nucleotide exchange factor SOS, enabling the

tyrosine kinase to modulate Ras activity (116). In addition to coupling

receptor PTKs to the Ras pathway, there is suggestive evidence that Grb2 may

also link cytoplasmic PTKs to the Ras pathway via its association with the

proto-oncogene Shc (117). Given that the TCR complex can associate with

cytoplasmic PTK (discussed above), it is likely that these proteins may play a

role in linking the TCR complex to Ras. The experiments described in this

thesis attempt to address this issue.
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Summary

Understanding the function and regulation of Lck, a lymphocyte specific

PTK, is of great importance in TCR-mediated signal transduction. An

"intramolecular model" has been proposed to explain how the Src family

PTKs are negatively regulated. According to this model, phosphorylation of

the carboxy-terminal tyrosine (Y505 in Lck), enables it to associate with its

own SH2 domain, rendering the kinase inactive and/or unable to

phosphorylate key substrates. The implication of this model as it pertains to

Lck, is that dephosphorylation of Y505 by a phosphatase, such as CD45, would

free the SH2 domain of Lck and allow it to bind to other phosphoproteins.

To address whether this intramolecular model of negative regulation

applied to Lck in vivo, two sets of leukemic T cell lines and their CD45

deficient mutants, as well as phosphopeptides encompassing the Y505 of Lck

were used. The prediction of this model is that in CD45 deficient cells, the

Y505 of Lck will be hyperphosphorylated and bind to its own SH2 domain,

and the SH2 domain of Lck would be unavailable to bind to an exogenous

Y505-containing phosphopeptide. However, in cells containing CD45, the

Y505 of Lck will not be hyperphosphorylated and the SH2 domain would be

available to bind to the exogenous Y505-containing phosphopeptide. The
results described herein are consistent with the intramolecular model.

Interestingly, the binding of the SH2 domain of Fyn, another member of the

Src family PTKs, did not seem to be regulated by CD45 to the same extent.

These findings not only increase our understanding of how Lck is regulated

in vivo, but also provide insight into the molecular basis of how CD45

functions as a positive-regulator in TCR signaling.
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CD45 is a tyrosine phosphatase expressed in all hemato
poietic cells which is important for signal transduction
through the T cell antigen receptor (TCR). Studies using
CD45-deficient cells have revealed that Lck, a tyrosine
kinase thought to be essential for TCR signaling, is
hyperphosphorylated on Y505 in the absence of CD45.
This site of tyrosine phosphorylation negatively regulates
the function of the Src family of kinases. Here we provide
evidence that CD45 can modulate the binding of the Lck
to an 11 amino acid tyrosine phosphorylated peptide
containing the carboxy-terminus of Lck (lckP). Signific
antly, CD45 did not influence the binding of Fyn, PLC) 1,
GAP and Vav to the same phosphopeptide. Lck protein
which bound the peptide was dephosphorylated on Y505
and consisted of only 5–10% of the total cellular Lck.
Interestingly, there was a marked increase in binding
15–30 min after CD4 or TCR cross-linking. Taken
together, our data suggest that CD45 specifically
modulates the conformation of Lck in a manner
consistent with the intramolecular model of regulation
of Src-like kinases.
Key words: binding/CD45/Lck/negative regulation/tyrosine
phosphorylation

Introduction

CD45 is a plasma membrane tyrosine phosphatase expressed
on all hematopoietic cells, except mature erythrocytes.
Alternative splicing of exons 4, 5 or 6 can generate eight
isoforms of CD45 with different extracellular domains that
can be differentially expressed in tissues or upon activation
(for a review, see Trowbridge, 1991). CD45 is thought to
play a critical role in antigen receptor-induced responses of
T and B cells (Pingel and Thomas, 1989: Koretzky et al.,
1990, 1991, 1992: Justement et al., 1991: Weaver et al.,
1991). Helper and cytotoxic mouse T cell lines which are
deficient in CD45 expression have impaired ability to
respond to antigen (Pingel and Thomas. 1989: Weaver et al.,
1991). Studies using CD45-deficient human T cell leukemic
lines have shown that CD45 is required for antibody
mediated coupling of the T cell antigen receptor (TCR) to
the phosphatidylinositol second messenger pathway
(Koretzky et al., 1990), as well as for the increase in tyrosine
phosphorylated proteins induced following TCR stimulation
(Koretzky et al., 1991). Although it is clear that CD45 plays

: Oxford University Press

a role in TCR signaling, the mechanism by which it does
so has not been elucidated.

Lck, a lymphocyte specific member of the Src family of
tyrosine kinases (Src, Fyn, Blk, Yes, Lyn, Fgr and HCk)
(Veillette and Bolen, 1989; Dymecki et al., 1990), is
expressed in all T cells and in some B cells (Marth et al.,
1985). The amino-terminal region of Lck non-covalently
associates with the cytoplasmic tail of the co-receptor
molecules CD4 and CD8 (Veillette et al., 1988b; Turner
et al., 1990). Cross-linking of CD4 induces an increase in
Lck tyrosine kinase activity, as determined by an increase
in Lck autophosphorylation at Y394, induction of several
tyrosine phosphorylated proteins as well as phosphorylation
of exogenous substrates (Marth et al., 1985; Veillette et al.,
1989a,b; Veillette and Ratcliffe, 1991). Simultaneous
engagement of CD4 molecules with the TCR complex has
been shown to enhance signaling through the TCR (Ledbetter
et al., 1988), an effect thought to be mediated by Lck
(Veillette et al., 1989a; Abraham et al., 1991; Glaichenhaus
et al., 1991).

Although the signaling defect in CD45-deficient cells has
not been determined, increasing evidence implicates Lck as
a key substrate for CD45. In studies using CD45-deficient
T lymphoma cells, the carboxy-terminal tyrosine of Lck
(Y505) was hyperphosphorylated relative to wild-type cells
(Ostergaard et al., 1989), suggesting that CD45 can
dephosphorylate this residue in vivo. Furthermore, Lck can
be co-precipitated with CD45 (Schraven et al., 1991) and
its kinase activity is increased when incubated with CD45
immunoprecipitates (Mustelin et al., 1989; Ostergaard and
Trowbridge, 1990). These findings are significant since
phosphorylation of Y505 may suppress the oncogenic
potential and kinase activity of Lck. Specifically, mutation
of Y505 of Lck and expression of this mutant protein
increases the amount of cellular tyrosine phosphoproteins
and transforms 3T3 cells (Amrein and Sefton, 1988; Marth
et al., 1988).

Because of the documented transforming potential of the
Src family of kinases, considerable effort has been made to
understand the mechanism by which these kinases are
negatively regulated (Veillette and Bolen, 1989. Nada et al.,
1991; and references therein). Transformation assays in
fibroblasts have indicated that phosphorylation of the
carboxy-terminal tyrosine decreases the kinase activity of
Src (Carwright et al., 1987, Kmiecik and Shalloway, 1987:
Hirai and Varmus, 1990a,b). Recent studies have also
demonstrated that point mutations within the SH2 (Src
homology region 2) domain affect the tyrosine kinase activity
of Src (Hirai and Varmus, 1990a; O'Brien et al., 1990).
Because SH2 domains are known to bind tyrosine phos
phorylated proteins (reviewed in Koch et al., 1991), an
"intramolecular model has been proposed to explain how
point mutations within the SH2 domain could affect the
tyrosine kinase activity of Src. According to this intra
molecular model', phosphorylation of the carboxy-terminal

315

- 27



M.Sieh, J.B.Bolen and A.Weiss

tyrosine enables it to associate with its own SH2 domain.
rendering the kinase inactive and/or unable to phosphorylate
key substrates (Cantley et al., 1991: Koch et al., 1991).
Dephosphorylation of this carboxy-terminal tyrosine
increases the protein tyrosine kinase activity and the
oncogenic potential of the kinase. Consistent with this
"intramolecular model', structural differences between c-Src
and F527c-src have been reported (MacAuley and Cooper.
1989).

We have studied the intramolecular model of negative
regulation as it applies to Lck using two sets of leukemic
T cell lines and their CD45-deficient mutants (Koretzky
et al., 1991, 1992). Since Lck isolated from CD45-deficient
cells is expected to be hyperphosphorylated on Y505
(Ostergaard et al., 1989), the intramolecular model predicts
that the phosphorylated Y505 would bind to its own SH2
domain, preventing a phosphotyrosine peptide containing
Y505 (lckP peptide) from binding to the SH2 domain. On
the other hand, Lck from CD45+ cells should not be
hyperphosphorylated on Y505 and, thus, its SH2 domain
should be available to bind such a phosphopeptide. The data
in this paper are consistent with this model and demonstrate
that CD45 expression can specifically modulate binding of
Lck, but not of Fyn, PLC) 1, GAP and Vav to the
phosphopeptide.

Results

Lck from Jurkat but not from J45.01 lysate
preferentially binds the lokp peptide
We synthesized an 1 amino acid (aa) tyrosine phosphoryl
ated (lckP) and the corresponding non-phosphorylated (lck)
peptides encompassing the carboxy-terminal tyrosine of Lck.
These peptides were covalently coupled to Sepharose beads
and incubated with equivalent amount of lysate from Jurkat
(CD45+) or J45.01 (CD45– ) cells. Lck from the Jurkat
lysate bound to the lckP peptide whereas Lck from J45.01
cells did not bind efficiently (Figure 1A, lanes 5 and 6), even
though the cells had equivalent amounts of Lck (Figure 1A.
lanes 1 and 2). Binding to the peptide was dependent on its
phosphorylation as the non-phosphorylated peptide did not
bind Lck from either cell (Figure 1A. lanes 7 and 8). The
two Lck bands observed with Jurkat cells were not
consistently observed and may correspond to differentially
phosphorylated forms of Lck, the upper band being hyper
phosphorylated on serithr residues (Veillette et al., 1988a:
Ramer et al., 1991). Similar phosphopeptides containing the
tyrosine near the carboxy-terminus of Src (srcP) and Fyn
(Figure 1A. lanes 3 and 4, and data not shown, respectively )
were also able to efficiently bind Lck from the CD45–
Jurkat cells, but not from the CD45-deficient cells (J45.01).
In contrast, a very different phosphopeptide spanning the
autophosphorylation site of Lck (AutoP) did not bind Lck
from Jurkat cells (Figure 1B). This indicates that Lck binding
to the lckP peptide is not only dependent on the presence
of a phosphorylated tyrosine residue, but also on the
sequences immediately surrounding that tyrosine. It is
probable that the autophosphorylation site (Y394) and the
negative regulatory tyrosine (Y505) have distinct functions
and will bind to distinct sets of proteins in vivo.

To confirm that the binding of Lck is dependent on the
presence of CD45. we tested whether reconstitution of CD45
on J45.01 cells could restore Lck binding to the lckP peptide.
J45. LB3 and J45. LA2 are derived from J45.01 cells which
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Fig. 1. (A) Precipitation of Lck from Jurkat and J4501 cells with Lck
or Src phosphopeptides. Jurkat (J: lanes 2, 4, 6 and 8) or J45.01 (J45.
1. 3. 5 and 7) lysates were precipitated with the lckP peptide (lanes 5
and 6), srcP peptide (lanes 3 and 4) or lckP peptide (lanes 7 and 8)
coupled to Sepharose beads. Bound proteins were eluted, separated by
8.5% SDS-PAGE under reducing conditions and transferred to
nitrocellulose for immunoblotting with an anti-Lek mab (B)
Precipitation of Lck with lckP or AutoP peptides. Jurkat lysates were
incubated with lckP or AutoP peptides. Bound Lck was eluted with
reduced sample buffer and visualized by immunoblotting with the Lck
specific mab. Mobilities of mol, wi standards are indicated in
kilodaltons.

have been stably transfected with the 180 kDa isoform of
CD45, but still only express 20–30% of the level of CD45
on Jurkat (Koretzky et al., 1992). Equal amounts of lysate
from Jurkat. J45.01 and the CD45+ J45.0l transfectants
were incubated with the lckP peptide and the binding of Lck
to the peptide was assessed. There was an increase in Lck
bound to the lckP in both of the independently CD45
reconstituted J45.01 cells (Figure 2A, compare lanes 2, 3
and 4). The lower amount of Lck bound from the CD45
reconstituted J45.01 cell compared to Jurkat (Figure 2A.
lanes 1, 3 and 4) is likely to be due to lower surface
expression of CD45 in the reconstituted cells (data not
shown). The dependency on the presence of CD45 for Lck
binding to the lckP peptide was also observed in HPB 1.1
and HPB,053, independent CD45+ and CD45-deficient T
cell leukemic lines, respectively (Figure 2B). When lysates
of CD45+ and CD45 – cells were mixed. Lck still bound
to the LckP peptide (data not shown), suggesting that
CD45 – cells do not contain an inhibitory protein that
prevents Lck from binding to the ickP peptide.
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Fig. 2. (A) Precipitation of Lck from J45.01 stable transfectants.
Lysates from Jurkat (J), J45.01 (J45) and two stably CD45 transfected
J45 cells (J.45 LB3 and J.45. LA2) were precipitated with the lckP
peptide. Eluted proteins were detected by immunoblotting with an anti
Lck mab (B) Precipitation of Lck from HPB 1.1 (CD45+) and
HPB,053 (CD45– ) with lckP peptide. HPB. l. 1 (lanes I and 3) and
HPB,053 (lanes 2 and 4) lysates were prepared and separated by 8.5%
SDS-PAGE (lanes 1 and 2) or precipitated with lckP peptide coupled
to Sepharose beads (lanes 3 and 4). The bound proteins were eluted
and detected by immunoblotting with an anti-Lek mAb. Mol, wt
standards are indicated in kilodaltons.

Proteins which have SH2 domain can also bind to the
lckP peptide
Numerous studies have demonstrated that SH2 domains are
able to bind to tyrosine phosphorylated proteins (reviewed
in Cantley et al., 1991: Koch et al., 1991). Therefore, we
determined whether proteins which contain at least one SH2
domain, namely GAP, Vav and PLC-, 1, expressed in the
wild-type and CD45-deficient cells, could also bind the lckP
peptide. Equivalent amounts of lysate from Jurkat and J45.01
were incubated with the lckP peptide, the bound proteins
were eluted, resolved in an SDS-polyacrylamide gel and
blotted for PLC) 1 (Figure 3A. lanes 1–4), Vav (Figure 3B.
lanes 5 and 6) and GAP (Figure 3C, lanes 7 and 8). All
three proteins that contain one or more SH2 domains bound
the lckP peptide and binding was dependent on the tyrosine
phosphorylation of the peptide (Figure 3A. lanes 1 and 3.
and data not shown). However, unlike Lck, these proteins

CD45 modulation of Lck binding
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Fig. 3. Precipitation of PLCY1. Vav and GAP with lckP peptide.
Lysates from Jurkat (J) or J45.01 (J45) cells were incubated with lckP
or Lck peptides coupled to Sepharose beads. Bound proteins were
eluted and separated by SDS-PAGE and blotted with (A) anti-PLCY1
mAb (B) anti-Vav antiserum, (C) anti-GAP antiserum. Mobilities of
standards (in kilodaltons) are shown on the left. In panel A. PLCY 1
corresponds to the 150 kDa band; in panel B. Vav corresponds to the
95 kDa band: in panel C, GAP corresponds to the 110 kDa band.

bound equally well whether from Jurkat or J45.01 lysates.
Since Jurkat and J45.01 contain equivalent amounts of
cytoplasmic PLCY1, GAP and Vav (data not shown), these
results indicate that although PLCY1, GAP and Vav contain
an SH2 domain, they differ from Lck in that they do not
depend on the presence of CD45 to bind the lckP peptide.
Although we have not directly shown that binding to the lckP
peptide is mediated by the SH2 domain, we found that
binding to F527 c-src to the lckP peptide is dependent on
the SH2, but not SH3 domain, using lysates from 3T3 cells
expressing various Src mutants (data not shown). This is also
consistent with a previous study using the phosphopeptide
containing the carboxy-terminus of c-src which bound
F527c-Src (Roussel et al., 1991).

Binding of Fyn to the lekP peptide does not depend
on CD45
We have also analyzed whether Fyn, another member of
the Src family of tyrosine kinases expressed in T cells, could
bind the lckP peptide. Fyn has been co-immunoprecipitated
with the TCR complex (Samelson et al., 1990), making it
a possible candidate for a TCR-activated tyrosine kinase
(Cooke et al., 1991). Jurkat and J45.01 lysates were
prepared and incubated with the lckP peptide. Bound proteins
were eluted and resolved in an 8.5% SDS-PAGE and
blotted for the presence of Fyn. Fyn bound equally well to
the lckP peptide whether from Jurkat or J45.01 lysates
(Figure 4A). This result was also confirmed in the inde
pendent CD45+ and CD45 – cells, HPB. l. l and HPB,053
cells (Figure 4B). Thus. Fyn differs from Lck in its ability
to bind to lekP peptide independently of CD45.
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Fig. 4. (A) Precipitation of Fyn with lckP peptide from Jurkat and
J45.01 cells. Jurkat (J) and J45.01 (J45) lysates were prepared and
incubated with the lckP peptide coupled to Sepharose beads. The
bound proteins were separated by SDS-PAGE and transferred to
nitrocellulose for immunoblotting with an anti-Fyn antiserum. (B)
HPB. l. 1 (CD45+) or HPB,053 (CD45–) lysates were prepared (lanes
l and 2) or precipitated with lckP peptide coupled to Sepharose beads
(lanes 3 and 4). The eluted proteins were separated by SDS-PAGE
and processed as in (A). Mobilities of mol, wi standards are indicated
in kilodaltons.

Only Lck which is dephosphorylated at Y505 binds to
the lokk peptide
As described previously, the intramolecular model predicts
that only Lck dephosphorylated on Y505 would be able to
bind to lekP peptide. In order to examine the phosphorylation
status of the Lck that binds to the lckP peptide, Jurkat and
J45.01 cells were cultured in the presence of [*P]ortho
phosphorous to label endogenous phosphoproteins. Lysates
were prepared and precipitated with either anti-Lck antibody
or the lckP peptide. The bound Lck was eluted, run on
SDS-polyacrylamide gel and transferred to nylon
membrane, followed by CNBr cleavage. The products of
the digestion were run in a tricine-glycine gel used for
resolving small peptide fragments. CNBr cleavage of Lck
generated the three characteristic groups of fragments
containing different phosphorylation sites: C1 contains
unidentified ser/thr phosphorylation sites; C2 contains Y394.
the autophosphorylation site: C3 contains Y505, the negative
3.18

|ck P
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J J45 – +
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Fig. 5. CNBr cleavage of *P-labeled Lck proteins. Jurkat (J) and
J45 01 (J45) were cultured in [*Porthophosphorous and the
phospholabeled Lck polypeptides were immunoprecipitated with either
anti-Lck heteroserum or the LckP peptide and digested with CNBr.
The products of these reactions were resolved on a tricine-glycine
gel. Lanes 1 and 2: Lck precipitated from Jurkat or J45 cells with
anti-Lck heteroserum, respectively. Lanes 3 and 4: Lck precipitated
with the lckP peptide from unstimulated Jurkat (-) or after 30 min of
stimulation with anti-TCR mab (+), respectively. C1 corresponds to
fragments containing unidentified phosphoserines/phosphothreonines in
the amino-terminal portion of the molecule, C2 contains the
autophosphorylation site (Y394). C3 contains the negative regulatory
site (Y505).

regulatory site (Abraham and Veillette, 1990; Luo et al.,
1990; Veillette and Fournel, 1990). As previous studies have
shown with murine CD45-negative lymphomas (Ostergaard
et al., 1989), Lck isolated from J45.01 with anti-Lck
antiserum was found to be hyperphosphorylated on Y505
relative to Jurkat cells (Figure 5. lanes l and 2), suggesting
that the majority of the lck from Jurkat is dephosphorylated
at this residue. Moreover, consistent with the predictions,
the Lck from Jurkat cells which bound the lckP peptide was
completely dephosphorylated at Y505 (lane 3). Although we
have obtained both partial and complete CNBr cleavage of
the Lck that bound to the lckP peptide, no band at C3 was
observed in three independent experiments. Stimulation with
anti-TCR did not change the phosphorylation status at this
residue of the Lck bound to the peptide (Lane 4). Interest
ingly, a small fraction of the total Lck from Jurkat was
phosphorylated on Y505 (lane 1), demonstrating that there
are two pools of Lck in Jurkat cells: one which is dephos
phorylated on Y505 and binds the lckP peptide, and another
which is phosphorylated on this residue and is unable to bind
to the peptide.

Only a small fraction of Lck is dephosphorylated at
Y505 and able to bind to the lckP peptide in CD45+
cells
From the preceding experiment, it appears that unstimulated
Jurkat cells contain a pool of Lck that is both constitutively
dephosphorylated on Y505 and able to bind the lckP peptide.
Based on the transfection studies with F505 mutants of Lck
in fibroblasts (Carwright et al., 1987: Hirai and Varmus.
1990a), this should represent an active or activatable pool
of Lck kinase. Therefore, it was of interest to quantitate the
relative amount of Lck that is able to bind the lckP peptide.
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Fig. 6. Sequential depletion study with lckP peptide. Jurkat cells
(50 x 10°) were lysed and incubated sequentially with the lckP peptide
coupled to beads. One-twentieth of the pre- and post-depletion lysates,
as well as the total bead eluates, were detected quantitatively by
Western blotting for Lck with anti-Lck mab followed by ‘’’I-labeled
goat anti-mouse IgG.

For such experiments, we performed several rounds of
sequential depletion with the lckP peptide and quantitated
the total amount of bound and unbound Lck. As shown in
Figure 6 (lanes 1-4), decreasing amounts of Lck bound the
lckP peptide following sequential rounds of adsorption with
the lckP peptide coupled to Sepharose beads, indicating that
this Lck pool could be depleted. When the pre-depletion and
post-depletion lysates (lanes 1 and 2) were normalized for
protein concentration, we estimated that only 5–9% of the
total Lck in CD45+ Jurkat cells was able to bind to the
peptide. Thus, although the majority of the ick in Jurkat cells
seems to be dephosphorylated on Y505 (Figure 5), only a
relatively small proportion is able to bind the IckP peptide.

Cross-linking CD4 or TCR induces an increase in the
amount of Lck bound to the lckP peptide
It has been previously shown that cross-linking CD4 with
anti-CD4 monoclonal antibodies (mAbs) can lead to an
increase in kinase activity of Lck (Veillette et al., 1989a.b).
However, no substantial increase in kinase activity has been
observed when the TCR or CD3 is cross-linked (Veillette
et al., 1989b, our unpublished data). Since an increase in
kinase activity has been correlated with the dephosphoryl
ation of Y505 in Lck, we expected to see an increase in the
amount of Lck bound to the lckP with CD4, but not with
TCR cross-linking. To our surprise, both anti-CD4 and anti
TCR cross-linking in Jurkat cells induced a significant
increase in the amount of Lck bound to the IckP peptide
(Figure 7). Interestingly, this increase occurred fairly late
15–30 min). Most tyrosine phosphorylated proteins peak

1-2 min after stimulation in Jurkat cells (Koretzky et al..
1991). The decreased mobility of a portion of Lck that binds
to the ickP following TCR or CD4 stimulation is likely to
reflect the ser, thr phosphorylation of Lck (Veillette et al..
1988a, Ramer et al.. 1991). This peptide binding experiment

CD45 modulation of Lck binding
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F- | I l

§ a TCR acD4 § a■ CR acD4
g HF-1 g HH
S 2' 15" 2' 15" 5 2' 15" 2' 15"
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Fig. 7. Cross-linking TCR or CD4 from Jurkat and J45.01 cells.
Jurkat (J) and J45 01 (J45) cells were stimulated with either the anti
TCR mab C305 (lanes 2. 3. 7 and 8) or with anti-CD4 mAb plus
rabbit anti-mouse Ig (lanes 4, 5, 8 and 10). Lysates were prepared and
incubated with the lckP bound to Sepharose beads. Bound proteins
were eluted, analyzed by SDS-PAGE and blotted with anti-Lck mab.
Lanes 1 and 6: unstimulated cells: lanes 2, 4, 7 and 9: 2 min
stimulation: lanes 3, 5, 8 and 10: 15 min stimulation.

was confirmed in more detailed kinetic studies (data not
shown). In contrast to the results observed with Jurkat cells,
no increase in Lck binding to the lckP peptide was seen when
the TCR complex on J45.01 was stimulated. A small increase
was observed when CD4 was cross-linked. These results
indicate that the two pools of Lck can be modulated with
regard to peptide binding by TCR or CD4 stimulation, but
modulation appears to occur late and is attenuated in
CD45-deficient cells.

Discussion

The studies reported here show that CD45 can modulate the
binding of Lck to a phosphotyrosine peptide encompassing
the Lck negative regulatory tyrosine (Y505). Using this
phosphopeptide containing Y505 (lckP), we were able to
precipitate Lck more efficiently from CD45+ cells than from
CD45-deficient cells derived from two independent T cell
leukemic lines. Reconstitution of CD45 expression, albeit
at lower levels, in J45.01 cells partially restored Lck binding.
This suggests that dephosphorylation of Y505 by CD45 may
change the conformation of the kinase and render it able to
bind to the lckP peptide.

There is ample evidence in the literature that SH2 domains
bind tyrosine phosphorylated proteins (reviewed in Cantley
et al., 1991: Koch et al.. 1991). Consistent with our results.
studies of c-src show that a peptide based on the phos
phorylated carboxy-terminus of c-Src binds to the SH2
domain of the c-src protein isolated from fibroblasts (Roussel
et al., 1991). We obtained similar results using the lckP
peptide and Src deletion mutants (data not shown). More
over, in our studies, proteins which have at least one SH2
domain (PLC-, 1. Vav, GAP) all bound the lckP peptide from
either CD45+ or CD45-deficient cells (Figure 3A). Thus,
it is likely that binding of Lck involves accessibility of the
Lck SH2 domain to the lckP peptide. CD45 may modulate
the accessibility of the SH2 domain of Lck, but not other
SH2 domain-containing proteins. to the lckP peptide. This
is presumably mediated by the effect of CD45 on the
phosphorylation status of Y505 of Lck.

3.19

- 31



M.Sieh, J.B.Bolen and A.Weiss

It is interest that Fyn, another tyrosine kinase expressed
in lymphoid cells whose structure is similar to Lck, bound
the lckP peptide in the absence of CD45 in two separate
CD45-deficient cell lines (Figure 4A and B). This could
argue either that the phosphorylation status of Fyn is
unaffected by CD45 or that Fyn is not an efficient substrate
for CD45 compared to Lck. This implies that other trans
membrane tyrosine phosphatases could regulate the phos
phorylation status of Fyn. Alternatively, in the absence of
CD45 there may be an unidentified protein which specifically
associates with Lck, but not with Fyn, preventing Lck from
associating with the lckP peptide (Figure 8). T cells express
at least one other tyrosine phosphatase, PTPase or, also
termed LRP. Our laboratory has detected low levels of
PTPase o in both wild-type Jurkat cells and the
CD45-negative cell J45.01 (D. Desai and A. Weiss,
unpublished data). Thus, Fyn could be a substrate for PTPase
o, while Lck is not. The binding of Fyn to the lckP peptide
would then be accounted for by the presence of another
transmembrane phosphatase that acts on the phosphorylated
carboxy-terminal tyrosine of Fyn, but not Lck. Indeed, data
from heterologous transfection systems support this notion
(J.Sap and J.Schlessinger, personal communication).
Preliminary CNBr cleavage and peptide mapping studies of
Fyn isolated from CD45+ and CD45 – cells suggests that
Fyn is not hyperphosphorylated to the same degree as Lck
is at the carboxy-terminal negative regulatory site (data not
shown), but it can serve as a substrate for CD45 in in vitro
studies (Mustelin et al., 1992). Further studies are needed
to understand the regulation of phosphorylation of Fyn by
protein tyrosine phosphatases.

Resting CD45+ Jurkat cells appear to have a pool of Lck
that is constitutively dephosphorylated at YSO5. If Lck is
analogous to Src, this should represent an active or
activatable pool of Lck (Carwright et al., 1987; Hirai and
Varmus, 1990a). The sequential depletion studies showed
that only 5–10% of the total Lck in CD45+ Jurkat cells
bound the lckP peptide. However, our CNBr cleavage
experiment suggests that the majority of the Lck in Jurkat
is dephosphorylated on Y505 when compared to Lck in
J45.01 cells (Figure 5, compare lanes 1 and 2). Therefore
it is likely that the lckP peptide cannot bind all the Lck
dephosphorylated on Y505, perhaps because much of the
Lck dephosphorylated at Y505 is already associated with
other proteins.

The inaccessibility of a large pool of Lck dephosphorylated
at Y505 for the peptide appears to be modulated by either
CD4 or TCR cross-linking (Figure 7). It is possible that in
resting cells and immediately following T cell stimulation.
the majority of the Lck dephosphorylated on Y505 is
associated with other protein complexes (Schraven et al.,
1990), thus accounting for its inability to bind to the IckP
peptide. However, 15–30 min after stimulation these
complexes may dissociate due to TCR or CD4-mediated
events, allowing Lck to bind the lckP peptide. Further studies
are required to identify proteins that may interact with Lck
and the mechanism by which this interaction is regulated.

Although the studies presented in this paper are consistent
with the intramolecular model of negative regulation of Lck.
they are also consistent with models in which there could
be intermolecular associations between Lck molecules or
between Lck and other cellular components (protein X.
Figure 8). In any of these models, the interaction could occur
between the phosphorylated Y505 and an SH2 domain.
320

CD45 + CD45

Fig. 8. Regulation of Lck kinase function. Schematic representation of
the different models for regulation of Lck. According to the
intramolecular model', the hyperphosphorylated Y505 interacts with

its own SH2 domain (hatched region) in the CD45-deficient cell.
Alternatively, intermolecular associations between two Lck molecules
or between a Lck molecule and a cellular protein X (shaded protein)
are also depicted. However, in any of these models, the Lck in the
CD45-deficient cell is thought to be inactive' or unable to associate
with key substrates.

Furthermore, none of these models is mutually exclusive,
and it is possible that a dynamic interplay between these
different interactions coexists within the T cell. Finally, even
though the peptide containing the autophosphorylation site
of Lck (Y394) did not bind to Lck (Figure 1B), it is likely
that tyrosine phosphorylation at this residue plays an
important role in Lck regulation, perhaps by binding to
distinct set of cellular proteins. The availability of
CD45-deficient cells, together with the phosphopeptide
binding assay, should provide insight into the mechanism
by which Lck is regulated.

Materials and methods

Cell lines
The CD45+ leukemic T cells Jurkat and HPB 1.1, as well as the corres
ponding CD45– deficient mutants J45.01 (Koretzky et al., 1991) and
HPB 053 (Koretzky et al.. 1990). were grown in RPMI 1640 supplemented
with 10% fetal calf serum, glutamine, penicillin and streptomycin (Irvine
Scientific). J45.LB3 and J45.LA2 CD45 transfectants (Koretzky et al., 1992)
were maintained in the above medium containing Geneticin (GIBCO, Grand
Island. NY) at 2 mg/ml.

Antibodies

Polyclonal antibody against unique NH2-terminal domain of Lck used for
immunoprecipitations was previously described. Antibodies or mabs used
in Western blots were kindly provided by the following investigators anti
Lck hybridoma, from Dr Rafik Sekaly (Ansotegui et al.. 1991); anti
PLC-, 1 mAb, from Dr. Soo Goo Rhee; rabbit anti-Vav antiserum. from
Dr Shulamit Katzavi anti-Fyn antibody raised against the unique domain
of Fyn. from Dr Andre Veillette: RH6-2A anti-roAP polyclonal antibody.
from Dr Frank McCormack. Stimulating antibodies were as follows: C305
mAb, IgM reactive against the Ti■ was used at a final dilution of 1:1000
of ascºtic fluid; anti-CD4 mAb (1,200 dilution) was purchased from Becton
Dickinson Monoclonal Center (Milpitas, CA) and rabbit anti-mouse IgG
(1 mg ml) was purchased from Zymed (South San Francisco. CA).

Peptides
All the peptides were synthesized by standard Merrifield solid-phase
procedures (Merrifield. 1963). For synthesis of the phosphopeptides, the
phosphotyrosine was incorporated as the tert-butyloxycarbonyl-O-dibenzyl
phosphono)-1-tyrosine derivative Peninsula Laboratories). Lck P
phosphopeptide contains the carboxyl-terminal Il aa of Lck. Thr-Ala
Thr-Glu-Gly-Gln-Tyr-PO.H.)-Gln-Pro-Gln-Pro. The corresponding non
phosphorylated carboxyl-terminai peptide was synthesized in the same
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manner. AutoP peptide contained the autophosphorylation site for Lck. Ile
Glu-Asp-Asn-Glu-Tyr-PO, Hy-Thr-Ala-Arg-Glu-Gly. The scrP contained
the carboxyl-terminus tyrosine: Thr-Ser-Thr-Glu-Pro-Gln-Tyr (POAHs)-
Gln-Pro-Gly-Glu. The peptides were covalently coupled to CNBr-activated
Sepharose beads (Pharmacia). Briefly, 3 mg of each peptide were incubated
for 2 h at room temperature with 1 ml of CNBr-activated Sepharose 4B
beads in coupling buffer (0.1 M NaHCO, pH 8.3, 0.5 M NaCl). Reactive
unbound groups were blocked with 0.2 M glycine (pH 8.0) overnight at
4°C. The excess adsorbed protein was extensively washed with coupling
buffer followed by acetate buffer (0.1 M NaOAc pH 4.0. 0.5 M NaCl).
Covalently coupled beads were stored in 50% (v/v) of coupling buffer.

Protein – phosphopeptide precipitations
Cell lysates were prepared as previously described (Fraser et al., 1989).
The equivalent of 4 mg of protein in total lysates was incubated with 50 ul
of Sepharose beads covalently coupled to peptide for 2 h at 4°C. The beads
were washed five times with the lysis buffer (Fraser et al., 1989) and the
bound proteins were eluted by boiling in SDS sample buffer containing 5%
3-mercaptoethanol for 3 min prior to SDS-PAGE in 8.5% gels. Gels were
pre-equilibrated with transfer buffer (20 mM Tris-base, 150 mM glycine.
20% methanol) for 20 min, electrophoretically transferred into nitrocellulose
membranes and blocked with 3% bovine serum albumin (BSA) in TBST
(10 mM Tris-HCl pH 80, 150 mM NaCl, 0.05% Tween 20) for 1 h.
Membranes were incubated with the respective primary antibody for 2 h.
washed with TBST. and further incubated for 1 h with a 1:7000 dilution
of conjugated alkaline phosphatase goat anti-rabbit or goat anti-mouse
(Promega). The immunoblots were washed with TBST and developed by
adding nitroblue tetrazolium and 5-bromo-1 chloro-indoyl phosphate substrate
as recommended by the manufacturer (Promega). For the quantitative
experiments. *i-labeled goat anti-mouse (Amersham) was used.

In vivo labeling and CNBr cleavage
Jurkat or J45.01 cells (50 x 10°) were labeled by incubation for 4 h with
5 moi of [*Porthophosphorous in 5 ml of phosphate-free RPMI 1640
supplemented with 3% of phosphate-free fetal calf serum. Jurkat cells were
stimulated by addition of 1:1000 dilution of C305 followed by a 30 min
incubation at 37°C. Lysates were precleared with normal rabbit serum
coupled to protein A beads, followed by precipitation with anti-Lek polyclonal
antiserum or the lckP peptide. Bound proteins were eluted in SDS sample
buffer, resolved in an 8.5% SDS-PAGE and transferred to Immobilon
membranes (Millipore) as described above. The bands corresponding to
Lck were located upon short exposure to film, excised from membranes
and treated with 60 mg ml of CNBr according to previously published
methods (Veillette et al.. 1989b, Luo et al., 1990 Peptides were resolved
in a tricine-glycine discontinuous gel of Schagger and Von Jagow (modified
by Sigma).
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Summary

The pathways linking the TCR complex to Ras activation are poorly

understood. Although both PKC-dependent and independent mechanisms

have been reported, very little is known about the proteins involved in these

pathways. However, several proteins, including the adaptor protein Grb2, the

proto-oncogene Shc and the guanine-nucleotide exchange factor SOS, have

been implicated in linking growth factor receptors to Ras.

In this chapter, the involvement of these proteins in linking the TCR to

Ras activation was examined. Although only a very low amount of Shc was

inducibly tyrosine phosphorylated in the Jurkat leukemic T cell line, a

prominent 36-38 kDa tyrosine phosphoprotein was found to be associated

with Grb2 and with PLC Y1 following TCR stimulation. Interestingly, this

pp36–38 was exclusively found in the particulate fraction, suggesting that it

may serve as a docking protein to recruit different signaling complexes from

the cytosol to the plasma membrane. The implication of these findings are

further disscussed in this chapter.
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GRB2, a 25-kDa protein comprising a single SH2 domain flanked by two SH3 domains, has been implicated
in linking receptor protein tyrosine kinases (PTKs) to the Ras pathway by interacting with the guanine
nucleotide exchange protein SOS. Previous studies have demonstrated that GRB2 directly interacts with Shc,
a proto-oncogene product that is tyrosine phosphorylated upon receptor and nonreceptor PTK activation. In
this report, we detected low levels of tyrosine phosphorylation of Shc and induced association with GRB2 upon
T-cell receptor (TCR) stimulation. Instead, a prominent 36- to 38-kDa tyrosine phosphoprotein (pp36-38)
associated with the SH2 domain of GRB2 and formed a stable complex with GRB2/SOS upon TCR stimulation.
Cellular fractionation studies showed that whereas both GRB2 and SOS partitioned to the soluble and
particulate fractions, pp.36-38 was present exclusively in the particulate fraction. This phosphoprotein had the
same apparent mobility in sodium dodecyl sulfate-polyacrylamide gel electrophoresis as the phosphoprotein
that associates with phospholipase C-Y 1 (PLC-Y 1). Furthermore, following partial immunodepletion of GRB2
and of the associated pp36-38, there was a significant reduction in the amount of the 36-kDa phosphoprotein
associated with PLC-Y 1. suggesting that a trimeric PLC-Y 1/pp36-38/GRB2 complex could form. In support of
this notion, we have also been able to detect low levels of PLC-Y 1 in GRB2 immunoprecipitates. We suggest that
pp36-38 may be a bridging protein, coupling different signalling molecules to cytoplasmic PTKs regulated by
the TCR.

Activation of resting T cells via the T-cell antigen receptor
(TCR) triggers a cascade of intracellular biochemical events
that ultimately lead to cellular proliferation and induction of
effector functions. The earliest in this series of biochemical
events is the induction of protein tyrosine phosphorylation (26.
28). Tyrosine phosphorylation of cellular substrates is essen
tial, since protein tyrosine kinase (PTK) inhibitors can block
most if not all of the later events associated with TCR
stimulation (21, 29. 38). These results, together with the
observation that the TCR does not have any intrinsic enzy
matic activity, strongly suggest that cytoplasmic PTKs are
regulated by the TCR. At least three candidate PTKs have
been implicated in transducing signals from the stimulated
TCR: Lck (1, 20. 55). Fyn (13.48.57), and ZAP-70 (8, 9).

One of the many cellular proteins that is tyrosine phosphor
y lated soon atter TCR stimulation is the y! isoform of
phospholipase C (PLC-yl) (42. 51.60). Although the biochem
ical pathway which leads to PLC-yl phosphorylation is not
completely understood. It is thought to involve Lck (55.59) or
Fyn (23). Both are members of the Src family of kinases.
Interestingly, a 35- to 38-kDa tyrosine phosphoprotein in
PLC-y immunoprecipitates has been observed following the
stimulation of the TCR (19). B-cell antigen receptor (19), or
nerve growth factor receptor (40), suggesting that this protein
may play a role in PIC-yl function. Phosphorylation of
PIC-wl is responsible for an increase in its catalytic activity
(30. 39), resulting in the conversion of phosphatidylinositol
4.5-bisphosphate into inositol 1,4,5-trisphosphate and diacyl
glycerol. Inositol 1.4.5-trisphosphate and diacylglycerol medi
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ate the increase in intracellular calcium levels and the activa
tion of protein kinase C (PKC), respectively. The activation of
PKC has been correlated with an increase in Ras activity (14.
27), although there appears to be a PKC-independent mecha
nism of Ras activation as well (27). The activations of both
calcineurin and Ras have been associated with lymphokine
gene expression (45), suggesting that these are important
events in TCR signal transduction.

The PKC-dependent and -independent mechanisms of Ras
activation in T cells are poorly understood. Some investigators
have reported that Ras activation occurs primarily by inhibiting
GTPase-activating protein function (14); others have sug
gested the possible involvement of the Vav protein in regulat
ing guanine nucleotide exchange (22). The relative importance
of regulating GTPase-activating protein or guanine nucleotide
exchange function in T cells is not clear. However, consider
able progress has been made in understanding the activation of
Ras by receptor PTKs (reviewed in reterence 50). Several
studies have shown that growth factors can induce the activa
tion of Ras (5, 17. IS. 31. 36, 37. 49) and that mutational
inactivation of the ras gene blocks the effects of a large number
of receptor PTKs (24, 52). Furthermore, expression of consti
tutively active Ras can bypass the need tor receptor PTK
activity during vulval differentiation (3) and development of
photoreceptor cells (16).

Genetic studies have shown that (; RB2 (33) (Sem-5 in
Caenorhabditis elegans || 2 and Drk in Drosophila melanogaster
|41. 53]), a highly conserved adaptor protein that has a single
Src homology 2 (SH2 domain flanked by two SH3 domains, is
involved in coupling receptor PTKs to Ras activation ( 12, 41.
53). Biochemical dissection of the pathway revealed that
GRB2 is responsible for linking the receptor PTKs to a
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guanine nucleotide exchange factor SOS, enabling the tyrosine
kinase to modulate Ras activity (4, 10, 15, 17, 32, 46. 54).

However, in addition to coupling receptor PTKs to the Ras
pathway, there is suggestive evidence that GRB2 may also link
cytoplasmic PTKs to the Ras pathway via its association with
the proto-oncogene shc (43). First, the neurite outgrowth
caused by Shc overexpression in PCl2 pheochromocytoma
cells is Ras dependent (47). Second, upon insulin stimulation
(44, 54), upon epidermal growth factor (EGF) stimulation
(43), or in v-Src-transformed cells (35, 46), Shc is tyrosine
phosphorylated and induced to bind to the SH2 domain of
GRB2 (44. 47, 54). Third. Shc associates with murine SOS in
v-Src- and v-Fps-transformed cells (15). Since signalling
through the TCR is mediated by cytoplasmic kinases, we were
interested in determining if the Shc/GRB2SOS complex
played a role in the TCR-mediated activation of Ras by
examining the phosphotyrosine proteins associated with GRB2
following TCR stimulation.

In this study, we detected only low levels of tyrosine phos
phorylation of Shc and induced association with GRB2 upon
TCR stimulation. Instead, a prominent 36- to 38-kDa tyrosine
phosphoprotein (also referred to as pp.36-38) associated with
the SH2 domain of GRB2 and formed a stable complex with
GRB2 and SOS upon TCR stimulation. Cellular fractionation
studies showed that whereas both GRB2 and SOS partitioned
to the soluble and particulate fraction, this novel phosphopro
tein was present exclusively in the particulate fraction. This 36
to 38-kDa phosphoprotein had the same apparent mobility in
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) as the phosphoprotein that associates with PLC
Y1. Following partial immunodepletion of GRB2 and of the
associated pp36-38, there was a significant reduction in the
amount of pp.36-38 associated with PLC-y1, suggesting that a
trimeric PLC-y1/pp36-38/GRB2 complex could form. In sup
port of this notion, we have also been able to detect low levels
of PLC-yl in GRB2 immunoprecipitates. We suggest that this
pp36-38 may be a bridging protein, coupling different signal
ling molecules to a cytoplasmic PTKs regulated by the TCR.

MATERIALS AND METHODS

Constructs. The glutathione S-transferase (GST)—GRB2
fusion proteins were previously described (2, 33). Briefly,
GRB2 cDNA (33) and the appropriate oligonucleotides flank
ing the domains of interest were used in a PCR. The amplified
DNA was cloned into the pGEX-2X bacterial expression
plasmid and used to transform Escherichia coli competent cells.
Expression of the GST fusion proteins was induced with 0.25
mM isopropyl-B-D-thiogalactopyranoside (IPTG), and the pro
teins were purified by affinity chromatography using glutathi
one-Sepharose beads. The GRB2 mutant RS6K and the mu
tants corresponding to the sem-5 allele nib 19 (12) were
generated as previously described (33). All mutations were
confirmed by sequencing.

Antibodies. The polyclonal antiserum against GRB2 used in
immunoprecipitations and Western blotting (immunoblotting)
was derived from the N-terminal SH3 domain (residues 36 to
50) (33). A polyclonal anti-Shc antibody (purchased from
Transduction Laboratories, Lexington. Ky.) was covalently
coupled to Sepharose as described elsewhere (25). Immuno
blotting with antiphosphotyrosine antibodies was performed
with either monoclonal antibody (MAb) 4G 10 or antibody
RC20 as specified by the manufacturer (Transduction Labora
tories). Anti-SOS polyclonal antiserum, which recognizes
SOS!, was a generous gift from David Bowtell: anti-mitogen
activated protein kinase (anti-MAPK). anti-CD3E and anti
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PLC-yl antibodies were purchased from Zymed (South San
Francisco, Calif.), Dako (Santa Barbara, Calif.), and Upstate
Biotechnology, Inc. (Lake Placid, N.Y.), respectively. For
stimulation of the TCR, an anti-VB MAb directed against the
TCR (C305) was used at a dilution of 1:400 to 1:700 (61).

Cell line, immunoprecipitation, and Western blotting. The
human leukemic T-cell line Jurkat was maintained in RPMI
1640 supplemented with 5% fetal calf serum (Intergen), pen
icillin, streptomycin, and glutamine (Irvine Scientific). Prior to
stimulation, cells were incubated in phosphate-buffered saline
for 20 min and stimulated with C305 for 2 min at 37°C. Cells
were lysed in lysis buffer (1% Nonidet P-40, 150 mM NaCl. 10
mM Tris (pH 7.6]) containing protease and phosphatase
inhibitors (55) at 4°C for 30 min. Lysates were centrifuged at
13,000 × g for 15 min, and the supernatant was recentrifuged
at 100,000 × g for 20 min. The lysates were immunoprecipi
tated with antibody coupled to 25 pil of protein A-Sepharose
beads. The immune complexes were resolved by SDS-PAGE
and transferred to nitrocellulose. Blots were blocked with 3%
bovine serum albumin in TBST (10 mM Tris (pH 7.6], 150 mM
NaCl, 0.05% Tween 20) for 1 h prior to immunoblotting as
described previously (55).

Partial immunodepletion of GRB2. Jurkat lysates from 100
× 10” stimulated cells were prepared as described above and
split into two samples. One sample was incubated with an
anti-PLC-y1 or anti-SOS antibody (predepletion sample),
while the other sample was immunodepleted of GRB2 and
then incubated with an anti-PLC-y1 or anti-SOS antibody
(postdepletion sample). Partial immunodepletion of GRB2
was obtained by subjecting the lysate to five sequential incu
bations with anti-GRB2 antibody (15 ul) coupled to 25 pil of
protein A-Sepharose.

Subcellular fractionation. After stimulation, the cells were
incubated in ice-cold hypotonic solution (10 mM N-2-hydroxy
ethylpiperazine-N'-2-ethanesulfonic acid (HEPES: pH 7.9], 1.5
mM MgCls, 10 mM KCI. 0.2 mM phenylmethylsulfonyl fluo
ride, 0.5 mM dithiothreitol) for 5 min before sonication. The
homogenate was centrifuged at 100,000 × g in a Beckman
TL-100 centrifuge at 4°C for 30 min. The supernatant cytosol
was brought to a final concentration of 1% Nonidet P-40 and
150 mM NaCl and used directly for immunoprecipitation. The
pellet was washed with the hypotonic solution and recentri
fuged to eliminate any residual cytosolic protein. The washed
pellet was resuspended in the hypotonic solution containing
1% Nonidet P-40 and 150 mM. NaCl and recentrifuged at
100,000 × g for 10 min, and the supernatant was used for
immunoprecipitation.

RESULTS

Shc is weakly tyrosine phosphorylated upon TCR stimula
tion. Shc is tyrosine phosphorylated following EGF (43) or
insulin (44. 54) treatment or in cells transformed by the
nonreceptor tyrosine kinases v-Src and v-Fps (35). Therefore,
we were interested in determining whether TCR stimulation
induces Shc tyrosine phosphorylation. Lysates from T cells that
had been stimulated with an anti-TCR MAb were immuno
precipitated with an anti-Shc antibody, separated by SDS
PAGE. transferred to nitrocellulose, and probed with an
antiphosphotyrosine or anti-Shc antibody. Though Jurkat cells
express both the 46- and 52-kDa torms of Shc (Fig. IB), we
detected a slight increase in tyrosine phosphorylation of only
the 52-kDa species following TCR stimulation (Fig. 1A). No
other phosphotyrosine proteins coprecipitating with Shc were
observed. Because we detected only very low levels of Shc
tyrosine phosphorylation, we sought to confirm our finding by
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FIG. I. Shc is weakly tyrosine phosphorylated following TCR stim
ulation. Jurkat cells were untreated (-) or treated for 1. 2. or 5 min
with an anti-TCR antibody (o-ICR), lysed. and immunoprecipitated
with an antibody to Shc (o-SHC). The immunoprecipitates were then
subjected to Western blot analysis with an antiphosphotyrosine (PY)
antibody (A). The blot from panel A was stripped and reprobed with
an anti-Shc antibody (B). In panel C. cells were left unstimulated (lane
3) or stimulated for or 2 min as in panel A (lanes 4 and 5). The Shc
immunoprecipitates and unstimulated lysate (lane were subjected to
immunoblot analysis with an anti-GRB2 antibody. Lane 2 is an Shc
immunoprecipitation in the absence of lysate. Sizes are indicated in
kilodaltons.

determining if there was an induced association between Shc
and GRB2. Previously, it has been shown that only the
tyrosine-phosphorylated She could associate with the SH2
domain of GRBC (47). Thus, stimulated Jurkat cell lysates
were immunoprecipitated with anti-Shc antibodies, and copre
cipitating GRBC protein was assessed by probing the nitrocel
lulose membrane. As shown in Fig. IC, there was an increase.
albeit low. In the amount of GRB2 associating with She
following TC R stimulation, supporting the notion that the
52-kDa form of Shc is tyrosine phosphorylated and associates
with GRB2 after TCR stimulation.

GRB2 associates with a 36- to 38-kDa tyrosine-phosphory
lated protein. Since there was very little GRB2 associating with
Shc, we determined whether there were other tyrosine-phos
phorylated proteins that might associate with GRB2 following
TCR Stimulation. Jurkat cells were stimulated. and the lysates
were subjected to immunoprecipitation with an anti-GRB2
antibody follow cd by immunoblotting with an antiphospholy
rosine antibody (Fig. 2A). As previously reported and shown

GRB2 ASSOCIATES WITH pp36-38 4437

A.
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32–
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FIG. 2. GRB2 associates with a 36- to 38-kD tyrosine-phosphory
lated protein. (A) The equivalent of 50 x 10" Jurkat cells were left
unstimulated (-) or stimulated (+) for 2 min as in Fig. 1A. lysed, and
immunoprecipitated with either normal rabbit serum (NRS) (lanes 3
and 4) or an anti-GRB2 antibody (o-GRB2: lanes 5 and 6). The
immunoprecipitated proteins were then separated by SDS-PAGE and
immunoblotted with an antiphosphotyrosine antibody. Lanes l and 2
contain lysates from 2 × 10" unstimulated (-) and stimulated (+)
cells, respectively. (B) Same as in panel A except that Jurkat cells were
left unstimulated (lane 1) or stimulated for 30 sec. 2 min. or 5 min
(lanes 2, 3, or 4, respectively). Sizes are indicated in kilodaltons.

here. Stimulation of the TCR leads to phosphorylation of
several proteins within the first minute (Fig. 2A. lanes 1 and 2)
(26. 28). A prominent phosphotyrosine protein of 36 to 38 kDa
(pp36-38) coprecipitated with GRB2 after TCR stimulation
(lane 6) but was not present in the unstimulated cell (lane 5) or
in the control normal rabbit serum immunoprecipitations
(lanes 3 and 4). The diffuse 80- to 90-kDa band seen in
unstimulated GRB2 immunoprecipitation was seen only in this
particular experiment. Increases in tyrosine phosphorylation of
pp36-38 and association with GRB2 occurred very rapidly
following TCR activation, peaking 2 min and decreasing 5 min
after stimulation stimulation (Fig. 2B). As it has been difficult
to detect pp.36-38 in GRB2 immunoprecipitates by metabolic
labeling, we do not know whether the association is induced.

GRB2 associates with pp36-38 via its SH2 domain. To
determine which region of GRB2 was responsible for interact
ing with pp36-38, wild-type GRB2, GRB2 mutants, as well the
SH2 domain of GRB2 were expressed as GST fusion proteins.
lysates from stimulated Jurkat cells were incubated with these
fusion proteins, and the bound phosphotyrosine proteins were
analyzed. As shown in Fig. 3, the full-length wild-type GRB2
fusion protein bound to the pp.36-3S, as seen in GRB2
immunoprecipitations (compare lanes 2 and 3). There were
Several additional tyrosine-phosphorylated proteins that asso
ciated with the wild-type GRB2 fusion protein that were not
detected in the GRB2 immunoprecipitations (compare lanes 2
and 3). As the use of GST fusion proteins can sometimes lead
to artifactual in vitro associations, the relevance of these
associations still remain to be assessed.

As expected for a phosphotyrosine-SH2 domain interaction.
pp36-3S bound to the SH2 domain of GRB2 alone (Fig. 3, lane
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but markedly compromised SOS binding (Fig. 3B. lane 6).
Taken together, the results demonstrate that the association
between pp.36-38 and GRB2 is likely to occur via the interac
tion of a tyrosine-phosphorylated residue of pp.36-38 with the
SH2 domain of GRB2.

GRB2 and SOS form a complex with pp36-38. Several recent
studies have demonstrated that SOS and GRB2 form a stable
complex mediated by the proline-rich region in the carboxyl
terminus of SOS and the SH3 domains of GRB2 (10. 32).
Therefore, we examined whether GRB2 formed a complex
with SOS in T cells. Anti-SOS immune complexes from
unstimulated and TCR-stimulated Jurkat cells were precipi
tated and Western blotted for the presence of coprecipitating
GRB2 protein. Consistent with studies of the EGF receptors
(EGFR) (32). GRB2 and SOS form a complex even in
unstimulated cells (Fig. 4A). There was not a significant
increase in the association between SOS and GRB2 following
TCR stimulation (compare lanes 2 and 3). The origin of the
upper band seen above GRB2 is not known, but it may be due
to the use of an upstream initiation site (33).

Since the SH3 domain of GRB2 has been shown to mediate
the binding to SOS while the SH2 domain is responsible for its
interaction with pp36-38, it seemed possible that a trimeric
complex among pp36-38, GRB2, and SOS could form follow
ing TCR stimulation. To address this question, we immuno
precipitated SOS or GRB2 from stimulated cells and probed
the membranes with antiphosphotyrosine antibodies. As pre
viously noted, there was a marked increase in the association of
pp36-38 with GRB2 following TCR stimulation, even though
there was some pp36-38 detected in the basal state (Fig. 4B,
lanes 3 and 4). Interestingly, pp36-38 was also present in the
SOS immunoprecipitates from unstimulated cells (lane 5).
Following TCR stimulation, there was an increase in the
amount of pp.36-38 associated with SOS (lane 6).

To demonstrate that the association between pp.36-38 and
SOS was mediated through GRB2, we attempted to immu
nodeplete GRB2 and determine whether, under those condi
tions, pp.36-38 could associate with SOS. Despite multiple

NRS g-GRB2 g-SOS
F-I-II
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116 — -

80 —

PY
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FIG. 3. GRB2 associates with pp36-38 via its SH2 domain. Jurkat
lysate that had been stimulated for 2 min with an anti-TCR antibody
was incubated with GST alone (lane 1), an anti-GRB2 antibody
(o-GRB2: lane 2), full-length GST-GRB2 (lane 3), full-length GST
GRB2 with a substitution of lysine for arginine in the FLVRES motif
of the SH2 domain (lane 4), the GST-SH2 domain of GRB2 (lane 5).
or the full-length GRB2 with a substitution in the amino-terminal SH3
domain corresponding to the sem-5 loss of function (lane 6). The
coprecipitating proteins were resolved by SDS-PAGE and transferred
to a nitrocellulose membrane. The membrane was divided into two
parts. The lower part was probed with an antiphosphotyrosine anti
body for visualization of the bound pp36-38 (A): and the upper part
was blotted with anti-SOS antibody (B).

5). A point mutation (RS6K) within the highly conserved
FLVRES motif abrogated binding to pp36-38 (lane 4). To
confirm that the RS6K mutant was not grossly misfolded, we
tested the ability of the fusion proteins to bind to other
proteins via its SH3 domain. As shown in Fig. 3B. SOS still
bound to the RS6K mutant as well as the wild-type GRB2
fusion protein (compare lanes 3 and 4), indicating that the
RS6K mutant still retained its ability to bind other proteins via
its SH3 domains. Furthermore, a point mutation in the SH3
domain of GRB2 corresponding to loss of function in sem-5
did not affect the binding of GRB2 to pp36-38 (Fig. 3A. lane 6)

A.
Sº cº-SOS
3 =

g-TCR stim: J – +

206 –

116 –

80 —
GRB2
blot

49 –

32 –

27 – eme LGRB2

1 2 3

FIG. 4. C. RBC and SOS forms a complex with nº st-SS ( \) Jurkat cells were left unstimulated (lane 2) or stimulated for 2 min (lane 3, with
an anti-TCR antibody tº ICR). Lysates were immunoprecipitated with an anti-SOS antibody (cº-SOS), washed, and resolved by SDS-PAGE. The
Western blots were probed with an anti-GRB2 antibody and visualized by sing 1-protein A. Lane contains vsate trom unsumulated -- 1s. (B)
Lysates were prepared as in panel A. immunoprecipitated with either normal rabbit scrum (NRS. lanes 1 and 2), an anti-C RB2 antibody tº-( ; RB2.
lanes 3 and . . or an anti-SOS antibody (cº-SOS lanes 5 and tº) and separated by SDS-PAGF. The proteins were transferred to nitrocellulose
membranes and blotted with an antiphosphotyrosine untilody Sizes are indicated in kilodaltons.
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FIG. 6. pp.36-38 has the same apparent mobility in SDS-PAGE as
the phosphoprotein that associates with PLC-y!. Jurkat cells were left
unstimulated (-; lanes 1, 3, and 5) or stimulated (+: lanes 2, 4, and 6)
as in Fig. 5. The lysates were loaded directly into the gel (lanes 1 and
2) or immunoprecipitated with an anti-GRB2 antibody (o-GRB2:
lanes 3 and 4) or with an anti-PLC-y1 MAb (o-PLCY1; lanes 5 and 6).
The proteins were resolved by SDS-PAGE, and the nitrocellulose
membrane was immunoblotted with antiphosphotyrosine antibody
RC20. Sizes are indicated in kilodaltons.

6 and 7). Taken together, these data suggest that the PLC-yl
associated pp36-38 is the same as the pp36-38 that associates
with GRB2 and that the trimeric PLC-y1/pp36-38, GRB2 com
plex can form following TCR stimulation.

DISCUSSION

There are several small adaptor proteins, such as GRB2,
Crk, and Nck, that possess SH2 and SH3 domains but have no
covalently linked enzymatic domain. Cellular overexpression
of several of these adaptor proteins leads to transformation
(11, 34), underscoring the importance of these molecules in
signal transduction. A better understanding of how these
proteins function in PTK receptor signalling came with the
demonstration that GRB2 is involved in Ras activation by
receptor PTKs in mammalian cells (33) and in C. elegans (12).
It is now known that the SH3 domain of GRB2 binds to a
proline-rich motif in SOS (10, 32) and that upon receptor
activation, this complex is recruited to the plasma membrane
via its association with the autophosphorylated EGFR (5. 15).
In this study, we were interested in determining whether GRB2
might play a role in the TCR-mediated activation of Ras by
identifying the phosphotyrosine proteins that associate with
GRB2 upon TCR stimulation. Contrary to what was observed
in EGF- and insulin-stimulated cells (43.44. 54), we detected
only low levels of Shc tyrosine phosphorylation following TCR
stimulation (Fig. 1A). This is intriguing, since signalling
through the TCR is mediated by cytoplasmic kinases and
phosphorylation of Shc has been proposed as a mechanism by
which nonreceptor tyrosine kinases are coupled to the Ras
pathway (15, 46). A recent study demonstrated that Shc is
phosphorylated following interleukin-2 receptor stimulation
(7). Thus, it is possible that in T cells. Shc interacts with
cytoplasmic PTK pathways that are distinct from those in
volved in TCR signal transduction. Alternatively, it is possible
that the low level of tyrosine-phosphorylated Shc associated

MOL. CELL. Biol.
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FIG. 7. pp.36-38 forms a trimeric complex with PLC-yl and GRB2.
(A) Jurkat cells were left unstimulated (-; lanes I and 3) or stimulated
(-; lanes 2, 4, and 5) as in Fig. 5. The lysates were immunoprecipitated
with normal rabbit serum (NRS; lanes l and 2), an anti-GRB2
antibody (o-GRB2: lanes 3 and 4), or an anti-PLC-yl MAb (o-PLCY1;
lane 5). The proteins were resolved by SDS-PAGE. and the nitrocel
lulose membrane was immunoblotted with an anti-PLC-yl MAb. Sizes
are indicated in kilodaltons. (B) Lysate from stimulated Jurkat cells
was prepared as in Fig. 5 and incubated with an anti-PLC-yl or
anti-SOS antibodies (o-SOS) (Pre: lane 8 or 10, respectively) or
sequentially immunodepleted of GRB2 and then incubated with an
anti-PLC-yl or anti-SOS antibody (Post: lane 9 or 11, respectively).
Partial immunodepletion of GRB2 was obtained by subjecting the
lysate to five sequential incubations with the anti-GRB2 antibody
(lanes 3 through 7). Jurkat lysate before (Pre) and after (Post) GRB2
depletion were directly loaded for SDS-PAGE (lanes 1 and 2). The
proteins were transferred to a nitrocellulose membrane and immuno
blotted with antiphosphotyrosine antibody RC20.

with GRB2 (Fig. 1C) is physiologically relevant and sufficient
for coupling the TCR complex to the Ras pathway.

Though little Shc was associated with GRB2 upon TCR
stimulation, we detected a major 36- to 38-kDa tyrosine
phosphorylated protein interacting with GRB2 upon TCR
stimulation (Fig. 2A). The interaction between GRB2 and
pp36-38 was detected very rapidly following ICR stimulation
(Fig. 2B). Similar findings were reported by Buday et al. (6)
following the submission of this report. Since the interaction
was dependent on phosphotyrosine binding function of the
SH2 domain of GRB2 (Fig. 3), we presume that the interaction
is induced by pp36-38 phosphorylation. Taken together, the
data suggest that upon TCR stimulation, the 36- to 38-kDa
protein is phosphorylated by a cytoplasmic kinase proximal to
the TCR. This phosphorylation may activate its function or
may allow it to bind to GRB2 and or to the GRB2SOS
complex (Fig. 4). We frequently detected two bands in the
pp36-38 region and are currently investigating whether
pp36-38 comprises two distinct phosphoproteins or whether it
is differentially phosphorylated.
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CHAPTER 4

PURIFICATION SCHEME FOR THE

36-38 kDA PHOSPHOPROTEIN_ASSOCIATED

WITH GRB2 AND PLCY1



Summary

In previous experiments, pp36–38 was shown to bind to Grb2 (68-70, 118,

119), p85 (120) and PLCY1 (68) in vivo, raising the possibility that it is a

coupling molecule linking a cytoplasmic tyrosine kinase to various

downstream signaling complexes. The elucidation of its exact role in T cell

signal transduction awaits its molecular characterization. A biochemical

purification scheme for isolating proteins that associate only with the SH2

domain of Grb2 was developed. Grb2GST containing a point mutation in the

SH3 domain (P49LGrb2-GST) was covalently crosslinked to glutathione beads

and used for affinity purification of pp36-38 from Jurkat lysates. Peptide

sequences for five proteins were obtained, including a novel 36 kDa protein,

dynamin, Cbl, Samó8 and an 80 kDa serine/threonine phosphoprotein.

Degenerate oligonucleotides, based on the peptide sequences of p36, were used

to screen a human leukemia cDNA library. One cDNA clone encoding ten of

the eleven peptides found in the 36 kDa protein was isolated. Rabbit

polyclonal antisera were raised against the amino- or the carboxy-terminal

sequences of p36, and were shown to immunoprecipitate and western blot a

single 36 kDa protein. However, p36 did not co-immunoprecipitate with Grb2

in vivo nor was it found to be tyrosine phosphorylated following TCR

engagement. Further studies revealed that p36 bound to the P49LGrb2-GST

only when the latter was covalently crosslinked to beads. A new protocol for

the purification of pp36 is presented and discussed below.
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Preface

Stimulation of the TCR complex induces the tyrosine phosphorylation of

a prominent 36-38 kDa protein. Although pp36-38 has not been molecularly

characterized, several key signaling complexes such as the p85 subunit of PI3

kinase (120), Grb2-SOS (68-70) and PLC Y1 (68), and SLP-76 (J. Wu and G.

Koretsky, personal communication) are able to directly or indirectly associate

with pp36-38. There is suggestive data indicating that pp36–38 is critical for

increases in the levels of intracellular calcium as well as phosphatidylinositol

turnover following engagement of the TCR complex (Motto et al., in press).

Furthermore, engagement of the TCR complex in a Jurkat mutant called

JCaM2.5 does not induce the tyrosine phosphorylation of p36–38, the

concomitant increase in intracellular calcium (121) or Ras activation (J. Wu,

personal communication), suggesting that pp36-38 is required for these

signaling events.

Interestingly, a 36-38 kDa phosphoprotein have been reported in several

different cells including peripheral T cells (70,122), leukemic T cell lines (120,

68, 69, 118), NK cells (123), PC12 cells (124) and Ramos B cells (125) but has not

been detected in fibroblasts stimulated with EGF (125). However, the 36-38

kDa phosphoprotein described in B cells and PC12 cells seems to have

different binding properties than the pp36–38 identified in T and NK cells.

More specifically, the 36-38 kDa phosphoprotein in B cells is not capable of

binding to the SH2 domain of PLCY1 (125), whereas the pp36-38 isolated in T

cells does (125 and our unpublished observation). In PC12 cells, stimulation

with NGF induces the phosphorylation of a 38 kDa protein. However, unlike

pp36-38 detected in T cells (120), this 38 kDa phosphoprotein does not bind to

the SH2 domain of p85 (124). Furthermore, binding of the PC1238 kDa

|.
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protein to PLCY1 requires both the SH2 domains of PLCY1 whereas T cell

pp36-38 can independently bind to either amino or carboxy SH2 domain of

PLCY1 (our unpublished observation). Although pp36-38 could be

differentially tyrosine phosphorylated in different cell types, it is tempting to

speculate that pp36-38 is exclusively expressed in T lymphocytes and NK cells,

or that the kinase responsible for pp36-38 phosphorylation has a very

restricted expression pattern.

There is suggestive evidence that ZAP-70 may be responsible for

phosphorylating p36-38. pp36-38 has been reproducibly found in

immunoprecipitates of ZAP-70 following TCR stimulation (D. Qian, personal

communication). This association is unlikely to be an artifact due to the cross

reactivity of the anti-ZAP-70 antibody with pp36-38 because similar results

were obtained when anti-Myc antibody was used to immunoprecipitate an

epitope-tagged ZAP-70 construct (Q. Zhao, personal communication).

Although it remains to be determined whether ZAP-70 directly associates

with pp36-38, it is intriguing that the two SH2 domains of ZAP-70 do not

seem to mediate the binding to pp36-38 (39), raising the possibility that the

kinase domain and/or linker region of ZAP-70 is involved in binding and

phosphorylating p36-38. Taken together, there is strong correlative data

suggesting that pp36–38 may be an essential coupling protein linking

cytoplasmic tyrosine kinases to the downstream signaling complexes. An

attempt to purify and clone pp36-38 from stimulated Jurkat cells is described
below.
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Results

36-38 is drastically reduced in JCaM2.5 cell

There is suggestive evidence that pp36-38 is critical for increases in the

levels of intracellular calcium as well as phophatidylinositol turnover

following engagement of the TCR complex (Motto et al., in press). In order to

determine if pp36–38 was required for increases in intracellular calcium,

biochemical analysis of a Jurkat mutant, JCam2.5 was undertaken. JCaM2.5

cells were originally isolated based on their failure to increase cytoplasmic free

calcium following TCR stimulation (121). However, the TCR on JCaM2.5

cells does partially activate the TCR-associated PTK since several proteins

such as the TCR § chain (D. Straus, personal communication), Cbl (T.

Sosinowski, personal communication) and Vav (J. Wu, personal

communication) are still inducibly phosphorylated. Further analysis of

JCaM2.5 cells has shown that the inducible tyrosine phosphorylation of PLC

Y1 (63) as well as the activation of Ras (J. Wu, personal communication) is

compromised. Because pp36-38 can associate with Grb2-SOS (68-70) as well as

with PLC Y1 (68), it was of interest to determine if this interaction remained

intact in JCaM2.5 cells.

As shown in Figure 1, pp36-38 bound to Grb2 following TCR stimulation

in Jurkat cells (lane 4) but not in JCaM2.5 cells (lane 7). Interestingly,

although pervanadate stimulation of Jurkat and JCaM2.5 cells induced many

tyrosine phosphorylated proteins that bound to Grb2-GST (lane 5 and 8,

respectively), very little bound pp36-38 was detected in JCaM2.5 cells (lane 8).

These results suggest that JCaM2.5 cells are deficient in, or have drastically

reduced amounts of pp.36–38. In order to confim this, PLC Y1 was

immunoprecipitated from unstimulated and stimulated Jurkat and JCaM2.5
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Fi 1. pp.36–38 iated with Grb2 is drasticall luced in ICaM2.5 cell

The equivalent of 5 x 107 Jurkat and JCaM2.5 cells were left
unstimulated (lanes 1, 3 and 6), stimulated with anti-TCR antibody

(lanes 2, 4 and 7) or treated with pervanadate (lanes 5 and 8). The

lysates were incubated with either NRS (lanes 1 and 2) or anti-Grb2

antibody (lanes 3 - 8), and the bound proteins were resolved by SDS

PAGE, transferred to nitrocellulose membranes and western blotted

with anti-phosphotyrosine mAb 4G10.

- 49



A ion of
- -

rb2 i m2 cell

Jurkat JCam2
| | | |

I NRS I I O-Grb2 IP. P.stim: . . . ; # - 3 #
216 – -

106 – PY
-- blot

80 —

49 – -

-- 50 —



Figure 2. pp36-38 associated with PLCY1 is drastically reduced in ICaM2.5

cells.

The equivalent of 5 x 107 Jurkat and JCaM2.5 cells were either left
unstimulated (odd numbered lanes) or stimulated with anti-TCR

antibody (even numbered lanes). The lysates were either directly

loaded onto the SDS-PAGE (lanes 1-4) or first immuprecipitated

with anti-PLCY1 antibody (lanes 5-8). The proteins were western

blotted with anti-phosphotyrosine mAb 4G10.
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cells. As shown in Figure 2, stimulation of Jurkat cells induced the

phosphorylation of several proteins, one of the most prominent being pp36

38 (lane 2). Consistent with what had been previously reported, stimulation

of JCaM2.5 cells did induce the phosphorylation of some proteins (63), but

there was no detectable pp36-38 (lane 4). Furthermore, pp36-38 associated

with PLC Yl from stimulated Jurkat cells (lane 6) but not from stimulated

JCaM2.5 cells, even though PLCY1 from JCaM2.5 was inducibly

phosphorylated, albeit to a lower extent than in Jurkat cells (Compare lanes 6

and 8). Taken together, these results demonstrate that pp36-38 is drastically
reduced in JCaM2.5 cells.

Purificati i cloni f p36

In order to purify pp36-38, the equivalent of 8 x 109 Jurkat cells were
stimulated with anti-TCR antibody. The lysates were precleared with GST

alone, with PTP1C-GST, a fusion protein encompassing the two SH2 domains

of PTP1C, followed by another pre-clearing step with R86KGrb2-GST, a fusion

protein containing a point mutation in the conserved FLVRES sequence (68)

in the SH2 domain. The precleared lysate still containing pp36-38 was

incubated with P49LGrb2-GST, a Grb2-GST fusion protein containing a point

mutation in the amino-terminal SH3 domain of Grb2. The proteins bound to

the P49LGrb2-GST fusion protein were resolved by SDS-PAGE, transferred to

Immobilon membranes and western blotted with anti-phosphotyrosine

antibody (Figure 3) or directly stained with Ponceau S (data not shown). The

rationale for using the P49LGrb2-GST as opposed to a SH2Grb2-GST fusion

protein containing only the SH2 domain of Grb2, was that the former

migrated as a 49kDa protein and therefore did not overlap with pp36-38.
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Figure 3. Several tyrosine phosphorylated proteins bound to the P491.Grb2

GST fusi tei

The equivalent of 8 x 109 Jurkat cells were stimulated with anti-TCR

antibody and the lysates were prepared according to the purification

protocol described in Experimental Procedures. The proteins that

bound to GST (lane 1), R86KGrb2-GST (lane 2) or P49LGrb2-GST

(lane 3) were loaded on SDS-PAGE, transferred to Immobilon

membrane, and analyzed by western blotting with anti

phosphotyrosine 4G10 mAb (shown in Figure) or stained with

Ponceau S (data not shown). The arrows indicate the proteins that

were microsequenced from the corresponding Ponceau S stained

blot. The identity of the five identified proteins are as shown.
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Furthermore, although the carboxyl-terminal SH3 domain of the P49LGrb2

GST fusion protein was still functional, proteins that required an intact

amino- and carboxyl-terminal SH3 domain of Grb2 would be eliminated.

Ponceau S staining showed that five major proteins of molecular weights

120 kDa, 100 kDa, 80 kDa, 70 kDa and 36 kDa copurified with the P49LGrb2 but

not with the R86KGrb2 nor with GST (data not shown). Trypsin digestion

followed by microsequencing of these five proteins revealed the identity of

three out of the five proteins: dynamin (100 kDa), Cbl (120 kDa) and Samé8 (70

kDa) (Figure 3), each of which had previously been shown to interact with

Grb2 in vivo and/or in vitro (71, 150, 174). The peptide sequences for the

other two proteins of 36 kDa and 80 kDa (Figure 4) did not match any

sequence in the Genebank database.

Degenerate oligonucleotides based on peptide QTYYQV and TFHLAND of

p36 were used in polymerase chain reaction (PCR) amplification of whole cell

RNA. A specific 870bp fragment was amplified and was then used to screen a

leukemic T cell cDNA library. One cDNA encoding ten of the eleven peptides

found in p36 was isolated (Figure 5). Search of the EST (Expressed Sequence

Tagged) database revealed that the p36 cDNA had 70% identity to the C.

elegans cosmid ZK652 (data not shown). Because the partial cDNA isolated

was 1171 bp and most likely encoded for a protein larger than 36 kDa,

northern blots were probed to determine the exact size and tissue distribution

of this gene. As shown in Figure 6, 1.6Kb and 2.4Kb transcripts were widely

expressed, with the highest levels present in testes, skeletal muscle and heart.

Consistent with the notion that the partial cDNA encoded a protein larger

than 36 kDa, sequencing of the amino-terminus showed that this protein was

proteolytically cleaved, releasing a 320 amino acid fragment as diagrammed



Figure 4. Peptide sequences for the proteins purified with P491.Grb2-GST.

Proteins were purified as described in Experimental Procedures.

Bands corresponding to p36, p70, p80, p.100, p120 were excised from

Immobilon membranes stained with Ponceau S, digested with

trypsin and microsequenced. The unique peptide sequences

obtained for p36 and p80 are numbered. The peptides with the

consensus VLETVG, VIPFYMXM, PPFSLE and PXNVK were

obtained more than once. Peptides used for cloning p36 are

underlined. The only peptide not found in the gene encoding p36 is

marked by an asterisk (*) whereas the peptide in p80 containing

homology to a serine kinase involved in meiosis is marked by two

asterisks (*).
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p36

1)

2)

3)

4)

5)

6)

7)
8)

9)

VLETVGXF

TVIPFYMGMR

FERPDGSHFDVVR

VAQIPTYMEM “

SOTEAVTELANHD

LENLDSDVXQL

GVVGREPVLSK

APPFVARES

NPPFSLES

10) QTYYOV
11) FSLSGVLETV

Il

p80

1) PREFXAY

2) PLHVVXK

3) LENLNK

4) ITAVAETFK

5) PINVKL

6) FLIPTLY”

7) LYNLIIK

8) LVLIPAEK

9) VNLTDFR

80



Figure 5. cDNA encoding for p36.

One cDNA clone isolated from a human T cell cDNA library

encodes for ten peptides present in the purified p36. Peptides

microsequenced are shown in thick lines. A potential site

for amino-terminus cleavage is shown by the arrow. Amino- and

carboxyl-terminal regions of p36 used to generate antibody are
shown in dashed lines.

- 59 -



Partial cDNA sequence of p36

atgtcgggtggg act g88, goggaacgc.cgc.ccggcc.gcgggctgg gCt ctgtgtcag Cag CC3 ge
S G G T G A E R R P A A G W A L C Q Q P GM

ggcgct Cºggcggga cat gºc agc ctg tacago cog gC& CCC tºg Cºtggc gag cºgctggtggto
G A R A G H G S L Y S P A P W R G E R L V VA

ccggtogct aactgg goc cºg agc caa cqc totgtgcºgcºgccg gag ctggag cottct cºccag
V A N W A R S Q R S V R R P E L E P S R Q

cto gaccacgacgacgcg gag gea cte tog toc cºa aac cºacca gagggcaaagtgttggag aca
L D H D D A E A Lts s R N R f-

-
-F=G=-&-Y-L-F-1

gttggt gtgttt gag gtgcca aaa cag aat ga aaa tat gag acc ggg cag ctt to ctt cat agc
V_G V_F_E_V_P_K Q N G K_ Y E T G Q L. F L H S

att tttggc taccgaggtgtc.gtoctgttt coc tºg caggcc aga ctg. tatgat t2g gatgtggct tct
I F G Y R G V V L F P W Q A R L Y D W D V A S

gca got coa gaaaaa goa gag aaccCt gct gc cat gºc catggctocaag gaggtgaaaggcaaa
A A P E K. A E N P A G H G H G S K E V K G K

act cac act tactat caggtgctgatt gat got gtg act geccga catata tot cag agt cto acagaa
D A V T A R H L S Q_S_L_T E

got gtt acc ttctggct aae cat gatgac agt cgg gec cto tatgcc atc.cca ggc ttggac tatgtc
D S R A L Y A. I. P G L D Y V

agc cat gaa gacatgcto coc tac acc toc act gat caggtt cocatc caa catgaacto titgaaaga
s H E, D M L p Y T S T D Q v P 1 Q H E L f E R

ttt ctt ctg tatgac cag aca aaa goa cct cottttgtggct cgg gag agt aag go cta aca aga
F L L Y D Q T K A_P_P_F V_A_R_E_S_ K G L T R

gaa gaatca coc ctggct gagct cto gatgtt cat cºg gaa aca act gag aac ata cat gto act
E E S P L A G A L D V H R E T T E N I R V T

gto atc ccc ttctac atgggc atgagg gaa gtc.gga att coa cat gtg tactgg tag cgc tactgt
V_L P_F Y_M_G._M_R E V G I P H V Y W W R Y C

atc.cgt ttggag aac ctt gac agt gat gtggta cag ctc.cgg gag cog cac tag agg ata tte agt
I R L E N L D S D V V Q L R E R H W R I F. S.

ctetctggc acc tº gag aca gig cºaggc.cga gºggia gig gºc agg gaa cºa gig tº tºº anº
L. S & T L E I v R G R G Y Y-9–B–F–F–A–4–3–Š.

gag cag cct get tte agtata gca gcc acc tet cºc tºc agg cit cºt agt Sºg cacaº tº 85°
E_ Q_P. A f_S.___A_A_T_S R C R H F * G H M W G

acg tte cºc tºt gaa aca cct gat ggc tec cac trt gat gtt cºg att cot coc tºc tec cig gaa al■ º
T F R F E T P D G S H E D Y R L D-T-E-S-I-F—º

cca coc to a gºo ctt cac tº:g tag gCC agc tº a gº,lat aaa Jat Q■ ºl adº à Ca
-

K T P P S G L H W " A SN K D E
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Figure 6. Tissue expression of p36.

p36 is widely expressed, with highest levels of expression in

heart, skeletal muscle, ovary and testes. A 500 bp fragment from p36

was used as a probe to blot an adult human tissue northern

(Clonetech). The northerns were exposed 2 days. st
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in Figure 5. Interestingly, the region of homology to the protein in C. elegans

seem to be restricted to the released 320 amino acid fragment.

To determine if this cDNA encoded pp.36–38, rabbit antisera against the

amino- or the carboxy-terminus of p36 were generated. As shown in Figure

7A, the antibody raised against the amino terminus of p36

immunoprecipitated a doublet of 36 kDa and 38 kDa (lanes 5 and 6) that was

not present in immunoprecipitates with the control pre-immune sera (lanes

3 and 4), demonstrating that the anti-p36 antibody was specific. Surprisingly,

the same amount of p36 bound to Grb2-GST from both unstimulated and

stimulated Jurkat cells (lanes 7 and 8) even though there was a significant

increase in tyrosine phosphorylated pp36-38 bound to Grb2-GST fusion

protein following TCR stimulation as detected by anti-phosphotyrosine blot

(Figure 7B, lanes 7 and 8). Furthermore, p36 was not inducibly tyrosine

phosphorylated following TCR stimulation (lanes 5 and 6). These results

show that although p36 can bind to the Grb2-GST fusion protein, it is not

inducibly tyrosine phosphorylated. Therefore, the gene cloned probably does

not encode pp36-38.

To determine the specificity of the in vitro association of Grb2-GST with

the cloned p36, several GST fusion proteins containing SH2 or SH3 domains

were tested for their ability to bind p36 from Jurkat lysate. p36 specifically

associated with the Grb2-GST fusion protein but not with several other GST

fusion proteins containing one or two intact SH2 domains (Figure 8, lanes 3

thru 10). Interestingly, p36 did not associate with the Grb2-GST fusion protein

that contained a point mutation in the SH3 (P49L) or SH2 (R86K) domain

(lanes 4 and 5, respectively), a surprising finding given that p36 was initially

purified using the P49LGrb2-GST fusion protein. The only difference between



Figure 7. p36 constitutively associates with Grb2-GST and is not tyrosine

phosphorylated.

The equivalent of 50 x 106 Jurkat T cells were left unstimulated or
stimulated with anti-TCR antibody. The lysates were precipitated

with pre-immune sera (lanes 3 and 4), anti-p36 antibody (lanes 5

and 6) or Grb2-GST (lanes 7 and 8). The bound proteins were

resolved by SDS-PAGE and analysed by western blotting with anti

p36 antiserum (panel A). This blot was stripped and reprobed

with anti-phosphotyrosine antibody (panel B). Control lysates from

unstimulated or stimulated cells are shown in lanes 1 and 2,

respectively.
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the P49LGrb2-GST fusion protein used in this experiment and the one used

during the purification protocol, was that the latter was covalently

crosslinked to beads with dimethylpimelimidate (DMP). Therefore, it was

possible that covalently crosslinking the P49LGrb2-GST fusion protein to

beads with DMP altered its structure and increased its binding affinity for p36.

To directly test this possibility, the P49LGrb2-GST and R86KGrb2-GST fusion

proteins were either left uncrosslinked or covalently crosslinked to beads

with DMP and used to precipitate p36. Consistent with the previous results,

p36 did not bind to P49LGrb2-GST (Figure 9, lane 5) or to R86KGrb2-GST (lane

3). However, p36 did bind to the GST fusion proteins that had been

covalently crosslinked to beads (lanes 2 and 4) to the same extent as seen with

the wild type Grb2-GST (lane 1), providing an explanation as to how p36

purified with P49LGrb2-GST.

Since p36 could specifically bind to Grb2-GST in vitro, it was of interest to

determine if it could also associate with Grb2 in vivo. For this purpose, Grb2

was immunoprecipitated from stimulated Jurkat lysates and the presence of

coprecipitating p36 was verified by western blot. As shown in Figure 10, no

p36 was detected in the Grb2 immunoprecipitations even though four

different anti-Grb2 antibodies raised against the SH2 or SH3 domains in Grb2

were used (lanes 3, 4, 5 and 7). Additionally, there was no detectable Grb2 in

anti-p36 immunoprecipitations (data not shown), further demonstrating that

the association between p36 and Grb2 was an in vitro phenomenon.

New Purificati tocol f 36-38

Although it was clear how the contaminating p36 copurified with

P49LGrb2, the fact that ten of the eleven p36 peptides microsequenced
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Figure 8. p36 specifically binds to Grb2-GST in unstimulated Jurkat T cells. ºn tº
st was

Lysate from the equivalent of 50 x 106 unstimulated Jurkat T cells , , , ; **
*** * * * *

* . . . . sºwas precipitated with different GST fusion proteins: Grb2-GST (lane -- * : * *

-, -º

2), S80TGrb2-GST (lane 3), P49LGrb2-GST (lane 4), R86KGrb2-GST -

(lane 5); CD3e-GST (lane 6); NH2Vav-GST (lane 7); SH2Vav-GST º
(lane 8); SH22AP-70-GST (lane 9); PTP1C-GST (lane 10). The bound

proteins were resolved by SDS-PAGE and analyzed by western º º:
blotting with anti-p36 antiserum. The equivalent of 2 x 106 3T3 cells * .
was loaded on lane 1.

* * * * * * * *
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Figure 9. Covalently crosslinking P491.Grb2-GST to beads alters its structure

i tes the bindi f p36

Lysate from 50 x 106 unstimulated Jurkat T cells was
incubated with different uncrosslinked Grb2-GST fusion proteins

(lanes 1, 3 and 5), with fusion proteins covalently crosslinked to

beads (lanes 2 and 4), with anti-p36 antiserum (lane 6) or control

NRS (lane 7). The bound proteins were resolved by SDS-PAGE and

analyzed by western blotting with anti-p36 antiserum. The GST

fusion proteins used are as shown: wild type Grb2-GST (lane 1);

R86KGrb2-GST (lanes 2 and 3) and P49LGrb2-GST (lanes 4 and 5).
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Covalently crosslinking P49LGrb2-GST to beads
alters its structure and allows binding of p36
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Figure 10. p.36 does not associate with Grb2 in vivo. º
Lysate from the equivalent of 50 x 106 unstimulated Jurkat cells º

was precipitated either with anti-Grb2 monoclonal antibody

generated against the SH2 (lane 5), with several different (=)

polyclonal antisera raised against the SH3 (lanes 3, 4 and 7) º

domains of Grb2, or with anti-p36 antiserum (lane 1). The bound
gº i. ºf a

proteins were resolved by SDS-PAGE, transferred to Immobilon set tº a

membrane and western blotted with anti-p36 antisera. Normal

rabbit serum immunoprecipitates are shown in lanes 2 and 6.

Control lysate is shown in lane 8.
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originated from the contaminant protein was a strong indication that very

little, if any, pp.36–38 was purified. Therefore, in an effort to optimize the

amount of pp.36–38 recovered and reduce the amount of contaminating

proteins that bind to Grb2-GST, several changes were incorporated into the

purification scheme presented above. The rationale for this new purification

scheme as well as the results of a pilot study are presented below.

i. Optimizing the phosphorylation of p36-38 with the use of pervanadate.

There were several possibilities that could explain why a greater amount of

pp36-38 did not copurify with P49LGrb2, one of them being that optimal

tyrosine phosphorylation of pp.36–38 was not obtained due to the rapid

kinetics of phosphorylation and dephosphorylation of pp.36–38 (Sieh et al.,

1994). The TCR complex in Jurkat cells is rapidly internalized following

exposure to soluble anti-TCR monoclonal antibody (M. Graber, personal

communication), which could contribute to the rapid dephosphorylation of

pp36-38. Thus, it was reasoned that one could sustain the phosphorylation of

pp36-38 by inhibiting the downregulation of the TCR. However, treatment

with sodium azide as well as extensively crosslinking the TCR complex with

a combination of anti-TCR antibodies such as Leu%, 235 and C305 did not

affect the kinetics of pp.36–38 dephosphorylation (data not shown). Since it

was not clear how the dephosphorylation of pp36-38 could be prevented, pilot

experiments were performed to assess whether pervanadate could enhance

the phosphorylation of p36-38.

Pervanadate, a tyrosine phosphatase inhibitor, offers advantages over

using stimulating anti-TCR antibodies. First, it bypasses the need for high

TCR expression levels, an important consideration because Jurkat cells can

lose expression of the surface TCR when kept in culture for long periods of

is tº sº
as a as
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time (our unpublished observation). Second, pervanadate is fairly easy to

generate compared to producing high quantities of stimulating anti-TCR

antibody. Third, pervanadate would allow the purification of pp36-38 from

thymic or splenic tissues. Fourth, cells could be uniformally stimulated in

large 10 ml quantities with pervanadate, an important issue when attempting

to purify pp36-38 from as much as 200 liters of Jurkat cells. However, despite

these clear advantages, the actions of pervanadate stimulation are complex.

Thus, there is a great risk of inducing artifactual tyrosine phosphorylation of

irrelevant proteins. In order to determine whether pervanadate and TCR

stimulation induced the same tyrosine phosphorylated proteins to bind to

Grb2-GST, Jurkat cells were treated with different concentrations of

pervanadate or with anti-TCR antibody. As shown in Figure 11, both

pervandate stimulation and anti-TCR stimulation induced similar proteins,

pp.115, pp80, pp70 and pp36-38, to bind to Grb2-GST. pp36-38 isolated from

pervanadate treated cells migrated as a significantly more diffuse band than

pp36-38 from anti-TCR stimulated cells (Figure 11, lane 1 versus lanes 2, 3,

and 4). These results suggest that a short treatment with pervanadate can

mimic TCR stimulation in inducing the specific binding of pp36-38 to Grb2
GST.

ii. Eliminating contaminating proteins by immunoprecipitating proteins

with anti-phosphotyrosine antibody. The purification and cloning of an

irrelevant 36 kDa non-tyrosine phosphorylated protein underscored the

importance of adding a second affinity purification step for isolating only the

tyrosine phosphorylated proteins associated with Grb2-GST. Because

preliminary experiments using NEPHGE suggested that pp36-38 was an
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Figure 11. Pervanadate treatment mimics TCR stimulation in inducing

The equivalent of 50 x 106 Jurkat cells were stimulated with anti
TCR antibody for 2 minutes (lane 1), with different concentrations

of pervanadate (H2O2+ NA3VO4) (lanes 2 and 3) or with

hydrogen peroxide (H2O2) lane 4) for 1 minute. Lysates were

precipitated with Grb2-GST and the bound proteins were resolved

by SDS-PAGE, transferred to membrane and analyzed by western

blotting with an anti-phosphotyrosine antibody.
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Pervanadate treatment mimics TCR stimulation
in inducing specific binding of pp36-38 to Grb2-GST
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extremely acidic protein (data not shown), an anion exchange was used as the

first step in the purification. Only 10% of the total cellular protein co-eluted

with pp36-38 as measured by absorbance at 280 nm, however, the amount of

pp36-38 recovered was only 23% of the total pp36-38 in the lysate (data not

shown). Therefore, this approach was unsatisfactory due to a significant loss

of pp36-38.

In contrast, the introduction of an additional anti-phosphotyrosine

affinity purification step following the purification with Grb2-GST, did not

cause significant losses of pp36-38. Jurkat lysates from unstimulated or

pervanadate-stimulated cells were precipitated with Grb2-GST and the bound

proteins were then eluted by boiling in 0.5% SDS. After diluting the lysate to

0.1%SDS, the proteins were reprecipitated with anti-phosphotyrosine

antibody. The bound tyrosine phosphorylated proteins were eluted with

phenylphosphate as diagrammed in Figure 12. As shown in Figure 13, 90% of

the phosphoproteins were efficiently eluted with 0.5% SDS (Compare lanes 3

and 4). Following reprecipitation with anti-phosphotyrosine antibody, at least

80% of pp36-38 was eluted with phenylphosphate (Compare lanes 5, 6 and 7)

or about 60-70% of the total precipitatable pp36-38 was recovered (Compare

lanes 2 and 7). This data suggests that the addition of the anti

phosphotyrosine affinity purification step does not cause a significant loss of

pp36-38.

This purification scheme was then scaled up so that quantitation of

purified pp36-38 could be assessed using silver stain. The equivalent of 4 x

109 unstimulated or stimulated Jurkat cells were subjected to the purification
protocol described above and the bound proteins were visualized either by

silver stain or analyzed by western blotting with an anti-phosphotyrosine
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Figure 12. Diagram of new pilot purification scheme for pp36-38.

5 x 109 Jurkat cells were stimulated with pervanadate for 1
minute. Following stimulation, the lysates were incubated with

Grb2-GST for 2 hours, the bound proteins were extensively

washed with lysis buffer, and eluted with 0.5% SDS with heating

at 95°C for 3 minutes. The supernatant was diluted to 0.1% SDS

with lysis buffer and subjected to re-immunoprecipitation with

anti-phosphotyrosine antibody 4G10 for 2 hours at 4°C. Following

extensive high salt washes, the bound proteins were eluted with

phenyl phosphate. The supernatant containing the eluted

proteins was resolved by SDS-PAGE and analysed by silver stain or

by western blotting with anti-phosphotyrosine antibody.
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Diagram of new purification scheme for pp36-38
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Figure 13. Estimation of pp36-38 losses with the addition of an anti

l hol
-

ffinil ificati |

Jurkat lysate from the equivalent of 50 x 106 pervanadate
stimulated cells was precipitated with Grb2-GST (lane 2).

Following a 2 hour incubation, the proteins bound to Grb2-GST

were eluted with 0.5% SDS (lane 4) and reprecipitated with anti

phosphotyrosine antibody 4G10 (lane 5). The tyrosine

phosphorylated proteins were eluted off the 4G10 beads with

phenylphosphate (PPO4) (lane 7). The proteins that did not elute

off the beads with 0.5% SDS (lane 3) or with phenylphosphate (lane

6) were solubilized with 2x sample buffer and loaded directly onto

SDS-PAGE, transferred to membrane and western blotted with

anti-phosphotyrosine antibody RC20. 2 ug of Grb2-GST was loaded
in lane 1.
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antibody. While pp36-38 was the major phosphotyrosine protein that bound

to Grb2-GST and that eluted with phenylphosphate (Figure 14, lane 4), it was

barely detectable on the silver stained gel (an upper estimate of about 5 ng,

data not shown). These results suggests that although pp36-38 is heavily

tyrosine phosphorylated, it is not purified in large quantities using this

protocol.

iii. Dephophorylation of pp36-38 with CD45. In addition to pp36-38 not being

purified in large quantities, it migrates as a very diffuse band, further diluting

the silver stain signal. Therefore, dephosphorylating pp36–38 after the last

purification step could potentially compress the diffuse pp36–38 into a single

tight band that could be more easily visualized by silver stain. In order to

determine whether pp36-38 could be dephosphorylated by CD45, pp36-38

bound to Grb2-GST was incubated with purified CD45 for up to one hour. As

shown in Figure 15, most of the pp36-38 was dephosphorylated by purified

CD45 within 10 minutes (Compare lanes 1 and 2) and completely

dephosphorylated within 20 minutes (lane 3). Although CD45-GST was also

able to dephosphorylate pp36-38, albeit less efficiently, covalently crosslinking

CD45-GST to beads with DMP completely inhibited its phosphatase activity

(data not shown). Thus, a pilot experiment using purified CD45 to

dephosphorylate pp36–38, was performed to determine whether the

dephosphorylated pp36-38 was now visible by silver stain. Although pp36-38

isolated from 5 x 109 pervanadate treated Jurkat cells was efficiently
dephosphorylated by purified CD45 there was no detectable dephosphorylated

pp36-38 band on the silver stained gel (data not shown). These experiments

suggest that pp36-38 cannot be easily purified in large quantities from Jurkat

lysates using this methodology.
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Figure 14. Pilot experiment for pp36-38 purification.

Lysates from 4 x 109 unstimulated (lanes 1, 3 and 5) or pervanadate

stimulated (lanes 2, 4 and 6) Jurkat T cells were prepared as

diagrammed in the previous figure. Following purification, 1/30

of the purified proteins eluted with phenylphosphate (PPO4) were

loaded in lanes 3 and 4, while the remaining sample (29/30) was

analysed by silver stain on a separate gel. As controls for this pilot

experiment, 1/15 of the proteins that did not elute off the beads

with 0.5% SDS (lane 1 and 2) or with phenylphosphate

(PPO4)(lane 5 and 6) were also solubilized in 2XSDS sample buffer.

The proteins were resolved by SDS-PAGE and analysed by western

blotting with the anti-phosphotyrosine antibody RC20.
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Figure 15. Dephosphorylation of pp.36-38 by purified CD45.

Jurkat lysates from the equivalent of 50 x 106 pervanadate
stimulated cells were precipitated with anti-phosphotyrosine

antibody 4G10 (lanes 1-4) or with Grb2-GST (lanes 5-8). The

proteins bound to the beads washed and incubated with purified

CD45 (lanes 2-5 and 6-8) for the periods of time indicated. The

proteins were resolved on SDS-PAGE and western blotted with

anti-phosphotyrosine 4G10 mAb. Lanes 1 and 5 are the control

immunoprecipitations without CD45.
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Link is unlikely tol 36-38

Recently, the cloning of a novel 34 kDa protein containing a single SH2

domain that was highly expressed in rat spleen, lymph nodes and thymus

(129) raised the possibility that it was the rat homolog of pp36-38. Biochemical

studies of Lnk showed that a phosphopeptide based on its most carboxyl

terminus tyrosine could associate with Grb2, PLCY1 and the p85 of PI3 kinase,

even though this tyrosine is not in a consensus motif for binding to Grb2, PLC

Y1 or p85 (130, 131). Although Lnk was tyrosine phosphorylated following

TCR and CD4 crosslinking, there was no detectable tyrosine phosphorylated

PLCY1 coprecipitating with Lnk (129). Additionaly, Grb2, P85 and PLCY1

constitutively bound to Lnk with only a minimal increase in association

following TCR crosslinking (129). Therefore, it is unclear whether Lnk

represents the rat homolog of pp36-38 observed in Jurkat cells. Because anti

Lnk antiserum was not yet available, Lnk was epitope tagged in the amino

terminus with FLAG or Myc, and transiently transfected into Jurkat TAg cells.

As shown in Figure 16A, the epitope-tagged Lnk was expressed in both

unstimulated and stimulated Jurkat TAg cells (lanes 2 and 3) but not in vector

transfected Jurkat TAg cells (lane 1). However, no basal or inducible tyrosine

phosphorylation of FLAG-Lnk could be detected (Figure 16B, lane 5 and 6)

even though pp36-38 could be easily detected in stimulated Jurkat lysates

(lane 3), suggesting that Lnk is not the rat homolog of pp36-38. The acidity of

the FLAG tag is unlikely to be preventing Lnk from becoming tyrosine

phosphorylated because similar results were obtained with a Myc-Lnk

construct (data not shown).

To address whether Lnk is capable of being tyrosine phosphorylated

under other conditions, Jurkat TAg cells were transfected with FLAG-Lnk and
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Figure 16. FLAG-tagged Link is not tyrosine phosphorylated following TCR

engagement.

50 x 106 Jurkat TAg cells were transfected either with 200 ug of
control vector (lanes 1 and 4) or with 200 ug of FLAG-Lnk (lanes 2,

3, 5 and 6). After 48 hours, the cells were either left unstimulated

(lanes 2 and 5) or were stimulated with anti-TCR antibody for 2

minutes (lanes 3 and 6). The lysates were prepared and either

directly loaded on SDS-PAGE (lanes 1, 2 and 3), or first

immunoprecipitated with anti-FLAG antibody (lanes 4, 5 and 6).

The proteins were transferred to membranes and western blotted

with anti-phosphotyrosine antibody 4G10 (panel B). The piece of

membrane containing lanes 5, 6 and 7 (panel B) was stripped and

re-probed with anti-FLAG antibody (panel A, lanes 1, 2 and 3).

, sº

, sº

re

* * * *-

...
... --

* =º



FLAG-taggedLinkisnottyrosinephosphorylatedfollowingTCRengagement
O-FLAGLysateO-FLAG

A.

r——
B.

iTIii

#=###*

...HH#3&#8&3§3;;:;;;;;$EE$EE>$EE

TCRstim:
".-+TCRstim:
--+--+

--

106–106–

FLAGPY

80–Blot80—-Blot

--

49-49–

--*-Flag

Flag-LnkIpp36-38

-- --
--

1231234567

i

i
i

\

i



stimulated with anti-TCR antibody or pervanadate. Consistent with previous

results, FLAG-Lnk was not inducibly tyrosine phosphorylated following TCR

stimulation, though it could be tyrosine phosphorylated with pervanadate

(Figure 17A). Interestingly, the phosphorylated FLAG-Lnk appeared to

migrate as a doublet reminiscent of pp36-38 (Figure 17A), raising the

possibility that Lnk is indeed pp36-38, and that a much stronger stimulus is

required to induce tyrosine phosphorylation of the FLAG-Lnk construct. In

order to address this possibilitity, tyrosine phosphorylation of FLAG-Lnk was

induced with pervanadate and the ability of FLAG-Lnk to associate with PLC

Y1, SLP-76 and Grb2 was assessed. As shown in Figure 17, even though FLAG

Lnk was tyrosine phosphorylated with pervanadate treatment (Figure 17A,

lane 7) it did not coprecipitate with PLCY1(panel B, lane 7), nor with SLP-76

(panel C, lane 7), even though both PLC Yland SLP-76 were easily detected in

the lysates (panels B and C, respectively, lanes 1, 2 and 3). Furthermore, there

was no detectable association between FLAG-Lnk and Grb2-GST (Figure 18A,

lanes 4, 5, and 6), even though FLAG-Lnk was expressed (lanes 10, 11, 12) and

inducibly tyrosine phosphorylated with pervanadate treatment (Figure 18B,

lane 12). Of note, the tyrosine phosphorylated FLAG-Lnk has a slower

mobility on SDS-PAGE and comigrates with the non-specific band (Figure

18A, lane 12). However, Grb2-GST still bound pp36-38 from these same

lysates and could be easily detected following stimulation with anti-TCR

antibody or with pervanadate (Figure 18B, lanes 2, 3, 5 and 6).

Taken together, the experiments above demonstrate that FLAG-lnk

differs from pp36-38, in that the former is not inducibly tyrosine

phosphorylated following TCR stimulation. Additionally, even when FLAG

Lnk is artificially tyrosine phosphorylated with pervanadate treatment, it
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Figure 17. FLAG-Link is phosphorylated with pervanadate treatment

but d | iate with SLP-76 or PLCyl

50 x 106 Jurkat TAg cells were transfected with 200ug of plasmid
encoding FLAG-Lnk and harvested 48 hours later. Lysates from

unstimulated (lanes 1 and 4), TCR stimulated (lanes 2 and 5) or

pervanadate treated (lanes 3 and 6) cells were immunoprecipitated

with anti-FLAG antibody (lanes 4, 5 and 6) or directly resolved by

SDS-PAGE (lanes 1, 2 and 3). The proteins were transferred to

membrane and analyzed by western blotting with anti

phosphotyrosine antibody 4G10 (A); anti-PLCY1 mAb (B) or anti

SLP-76 antiserum (C). The doublet corresponding to FLAG-Lnk is

indicated by the arrow.
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Figure 18. Tyrosine phosphorylated FLAG-Link does not bind to Grb2-GST.

Jurkat TAg cells were transfected with either control vector (lanes

1-3, 7-9) or with FLAG-Lnk (lanes 4-6, 10-12) as described in

Material and Methods. After 48 hours, the cells were harvested

and either left unstimulated (lanes 1, 4, 7 and 10), stimulated with

anti-TCR antibody (lanes 2, 5, 8 and 11) or pervanadate treated

(lanes 3, 6, 9, and 12). The lysates were prepared and either

precipitated with Grb2-GST (lanes 1 thru 6) or with anti-FLAG

antibody (lanes 7 thru 12). The bound proteins were resolved by

SDS-PAGE and western blotted with anti-FLAG antibody (panel

A). The membrane was then stripped and re-probed with anti

phosphotyrosine 4G10 antibody (panel B).
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does not coprecipitate with the proteins known to associate with pp36-38,

such as PLC Y1, Grb2 and SLP-76. Therefore, these results strongly argue that

Lnk is unlikely to be the rat homolog of pp36-38. However, because the

experiments described above rely on the overexpression of an epitope-tagged

construct of Lnk, the possibility that the epitope destroys the function of Lnk,

or that the overexpressed Lnk is not properly localized, still remains. Thus,

the formal proof that Lnk is not the rat homolog of pp36–38, awaits the

development of good antisera against Lnk.

p80

In the course of these studies, it was reported that a serine/threonine

kinase was involved in the negative regulation of Grb2-SOS complexes.

More specifically, phosphorylation of SOS by a MEK-dependent kinase results

in the dissociation of SOS from Grb2 and deactivation of p21Ras (126-128). In
order to determine if a serine/threonine kinase was associated with Grb2 in T

cells, in vitro kinase assays were performed on Grb2 immunoprecipitates

from unstimulated and stimulated Jurkat cells. As shown in Figure 19A, a

single major 80 kDa in vitro phosphorylated band co-immunoprecipitated

with Grb2 (lanes 2, 3 and 4) but not with control normal rabbit serum (lane 1).

The in vitro phosphorylation of p80 did not depend on Lck, since p80 was

equally phosphorylated in JCaM1.6 cells. Phospho-amino acid analysis of p80

revealed that it was phosphorylated on serine but not on tyrosine or

threonine residues (Figure 19B), suggesting that either p80 itself is a serine

kinase or that Grb2 is constitutively associated with a serine kinase. In order

to determine if this serine kinase activity could be mapped to either the SH2

or SH3 domain of Grb2, Jurkat lysates were incubated with Grb2-GST fusion

proteins containing only the SH2 domain (Figure 19C, lane 3), the amino
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terminal SH3 domain (lane 4) or the carboxyl-terminus SH3 domain (lane 5)

of Grb2. Although the 80 kDa phosphoprotein was present in the in vitro

kinase assay of Grb2 immunoprecipitates, it was not detected in the different

Grb2-GST precipitates. Re-immunoprecipitation experiments with anti-ZAP

70 and anti-Raf antibodies demonstrated that p80 was not ZAP-70 nor Raf

(data not shown). It is tempting to speculate that an intact Grb2 protein is

required for association with p80 or for the phosphorylation of p80.

Additional kinase assays using the full length Grb2-GST fusion protein
should address this issue.

Interestingly, one of the proteins that copurified with the P49LGrb2-GST

fusion protein was 80kDa (Figure 3). Microsequencing of the tryptic peptides

revealed that one of the peptides had homology to a serine/threonine kinase

involved in meiosis in yeast (191) (Figure 2). Although no other peptide

showed any homology to a serine kinase or was found in the EST database, it

is tempting to speculate that the 80 kDa protein purified may be the major 80

kDa protein seen in Grb2 in vitro kinase reaction.



Figure 19. Grb2 constitutively associates with an 80kDa in vitro

phosphorylated protein.

(A) Lysates from unstimulated (lanes 1 - 3) or stimulated (lane 4)

Jurkat and JCaM1.6 (lane 2) cells were prepared and precipitated

with anti-Grb2 antibody (lanes 2 thru 4) or with control NRS (lane

1). The bound proteins were subjected to an in vitro kinase assay

and resolved by SDS-PAGE. The gel was dried and exposed

overnight.

(B) The major 80 kDa phosphorylated band was excised from the

gel, rehydrated, and digested with concentrated HCl before the

phosphoaminoacids were resolved by 2 dimensional analysis.

The spots corresponding to the standard phosphoaminoacids

phosphoserine (S), phosphotyrosine (Y) and phosphothreonine

(T) are shown. The film was exposed for three days.

(C) Same as in (A), except that Grb2-GST fusion proteins

containing the SH2 (lane 3) amino-terminal SH3 (lane 4) or

carboxy-terminal SH3 (lane 5) domains were incubated with the

lysates from unstimulated Jurkat cells. As a control, lysates were

incubated with anti-Grb2 antiserum (lane 2) or with NRS (lane 1).
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Purificati f pp.36-38

Using a covalently coupled Grb2-GST mutant containing a point

mutation in the amino-terminal SH3 domain, P49LGrb2-GST, we have

purified five proteins from stimulated Jurkat lysates. Three of these proteins,

Cbl, dynamin and Samó8, have been previously shown to associate in vivo

and/or in vitro with Grb2 (68-70, 118-120), indicating that the affinity

purification had worked reasonably well. The other two proteins, p36 and

p80, were novel proteins and p36 will be further discussed below.

Cloning of the gene encoding the purified p36 (Figure 5) followed by

biochemical analysis of p36 demonstrated that it did not correspond to the

pp36-38 associated with Grb2 (Figure 7, 9 and 10). Thus, the initial affinity

purification protocol was modified in such a way as to include stimulation

with pervanadate instead of with anti-TCR antibody, an additional anti

phosphotyrosine affinity purification step, as well as, a treatment with CD45.

Although a pilot experiment using the equivalent of 5 x 10° Jurkat cells
indicated that the revised purification protocol had worked well in that there

was little loss of pp36–38 during the procedure (Figure 14), there was no

detectable pp.36–38 protein by silver stain. These results strongly indicate that

the biochemical purification of pp36–38, though conceptually straightforward,

is not trivial due to low amounts of purification of this phosphoprotein from

the cell. Consistent with this notion, Motto et al., using a similar purification

protocol as described above, could easily detect pp36-38 by anti

phosphotyrosine blots but not by silver stain (118). One way of overcoming

prohibitively low amounts of the protein of interest is by resorting to the use

of animal tissues that express this protein. In this way, NFAT was purified
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and cloned from bovine thymus (132). However, although there is a tyrosine

phosphorylated 36 kDa protein that associates with Grb2-GST in lysates from

mouse thymus stimulated with anti-CD3 antibody (N. Van Oers, personal

communication), it is still unknown whether it corresponds to pp36–38

because it migrates as a single band as opposed to the characteristic diffuse

band seen for pp36-38 in Jurkat cells. Further experiments using anti-PLC Y1

antibody and p85-GST are needed to establish whether pp36-38 is expressed in

the thymus. Alternatively, other cloning techniques that are based on the

differential expression of pp36–38 mRNA, such as PCR-based subtractive

hybridization, restriction differential analysis (RDA), and phage display, are

possible but high risk approaches, especially in the case of JCaM2.5 cells.

There are two observations that suggest that pp36–38 is drastically reduced

in JCaM2.5 cells. First, it is remarkable that the signaling defect of JCaM2.5

cells, i.e., no increase in intracellular calcium following TCR engagement,

parallels the results of a study aimed to specifically dephosphorylate pp36–38

(Motto et al., in press). More specifically, Motto et al., have stably transfected a

chimera containing the extracellular and transmembrane domains of Class I

MHC, followed by the SH2 domain of Grb2 linked to the phosphatase

domains of CD45, into Jurkat cells. Following engagement of the TCR of

these stable transfectants, there is no pp36-38 and no increase in intracellular

calcium. This experiment is consistent with the notion that tyrosine

phosphorylation of pp36-38 is required for increase in intracellular calcium

and that JCam2.5 cells have drastically reduced amounts of pp36-38. Second,

there was barely any detectable pp.36–38 in JCaM2.5 cells even when these cells

were stimulated with pervanadate (Figures 1 and 2), suggesting that JCaM2.5

cells are deficient either in pp36-38 or in the kinase responsible for

phosphorylating p36-38.
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There are several indications that both Lck and ZAP-70 are functional in

JCaM2.5 cells. First, in complementation assays, heterokaryons derived from

the fusion of JCaM2.5 to JCaM1.6 cells are able to signal. Since JCaM1.6 cells

are deficient in Lck, this suggests that the Lck provided by JCaM2.5 cells is

functionally competent. Second, the tyrosine phosphorylation of the TCR §

chain, an event thought to be mediated by Lck (22), is normal (A. Weiss and

T. Kadleck, personal communication). Third, the expression level as well as

the molecular weight of ZAP-70 and Lck in JCaM2.5 cells are equivalent to

that in Jurkat cells. Fourth, transfection of Syk, a kinase homologous to ZAP

70, did not rescue the signaling defect of JCaM2.5 cells but did rescue the defect

of JCaM1.6 cells (D. Chu, personal communication). These results suggest

that the signaling defect(s) of JCaM2.5 cells most likely lie downstream of the

proximal PTKs. Taken together, it is likely that pp36–38 is not expressed in

JCaM2.5 cells. Thus, reconstitution of the increase in intracellular calcium

induced by TCR activation in JCaM2.5 cells could be used as a readout for

expression cloning of pp36-38.

Potential role of pp36-38 in T cell signali

pp36-38 is very likely to play a key role in T cell signal transduction. It is

the most prominently tyrosine phosphorylated protein that has been shown

to be associated with all the major signaling complexes in vivo, i.e., PLC Y1,

Grb2-SOS, PI3 kinase as well as ZAP-70. It is tempting to speculate that p36-38

is constitutively anchored to the plasma membrane in close proximity to the

TCR complex, via a transmembrane domain or a lipid modification, and

becomes phosphorylated by ZAP-70 and/or Lck following TCR engagement.

Tyrosine phosphorylated p36-38 could then serve as a docking protein to

recruit signaling complexes from the cytosol to the plasma membrane where

*-
º
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these complexes would then become tyrosine phosphorylated and activated

(PLC Y1) or be in close proximity to its substrates (Grb2-SOS). Alternatively,

pp36–38 itself may contain an SH2 domain, and translocate from the cytosol to

the plasma membrane by binding to a tyrosine phosphorylated protein in the

membrane. So far, we have been unable to detect any pp36–38 associated

using fusion proteins containing either the cytoplasmic domains of CD3e or Ç

chains, or anti-Lck antisera (unpublished observations), making it more likely

that pp36-38 is constitutively present in the plasma membrane. On the other

hand, treatment of intact Jurkat cells with biotin failed to label pp36–38,

suggesting that pp36–38 does not contain an extracellular domain (data not

shown). Further experiments that dissociate ionic but not hydrophobic

interactions are necessary to determine whether p36-38 contains an SH2

domain or whether it is constitutively in the plasma membrane via a lipid

modification. Clarification of this issue, along with a more detailed cellular

fractionation analysis confirming that pp36–38 is in the plasma membrane,

may shed some light on the function of pp.36–38.

In general, tyrosine phosphorylation serves to recruit signaling complexes

to a specific cellular compartment or to induce a conformational change that

ultimately leads to the activation of these complexes. In the case of the Grb2

SOS complex, autophosphorylation of the epidermal growth factor receptor

creates a binding site for the Grb2-SOS complex. This allows the Grb2-SOS to

translocate from the cytosol to the plasma membrane, placing SOS in close

proximity to its substrate Ras (reviewed in Ref. 116). Thus, the binding of the

Grb2-SOS complex to the receptor is thought to regulate substrate accessibility

rather than the intrinsic exchange activity of SOS. Consistent with this

notion, phosphopeptides based on the autophosphorylation site of the EGFR

did bind to the SH2 domain of Grb2 without affecting the ability of the SH3
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domain of Grb2 to bind proline-rich peptides (133,134) These studies suggest

that the SH2 and SH3 domains of Grb2 functions as independent modular

units and that binding of a phosphoprotein to the SH2 domain of Grb2 is

unlikely to affect the exchange activity of SOS. Indeed, the crystal structure of
Grb2 revealed that its SH2 and SH3 domains are not in contact with each

other, making it unlikely that a conformational change induced by binding of

a phosphoprotein to the SH2 domain could be transmitted to the SH3 domain

and vice-versa (135). However, these results differ from a study

demonstrating that there is an increase in Grb2-SOS association following

TCR stimulation and that this increase in association could be mimicked by

incubating in vitro tyrosine phosphorylated Shc-GST with unstimulated T

cell lysates (136). It is likely that the use of proline-rich peptides and

bacterially expressed Grb2 proteins (133,134) instead of the native mSOS and

Grb2 protein (136) may account for this difference. Alternatively, the

association between Grb2-SOS may be differentially regulated in T cells and

fibroblasts. Thus, pp.36–38 may not only have a role in translocating the Grb2

SOS complex to the membrane but it may also induce a conformational

change in Grb2 that could affect its association with SOS.

In the case of PLC Y1, tyrosine phosphorylation has been demonstrated to

be required for stimulation of its phospholipase activity (63–65). However,

there is an increasing amount of evidence suggesting that the activity of PLC

Yl can be modulated by other mechanisms as well. First, phosphatidic acid

has been shown to activate PLC Y1 by acting as an allosteric modifier (137).

Second, in vitro experiments suggest that a catalytically inactive EGFR can

increase PLC Yl activity perhaps by inducing a conformational change in PLC

Y1 (138). Third, intriguing studies using peptides based on the phospholipase

C inhibitory (PCI) region could inhibit the phospholipase activity (139),
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suggesting that PLCY1 is an autoregulated enzyme (140). Consistent with this

notion, partial V8 protease treatment suggests that PLCY1 folds back on itself,

inhibiting its own enzymatic activity (141). Although none of these

experiments are without shortcomings, taken together they raise the

intriguing possibility that PLC Y1 contains an autoinhibitory region that could

be released upon tyrosine phosphorylation, or by binding of a phosphoprotein

to either/both of its SH2 domain(s). Indeed, there is correlative evidence

indicating that tyrosine phosphorylation of PLC Y1 may not be sufficient for its

activation in T cells. First, PLCY1 is inducibly tyrosine phosphorylated in

JCaM2.5 cells, albeit to a lower level than in Jurkat cells, but there is no

increase in intracellular calcium. Second, engagement of the TCR in a Jurkat

cell stably expressing a chimera containing the extracellular domain of Class I

MHC, the SH2 domain of Grb2 and the phosphatase domain of CD45, induced

the tyrosine phosphorylation of PLC Y1 but there was no calcium influx or

phosphatidylinositol turnover (Motto et al., in press). Although it is possible

that in both cases PLCY1 was not tyrosine phosphorylated at the appropriate

sites, it is intriguing that the amount of associated or detectable pp36-38 was

drastically reduced in both cases. Thus, it is tempting to speculate that

although tyrosine phosphorylation contributes to the activation of PLC Y1,

binding of pp.36–38 may be required for its maximal activation.

Recently, pp36-38 has been shown to directly bind the SH2 domains of the

85 kDa subunit of PI3 kinase in vivo (120). Studies with growth factors and

degenerate peptide libraries have demonstrated that the two SH2 domains in

p85 subunit preferentially binds to phosphorylated YxxM motif (reviewed in

Ref. 142); (131). Binding of various phosphopeptides containing this YxxM

consensus sequence enhances the phosphatidylinositide kinase activity 2-3

fold in vitro (143, 144), raising the possibility that binding of pp36-38 to p85
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may have a similar effect in T cells. Interestingly, the only peptide obtained

during the purification scheme for pp36-38 that was not accounted for in the

p36 cDNA, had a YMXM motif (VAQIPIYMEM; Figure 4). Although there are

no acidic residues upstream of the tyrosine that would make it a likely

phosphorylation site, it is possible that the presence of a glutamic acid at the

+2 position is sufficient to ensure phosphorylation of the tyrosine.

Unfortunately no matches were found in the EST database. However, it

would be interesting to use this peptide to screen an antibody phage display

library or to generate an antiserum.

In conclusion, there is suggestive evidence indicating that pp36-38 may be

(1) a docking protein, recruiting signaling complexes from the cytosol to the

membrane; (2) a protein coupling cytoplasmic tyrosine kinases, such as ZAP

70 and/or Lck, to downstream signaling complexes; (3) required for the proper

activation of these complexes; or (4) all the above. It is clear that elucidation

of its role in TCR signaling awaits its molecular characterization.
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Experimental Procedures

Cell lines and Transfections

The human leukemic T cell line Jurkat and its derivatives JCaM1.6 and

JCaM2.5 cells (121, 145) were maintained in RPMI 1640 supplemented with 5%

fetal bovine serum (FBS), glutamine, penicillin and streptomycin (Irvine

Scientific). Jurkat TAg (gift from G. Crabtree) and DNAX Jurkat were

maintained in the same media containing 10% FBS. Electroporation of

FLAG-Lnk into Jurkat TAg cells was performed in a Bio-rad Gene Pulser

using a voltage of 250V and a capacitance of 960uF with 40 ug of plasmid per

107 cells. After transfection, cells were grown for two days in RPMI before
harvesting.

Antibodies

C305 and Leuá mabs recognize the Jurkat Tift chain and an extracellular

determinant of CD3e, respectively. The anti-phosphotyrosine mAb 4G10 was

a generous gift of Drs. D. Morrison, B. Druker, and T. Roberts. RC20, a

recombinant anti-phosphotyrosine antibody directly conjugated to HRP, was

purchased from Transduction Laboratory. The anti-FLAG mab was

purchased from Kodak, PLCY1 mAb purchased from Upstate Biotechnology

Institute (Lake Placid, NY); anti-Grb2 antisera was a generous gift from J.

Schlessinger. Polyclonal antisera against p36 was generated against the

peptide PEGKVLETVGVGFEVPK and GREPVLSKEQPAFSIAATS coupled to

KLH, by Animal Services, (La Jolla, CA), according to their standard

immunization protocol.

GST constructs

- 106 -



Grb2GST constructs containing only the SH2 domain (SH2Grb2), only the

amino-terminus SH3 domain (N-SH3Grb2), only the carboxyl-terminus SH3

domain (C-SH3Grb2), a point mutation in the SH2 domain (R86KGrb2), a

point mutation in the amino-terminus SH3 domain (P49LGrb2), a point

mutation in the SH2 domain corresponding to a loss of funtion in Sems

(S80TGrb2), and wild type Grb2 (Grb2GST) were kindly provided by A. Batzer

and J. Schlessinger. PTP1C-GST containing the two SH2 domains of PTP1C

and CD3eGST containing the cytoplasmic domain of CD3e were provided

from N.Van Oers. The fusion proteins SH2Vav-GST and NH2Vav-GST,

containing only the SH2 domain of Vav or the first 200 amino acids of Vav,

respectively, were provided from J. Wu.

Immunoprecipitations

Cells were lysed at 1 x 107 cells/100ul in 1% NP40 (Nonidet P40), 150 mM
NaCl, and 10 mM Tris pH 7.8, 1 mM Na3V04, 1 mM PMSF, 10 ug/ml

aprotinin, pepstatin and leupeptin and 1 mM sodium molybdate. After 15

minutes on ice, lysates were clarified by centrifugation at 14,000 rpm for 15

minutes and incubated for 2 hours at 4°C with 20 ul of protein A sepharose

CL-4B beads and the immunoprecipitating antibody. Washed

immunoprecipitates were resuspended in SDS sample buffer and boiled for 5

minutes prior to electrophoresis on 8 to 10% polyacrylamide gels.

Alternatively, protein G was used whenever the immunoprecipitating

antibody was of the IgG1 isotype.

Stimulation of Jurkat cells

Cells were washed once with room temperature PBS, resuspended at 1 x 108
cell/ml, and incubated at 37°C for 15–20 minutes before stimulating with 1:500
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dilution of C305 ascitic fluid. After 2 minutes at 37°C, the cells were

microcentrifuged for 5 seconds, the medium was aspirated, and the cells lysed

at 1 x 108/ml of lysis buffer. For pervanadate stimulation, Jurkat cells were
washed with room temperature PBS, resuspended at 1 x 108 cells/ml and
stimulated with pervanadate (0.2 mM Na3VO4, 8 mM H2O2) for 1 minute.

In vitro kinase assays

The immunoprecipitates were washed 5 times with lysis buffer, twice with 50

mM LiCl and once with kinase buffer (10 mM MnCl2/20 mM Tris pH 7.6).

The kinase reaction was performed by incubating the washed

immunoprecipitates with 30 ul of the kinase buffer and 10 uCi of 32P-gATP
for 10 minutes at room temperature. The immunoprecipitates were washed

twice with lysis buffer and resolved by SDS-PAGE.

Cloning of p36 using degenerate oligonucleotides

Degenerate oligonucleotides (sense: 5’CA(G/A)ACTTA(T/C)TATCAAGT and

sense: 5'TT/CTT(A/G)GCiAA(T/C)CA(T/C)GA) derived from tryptic peptides

QTYYQV and TFLANHD (shown in Figure 2) were synthesized in a Millipore

Expedite DNA synthesizer. Total cellular RNA was prepared from Jurkat

cells using a standard protocol (146). Briefly, 1 x 108 Jurkat cells were lysed in
guanidinium isothiocyanate and layered on a CsCl gradient, and mRNA was

isolated using the Magnesphere PolyATract mRNA isolation system

(Promega). First strand cDNA was synthesized with an oligo(dT)12 primer

using Copy Kit (Invitrogen). The cDNA was diluted 1:50 and 1 ul was used in

a thirty-five cycle PCR amplification with a denaturing temperature of 94°C

for 1 min, an annealing temperature of 37°C for 2 min, and an extension

temperature of 72°C for 2 min along with the degenerate oligonucleotide
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5'CA(G/A)ACTTA(T/C)TATCAAGT and 5'GGATCC(dT)12. 1 ul of the PCR

product was then used to set up a second nested PCR with the degenerate
oligo 5TT(T/C)TT(A/G)GCLAA(T/C)CA(T/C)GA and 5'GGATTC(dT)12 using

the same conditions described above. In this manner, a specific 870 bp

fragment was amplified, labeled with (3*P)dCTP, and used as a probe to screen
a human leukemic T cell cDNA library under high stringency conditions.

Nine positive phage plaques were isolated, and their insert was subcloned

into Bluescript SK (+) phagemid (Stratagene), sequenced and shown to encode

for the same cDNA. The longest clone contained an 1171 kb insertion and

had an open reading frame of 391 amino acids. To obtain the 5' end of the p36

cDNA, PCR amplifications were performed using the 5'-Ampli-FINDER

RACE (rapid amplification of cDNA ends) systems (Clonetech) using anchor

primers supplied by the manufacturer and two gene-specific primers.

Purification protocol for pp36

The lysates from the equivalent of 6x 1010 Jurkat cells were stimulated with
C305 ascitic fluid and prepared as described above. The lysates were then

precleared with 20 ug of GST bound to glutathione-sepharose beads for one

hour at 4°C, followed by another preclearing step using 30 ug of PTP1C-GST

coupled to glutathione-sepharose beads. The beads were collected and the

supernatant was subjected to another preclearing step with 20 ug of

R86KGrb2-GST for 2 hours at 4°C. The beads were collected again and the

supernatant was precipitated with P49LGrb2-GST coupled to glutathione

sepharose beads for 2 hours at 4°C. The bound proteins were extensively

washed 5 times with lysis buffer and three times with high salt buffer (500

mM NaCl, 1% NP40, 20 mM Tris pH7.8). A small fraction (1/50) of the

proteins that bound to the glutathione-sepharose beads, was resolved by SDS
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PAGE, transferred to polyvinylidene difluoride membrane (Immobilon) and

western blotted with anti-phosphotyrosine antibody. Alternatively, the rest

of the bound proteins were resolved by SDS-PAGE, transferred to Immobilon

membrane, visualized with Ponceau S and individual bands were subjected

to trypsin digestion. Tryptic peptides were then separated by reverse phase

high performance liquid chromatography and individual peaks sequenced

with a model 475A Protein Sequencer (Applied Biosystems).

Further purification of pp.36–38

Jurkat lysates from unstimulated cells or pervandate stimulated cells were

precipitated with Grb2-GST coupled to glutathione-sepharose beads for 2

hours at 4 C. The bound proteins were eluted by boiling the samples in 100 ul

of 0.5% SDS for 3 minutes. After diluting the lysate to 0.1% SDS with lysis

buffer containing protease and phosphatase inhibitors, the proteins were

reprecipitated with antiphosphotyrosine 4G10 mAb coupled to protein A

sepharose for 2 hours at 4°C. The immunoprecipitates were washed

extensively with lysis buffer and the bound proteins were eluted with 30 ul of

0.25 M phenylphosphate vigorously shaking for 45 minutes at 4°C. The

supernatant containing the eluted material, as well as the proteins bound to

the pellet were resolved by SDS-PAGE and analyzed by western blotting with

anti-phosphotyrosine antibody.

Epitope tagging Lnk

Lnk cDNA, kindly provided from J. Hayashi, was digested with Xho and Xbal

and directly subcloned into pCDNA3. This construct was then digested with

Xho and EcoRI so that the Myc or FLAG tag could be inserted at the amino

terminus. Myc and FLAG tag containing an XhoI site-a Kozak consensus
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sequence-ATG-FLAG/Myc tag-EcoRI were synthesized as described. FLAG:
sense 5’AATTCCACCATGGACTACAAGGACGACGATGACAAGC and

antisense 5'GGTGGTACCTGATGTTCCTGCTGCTACTGTTCGAGCT. Myc.
sense 5’AATTCCACCATGGAACAGAAGCTTATTTCCGAAGAGGATCTGA

AGC and antisense 5'GGTGGTACCTTGTCTTCGAATAAAGGCTTCTCCTA

GACTTCGAGCT.

Northern blots

Nitrocellulose membranes containing poly(A) enriched RNA from adult

human tissues were purchased from Clonetech and probed with a 500 bp 32P
labeled cDNA fragment of p36 according to manufacture's protocol using

QuickHyb (Clonetech).

Covalently crosslinking beads

P49LGrb2GST was covalently crosslinked to beads using the standard protocol

described elsewhere (192). Briefly, 100 ug of P49LGrb2GST was bound to 50 ul

of CL-4B glutathione-sepharose beads (Pharmacia), washed once with 0.2 M

sodium borate pH 9.0 and crosslinked by adding 5 mg of

dimethylpimelimidate (Sigma) for 30 minutes at room temperature. The

reactive sites were blocked with ethanolamine, pH 8.0 for two hours and

extensively washed with PBS before being used in the purification protocol
described above.

CD45 dephosphorylation assay

Immunoprecipitates containing tyrosine phosphorylated proteins were

washed five times with lysis buffer (no phosphatase inhibitors), twice with

phosphatase buffer (2 mM Hepes pH 7.3, 5mm. EDTA and 10mM DTT) and

- 111 -



dephosphorylated by incubating it in 30 ul of phosphatase buffer with 15 ug of

purified CD45 (gift from R. Fletterick) for up to 1 hour at 37°C. The efficiency

of dephosphorylation was determined by solubilizing the untreated and

treated CD45 immunoprecipitates in sample buffer, resolving by SDS-PAGE

and western blotting with anti-phosphotyrosine antibody. In the case where

pp36-38 was to be quantified using silver stain, the 4G10 immunoprecipitate

was incubated with 30 ug of CD45 for 30 minutes at 37°C. Following

dephosphorylation, the beads were collected and the supernatant was directly

loaded onto a polyacrylamide gel and silver stained.

- 112 -



wawawa••••*******

*-*****

- 113 -



Summary

Engagement of the T cell antigen receptor (TCR) leads to rapid tyrosine

phosphorylation of many intracellular proteins. Samó8 is an RNA binding

protein that has recently been found to be a mitotic substrate of Src. Though

Samó8 contains five proline rich motifs that could potentially bind SH3

containing proteins, as well as a tyrosine rich carboxyl-terminus, very little is

known about its function. In order to begin to understand its role in TCR

signaling, a polyclonal antisera against one of the proline rich regions of

Samó8 was generated. Samó8 was found to be inducibly tyrosine

phosphorylated following TCR stimulation in DNAX Jurkat cells, a variant of

Jurkat cells that expess high levels of Syk. Interestingly, Sam68 is not

inducibly tyrosine phosphorylated in Jurkat cells that express low levels of

Syk, strongly suggesting that Syk, but not ZAP-70, is directly or indirectly

responsible for Sam68 phosphorylation folowing TCR engagement. Taken

together, these results suggest that Syk and ZAP-70 may differ in their ability

to phosphorylate downstream substrates.
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Preface

Samó8, a ubiquitously expressed protein that was erroneously cloned as

the pó2 ras.CAP associated protein (147), has been recently identified as a

mitotic substrate for Src (148, 149). Studies overexpressing either c-src or

activated F527src in fibroblasts have demonstrated that Sam68 is tyrosine

phosphorylated in fibroblasts arrested in mitosis but not in asynchronously

growing fibroblasts. Point mutations within the SH2 and SH3 domains of Src

showed that these domains were required for maximal binding to Samó8 and

optimal Sam68 tyrosine phosphorylation (148, 149).

In T cells, Samó8 has been reported to be constitutively associated with

Fyn, a member of the Src-family of tyrosine kinases, via one of its proline-rich

motifs (150). Thus, it has been proposed that Sam68 is constitutively

associated with the SH3 domains of Fyn and that it is inducibly tyrosine

phosphorylated following TCR stimulation. Tyrosine phosphorylated Samó8

could then serve as a docking site for binding to other proteins containing

SH2 and SH3 domains such as PLC Y1, GAP and Grb2 (150). Although this

model suggests that Samó8 plays a crucial role in T cell receptor (TCR)

signaling, there is yet no evidence demonstrating that Samé8 is inducibly

tyrosine phosphorylated following TCR stimulation or following treatment

with a growth factor.

Another proposed function for Samó8 is that it may regulate RNA

stability, localization or efficiency of translation because it contains an

evolutionary conserved RNA binding domain (KH domain). Indeed, Samó8

selectively binds to ribonucleotide homopolymers (148) and it has been
demonstrated that the KH domain of FMR1 and him RNP K could bind RNA

(151). Interestingly, the ability of Samó8 to bind to RNA in vitro is
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dramatically impaired when it is tyrosine phosphorylated by Fyn (152).

Furthermore, Src-induced tyrosine phosphorylation of an himRNP protein

from brine shrimp Artemia selectively impairs its RNA binding ability (153).

Thus, tyrosine phosphorylation maybe a common mechanism for regulating

the activity of some RNA binding proteins.

Engagement of the T cell receptor (TCR) leads to the activation of two

classes of PTK: the Src family and the Syk/ZAP-70 family. Although ZAP-70

and Syk are homologous, there is increasing evidence that they may not be

regulated in the same manner. First, Syk, but not ZAP-70, is able to

reconstitute Jurkat variants that lack CD45 or Lck (Chu et al., submitted).

Second, crosslinking of a CD16/Syk chimera, but not of a CD16/ZAP-70

chimera, triggered calcium mobilization and initiated cytolytic effector

functions, although CD16/ZAP-70 could elicit these functions when co

aggregated with Fyn or Lck (154). Third, binding of Syk or ZAP-70 to an ITAM

induced a marked increase in the catalytic activity of Syk (153, 155) but had a

minimal effect on ZAP-70 (53, 156). Instead, the phosphorylation of the ZAP

70 kinase domain by Lck seems to regulate its catalytic activity (60). Taken

together, these results suggest that Syk and ZAP-70 may not be regulated in

the same manner, raising the possibility that they may perform different
effector functions.

In order to understand the role of Sam68 in TCR signal transduction, an

antiserum against the most amino-terminal proline-rich regions of Sam68

was generated. The studies described herein demonstrate that Sam68 is

rapidly and inducibly tyrosine phosphorylated in a variant of Jurkat cells that

expresses Syk (DNAX Jurkat). Interestingly, Sam68 is not tyrosine

phosphorylated in Jurkat cells. In contrast to what has been previously

reported in studies using fibroblasts, the tyrosine phosphorylation of Samó8
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in T cells does not depend on mitosis since treatment with nocodazole had no

effect on Sam68 phosphorylation in Jurkat or DNAX Jurkat cells. Aside from

being the first report demonstrating that Samó8 can be inducibly tyrosine

phosphorylated following TCR engagement, these results suggest that Syk

and ZAP-70 may differ in their ability to directly or indirectly phosphorylate
Sam 68.
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Results

Anti-Samó8 antibody is specific. In order to begin to understand the function

of Samó8 in TCR-mediated signaling, we generated a rabbit polyclonal

antibody against the first proline-rich sequence of Sam68 (Figure 1).

Immunoprecipitation followed by immunoblotting with this antisera

demonstrated that the antibody was specific and detected a single band with

an apparent molecular mobility of 68 kDa in whole-cell lysates from Jurkat

cells (Figure 2, lane 2). The 68 kDa band immunoprecipitated by this antibody

was recognized by another anti-Sam68 antibody generated independently

(147), confirming that our antibody indeed recognized Sam68 (data not

shown). Because our anti-Sam68 antibody was raised against the proline rich

region of Samó8, there was some concern that it would not be able to

immunoprecipitate a pool of Sam68 that was interacting with an SH3

containing protein. Therefore, lysates from Jurkat cells were prepared and

subjected to four sequential immunoprecipitations with the anti-Samó8

antibody. A preliminary experiments demonstrated that the anti-Samó8

antibody was found to fully deplete the cellular Sam68, even though there

there was as much Samó8 in the fourth immunoprecipitate as the first three

immunoprecipitates (Figure 2).

Samó8 is inducibly tyrosine phosphorylated following TCR engagement in

DNAX Jurkat. Because Sam68 has been shown to be constitutively associated

with Fyn and Lck in T lymphocytes (157), it was of interest to determine

whether it could be inducibly tyrosine phosphorylated following engagement

of the T cell receptor. Therefore, DNAX Jurkat cells, a variant of Jurkat cells

expressing Syk (Chu et al, submitted) were stimulated with anti-TCR antibody
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Figure 1. Amino acid sequence of human Samé8.

The five proline-rich motifs are designated P1 through P5; the

tyrosine rich carboxyl-terminus is boxed; the peptide sequence used

to generate a rabbit polyclonal antiserum is underlined with a

bold dash. This sequence was reported by Richard et al. (150).
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Amino acid sequence of human Samó8

-

MQRRDDPAARMSRSSGRSGSMDPSGAHPSVRQTPSRQPPLPHRSRGGGGG

P1 P2

SRGGARASPATQPPPLLPPSATGPDATVGGPAPTPLLPPSATASVKMEPEN

KYLPELMAEKDSLDPSFTHAMQLLTAEIEKIQKGDSKKDDEENYLDLFSHK

NMKLKERVLIPVKQYPKFNFVGKILGPQGNTIKRLQEETGAKISVLGKGSM

RDKAKEEELRKGGDPKYAHLNMDLHVFIEVFCPPCEAYALMAHAMEEV

P3

KKFLVPDMMDDICQEQFLELSYLNGVPEPSRGRGVPVRGRGAAPPPPPVP

P4

RGRGVGPPRGALVRGTPVRGAITRGATVTRGVPPPPTVRGAPAPRARTAG

P5

IQRIPLPPPPAPETYEEYGYDDTYAEQSYEGYEGYYSQSQGDSEYYDYGHG

|Evodsye AYGQDDWNGTRPSLKAPPARPVKGAYREHPYGRY
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Figure 2. The

Lysates from the equivalent of 50 x 106 unstimulated Jurkat cells
were immunoprecipitated with pre-immune sera (lane 1) or with

anti-Samó8 antibody (lane 2, 5-8). Four sequential

immunoprecipitations with anti-Samó8 antibody were performed

(lanes 5-8). The bound proteins were resolved by SDS-PAGE, and
the membranes were immunoblotted with anti-Samó8 antisera.

Lysates containing the equivalent of 2 x 106 Jurkat cells were loaded
before depletion (lane 3) or after the fourth depletion (lane 4).
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Figure 3. Samó8 is inducibly tyrosine phosphorylated following TCR

engagement in DNAXJurkat cells.

The equivalent of 50 x 106 DNAX Jurkat cells were either left
unstimulated (lanes 1 and 4), stimulated with anti-TCR antibodies

for 2 minutes (lanes 2 and 5) or for 5 minutes (lanes 3 and 6). The

lysates were either first immunoprecipitated with anti-Samó8

antibody (lanes 4-6), or directly loaded on SDS-PAGE (lanes 1-3)

and analsed by western blotting with 4G10 mAb.
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and the lysates were immunoprecipitated with the anti-Samó8 antibody. As

shown in Figure 3, Samó8 was rapidly and inducibly tyrosine phosphorylated,

though upon longer exposures low levels of basal phosphorylation could also

be detected (data not shown). Interestingly, no other tyrosine phosphorylated

protein was reproducibly seen associated with Sam68 following TCR
stimulation.

Since the kinetics of phosphorylation was quite rapid, peaking within

two minutes following TCR stimulation, it was unlikely that it was due to an

arrest in mitosis as previously reported (148,149). However, to determine

whether mitosis contributed to its basal phosphorylation, DNAX Jurkat cells

were either left growing asynchronously or arrested in mitosis with

nocodazole treatment (149). The cells were then stimulated, and the lysates

were immunoprecipitated with anti-Samé8 antibody. Consistent with

previous results, Samó8 was inducibly tyrosine phosphorylated following

TCR engagement (Figure 4A, lanes 4, 5 and 6) but nocodazole had no effect on

the basal or inducible level of Samó8 phosphorylation when compared to

untreated cells (lanes 7, 8 and 9 versus 4, 5 and 6). As a control, this blot was

reprobed with anti-Samó8 antibody to ensure that equivalent amounts of

Samé8 were immunoprecipitated (Figure 4B, lanes 4 through 9). Although

these results suggest that, unlike what has been reported in fibroblasts (148,

149), mitotic activity is not required for Samó8 tyrosine phosphorylation in T

cells, further experiments demonstrating that mitotic arrest had indeed

occurred are necessary.

Samó8 is not inducibly tyrosine phosphorylated following TCR engagement

in Jurkat cells. Surprisingly, Samó8 from Jurkat cells was not inducibly

tyrosine phosphorylated to the same extent as seen in DNAX Jurkat cells
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(Figure 4A, compare lanes 1, 2 and 3 with 4, 5 and 6). This result was not due

to poor stimulation of Jurkat cells since both cells expressed equal levels of

TCR on the surface and were equally well stimulated (data not shown), nor

was it due to lower expression of Sam68 in Jurkat compared to DNAX Jurkat

cells because equivalent amounts of Sam68 were immunoprecipitated (Figure

4B, compare lanes 1, 2 and 3 with 4, 5, and 6). As seen with DNAXJurkat

cells, nocodazole treatment arrested Jurkat cells in mitosis, as measured by the

failure of these cells to divide overnight compared to untreated cells (data not

shown), but did not induce a basal level of Sam68 tyrosine phosphorylation

(Figure 5B, lanes 1 through 6). As previously shown, nocodazole treatment

does not alter the ability of Samé8 to be immunoprecipitated since equivalent

amounts of Sam68 were precipitated from untreated and treated Jurkat cells

(Figure 5A, compare lanes 1 - 3 with lanes 4 - 6). Since one difference between

Jurkat and DNAX Jurkat cells is that DNAX Jurkat cells express Syk, the data

suggest that Syk, but not ZAP-70, is required for the tyrosine phosphorylation
of Samó8.
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The equivalent of 50 x 106 DNAX Jurkat (lanes 5-10) and Jurkat
cells (lanes 1 - 3) were left untreated (lanes 1 - 7) or were treated with

nocodazole overnight (lanes 8-10). The cells were left unstimulated

(lanes 1, 5 and 8), stimulated with anti-TCR antibodies for 2 minutes

(lanes 2, 6, and 9) or for 5 minutes (lanes 3, 7 and 10). The lysates

were immunoprecipitated with anti-Sam68 antibody, loaded on

SDS-PAGE and anaylsed by western blotting with 4G10 mAb (panel

A). The membrane was then reprobed with anti-Samó8 antibody

(panel B).
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Figure 5. Samó8 is not inducibly tyrosine phosphorylated in Jurkat cells

treated with nocodazole.

The equivalent of 50 x 106 Jurkat cells (lanes 1-6) were left
untreated (lanes 1 - 3) or were treated with nocodazole overnight

(lanes 4 - 6). The cells were left unstimulated (lanes 1 and 4), C
*

stimulated with anti-TCR antibodies for 2 minutes (lanes 2 and º

5) or for 5 minutes (lanes 3 and 6). The lysates were A

immunoprecipitated with anti-Samó8 antibody, loaded on SDS- s

PAGE and anaylzed by western blotting with 4G10 mAb (panel
-

B). The membrane was then reprobed with anti-Sam68 antibody

(panel A).
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This report demonstrates that Sam68 is inducibly tyrosine phosphorylated

following TCR engagement in DNAX Jurkat, a Jurkat variant expressing high

levels of the protein tyrosine kinase Syk (Chu et al, submitted). The kinetics

of phosphorylation was rapid, peaking within the first two minutes (Figure 3

and 4A), suggesting that Samó8 phosphorylation was a primary event caused

by triggering of the TCR, rather than a secondary event caused by the

induction of mitosis. Indeed, treatment of Jurkat cells with nocodazole, a

reagent known to arrest cells during mitosis, was incapable of inducing

Samé8 phosphorylation (Figure 4A). This differs from what has been

previously reported in studies using fibroblasts, where Samó8 was shown to

be associated and phosphorylated by Src during mitosis (148,149) but not

following growth factor stimulation (S. Courtneidge, personal

communication). These results suggest that the regulation of Samó8 tyrosine

phosphorylation in T cells is different from fibroblasts.

Further insight into the regulation of tyrosine phosphorylation of Samó8

comes from the surprising observation that Samó8 is not tyrosine

phosphorylated following TCR engagement in Jurkat cells that do not express

Syk (Figure 4A). Given that ZAP-70 is equally expressed in both DNAX Jurkat

and Jurkat cells (Chu et al, submitted), and that Syk is the only known

tyrosine kinase differentially expressed in these two cells, this implies that

Syk, but not ZAP-70, is directly or indirectly responsible for Sam68 tyrosine

phosphorylation.

The finding that Syk might be responsible for the tyrosine

phosphorylation of Samé8 is quite surprising, especially in light of several

experiments demonstrating that Sam68 is phosphorylated by a member of the
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Src family of tyrosine kinase in both fibroblasts and T cells (148, 149, 150).

First, Samó8 is constitutively associated with Fyn and Lck in T cells (150).

Furthermore, using a heterologous system, co-transfection of Fyn with Samó8

into Hela cells, was shown to be sufficient to induce Samé8 tyrosine

phosphorylation (150). Similarly, preliminary studies have demonstrated

that Lck can associate with and phosphorylate Samé8, when Lck is transiently

expressed in cos cells (our unpublished observations). Taken together, these

experiments suggests that a member of the Src family PTK is responsible for

phosphorylating Samó8.

There are three models which could explain how Syk might be involved

in Sam68 phosphorylation. The first two models are based on the assumption

that Lck, or a member of the Src family of PTK, directly or indirectly mediates

Samó8 phosphorylation. More specifically, Syk could regulate Samó8

phosphorylation if Syk, but not ZAP-70, could modify Lck and render it

capable of phosphorylating Samó8. Support for this model comes from in

vitro studies showing that Syk can phosphorylate Y192 in Lck, potentially

increasing its kinase activity (158) and ability to phosphorylate Sam68. The

second model predicts that Lck functions as a bridging protein between Syk

and Samó8, allowing Syk but not ZAP-70 to phosphorylate Samó8 following

TCR stimulation. This model implies that Syk and ZAP-70 differ in their

ability to regulate or associate with Lck. There is suggestive evidence

supporting this notion. In a heterologous system, Samó8 associated with

phosphorylated Syk but not with phosphorylated ZAP-70, in the presence of

Lck (our unpublished observations). This suggests that Syk and ZAP-70 may

differ in their ability to associate with Sam68 and Lck. The third model

stipulates that Syk, but not ZAP-70, directly associates with and

phosphorylates Samé8 without the need for Lck. Although this model is
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more difficult to reconcile with the observations described above, it still

remains a possibility.

One way of potentially distinguishing between these models is by

transiently transfecting Syk into JCam1.6 cells, a derivative of Jurkat cells that

lack Lck and Syk (D. Chu, personal communication). If one detects Samó8

phosphorylation following TCR engagement, it would argue that Syk can

directly phosphorylate Sam68 without the need for Lck. If, however, Samó8 is

not inducibly tyrosine phosphorylated, it would strongly argue that Lck is

required for Sam68 phosphorylation. This could occur if the ability of Lck to

phosphorylate Samé8 depended on the ability of Lck to associate with Syk.

Alternatively, Lck could function as a bridging protein between Syk and

Samó8. Regardless of which is the correct model, co-transfection experiments

could be used to further dissect the region(s) in Lck or Syk required for Samó8

phosphorylation.

The importance of studying Sam68 tyrosine phosphorylation is

underscored by a recent study demonstrating that tyrosine phosphorylation of

Sam68 severely impairs its ability to bind to RNA (152), raising the possibility

that Samó8 may be involved in targeting RNA to cytoskeletal structures. This

is interesting given that results from a preliminary fractionation experiment,

have demonstrated that 70% of Samó8 in unstimulated Jurkat cells was

detected in the particulate fraction, which might contain cytoskeletal

structures (our unpublished observation). Additional fractionation of lysates

from unstimulated and stimulated DNAX Jurkat cells could address whether

Samó8 tyrosine phosphorylation plays a role in its cellular localization.

Our data suggest that Syk and ZAP-70 may differ in their ability to

phosphorylate downstream substrates, consistent with the recent

observations of Chu et al., who demonstrated that Syk, but not ZAP-70, can
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reconstitute TCR-mediated signaling in Lck or CD45 deficient cells (Chu et al,

submitted). Importantly, preliminary experiments suggest that Sam68 is

inducibly tyrosine phosphorylated in thymocytes following TCR stimulation

(T. Kadlececk, personal communication), ruling out the possibility that the

inducible phosphorylation of Samó8 is an artifact of the leukemic DNAX

cells. Furthermore, it is intriguing that although Syk is expressed in T cells, it

is most highly expressed in thymocytes (37). Additional experiments

demonstrating that Samé8 phosphorylation correlates with Syk expression in

vivo will help solidify the notion that there is a functional difference between

ZAP-70 and Syk.

In conclusion, though we do not yet understand the function of Samó8

and the importance of its tyrosine phosphorylation in lymphocyte signal

transduction, it is clear that it is differentially phosphorylated in DNAX Jurkat

versus Jurkat cells. The biochemical basis for this difference is most likely

due to the expression of Syk and the experiments discussed above could

potentially demonstrate that Syk, though homologous to ZAP-70, is unique

in its ability to modify Lck and/or directly phosphorylate downstream
substrates.
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Experimental Procedures

Cell lines and Transfections

The human leukemic T cell line Jurkat E6.1 was maintained in RPMI 1640

supplemented with 5% fetal bovine serum (FBS), glutamine, penicillin and

streptomycin (Irvine Scientific). Jurkat TAg and DNAX Jurkat were

maintained in the same media containing 10% FBS.

Antibodies

C305 mAb recognize the Jurkat Ti 3 chain. The anti-phosphotyrosine mAb

4G10, was generously provided by Drs. D. Morrison, B. Druker, and T. Roberts.

Polyclonal antisera against the peptide ASPATQPPPLLPPSTPGPDATVVSA of

Samó8 coupled to KLH was raised by Animal Services (La Jolla, CA) according

to their standard immunization protocol. The antisera was affinity purified

with the immunizing peptide.

Immunoprecipitations

Cells were lysed at 1 x 107 cells/100ul in 1% NP40 (Nonidet P40), 150 mM
NaCl, and 10 mM Tris pH 7.8, 1 mM Na3V04, 1 mM PMSF, 10 ug/ml

aprotinin, pepstatin and leupeptin and 1 mM sodium molybdate. After 15

minutes on ice, lysates were clarified by centrifugation at 14,000 rpm for 15

minutes and incubated for 2 hours at 4°C with 20 ul of protein A sepharose

CL-4B beads and the immunoprecipitating antibody. Washed

immunoprecipitates were resuspended in SDS sample buffer and boiled for 5

minutes prior to electrophoresis on 8 to 10% polyacrylamide gels.

Alternatively, protein G was used whenever the immunoprecipitating

antibody was of the IgG1 isotype.
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Stimulation of Jurkat and DNAX Jurkat cells

Cells were washed once with room temperature PBS, ressuspended at 1 x 108
cell/ml and incubated at 37°C for 15–20 minutes before stimulating with 1:500

dilution of the ascitic fluid. After 2 or 5 minutes at 37°C, the medium was

aspirated, and the cells lysed at 1 x 108/ml of lysis buffer.

Nocodazole treatment

Exponentially growing Jurkat or DNAX Jurkat cells were diluted to 0.7 x 106
cells/ml with regular media or with regular media containing 40 ug/ml

nocodazole for 15 hours before harvesting. The efficacy of the nocodazole

treatment was verified by counting the cells to make sure that there was no

cell division. The cell count for untreated Jurkat or DNAX Jurkat cells was 1.2

x 106 cell/ml whereas nocodazole treated Jurkat or DNAX Jurkat cells was 0.7
x 106 cells/ml.
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Concluding Remarks

As our knowledge of the signaling cascades involved in antigen receptor

stimulation increases, it becomes more apparent that the simplistic notion of

a linear pathway leading to the tight regulation of gene transcription is being

replaced with a far more complex maze of parallel pathways that seem to

synergize and cross-talk with each other. The complexity of these interacting

pathways is very apparent in this thesis, where we have identified of a

prominent 36-38 kDa tyrosine phosphoprotein (pp36–38) associated with both

Grb2 and SOS complex as well as with PLCY1 in vivo. Moreover, our studies

demonstrate that pp36-38 is found exclusively in the particulate fraction,

suggesting that it may serve as a docking protein to recruit several signaling

complexes from the cytosol to the plasma membrane. While this work, and

that of others, has enhanced our understanding of the mechanisms by which

the TCR links to the Ras pathway, a number of issues remain unanswered.

The following discussion will address some of these issues and examine

future directions for research toward a more complete understanding of how
the TCR links to Ras.

Role of PLCY1 in leadi Ras activation in T cell

One of the first models proposed for linking the TCR complex to Ras

involved the activation of PKC, followed by a concomitant decrease in GAP

activity by an as yet poorly understood mechanism (102). Indirect support for

this model came from a study in which the human muscarinic receptor

subtype 1 (HM1), a member of the seven transmembrane domain receptors

that activates the PI pathway via G-proteins (160), was transfected into Jurkat

cells. Treatment of these transfected cells with the HM1 agonist carbachol
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stimulated the phosphatidylinositol pathway and induced the activation of

MAPK as well as IL-2 production (161), suggesting that the

phosphatidylinositol pathway could lead to Ras activation and was sufficient

for IL-2 production. However, a similar study in which the PDGFR was

transfected into a T cell line also induced tyrosine phosphorylation of PLC Y1

and an increase in intracellular calcium, but failed to produce IL-2 (162). Since

a sustained signal transduction by the TCR is required for cellular

commitment to IL-2 production, the ability of the HM1 but not the PDGF

receptor to induce substantial amounts of IL-2 may relate to the former's

ability to generate a greater or a more sustained amount of second

messengers. Alternatively, it is possible that the HM1 receptor activated a

pathway(s) other than the phosphatidylinositol pathway which was required

for the activation of MAP kinase and IL-2 production. Recently, an increasing

number of serine/threonine (163) as well as tyrosine kinases (164) have been

shown to become activated by G-protein coupled receptors. Although

carbachol treatment did not activate a tyrosine kinase pathway (161), it is

difficult to assert that the phosphatidylinositol pathway was the only pathway

activated by carbachol treatment and is required for Ras activation and IL-2

production. Additionally, mutation of Y1009 and Y1021 in the PDGFR greatly

reduced the tyrosine phosphorylation of PLCY1 in fibroblasts following

receptor stimulation but did not affect the phosphorylation of MAPK,

suggesting that PLC Yl activation is not essential for Ras stimulation by the

PDGFR (165). Furthermore, in a heterologous cell system, engagement of the

B cell receptor leads to MAP Kinase activation without generation of

phosphoinositides, suggesting that the phosphatidylinositol pathway is not

required for Ras activation (157).
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Thus, it is not clear that activation of the phosphatidylinositol pathway

induced by tyrosine phosphorylation of PLC Y1 is sufficient to cause Ras

activation in T cells. Although studies with phorbol esters and ionomycin

predict that activation of PLC Y1 should be sufficient to induce NFAT

activation in Jurkat cells, this may not necessarily be the case. First, it is not

known whether PLCY1 and phorbol esters activate the same PKC isozymes in

vivo. Similarly, phorbol esters may have a pronounced effect on NFAT

because it binds and activates a number of proteins with cys-rich motifs

(reviewed in Ref. 87), that may not be activated by PLCY1 in vivo. Second,

studies that attempt to inhibit the activity of PKC, either with the use of

peptide pseudosubstrates or with prolonged treatment with PMA, support the

notion that PKC does not play a major role in activating Ras (115).

The optimal way of addressing whether PLC Yl plays a role in Ras

activation in T cells is with a loss of function mutation of PLC Y1. In B cells,

loss of PLC Y2 leads to an impairment in calcium influx following

stimulation, but its effect on Ras has not been examined (166). Alternatively,

given what is known about the putative function of pp36–38, it is likely that

once pp36-38 is cloned, individually mutating the binding site for PLC Y1,

Grb2, or PI3K in pp36-38 will allow us to dissect the contribution of each of

these pathways in leading to Ras activation.

Role of Grb2-SOS lex in leading to R tivation in T cell

Another model proposed for how the engagement of the TCR induces

Ras activation involves the adaptor protein Grb2 and its ability to recruit SOS

to the plasma membrane following receptor stimulation. Although there is

substantial data indicating that artificially targeting SOS to the plasma

membrane via a lipid modification is sufficient to induce Ras activation in
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fibroblasts (167) and T cells (168), there is no data demonstrating that the Grb2

SOS complex translocates to the plasma membrane following TCR

stimulationin vivo. Cellular fractionation experiments in T cells

demonstrated that Grb2 and SOS partition to the cytosolic and particulate

fraction in the unstimulated state (68,169, 170), but there was no significant

translocation to the particulate fraction following TCR stimulation, even

though this assay has been shown to be sensitive enough to detect the

translocation of PLC Y1 to the membrane (68) and the translocation of Grb2

SOS to fibroblasts membranes (169). Since SOS could associate via its

pleckstrin homology domain with proteins localized in the plasma

membrane (128), it is important to clarify whether membrane targetting of

SOS is the primary event regulating its activity in T cells. Sensitive

immunofluorescence techniques capable of examining engaged TCR

complexes in vivo such as the one recently developed by Kupfer et al

(personal communication), could help address this issue.

The failure to detect a translocation of SOS to the plasma membrane

could be an indication that in T cells, the activity of SOS is regulated by

alternative mechanisms, or that SOS does not play a major role in the

activation of Ras in T lymphocytes. Evidence that SOS can be regulated by

multiple mechanisms comes from studies demonstrating that deletion of the

carboxyl-terminus accentuates SOS activity, suggesting that Grb2 binding may

eliminate a negative regulatory region in SOS (171-173). However, it is

possible that deletion of the C-terminal domain eliminated sites of

phosphorylation by a mitogen-activated protein kinase family member,

which may negatively regulate SOS (126-128) or that it induced an errant

conformational change resulting in higher catalytic activity or accessiblity to
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Ras. In either case, it is clear that the association between Grb2 and SOS is

used as a mechanism to regulate Ras activity.

In T cells, the association between Grb2-SOS complexes seems to be

regulated. Although Grb2-SOS complexes can be found in resting cells (68,

169), this association seems to increase following stimulation of T cells (136)

but not of fibroblasts (169). Thus, it is tempting to speculate that in T cells,

Grb2 is constitutively associated with an inhibitor that prevents the

formation of Grb2-SOS complexes. Following TCR stimulation, this putative

inhibitor could be displaced by a phosphoprotein such as pp36-38 or Shc (136),

increasing the association of Grb2 and SOS. Indeed, there is suggestive

evidence indicating that the proto-oncogene Cbl may be this inhibitory

protein. First, Cbl can bind to Grb2 in unstimulated Jurkat T cells, an

interaction mediated by the proline-rich sequences in Cbl and the SH3

domain in Grb2 (71, 174). Second, following stimulation with a TCR agonist,

Cbl is transiently tyrosine phosphorylated (71, 174) and dissociates from Grb2

(174). Third, genetic studies in C. elegans suggest that Cbl functions as a

negative regulator of the Ras pathway by binding to Grb2 (175). Thus, it is

tempting to speculate that Cbl competes with SOS for binding to the SH3

domains of Grb2 in unstimulated T cells. Following TCR stimulation,

tyrosine phosphorylation of Cbl and/or binding of a phosphoprotein to the
SH2 domain of Grb2 would cause Cbl to dissociate from Grb2 and allow SOS

to bind to Grb2. Therefore, it seems that in T cells, the association between

Grb2-SOS complexes could be modulated by interactions with other proteins
such as Cbl.

Although SOS is likely to be involved in the activation of Ras in T cells, it

is becoming clear that other pathways can lead to Ras activation

independently of SOS. Recently, Farnsworth et al (176) have shown that a
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Ras-GRF exchange factor can activate Ras in vivo. Interestingly, the activity

of the Ras-GRF was regulated by binding of calmodulin to an IQ motif in Ras

GRF since point mutations in this domain abrogated both calmodulin

binding to Ras-GRF and Ras-GRF activation in vivo (176). Although the full

length Ras-GRF has been detected only in brain neurons, this finding raises

the possibility that there may be other mechanisms for activating Ras in T
cells.

Role of Shc in leading to Ras activation in T cell

There is substantial data indicating that the proto-oncogene Shc is

involved in Ras activation The most convincing evidence comes from the

observation that overexpression of Shc in PC12 pheochromocytoma cells

leads to neurite outgrowth in a ras dependent manner (177). Further

biochemical studies demonstrated that tyrosine phosphorylated Shc could

associate in vivo with Grb2 in Src transformed cells (177, 178), or following

growth factor stimulation (179-181), leading to the proposal that cytoplasmic

tyrosine kinases activated Ras by inducing the tyrosine phosphorylation of

Shc and the formation of a Shc-Grb2-SOS complex (117). Additionally, there

is substantial data suggesting that Shc is involved in the regulation of Ras in

cells stimulated with interleukin-2 (IL-2) (182, 183), interleukin-3 (IL-3),

granulocyte-macrophage colony-stimulating factor (GM-CSF) and

erythropoietin (184, 185) as well as through the BCR (186-188). However, it is

peculiar that Shc is the only protein implicated in the Ras pathway that has

not yet been isolated in sensitive genetic screens designed to identify

suppressors or enhancers of the Ras pathway. Furthermore, although

Drosophila Shc contains extensive homogy to its mammalian counterpart

and is tyrosine phosphorylated by DER (Drosophila EGF-like Receptor), it
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lacks the high affinity binding site for Grb2 suggesting that Shc may have

other functions in addition to regulating the Ras pathway.

In T cells, there is suggestive evidence that Shc plays a role in IL-2R

signaling (182, 183), but its function in TCR-mediated signal transduction is

less clear. First, tyrosine phosphorylation of Shc following TCR stimulation

is still controversial; with some groups detecting considerable (72, 136), little

(68) or no Shc tyrosine phosphorylation (52, 170). Second, although Shc has

been shown to associate with the TCRC chain following TCR stimulation

(136) and the GITAM contains a consensus binding motif for the SH2 of Shc

(131), the binding affinity of Shc to the phosphorylated GITAM is in the

micromolar range (52, 61). This is particularly low when compared to the

nanomolar concentrations observed for ZAP-70 binding (52). Finally,

although Grb2 could bind the phosphorylated ITAM, this binding was

independent of Shc (52) and there was no formation of a CITAM-Shc-Grb2

SOS complex in antigen receptor-activated cells (52 and our unpublished

observation). Furthermore, overexpression of a dominant negative Shc

construct containing a point mutation in the Grb2 binding site, does not

inhibit NFAT induction in Jurkat cells (our preliminary results). Similarly,

overexpression of the SH2 domain of Grb2, but not of Shc, inhibited TCR

signaling (44). Thus, it is still unclear whether Shc is directly involved in the

activation of Ras via Grb2-SOS complex or whether Shc is involved in other

pathways that indirectly contribute to Ras activation in T cells. Elucidation of

the role of Shc in TCR signaling awaits the functional analysis of the proteins

known to associate with Shc, such as p145 (187, 189, 190).

In conclusion, it seems that the engagement of the TCR complex and the

formation of several complexes such as pp36-38/PLCY1, pp36-38/Grb2/SOS

and Shc/Grb2 may contribute to the activation of Ras. The functional role of
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these complexes awaits the molecular characterization of pp36–38 as well as

the identification of other potential substrates for ZAP-70 and Lck/Fyn.

- 145 -



BIBLIOGRAPHY

1. Weiss, A. and D. R. Littman. 1994. Signal transduction by lymphocyte

antigen receptors. Cell 76:263-274.

2. Reth, M. 1989. Antigen receptor tail clue. Nature 338:383-384.

3. Chan, A. C., M. Iwashima, C. W. Turck and A. Weiss. 1992. ZAP-70: A

70kD protein tyrosine kinase that associates with the TCR (; chain. Cell 71:649
662.

4. Wange, R. L., A.-N. T. Kong and L. E. Samelson. 1992. A tyrosine

phosphorylated 70-kDa protein bind a photoaffinity analogue of ATP and

associates with both the C and CD3 components of the activated T cell antigen

receptor. J. Biol. Chem. 267:11685–11688.

5. Cooke, M. P. and R.M. Perlmutter. 1989. Expression of a novel form of

the fyn proto-oncogene in hematopoietic cells. New Biologist 1:66–74.

6. Samelson, L. E., A. F. Phillips, E. T. Luong and R. D. Klausner. 1990.

Association of the fyn protein-tyrosine kinase with the T-cell antigen

receptor. Proc. Natl. Acad. Sci. USA 87.4358–4362.

7. Gauen, L. K., A.-N. T. Kong, L. E. Samelson and A. S. Shaw. 1992. p59fyn

tyrosine kinase associates with multiple T-cell receptor subunits through its

unique amino-terminal domain. Mol. Cell. Biol. 12:5438–5446.

- 146 -



8. Cooke, M. P., K. M. Abraham, K. A. Forbush and R. M. Perlmutter. 1991.

Regulation of T cell receptor signaling by a src family protein-tyrosine kinase

(p59tyn). Cell 65,281-292.

9. Tsygankov, A. Y., B. M. Broker, J. Fargnoli, J. A. Ledbetter and J. B. Bolen.

1992. Activation of tyrosine kinase p50fyn following T cell antigen receptor

cross-linking. J. Biol. Chem. 267:18259–18262.

10. Stein, P. L., H.-M. Lee, S. Rich and P. Soriano. 1992. pp.59%m mutant mice
display differential signaling in thymocytes and peripheral T cells. Cell 70:741
750.

11. Appleby, M. W., J. A. Gross, M. P. Cooke, S. D. Levin, X. Qian and R. M.

Perlmutter. 1992. Defective T cell receptor signaling in mice lacking the

thymic isoform of p59■ yn. Cell 70:751-763.

12. Chow, L. M. L. 1995. The Src and Csk families of tyrosine protein kinases

in hemopoietic cells. Sem. Immunol. 7:207-226.

13. Veillette, A., M. A. Bookman, E. M. Horak and J. B. Bolen. 1988. The CD4

and CD8 T cell surface antigens are associated with the internal membrane

tyrosine-protein kinase p56*. Cell 55:301-308.

14. Barber, E. K., J. D. Dasgupta, S. F. Schlossman, J. M. Trevillyan and D. E.

Rudd. 1989. The CD4 and CD8 antigens are coupled to protein-tyrosine kinase

(p56*) that phosphorylates the CD3 complex. Proc. Natl. Acad. Sci. USA
86:3277–3281.

- 147



15. Turner, J. M., M. H. Brodsky, B. A. Irving, S. D. Levin, R. M. Perlmutter

and D. R. Littman. 1990. Interaction of the unique N-terminal region of

tyrosine kinase p56lck with cytoplasmic domains of CD4 and CD8 mediated by

cysteine motifs. Cell 60:755–765.

16. Shaw, A. S., K. E. Amrein, C. Hammond, D. F. Stern, B. M. Sefton and J.

K. Rose. 1989. The lck protein tyrosine kinase interacts with the cytoplasmic

tail of the CD4 glycoprotein through it unique amino-terminal domain. Cell
59:627-636.

17. Ledbetter, J. A., C. H. June, P.S. Rabinovitch, A. Grossmann, T. T. Tsu and

J. B. Imboden. 1988. Signal transduction through CD4: stimulatory versus

inhibitory activity is regulated by CD4 proximity to the CD3/T cell receptor.

Eur. J. Immunol. 18:525-532.

18. Ledbetter, J. A., L. K. Gilliland and G.A. Schieven. 1990. The interaction of

CD4 with CD3/Ti regulates tyrosine phosphorylation of substrates during T
cell activation. Sem. Immunol. 2:99-106.

19. Sleckman, B. P., A. Peterson, W. K. Jones, J. A. Foran, J. L. Greenstein, B.

Seed and S. J. Burakoff. 1987. Expression and function of CD4 in a murine T

cell hybridoma. Nature 328:351-353.

20. Zamoyska, R., P. Derham, S. D. Gorman, P. von Hoegen, J. B. Bolen, A.

Veillette and J.R. Parnes. 1989. Inability of CD80' polypeptides to associate

- 148 -



with p56lck correlates with impaired in vitro and lack of expression in vivo.
Nature 342:278-281.

21. Glaichenhaus, N., N. Shastri, D. R. Littman and J. M. Turner. 1991.

Requirement for association of p56* with CD4 in antigen-specific signal
transduction in T cells. Cell 64:511-520.

22. Straus, D. and A. Weiss. 1992. Genetic evidence for the involvement of

the Lck tyrosine kinase in signal transduction throught the T cell antigen

receptor. Cell 70.585-593.

23. Molina, T.J., K. Kishihara, D. P. Siderovski, W. van Ewijk, A. Narendran,

E. Timms, A. Wakeham, C. J. Paige, K.-U. Hartmann, A. Veillette, D.

Davidson and T.W. Mak. 1992. Profound block in thymocyte development in

mice lacking p56lck. Nature 357:161-164.

24. Xu, H. and D.R. Littman. 1993. A kinase-independent function of lek in

potentiating antigen-specific T cell activation. Cell 74: 633–643.

25. Danielian, S., A. Alcover, L. Polissard, M. Stefanescu, O. Acuto, S. Fischer

and R. Fagard. 1992. Both T cell receptor (TcR)-CD3 complex and CD2 increase

the tyrosine kinase activity of p56*. CD2 can mediate TcR-independent and
CD45-dependent activation of p56*. Eur. J. Immunol. 22:2915–2921.

26. Sieh, M., J. B. Bolen and A. Weiss. 1993. CD45 specifically modulates

binding of Lck to a phosphopeptide encompassing the negative regulatory

tyrosine of Lck. EMBO 12:315-322.

- 149 -



27. Hurley, T. R., R. Hyman and B. M. Sefton. 1993. Differential effects of

expression of the CD45 tyrosine protein phosphatase on the tyrosine

phosphorylation of the lck, fyn and c-src tyrosine protein kinases. Mol. Cell.
Biol. 13:1651-1656.

28. Caron, L., N. Abraham, T. Pawson and A. Veillette. 1992. Structural

requirements for enhancement of T-cell responsiveness by the lymphocyte

specific tyrosine protein kinase p56'ck. Mol. Cell. Biol. 12:2720–2729.

29. Abraham, N., M. C. Miceli, J. R. Parnes and A. Veillette. 1991.

Enhancement of T-cell responsiveness by the lymphocyte-specific tyrosine

protein kinase p56*. Nature 350:62-66.

30. Haughn, L., S. Gratton, L. Caron, R.-P. Sekaly, A. Veillette and M. Julius.

1992. Association of tyrosine kinase p56** with CD4 inhibits the induction of
growth through the of T-cell receptor. Nature 358:328-331.

31. Scaria, A. M., L. K. Gauen, J. Kwong, A. S. Shaw and D. M. Lublin. 1993.

Palmitylation of an amino-terminal cysteine motif of protein tyrosine kinases

p56lck and p59gyn mediates interaction with glycosyl-phosphatidylinositol

anchored proteins. Mol. Cell. Biol. 13:6385-6392.

32. Paige, L.A. 1993. Reversible palmitoylation of the protein-tyrosine kinase

p56*. J. Biol. Chem. 268:8669-8674.

- 150 -



33. Salcedo, T. W., T. Kurosaki, P. Kanakaraj, J. V. Ravetch and B. Perussia.

1993. Physical and functional association of p56** with FcRIIIA (CD16) in
natural killer cells. Science 177:1475–1480.

34. Iwashima, M., B. A. Irving, N. S. C. van Oers, A. C. Chan and A. Weiss.

1994. Sequential interactions of the TCR with two distinct cytoplasmic

tyrosine kinases. Science 263:1136–1139.

35. August, A. and B. Dupont. 1996. Association between mitogen-activated

protein kinase and the zeta chain of the T cell receptor (TCR) with the SH2, 3

domain of p56Lck- differential regulation by TCR cross-linking. J. Biol. Chem.
271:10054-10059.

36. Wells, J. A. and A. M. de Vos. 1993. Structure and funtion of human

growth hormone: implications for the hematopoietins. Annu. Rev. Biophys.
Biomolec. Struct. 22:329–391.

37. Chan, A.C., N. S. C. van Oers, A. Tran, L. Turka, C.-L. Law, J. C. Ryan, E. A.

Clark and A. Weiss. 1994. Differential expression of ZAP-70 and Syk protein

tyrosine kinases and the role of this family of protein tyrosine kinases in T

cell antigen receptor signaling. J. Immunol. 152:4758–4766.

38. Straus, D. B. and A. Weiss. 1993. The CD3 chains of the T cell antigen

receptor associate with the ZAP-70 tyrosine kinase and are tyrosine

phosphorylated after receptor stimulation. J. Exp. Med. 178:1523–1530.

- 151 -



39. Wange, R. L., S. N. Malek, S. Desiderio and L. E. Samelson. 1993. Tandem

SH2 domains of ZAP-70 bind to T cell antigen receptor g and CD3e from

activated Jurkat T cells. J. Biol. Chem. 268:19797-19801.

40. Irving, B. A., A. C. Chan and A. Weiss. 1993. Functional characterization

of a signal transducing motif present in the T cell receptor & chain. J. Exp. Med.
177:1093-1103.

41. Chan, A. C., B. A. Irving, J. D. Fraser and A. Weiss. 1991. The G-chain is

associated with a tyrosine kinase and upon T cell antigen receptor stimulation

associates with ZAP-70, a 70 kilodalton tyrosine phosphoprotein. Proc. Natl.
Acad. Sci. USA 88:9166-9170.

42. Wange, R. L., R. Guitian, N. Isakov, J. D. Watts, R. Aebersold and L.E.

Samelson. 1995. Activating and inhibitory mutations in adjacent tyrosines in

the kinase domain of ZAP-70. J. Biol. Chem. 270:18730–18733.

43. Qian, D., M. N. Mollenauer and A. Weiss. 1996. Dominant-negative Zeta

Associated Protein-70 inhibits T cell antigen receptor signaling. J. Exp. Med.
183:611-620.

44. Northrop, J. P., M. J. Pustelnik, A. T. Lu and J. R. Grove. 1996.

Characterization of the roles of SH2 domain-containing proteins in T

lymphocyte activation by using dominant negative SH2 domains. Mol. Cell.
Biol. 16:2255–2263.

- 152

l■ º
tº º –



45. Elder, M. E., D. Lin, J. Clever, A. C. Cahn, T. J. Hope, A. Weiss and T.G.

Parslow. 1994. Human severe combined immunodeficiency due to a defect in

ZAP-70, a T-cell tyrosine kinase. Science 264:1596-1599.

46. Arpaia, E., M. Shahar, H. Dadi, A. Cohen and C. M. Roifman. 1994.

Defective T cell receptor signaling and CD8* thymic selection in humans

lacking ZAP-70 kinase. Cell 76:947-958.

47. Chan, A. C., T. A. Kadlecek, M. E. Elder, A. H. Filipovich, W.-L. Kuo, M.

Iwashima, T. G. Parslow and A. Weiss. 1994. ZAP-70 deficiency in an

autosomal recessive form of severe combined immunodeficiency. Science
264:1599–1601.

48. Negishi, I., N. Motoyama, K.-I. Nakayama, K. Nakayama, S. Senju, S.

Hatakeyama, Q. Zhang, A. C. Chan and D. Y. Loh. 1995. Essential role for

ZAP-70 in both positive and negative selection of thymocytes. Nature 376:435
438.

49. Gelfand E. W., K. Weinberg, B. D. Mazer, T. A. Kadlecek and A. Weiss.

1995. Absence of ZAP-70 prevents signaling through the antigen receptor on

peripheral blood T cells but not thymocytes. J. Exp. Med. 182:1057-1066.

50. Qian, D., I. Griswold-Prenner, M. R. Rosner and F. W. Fitch. 1993.

Multiple components of the T cell antigen receptor complex become tyrosine

phosphorylated upon activation. J. Biol. Chem. 268.4488–4493.

- 153 -



51. Gauen, L. K. T., Y. Zhu, F. Letourneur, Q. Hu, J. B. Bolen, L. A. Matis, R. D.

Klausner and A. Shaw. 1994. Interactions of p59fyn and ZAP-70 with T cell

receptor activation motifs: Defining the nature of a signalling motif.
Mol. Cell.Biol. 14:3729-3741.

52. Osman, N., S. C. Lucas, H. Turner and D. Cantrell. 1995. A comparison of

the interaction of Shc and the tyrosine kinase ZAP-70 with the T cell antigen

receptor & chain tyrosine-based activation motif. J. Biol. Chem. 270:13981
13986.

53. Bu, J.-Y., A. S. Shaw and A. C. Chan. 1995. Analysis of the interaction of

ZAP-70 and Syk protein-tyrosine kinases with the T-cell antigen receptor by

plasmon resonance. Proc. Natl. Acad. Sci. USA 92:5106-5110.

54. Weiss, A and Littman, D. R. 1993. T cell antigen receptor signal

transduction: A tale of tails and cytoplasmic protein-tyrosine kinases. Cell
73:209–212.

55. Hatada, M. H., X. Lu, E. R. Laird, J. Green, J. P. Morgenstern, M. Lou, C. S.

Marr, T. B. Phillips, M. K. Ram, K. Theriault, M. J. Zoller and J. L. Karas. 1995.

Molecular basis for interaction of the protein tyrosine kinase ZAP-70 with the

T-cell receptor. Nature 377:32-38.

56. van Oers, N. S. C., N. Killeen and A. Weiss. 1994. ZAP-70 is constitutively

associated with tyrosine phosphorylated TCR (, in murine thymocytes and

lymph node T cells. Immunity 1:675–685.

- 154

º/lº,
* * *



57. van Oers, N. S. C., N. Killeen and A. Weiss. 1996. Lck regulates the

tyrosine phosphorylation of the T cell receptor subunits and ZAP-70 in

murine thymocytes. J. Exp. Med. 183:1053-1062.

58. Madrenas, J., R. L. Wange, J. L. Wang, N. Isakov, L. E. Samelson and R. N.

Germain. 1995. Zeta phosphorylation without ZAP-70 activation induced by

TCR antagonists or partial agonists. Science 247:515-518.

59. Watts, J. D., M. Affolter, D. L. Krebs, R. L. Wange, L. E. Samelson and R.

Aebersold. 1994. Identification by electrospray ionization mass spectrometry

of the sites of tyrosine phosphorylation induced in activated Jurkat T cells on

the protein tyrosine kinase ZAP-70. J. Biol. Chem. 269:29520-29529.

60. Chan, A. C., M. Dalton, R. Johnson, G.-H. Kong, T. Wang, R. Thomas and

T. Kurosaki. 1995. Activation of ZAP-70 kinase activity by phosphorylation of

tyrosine 493 is required for lymphocyte antigen receptor function. EMBO
14:2499-2508.

61. Zhou, M., K. S. Ravichandran, E. F. Oleiniczak, A. M. Petros, R. P.

Meadows, M. Sattler, J. E. Harlan, W. S. Wade, S. J. Burakoff and S. W. Fesik.

1995. Structure and ligand recognition of the phosphotyrosine binding
domain of Shc. Nature 378:584-592.

62. Van der Geer, P. and T. Pawson. 1995. The PTB domain: a new protein

module implicated in signal transduction. Trends. Bioch. Sci. 20:277-280.

- 155



63. Weiss, A., G. Koretzky, R. Schatzman and T. Kadlecek. 1991. Stimulation

of the T cell antigen receptor induces tyrosine phosphorylation of

phospholipase CY1. Proc. Natl. Acad. Sci. USA 88.5484–5488.

64. Park, D. J., H. W. Rho and S. G. Rhee. 1991. CD3 stimulation causes

phosphorylation of phospholipase C-y1 on serine and tyrosine residues in a
human T cell line. Proc. Natl. Acad. Sci. USA 88:5453–5456.

65. Secrist, J. P., L. Karnitz and R. T. Abraham. 1991. T-cell antigen receptor

ligation induces tyrosine phosphorylation of phospholipase C-71. J. Biol.
Chem. 266:12135-12139.

66. Margolis, B., P. Hu, S. Katzav, W. Li, J. M. Oliver, A. Ullrich, A. Weiss and

J. Schlessinger. 1992. Tyrosine phosphorylation of vav proto-oncogene

product containing SH2 domain and transcription factor motifs. Nature
356:71-74.

67. Motto, D. G., E. E. Ross, J. Wu, L. R. Hendricks-Taylor and G. A. Koretzky.

1996. Implication of the GRB2-associated phosphoprotein SLP-76 in TCR

mediated IL-2 production. J. Exp. Med. 183:1937-1943.

68. Sieh, M., A. Batzer, J. Schlessinger and A. Weiss. 1994. GRB2 and

phospholipase C-71 associate with a 36- to 38-Kilodalton phosphotyrosine

protein after T-cell receptor stimulation. Mol. Cell. Biol. 14:4435–4442.

69. Motto, D. G., S. E. Ross, J. K. Jackman, Q. Sun, A. L. Olson, P. R. Findell

and G. A. Koretzky. 1994. In vivo association of Grb2 with pp.116, a substrate

- 156 -



of the T cell antigen receptor-activated protein tyrosine kinase. J. Biol. Chem.
269:21608–21613.

70. Buday, L., S. E. Egan, P. R. Viciana, D. A. Cantrell and J. Downward. 1994.

A complex of Grb2 adaptor protein, Sos exchange factor and a 36 kDa

membrane-bound tyrosine phosphoprotein is implicated in Ras activation in

T cells. J. Biol. Chem. 268:9019–9023.

71. Donovan, J. A., R. L. Wange, W.Y. Langdon and L. E. Samelson. 1994.

The protein product of the c-cbl protooncogene is the 120-kDa tyrosine

phosphorylated protein in Jurkat cells activated via the T cell antigen

receptor. J. Biol. Chem. 269:22921-22924.

72. Ravichandran, K. S., K. K. Lee, A. Songyang, L. C. Cantley, P. Burn and S.

J. Burakoff. 1993. Interaction of Shc with the C chain of the T cell receptor

upon T cell activation. Science 262:902-905.

73. Nel, A. E., S. Pollack, G. Landreth, J. A. Ledbetter, L. Hultin, K. Williams,

R. Katz and B. Akerley. 1990. CD-3-mediated activation of MAP-2 kinase can

be modified by ligation of the CD4 receptor. J. Immunol. 145:971-979.

74. Egerton, M., W. H. Burgess, D. Chen, B. Druker, A. Bretcher and L. E.

Samelson. 1992. Identification of ezrin as an 81-kDa tyrosine-phosphorylated

protein in T cells. J. Immunol. 149:1847-1852.

75. Kim, H. K., J. W. Kim, A. Zilberstein, B. Margolis, J. G. Kim, J.

Schlessinger and S. G. Rhee. 1991. PDGF stimulation of inositol phospholipid

- 157



hydrolysis requires PLC-y1 phosphorylation on tyrosine residues 783 and 1254.
Cell 65:435-441.

76. Nishibe, S., M. I. Wahl, S. M. Hernandez-Sotomayor, N. K. Tonk, S. G.

Rhee and G. Carpenter. 1990. Increase of the catalytic activity of

phospholipase C-1 by tyrosine phosphorylation. Science 250:1253-1256.

77. Aderem, A. 1992. Signal transduction and the actin cytoskeleton: the

roles of MARCKS and profilin. Trends. Bioch. Sci. 17:438-443.

78. Berridge, M. J. and R. F. Irvine. 1989. Inositol phosphates and cell

signalling. Nature 341:197-205.

79. Berridge, M. J. 1993. Inositol triphosphate and calcium signaling. Nature
361:315-325.

80. Clapham, D.E. 1995. Calcium signaling. Cell 80:259-268.

81. Weiss, A., R. Shields, M. Newton, B. Manger and J. Imboden. 1987.

Ligand-receptor interactions required for commitment to the activation of the

interleukin 2 gene. J. Immunol. 138:2169-2176.

82. Goldsmith, M. and A. Weiss. 1988. Early signal transduction by the

antigen receptor without commitment to T cell activation. Science 240:1029
1031.

- 158 -



- as tº a sº t . . . . -



83. Randriamampita, C. and R. Y. Tsien. 1993. Emptying of intracellular Ca”
stores releases a novel small messenger that stimulates Ca” influx. Nature
364:809–814.

84. Fanger, C. M., M. Hoth, G. R. Crabtree and R. S. Lewis. 1995.

Characterization of T cell mutants with defects in capacitative calcium entry:

genetic evidence for the physiological roles of CRAC channels. J. Cell. Biol.
131:655–667.

85. Serafini, A. T., R. S. Lewis, N. A. Clipstone, R. J. Bram, C. Fanger, S.

Fiering, L. A. Herzenberg and G. R. Crabtree. 1995. Isolation of mutant T

lymphocytes with defects in capacitative calcium entry. Immunity 3:239-250.

86. Nishizuka, Y. 1988. The molecular heterogeneity of protein kinase C and

its implications for cellular regulation. Nature 334:661-665.

87. Nishizuka, Y. 1992. Intracellular signaling by hydrolysis of phospholipids

and activation of protein kinase C. Science 258:607-614.

88. Koretzky, G. A., M. Wahi, M. E. Newton and A. Weiss. 1989.

Heterogeneity of protein kinase C isoenzyme gene expression in human T

cell lines: Protein kinase C-B is not required for several T cell functions. J.
Immunol. 143:1692-1695.

89. Genot, E. M., P. J. Parker and D. A. Cantrell. 1995. Analysis of the role of

protein kinase C-alpha, -epsilon and -zeta in T cell activation. J. Biol. Chem.
270:9833-9839.

- 159 -



*



90. Weiss, A. 1993. T Lymphocyte Activation. Fundamental Immunology,.

Third Edition, Ed. W.E. Paul, Raven Press, New York.

91. Izquierdo, M., S.J. Leevers, C. J. Marshall and D. Cantrell. 1993. p.21*
couples the T cell antigen receptor to extracellular signal-regulated kinase 2 in

T lymphocytes. J. Exp. Med. 178:1199-1208.

92. Muramatsu, M., K. Kaibuchi and K. Arai. 1989. A protein kinase C cDNA

without the regulatory domain is active after transfection in vivo in the

absence of phorbol ester. Mol. Cell. Biol.9:831-836.

93. Clipstone, N. A. and G. R. Crabtree. 1992. Identification of calcineurin as a

key signalling enzyme in T-lymphocyte activation. Nature 357:695-697.

94. Means, A. R. and J. R. Dedman. 1980. Calmodulin - an intracellular

calcium receptor. Nature 285:73-77.

95. Schreiber, S. L. 1992. Immunophilin-sensitive protein phosphatase action

in cell signaling pathways. Cell 70:365-368.

96. Schreiber, S. L. and G. R. Crabtree. 1992. The mechanism of action of

cyclosporin A and FK506. Immunol. Today 13:136-142.

97. O'Keefe, S.J., J. Tamura, R. L. Kincaid, M. J. Tocci and E. A. O'Neil. 1992.

FK-506- and CSA-sensitive activation of the interleukin-2 promoter by
calcineurin. Nature 357:692-694.

- 160 -



º
•

- a -- a

r

* *

-
.

º *** . . . . .---,
º * -- - -

- º ºg -



98. Rao, A. 1994. NF-ATp: a transcription factor required for the co-ordinate

induction of several cytokine genes. Immunol. Today 15:274-281.

99. Jain, J., P. G. McCaffrey, Z. Miner, T. K. Kerppola, J. N. Lambert, G. L.

Verdine, T. Curran and A. Rao. 1993. The T-cell transcription factor NFATp
is a substrate for calcineurin and interacts with Fos and Jun. Nature 365:352

355.

100. Lee, G. and M. Z. Gilman. 1994. Dual modes of control of c-fos mRNA

induction by intracellular calcium in T cells. Mol. Cell. Biol. 14:4579–4587.

101. Su, B., E. Jacinto, M. Hibi, T. Kallunki, M. Karin and Y. Ben-Neriah.

1994. JNK is involved in signal integration during costimulation in T

lymphocytes. Cell 77.727-736.

102. Downward, J., J. D. Graves, P. H. Warne, S. Rayter and D. A. Cantrell.

1990. Stimulation of p21” upon T-cell activation. Nature 346:719-723.

103. Bugoski, M. S. and F. McCormick. 1993. Proteins regulating Ras and its
relatives. Nature 366:643–653.

104. Baldari, C. T., G. Macchia and J. L. Telford. 1992. Interleukin-2

promoter activation in T-cells expressing activated Ha-ras. J. Biol. Chem.
267:4289–4291.

- 161 -



*

* ºr
- 1

- , -º
º

* *

º
*
º

--

s = < * *

- * * * * ** *** - - - - -

º

* -

* * * *

º !
-a - a * º

is ºn - ºr * * *



105. Rayter, S.I., M. Woodrow, S. C. Lucas, D. A. Cantrell and J. Downward.

1992, p21* mediates control of IL-2 gene promoter function in T cell
activation. EMBO 11:4549–4556.

106. White, M. A., C. Nicolette, A. Minden, A. Polverino, L. Can Aelst, M.

Karin and M. H. Wigler. 1995. Multiple Ras functions can contribute to
mammalian cell transformation. Cell 80:533–541.

107. Rodriguez-Viciana, P., P. H. Warne, R. Dhand B. Van Haesebroeck, I.

Gout, M. J. Fry, M. D. Waterfield and J. Downward. 1994.

Phosphatidylinositol-3-OH kinase as a direct target of Ras. Nature 370:527–532.

108. Minden, A., A. Lin, F. X. Claret, A. Abo and M. Karin. 1995. Selective

activation of the JNK signaling cascade and c-Jun transcriptional activity by
the small GTPases Rac and Colc42Hs. Cell 81:1147–1157.

109. Qiu, R.-G., J. Chen, D. Kirn, F. McCormick and M. Symons. 1995. An
essential role for Rac in Ras transformation. Nature 374:457-459.

110. Martin, G. A., A. Yatani, R. Clark, L. Conroy, P. Polakis, A. M. Brousn

and F. McCormick. 1992. GAP domains responsible for ras p21-dependent
inhibition of muscarinic atrial K+ channel currents. Science 255:192-194.

111. Hill, C.S. and R. Treisman. 1995. Transcriptional regulation by

extracellular signals: mechanisms and specificity. Cell 80:199-211.

- 162 -





112. Marais, R., Y. Light, H. F. Paterson and C. J. Marshall. 1995. Ras recruits

Raf-1 to the plasma membrane for activation by tyrosine phosphorylation.
EMBO 14:3136-3145.

113. Hunter, T. and M. Karin. 1992. The regulation of transcription by

phosphorylation. Cell 70:375-387.

114. Coso, O.A., M. Chiariello, J. C. Yu, H. Teramoto, P. Crespo, N. Xu, T.

Miki and J. S. Gutkind. 1995. The small GTP-binding proteins Ras1 and Cdc42

regulate the activity of the JNK/SAPK signaling pathway. Cell 81:1137-1146.

115. Izquierdo, M., J. Downward, J. D. Graves and D. A. Cantrell. 1992. Role

of protein kinase C in T-cell antigen receptor regulation of p21ras: evidence

that two p21ras regulatory pathways coexist in T cells. Mol. Cell. Biol. 12:3305
3312.

116. McCormick, F. 1993. How receptors turn Ras on. Nature 363:15-16.

117. Egan, S. E., B. W. Giddings, M. W. Brooks, L. Buday, A. M. Sizeland and

R. A. Weinberg. 1993. Association of Sos Ras exchange protein with Grb2 is

implicated in tyrosine kinase signal transduction and transformation. Nature
363:45-51.

118. Jackman, J. K., D. G. Motto, Q. Sun, M. Tanemoto, C. W. Turck, G. A.

Peltz, G. A. Koretzky and P. R. Findell. 1995. Molecular cloning of SLP-76, a

76-kDa tyrosine phosphoprotein associated with Grb2 in T cells. J. Biol. Chem.
270:7029–7032.

- 163 -



* *

s º

- *

g
sº

º

- *

* *

zu ºf 1 g ºf . . . - -

|. . . . º



119. Lahesmaa, R., A. Allsup, C. Soderberg, J. Jackman, P. Findell and G.

Peltz. 1995. Modulation of the Grb2-associated protein complex in human

CD4+ T cells by receptor activation. J. Immunol. 155:3815–3822.

120. Fukazawa, T., K. A. Reedguist, G. Panchamoorthy, S. Soltoff, T. Trub, B.

Druker, L. Cantley, S. E. Shoelson and H. Band. 1995. T cell activation

dependent association between the p85 subunit of the phosphatidylinositol 3

kinase and Grb2/Phospholipase C-Y1-binding phosphotyrosyl protein pp.36/38.

J. Biol. Chem. 270:20177-20182.

121. Goldsmith, M. A., L. K. Bockenstedt, P. Dazin and A. Weiss. Use of

somatic cell mutants to study the signal transduction function of the T cell

antigen receptor. Second International Conference of Lymphocyte Activation

and Immune Regulation 1988:195-211.

122. Reif, K., L. Buday, J. Downward and D. A. Cantrell. 1994. SH3 domains

of the adapter molecule Grb2 complex with two proteins in T cells: the

guanine nucleotide exchange protein Sos and a 75-kDa protein that is a

substrate for T cell antigen receptor-activated tyrosine kinases. J. Biol. Chem.
269:14081-14089.

123. Galandrini, R., G. Palmieri, M. Piccoli, L. Frati and A. Santoni. 1996.

CD16-mediated p21ras activation is associated with Shc and p36 tyrosine

phosphorylation and their binidng with Grb2 in human natural killer cells. J.

Exp. Med. 183:179–186.

- 164 -





124. Ohmichi, M., S. J. Decker and A. R. Saltiel. 1992. Nerve growth factor

stimulates the tyrosine phosphorylation of a 38 kDa protein that specifically

associates with the src homology domain of phospholipase C-y1.J. Biol.
Chem. 267:21601-21606.

125. Gilliland L. K., G. L. Schieven, N. A. Norris, S. B. Kanner, A. Aruffo

and J. A. Ledbetter. 1992. Lymphocyte lineage-restricted tyrosine

phosphorylated proteins that bind PLCY1 SH2 domains. J. Biol. Chem.
267:13610–13616.

126. Waters, S. B., K. H. Holt, S. E. Ross, L. J. Syu, K. L. Guan, A. R. Saltiel, G.

A. Koretzky and J. E. Pessin. 1995. Desensitization of Ras activation by a

feedback disassociation of the SOS-Grb2 complex. J. Biol. Chem. 270:20883–
20886.

127. Waters, S. B., K. Yamuchi and J. E. Pessin. 1995. Insulin-stimulated

disassociation of the SOS-Grb2 complex. Mol. Cell. Biol. 15:2791-2799.

128. Cherniack, A. D., J.K. Klarlund, B. R. Conway and M. P. Czech. 1995.

Disassembly of Son-of-sevenless proteins from Grb2 during p21ras

desensitization by insulin. J. Biol. Chem. 270:1485–1488.

129. Huang, X, Y. Li, K. Tanaka, K. G. Moore and J. I. Hayashi. 1995.

Cloning and characterization of Lnk, a signal transduction protein that links

T-cell receptor activation signal to phospholipase CY1, Grb2 and

phosphatidylinositol 3'-kinase. Proc. Natl. Acad. Sci. USA 92:11618-11622.

2-y/
*-*

! I / º t
-º

º R **)
sº

*
º

2.:.
■ º

s
*º

º

- 165



;

* * * * *



130. Songyang, Z, S. E. Shoelson, M. Chaudhuri, G. Gish, T. Pawson, W. G. l
Haser, F. King, T. Roberts, S. Ratnofsky, R. J. Lechleider, B. G. Neel, R. B. 27

Birge, J. E. Fajardo, M. M. Chou, H. Hanafusa, B. Schaffhausen and L. C.

Cantley. 1993. SH2 domains recognize specific phosphopeptide sequences.
Cell 72:767-778.

131. Songyang, Z, S. E. Shoelson, J. 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.

132. Northrop, J. P., S. N. Ho, L. Chen, D. J. Thomas, L. A. Timmerman, G.

P. Nolan, A. Admon and G. R. Crabtree. 1994. NF-AT components define a

family of transcription factors targeted in T-cell activation. Nature 369:497–502.

133. Cussac, D., M. Frech and P. Chardin. 1994. Binding of the Grb2SH2

domain to phosphotyrosine motifs does not change the affinity of its SH3

domains for Sos proline-rich motifs. EMBO 13:4011-4021.

134. Lemmon, M.A., J. E. Ladbury, V. Mandiyan, M. Zhou and J.

Schlessinger. 1994. Independent binding of peptide ligands to the SH2 and º
SH3 domains of Grb2. J. Biol. Chem. 269:31653–31658. º

135. Maignan, S., J. P. Guilloteau, N. Fromage, B. Arnoux, J. Becquart and A.
-

º
Nº.
ºDucruix. 1995. Crystal structure of the mammalian Grb2 adaptor. Science º

268:291-293. |
y

- 166 - C



'º.
º

--
* *

* * * * * * * * ** - - - -



136. Ravichandran, K., U. Lorenz, S. E. Shoelson and S. J. Burakoff. 1995.

Interaction of Shc with Grb2 regulates association of Grb2 with mSOS. Mol.
Cell. Biol. 15:593-600.

137. Jones, G. A. and G. Carpenter. 1993. The regulation of phospholipase C

gamma 1 by phosphatidic acid. Assessment of kinetic parameters. J. Biol.
Chem. 268:20845-20850.

138. Hernandez-Sotomayor, S. M. and G. Carpenter. 1993. Non-catalytic

activation of phospholipase C-gamma 1 in vitro by epidermal growth factor

receptor. Bioch. Journal 293:507-511.

139. Homma, Y. and T. Takenawa. 1992. Inhibitory effect of src homology

(SH)2/SH3 fragments of phospholipase C-Y on the catalytic activity of

phospholipase C isoforms. J. Biol. Chem. 267:21844–21849.

140. Homma, Y., Y. Emori and T. Takenawa. 1992. Purification of

recombinant SH2/SH3 proteins of phospholipase C-gamma 1 and -gamma 2

and their inhibitory effect on PIP2-hydrolysis induced by both types of

phospholipase C-gamma. Bioch. Bioph. Res. Comm. 182:1402-1407.

141. Fernald, A. W., G. A. Jones and G. Carpenter. 1994. Limited proteolysis

of phospholipase C-gamma 1 indicates stable association of X and Y domains

with enhanced catalytic activity. Bioch. Journal 302:503–509.

- 167–



* ==

* * * * * * * * * * * : - - * * *



142. Cantley, L. C., K. R. Auger, C. Carpenter, B. Duckworth, R. Kapeller and l
S. Soltoff. 1991. Oncogenes and signal transduction. Cell 64:281-302.

143. Carpenter, C. L., K. R. Auger, M. Chanudhuri, M. Yoakim, B. A Rºy

Schaffhausen, S. Shoelson and L. C. Cantley. 1993. Phosphoinositide 3-kinase
-

is activated by phosphopeptides that bind to the SH2 domains of the 85-kDa

subunit. J. Biol. Chem. 268:9478-9483.

144. Backer, J. M., M. G. Myers, X.-J. Sun, D. J. Chin, S. E. Shoelson, M.

Miralpeix and M. F. White. 1993. Association of IRS-1 with the insulin

receptor and the phosphatidylinositol 3'-kinase. J. Biol. Chem. 268:8204-8212.

145. Goldsmith, M. A. and A. Weiss. 1988. Generation and analysis of a T

lymphocyte somatic mutant for studying molecular aspects of signal

transduction by the antigen receptor. Ann. N.Y. Acad. Sci:91-103.

146. Sambrook, J., E. F. Fritsch and T. Maniatis. 1989. Molecular Cloning: A

Laboratory Manual. Cold Spring Harbor Laboratory, N.Y. Cold Spring Harbor

Laboratory Press.

147. Lock, P., S. Fumagalli, P. Polakis, F. McCormick and S. A. Courtneidge.
* G |

1996. The human p52 cDNA encodes Sam68 and not the rasgaP associated ■ º
p62 protein. Cell 84:23-24. 1)

T
148. Taylor, S.J. and D. Shalloway. 1994. An RNA-binding protein º

associated with Src through its SH2 and SH3 domains in mitosis. Nature

368:867–871.

- 168 -



--

--

-

* .

- -

----



149. Fumagalli, S., N. F. Totty, J. J. Hsuan and S. A. Courtneidge. 1994. A

target for Src in mitosis. Nature 871-874.

150. Richard, S., D. Yu, K. J. Blumer, D. Hausladen, M. W. Olszowy, P. A.

Connelly and A. S. Shaw. 1995. Association of p82, a multifunctional SH2

and SH3-domain-binding protein, with src family tyrosine kinases, Grb2 and

phospholipase CY-1. Mol. Cell. Biol. 15:186-197.

151. Siomi, H. and G. Dreyfuss. 1995. A nuclear localization domain in the

hnRNP A1 protein. J. Cell. Biol. 129:551-560.

152. Wang, L. L., S. Richard and A. S. Shaw. 1995. p52 Association with

RNA regulated by tyrosine phosphorylation. J. Biol. Chem. 2010-2013.

153. Pype, S., H. Slegers, L. Moens, W. Merlevede and J. Goris. 1994.

Tyrosine phosphorylation of a M(r) 38,000 A/B-type hnRNP protein

selectively modulates its RNA binding. J. Biol. Chem. 269:31457-31465.

154. Kolanus, W., C. Romeo and B. Seed. 1993. T cell activation by clustered

tyrosine kinases. Cell 74:171-183.

155. Rowley, R. B., A. L. Burkhardt, H.-G. Chao, G. R. Matsueda and J. B.

Bolen. 1995. Syk protein-tyrosine kinase is regulated by tyrosine

phosphorylated Igo:/Ig■ immunoreceptor tyrosine activation motif binding

and autophosphorylation. J. Biol. Chem. 270:11590-11594.

lºc.
- 169 -



------ - a -- - -



156. Neumeister, E. N., Y. Zhu, S. Richard, C. Terhorst, A. C. Chan and A. S.

Shaw. 1995. Binding of ZAP-70 to phosphorylated T-cell receptor C and m

enhances its autophosphorylation and generates specific binding sites for SH2
domain-containing proteins. Mol. Cell. Biol. 15:3171-3178.

157. Richards, J. D., M. R. Gold, S. L. Hourihane, A.L. DeFranco and L.

Matsuuchi. 1996. Reconstitution of B cell antigen receptor-induced signaling

events in a nonlymphoid cell line by expressing the Syk protein-tyrosine
kinase. J. Biol. Chem. 271:6458–6466.

158. Couture, C., G. Baier, C. Oetken, S. Williams, D. Telford, A. Marie

Cardine, G. Baier-Bitterlich, S. Fischer, P. Burn, A. Altman and T. Mustelin.

1994. Activation of p56* by p72* through physical association and N
terminal tyrosine phosphorylation. Mol. Cell. Biol. 14:5249–5258.

159. Thome, M., P. Duplay, M. Guttinger and O. Acuto. 1995. Syk and ZAP

70 mediate recruitment of p56*/CD4 to the activated T cell receptor/CD3/.

complex. J. Exp. Med. 181:1997-2006.

160. Nathanson, N. M. 1987. Molecular properties of the muscarinic

acetylcholine receptor. Ann. Rev. Neurosci. 10:195-236.

161. Desai, D., M. E. Newton, T. Kadlecek and A. Weiss. 1990. Stimulation

of the phosphatidylinositol pathway can induce T cell activation. Nature
348:66-69.

R_*.

-
*
s *

*-

T >*
N
º

&;
º

- 170 -



ºr "
-

-

-

- -

º

-

- **** -- a ---



162. Nakano, H., H. Ohno and T. Saito. 1994. Activation of phospholipase

C-1 through transfected platelet-derived growth factor receptor enhances

interleukin 2 production upon antigen stimulation in a T-cell line. Mol. Cell.
Biol. 14:1213-1219.

163. Haga, K., K. Kameyama, T. Haga, U. Kikkawa, K. Shiozaki and H.

Uchiyama. 1996. Phosphorylation of human muscarinic acetylcholine

receptors by G protein-coupled receptor kinase 2 and protein kinase C. J. Biol.
Chem. 271:2776-2782.

164. van Biesen, T., B. E. Hawes, D. K. Luttrell, K. M. Krueger, K. Touhara, E.

Porfiri, M. Sakaue, L. M. Luttrell and R. J. Lefkowitz. 1995. Receptor-tyrosine

kinase and G beta gamma-mediated MAP kinase activation by a common

signalling pathway. Nature 376:781-784.

165. Kashishian, A. and J. A. Cooper. 1993. Phosphorylation sites at the C

terminus of the platelet-derived growth factor receptor bind phospholipase C

gamma 1. Mol. Cell. Biol. 4:49-57.

166. Takata, M., Y. Homma and T. Kurosaki. 1995. Requirement of

phospholipase C-2 activation in surface immunoglobulin M-induced B cell

apoptosis. J. Exp. Med. 182:907-914.

167. Aronheim, A., D. Engelberg, N. Li, N. Al-Alawi, J. Schlessinger and M.

Karin. 1994. Membrane targeting of the nucleotide exchange factor Sos is

sufficient for activating the Ras signaling pathway. Cell 78:949-961.

1/? C.

A. R_*

s
*-

º º

! G Iº■ f! t

~*
º

--º

.
º

º,

l

* / ! { -

- 171 -



º

}

... tº
s

º ***- -

º -

: - - º
- - tº

, - . "

* .
- , -º

4.

- -º

4.

t = · · ·
t

it is as tº ... * *-

l !
** a -

- - - -

*

** 1: .. , sº
--



168. Holsinger, L. J., D. M. Spencer, D. J. Austin, S. L. Schreiber and G. R.

Crabtree. 1995. Signal transduction in T lymphocytes using a conditional
allele of Sos. Proc. Natl. Acad. Sci. USA 92:9810-9814.

169. Buday, L. and J. Downward. 1993. Epidermal growth factor regulates

p21* through the formation of a complex of receptor, Grb2 adapter protein
and Sos nucleotide exchange factor. Cell 73.611-620.

170. Nel, A. E., S. Gupta, L. Lee, J. A. Ledbetter and S. B. Kanner. 1995.

Ligation of the T-cell antigen receptor (TCR) induces association of hSos1,

ZAP-70, phospholipase C-y1 and other phosphoproteins with Grb2 and the C

chain of the TCR. J. Biol. Chem. 270:18428–18436.

171. Rozakis-Adcock, M., P. van der Geer, G. Mbamalu and T. Pawson. 1995.

MAP kinase phosphorylation of mSos1 promotes dissociation of mSos1-Shc

and mSos1-EGF receptor complexes. Oncogene 11:1417–1426.

172. Wang, W., E. M. Fisher, Q. Jia, J. M. Dunn, E. Profiri, J. Downward and

S.E. Egan. 1995. The Grb2 binding domain of mSos1 is not required for

downstream signal transduction. Nature Gen. 10:294-300.

173. Karlovich, C. A., L. Bonfini, L. McCollam, R. D. Rogge, A. Daga, M. P.

Czech and U. Banerjee. 1995. In vivo functional analysis of the Ras exchange
factor Son of Sevenless. Science 268:576-579.

*u.

*R
º

-A.

*/S --
* ".-

‘■ º } |

■ º
| n

_5

º

- 172 -



t º
- - - ***

* , ºf satiº -- . "



174. Buday, L., A. Khwaja, S. Sipeki, A. Farago and J. Downward. 1996.

Interactions of Cbl with two adaptor proteins, Grb2 and Crk, upon T cell

activation. J. Biol. Chem. 271:6159-6163.

175. Yoon, C. H., J. Lee, G. D. Jongeward and P. W. Sternberg. 1995.

Similarity of sli-1, a regulator of vulval development in C. elegans, to the

mammalian proto-oncogene c-cbl. Science 269:1102-1105.

176. Farnsworth, C. L., N. W. Freshney, L. B. Rosen, A. Ghosh, M. E.

Greenberg and L. A. Feig. 1995. Calcium activation of Ras mediated by

neuronal exchange factor Ras-GEF. Nature 376:524–527.

177. Rozakis-Adcock, M., J. McGlade, G. Mbamalu, G. Pelicci, R. Daly, W. Li,

A. Batzer, S. Thomas, J. Brugge, P. G. Pellici, J. Schlessinger and T. Pawson.

1992. Association of the Shc and Grb2/Sems SH2-containing proteins is

implicated in activation of the Ras pathway by tyrosine kinases. Nature
360:689-692.

178. McGlade, J., A. Cheng, G. Pelicci, P. G. Pelicci and T. Pawson. 1992. Shc

proteins are phosphorylated and regulated by the c-Src and c-Fps protein

tyrosine kinases. Proc. Natl. Acad. Sci. USA 89.8869-8873.

179. Skolnik, E. Y., C.-H. Lee, A. Batzer, L. M. Vicentini, M. Zhou, R. Daly,

M. J. Myers, J. M. Backer, A. Ullrich, M. F. White and J. Schlessinger.

1993. The SH2-SH3 domain-containing protein GRB2 interacts with tyrosine

phosphorylated IRS1 and Shc: implications for insulin control of ras

signalling. EMBO 12:1929-1936.

- 173 -



Q■

º,J.71

. . . . ºn

- -- tº

* - sº tº 'ast, sº - - - - -

fi

*** . . . . .
- - - - - - - - - - * * *

* * * * * * * * * *



180. Skolnik, E. Y., A. Batzer, N. Li, C.-H. Lee, E. Lowenstein, M.

Mohammadi, B. Margolis and J. Schlessinger. 1993. The function of GRB2 in

linking the insulin receptor to Ras signaling pathways. Science 260:1953-1955.

181. Pronk, G. J., J. McGlade, G. Pelicci, T. Pawson and J. L. Bos. 1993.

Insulin-induced phosphorylation of the 46- and 52-kDa Shc proteins. J. Biol.
Chem. 268:5748-5753.

182. Zhu, X., K. L. Suen, M. Barbacid, J. B. Bolen and J. Fargnoli. 1994.

Interleukin-2-induced tyrosoine phosphorylation of Shc proteins correlates

with factor-dependent T cell proliferation. J. Biol. Chem. 269:5518-5522.

183. Burns, L.A., L. M. Karnitz, S. L. Sutor and Abraham, R. T. 1993.

Interleukin-2-induced tyrosine phosphorylation of p52Shc in T lymphocytes.

J. Biol. Chem. 268:17659–17661.

184. Cutler, R. L., L. Liu, J. E. Damen and G. Krystal. 1993. Multiple

cytokines induce the tyrosine phosphorylation of Shc and its association with

Grb2 in hematopoietic cells. J. Biol. Chem. 268.21463-21465.

185. Damen, J. E., L. Ling, P. Rosten, R. K. Humphries, A. B. Jefferson, P. W.

Majerus and G. Krystal. 1996. The 145-kDa protein induced to associate with

Shc by multiple cytokines is an inositol tetraphosphate and

phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase. Proc. Natl. Acad. Sci.
USA 93:1689–1693.

- 174 -



º

, sail sat ºr "

* - t
*

* - - - -

* * *

*** -- t

i.e. : :"



186. Smit, L., A. M. de Vries-Smits, J. L. Bos and J. Borst. 1994. B cell antigen

receptor stimulation induces formation of a Shc-Grb2 complex containing

multiple tyrosine-phosphorylated proteins. J. Biol. Chem. 269:20209-20212.

187. Saxton, T. M., I. van Oostveen, D. Bowtell, R. Aebersold and M. R.

Gold. 1994. B cell antigen receptor cross-linking induces phosphorylation of

the p21Ras oncoprotein activators Shc and mSOS1 as well as assembly of

complexes containing Shc, Grb2, mSOS and a 145-kDa tyrosine

phosphorylated protein. J. Immunol. 153:623-636.

188. Nagai, K., M. Takata, H. Yamamura and T. Kurosaki. 1995. Tyrosine

phosphorylation of Shc is mediated through Lyn and Syk in B cell receptor

signaling. J. Biol. Chem. 270:6824-6829.

189. Liu, L., J. E. Damen, R. L. Cutler and G. Krystal. 1994. Multiple

cytokines stimulate the binding of a common 145-kilodalton protein to Shc at

the Grb2 recognition site of Shc. Mol. Cell. Biol. 14:6925–6935.

190. Crowley, M. T., S. L. Harmer and A. L. DeFranco. 1996. Activation

induced association of a 145-kDa tyrosine-phosphorylated protein with Shc

and Syk in B lymphocytes and macrophages. J. Biol. Chem. 271:1145-1152.

191. Yoshida, M., Dawaguchi, H., Sakata, Y., Kominami, K.I., Hirano, M.,

Shima, H., Akada, R. and Yamashita, I. 1990. Initiation of meiosis and

sporulation in Saccharomyces cerevisiae requires a novel protein kinase

homologue. Mol. Gen. Gent. 221:176-186.

- 175 -



- *-ºn
sº

* , , , as
º

-**

* *
º

º

º

> - º

- tº s ºf a -- ~ * *



-
--&

-_*, -

-
*

--

-

- *

-
-

- *

- **** sat is --

-- " -
--

a

----

1-a- "

is at ".

- sº



.*
º

.**

.
-

*

--ºf
*~

* -- • *, * ---
, sº

--
-* ... "

- ---
* * - sº

* *. --
--

---

-

… •-

- - - - -= 1 -º- ºr * *

| º
-->

- * *

* * *
- - ---

s - -----, -- * * *

i.e. i - - - - - --

is as ºr "



u
n < *

* --- w - - * º , -
-

--- - ---,
- -

'o ---- - C sº º - - *. - ". º * …? * -g ■
- * y ----

~ ■ . * ----, - … ? * . . . . . . . . . v . . .] I T1 …, ... • 2.
-

-
* - V ºf º | 1 º, º * t ( *. - * - - - s - *.*. º

-
t C ". .- 4

* s ~, º *.
~, % -- -y !... -- * ~ *, * : * , / ; , , ...Tº **, S --- º * -->

→ . * * * , - - 7 -
Y - tº .. * * -/. º * - º † - -, *, ** * * -_* A 7//?" / / // º 2 s º ; , ; / ºr - - - - - - , , , , - * - - - - * * * v- * Mº º, ■ /º. -- - -

º C'. . / / … tº º º º
- - --> **. *~~ s

- º *~ … "
-
º sº

e • * º in º
* zº ºn tº * * º

n * - . ■ º ■ º. A ; *, * º *', * ~ *.. L! * > * A. ■ º Y ~ |-
--

& / s ■ º- º L ■ º R_* R \ º, * _*- * --

- 4. a- - *
■ º- * ,

& T º - - -
*—-- to — = s --- * , ---- ** * º

c
-

º, |- | - * º, ■ º N. º, -- cº-- /
- -

|
*: , --

-
º - - - - * * * - * * *º | | Sº Tº º --a - cº-, " º AT: Y \! ... T ∈ ~ -ºx ºf u in sº * * * * * *-a º, ºr - vº

*, ** º: - -, * -- *

*. º s -- -
º º * , , * - ". . . . . . //, : ~, º, sº W. -7-. . . .” * -- , , , a - . - * * * * * * * * - * * *, * - - -

º () }} */ l, ." y - - ~ : * 4. º sº * 2° tº // * * * *ºr 'º',
- A- *—

- * - -

))~ - r- º / + sº
-- º, t - -- |

-

L. ‘’. ■ º- 8( *. ~ * - - - - - - - -

º p º, is ºivº º ■ ºt
-

* . --- ~,
-º-

*

-

Tº [...]~ f.[...] sº is • * *-----** * * -

º - *** R. v . . . . I º
-

º, º

**, -- º *** * *-
• *. ºr a º * , , ■ º *… --

º, . Nº º, ■ º * - tººl■ / º (J. º.
-

† :- -, **** - / * * * º Cº -
º º

- - - - - - • *. - --> - *- * -Zº/■ º ■ º & 4, - 4– * Jº
*—

- º
º º º <----- - j *

o " ºf a º – º Ll tº ■ º. A R Y sº I rl //~ is --L_ ! ■ º Q A■ Y º * -
.." – - ■ º (* , i 2 is ºw _- ■ *, t

-- -* º

º -
º |

- - - - - * * -r ‘’’. –" º --

" * - - - sº ''. ■ º º º, ~ * º … ■ - º --
- _* * - - -- - - * - * - – 2 --

-
* - ". . .

s * - -- c-, º * -- “ ºvº º T º º º * / 2 : --- sº A lºw ºf
* : * * ºv _> ** -- - *-* ** - º _* t * - * . . N

; : * 2, ºr *- : * * º, sº ~, sº ºn º, sº ... o.º.º.
*-- - - - -a - ºt º - - * º, Jº º, - ". . . . . ; / . . .” * > --> -\

* . - - - - - - * > (..." | "... - * ,
-, * * * º, -- * * * * * *-r- ºr y r*.* tº - 1. * tº . . . . . . . ºf J W - ~" }..."? / / ... ". . . .] * & -

- - - -: * * > * ' ' ' ' A º, ■ º J 5- c. -4- } º 4 *- - * * * - --> ! -

* * * -> *z, ~ - -> * : .
- *~ . . . . ~ .* º º

* - lº º, * * º º * -- º ! .-- º L | ; : I. A ■ º ‘Y º
-

"… º

- * - - º º, L ! {} RA Q_Y º |-r
º º 1. " / ~ Sº ■ º º, : * ~ * ~ C- ■ ** º, * * * - a

- - -- --> - * } ~ /- -
--- - º -- --- - --

-S º * -

- - - -

º, [] . . . . º. I gº *... [ ] sº , º, I
- -

* - * * - - * * *".. --> - .” -- *-

* *
\ .* ºf vºj {} | 1 º º * //" – Sº I ºf v ºf U º sº

-

*

y .* - C
* º s* * --> ! " . *2. º ~, -** - -

* * *** - - - - º * * * * º */.. -> ~y. -- *. º ºn nº nº-
-
■ º • *, Jº ~y -º- * - *** *

t 2 º'7.7:/?" A º * 2. Nº * * * * * - * * * º ºf . * . . ... º. - I-5 ºr . * *- es º * ,- º -a - - - • *
** *****

- *~ Nº. 42, J. : : - / ; , , . . . > & º
- * * - a- * - -

º

* * * - T 12. * * * * • * * * * ~ *,
**** *— * - - ºr º 4– ~" / *-*. .

* º º º,
- -*. "…, “. . * ; : Q A ■ º º' -- . . . .

O)
* lsº […] *2. L! T. RA R_Y sº L- º 4 * * * --> ■ º, tº RARY º |- |

- *- - --- ". * —r º º –" * --- sº --- - ~ * -

º “ <> T º s Ns ºf '''. ■
-

sº y º, ■ º ºvº º ■ º º L º cº-, *
* : * , º, ºvºgº º cº/

- * - * *. W. a. º. º
- * 'º, -

Sº º is .
72. --- º * º º º, - * ! *.- - ~, º, ---

- ~, - --- -y - ---> ** * * * - ~y *-

*—- *- | º, sº (? yº, } ºf ºf //ºC, 'º - º
* * * -º- ... … - } º . . ." º//º ‘. º * * * * * * * ** - - - - - a s = - ºf- º . . . . - -, Cº. º. *** ** - sº * * * * * * * *

*::::: , sº 2 º º,
- – º sº *. C) * . / *** * * * * * º º !, º .*- sº º,

tº was -- a - _º º , - 4 º * - .-- *

* º º, º
*.

* - º º, … . * : * *
wº º - - ^ [...] º * * ; : Y sº --- **** t // * ºl º * * L ■ º • *

*** *** * * * --> r * 2. t a- sº A-,
- * , A - J

~ L. 'o * * *— 2.
-

& L A * -- -*-- y- º

a

■ º- > * > -- C. º * * - * º, | l* º * º ** - *** ~ * * * * * * , ----
y º, ºvº gº º L. sº // ? ... [I] sº R} \, \! :] IT-* * * **

• 2. - * , - * - º 2, si■ ( º, e- º sº tº * * * ^ - ºº --- º: ** -- *** * * * * *
- -

* >

ºn Fºº º■■ º ºf º■ , ºn “” *//º- - - , , , -, -, -, * *-*- A -- * * * *-* -º as -- " * , i. ***, *, * - e. *
y º/ /, //, ■ º U .S &

- -- *- -> * º º / . . . . . . . . º º , ºt *- º
*. *z, -

))) º * , * * * * Jº **. O) º º * – –º º º * . º --r- * . - * - ----

L_1 tº RA R_Y t ~ ... tº ■ º º, tº R_* jº Y ~ * | | º, * A * * cº- ■ |
----- s

[. & tº . º, r -. º, ■ º º ----
* * - * *

-
r ~ * -* zº *. -> ~ *.*,

~ * ~ - *.* *. * , - – º – ºº, L– s 2 tº ºvy g in º. -- is º ( º, sºvº
ex º * x 2. º, * ** º

-, º -º- º, º º ~, ~, *...* º, º * -
º, sº () : "º /* !-- ºr * , o ***, *, '1' ■ / , , , , ; *, ~ * * * * * * * * * * * * : *, *. - .* *-* * * * * * * * -

2 < º
- * , , , , , . " !. Q \'º'- * * * * * - , ■ º ...” Cº.) *- p

- º - * , , - * - - º --- º - * Ç
º – º Zºº & 4, º “Nº º º -> *;

*

- - * ! - ,-, º*… * . -

.* º - *… ■ º ** * -
* | * * * &- * * * =º * } rº tº * º º, º * - ------ * L! tº jº, º ** ----- º ** –.

ºr- º, Li ■ º ■ º ARY ºr º º ! --> º º, \ º r | º, t

sº I º - tº- º º, ºr s
- - - *. -

■ º.
- 27 "... T ºivº■ ■ º * *. . ~ * - -

j -, // ‘...
Jº■ v J C T * t // . - * * * -

º, Nº tlv º, -º
~, 2 º | Cº … sº º, º , zºº º, Nº */ - ~ *.* -- * - - - * * * * * * * , ; ; ; ; , ; ; .* * -

-, *, *, */11/ º tº º
-

7- - - ** - tº . J. ºf - ? º- *.* * * * * * Wººd * .1- tº . ~~ * * - - *- º /.../ Tº J º, ºr * - - sº º * * * */ ** * * * * * * * -- s
--- Sº tº Q_'' & • . . . . . * * : º ** ! . *- • * -

*- --- * , *— ~ 3. * *_*: *...* t *

ºn a - * * -
* - 2. ■ º : *, * Y \º --

- * . - --> * . . º - - ** * * * * - r

4. // le
*
º r-º- º, 5 RA ■ º º

-
* * * *--- * - * L■ ~ * ~ º | l

i_ _
ºf C º,

º, * - --, . º --- *Y. -

- - ºr - ", , , , , ■ º º * ~ * *
- -

* ~ * * * : * , - * * * * *

º • * , - ºf A . . . . . . . . .
- * . . . . . ; * ºf * - - - c - * , , ; ; * , a" ..

-
Nº º * / , , , 't º t! º *

-
º -- . . *- • '

- - - y - -
--> -

". º - - * . ºf a
-- * * : * * : *

‘. . * / ... " º L. i. ! - * * *

|
º 4 * * *-- sº

-



*- - - -- * ºO --- º --- º
~~, r > * | º * * *R. v . Ji Ti º --

–*- »-

y

º, sº º (/C
º --

º/11/ º 42 sº (ºr
*

(D. Not to be taken *
º

-

º cºcº from the room. Cº////ºc■ , ■ co sº%.j A- * ºw - º
- o º, *..Ole s tº tºº , L. BRARY --"- J

■ º
- –– º -- so Vo sº L.

*. º, L. sº * Lºs
-º, S. % -—

~
*-

... **
- * * ºf JN rº &

gº ºvº º 1, 4, L/ º, & Z-- " - - - 1
º --- C. ‘’e, sº a.* ...Nº ~, '4.

*- * 12 º' 72, sºcº■ º. º … I - 4 ºut ■ º º K.
-

** 2, * - / º sº, Sºutcº º 4. cº tº . * C .7//, /7.1/■ º

- a -- s -- 0.
– aº º■*

º, >º -
() -

-

*-

-*. —º y

º º [...] _º
-

9, --- ~ *. T- º
-

*o | | |- ~ *
- - ~ * * •r -sº ºvuginº, Lºlº º/C * —- sº ºvºº gº º **

* ■
- ~ -- º &-
C. * † ”, º º, ºr

º
*~

º, º * s -
* 12 º' 42 N. ºf .º, º º■ º º

- *

cº■ º º
fºll//. ■ º * º & ■ º * º *z, *

ºncºv sº Jºy //? ººf .
-

*N wº º

… º. º º “k, cº º O) º “o *** *lº Ole s tº Lº sº-■ º ■ ºlº sº […]” L■ B R A Q– – -- *- g *

* .-- -

* *

vo
| -- Sº º, […] º- sº C- , , , º * Lºs-- ~/C * -- ºvug in º. ºx- º 2. Jº■ vºj J
º º

.*
º, sº a lºi/11//º º, sº Q º, sº * , ■ º

$ 1- *~ ºc. O Nº ºt. wº
-

wº sº Cº/7.1/■ ciºco º % Cºlº■■ º
**. 9. S- 4.º

- * -

º 6, * º y - cº

■ º- tº • L. º, Ole sº ■ º Lib RARY_s L. º, O■ lº

º !, A- º sº - -

*. * = . y) º * , º *z, 7) se %)* * -- 4. º º * º, *. s

-1 RARY & | | | *. O ~ & T- º, Lie RARY L. º, 2–2 º' ■ º
º - -

sº ––

O º

C. &
o *
º — — ººc º■

.

J
~.

—r- & º, 9 —r- &

ºvºi grº º | | | º cº- (C º […] sº ºvº gº * L- º * (IC º [T] .
º t % º

---, -, -- º cººl/11///?"O %.S -- - - * >
Jº■ lºv sº º

*
º sº º *

ºcco -S ºzº, 2 -- * , º º, a. AS- 9. ~
A , , -

º cº- - O d

* * * ~ * º [T] º, Li F3 RA R_Y sº L. º, O■ lº º […] º, L! B RA R_Y sº —r- 4.

-

T- sº º, --- _º 9. […] & ~~ o L. º |!,
- - *. º - -, * - - ~ - -

-r

º'-' cºugui º Lºlº ~/C º' -- ºvugin º.º.
º/º

-- -º- A
Jº
º

c-, zº

'', º Cl C

- * * Z. O)) º º "… sº ºsº * +2, º * - ---, º -

º º, * A- sº [ ] º, L. BRARY is | ". O) […] º, L. B RARg * —l c –– `…

~7 ºA.

* * * ~, º, sº O
-

...?..." º/º º ** º
* . Jº■■ 'y

-- L Nº º

* -/ ->
- º, º

-

º

2 sº Q * -s. º '4, sº
º * *** * -: * ~ º () ) ■ º º/” ■ 2 º' *—sº º, C ºn. A■ t () sº º !-- º

º sº */ ("), 1//, //, / C.

* , […] _º %) —r- & º, - S (> -----º/C º -- ºvu gº º L. º * I■ º º T sº ºvº gº º L.*- ~ º º
2 ~ ty c 2*, *,

-
-

º, sº ■ º, S- - - -
º

º, ■ º-º-º: * * (nºi■ ;*/º *2 Sº *
º, sº dº■ º º

º / /.../º ■ º J & &
- g * .Nº *z, - ),&/º// Cº. § 2.

- A- * > *.
*- ~ ** "... sº º -- .º

a ■ º ºr ºt 07 s. & “º J) & 2,
B R ARY sº | º, t º

lº [T] º, L. BRARY sº | || º * º […]
•.–– y *

*o –––---- sº Cº. & º --r- sº 2. -Ssº C. * * ~ C *

L. º º º (C º […] & AQ■ vºj JIT º, L. S. & ■ (C º […] º As ºf v \■ G |-->2º, º . . Sº f - - -* -º, ■ º º º!/?" / / /* * Sº Fºº as cºlº■ ,
. Nº º C), ■ º fººd * @, -- - * * * * is 17, f/ .7/7 (UC 5- &

- -~, Nº º

* * -

:*. sº !4.
-

º, º
- *...

-
- º,

* C º 1)
■ º tº RARY wº L. º, Ole sº T- %, Li [3º º L. º, Ol.~& sº

--- * vo —r- & Q- ----,
tº - - ºr L * * o | | * .

-
12. * o

Jºvº■ I in º – *T/C %. ––. Sº ºvº º 17 º' ~
- C %2. T s

º

-º- "J. Nº * 4

º -

() 92 &
!, --

-
- - - - - - *.*C■ º 7.7/10. Tº sº.

&-
- !

* - Q * e

42 º S

''' . º º, L. B R ARY gº ---, * 0/2- sº º 1 ■ B. R A R Y sº -
i * T * sº | | | *, *. * […]”.

’2,

2. -- - f
* * * * * - --- 4. ** * - - º,

º:/// O (2.8 Wºº 4 º' gºl/11////? Q %.S.
- y & º//ºcºco

* Nº º
- *- - *

2
T sº

-

'o. —r- º *.. [ - sº 9, —r- º& -- º "…
- º º, 1-J -º

-
"… | || * y… ' ' ' A R Vº■ º ■ º, º, Lºlº cº-7// % sº ºvºi g in ºy s -/

~ */ *-
t º 9. º º, _x> t

- .*. > */ -->

º º Q.
s & C º/7. **C.º■ º -- y! / - .* 2. - a tº gº a rº

-

.* -- nº ºn -

4 - *2. ~~ º
º tº 1/1// º () "º º -\º ■ º… º tººl■ !" ( //?!C.
2. - * * *

sº Cº■ ºvo sº. º
º _c '.

a ºn 4. sº * ,Dyn
- * , º, . . n to a rºv is ‘º






