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ABSTRACT

p561<k is a member of the Src-family of tyrosine protein kinases
which is abundantly expressed in T lymphocytes. Increasing evidence
indicates that p56ick participates in T-cell receptor-mediated signalling,
Firstly, this enzyme is physically associated with the CD4 and CDS8 T-cell
surface glycoproteins. CD4 and CD8 are respectively involved in the
recognition of major histocompatibility complex class II and class I, that
are expressed on antigen presenting cells. Secondly, expression of
activated pSo6lck polypeptides in CD4- and CDS8-negative T cells has been
documented  to enhance antigen-induced T-cell responsiveness. To
understand the mechanism(s) by which pS56lck participates in this process,
the effects of mutations in known regulatory domains of p56ick on the
ability of activated p56ick to enhance antigen-induced T-cell responses have
been examined. Our results indicate that p56!ck regulates T-cell antigen
receptor signalling through a complex process requiring multiple distinct

structural domains of the enzyme,




RESUME

p56lck est une protéine tyrosine Kkinase de¢ la familie Src
abondamment exprimée dans les lvmphocytes T, De nombreuses
observations indiquent que p56ick est impliquée dans le processus de
transduction du signal médi¢ par le recepteur des lymphocytes T
Premiérement, cette enzyme est associée aux glycoprotéines CD4 ¢t CDS,
qui sont exprimées a la surface des cellules T. CD4 et €D8 sont impliquées
dans la reconnaissance respective des compleves d'histocompatibitite¢
majeurs de classe Il et L. Demiemement, on a démontre que l'expression
d'une forme activée de pSo6lck, dans des Tvmphoeytes T CDd- et CDS-
négatifs, augmente la réponse lymphocytaire auv antigenes. Afin de mieux
comprendre le(s) mécanisme(s) par le(s)quel(s) Pactivation de cette enzyme
contribue & l'augmentation de la réponse aux antigenes, les effets de
mutations additionelles dans des domaines régulateurs identifics de la
protéine ont été examinds. Les résultats démontrent gue la regulation des
signaux intracellulaires induits par l'activation des lymphocytes T est un
processus complexe gui nécessite 'apport particulier de plusicurs domaines

régulateurs de la protéine,
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PREFACE

‘The experimental work presented in this thesis is compnised in Chapter 2. The

option provided to the candidate by section 2 of the Guidelines Concerning Thesis

Preparation has been uthized "Candidates have the option, subject to the approval of their
department, of mcludimg, as part of therr thess, copies of the text of a paper(s) submitted
for publicanon, or the clearlv duphicated text of a published paperis), provided that these
copies are bound as an mtegral part of the thesis. In this case, connecung texts, providing

logical bridges between the different papers, are mandatory The thesis must still conform

to all other requuements of the Guidehines Concerning Thesis Preparation and should be in
a lueraiy form that 1s meie than a mere collection of manuscripts published or to be
published

The thests must include, as separate chapters or sections. (1) a Table of Contents,
(2) a general abstract v English and French, (3) an mtroduction which clearly states the
rationale and objectives of the study, (4) a comprehensive general review of the
background hiterature to the subject of the thesis, when this review 1s appropriate, and (5) a
final overall conclusion and/or summary Additional material (procedural and destgn data,
as well as descrptions ot equipment used) must be provided where appropriate and in
sufficient detart (e appendices) to allow a clear and precise judgement to be made of the
impaortance and orrganality of the rescarch reported m the thesis

In the case of manuseripts co-authored by the candidate and others, the candidate is
requited to make an explicrt statement an the thests of who contributed to such work and to
what extent. supervisors must attest to the accuracy of the cliums. Since the task of the
Examiners 1s made more ditficultin these cases, itis in the candidate's interest to make

pertectly clear the responsibilities of authors of co-authored papers'™.
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Chapter 2 has been published in Molecular and Cellular Biology, vol. 12,
no. 6, p. 2720-2729, and has its own Absiract, InttoductHn, Materals and Methods,
Results, Discussion and References Apart from my supervisor, D Andie Verllette,
additional co-authors m Chapter 2 are Nmman Abraham and Dt Fony Pawson Ninan
Abraham generated the cells expressing A2ES05 and 193941505 double mutants ek
cDNAs and performed the experiments presented i figures 1, 2, 3A L 7A and 7R I
Tony Pawson provided gluthatione-S-transferase (GS1) fusion proteins contamming the
SH2 domains of phospholipase C-y I(PLC-y 1) and provided ant PLC-yI antibodicy

As required by the Guidelines, Chapter s a General Introduction to the subject of

the thesis. Chapter 3 includes a General Discussion and General Conclusion



TABLE OF CONTENTS

page
CHAPTER 1
General Introduction
INTRODUCTION 2
Tyrosie phosphorylaton and growth regulation 2
Tyrosime protem kiases form two major groups 3
THE SRC-FAMILY OF TYROSINE PROTEIN KINASES 5
Origm 5
Primary sequence {eatures 5
figure | 6
A LYMPHOCYTE-SPECIFIC SRC-FAMILY MEMBER: p56'ck 10
Charactenization 10
Control of pS6Ick expression 11
Implication of pS6lck 1n oncogenesis 12
Structure-lunction analyses of pS6ich 14
Assoctation with the T-cell surtace molecules CD4 and CD8 19
OVERVIEW OF T-L.YMPHOCYTE FUNCTION 21
General stucture organization of T cells 21
Muyjor events 1in T cell acuvatton 21
Structure of the TCR/CD3 complex 24
CD4 and CDS "F-cell surface molecules 26
CD45, a T-cell phosphatase 29
Other T-cell signalling molecules 31

vi



page

REGULATION OF T-CELL ACTIVATION BY MEMBERS OF THE

SRC-FAMIT' Y OF TYROSINE PROTEIN KINASES 32
Studies involving p59fyn R
Studies involving p56ick 34
SUMMARY 16
REFERENCES 37

CHAPTER 2
Structural requirements for enhancement of T-cell responsiveness by the

Ilymphocyte-specific tyrosine protein kinase pS6ick

ABSTRACT 54
INTRODUCTION 55
MATERIALS AND METHODS 58
Cells 5%
Retroviral infection 58
Antibody-mediated aggregation of the TCR for antigen 5%
Immunoblots 59
PLC-yI immunoprecipitation 54
Antigen stimulation assays 0)

vil



RESULTS

‘The site of Lck mynstylation, glycine 2, is absolutely required for
enhancement of TCR signalling by F505 p56ick.

figure 1

fipure 2

Mutation of the site of 1.ck autophosphorylation, tyrosine 394, partially
reduces the enhancement of TCR signalling by FS05 p56lck,
figure 3

Expression of SH2 and SH3 domain deletion mutants of FSOS Lck
mn BI-141 T cells

figure 4

Deletion of the noncatalyue SH2 domain of pS6lck significantly
alters the improvement of TCR-induced tyrosine protein phosphorylation
by 1:505 pS6lck

figure §

Effects of activated Lek vanants on antigen receptor-induced
tytosine phosphorylation of PLC-yl.
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Chapter 1

General Introduction



INTRODUCTION

Phosphorylation and dephosphorylation of proteins allow efficient regulation of
important cellular activities (Krebs and Beavo, 1979). Protemn phosphorylation is mediated
by amino acid-specific kinases which are enzymes recognizing hydrosyl groups on precise
amino acid residues. In mammalian cells, the phosphoamino acids most commonly found
involve histidine, serine and threonine residues, and 1o a lesser extent, atguine, lysine and
tyrosine (Hunter and Cooper, 1985). For reasons that will become clear, the protemn

kinases most extensively studied are the serine/threonne kinases and the tytosioe hinases

Tyrosine phosphorylation and growth regulation

In the normal cell, tyrosine phosphorylation is a rare modification, constituting
approximately 0.02% of total phosphoamino acids (Hunter and Cooper, 1985)
Nevertheless, several findings suggest that tyrosine protein phosphorylation plays an
important role in the regulation of cell prohiferation and cell differentianon Imual evidenee
originated with the identification of pp60v re, the protein product of the Rous sarcoma
virus src¢ gene which was found to encode a tyrosine-specific protem hinase (Hunter and
Cooper, 1985). Accumulating data now supports the mvolvement of tyrosie proten
phosphorylation in both oncogenesis and growth factor-dependent mrtogenesis (Rayter er
al., 1987). Half of all reported oncogencs code for tyrosine protein kmases (Bishop, 1985,
Bishop, 1991), which explains the considerable interest tn understandimg the mechanisms
by which these enzymes react to external stimult and transduce these stimuli into changes m

cell proliferation and cell differentiation



In providing a rapid and reversible mecnanism of protein modification, tyrosine
protein phosphorylation signalling should be envisaged as a dynamic equilibrium process
involving both protein tyrosine kinases and protein tyrosine phosphatases. The importance
of tyrosine protein phosphatases has been recently established, with several observations
reporting their imphcanon in the control of cell growth (Alexander and Cantrell, 1989;

Tonks and Charbonneau, 1989)

Tyrosine protein kinases form two major groups

Tyrosine protein kinases are categorized in two major groups. 1. Cytoplasmic
tyrosine protein kinases, which include the products of the src, fps and abl gene families.
2. Receptor tyrosine protein kinases for a variety of polypeptide growth factors, such as
the receptors for epidermal growth factor (EGF-R), platelet-derived growth factor (PDGF-
R), ncrve growth factor (Trk, NGF-R), insulin (Ins.-R) or colony-stimulating factor-1

(CSE-T-R)tior a review, see Cantley et al |, 1991).

Dimerization-induced activation model for erowth factor receptors

Binding of growth factors to the extracellular portion of their respective receptors is
thought to induce receptor dimerization, which brings receptor tyrosine kinase domaias into
close proximity  Dimerization promotes intermolecular tyrosine phosphorylation (cross
autophosphorylation), resulting in receptor activation. Downstream signalling requires the
mteraction of intermediate signal transducers with the autophosphorylated growth factor
receptor A number of these signal intermediates have been i1dentified including
phospholipase C-y [(Morrison er al . 1990: Rotin et al , 1992), phosphatidy! inositol 3'

kinase (Otsu eral , 1991) and Sre kinases (Kypta et al., 1990).

‘>



The association of activated receptor tyrosine kinases with these irtermediate signal
transducers involves SH2-mediated recognition of the autophosphorylated receptors These
interactions are shown to generally result in the tyrosine phosphorylation of these receptor
targets, which correlate witii their activation. Apparently, this model of hgand-induced
receptor-mediated signal transduction may also be applied to non-receptor tyrosine protein
kinases that are physically linked to cell surface receptors Consequently, this model will

be used to understand the molecular mechanism by which the Sre-famuly kinase, pSo6lek

contributes to T-cell receptor-mediated signal transduction.




THE SRC-FAMILY OF TYROSINE PROTEIN KINASES

Origin

Src was the first viral transforming gene encoding a tyrosine protein kinase to be
identified  This retroviral oncogene was later found to be a mutated form of a normal
cellular gene (proto-oncogene) denoted ¢-sre Complete sequence analysis of both chicken
c-sre and v-sre genes (Takeya and Hanafusa, 1983) revealed that the phosphoprotein
ppO0v »re contamed several scattered point mutations and lacked the carboxy-terminal
regulatory domain, which 1s normally present in the proto-oncogene product. Indeed, the
last 19 amino acids of chicken ¢-Sre are replaced with 12 unrelated amino acids in v-Src.
These structural alterations are responsible for the constitutive upregulation of pp6Qv-sre
kinase activity and 1ts ability to induce cellular transformation.

Sice the discovery of v-sre, other related genes have ber s identified either as viral
oncogenes, (such as v-yes and v-fgr ), or on the basis of structural homology [fyn, Ick,
Ivn, hek, bIL (A1 being the avian homolog of mammalian /ck ; Chow et al., 1992)] (for
reviews, see Vedlette and Bolen, 1989; Cooper, 1990). This family of src -related genes
comprises 8 distinet members which all encode closely related proteins with tyrosine

protein kinise activity
Primary sequence features
Although they share several structural similarities, each member of the Src-family

possesses @ umque amino-terminal domain that may be required for specific cellular

acuvities (see Figuie 1), Common attributes of Src-related polypeptides include @ conserved



amuno-terminal glycme tesidue at posiion 2 which s cutical tor protem mynstylanon A
modulatory region encompassing the Src Homology (SHD domains 3 and 2 is juntaposed
to the kinase domamn (also denoted as the SHIT domamn). Finally, Ste-fanuly members share

a small carboxy-termmal regulatory domamn

Figure 1. Primary sequence features of a prototypical Src-like Kinase: pS6ick
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Protein mynistylation

Experiments with Sre protein chimeras have shown that the first 7 amino-acid
restdues of this tyrosine protein kinase are required for myristylation (for a review, see
Resh, 1990) It has been proposed that this region constitutes a recognition site for N-
myristyluansferase. This enzyme allows the addition of myristic acid in amide linkage to
the alpha amimo group of glycie 2 This cotranslational modification appears to be critical
for plasmi membrane assoctation Although the occurence of myristylation and imembrane
assoctation has not been tested for all family members (only for Sre, Lek, Fgr and Hek)
(Perlmutter, 1990), 1t 15 reasonable to assume that all these cytoplasmic enzymes are
recruited to cellular plasma membrane through amino-terminal myristylation.

Umgqueness among the fanmily members results from the presence of different
ammo-terminal domams, which may confer distinct abihties. However, few examples for
this proposed function have beer reported to date including the association of pS6ick with
the CDdand CDE T-cell glycoprotems (Rudd er al , 1988, Veillette et al., 1988a) and the

assoctation of pSYfyn with the ‘T-cell receptor for antigen (A. Shaw, unpuhlished).

The remaming portion of the anmino-terminal half of Src-like kinases contains
proposed modulatory sequences. denoted as the Sre Homology 2 and 3 (SH2 and SH3)
regrons (for reviews, see Pawson, 1988; Koch eral, 1991). The SH3 region is a sequence
of toughly 50 ammo acids, justaposed to the unique domain. The SH2 domain is located
downstrcam from the SH3 region and consists of about 100 amino acids, which include
five arcas of highly conserved sequences

Thiv modulatory tandem 1s present in the Sre and Abl families of cytoplasmic
tytosine protein kinases (Takeya and Hanafusa, 1983; Shtivelman et al., 1986) as well as in
an expana. ¢ number of proteins such as phospholipase C (PLC)-y 1 and 2 (Stahl et al.,

L988: Suh er al . 1988, Emort er al., 1989), the guanosine triphosphate (GTP)ase



Activating Protein of p21ras (GAP) (Trahey er af , 1988: Vogel er al., 1988), the p8S
subunit of phosphatidyl inositol (PI) 3' kinase (Escobedo eral , 91 Otsu er al . 91), the
oncoproteins v-Crk (Matsuda et al., 1991), Vav (Katzav er al , 1989) and Nck (Lehman s
al., 1990). The SH2 and SH3 domains are also present m a transcription factor compley (
Fu, 1992), the protein kinase Csk (Nada er af , 1991) and the putative adaptor protem Sem-
5 (Clark et al., 1992) |with its human homolog GRB2 (Lowenstemn et al , 1992)]

The SH2 domain (without SH3) s found tn the EFps fanuly of tytosme proten
kinases (Huang et al , 1985), tenstn (Davis ¢t al ., 1991), other classes of cytoplasmic
tyrosine protein kinases (Mano ¢t al , 1990; Taniguchi et ol . 1991) and some eytoplasnue
tyrosine protetn phosphatases (Shen et al |, 19915 Plutzky er al , 1992, Yi et al |, 1992).

The importance of the SH2 and SH3 modulatory function has been estabhished
from several lines of evidence, including mutatonal analyses ot Sic tanuly members
(Wendler and Boschelly, 1989, Hirar and Varmus, 1990; O'Bnen er af , 1990, Brott et al
1991; Cheng er al , 1991; Fukur and Hanafusa, 1991: Fukui et al , 1991, Kanner ¢t al |
1991; Matsuda er al., 1991; Wages ¢t al , 1992). Because SH2 domains can bind tyrosme
phosphorylated proteins tn vitro, 1t 1s proposed that these domains e important for
directing protein-protein mteractions.

The SH3 domain 15 also present independantly of SH2 sequences i several
cytoskeleton-associated protemns such as non-erythrond alpha spectim (Wasenwus et al
1989), myosin 1b (Jung ¢t al , 1987), the yeast actin binding protein (Drubin et al | 1990)
and the yeast bem-1 protetn (Chenevert et al . 92). This finding suggests that SH?3
sequences may have a role in mediating interactions with the cytoskeleton The SH3
domain can also be found n protems such as the yeast fuslMce Cattiey er al | 1987,
Truehart et al , 1987) and CDC25 (Brock et al , 1987) protemns, a major palmitoylated
erythrocyte membrane protein (Ruff, 1991) and two neutrophil NADPH oxidase-assocrated

proteins (Lomax er al., 1989; Leto et al , 1990))



‘The catalytue domain

The second half of a typical Src-hike molecule comprises the kinase domain, which
includes ATP-binding and autophosphorylation sites. The ATP-binding site is centered
around a lysine 1esidue, while the autophosphorylation site is a tyrosine residue located
approximately 120 amino acids further downstream. Phosphorylation of this tyrosine
restdue occurs during tn vitro protein kinase reactions and can be observed in vivo when
the tyrosine protein kinase 15 activated. Hence, in vivo tyrosine phosphorylation at the site
of autophosphorylaton 15 a marker for activation.

The 1egulatory domain

At the very carboxyl end of the molecule, there is a small regulatory domain
contaming a conserved tytosine residue Extensive tn vivo  phosphorylation of this tyrosine
restdue 1s imphcated i the negative regulanion of the catalytic function of Src-like products,
consistent with the molecular mechanism by which pp60c-vre1s activated (Cartwright et al.,
1987, Kmieaih and Shalloway, 1987; Prwnica-Worms et al., 1987). Truncation or
replacement of this region by other sequences impairs an important mechanism of tyrosine
protein kinase actuvity regulation, and unmasks the oncogenic potential of several Src-

related hinases



A LYMPHOCYTE-SPECIFIC SRC-FAMILY MEMBER: p56!ck

There have been extensive studies of the functional requirements for the oncogeme
activity of Src-derived products (Veillette and Bolen, 1989), Based on these studies, there
is strong evidence that strict regulation of these kiases 1s requured to allow normal cellular
growth. The exact physiological function of these products is however sull uniesolved
Fortunately, a better understanding of the physiological functions of Sic-hike hinases has
been made possible due to important discoveries involving a lymphocyte-specitic Sre-

family member: pS6ick,

Characterization

pS6Ick is a 56 kilodalton (kDa) Src-related tyrosine protein kinase which is normally
expressed exclusively in cells of lymphotd ongin, most predomumantly m 1 lymphocytes
and natural killer cells. Low levels can also be found in B ymphocytes (for teviews, see
Bolen and Velullette, 1989; Perlmutter, 1990; Abraham and Veillette, 1991, Sefton, 1991,
Veillette er al, 1991) pS56ick was intally discovered and characternized in the Moloney
Murine Leukenua Virus (MoMuL.V)-induced mouse thymoma cell line LSTRA (Voronova
etal., 1984; Marth ¢t al., 1985; Voronova and Sefton, 1986, Garvin et al , 1988, Marth er
al., 1988b ). LSTRA cells overexpress Iek transeripts, gencrating high levels of ths
membrane-associated phosphotyrosine-containing protemn The homology to ¢-Sre was
originally suggested by the analysis of trypsin-digestion products of the 56 kDa protem
(Casnellie ¢r al., 1983) Similar propertes were observed between the ¢-Sre tryptic
fragment containing the autophosphorylation site and a trypuic fragment resulting from the

digestion of the autophosphorylated 56 kDa phosphoprotein The ¢cDNA for lok was
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obtained by screening a LSTRA |, as well as a normal thymus cDNA library, using
degencrate ohigonucleoude probes based on the amino acid sequence of c-Src
autophosphorylation site (Marth et al, 1985, Yoronova and Sefton, 1986). As expected
for any member of the sre-related gene family, the Ik nucleotide sequence was found to

have strong homology to ¢-src.

Control of p56ick expression

In the human and mouse, lek transcripts are derived from two separate promoters
resulting in two types of Ik mRNA which differ in their 5 untranslated regions (Voronova
et al., 1987, Garvin et al, 1988, Perlmutter et al , 1988; Takadera et al., 1989). Type 1
transcripts orrgimate from the proximal (or downstream) promoter, which lies 5' proximal
to the coding region tor the lek gene Type H transeripts anise from the distal (or upstream)
promoter  In humans, the ek distal promoter 1s located 34 kilobases upstream from the
proximal promoter (Wildin ez al , 1991). The exact role for the existence of two different 5'

untranslated regions s not known

[ck expression duting T-cell ontogeny

The ek gene 1s ttanseribed in both mature and immature T lymphocytes (for
reviews, see Perlmutter, 1990, Abraham and Veillette, 1991). In humans, the appearance
of lck tanseripts m the thymus correlates with the colonization of the thymus by bone
marrow-denived T-cell precursors Because the proximal Ick promoter is mainly active in
e thymus, immature thymocytes predomimantly express type I transcripts (Reynolds et
al., 1990) Maturation ot thymocytes is paralleled by a progressive increase m type II Ick
transcripts, while levels of tvpe | lek transceripts decrease. At the end of the maturation

process, when T lymphoceytes leave the thymus for other lymphoid organs such as the

11



spleen and lymph nodes, they predominantly express type 11 /A mRNA transcupts
The mechanisms responsible for the developmental regulation of 7ok transeription s

currently unknown. A recent study (Allen ez al . 1992) using transgenie mice bearing

truncations tn the proximal /ck promoter has shown that this promoter element contamns

several binding sites for nuclear protems, suggesting a molecular mechanism for ditferential

modulation of /ck transcription

lc

xpression during T-cell activation

Changes in promoter usage have also been reported duning 'F-eell acuvaton
(Takadera er al , 1989: Leung and Miyamoto, 1991) Stumulation of 1esting T cells with
lecting or actuvating anti-TCR antibodies results v a decline ot fch RNA levels,

corresponding to a decrease of transcriptton from the distal promoter

Implication of p36ick in oncogenesis

In lymphocytes

Various observations support the view that overeapression ol pS6leh may be
implicated in the oncogenesis of lymphomas. In the thymoma cell Imes LSTRA and Thy
19, increased levels of lck message (7 fold i LSTRA) and protem (50 told
LSTRA)(Hurley and Sefton, 1989) arc likely to result from a combination of clevated ek
transcription and more efficient lek translation (Marth et al , 1985, Marth et al | 1988b)
The genetic basis for Lek overexpression i these cell Imes includes the imserton of the
Moloney murine leukemia virus (MoMul.V) long termunal repeats (L'TR) i the upstream
(5") portion of the Ik gene (Marth e af . 198S, Voronova and Sefton, 1986, Givin et al |
1988). Lck transeripts arising from the upstream msertton of viral TR possess a novel
untranslated region (UT), that 1s behieved to confer more efficient translation (Voronova

and Sefton, 1986, Garvin et al , 1988, Marth et al , 1988b).

12
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That overexpression of intact Lek protein may contribute to lymphoid
transformatton 1s further supported by reports that overexpression of either wild type or
activated (1:505) Lck polypepudes m transgenic mice induces thymic tumorigenesis
(Abraham, KM ¢t al, 1991b) Thus altered lck transcriptional and translational controls
may contribute to the transformation of lymphoid cells.

‘The recent findings of chromosomal translocations joining Ick [which is located on
human chromosome one (Marth et al , 1986)] to the T-cell receptor (TCR) B gene in two
human T-cell leukenuas (Burnett et al , 1991; Tycho et al , 1991) provides additional
evidence that overeapression of pS6lck may participate to lymphoid neoplasia. In these cell
hines, the chromosomal breakpoint 1s either located upstream or between the two Ick
promoters, Juxtaposing the constant region of the TCR B locus (with 1ts associated
transcriptional enhancer) with the protein-coding region of the /ck gene. These
reartangements result m enhancement of /ek transcription.

In other cell types

Abcrrant tissue expression of lck (nRNA or protein) can also play a role in the
process of oncogenesis, as suggested by the reports of Ick expression in several human
cancets, imcluding colon, lung and breast (Veillette er al , 1987; Sartor ez al., 1989; Koster
etal, 1991)

Based on studies 1n fibroblasts, 1t has recently been proposed that Lck
overexpression may not be sufficient to induce transformation, and that alterations in
pSolek catbovy-termimus may contribute to oncogenicity (Adler and Sefton, 1992). This
view s manly supported by studies reporting that mutation of the carboxy-terminal
tyrosine 1esidue 505 to o non-phosphorylatable amimo acid can induce cellular
transtormation m fibroblasts (Amrein and Sefton, 1988; Marth er al., 1988a). It is,

howevet, not clear whether these mechanisms occur in Iy mphocytes
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In general, various observations suggest that deregulation of the mechanism ot fok
gene expression, (at the levels of transcription and translation) and/or expresston of
activated Lck proteins are likely to result in mcreased Lek tyrosine protemn kinase acuvaty,
and therefore may contribute to the elevated levels of cellular phosphoatytosme typieally

observed in transformed cells.

Structure-function analyses of pS56!ck

A better understanding of the role of pS6Ick 1 normal cellulin physiology s enical
for evaluating its imphication n cellular transformation Most of out knowledge regarnding
this enzyme comes from sequence comparisor: of Src-family members and structure
function analyses. Expression of various mutant Lck polypeptudes i NIHT3 cells (munmne
fibroblasts) Fas provided in-depth insights into post-translational mechanisims by which this
enzyme 15 regulated. Overall, these findings have shown that protem phosphorylation s an
important regulator of tyrosine protew: hinase acuvity  Indeed pSolch is extensively
phosphorylated on tyrosine and serne residues i vivo (Vetllette er al , 1988¢)

Regulation by tviosine phosphorylation

As is the case for other members of the Sre-family of protein tytosine kinases, the
major site of pS6lck in vivo tyrosine phosphoryliation is located within the carboxy-termunal
regulatory domain, on a tytosine residue at posttion 505 Replacing tyrosine 505 by a non
phosphorylatable amino acid such as phenylalanme results (unhke wild type) i a
constitutively activated molecule, that 1s capable of cellular transformation when ectopically
expressed in fibroblasts (Amrein and Sefton, 1988, Abraham and Veillette, 1990)  These
results demonstrate that phosphorylation at tyrosine 505 15 imphcated v the negative

regulation of p56lck
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In fibroblasts, activation of p5S6ick molecules through mutation of tyrosine 505
requires the participation of other functional domains, such as intact sites of
autophosphorylation (tyrosine 394) and mynistylation (glycine 2), as well as a functional
kinase domain (Abraham and Veillette, 1990 Veillette and Fournel, 1990). The importance
of phosphorylation at tyrosine 394 for activation of p56ick has also been documented in T
cells. Indeed, significant in vivo  tyrosine 394 phosphorylation is observed upon activation
of p56ick through CD4 sumulation (Velllette et al., 1989a; Luo and Sefton, 1990). This site
was 1dentified as the autophosphorylation site because it becomes extensively
phosphorylated during tn vitro protein tyrosine kinase reactions (A.braham and Veillette,
1990) Hence, this major site of autophosphorylation may be involved in positive
regulation of p56kk tyrosine protein kinase activity in vivo

In contrast to tytosme 394, 1t appears that tyrosine 505 phosphorylatica does not
result from autophosphorylation This is supported by the observation that a kinase-
deficient variant of pS6lch (carrying a non-functional ATP binding site) is still extensively
phosphorylated on tyrosine 505 when expressed in fibroblasts (A.Veillette, unpublished).
Reports of a protem kinase that specifically phosphorylates the carboxy-terminal tyrosine
527 residue of pp60« ste ( Okada and Nakagawa, 1988; Okada er al, 1989; Nada er al.,
1991, Okada er al , 1991, Thomas eral . 1991) have provided evidence for the involvement
of other tyrosine protein hinases n the regulation of Sre-like kinases. This enzyme has been
dentified as pSOch (for ¢-Sie Kimase)

Csh 1s @ evtosolie tytosine hinase which is ubiquitously expressed in cells and
ussues, espectally i cells of hematopoietic origin (Okada et al., 1991; Partanen et al.,
1991) Interestingly, p50ck contains one SH3 and one SH2 domain, but lacks a
myristylation signal and carboxy-terminal regulatory domain. In addition, p50csk does not

show autophosphorylation These characteristics may be important for its regulation and/or
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substrate specificity. /n vitro, pSO sk appears to phosphorylate all Src-like tyrosine protein
kinases including Src, Lck, Fyn and Lyn (Okada er al ., 1991; Bergman er al, 1992)
However, in vivo, no stable complex formation between Csk and ¢-Sre o1 Csh and Lek has
been demonstrated (Sabe ¢r af, 1992; L.Chow, unpublished). Whether pSOesh
phosphorylates tyrosine 505 and down regulates pS56lck activity tn vivo remains o be
established.

In summary, various experiments suggest that tyrosine phosphorylation 1s a key
mechanism for regulation of pS6lck enzymatic activity. Phosphorylation of pS6Ick mvolves
two major sites, tyrosine 394 and tyrosine 505 While tyrosine 505 phosphorylation s
implicated in the negative regulation of pSQIck kinase activity, phosphorylation at tytosine
394 appears to positively regulate Lck tyrosine protein kiase activity
Serine phosphorylation

Stimulation of T cells with anti-TCR antibodies, mitogenic lectins or activators of
protein kinase C (PKC) results in a marked mcrease i anuno-tetminal serine
phosphorylation of p56ick. This phosphorylation cvent mvolves serine tesidues located
presumably in the unique or modulatory (SH3 or SH2) domains of the molecule and
correlates with a shift in electrophoretic mobuility, from 56 kDa to approximately 60 kDa in
SDS-PAGE gels (Veillette et al., 1988b, Veillette et al , 1988¢, Damiclan et al , 1989, Marth
etal., 1989). It has been suggested that the serine/threonine protemn kinase C (PKC) may
be responsible for this event. However, treatment of cells with an inhibitor of PKC (117)
did not prevent serine phosphorylation of pS6lck, therefore implymg that PKC may not be
the only serine kinase involved in this process (Marth et al , 1989) - Although the role of
serine phosphorylation of p56lck has not been determined, it may modify the ability of the

enzyme to take part in protein-protein interactions



Modularory functions. the role of the SH3 and SH2 domains

A further characterization of the processes regulating the enzymatic activity of pS6Ick has
been obtained by exanuming the role of the two conserved non-catalytic domains of pS6lck,
namely the SH3 and SH2 scequences. Previous experiments have shown that the SH2
domiun can direct two types of protein-protein interactions: first, it appears to target signal
transducing molecules such as GAP, PI 3’ kinase or PLC-y 1 to autophosphorylation sites
of acuvated growth factor receptors; second, the SH2 domain of Src-related enzymes
appears to bind tra-molecularly to its carboxy-terminal phosphotyrosine residue (for
reviews, sce Pawson, 1988, Moran et al , 1990): Cantley et al., 1991; Koch et al., 1991).

A detailed study ot the functions of pS6ick SH2 and SH3 regions (Veillette et al.,
1992) reveals that the oncogenic potential (evaluated in murine fibroblasts) of pS6lck
molecules lacking SH2 sequences 1s markedly enhanced, as is the case for mutant Lck
polypeptides catrying a tvrosine to phenylalanine substitution at tyrosine 505. Most
importantly, deletion of the SH2 domain produces similar results whether it 15 performed
alone or in combmation with the mutation of tyrosine 505. In contrast, when compared
with other activating mutant versions of p56lck; sole removal of the SH3 region results in a
modest enhancement of p56kk oncogenic potential and biochemical functions. Together,
these results suggest that down-regulation of pS6ick kinase activity through tyrosine 505
phosphorylition 1s impaired by removal of the SH2 domain but appears operational in the
absence of the SH3 domuan,

Stmular expeniments with Sre (Seidel-Dugan, 1992) reveal that deletion of parts of
the SH2 domain (B or C box) or the SH3 domain in ¢-Src 1s sufficient to fully activate wild-
type ¢-S1c and produce transforming Src molecules. Although deletion of SH2 or SH3
sequences i the F527 activated background 1s not evaluated, this report suggests that the

mduction of cellular transformation (by a G378 activated variant of ¢-Src) is not affected by
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deletion of either the SH2 or the SH3 domain. In conclusion, both Lk and Sre deletional
studies provide indirect in vivo evidence for a cooperative regulation involving the SH2
domain and the phosphorylated carboxy-terminal tyrosine residue of Ste ke enzymes

This model is further supported by studies showing the selective binding, ot
activated (F527) c-Src by immobilized carboxy-terminal phosphopeptides (Roussel er al
1991). More specifically, the cooperative regulation model would involve physical
association between the negatively regulatng phosphotytosine residue and the SH?2
sequences. An mactive enzyme would have a  "closed protein conformation” possibly
allowing more stable tyrosine phosphorylation at the carbovy-termumnal site, by preventing
the action of tyrosine protemn phosphatases. Deletion of the SH2 domamn would result i an
"opened protein conformation” that could promote tyrosine dephosphorylanon ot the
inhibitory phosphotyrosine residuc and thus activate the enzyme This mechanmsm would
explain the absence of phenotypie differences between the eftects of SH2 deleton in wild
type or F505 polypeptides Based on this model, actuvation of Stc hike kinases through
dephosphorylation at the carboxy-termimal tyrosine residue might provoke the
destabilization of the inactive protein conformation and, by allowing the SH2 domain to
bind to other tyrosine phosphorylated proteins, might promote substrate interactions
Substrate interaction

As 1s the case for all SH2 domans studied, the SH2 comamn of pSotck can stably
associate in vitro with phosphotyrosime-contamning proteins  Interactions of Lek-SH?2
domain with tyrosine phosphorylated substrates can be observed in NI cell lines
expressing activating mutants of p5S6kk (Veillette et al |, 1992) In'T cells, the SH2 domiun
of Lck appears to bind in vitro to a specific set of tyrosine phosphorylated protems ( 1,

Caron, unpublished). From these results, 1t 1s proposed that the SH2 domain of pS61dk

allows interactions with putative Lck substrates in vivo



Recent reports of the thuee-dimensional structure of the SH2 domain (Booker et al.,
1992, Overduin et al , 1992, Waksman et al , 1992) provide evidence for the covalent
nature of the interactions between SH2 domains and phosphotyrosine-containing proteins.
Collectively, these results demonstrate the importance of the conserved SH2 subdomains.
Morce specifically, they confirm the critical role of three positively charged, conserved
amino acid residues (R155, R175 and K203 in v-Src) in binding to tyrosine
phosphorylated peptides. The chemical basis for this interaction is that binding of the SH2
domain and the phosphotyrosine-containing peptide overcomes unfavourable electrostatic
interactions artsing from the proximity of positively charged amino acid side chains in the
unbound protein. Also, these results offer an explanation for the phosphotyrosine
spectficity of SH2 domauns  Apparently, the complex between the SH2 domain and the
tyrosine phosphorylated protern can be visualized as a "sandwich”, the phosphotyrosine
side chamn interacting with the conserved arginine and lysine residues buried in the SH2
pocket Asa result it 1s behieved that phosphoserine and phosphothreonine, which possess
smaller side chams, are unable to interact with the critical residues and thus, are not

recognized by SH2 domiains

Association with the T-cell surface molecules CD4 and CDS$

Interactions of pS61ck with the CD4 and CD8a T-cell surface molecules have been
documented 1 murme, human and avian T lymphocytes, and exist in both mature and
immature T cells (Rudd er af | 1988, Veillette er al , 1988a; Veillette et al., 1989c; Veillette
and Ratchffe, 1991). The emergence of CD4 or CD8w-bound p561ck correlates with the
appearance of these molecules at the surface of immature thymocytes (Veillette er al.,
1989¢) The stoichiometry of these complexes has not been rigorously established, but

quantitative analyses have shown that in normal T cells, approximately 50-90% and 15-
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25% of p56lck molecules are associated with CD4 and CDS a respectively (Veillette ez al
1988a; Veillette et al ., 1989¢: Lun and Sefton, 1990). These proportions may vary
transformed T cells (L.uo and Sefton , 1990)

Various studies have shown that the assoctation ot pSokk with the CD-Hand CD8u
glycoproteins involves the interaction of the cytoplasmic tails of CD4 and CD8a with
sequences in the unique domain of pS6lck (Shaw er al , 1989; Zamoyska eral , 1989, Shaw
et al., 1990; Turner ¢z al., 1990, Veillette and Ratchffe, 1990) Mmmal sequences
sufficient for the formation of these complexes have been detied between residues 210 34
of p56ick, residues 394 to 421 of murine CD4 and restdues 194 to 203 of munine CD8o
(Shaw et al, 1989; Shaw et al., 1990; Turner er al, 1990) More specitically, these
interactions require two critical cysteme residues located at positions 20 and 23 1 the anumo
terminal region of p56lck as well as another pair of cystemes located w the CDY and
CD8a cytoplasmic tails.  Myristylation of p56ik at glycine 2 15 not requnted for association
with CD4 (Shaw et al, 1990; A Vellette, unpublished ). However, it appears to facilitate
this interaction, possibly by locating L.ck polypepudes on cellular membranes, thus
promoting CD4/CD8& o and p561ck colocalization. Since CD4-pSolk and CDEa-pSolk are
rapidly dissociated in 1onic detergents (such as sodium dodecyl sulfate) or by treatment with
alkylating agents (such as N-cthyl malemmide or 1odoacetanude) (Shaw er al, 1990;
A.Veillette, unpublished.), these non-covalent interactions may 1nvolve a metal 1on
coordination complex.

Based on this structural association, it has been proposed that pSolck transduces an
intracellular signal for the CD4 and CD8 receptors. Studies evaluating the contribution of
CD4-bound tyrosine protein kinase activity to normal T-cell physiology will be discussed in

the following sections,
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OVERVIEW OF T-LYMPHOCYTE FUNCTION

General structure organization of T cells

L.ymphocytes are hematopoietic cells found circulating in the blood and lymph, as
well as infiltrating lymphoid organs such as the thymus, the spleen and the lymph nodes.
Based on their ongin and their immunological function, lymphocytes have been classically
divided in two groups, B cells and T cells. The former develop in the bone marrow and
regulate humoral responses through antibody production, whereas the latter originate from
the thymus and account for cell-mediated immunity

Through the antigen receptor, T cells recognize foreign antigens as processed
peptide fragments 1 association with major histocompatibility complex (MHC) molecules,
which are displayed on the surface of antigen presenting cells (APC), (typically B cells and
macrophages) This recognition procedure is highly specific as a result of TCR clenality

(whereby one TCR clone 1s specific for a given peptide/MHC combination).

Major events in T-cell activation

Upon binding of the TCR to the proper antigen/MHC combination, a cascade of
biochemical events s tniggered, leading to T-cell activation. This process is analogous to
growth factor receptor stimulation, where ligand binding triggers receptor activation and
recrutment of signal amphtiers to produce an associated cellular response (for a review, see
Klausner and Samelson, 1991)

Tyiosine phosphory lation

Tyrosine phosphorylation of several cellular proteins occurs rapidly after

stimulation of the ‘T-cell antigen receptor complex (Samelson et al., 1986b; Hsi et al.,
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1989). Because none of the components of the T-cell receptor compley has tytostne protem
kinase activity, the mechanism mvolved in the gencration of this signal is uncommon
However, several observations suggest that Sre-related tyrosine protem kinases participate
in this signal transduction process.

The critical role of TCR-induced tyrosme protem phosphorylation has been
documented with the use of tyrosine protein kinase inhibitors (Garcia-Morales eral |, TOXNY,
June et al., 1990; Stanley et al, 1990; Trevillyan er al, 1990) These studies have
demonstrated that in the absence of tyrosine protein phosphorylation, antigen-induced o
antibody-mediated TCR stimulation 1s impaired. More spectfically, phosphatidyl mosttol
hydrolysis and successive rise i ntracellular calcium ate prevented, blocking 112
secretion as well as IL-2 receptor expiession This 1s not due to T-cell uniesponsiveness
since T-cell activation can be rescued with the usce of” calcrum onophores

Another clue to the importance of tyrosine phosphorylation events is provided by
observations that TCR/CD3-induced stimulation of T cells 18 also impaired m the absence of
a major T-cell surface tyrosine protemn phosphatase (CD49) (Pingel and Thomas, 1989,
Koretsky et al , 1990, Koretsky et al , 1991)  One possibility 1s that CDAS s required for
activation of Src-like kinases, by dephosphorylating the negative regulatory carboxy
terminal tyrosine residue.

Together, these results indicate that proten tyrosine phosphorylation signals are
regulated both by tyrosine kinase and tyrosine phosphatase activities, and are critical tor
antigen-induced TCR-mediated activation of specific second messenger pathways leading 1o
T-cell activation.

Activation of phospholipase C-v |

In addition to generating tyrosine phosphorylation signals, binding of the TCR by
antigen or anti-TCR antibodies results in important biochemical changes including the

breakdown of phosphatidyl inositols (PI), changes in cytoplasnie caloum levels and
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activation of protein kinase C (PKC) (Ledbetter et al , 1987). Increasing evidence suggests
that these events result from a common receptor-mediated signal transduction mechanism
involving the activation of the enzyme phospholipase C—y 1 (Desat et al., 1990).

Various studies indicate that the functional coupling of T-cell receptor stimulation
to the PI signalling pathway requires tyrosine phosphorylation of phospholipase C-y 1
(Mustehin et al |, 1990, Nishibe et al., 1990; Park et al , 1991; Secrist et al., 1991; Weiss et
al., 1991). 'This modification results in the activetion of the enzyme, promoting the
hydrolysts of phosphatidyl mositol bisphosphate (PIP3) to inositol trisphosphate (IP3) and
diacylglycerol (DAG). 1P 15 a water soluble molecule that has specific intracellular
receplors regulating the mobilizaton of intracellular calcium (Shears, 1991), The initial rise
in levels of cytoplasmic calcium observed upon T-cell receptor stimulation results from
intracellular calcum store release Maintenance of this intracellular calcium increase comes
from a transmembrane flux mvolving a voltage-gated channel which is also regulated by
[Py and its metabolites.

DAG v a potent second messenger which functions to regulate a
calcium/phospholipid dependant PKC (for a review, see Bell, 1986). PKC represents a
large tanuly of closely related serine/threonine kinases that share common structural
featutes as well as requirement for calcrum, phospholipids and DAG. DAG regulates PKC
actvation by increasing its affinity  for calcrum and phospholipids. PKC activation is
assoctted with is translocation from the cytosol to the membrane

Although the distribution of the various PKC isozymes as well as their substrate
specificiies are sull undefied tn T cells, various studies reveal that PKC mediates the
egulation of a number of TCR-induced secondary signal transduction responses( Ledbetter

ctal (1987, Patel eral | 1987: Siegel er al., 1990, Izquerdo ¢t al., 1992).
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Little is known regarding the subsequent steps of intracellular signal ttansduction.
These cellular responses involve cytoskeletal changes, early gene activation, lytaphokine
release and expression of new T-cell surface molecules. pYSvay (Katzav er al | 1989,
Bustelo et al., 1992; Margols et «l, 1992), & TCR-induced tyrosine phosphoiylated
substrate containing SH2 and SH3 domains, a DAG/Phorbol Ester binding mouf, and
having significant similarity to guanmne nucleotide dissociation stmulators (GDS) of small
ras-like GTPases (Bogusk: ¢t al , 1992) 1s proposed to play a role in signal tansduction of
cytoskeletal organization (Adams et al , 1992)

Various observations indicate that the SH3 domain may serve as a hink between the
tyrosine phosphorylation signal and cytoskeletal rearrangements This view is supported by
experiments documenting that a protein stmilar to GAP-rho, binds to the SH3 region of the
abl tyrosine kinase (Cicchettt er al , 1992) Interestingly, rho, a small ras-like GTPase has
been shown to regulate the reorganmization of actin into stress fibers 1 tesponse to prowth
factors (Ridley and Hall, 1992) The nature and function of these protem interactions

remain to be clarified.

Structure of the TCR/CD3 complex

Immunoprecipitation with anti-TCR antibodies following gentle solubthization of T
cells has shown that the TCR is a multicomponent polypeptide complex (Samelson et al |

1985). The structural organization of this complex involves a disulfide hnked heterodimer

of the polymorphic a and B chains that is non-covalently assoctated with a cluster of three

distinct invariant proteins y, 8 and ¢, which constitute the CD3 complex In addition, the
af - CD3 complex is associated with a dimer of small intracelular disulfide-hnked ¢ chains

The ¢ family now extends to three related proteins denoted as ¢, noand v (Orloff et al |
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1990).

‘There has heen great interest in determining the structure of the TCR/CD3 complex
and the relationship between its components. It has been assumed that each of heterodimer
1s associated with two ¢ chans (associated with one y chain and one & chain) and one ¢
homo or heterodimer (Koming et al , 1990). This model however fails to take into account
other experimental results and the balance of electric charges (Kappes and Tonegawa,
1991). To address these difficulues, alternative models for this multicomponent receptor
have been proposed, suggesting a complex stoichiometry which is outside the scope of this
overview and will not be further discussed

Stenalling 1ole of the TCR/CD3 complex

As mentioned previously, effective recognition of foreign antigen requires that the
physical interaction of the TCR be converted into a biochemical signal for preper cellular
activation and prohferatton  Studies using TCR/CD3 variant cell lines (Wegener et al.,
1992) have demonstrated the existence of two dissociable functional signal transduction
modules mherent 1o the TCR structure These units represent the CD3 component and the ¢
chams respectively  Dissociaton of the TCR signal has been demonstrated from the ability
of cach module to tigger late activation events It ts not clear if both modules function
through specifie and/or common signalling circuits However, studies of early T-cell
signatling events have suggested the activation of at least two protein phosphorylation
pathways, as retlected by tyrosine phosphorylation of the £ chain and serine
phosphorylation of the CID3 ychan (Samelson et al . 1986b: Samelson er al., 1987).

The importance of the £ chan tor the conversion of binding events io intracellular
signals s well established This 1y supported by studies showing that chimeric proteins
consisting of ‘F-cell surface receptors (such as the CD8a or the o subunit of the 1L-2
receptor) and the mtacellular portion of £ are able to trigger typical T-cell activation

responses (Iving et al . 1991 Letourneur and Klausner, 1991). The recent observation that
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a GTP-binding function may be linked to TCR-{ suggests addinonal interesting avenues for
studies of antigen receptor signalling (Cenciarelli er af . 1992 Ohmuta er al , 1992, Peter e

al., 1992).

CD4 and CDS8 T-cell surface molecules

CD4 and CDS8 are transmembrane molecules with a Targe extracellular domain
(structurally related to immunoglobulins), a typical hydiophobie tansmembrane domain
and an intracellular domain contaning a binding site tor the tyrosme proten himase pSolek
CD4 exists as @ monomer and 1s known as the receptor for the human immuno-deticiency
virus (HIV) (Silberman ez @/ , 1991) In contrast, CDE naturally exasts as a heterodimer of
an a and a f chain The o cham contains the binding site tor pSokk (Shaw cral | 1990) and
is able to function as a homodimer A vartant of the o chain (o) that 1s essentially devord of
intracellular sequences has also been reported (Zamoyska er al | 1989)

CD4 and CD§ expression was inttrally correlated with distnet 1 cell populanons,
where CD4-posttive T cells would usually provide helper functon and CDS positive T cells
were mostly cytotoxic T lymphocytes (for a review, see Brerer er al , 1989 ) More
specifically, CD4 and CD8 designate T-cell surface glveoprotems thatiespectively bind non
polymorphic regions of the MHC class I and class T products “The funcnons of €CD4 and
CD8 have been described as adhesion molecules enhancmg the imeractions between the T
cell and the APC, as signalling molecules, through then assoctation with pS6kkand as co
receptors for the TCR, whereby CDa o CDX bind the same MHEC molecule as TCR and
potentiates signalhing (Parnes eral , 1989, Tanceway, 1991, Micelr and Parnes, 1991, Miceh

etal , 1991; Dianzani et al , 1992).



yignalling properties of C134 and CD8

Since CD4 and CD8 are physically associated with p56lck, Lek tyrosine protein
kinasc activity may n part contribute to the antigen-induced changes in tyrosine protein
phosphorylaton "This model 1s supported by multiple observations (Barber et al., 1989;
Chalupny eral , 1991, Veillette et al , 1988¢) Firstly, stimulation of CD4 receptors induces
a rapid actuvaton of pS6ick as well as parallel changes in intracellular tyrosine protein
phosphorylanon (Veillette ez al , 1989a, Veillette et al , 1989b: Veillette er al., 1989¢). This
activation process may be obtamed through antibody-mediated aggregation of CD4
molecules or by MHC class 1T determimants, In activated T cells, the resulting tyrosine
phosphorylated substrates includes pSolck atself, the £ subunit of the TCR complex and still
undetimed cellular products of approximately 120 kDa, 70-80 kDa and 36 kDa.

Sccondly. CD4 and CDS molecules that cannot bind pS6!<k cannot enhance T-cell
responsiveness (Zamoyska eral |, 1989, Vetdilewe eral , 1990, Miceh eral., 1991; Haughn et
al , 1992) Thudly, expression of  constitutively activated Lek (F505) molecules can at
least parnally substitute for the function of CD4 i an antigen-specific T-cell line (Abraham,
N ctal. 1991)

Expeniments in which the physical association of CD4 and p56 ¢k was reconstituted
in fibroblasts also support a functional mteraction between CD4 and p561ck (Simpson et al.,
1989, Veillette and Fournel, 1990) In a manner analogous to hgand-induced receptor
activation. the CD4 pS6rk complex can be viewed as a receptor tyrosine protein kinase that
becomes activated through dimerization or oligomenzation  Activation of p56lck results in
promunent avvo tytosine phosphorylation of the enzyme, which seems to specifically
involve the autophosphorvlatnon site, tyrosine 594 As mentionned previously,
phosphory latton ot tyrosine 394 15 thought to be critical for activation of pS56ick,

Consistently, substitution of this amuino acid by a phenylalanine abrogates CD4-induced
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activation of p36ick (Veillette and Fournel, 1990). In addition 1o phosphorylation at
tyrosine 394, activation of pS6Ick (1n fibroblasts) is accompamed by a vanable mnerease in
phosphorylation at tyrosine 505. This observation may be surprising, sice tytosine 505
phosphorylation 15 involved in the negative regulation of pSolkk enzymatic activity.
However, it may represent a feed back mechanism aimed at rapid down-regulation of the
function of activated p56'<k molecules.

In T cells, antibody-mediated aggregation of CD8 also induces changes in tyrosine
protein phosphorylation, though perhaps less markedly (Vetllette eral , 1989¢, 1. Caron
and A. Veillette, unpublished). In fibroblasts, results from reconstitution experiments
involving p56lck and CD8 o« demonstiate that in contrast to CD4, anubody mediated
aggregation of CD8a does not activate pS6ick tyrosine protem kinase activity (L Caron,
unpublished). The functional differences observed between the CIDA-pS6lck and the CD8a-
p56ick complexes both 1n T cells and in experimental systems such as NIHT3 cells may be
explained by the known structural differences between CD4 and CDS, or by the different
extents at which the cellular Lck protein 1s associated with these receptors

The co-receptor funcuon of CD4 in TCR signalhing

The mutual binding of CD4 and TCR to MHC class I determmants upon antigen
presentation results in the colocalization of two receptor complexes (involving TCR/CD3
pS9fynT and CD4-p561ck), thus providing a postuve signalling response This positive
function can also be obtained by antibody-mediated co-aggregation of CD4 and TCR/CD3,
and is exemplified by enhanced tyrosine protein phosphorylation, mcreased imtrace Hular
calcium levels and DNA synthesis In contrast, pretreatment of ‘T cells with aggregating
CD4 anubodies can abrogate antigen or anti-TCR anttbody-induced T-cell activation (for i
review, see Julus eral , 1991)

To reconcile these contradictory results, 1t has been proposcd that CD4 provides
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prerequisite stgnals which are critical for antigen receptor-induced T-cell proliferation.
Hence, the molecular basis for the generation of an apparent negative signal upon TCR
stimulation following CD4 antibody-mediated aggregation may be the sequestration of
CD4-p56ick complexes from TCR/CD3 complexes. Sequestration would be induced by
pretreatment with anu-CD4 anubodies, abrogating the co-receptor function of CD4.
However, as the TCR can funcuon in the absence of CD4 or CDS8, it is more likely that
pS6ick atselt 15 responstble for these signalling functions. This hypothesis has been
supported by expernmments using double cysteine mutant CD4 molecules that are incapable
of mteracting with pS6lck (Haughn etal., 1992). In these experiments, expression of the
mutant CD4 furled to confer enhanced T-cell responsiveness. This argues that the capacity
of CD4 o enhance antugen receptor -medrated T-cell functions is in large part related to its
assoctatton with pSolc

At this pomt, it appears relevant to examne possible effectors of p56ick signalling

function Thus, this section ends with a rapid overview of major T-cell surface molecules

that have been suggested to interact with p56lck,
'D45: a T-cell phosphatase

D45, also designated as the leucocyte common antigen, is a family of high
molecular werght glycoproteins expressed on the surface of all nucleated cells of
hematoporetic origin In Iymphocytes, CD45 constitutes approximately 10% of the cell
surface and possesses various protem isoforms ranging from 180 kDa to 240 kDa. ihese
arise by alternative splicing of three exons encoding the amino-terminal portion of the

extracellular domarn (for a review, see Thomas, 1989).



Interestingly, CD45 has a large highly conserved cytoplasmic domaimn of
approximately 700 amino acids, that encloses two related subdomains with tyrosine protein
phosphatase activity.

Regulation of T-cell activation by CD45

The importance of CD45 in T-cell physiology has been manly clucidated from
studies involving T lymphocytes lacking CD45 expression (Pingel and Thomas, 1989,
Koretsky et al., 1990; Koretsky et al., 1991, Weaver eral | 1991) These studies conclude
that in the absence of CD45, TCR-mediated signal transductnion s mpared T-cell
proliferation could nevertheless be achieved using calcium ionophores suggesting that the
site of action of CD45 is localized upstream of this second messenger pathway Apparently,
CDA45 expression would be essential for effective coupling of the antigen-induced signal to
the phosphatidyl inositol (PI) pathway (Koretsky e al . 1991, Muivel eral, 1991) Other
experiments suggest that CD45 loss results m constitutive tytosime phosphorylation of
several proteins, including the TCR { chain (Volarevic eral . 1992) In addition, TCR-
induced stimulation of CD45-negative T cells reveals the lack of phosphatidyl inositol
hydrolysis, a loss in the early rise of intracellular calcium and the appearance of o novel
pattern of late intracellular calcium oscillation The exact mechanism by which ('DAS
regulates these major signalling pathways remains to be cluctdated

Interestingly, coaggregation of CD4 and TCR/CD3 leads to activation of I cells
despite the absence of CD45 (Deans eral . 1992). As TCR-mediated T-cell activation 1s
impaired n the absence of CD45, these observations suggest that activation of pS6ldk
induced by coaggregation of TCR/CD3 and CD4 may compensate for the defect in
TCR/CD3 signalling. Since the actuivity of tyrosine protemn kinases such as pSolck can be
regulated by tyrosine dephosphorylation, CDD45 may be a direct regulator of pS6lck acuvity

This view is supported 1n part by the observation that the i vive state of tyrosine 505
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phosphorylation of p561<k 1s noticeably increased in cells lacking CD45 (Ostergaard et al.,
1989). Alternatively, the recent identification of a trimolecular complex involving CD45,
p561k and pp32 (a putative tyrosine phosphorylated substrate) in resting T lymphocytes
(Schraven et al , 1991) suggests that regulation of pS6ick by CD45 might involve a protein

intermediate.

Other T-cell signalling molecules
1L-2 receplor

Interleukin-2 or T-lymphocyte growth factor is produced by a population of
activated T cells  Stimulation of IL-2 dependent T cells with interleukin-2 results in the
activation of tyrosine phosphorylation signals culminating in cellular proliferation (Mills et
al., 1990). As the IL-2 receptor 1s not itself a tyrosine protein kinase, the functional
coupling of a non-receptor tyrosine protein kinase with the 1L-2 receptor has been
proposcd Recent reports suggesting that pS6lck interacts with the IL-2 receptor and is
modificd following 11.-2 treatment (Hatekayama et al., 1990; Horak et al., 1990), raise the
possibility that p56ick can participate in IL-2 receptor-induced signal transduction.

CD2 and Thy-1

CD2 and Thy-1 are also part of a growing number of cell surface molecules that are
able to tngger signal transduction that leads to T-cell activation (He et al., 1988; Volarevic
etal., 1990) Interestingly, there have been reports of association of Thy-1 with CD45
(Volarevic et al , 1990), p56ik (Stefanova et al., 1991) and p59fyn (Thomas and Samelson,
1992) On the other hand, some reports show that activation of T cells through CD2 results
in p56kk serine hyperphosphorylation and acuvation (Danielan ez al., 1989; Danielan et al.,

1991). The nature and significance of these interactions are presently unknown.




REGULATION OF T-CELL ACTIVATION BY MEMBERS OF THE SRC-
FAMILY OF TYROSINE PROTEIN KINASES

Studies of the molecular mechanisms of signal transduction in T cells reveal that the
major biochemical events following T-cell activation are simular to the signalling processes
of activated tyrosine kinase growth factor receptors. Upon stimulation of receptor tyrosme
protein kinases, a wide variety of protcins become phosphorylated on tytosine residues. It
has been suggested that this critical event induces the pleiotropic effects requared for cellulu
activation (Klausner and Samelson, 1991) To better understand how tyrosine
phosphorylation is linked to downstream biochemucal signals, various studies have focused
on the identification of the physiological substrates of tyrosine protem Kinases Recent
progress has been made in establishing the causal relationship between receptor activation
and changes in cytoplasmic activities Several groups have demonstrated that upon higand
binding, the platelet-derived growth factor (PDGF, a model receptor tyrosme protein
kinase) shows tyrosine autophosphorylation and becomes physically associated with a
number of cytoplasmic proteins. The ability of activated growth factor receptors 1o
phosphorylate these signalling proteins on tyrosine residues provides strong evidence that
tyrosine protein phosphorylation is required to induce the plelotiopie effects leadig 1o cell
growth,

Interestingly, the identified cellular substrates of Src-famuly tyrosie protem kinases
are mostly similar to those targeted by receptor tyrosine kimases (Fukwr and Hanafusa,
1989; Ellis et al , 1991). As low level of immediate tn vivo tyrosine phosphorylation
produces rapid pleiotropic effects, it 1s proposed that the critcal cellular targets of proten
tyrosine kinases are signal amplifiers It 1s noteworthy that many signal amphticrs possess
SH2 and SH3 domains, and appear to he regulated at least i part by tyrosine

phosphorylation. This observation 1s important 1n the hight of recent findings suggesting
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that tyrosine phosphorylation creates binding sites for recruitment of signal amplifiers
through SH2-mediated protein-protein recognition.

Acuvated versions of two Sre-related tyrosine protein kinases abundantly expressed
in T cells (pS61k and p59IynT) can enhance antigen receptor-mediated functions (for a
review, see Veillette and Davidson, 1992). As non-receptor tyrosine protein kinases are
also found associated with several signal amplifiers, T-cell antigen receptor signal
transduction may bhe taking place as a result of similar key recognition signals. The

contribution of p56ick and p59fyn to the generation of these signals is now being discussed.

Studies involving p59fyn

pS59tyn 1y a Sre-related tyrosine protein kinase existing as two isoforms, due to
alternative use of exons 7A and 7B. Interestingly, the Fyn isoforms have a different pattern
of tissue expression pS9tynB s highly expressed in the brain whereas p59fynT is found
predominantly i T cells (Cooke and Perlmutter, 1989).

‘The view that pS9iyT may play a specialized role in T-cell physiology has been
supported by studies reporung the association of pS9ynT with the TCR/CD3 complex in
digrtonin lysates of T cells (Samelson ez al |, 1991; Gassmann et a/., 1992). However, the
lack of evidence tor the activaton of pS9fiynT tyrosine protein kinase activity upon TCR
stmulation raises questtons about the functional significance of this association. Further
studies of the role of Fyn 1s documented by the overexpression of both Fyn isoforms in
transgenic mice (Cooke ez al |, 1991). Overexpression of either form of the Fyn protein in T
cells (under the control of the proximal Lek promoter) enhances TCR-induced tyrosine
protein phosphorylation, calcium response. and 11.-2 production. No significant difference

between overexpression of pS9iveT and pS9iynB is noted. Interestingly, overexpression of
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Fyn has also been reported in the T cells of mice with a lymphoproliferative disorder
(Katagiri et al., 1989), which appear to demonstrate abnormal tyrosine phosphorylation of
their T-cell receptors (Samelson ez al , 1986a).

The introduction of constitutively activated verstons of pSOtynl or p59tynB (tyrosine
528 to phenylalanine) into a T-cell hybridoma (Davidson er af . 1992) shows that both 528
mutants of pS9tynB and pS9iynT efficiently enhance T-cell responses upon antibody-
mediated aggregation of TCR Interestingly, only pS9iynT efficiently increases T-cell
responses to antigen stimulation, supporting the view that pS9ival have a lvmphocyte-
specific function As pS9iynT and pS9iynB only ditfer within astietch of ST amimno acids
(encompassing the end of the SH2 domain and the beginming of the catalyne domam), the
observed difference may relate to substrate specificity and/or catalyue etficiency. It has been
proposed that through its unique sequence, p59hmT may regulate specitic cellular pathways,
which would modulate T-cell responsiveness to antigen This s supported by a study
demonstrating that the sequences involved in the binding of pS9IynT 1o TCR-E are located

within the amino-terminal region of p59iyn'T (A. Shaw, unpublished)

Studies involving p56lck

The involvemert of Src-like kinases in TCR-mediated signalling 15 further

supported by studies addressing the role ot p56ick in T cell development and activation

Mice lacking pS61ck show a constderable thymic atrophy which 1s associated with @ major
decrease in the double positive (CD4 and CDg) celt population (Molina et al , 1992) In
addition, peripheral T cells (lacking Lck) exhibit a reduced prohferauve response to
TCR/CD3 sumulation, despite normal responses to 11-2, phorbol esters and calcium

ionophores. These observations suggest that p56ikck 15 not essential for TCR/CD3 or [1.-2-
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mediated signalling, but may participate as a signal amplifier. Importantly, the profound
perturbation of thymocyte development that is observed in Lck-deficient mice raises the
possibility that pS6lck 1§ required for appropriate proliferative response of double positive
thymocytes (Molina et al , 1992)

FFurther investugation of the role of pS6ik in lymphocyte function has been
performed with the gencration of transgenic mice expressing pS6ick (Abraham, K.M. et al,,
1991a; Abraham, K M. ¢t al, 1991b) These experiments show that a moderate increase in
pS6ik expression induces a delay in thymocyte development In this system, both wild
type and activated (1-505) versions of the gene produce similar effects, albeit with differing
cfficiencies Inaddiion, overexpression of either wild type or activated versions of the Ick
gene mduces the development of thymie tumors Collectively, these observations suggest
that thymocyte maturation 1s affected by Lek-mediated signalling, and that overexpression
of this kinase may contribute to thymice tumorigenesis.

The 1ole of pS6lck m T-cell activation has been examined by the introduction of a
constitutively activated forns ot the lymphocyte-specific tyrosine protein kinase in a CD4 -
negative, T-cell hybridoma (Abraham, N et al., 1991) This study demonstrates that
expression of activated pSo6lck polypeptides (generated by the mutation of the carboxy-
ternunal tyrosine residue 505 to a phenylalanine) enhances T-cell responsiveness as
indicated by mcreased TCR-induced tyrosine protein phosphorylation and elevated antigen-
induced 11.-2 production These observations suggest that acuivation of p56ick molecules
can directly (in the absence of CD4 or CDS expression) enhance antigen receptor-mediated

signals

(]
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SUMMARY

The Src-family of tyrosine protein kinases comprises structurallv related enzymes,
which have been proposed to perform specialised functions as a result of their respective
unique amino-terminal domains. p5S61¢k is a lymphocyte-specific member of the Sre-fanuly
of tyrosine protein kinases that is predominantly associated through its umque amino-
terminal region to the CD4 and CD8 T-cell surtace glycoproteins

Recent studies have conferred a central role for tyrosine protemn kinase activity in
early events of TCR-mediated signal transduction Indeed, tyrosine phosphorylation of a
limited set of substrates is essential for TCR-induced T-cell actuivation, although the TCR
itself is devoid of tyrosine protein kinase activity. Since both pS6lh and pSOtynl” are able o
enhance antigen receptor-mediated T-cell responsiveness, 1t s a possibility that these
cytoplasmic kinases interact either directly or through a cellular intermediate with the TCR
complex.

Structure-function analyses of p56lck; have revealed important aspects of p56Ick
regulation. Given that the SH2 domain of p56ick may interact in cus with its own carboxy-
terminal regulatory domain to modify catalytic activity or substrate specthicity, and that
positive signalling by p56lck may involve cellular amphfiers, further studies of the etfects
of non-catalytic portions of p56!ck are required to address the role of this kinase i T-cell
activation.

The studies reported 1n the next chapter investigate the mvolvment of pS6!k n
signal transduction events following T-cell receptor-mediated activation of T lymphocytes
The experimental work to be presented exanunes the etfects of important structural domains

of pS6lck on the ability of the activated kinase to enhance T-cell responsivencess.

36



REFERENCES

Abraham, K.M., S.D. Levin, J.D. Marth, K.A. Forbush, and RM.
Perlmutter. 1991a Delayed thymocyte development induced by augmented expression of

pS6ick J. Exp. Med. 173: 1421-1432.

Abraham, K.M., S.D. Levin, J.D. Marth, K.A. Forbush, and R.M.
Perlmutter. 1991b. Thymic tumorigenesis induced by overexpression of p56ick. Proc.
Natl. Acad. Sci. 88: 3977-3981.

Abraham, N., M.C. Miceli, J.R. Parnes, and A. Veillette. 1991. Enhancement
of T-cell responsiveness by the lymphocyte-specific tyrosine protein kinase p56ick. Nature
(L.ondon) 350: 62-66.

Abraham, N., and A. Veillette. 1990. Activation of p56Ick through mutation of a
regulatory carboxy-terminal tyrosine residue requires intact sites of autophosphorylation
and mynistylaton Mol Cell Brol. 10: 5197-5206.

Abraham, N., and A. Veillette. 1991. The Ick tyrosine kinase proto-oncogene.
Cancer Invesug 9: 455-463

Adams, J.M., H. Houston, J. Allen, T. Lints, and R. Harvey. .992. The
hematoporetically expressed vav proto-oncogene shares homology with the dbl GDP-GTP
exchange factor, the her gene and the yeast gene (CDC24) involved in cytoskeletal
organization. Oncogene 7 611-618.

Adler, IL'T., and B.M. Sefton. 1992, Generation and characterization of
transformuing varants of the /ck tyrosine protein kinase. Oncogene 7: 1191-1199,

Allen, J.M., K.A. Forbush, and R.M. Perlmutter. 1992, Functional dissection of
the lck proximal promoter. Mol Cell. Biol. 12: 2758-2768.

Alexander, D.R., and D.A. Cantrell. 1989 Kinases and phosphatases in T-cell
activation Immunol Today 10: 200-205.

Amrein, K.FK.,, and B.M. Sefton. 1988. Mutation of a site of tyrosine
phosphorylation m the lymphocyte-specific tyrosine protein kinase, p5S6lck, reveals its
oncogenice potential i fibroblasts. Proc. Natl Acad. Sci. USA 85: 4247-4251.

Barber, E.K., L.D. Dasgupta, S.F. Schlossman, J.M. Trevillyan, and C.E.
Rudd. 1989 The CD4 and CDS8 anngens are coupled to a protein-tyrosine kinase (pS561ck)
that phosphorylates the CD3 complex. Proc. Natl. Acad. Sci. USA 86: 3277-3281.

Bell, R.M. 1986 Protemn kinase C activation by diacylglycerol second messengers. Cell
45 631-632

Bergman, M., T. Mustelin, C. Qetken, J. Partanen, N.A. Flint, K.E.
Amrein, M. Autero, P. Burn, and K. Alitalo. 1992. The human p50csk tyrosine
kinase phosphorylates pS6leh at tyr-505 and down regulates its catalytic activity. EMBO J.
11 2919-2924



Bierer, B.E., B.P. Sleckman, S.E. Ratnofsky, and S.J. Burakoff. [989. The
biologic roles of CD2, CD4 and CDS8 in T-cell activation. Ann. Rev lmmunol. 7: §79Y-
599.

Bishop, J. M. 1985. Viral oncogenes. Cell 42: 23-38,
Bishop, J.M. 1991. Molecular themes in oncogenesis. Cell 64: 235-248.

Boguski, M.S., A. Bairoch, T.K. Attwood, and G.S. Micheals. 1992, Proto-
vav and gene expression. Nature (London) 358: 113,

Bolen, J.B., and A. Veillette. 1989. A function for the lck proto-oncogene. T 1.B.S.
14: 404-407.

Booker, G.W., A.L. Breeze, A.K. Downing, . Panayotou, 1. Gout, M.D.
Waterfield, and I.D. Campbell. 1992, Structure of an SH2 domain of the p&5a
subunit of phosphatidylinositol-3-OH kinase. Nature (LLondon) 358 684-687

Broek, D., T. Toda, T. Michaeli, L. Levin, C. Birchmeier, M. Zoller, S.
Powers, and M.Wingler. 1987 The S Cerevisiue CDC2S gene product regulates the
ras/adenylate cyclase pathway Cell 48: 789-799.

Brott, B.K., S. Decker, M.C. O'Brien, and R. Jove. 1991 Molecular features
of the viral and cellular Src kinases mvolved m interactions with the G'TPase-activating
protein. Mol. Cell. Biol. 11: 5059-5067.

Burnett, R.C., J.C. Daird, AM. Harden, M.M. LeBeau, J.D. Rowley, and
M.O. Diaz. 1991. The LLCK gene is involved in the 1 (1,7)(p34,434) m the T-cell acute
lymphoblastic leukemia derived cell line HSB-2. Genes Chromosom Cancer 3. 4o1-467.

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

Cantley, L.C., K.R. Auger, C. Carpenter, B. Duckworth, A. Graziani, R,
Kapeller, and S. Soltoff. 1991. Oncegenes and signal transduction Cell 64 281-
302.

Cartwright, C.A., W. Eckhart, S. Simon, and P.L.. Kaplan. 1987 Ccll
transformation by pp60¢-st mutated in the carboxy-terminal regulatory domain Cell 49: 83-
91.

Casnellie, J.E., M.L. Harrison, K.E. Hellstrom, and E.]J. Krebs, 1983 A
lymphoma cell line expressing elevated levels of tytosine phosphorylation J. Biol Chem.
258: 10738-10742.

Cenciarelli, C., R.J. Hohman, T.P. Atkinson, F. Gusovsky, and A.M.
Weissman. 1992, Evidence for GTP-binding protein involvement i the tyrosine
phosphorylation of the T-cell receptor { chain. J. Biol. Chem 267 14527-1453()

38



Chalupny, N.J., J.A. Ledbe:'er, and P. Kavathas. 1991. Association of CD8
with p56lck is required for early T cell signalling events. EMBO J. §: 1201-1207.

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

Chenevert, J., K. Corrado, A. Bender, J. Pringle, and I. Herskowitz. 1992,
A yeast gene ( BEMI) necessary for cell polarization whose product contains two SH3
domains. Nature (London) 356: 77-79.

Cheng, S.H., P.C. Espino, J. Marshall, R. Harvey, J. Merrill, and A.E.
Smith. 1991. Structural elements that regulate ppS9c-fyn catalytic activity, transforming
potential, and abihty to associate with polyomavirus middle-T antigen. J. Virol. 65: 170-
179.

Chow, L.M.L.., M.J.H. Ratcliffe, and A.Veillette. 1992. ¢k/ is the avian
homolog of the mammalian /lck tyrosine protein kinase gene. Mol. Cell. Biol. 12: 1226-
1233

Cicchetti, P., B.J. Mayer. G. Thiel, and D. Baltimore. 1992. Identification of a
protein that binds to the SH3 region of Abl and 1s similar to Ber and GAP-rho. Science
257 803-806

Clark, S. G., M.J. Stern, and H.R. Horvitz, 1992. C eiegans cell-signalling
gene sem-5 encodes a protein with SH2 and SH3 domains. Nature (London) 356: 340-
344

Cooke, M.P., K.M. Abraham, K.A. Forbush, and R.M. Perlmutter. 1991.
Regulation of T cell receptor signaling by a sre family protein-tyrosine kinase (pS9fyn).
Cell 65: 281-291

Cooke, M.P., and R.M. Perlmutter. 1989. Expression of a novel form of the fyn
proto-oncogene 1n hematopoietic cells. N Biologist 1: 66-74,

Cooper, J.A. 1990. The sr¢ family of tyrosine-protein kinases. pp85-113. In
B.E.Kemps (ed ), Peptides and protein phosphorylation. CRC Press, Boca Raton, Florida.

Daniclan, S., R. Fagard, A. Alcover, O. Acuto, and S. Fischer. 1989. The
lymphocyte-spectfic protein tyrosine kinase p56!ck is hyperphosphorylated on serine and
tyrosine residues within minutes after activation via T cell receptor or CD2. Eur. J.
Immunol 19- 2183-2189

Daniclan, S., R. Fagard, A. Alcover, O. Acuto, and S. Fischer. 1991. The
tyrosine kinase activity of p56ick is increased in human T cells activated via CD2. Eur. J.
Immunol. 21: 1967-1970.

39



Davidson, D., L.M.L. Chow, M. Fournel, and A. Veillette. 1992 Ixfferential
regulation of T-cell antigen responsiveness by isoforms of the sre-related tyrosine protein
kinase pS9fyn. J. Exp. Med. 175: 1483-1492

Davis, S., M.L. Lu, S.H. Lo. S. Lin, J.A. Butler, B.J. Druker, T.M.
Roberts, Q.An, and L.B. Chen. 1991. Presence of an SH2 domamn i the actin-
binding protein tensin. Science 282 712-715

Deans, J.P., S.B. Kanner, R.M. Torres, and J.A. Ledbetter. 1992, Interaction
of CD4:Ick with the T cell receptor/CD3 complex induces early signaling events in the
absence of CD45 tyrosine phosphatase. Eur. J, Immunol. 22. 661-668

Desai, D.M., M.E. Newton, T. Kadlecek, and A. Weiss. 1990 Stimulition of
the phosphatidyl-inositol pathway can induce T-cell activation Nature (London) 348 66-
9.

Dianzani, U.,, A. Shaw, B.K. Al-Ramadi, R.T. Kubo, and C.A. Janaway.
1992. Physical association of CD4 with the T cell receptor 1 Immunol 148 678-688

Drubin, D.G., J. Mulholland, Z. Zhu, and D. Botstein. 1990 Homology of a
yeast actin-binding protein to signal transduction protemns and myvosm-1 Nature (london)
343: 288-290.

Ellis, C., X.Liu, D. Anderson, N.Abraham, A. Veillette, and T. Pawson.
1991. Tyrosine phosphorylation of GAP and GAP-associated proteins in lymphod and
fibroblast cells expressing lck. Oncogene 6: 895-901,

Emori, Y., Y. Homma, H. Sorimachi, H. Kawasaki, . Nakanishi, K.
Susuki, and T. Takenawa. 1989 A sccond type of rat phosphomositude-specitic
phospholipase C containing a src-related sequence not essential tor phosphomositide-
hydrolysing activity. J Biol. Chem. 264. 21885-21890

Escobedo, J.A., S. Navankasattusas, W.M. Kavanaugh, D. Milfay,
V.A.Fried, and L.T. Williams. 1991. ¢cDNA cloning of a novel 85 kd protemn that has
SH2 domains and regulates binding of PI3-kinase to the PDGE B -receptor Cell 65, 75
82.

Fu, X.-Y. 1992. A transcription factor with SH2 and SH3 domamns s dinectly activated
by an interferon alpha-induced cytoplasmic protemn tyrosine kinase(s) Cell 7). 323-335

Fukui, Y., and H. Hanafusa. 1989. Phosphatidylinositol kinase activity assocrates
with viral p60-r¢ protein. Mol. Cell Brol. 9° 1651-1658

Fukui, Y., and H. Hanafusa. 1991. Requirement of phosphatidylinositol 3 kinase
modification for its association with pp60se Mol Cell Biol 11 1972-1979

Fukui, Y., M.C. O'Brien, and H. Hanafusa. 199! Declctions in the SH2 domain
of p60v-stc prevent association with the detergent-insoluble cellular matrix Mol Ceil.
Biol. 11: 1207-1213

40)



Garcia-Morales, P., Y. Minami, E. Luong, R.D. Klausner, and L.E.
Samelson. 1990 Tyrosine phosphorylation in T cells is regulated by phosphatase
acuvnty. Studies with phenyl arsine oxide Proc. Natl. Acad. Sci. USA 87: 9255-9259.

Garvin, AM., S. Pawar, J.D. Marth, and R.M. perlmutter. 1988. Structure of
the murine ek gene and its rearrangement in a murine lymphoma cell line. Mol. Cell. Biol.
8. 3058-30064

Gassmann, M., M. Guttinger, K.E. Amrein, and P. Burn. 1992. Protein
tyrosine kinase p5S9fyn 1s associated with the T cell receptor-CD3 complex in functional
human tymphocytes Eur J Immunol 22: 283-286.

Hatakevama, M., T. Kono, N. Kobayashi, A. Kawahara, S.D. Levin, R.M.
Perlmutter, and T. Taniguchi. 1991. Interaction of the IL-2 receptor with the sre-
fanmuly kinase pS6lek idenufication of novel mtermolecular association. Science 252: 1523-

1528

Haughn, I.., S. Gratton, L.Caron, R.P. Sekaly, A. Veillette, and M.
Julius. 1992 Association of tyrosine kinase pS6lck with CD4 inhibits the induction of
growth through the off T-cell receptor. Nature (London) 358: 328-331.

Hirai, H., and H.E. Varmus. 1990. Site-directed mutagenesis of the SH2- and SH3-
coding domauns of ¢-sre produces varied phenotypes, including oncogenic activation of
p60c e Mol Cell Brol 10 1307-1318

He, Q., A.D. Bevers, A.N. Barclay, and A.F. Williams. 1988. A role in
transmembrane signaling for the cytoplasmic domain of the CD2 T lymphocyte surface
antigen Cell 54 979-984

Horak, 1.D., R.E. Gress, P.J. Lucas, E.M. Horak, T.A. Waldmann, and
J.B. Bolen. 1991 T-lymphocyte interleukin 2-dependent tyrosine protein kinase signal
transduction involves the activation of p56lck Proc. Natl Acad. Sci. USA 88: 1996-2000.

Hsi, E.D., J.N. Siegel, Y. Minami, E.T. Luong, R.D. Klausner, and L.E.
Samelson. 1989 T cell activaton induces rapid tyrosine phosphorylation of a limited
number of cellutar substrates ' J Biol Chem 264: 10836-10842.

Huang, C.-C., C. Hammond. and J.M. Bishop. 1985. Nucleotide sequence and
topography of chicken ¢-fps Ger evs of a retroviral oncogene encoding a tyrosine-specific
protemn himase I Mol Biol 181 175-186

Hunter, T., and J.A. Cooper. 1985 Protein-tyrosine kinases. Ann, Rev. Biochem.
54 897-930

Hurley, T.R., and B.M. Sefton. 1989 Analysis of the activity and phosphorylation
of the Ik protem m lymphod cells Oncogene 4: 265-272.

Irving, B.A., and A. Weiss. 1991, The cytoplasmic domain of the T cell receptor ¢
chain s sutticient to couple to receptor-associated signal transduction pathways. Cell 64:
891-901

4]



Izquierdo, M., J. Downward, J.D. Graves, and D.A. Cantrell. 1992, Role of
protein kinase C in T-cell antigen receptor regulation of p21rs, evidence that two p2 [
regulatory pathways coexist in T cells. Mol. Cell. Biol. 12: 3305-3312

Janeway, C.A. 1991. The co-receptor function of CD4 Sem Immunol. 3- 153-160.

Julius, M.; K. Newell, C. Maroun, and L. Haughn. 1991, Functional
consequences of CD4-TCR/CD3 interactions. Sem. Immunol. 3 161-166.

June, C.H., M.C. Fletcher, J.A. Ledbetter, G.L. Schieven, J.N. Siegel,
A.F. Phillips, and L.E. Samelson. 1990. Inhibition of tyrosine phosphorylation
prevents T-cell receptor-mediated signal transduction. Proc. Natl. Acad. Sci. USA 87,
7722-7726.

Jung, G., E.D. Korn, and J.A. Hammer. 1987 The heavy chain of Acantharmocba
myosin 1B is a fusion of myosin-like and non-myosin-like sequences Proce. Natl Acad.
Sci. Usa 84: 6720-6724

Kanner, S.B., A.B. Reynolds, II.R. Wang, R.R. Vines, and J.T. Parsons.
1991. The SH2 and SH3 domains of pp60sre direct stable assocration with tyrosine
phosphorylated proteins p130 and p110. EMBO J. 16: 1689-1698

Kappes, D. J., and S. Tonegawa. 1991, Surface expression of alternative forms ol
the TCR/CD3 complex. Proc. Natl. Acad Sci USA 88: 10619-10623,

Katagiri, T., K. Urakawa, Y. Yamanashi, K. Semba, T. Takahashi, K.
Toyoshima, T. Yamamoto, and K. Kano. 1989 Ovcrexpression of sre tamily gene
for tyrosine-kinase pS59fyn in CD4- CDS§- T cells of mice with a lymphoprohferative
disorder. Proc, Natl Acad. Sci USA 86- 10064-10068.

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

Kilausner, R.D., and L.E. Samelson. 1991 T ccll antigen receptor activation
pathways: the tyrosine kinase connection. Cell 64. 875-878

Kmiecik, T.E., and D. Shalloway. 1987 Activation and suppression of pp6QOc-sre
transforming ability by mutation of its primary sites of tyrosine phosphorylation Cell 49:
65-73.

Koch, C.A., D. Anderson, M.F. Moran, C. Elis, and T. Pawson. 1991,
SH2 and SH3 domains: elements that control mteractions of cytoplasnic signaling proteins,
Science 252: 668-674.

Koning, F., W.L. Maloy, and J.E. Coligan. 1990. The implication of subunit
interactions for the structure of the T cell receptor-CD3 complex. Eur | Immunol 200 299-
305.

Koretzky, G.A., J. Picus, T. Schultz, and A. Weiss. 1991. Tyrosine
phosphatase CD435 is required for T-cell antigen receptor and CD2-mediated activation of a

42



protein tyrosine kinase and interleukin-2 production. Proc. Natl. Acad. Sci. USA 88: 2037-
2041.

Koretzky, G.A., J. Picus, M.L. Thomas, and A. Weiss. 1990. Tyrosine
phophatase CI)45 is essential for coupling T-cell antigen receptor to the phosphatidyl
mositol pathway Nature (London) 346: 66-68

Koster, A., S. Landgraf, A. Leipold, R. Sachse, E. Gebhart, A.H.
Tulusan, G.Ronay, C. Schmidt, and T. Dingermann. 1991. Expression of
oncogenes in human breast cancer specimens. Anticancer Res. 11: 193-201.

Krebs, E.G., and J.A. Beavo. 1979. Phosphorylation-dephosphorylation of
enzymes. Ann. Rev. Biochem. 48: 923-959.

Kypta, R.M., Y. Goldberg, E.T. Ulug, and S.A. Courtneidge. 1990.
Association between the PDGF receptor and members of the src family of tyrosine kinases.

Cell 62: 481-492

Ledbetter, J.A., L.E. Gentry, C.H. June, P.S. Rabinovitch, and A.F.
Purchio. 1987. Stimulation of T ceils through the CD3/T-cell Receptor complex: Role of
cytoplasmic calctum, protemn kinase C translocaticn, and phosphorylation of pp6Qc¢-src in the
activation pathway Mol. Cell Biol. 7- 650-656.

Lehman, J.M., G. Rietmuller, and J.P. Johwmson. 1990. Nck, a melanoma cDNA
encoding a cytoplasmic protein consisting of the src hommology units SH2 and SH3. Nuc.
Acids Res 18 1048

Leto, T.L.,, K.J. Lomax, B.D. Volpp, H. Nunoi, J.M.G. Sechler, WM.
Nauseef, R.A. Clark, J.I. Gallin, and H.L. Malech. 1990. Cloning of a 67-kD
neutrophil oxidase factor with similarity to a4 non-catalytic region of p6Qc-sre. Science 248:
727-730

Letourneur, F., and R.D. Klausner. 1991. T-cell and basophil activation through
the cytoplasmic tal of T-cell-receptor ¢ family proteins. Proc. Natl. Acad. Sci. USA 88:
8905-8909.

Leung, S., and N.G. Miyamoto. 1991. Differential expression of two classes of Ick
transcripts upon phorbol ester treatment of human leukemic T cells. J. Cell. Physiol. 148:
344-352

Lomax, K.J., T.L. Leto, H. Nunoi, J.I. Gallin, and H.L. Malech. 1989.
Recombimant 47-kilodalton cytosol factor restores NADPH oxidase in chronic
granufomatous disease. Science 245: 409-412,

Lowenstein, E.J., R.J. Daly, A.G. Batzer, W. Li, B. Margolis, R.
Lammers, A. Ullrich, E.Y. Skolnik, D. Bar-Sagi, and J. Schlessinger.
1992 The SH2 and SH3 domam-containing protein GRB2 links receptor tyrosine kinases
to tas signaling. Cell 700 431-442,

Luo, K., and B. Sefton. 1990. Cross-linking of T cell surface molecules CD4 and
CD8 stimulates phosphorylation of the /lck tyrosine protein kinase at the

43




autophosphorylation site. Mol. Cell. Biol. 10: 5305-5313.

Mano, H., F. Ishikawa, J. Nishida, H. Hirai, and F. Takaku. 1990. A novel
protein-tyrosine kinase, tec, is preferentially expressed in liver. Oncogene §- 1781-1786.

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(L.ondon) 356. 71-74

Marth  J.D.,, J.A. Cooper, C.S. King, S.F. Ziegler, D.A.Tinker, R.W,
Overell, E.G. Krebs, and R.M. Perlmutter. 1988a. Neoplastic transformation
induced by an activated lymphocyte-specific protein tyrosine kinase (ppS61h)y Mol. Cell.
Biol. 8: 540-550.

Marth, J.D., C. Disteche, D. Pravtcheva, F. Ruddle, E.G. Krebs, and
R.M. Perlmutter. 1986. Localization of a lymphocyte-specific protein tyrosine kinase
gene (Ick) at a site of frequent chromosomal abnormalitics in human lymphomas Proc
Natl. Acad. Sci USA 83: 7400-7404.

Marth, J.D., D.B. Lewis, M.P.Cooke, E.D. Mellins, M.E. Gearn, L.E.
Samelson, C.B. Wilson, A.D. Miller, and R.M. Perimutter. 1989,
Lymphocyte activation provokes modification of a lymphocyte-spectfic protein tyrosine
kinase (p56ich). J.Immunol. 142: 243()-2437.

Marth, J.D., R.W. Overell;, K.E. Meier, E.G. Krebs, and R.M.
Perlmutter.1988b. Translational activation of the lck proto-oncogene Nature (FLondon)
332: 171-173.

Marth, J.D., R. Pecet, E.G. Krebs, and R.M. Perimutter. 1985. A lymphocyte-
specific protein tyrosine kinase gene is rearranged and overexpressed i the murine T eell
lymphoma LSTRA. Cell 43: 393-404.

Marvel, J., G. Rimon, P. Tatham, and S. Cockcroft. 1991 Evidence that the
CD45 phosphatase regulates the activity of the phospholipase Cin mouse T lymphocytes
Eur. J. Immunol. 21: 195-201.

Matsuda, M., B.J. Mayer, and H. Hanafusa. 1991 Identification of domains of
the v-crk oncogene product sufficient for association with phosphotyrosie contamning,
proteins. Mol Cell. Biol 11: 1607-1613

Mc Caffrey, ., F.J. Clay, K. Kelsay, and G.F. Sprague. 1987 Idenuficauon
and regulation of a gene required for cell fusion durtng mating of the yeast S Cerevisiae
Mol. Cell. Biol. 7: 2680-2690.

Miceli, C.M., and J.R. Parnes. 1991. The roles of CD4 and CDE in T-cell
activation. Sem. Immunol. 3: 133-14]

Miceli, M.C., P. von Hoegen, and J.R. Parnes. 1991 Adhesion versus

coreceptor function of CD4 and CD8 role of the cytoplasmic tal in coreceptor activity
Proc. Natl. Acad. Sci. USA 88 2623-2627

44



Mills, G.B., C. May, M. McGill, M. Fung, M. Baker, R. Sutherland, and
W.C. Greene. 1990 Interleukin 2-induced tyrosine phosphorylation. J. Biol. Chem.

265: 3561-3567.

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 p56ick. Nature (London) 357: 161-164.

Moran, M.F., C.A. Koch, D. Anderson, C. Ellis, L. England, G.S.
Martin, and T. Pawson. 1990. Src homology region 2 domains direct protein-protein
interactions in signal transduction. Proc. Natl. Acad. Sci. USA 87: 8622-8626.

Morrison, D.K., D.R. Kaplan, S.G. Rhee, and L.T. Williams. 1990. Platelet-
" rived growth factor (PDGF)-dependent association of phospholipase C-gamma with the
PDGI receptor signaling complex. Mol. Cell. Biol. 10: 2359-2366.

Mustelin, T., K.M. Coggeshall, N. Isakov, and A. Altman. 1990. T cell
antigen receptor-mediated activation of phospholipase C requires tyrosine phosphorylation.
Science 247, 1584-15K87

Nada, S., M. Okada, A. MacAuley, J.A. Cooper, and H. Nakagawa. 1991.
Cloning of a complementary DNA for a protein-tyrosine kinase that specifically
phosphorylates a negative regulatory site of p60c-sre Nature (London) 351: 69-72.

Nishibe, S., M.I. Wahl, S.M.T. Hernandez-Sotomayor, N.K. Tonks, S.G.
Rhee, and G. Carpenter. 1990 Increase of the catalytic activity of phospholipase C-y1
by tyrosine phosphorylation Science 250: 1253-1256.

O'Brien, M.C., Y. Fukui, and H. Hanafusa. 1990 Activation of the proto-
oncogene po(k w1« by point mutations 1n the SH2 domain. Mol. Cell. Biol. 10: 2855-2862.

Ohmura, T., A. Sakata, and K. Onoue. 1992. A 68-kD GTP-binding protein
assoctated with the T-cell receptor complex. J. Exp Med. 176 887-891.

Okada, M., S. Nada, Y. Yamanashi, T. Yamamoto. and H. Na.agawa.
1991 CSK: a protem-tyrosine kinase involved in regulation of src¢ family kinases. J. Biol.
Chem 266 24249-24252

Okada, M., and H. Nakagawa. 1988. Protein tyrosine kinase in rat brain: Neonatal
rat bram expresses two types of pp60c¢ sre and a novel protein tyrosine kinase. J. Biochem.
104. 297-305

Okada, M., and Il. Nakagawa. 1989. A protemn tyrosine kinase involved in the
regulaton of - pp60c e function J Biol. Chem. 264: 20886-20893.

Orloff, D.G., C. Ra, S.J. Frank, R.D. Klausner, and J.-P. Kinet. 1990.
Family of disulphide-linked dimers containing the £ and n chains of the T-cell receptor and
the y chamn of Fe receptors Nature (London) 347: 189-191.




Ostergaard, H.L., D. A. Shackelford, T.R. Hurley, P. Johnson, R.
Hyman, B.M. Sefton, and LS. Trowbridge. 1989. Expression of CDJ4S alters
phosphorylation of the /ck-encoded tyrosine protein kinase in murine lvmphoma T-cell
lines. Proc. Natl. Acad. Sci. USA 86: 8959-80623.

Otsu, M., 1. Hiles, 1. Gout, M.]J. Fry, F. Riuz-Larrea, G. Panayotou, A.
Thompson, R. Dhand, J. Hsuan, N. Totty, A.D. Smith, S.J. Morgan, S.A.
Courtneidge, P.J. Parker, and M.D. Waterfield. 1991. Characternization of two 85
kd proteins that associate with receptor tyrosine kinases, nuddle-"T/ppo0¢ ste complenes,
and PI3-kinase. Cell 65: 91-104.

Overduin, M., C.B. Rios, B.J. Mayer, D. Baltimore, and D. Cowburn.
1992. Three-dimensional solution structure of the src homology 2 domain of ¢-abl. Cell
70: 697-704.

Park, D.J., Y.W. Rho, and S.G. Rhee. 1991 CD3 sumulatton causes
phosphorylation of phospholipase C on serine and tyrostne residues i a human T-cell hne,
Proc. Natl. Acad. Sci. USA 88 5453-5456

Parnes, J.R., P. von Hoegen, M.C. Miceli, and R. Zamoysha. 1989 Role of
CD4 and CDS8 in enhancing T-cell responses to antigen C S H Symposia on Quantitative
Biolog; Vol.L1V pp.649-655.

Partanen, J., E. Armstrong, M. Bergman, T. P. Makela, H. Hirnoven, K.
Huebner, and K. Alitalo. 1991. ¢y/ encodes a putative cytoplasmic tytosine kinase

lacking the conserved tyrosine autophosphorylation site (Y4164¢) Oncogene 6 201 3-
2018.

Patel, M.D., L.E. Samelson, and R.D. Klausner. 1987 Muluple kimnases and
signal transduction. Phosphorylation of the T cell antigen receptor complex 1 Biol Chem
262: 5831-5838.

Pawson, T. 1988. Non-catalytic domains of cytoplasmic protein-tyrosine kinases:
regulatory elements in signal transduction. Oncogene 3: 491-495

Perlmutter, R.M. 1990 Translational regulation of the lymphocyte-specific protein
tyrosine kinase p56ick. Enzyme 44 214-224

Perlmutter, R.M., J.D. Marth, D.B. Lewis, R. Pecet, S.F. Ziegler, and
C.B. Wilson. 1988. Structure and expression of fck transciipts in human lymphoid cells
J. Cell. Biochem 38 117-126

Peter, M.E., C. Hall, A. Ruhlmann, J. Sancho, and C. Terhorst. 1992 The 't
cell receptor £ chain contains a GTP/GDP binding site EMBOJ 11- 933 941

Pingel, J.T., and M.L. Thomas. 19%89. Evidence that the leucocyte common antigen
1s required for antigen-induced T lymphocyte proliferation. Cell 58 1055- 1065

Piwnica-Worms, H., K.B. Saunders, T.M. Roberts, A.E. Smith, and S.H.
Cheng. 1987. Tyrosine phosphorylation regulates the biochemical and biological
properties of pp60c-sre, Cell 49. 75-82

46



Plutzky, J., B.G. Neel, and R.B. Rosenberg. 1992, Isolation of a src homology
2-containing tyrosine phosphatase Proc. Natl Acad. Sci. USA 89: 1123-1127.

Rayter, S.I., J.C. Bell, M.J. Fry, and J.G. Foulkes. 1987. Oncogene function
and mechanism of action New avenues in Dev. Cancer Chemotherapy chap. 22, pp. 421-

451.

Resh, M.D. 1990. Membrane interactions of pp60v-src: a model for myristylated tyrosine
protein kinases Oncogene 5: 1437-1444.

Reynolds, P.J., J. Lesley, J.Trotter, R.Schulte, R. Hyman, and B.M.
Sefton. 1990. Changes in the relative abundance of type 1 and type II Ick mRNA
transcripts suggest differential promoter usage during T-cell development. 1990 Mol. Cell.
Biol. 10 4266-4270

Ridley, A.J)., and A. Hall. 1992. The small GTP-binding protein rho regulates the
assembly of focal adhestons and actin stress fibers in response to growth factors. Cell 70:

389-399

Rotin, D., B. Margolis, M. Mohammadi, R.J. Daly, G. Daum, N. Li, E.H.
Fisher, W,H, Burgess, A. Ullrich, and J. Schlessinger. 1992. SH2 domains
prevent tyrosine dephosphorylation of the EGF receptor: 1dentification of tyr 992 as the
high-affinity binding site for the SH2 domains of phospholipase C-y. EMBO J. 11: 559-

567

Roussel, R.R., S.R. Brodeur, D. Shalloway, and A.P.Laudano. 1991.
Selective binding of activated pp60¢-r by an immobilized synthetic phosphopeptide
modeled on the carboxyl terminus of pp60«-sre. Proc. Natl. Acad. Sci. USA 88: 10696-
10700

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

5194

Ruff, P., D.W. Speicher, and A. Husain-Chishti. 1991, Moiecular identification
of a major palmrtoylated erythrocyte membrane protein containing the src homology 3
motif Proc Natl Acad Sci USA 88 6595-6599.

Sabe, H., B. Knudsen, M. Okada, S. Nada, H. Nakagawa, and H.
Hanafusa. 1992. Molecular cloning and expression of chicken c-terminal Src kinase: lack
of stable association with ¢-Sre protein. Proc. Natl. Acad. Sci. USA 89: 2190-2194.

Samelson, L.E., W.F. Davidson, H.C. Morse, and R.D. Klausner. 1986a.
Abnormal tytosie phosphorylation on T-cell receptor in lymphoproliferative disorders.
Nature (London) 324 674-676.

Samelson, L.E., J.B. Harford, and R.D. Klausner. 1985. Identification of the
components of the murine T cell antigen receptor complex. Cell 43+ 223-231.

47




Samelson, L.E., J.J. O'Shea, H Luong, P. Ross, K.B. Urdahl, R.D.
Klausner, and J. Bluestone. 1987. T cell antigen receptor phosphorylation induced
by an anti-receptor antibody. J Immunol. 139. 2708-2714

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

Samelson, L.E., A.F. Phillips, E.T. Luong, and R.D. Klausner. [991.
Association of the fyn tyrosine-protemn kinase with the T cell antigen receptor Proce. Natl.
Acad. Sci. USA 87: 4358-4362.

Sartor, 0., F.S. Gregory, N. Smyth Templeton, S. Pawar, R.M.
Perlmutter, and N. Rosen. 1989. Selective expression of alteinatve Ik mRNAs 1n
human malignant cell lines Mol. Cell. Biol. 9: 2983-2988.

Schraven, B., H. Kirchgessner, B. Gaber, Y. Samstag, and S. Mecuer.
1991. A functional complex 15 formed 1n human T lymphocytes between the protein
tyrosine kinase p5S61ck and pp32, a possible common substrate. Eur J Immunol. 21+ 2469-
2477.

Secrist, J.P., L. Karnitz, and R.T. Abraham. 1991 T-cell antigen receptor
ligation induces tyrosine phosphorylation of phospholipase C-y 1. J Biol. Chem. 266 .
12135-12139

Sefton, B.M. 1991 The Ick tyrosine protein kinase. Oncogene 6° 68 3-086

Seidel-Dugan, C., B.E. Meyer, S.M. Thomas, and J.S. Brugge. 1992
Effects of SH2 and SH3 deletions on the functional activities of wild-type and transfornung
variants of ¢c-Src. Mol. Cell. Biol 12: 1835-1845

Shaw, A.S., K.E. Amrein, C. Hammond, D.F. Stern, B.M. Sefton, and
J.K. Rose. 1989. The Ick tyrosmne protein kinase interacts with the cytoplasmic tad of the
CD4 glycoproten through 1ts unique anmno-ternunal domam Cell 59 627-636

Shaw, A.S., J. Chalupny, J.A. Whitney, C. Hammond, K.E. Amrein, P.
Kavathas, B.M. Sefton, and J.K. Rose. 1990. Short rclated sequences i the
cytoplasmic domains of CD4 and CD8& mediate binding to the ammo ternumal domaun of the
pS6ick tyrosine protein kinase Mol Cell, Biol 10, 1853-1862

Shears, S.B. 1991. Structural and functuonal interrelationship of the intracellular receptor
for inositol (1,4,5) trisphosphate Cancer cells 3. 97-99.

Shen, S.-H., L. Bastien, B.I. Posner, and P. Chrefien. 1991 A protemn-
tyrosine phosphatase with sequence similarity to the SH2 domain of the protein-tyrosine
kinases. Nature (LLondon) 352: 736-739

Shtivelman, E., B. Lifshitz, R.P. Gale, B.A. Roe, and E. Canaani. 1986.

Alternative splicing of RNAS transeribed from the human abl gene and from the her-abl
fused gene. Cell 47: 277-284.

48



Siegel, J.N., R.D. Kilausner, U.R. Rapp, and L.E. Samelson. 1990. T cell
antigen receptor engagement stimulates c-raf phosphorylation and induces c-raf-associated
kinase actuvity via a protein kinase C-dependant pathway. J. Biol. Chem. 265: 18472-
18480).

Silberman, S.L., S.J. Goldman, D.G. Mitchell, A.T. Tong, Y. Rosenstein,
D.C. Diamond, R.W. Finberg, S.L. Schreiber, and S.J. Burakoff. 1991 The
interactions of CD4 with the HIV-1 gp120. Sem. Immunol. 3: 187-192.

Simpson, S.C., J.B. Bolen, and A. Veillette. 1989. CD4 and p56ick can stably
associate when co-expressed in NIH 37T3 cells. Oncogene 4: 1141-1143.

Stahl, M.L.., C.R. Ferenz, K.L.. Kelleher, R.W, Kriz, and J.L. Knopf.
1988 Scquence sumilanty of phospholipase C with the non-catalytic region of src. Nature
(lL,ondon) 332 269-272

Stanley, J.B., R. Gorczynski, C.-K. Huang, L. Love, and G.B. Mills.
1990 Tyrosme phosphorylation 1s an obligatory event in IL-2 secretion. J. Immunol. 145:
2189-2198

Stefanova, 1., V. Horgjsi, 1.J. Ansotegui, W. Knapp, and H. Stockinger.
1991. GPI-anchored cell-surface molecules complexed to protein tyrosine kinases. Science
254: 1016-1019

Suh, P.-G., S.I1. Ryu, K.H. Moon, HW. Suh, and S.G. Rhee. 1988.
Inositol phospholipid-specific phospholipase C: Complete protein sequences and sequence
homology to tytosie kinase-related oncogene products. Proc. Natl. Acad. Sci. USA 85:
5419-5423

Takadera, T., S. Leung, A. Gernone, Y. Koga, Y. Takihara, N.G.
Miyamoto, and T.W. Mak. 1989 Structure of the two promoters of the human Ick
gene Ditferenval accumulation of two classes of /ck transcripts in T cells. Mol. Cell. Biol.
9 2173-2180

Takeya, T., and . Hanafusa. 1983. Structure and sequence of the cellular gene
homologous to the RSV and the mechanisni for generating the transforming virus. Cell 32:
88 1-890,

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

Thomas, J.E., P. Soriano, and J.S. Brugge. 1991. Phosphorylation of c¢-src on
tytosine 527 by another protein tyrosine kinase. Science. 254- 568-571.

Thomas, M.I.. 1989 The leukocyte common antigen fanuly. Ann. Rev. Immunol. 7:
130-36Y

49



Thomas, P.M., and L.E. Samelson. 1992. The glycophosphatidylinositol-anchored

thy-1 molecule interacts with the p60fyn protein tyrosine kinase T cells. J. Biol, Chem.
267: 12317-12322.

Tonks, N.K., and H. Charbonneau. 1989. Protein tyrosine dephosphorylation and
signal transduction. T.L.B.S. 14: 497-5(X).

Trahey, M., G. Wong, R. Halenbeck, B. Rubinfeld, G.A. Martin, M.
Ladner, C.M. Long, W.J. Crosier, K. Watt, K. Koths, and F. Mc
Cormick. 1988 Molecular cloming of two types of GAP complementary DNA from
human placenta. Science 242 1697-17(X).

Trevillyan, J.M., Y. Lu, D. Atluru, C.A. Phillips, and J.M. Bjorndahl.
1990. Differential inhibition of T cell receptor activation events by a selective mhibitor of
protein-tyrosine kinase. J. Immunol 145: 3223-323(.

Truehart, J., J.D. Boek, and G.R. Fink. [987. Two genes required tor cell fusion
during yeast conjugation: evidence for a pheromone-induced surtace protein. Mol Cell

Biol. 7: 2316-2328.

Turner, J.M., M.H. Brodsky, B.A. Irving, S.D. Levin, R.M. Perlmutter,
and D.R. Littman. 1990. Interaction of the unigque N-terminal region of tytosine kinase
pS6ick with cytoplasmic domains of CD4 and CDR is mediated by cysteine mouts Cell 60.
755-765.

Tycko, B., S.D. Smith, and J. Sklar. 1991. Chromosomal translocations joining
Ick and TCR B loci in human T cell leukemia. J. Exp. Med 174 867 873

Veillette, A., N. Abraham, L. Caron, and D. Davidson. 1991 The lymphocyte-
spectfic tyrosine protein kinase pS6ick Sem Immunol 3+ 143-152

Veillette, A., and J.B. Bolen. 1989 Src-related protem tyrosine kinases pp 121-142
In Oncogenes, ed. Christopher Bens and Ed Liu Kluwer Academic Publishers, Norwell,
Mass.

Veillette, A., J.B. Bolen, and M.A. Bookman. 19894 Alicratons n tyrosine
protein phosphorylation induced by antibody-mediated cross-linking of the D4 receptor
on T-lymphocytes. Mol. Cell. Biol. 9: 4441-4446.

Veillette, A., M.A. Bookman, E.M. Horak, and J.B. Bolen. 1988 The (D4
and CD8 T cell surface antigens are assoctated with the mternal membrane tyrosine-protein
kinase pS6ick. Cell §5- 301-308.

Veillette, A., M.A. Bookman, E.A. Horak, L.E. Samelson, and J.B.
Bolen. 1989b Signal transduction through the CD4 receptor imvolves the activation of the
internal membrane tyrosme-protem kinase pS6lek. Nature (London) 338 257 259

Veillette, A., L. Caron, M. Fournel, and T. Pawson. 1992 Rcgulanon of the

enzymatic function of the lymphocyte-spectfic tyrosme protemn kinase pS6l<k hy the non-
catalytic SH2 and SH3 domains Oncogene 7 971-9%0)

50



Veillette, A., and D. Davidson. 1992, Src-related protein tyrosine kinases and T-cell
receptor signalhng Trends Genet. 8: 61-66.

Veillette, A., F.M. Foss, E.A. Sausville, J.B. Bolen, and N. Rosen. 1987.
Expression of the Ick tyrosine kinase gene in human colon carcinoma and other non-
lymphoid human tumor cell lines. Oncogene Res. 1: 357-374.

Veillette, A., and M. Fournel, 1990. The CD4 associated tyrosine protein kinase
p56lck 15 positively regulated through its site of autophosphorylation. Oncogene §: 1455-
1462

Veillette, A., 1.D. Horak, and J.B. Bolen. 1988b. Post-translational alterations of
the tyrosine kinase pS61ck in response to activators of protein kinase C. Oncogene Res. 2:
385-401.

Veillette, A., LD. Horak, E.M. Horak, M.A. Bookman, and J.B. Bolen.
1988¢. Alteranons of the lymphocyte-specific protein tyrosine kinase (p561ck) during T-cell
activation Mol Cell Biol. 8: 4353-4361

Veillette, A., and M_J.H. Ratcliffe. 1991. Avian CD4 and CD8 interact with a
cellular tyrostne protemn kinase homologous to mammalian p561ck Eur. J. Immunol. 21:
397-401.

Veillette, A., B.P. Sleckman, S. Ratnofsky, J.B. Bolen, and S.J.
Burakoff. 1990 The cytoplasmic domam of CD4 is required for stable association with
the lymphocyte-specific tyrosine protein kinase pS6ick. Eur. J. Immunol. 20: 1397-1400.

Veillette, A., J.C. Zuniga-Pflucker, J.B. Bolen, and A.M. Kruisbeek.
1989¢ Engagement of CID4 and CDS8 expressed on immature thymocytes induces activation
of mtracellular tyrosine phosphorylation pathways. J. Exp. Med. 170: 1671-1680.

Vogel, U.S., R.AF. Dixon, M.D. Schaber, R.E. Diehl, M.S. Marshall,
E.M. Scolnick, LS. Sigal, and J.B. Gibbs. 1988. Cloning of bovine GAP and its

interaction with oncogenic p21res, Nature (London) 335: 90-93.

Volarevic, S., C.M. Burns, J.J. Sussman, and J.C. Ashwell. 1990. Intimate
assoctation of Thy-1 and the T-cell antigen receptor with the CD45 tyrosine phosphatase.
Proc Natl Acad Scr USA 87: 7085-7089

Volarevice, S., B.B. Niklinska, C.M. Burns, H. Yamada, C.H. June, F.J.
Dumont, and J.D. Ashwell. 1992, The CD45 tyrosine phosphatase regulates
phosphotytosine homeostasts and 1ts loss reveals a novel pattern of late T ccll receptor-
induced Ca2r oscillanons J Exp Med. 176: 835-844.

Voronova, A.F., H.T. Adier, and B.M. Sefton. 1987. Two Ick transcripts

contarming different " untranslated regions are present in T cells. Mol. Cell. Biol. 7: 4407-
4413

51



Voronova, A.F., J.E. Buss, T. Patchinsky, T. Hunter, and B.M. Sefton.
1984. Characterization of the protewn appareatly responsible for the clevated tyrosine
protein kinase activity in LSTRA cells. Mol Cell. Biol 4+ 2705-2713

Voronava, A.F., and B.M. Sefton. 1986. Expression of 4 new tyrosine protein
kinase is stimulated by retrovirus promoter msertion Natute (F.ondon) 319 682 685

Wages, D.S., J. Keefer, T.B. Rall, and M.J. Weber. 1992, Mutatons n the
SH3 domain of the sre oncogene which decrease assoctation of phosphatidylinositol 3
kinase activity with pp6O»-sre and alter cellular morphology. J Vol 66 1866-187.4,

Wasenius, V.-M., M. Saraste, P. Salven, M. Eramaa, l.. Holmand, and V.-
P. Lehto. 1989 Primary structure of the bran a-spectrin J Cell. Biol 108 79 03

Waskman, G., D. Kominos, S.C. Robertson, N. Pant, D. Baltimore, R.B.
Birge, D. Cowburn, H. Hanafusa, B.J. Mayer, M. Overduin, M.D. Resh,
C.B. Rios, L. Silverman, and J. Kurivan. 1992 Ciystal suucture ot the
phosphotyrosine recognition domain SH2 of v-sie complened  with
tyrosine-phosphorylated peptides. Nature (London) 358. 646-653

Weaver, C.T., J.T. Pingel, J.O.Nelson, and M.L. Thomas. 1991 CDH&' T-cell
clones deficient in the expression of the CD45 tyrosine protemn phosphatase have imparred
responses to T-cell receptor stimult Mol, Cell. Biol 11, 4415-4422

Wegener, A.-M. K., F. Letourneur, A. Hoeveler, Y. Brocker, F. Luton,
and B. Malissen. 1992. The T cell receptor/CD3 complen 1s composed of at least two
autonomous transduction modules. Cell 68. 83-95

Weiss, A., G. Koretzky, R.C. Schatzman, and T. Kadlecek. 1991 Functional
activation of the T-cell antigen receptor imducces tytosine phosphotylation of phosphohpase
C-v 1. Proc Natl. Acad. Sci1. USA 88: 5484-5488

Wendler, P.A., and F. Boschelli. 1989 Src homology 2 domain deletion mutants of
p60v-src do not phosphorylate cellular proteins of 120-150 kDa Oncogene 4 231 230

Wildin, R.S., A.M. Garvin, S. Pawar, D.B. Lewis, K.M. Abraham, K.A.
Forbush, S.F. Ziegler, J.M. Allen, and R.M. Perlmutter. 1991 Developmental
regulation of lck gene expression in T lymphocytes J. Exp Mced 173 383 193 195

Yi, T., J.L. Cleveland, and J.N. Thle. 1992 Piotein tyrosine phosphatase
containing SH2 domains: Chatacterization, preferential expression i hematoporetie cells,
and localization to human chromosome 12p12-p13 Mol Cell Biol 12 836 846

Zamoyska, R., P. Derham, S.D. Gorman, P. von Hoegen, J.B. Bolen, A.
Veillette, and J.R. Parnes. 1989 Inability of CDE alpha’ polypepudes to associate
with p56lck correlates with imparred function tn vitro and lack of expression in vivo Nature
(London) 342: 278-281

52



Chapter 2

Structural requirements for enhancement of T-cell responsiveness by the

lymphocyte-specific tyrosine protein kinase p36ick



ABSTRACT

To understand the mechanism(s) by which p56lck participates in T-cell receptor
(TCR) signalling, we have examined the effects of mutanons in known regulatory domans
of p36ick on the ability of F305 p36lck to enhance the responsiveness of an antigen speaific
murine T-cell hybridoma. A mutation of the amino-termunal site ot mynistylatnon (glyene
2), which prevents stable association of p56lck with the plasma membrane, completely
abolished the ability of F505 p36lck to enhance TCR-induced tyrosme protemn
phosphorylation. Alteration of the major site of in virro autophosphorylation, tyvrosine 304,
to phenylalanine diminished the enhancement of TCR-induced tvrosme protemn
phosphorylation by F305 p36lck. Such finding 15 consistent with the previous
demonstration that this site is required for full activation of p56lck by mutation of tyrosine
505. Strikingly, deletion of the non-catalytic Src Homology (SH) domain 2, but not the
SH3 domain, markedly reduced the mmprovement of TCR-induced tyrosine protein
phosphorylation by F305 Lck. Additonal studies revealed that all the mutauons tested,
including deienon of the SH3 regon. abrogated the enhancement of anngen-iniggered 1-2
production by F305 p36.+k, thus implving more smingent requirements tor augmentaion of
antigen responsiveness by F3035 Lek. Finally. 1t was also observed that expression of 14505
p36ick greatly increased TCR-induced tyrosine phosphorylaton of phospholipase € (PLC)-
y 1, raising the possibility that PLC-y 1 may be a substrate for p3olck in T-lvmphocytes
Our results indicate that p536lch regulates T-cell antigen receptor signallig through a

complex process requiring multiple distinct structural domauins of the protein.
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INTRODUCTION

Evidence 1s increasing that tyrosine prote:n phosphorylation plavs a critcal role in T-
lymphocvte acuvation (for reviews, see references 20 and 49). Indeed. tyrosine
phosphorylation of a limited number of partially characterized substrates occurs rapidly
after stmulation of the T-cell receptor (TCR) for antigen by either antigen/major
histocompaubility complex (MHC) or anti-TCR antibodies (17). This biochemical signal is
critical for T-lymphocyte activation. as supported by the finding that tyrosine-specific
prote:n kinase inhibitors (such as genistein or herbimycin A) prevent TCR-induced
phosphatudyl mositol (PD turnover, nise in intracellular calcium and lymphokine release
(18.30.40,43) As the TCR complex does not possess an intrinsic tyrosine protein kinase
activaty, 1t has been postulated that this process is mediated through the recruitment of
membrane-assoctated tyrosine protein kinases. |

The Sre family of internal membrane tyrosine protein kinases comprises eight well
charactenzed members named ¢-Sre. c-Fgr, c-Yes. Lek. Fyn. Hek. Lyn and Blk (for a
review, see reference 14) The members of this family have highly conserved structural
features including (from the amino-terminus to the carpoxy -terminus’: 1) an amino-terminal
glycme reswdue (glveme 23, which is required for myristyiation and membrane associagion:
21 aunique domain, which differs in sequence for each member of the famuly, therefore
potentally providing disnnguishing properues to these various products: 3) the Src
Homology 3 (SH3) domain, a mouf also found in a number of cytoskeletal constituants
such as fodrin and the veast acun binding protein, and presumed to mediate interactions
with the cvtoskeleton (for a review, see references 8 and 21); 4) the Src Homology 2
(SH2Y regron. which 1s addinonally present in several signal transducers and amplifiers
such as the v isoform of phospholipase C (PLC-y) and the GTPase-activating protein

(GAP) of p21ras, and which has been proposed to modulate enzyme-substrate interactions
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through its ability to bind phosphotyrosine-containing protens (for a review, sce references
8 and 21); 5) a prototypical catalytic domain, containing sites of ATP binding and i virro
autophosphorvlation and 6) the short carboxy-terminal regulatory domain, which
encompasses a conserved negative regulatory sue of in vivo tyrosine phosphory lation

The demonstration that the lymphocyte-specitic /ch gene product (25,53), pSolck, s
associated with and regulated by the CD4 and CDS8 T-cell surface antugens provided the
first strong evidence for the involvement of Src-related tyrosine protein hiases i normal 'T-
cell physiology (23,34,45-47; for reviews, see references 37 and 4-1) It has since become
progressively clear that the ability of CD4 and CD8 to enhance T-cell responsiveness to low
doses of antigen or sub-optimal antigen snmulation 15 largely mediated through iteractions
with p56lck (26). Lck may also be involved in other T-cell signalling pathways, as
suggested by descniptions of physical complexes between this polypepude and other T-cell
surface molecules like the B chain of the IL-2 receptor (16) and glvcophosphatdvlhinosttol
(GPI)-anchored molecules such as Thy-1 (41)

Direct indication of the role of p36ick in T-cell physiology was lent by experiments
in which a constitutively activated version of this tvrosine protein kinase [earrving
mutation of the negative regulatorv carboxy-termunal site of tyrosine phosphorylation,
tvrosine 505. to a non-phosphorylatable phenylalanine (F5035 p36kk)] was introduced ma
CD4-negative and CD8-negative, class II MHC-restricted. antigen-specific munine T-cel!
hvbridoma (BI-141) (1). These studies showed that expression of 11505 p36ik) but not
wild-type or kinase-deficient Lck polypeptides. signiticantly enhanced T-cell
responsiveness, as indicated by increased TCR-1nduced tyrosine protein phosphorylation
and 1nterleukin-2 (IL-2) production (1) In addiuon to implying a biochemical mechanism

by which CD4 and CD8 (and possibly other T-cell surface molecules) improve T cell

function, these observations also indicated that activated p561ck can participate m antigen
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receptor signalling m the absence of CD4 and CD8 expression.

As p56lick is not stably associated with the TCR complex (34,46), the mechanism
by which this enzyme contributes to TCR signalling is not implicitely evident. To better
understand this process, we have evaluated the role of known structural domains of p56ick
in the enhancement of TCR signalling by an activated version of this polypeptide (FS05
pS6lk). Specifically, we have tested the roles of the sites of myristylation (glycine 2) and
autophosphorylation (tyrosine 394), as well as of the non-catalytic SH3 and SH2 domains
of pS6ick. The results of our expenments imply that p56lck enhances TCR signalling
through a complex process which requires multiple independent structural domains of the

protemn
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MATERIALS AND METHODS

Cells. BI-141 is a CD4-negauve and CD8-negative, class II MHC-restricted T-cell
hybridoma specific for beef insulin (33) The BI-141 cell line was grown in RPMI-16-10
supplemented with 10% heat-inactivated fetal calf serum (FCS). sueptomyan and
penicillin. y-2 retrovirus packaging cells transfected with ¢cDNAs encoding A21-505 Lek,
F394F505 Lck. ASH2F505 Lek and ASH3F505 Lek were described elsewhere (2,48)
Briefly, the deletions of the SH3 or SH2 motif iecmoved amino-acids 67-122 and 122-234
of p56ick, respectively (48). The process of these deletions did not mtioduce anv additional
alteration 1n the Lck amino-acid sequence (48). The w-2 dertvatives were mamtamed m «
minimal essential medium («MEM) containing 10% heat-inactivated ICS, pemcailin,
streptomycin, and the aminoglycoside G418 (500 pg/ml). BI-141 dernvauves expressing
the neomycin phosphotransferase gene (neo) alone or F505 p56ick have been descnibed

reviously (1). The A bPAgk class II MHC-expressing L-cells (FT3 7) were kindly
P a OB p £

provided by Dr Ron Germain. NIH. Bethesda. MD The IL-2-dependent HT-2 T-cell clone
was maintamned 1 culture as described (29)

Retroviral infection. Retoviral infeczon of BI-1<1 cells was performed as outlined
(4). using recoviral supernatants optatnea from esiablished w-2 packaging cell lmes Bl-
141 derivanves expressing the various mutant Lek proteins were generated by selection in
medium contaiming 730 pg/mi G418 Monoclonal cetl hines were established by hmiing
dilunon. All cell lines selected for our stuates displayed levels of TCR CD3,Thy 1 2and
CD45. as well as growth characteristics (morphology and growth rate) that were wdentical
to those of parent BI-141 cells Moreover, all cells remamed CD4-neganve (data not
shown).

Antibody-mediated aggregation of the T-cell receptor (TCR) for antigen.

Antibody-mediated aggregation of TCR was performed as outlined previously (1) Briefly,
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5X 106 BI-141 T-cells were incubated for 30 minutes on 1ce in serum-free RPMI-1640

medium containing saturattng amounts (12 pg/mi) of the anu-TCR V8 mouse monoclonal

antibody (MAb) F23.1 (38) After washing the excess free antibody, aggrezation was
performed by additton of excess amounts (60 pg/ml) of a second-step antibody [rabbit anti-
mouse (RAM) or sheep anti-mouse (SAM) IgG; Organon-Teknika] and incubation at 370C
for the indicated peniods of ume. Controls were with the addition of the second-step
anubody alone Cells were then immediately lvsed n boiling sample buffer or NP-40
contatning buffer Lysates were processed for sodium dodecyl sulfate-polyacrylamide gel
electrophorests (SDS-PAGE) or immunoprecipitation (see below).

Immunoblots.  Immunoblots were performed as explained elsewhere (19.46,51). For
Lek immunoblotting, we used antisera generated either against a synthetic peptide
corresponding to amuno-acids 29-54 of p56ick (51), or cgainst a fusion protein containing
amino-acids 2-148 of this poivpepude (1). Ann-phosphotyrosine immunoblotting was
conducted using affimty-punfied polsclonal raboit anu-phosphotyrosine anubodies (our
unpublished datyy Anu-PLC-+ 1 immunobiots were performed using a previously
deseribed rabbit anu-PLC-y 1 serum (42) This anubody does not recognize PLC-v 2
Detection of ummunoreacuve products was accomplished using 1551-Protein A (Amersham)
and subsequent autoradiograpry. For quanutauon. bands were cut rom the nrocellulose
membranes and counted 1n a v counter. The presence of equivalent amounts of cellular
proteins i each lane was confitr .ed by amido-black staining of nitrocellulose filters (data
not shown)

PLC-y I immunoprecipitation. Cells were sumulated for the indicated periods of
tume with anti-TCR MAb F23.1 and sheep anu-mouse (SAM) IgG (Organon-Teknika), as
described above Cells were lysed in 2X TNE buffer (IX TNE = 50 mM Tris pH8.0, 1%

NP-40, 2 mM EDTA pH8 () supplemented with 20 pg each of the p.otease inhibitors



leupeptin. aprotinin. N-tosyl-L-phenvlalanine chloromethyl ketone. N-p-tosvl-L-lysine
chloromethyl ketone and phenyimethvisulfonyl tluoride per ml. as well as the phospharase
inhibitors sod:um fluoride (100 mM) and sodium orthovanadate (2 mM). Post-nuclen
supernatants were first precleared with St Bviococcus aureus protein A (Pansorbin,
Calbiochem) and then immunoprecipated with the polyclonal rabbit anu-PLC-y! serum
mentioned above (42). Immune-complexes were collected with S anwrens protem A and
washed three times with 1X TNE buffer containing 1 mM sodium orthovanadate Proteins
were eluted in sample buffer, boiled and electrophoresed in 8¢ SDS-PAGE gels. After
transfer to nitrocellulose membranes, immunoprecipitates were probed by immunobloting
with either anti-phosphotyrosine or anti-PLC-y | antbodies.

Antigen stimulation assays. BI-141 T-cells (1X105 cells) were plated in triphicate m
96-well Falcon tissue culture plates with 5X104 wrradiated (4500 rads) A, PAgh class 11
MHC-expressing L cells and senal dilutions of the antigen beer insuhin (Siama) After
incubation at 370C for 24 hours. supernatants were collected and frozen for one hour at -
700C to desoyv carrv-over cells [L-2 production was mezsured by tesung the abihity of
these supernatants to stimulate 3H-thymudine incorporauon i INTOH IL-2 dependent HT-2

indicator cells This assay has been described in more detis elsewhere (1.27)
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RESULTS

The site of Lck myristylation, glycine 2, is absolutely required for
enhancement of TCR signalling by F3S05 p3é6lck

We have previously reported that expression of a constitutively activated version of
p36ick ftyrosine 505 to phenylalanine 505 Lck mutant (F505 p56ick)] in the CD4-negative
and CD&-negatve, class II MHC-restricted and beef 1. sulin-specific murine T-cell
hyvbridoma BI-141 results in enhanced T-cell responsiveness (1). This functional
improvement was indicated by augmented TCR-induced tyrosine protein phosphorylation
and mncreased antigen/MHC-triggered IL-2 production. Preliminary studies showed that
F505 p36ihas neuther assoctated with the TCR complex nor enzymatically activated or
tyrostne phosphorviated upon TCR stimulfation with anti-TCR antibodies (3). Thus, the
process by which p36ick 15 recruited m the TCR signalling pathway appeared
fundamenially ditterent from that by which 1t 1s involved in CD4- and CD8-induced signal
transducuon evenis,

To becrn evaluatng the mechanism by which the acuvated version of p36ick (F305
pioik) enhanced TCR signalling. the effects of a poinr mutation (giveine 2 to alanine 2)
aboirshing F303 Lok myristy inon ana memorane associaton (2) were tested. BI-141 cells
were intected with reroviruses encoding A2F305 pS6ick and selected for growth in the
presence ot the amimoglycoside G418, Clonai cell hines were established by limiting
diluton and tested for expression of the mutant Lek polypepride by a specific anti-Lek
immunoblot assay  Multuple independent BI-141 derivauves containing amounts of
AZF505 pSolek (Frgure 1, lanes 3-6) generally similar (within two-fold) to those of F505
p3olk (lanes 11-15) were selected for further analyses. Quantutative studies showed that

both types of cell lines expressed 5- to 12-fold higher levels of pS6leh than Neo cells (lanes
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1 and 2). As formerly described (2), A2F503 p36ih polypepudes had a shehtly retarded
electrophoretic mobility in SDS-PAGE gels. Although the basis for thiy observation
remains unclear. we have previously ruled out that 1t results from additional mutations in
the A2ZF505 Ick cDNA (2).

Cells were stimulated with ant-TCR MAb FZ3.1 and RAM lgG for 2 minutes and
intracellular tyrosine protein phosphorylation assessed by anti-phosphotviosine
immunoblottung (Figure 2). This assay revealed that, unhke cells cxpressing 1-505 pSolk
polypepudes (Figure 2, lanes 13-16), cells containing A2F505 pSoich (lanes 5-12) taled to
show an enhancement of anti-TCR anubody-induced tyrosine protein phosphorylation ovet
Neo cells (lanes 1-4). Simular observauons were made when 'CR stimulation was
extended up to 30 minutes (data not shown). These findings implied that myristylaton
and/or membrane association 1s absolutely required for F505 p36ick 1o contnibute to TCR-

induced tyrosine phospnorylation signalling events.
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Figure 1. Expression of A2F505 Lek and F394F505 Lck polypeptides in BI-
141 'T'-cells.

I.ck immunoblot. Levels of pS6lck 1n several independent Bl-141 cell lines
expressing a mynstylaton-defective (A2F505 Lck) or an autophosphorylation site
(1:3941-505 1ok ) 1505 pS6ldk mutant were measured by Lek immunoblot using a specific
[.ck antiserum (1) Lanes 12 Neo 13 2- Neo.2, 30 A21F505 2, 4: A2FS05.3, 5: A2F505.4; 6:
A2ES05 6, 7 1F1394F505.8; 8: F394F505.11; 9. F394F505.12; 10- F394F505.22; 11:
1505 3; 12 1:505 7, 13 FF5059; 14: F505.12 and 15: F505.13. The position of p56ick is

indicated on the left Exposuie 12 hours

Neo A2F505 F394F505 F505
1 23456 789 101112131415

pSG‘“» SO . e e -
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Figure 2. Effects of expression of A2F505 pSolekh polypeptides on TCR-
induced tyrosine protein phosphorylation.

The abundance of phosphotyrosine-contaimg proteins in BL- 141 cells expressing
the neomyecin resistance marher alone (Neo, lanes 1D A21S0S psohh (AFS05, lanes S
12) or ES05 pSelkk (E505; lanes 13-16) was measured by anti-phosphotyrosine
immunoblotting Antitbody-mediated aggreganon ot TCR was pettormed tor 2 nunutes
at 370C. Lanes 1,3,5,7,9,11,13 and 15: RAM IgG alone and 2468, 10,12, 11 and 16
MAD FF23.1 + RAM IgG. Lanes 1 and 2- Neo I, Yand <4 Neo 20 Sand o A2ES05 1, 7 and
& A2F5052,9 and 10 A2E5054, 11 and 12 A21505 6, 13 and 14 BSOS 7 and 15 and
16: F505 9 The positons of the major phosphotviosine contaming protems (on the fett)

and of prestained molecular mass markers (on the nght) are matked Eaposure 8 hours

Neo A2F505 FJOJ

12345678 910111213 141510

X
p120» L I
p100»
p80»
p74»
p70»
pS6»
L
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1/
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Mutation of the site of Lck autophosphorylation, tyrosine 394, partially
reduces the enhancement of TCR signalling by F505 p3S6ick

Accumulaung data suggest that tyrosine phosphorvlation by activated tyrosine
protein kinase receptors (such as the platelet-derived growth factor receptor) is dependent
on binding of phosphorylated tyrosine residues on the receptor to S112 sequences typically
encountered in intracellular substrates (reviewed tn 8,21). Tyrosine 394 is the major site of
autophosphorylation of p56ick (2,5,10,24,51,52). While not normally phosphorylated in
vivo, significant i vivo occupancy of tyrosine 394 1s noted in the context of activation of
p36ick by mutatton of tyrosine 505 (2,5,24) or antibody-mediated aggregation of CD4
(23.45) In both cases, activation of p56ick 1s significantly reduced by mutation of tvrosine
394 1o phenyvlalantne (2,50).

Thus. we wished to test the possibility that tyrosine 394 is pivotal for the
enhancement of TCR-induced tyrosine protein phosphorylation by F505 p56lck. F505 Lck
polvpeptides carnying a tvrosine to phenvlalanine substiiution at position 394 (F394F505
pioivn) were inmoduced 1n BI- 141 cells. as described above Cell lines expressing amounts
ot Lk protein (Figure 1. lanes 7-10) simlar o those noted 1n cells expressing F305 p36ick
lanes T1-15) were denotied by Lok immuroolot. and subjected to anubody-mediated TCR

stimulanon

An anti-phosphotyrosine tmmunoblot of lysates from control or TCR-stimulated
cells (Frgure 3A) revealed that, in companison with Neo cells (lanes 1-3), cells containing
FAO4FS05 pSolk (lanes 5-10) showed enhanced TCR-induced tyrosine protein
phosphory latton (measured after 2 minutes of stumulation). While similar sets of cellular
substrates were affected by expression of F394F505 p56ick and F505 p56ick, the
enhancement by F394F503 pS6ick was less than that conferred by F505 p56ick (lanes 11-

). Time-course expertments using representative cell lines supported these assertions
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(Figures 3B and 3C), albe1t these quantitative differences tended to dimunsh after 5 minutes
of simulation. Taken together. these results are consistent with the previous demonstration
that the catalvtic activity of F394F305 p36ick is lower than that of F505 Lek (2) They also
imply that tyrosine 394 is not absolutely required for activated pSolk molecules to

participate in TCR-induced signalling events.

66



Figure 3. Effects of expression of F394F505 pS6ick polypeptides on TCR-
induced tyrosine protein phosphorylation.

A. Anti-phosphotyrosine immunoblot. Cells expressing the neomycin resistance
marker alone (Neo, lanes 1-4), 13941505 pSolck (F394F50)5; lanes 5-10) or F505 p561ck
(1505, lanes 11-14) were tested for TCR-1nduced tyrostne protein phosphorylation.
Antibody-mediated aggregation of TCR was performed for 2 minutes at 370C. Lanes
1,3,5,7,9,11 and 13 RAM 1gG alone and 2,4,6,8,10,12 and 14. MAb F23.1 + RAM IgG.
FLanes T and 2 Neo I, 3and 4 Nceo 2, 5 and 6: F394F505.11; 7 and 8 F394F505.12; 9
and 10 1394150522 11 and 12 1505.7 and 13 and 14- F505.9 The posttions of major
phosphotyrosie containing proteins (on the left) and of prestained molecular mass markers
(on the nighy) are indicated Exposure 8 hours

B. Time-course experiment. Monoclonal cell ines expressing the neomycin resistance
marker alone (Neo 2, fanes 1-6), F394E505 pSo6lek (F3941-505 22, Tanes 7-12) or F505
pS6Ick (1505 7, Tanes 13-18) were stimulated for vartous time pertods at 37¢C Lanes 1,7
and 13 RAM IeG alone for I minute, lanes 2-6, 8-12 and 14-16 MA - 231 + RAM 1gG
(2.8 and 14 one mmute. 39 and 155 minutes; 4,10 and 16 10 minuies, lanes 5,11 and
I7 15 mmutes and 6,12 and 18- 30 mmutes) The positions of miajor phosphotyrosine-
contaming protems (on the lett) and of prestained molecular weight markers (on the right)
are mdicated Fxposure 15 hours

C. Quantitative analyses. Quantitattion of the changes mn tyrosine protein
phosphorylation of the 120 (p120), 70 (p70) and 36 (p36) kDa polypeptides was
petformed by citting the appropriate bands and counting 1n a y counter. Ordinate: counts
per nmunute (C P M), foganthmie scale, abscissy tme in minutes, Iinear scale. Neo 2. Q :

F3941505 22 & and 15057 W
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Figure 3. Effects of expression of FI94F505 pSoich poly peptides on

induced tyrosine protein phosphorylation.
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Expression of SH2 and SH3 domain deletion mutants of F505 Lck in BI-
141 T-cells

Desprte the fact that the SH2 and SH3 domains of cytoplasmic tyrosine protein
kinases seem dispensable for the catalyuc function of these products. accumulating data
suggest that they modulate enzyme-substrate interactions (8,21). Therefore, to evaluate the
potential mvolvement of these non-catalytic sequences in the enhancement of TCR
signalling by 505 Lek, BI-141 cells expressing F505 Lck polypeptides lacking either the
SH2 (ASH2F505 Lck) or the SH3 (ASH3F505 Lck) motif were generated. as described in
Materials and Methods Importantly, previous analyses conducted in NTH 373 cells
revealed that ASH2F505 Lek and ASH3FS05 Lek exhibit enzymatic activities apparently
equal to that of F505 pSo6lck (48).

Cell hines were tested for expression of the mutant Lck polypeptides by
immunoblot, using a rabbit anti-Lck serum generated against a synthetic peptide
cortesponding to amimo-acids 29-34 of the murnne p26ich sequence. As this sequence is
located within the unique domain or p36+a, the anuserum 1s presumed to equally recognize

~

the ditferent Lek poly pepuges examined. Deletion of the SHZ and SH3 seguences

-

generated Lek proterns mugraung at 42 and 51 kDa in SDS-PAGE gels. respectively
(Frgure ) Consequently. these products were termed p<2'¢k and pJieh Arfier taking into
consideranon the abundance of the endogenous pS6ica, cell lines expressing amounts of
ASH2 danes 3-00 and ASH3 (lanes 7-9) F503 Lek proteins comparable (within two-fold)
to those of FX05 p26kk (lanes 10 and 11) were selected for additional studies. Importantly,
the two diiferent deletion mutants were expressed at equivalent levels 1n these clones. The
small vartatons (two-fold) 1n the abundance of endogenous Lek polypeptides in these cells

were within the range previously noted in a sernies of independent neomycin

phosphotransterase expressing Bl-141 cell lines (1).
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Figure 4. Expression of ASH2FS05 Lck and ASH3F505 Lck polypeptides
in BI-141 T-cells.

Anti-Lek immunoblot. Levels of T ek protem n several independent BE U cell Tines
expressing the necomycin resistance marker alone (Neo, lares 1Tand 2), ASH2ESOS 1 ¢k
(ASH2F505. lanes 3-6), ASH3E505 Lek (ASHIESOS, Tanes 7 9 or 1505 pSok (lanes 10
11) were assessed as in Figure 1, except that an antiserum generated a syathene pepide
corresponding to ammo-acids 29-54 of the murine pSolk sequence (339 was used Tanes
I: Neo 1:2 Neo 203 ASH2ES505 3,4 ASH2ES0S5 7.5 ASH2ES05 9. 6 ASHRES0S 20,
7: ASH3F505.120 8. ASH3ES505 15,9 ASHAES0S 24010 ISOS 7 and 11 1SOY9 The
1elative mugrations of p56Ick, pStick and p-12kk are indicated on the ettt Fxposure 2 davs
For quantitation, bands were cut from nittocettulose filters and counted ma y counter (data
not shown) After taking mto constderation the abundance ot the endogenons 1ok
polypeptdes, we established that the levels of ASHRZESOS T ok and ASHB3ESO0S 1ok were
approxmmately 50% those of 505 p5olck Similar quantutations were achieved when seral
dilutions of lysates from 1505 Lek expressmg cells were used tor comparison (data not

shown)

Neo ASH2F505 ASHJIF505 5045
1 2 3 4 5 6 7 8 91011

p56l0k> e — - - - el
p51'%%y - e e
pa2'*s - e
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Deletion of the non-catalytic SH2 domain of p36ick significantly alters the
improvement of TCR-induced tyrosine protein phosphorylation by F305
p36ick

BI-141 cells expressing ASHZF505 or ASH3F505 Lck polypeptides were tested for
TCR-induced tyrosine phosphorylation changes, as outlined above. Although ASH2F505
Lck (Frgure SA, lanes 5-12) consistently enhanced TCR-induced tyrosine protein
phosphorylation, this improvement was markedly less than that provided by F505 p56lck
(lanes 13-16) In contrast, expression of ASH3F505 Lek polypeptuides (Figure 5B, lanes 5-
10y mncreased the TCR-induced signal in a manner analogous to that mediated by
introducuon of 505 p36ick (lanes 11-14) It should be noted that neither ASH2F505 Lck
nor ASH3F505 Lck augmented tyrosine protein phosphorylation in unstimulated cells toa
greater degree than F505 p56ick This finding implies that the process by which levels of
phosphotyrosine are suppressed prior to TCR stimulation i FS05 p36ick expressing Bl-
141 ceils 15 independent of regulauon through the SH2 or SH2 sequences (1)

K:neuc analvses of representanve cell lines (Figures 5C and 5D showed that. in
contrast 1o the enhancement seen n cells expressing F505 p36ick (Figure 5C, lanes 13-18:
Frgure 3D lanes 13-1x, or ASH2F305 Lek (Figure 5D, lanes 7-12%. the improvement of
TCOR- nduced tyrosae protem phosphorylation by expression of ASH2F305 Lck
polypepudes (Frgure 2C. lanes 7-12) was short-lived Indeed. atter 5 minutes of TCR
stimutanon, the pattern of tvrosie protein phosphorylation observed in these cells was
essentadly simular to that of Neo cells (Figure 5C, lanes 1-6) This 1s substantiated by
quantitatve analyses of the 120, 70 and 36 kDa substrates (Figures SE and 5F). Similar
obscrvations were made with other ASH2F305 Lk expressing BI-141 cell lines (data not
shown) The mcrease n basehine tyrosine phosphorylation of certain substrates noted in

ASHAFI0S 15 cells (Figure SD, lane 7) was not seen n other experiments (see Figure 5B,
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lane 7). A similar increase in baseline phosphorylation was at umes also noted i some
F505 Lck expressing cell lines (Figure 3A, lane 11: Figure 3B, lane '3, and Figure 5C.
lane 13). While the reason for this varanton 1s unclear, such phenomenon does not aftect

TCR-induced tytosine protein phosphory lanon responses.



Figure 5. Effects of SH2 or SH3 domain deletions on the ability of F50§
I.ck to enhance TCR-induced tyrosine protein phosphorylation.

A TCR-induced tyrosine protein phosphorylatton (anti-phosphotyrosine
immunoblot) Same as Figure 2, except that cell hines expressing the neomycin resistance
marker alone (Neo, lanes 1-4), ASH2E505 Lek (ASH2FS0S, lanes 5-12) or F505 pS6ick
(1505, lancs 13 16) were tested Moreover, TCR stimulation was performed for one
munute Lanes 1,3,5,7,9.11,13 and 15 RAM IgG alone and 2,4,6,8,10,12,14 and 16.
MAb 1231 + RAM IgG - nes Tand 2 Neo.l, 3 and 4 Neo.2; 5 and 6: ASH2F505.3; 7
and 8 ASH2E5057, 9 and 10 ASH2E5059, 11 and 12. ASH2F505 20, 13 and 14
155057 and 15 and 16 15059 The positions of the major phosphotyrosine-containing
polypeptides (on the Tett) and of prestamned molecular inass markers (on the nght) are
indicated Farosure 6 hours

B. TCR mnduced tyrosme protein phosphorylation  (anti-phosphotyrosine
immunoblot) Samce as in Tigute SA, eacept that cell hines expressing the neomycin
resistance marker alone (Neog lanes 1-4), ASH3E505 Lek (ASHI3ES0S; lanes 5-10) or
15505 pSekh (1505, Lanes T1-1.3) were tested Antu-TCR anubody stimulation was for one
minute Lanes 13,579,111 and 13 RAM IgG alone and 2,4,6.8,10,12 and 14 MADb
F23 1+ RAM TG Lanes | and 2 Neo.l, 3and 4 Neo 2, 5 and 6 ASHA3F505.12; 7 and
8 ASHIESOS 15, 9 and 10 ASH3E505 24, 11 and 12 FF505 7 and 13 and 14: F505.9.
The posttions of the major phosphotyrosine-contaming proteins (on the left) and of
prestined molecular werght markers (on the night) are mdicated Exposure 11 hours

C. Elfects of expression of ASHR2ES0S Lek polypepudes Time-course experimy .af.
As e Tagure 3B, the same ume-pomts were examined  Lanes 1-6° Neo 2, 7-12:
ASHI2ZES05 3 and 13-18 1S05 9 Eaposure 24 hours

D. Etteats ot expression of ASHAES0S5 Lek polvpeptides Time-course experiment.
Same as Freure 3B Fanes T 6 Neo |, 7-12: ASH3EFS505.15 and 13-18 15059 Exposure:
5 houts

K and I Quantitative analyses ot the experiments depicted mn Figures 5C and 5D,
respectively As i Figure 3C Neo: ©Q 5 ASH2ES505.3 or ASH31505 15: 4 and F505.9: 8.
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Figure 5. Effects of SH2 or SH3 domain deletions on the ability of ¥505
Lck to enhance TCR-induced tyrosine protein phosphorylation.
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Effects of activated Lck variants on antigen receptor-induced tyrosine
phosphorylation of phospholipase C-v1

The 1dentity of the polvpepudes undergoing tyrosine phosphoryvlation upon TCR
sumulation 1s largely undefined However, recent studies indicate that anugen receptor
stimulation results 1n rapid tyrosine phosphorylation of the phosphatidyl inositol (PI)-
specific phospholipase C-v 1 1soenzyme (32,36,54) This biochemical alteration is thought
to be responsible for the increase i phospholipase activity and the elevation in Pl turnover
noted during T-cell activauon (30.31,32.36,54).

Consequently, to gun addional understanding of the mechanism by which F505
p36lck enhances T-cell funcuons, the effects of expression of this polypeptide ori TCR-
induced tyrosine phosphorvlation of PLC-y 1 were tested (Figure 6). Cells expressing the
neo gene alone (Neo) or F305 p36lck were snmulated with anti-TCR MAb F23.1 and sheep
anti-mouse (SAM) IgG for one minute, lvsed in NP-40 containing buffer and PLC-y 1
isolated by immunoprecipitaton using a spec:fic rabbit anu-PLC-v 1 serum. The extent of
PLC-y 1 tyrosme phosphorvlation was evaluated by anti-phosphotyrosine Liununoblotting
(Frgure 6 \) Contrary 1o Neo cells (lanes 1-2), cells contaning F205 p36ick (lanes 5-8)
demonstritted detectable tvrosine phosphorvlauon of 4 130 kDa polypentide after TCR
sumualation (fanes 6 and 8y This product was not recoversd when normal rabbit serum was
used as the immunoprecipuatng anubody (lanes 9 and 10) and was consistent with PLC-vy
I (4148 A s the case for overall tvrosine protein phosphorylauon. no significant
tyrosme phosphorviaton of PLC-yl was noted prior to TCR sumulaton (lanes 1,3,5 and
7) Importantly, the mncreased TCR-1nduced tyrosine phosphorylation of PLC-y 1 1n F505
pSolch expressing cells was not secondary to elevated levels of PLC-y 1, as indicated by

ant1-PLC-y 1 numunoblotting of PLC-y 1 immunoprecipitates (Figure 6B).



We also explored the impact of mutation of tyrosine 394, or deletion of the SH?2 or
SH3 domain on the enhancement of TCR-induced PLC-v 1 tyrosine phosphorylation by
F305 p56ick (Figures 6C-6E). Time-course studies were performed on representative
F394F505 Lck (Figure 6C), ASH2F3035 Lek (Frgure 6Dy and ASHAFS03 Lek (Figure ol)
expressing ¢ lls. Patterns of PLC-y 1 tyrosine phosphorviation were compared with those
of cells expressing the neomycein resistance gene alone (Neo) or F30S pSokh Fust, m
agreement with other reports (32,36,54), these experiments collectively demonstrated a
small and reproducible rise (between 2 and 5 minutes) in PLC-y 1 tviosine phosphorylation
after TCR stimulation on Neo cells (Figure 6 and data not shown) Expression of 505
p36kck resulted 1n a prominent enhancenment (approximately 10-fold) of TCR mduced PLC
v 1 tyrosine phosphorylation, which was maintained over the time penod analvsed (up o
10 minutes). The effects of mutauons or deletions in F3505 pSolh on PLC-y | tyrosine
phosphorylation resembled those noted earlier ror overall tyrosine protein phosphorylation
(Figures 3 and 5) Indeed. F394F305 p26ict expressing BI-141 cells (Fgure 6C) showed
an intermediate increase in TCR-induced tvrosine phospnorvianon of PLC-v I Moreover,
the improvement in PLC-y 1 tyrosine phosphorylation by F305 Lek was greatly reauced by
deletion of the SH2 sequence (Figure 6D, while less affected by deleuon or the SH?

region (Figure 6E).
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Figure 6. TCR-induced tyrosine phosphorylation of phospholipase C-y1.
A Lffects of F505 psoldt expression on the extent of TCR-induced tyrosine
phosphorylation of phospholipase (PLC)-y 1T Anti-phosphotyrosine immunoblot,
Cells were stimulated wath artt TCR MAb EF23 1+ SAM IgG for 1 nunute at 370C (lanes
2,4,6,8 and 10) or SAM 1gG alone (lanes 1.3,5)7 and Y)  Lysates were
mnmunopredipitated wth either a specific polyclonal rabbit anti-PLC-y 1 serum (lanes 1-8)
or notnal rabbi serum (lanes 9 and 10) Lanes Tand 2: Neo.l, 3 and 4- Neo 2, 5 and 6:
1505 7 and 710 FS0OS9 “Tyrosine phosphorylated proteins were detected by
immunoblottng with ant phosphotyrosme antibodies The posiion of PLC-y 1 (PLC) 15
indicated on the lelt wivde those of prestamed molecular mass markers ate shown of the
nyht bxposure 3 days

B. Anti-PLC-/ I immunoblot. Cells were stmulated as m Frgure 6A and PLC-y 1
recovered by o mmmunoprecipitatton The abundance of PLC-y 1 1 the various
immunoprecipitates was assessed by unmunoblotung with the rabbit antt PLC-y 1 serum
desenibed carhier Lanes Tand 2 Neo Tand 3 and 4 15059 Lanes 1 and 3* SAM IgG
done for one mmute and Tanes 2 and 1 MAb 1231 4 SAM [gG for one minute The
position ol PLC-y 1 (PO s indicated on the letio while those of prestaied molecular
mass marsers e shown of the nght Fxposure 3 hours

O Flleas of 13911505 pSelk expression on TCR-induced PLC-y 1 tyrosine
phosphorylation Time-course experiment. Lanes 1-5 Neo 1 (O ) 6-10. F394F505.8
(&) ad FH IS 15059 () Panes Loand [T SAM 1gG alone for one minute, lanes 2-
S7-10and 1215 MAb 231+ SAM TG (lanes 2.7 and 12 one munute. 3.8 and 13. 2
mimutes, £9 and HES munuates and 5,10 and 15 10 nmutes Exposure 3 days Bands
were quantitated by densitomeny usimg a Biolmage (Milliporey A graphie representation of
this quantitation s shown on the nght Ordinate mtegrated opticat density (1.O D),
logarthmic scale absarssa tme (munutes). hnear seale

D. Itfears of SH2 delenon on the enhancement of TCR-induced PLC-y 1 tyrosine
phosphorylation by ESOS pSeick Time-course experiment. Same as Figure 6C, except
that lanes I'5 Neol (©), 0-10 ASH2ES5053 (A Yand 11-15 F5059 (M) Exposure: 3
davs

. Itteas of SHE delenon on the enhancement of TCR-induced PLC-y 1 tyrosine
phosphorylation by 1:5¢ S pSolek ‘Time-course experiment Same as Figure 6C, except
that kinen 15 Neo 1 (Q ), 6-10: ASHAESOS 15 ( &) and 11-15 5059 (M ). Exposure:

4davs
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Figure 6. TCR-induced tyrosine phosphorylation of phospholipase C-y L.
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Effects of Lck mutants on antigen responsiveness.

We have previously found that expression of F505 p56ick, but not wild-type or
kinase-deficient Lck polvpepudes. enhanced lymphokine (IL-2) production in response to
antigen/MHC sumulation (1). Consequently, we also analysed the anugen responsiveness
of BI-141 cells expressing A2F505, F394F505, AsH2F505 or ASH3F505 Lck. Cells
were stimulated with varying concentrations of beef insulin in conjunction with the

appropriate class I MHC molecules (A b Agk). After 24 hours, supernatants were collected

and tested for 1L-2 content using the IL-2 sensitive cell line HT-2. Responsiveness of the
vanious cell hines was compared to that of cells expressing the neomyecin resistance marker
alone (Neo) or 305 p56lck. Each panel of cell lines was analysed in at least three
independent assays. Representative assays are shown 1n Figure 7. These revealed that
mutation of the site of mynstvlation (Figure 7A) or autophosphorvlation (Figure 7B), or
deletion of the SH2 (Figure 7C) or SH3 (Figure 7D) sequence completelv abolished the

abiluty of F305 Lck to enhance lymphokine producuon 1n response to antigen/MHC

stimulation
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Figure 7. Antigen stimulation assays.

The effects of expression of vartous Lok mutants on antigen responsiveness of B W cells
were assessed by measuring lymphokine production in response to vatious concentrations
of the antigen beef msulin presented w the context of the appropraate class IEMEC

molecules (A PApH), as desceribed i Matertals and Methods BETAT clones expressing, the

neomycin resistance marker alone (Neo) or F505 pSolck (1505 were compared with
several independent cell Tmes expressing either A2ES505 pSalh ¢ AF; Figure 7A),
F394F505 p56kk (FF: Figure 7B), ASH2F505 Lck (ASH2EF: Figure 70C) o
ASH3F505 Lek (ASH3Y; Figure 7D) Ordmate M thymmdine mcorporation in counts
per minute (C P M), logartithmice scale, abscissa concentration ot beet insulin (p/mb,

logarithmic scale Spontancous I1.-2 production 1s shown as the zero pomton the abscissg
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DISCUSSION

Mutation of glycine 2 of p56ick to alanine has previously been shown to prevent
myristvlauon and membrane association of this polypeptide (2). Data presented in this
report demonstrate that this amino-acid subsutution precludes enhancement of TCR-
induced tyrosine protemn phosphorylation by FS05 pS6lck. Thus, myristylation and/or
membrane assoctation are required for participation of Lek in the TCR signalling pathway.
Even though the exact basis for this requirement remains to be clarified, such modifications
would certainly favor the interaction of F305 Lck with membrane-bound molecules.
posstbly the TCR regulated substrates themseives, or molecular "intermediates” linking
p36ich 1o the TCR wignalling pathway {such as the ¢ subunit of TCR or the 70 kDa TCR-
assoctated molecule ZAP-70 (11)]. In addition, membrane binding may facilitate further
post-translattonal modifications which improve the efficienrcy of F505 p56ick at
parttcipaung tn TCR signalling events. Consistently, we have previously shown, in NIH
3T3 cells, that the enzy mauc acuvity of A2F505 p56ick 15 less than that of F505 p56lick,
possibly because myristylanon and/or membrane association are required for adequate in
vivo phospnonyiatton of F303 p36ick at tyrosine 394 (2).

The major site of 11 virro autophosphorylation of p561ck, tyrosine 394, is involved
tn positive regulanon of the catalytic activity of p56ick Substitution of this residue by
phenvlalanine interteres with activauon of Lck by tvrosine 305 mutation (2) or antibody-
mediated aggregation of CD4 (S0) In keeping with these observauons. we noted that the
mtensity of the TCR-induced tyrosine phosphorylation signal in BI-141 cells expressing
F3O4E5035 pSoleh was itermediate between those of cells expressing F305 p56ick or the
ncomyvin resistance marker alone Therefore. the decreased enzymatic function of
F394F505 Lek s presumably responsible for its dimimished capability to improve TCR

signatling Imporandy . these data also indrcate that, unlike signal transduction through
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tvrosine protein kinase receptors (8.21), pS6ler-mediated signals in T-cell acuvation do not
require the interaction of the Lck autophosphorvlation site with tyrosine phosphoryvlation
substrates. One caveat to this interpretation is that F303 pSoics may undergo tytosine
phosphorylation at sites other than nyrosine 394 However. this posabiity seems unlikely,
as metabolic labeling and peptide mapping studies have tmled 1o reveal the presence of such
sites in F505 p56ick molecules from resuny or tCR-stunulated cells (3)

The SH3 domain of p56ick 15 not rec ured for enhancement ot ant-TCR antibody
induced tyrosine protein phosphorvlaton by F505 Lck (although deletion ot this sequence
abrogates improvement of antigen-induced IL-2 producton, see belew) These results are
in agreement with former studies conducted in NIH 3T3 cells. which revealed that the
catalytic activity and oncogenic potental of ASH3FS0S Lek are equivalent to those ol 1305
pS6lck (48). In contrast to the limited mmpact of deletton of the SH3 region on TCR
signalling. removal of the SH2 domaun greatly affected the abiluy of 1 305 Lek to augment
TCR-induced tyrosine protein phosphory [ation. Indeed. expression of ASH2EFFSOS ek at
best allowed a minor and transient improvement of TCR-induced tyrosine protemn
phospnorylauon.

Euarlier studies have shown that the SHZ ment of activated tyrosine protem kinases
such as v-Src or v-Fps is critical tor the ruil oncogenic potential of these enzvimes, althoueh
they appear dispensabie for the elevated catalyuc acuvity of these products (0,7,22.28). 1t
has been proposeu that this function reiates to the ability of SH2 domains to associate with
phosphoryrosine-contatning prote:ns (8.21). As the tyrosine protemn hinase acuvity of 1505
Lck 1s seemungly not altered by deleton of the SH2 region (48, our tindings are highly
consistent with the idea that the SH2 sequence does modulate the mteraction of acuvated
Lck molecules with tyrosine phosphorylation substrates Consistently, we have found tha

bacterial fusion proteins containing the SIT2 domuin of pSoich bind several of the



phosphotyrosine-containing proteins from sumulated T-cells (9 Based on these findings.,
we postulate that the SH2 domain m w stabilize, or prolong the interaction of pSokh with
proteins such as I. ZAP-70 and/or TCR-regulated substrates The SH2 mout man
additionally protect these polypeptiges irom dephosphorviation by ty rosine phosphatases
like CD45.

While searching for potennally relevant substrates of p36ich in T-cells, we observed
that the TCR-induced tyrosine phosphorylation of Pl-specific PEC y 1 was mathedly
increased (approximately 10-fold) by expression of F30S pSolch This response was
affected by mutation of tyrosine 394 and deletion of the SH2 domam i manners
comparable to those reported above for overall TCR-induced tyrosme protem
phosphorylation. These observations provide evidence that the activity of PLC-y T can also
be regulated by non-receptor tyrosine protein kinases As we have been unable to detect
association of PLC-y I with p36i-k «O) 1t 15 concervabie that these poivpeptides mteract
through the intermediate of another molecule. In light of the tact that hacrenally produced
SH2 sequences from p36is+ arna PLC-v | can bind appareatly simular tyrosioe

v
|-
i

phosphorvlated proteins from simulated T-cells (9), one of these pois peptides may serve

as the "bridge” between Lck and PLC-+ 1.

Despite the differental effects of the mutanons/deletrons e ted on TC R-nduced
tyrosine protein phosphoryiauon, ail alterations were found to abrogate enbancement of
antigen/MHC-induced lymphokine production by F:05 pS6ck This is especially
surprising in the cases of F394F305 Lck and ASH2F5035 Lek. which allowed sigmficant
enhancement of the anti-TCR anubody-induced signal Such discrepancy is perhaps
indicanve of unsuspected qualitative alterations of the augmented TCR-induced signal as

result of these additional mutations Indeed. tyrosine 394 or the SH3 region may be

required for phosphorvlation of substrates poorly represented in anti-phosphotyrosine
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inmunoblots of total cell lysates Alternatively, the use of high-affinity anti-TCR annbodies
for T-cell tngzenng may obliterate subtle. albeit meaningful. differences in anugen receptor-
induced tyrosine phosphoryvianon As we have been unable to conclusivaiy study changes
in intracelular ry rosine protemn phosphorylation after anugen/MHEC sumulanon of BI-141
cells (9), addinonal efforts will be necessary to test these different possibilities.

In summary, the data presented herein imply that F505 p56ick molecules enhance
TCR signalling by a process which requires myrnistylation and/or membrane association of
p3oldt Moreover, this mechanism is dependent on increased p36ick activaty, as indicated
by the facts that wild-type Lck fails to enhance these signals (1), while F394F305 p56ick
allows a parual improvement of TCR signalling Importantly. the non-catalytic SH2
sequence (but not the SH3 sequence) 1s required for robust and sustained enhancement of
TCR-induced tvrosine protein phosphorvlation by F305 p56ick. Through its ability to
phvsically assocrate with tyvrosine phosphorylated proteins (9), the SH2 mctif may
maodulate the interiacton of pS6ich with the TCR signalling comples Inimguingiv. all the
mutations tesied. ncluding deienion of the SH2 region. abrogated the enhancement of
anugen-mmiggered [L-2 producton by FS035 Lek. thus :mpiving mere smngent requirements
for ennancement of anngen responsiveness by F305 Lek. Finalli. we observed that
expression of FFOZ ploick greatly enhanced TCR-induced tyrosine phosphorviation of
pnosphoitpase C (PLO)-y 1. suggesung that PLC-v 1 may be a substrate for p36ick in T-
Ivmphocwvies

As the TCR complex does not possess an intmnsic tyrosine protein kinase activity.
the mechamsm by which this receptor transduces an intracellular tyrosine protein
phosphorvlation signal during T-cell activation has been the object of intense
investigattons As discussed above, 1t 18 becoming increasing clear that the lymphocyte-

spectfic tyrosine protemn kinase p36leh can participate in this process. Other findings
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indicate that p39fwnT, another Src-related enzy me abundantly expressed in T-lvmphocytes
(13), can also contribute to this signalling pathway (12.15.20.35) 1t s theretfore ot great
importance that future studies be atmed at defining if these two products regulate Feeell

functions through simiiar, overlapping, or dirferent mechanisms.
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Chapter 3

General Discussion and General Conclusion.




GENERAL DISCUSSION

In contrast to growth factor receptor tyrosine protein kinases, the T-cell receptor
(TCR) for antigen does not possess intrinstc tyrosine protem hwase (FPK)Y activiy
Nevertheless, TCR stimulation lcads to induction of TPK activuy and TCR
"autophosphorylation” as reflected by tyrosine phosphorviation of the £ chauns
Consequently, 1t 1s proposed that one or more cytoplasmic TPK are meduing TCR-
induced tyrosine protein phosphorylation signals Candidate TPK mclude pSolk, pSohneT
and ZAP-70, a 70kDa tyrosme phosphorylated protein which s tound associted with the
TCR-¢ chains upon TCR stimulatton Notwithstanding the complesity of T-cell signalling,
this chapter proposes sumple molecular mechanisms (based on the model for growth tacton

receptor signalling) for TCR-mnduced TPK activation

A TCR-associated TPK complex

The view that the TCR 15 physically associated with a cytoplasmic "T'PK 1s
supported in part by the observation that a fraction of p59iynT 1s communoprecipitated with
the TCR complex (Samelson et al , 1991; Gassmann et al . 1992). Alternatvely, the
interaction of the TCR with CD4 or CD8 during antigen/MHC recognition presamably
brings p561ck in close proximuty to the TCR and thus, may allow pS6lch 1o tunction hke a
"TCR-associated” kinase Evidence for tunctional interactions between the TCR and these
Sre-family kinases is provided by their ability to enhance antigen induced ' cell sesponses
(Abraham, N ¢ral, 1991; Caron et al , 1992, Davidson ¢t al , 1992) However, 1t s
currently unknown whether these two enzymes act through common, mtersecting or

independant signalling pathways.



Scveral findings suggest that ZAP-70 may also participate in TCR-mediated
responses  Farstly, the molecular cloning of ZAP-70 reveals that the 70 kDa protein
possesses a kmnase domamn and two SH2 domams (A Weiss, unpublished). A study
reporting the ability of a 70 kDa tyrosine phosphorylated protein (presumably ZAP-70) to
bind ATP analogs (Wange et al , 1992) further suggests that ZAP-70 has PTK activity.
Sceondly, a tunctional mieraction with the TCR 15 suggested by the observation that both
tytosine phosphorylation of ZAP-70 and its assoctation to ¢ require TCR stimulation (Chan
ctal , 1991) Simulatly, in B cclls, antibody-mediated ligation of 1gM results in increased
tyrosime phosphorylation of a 72 kDa protein (Hutcheroft et al , 1991). This 72 kDa
phosphoprotem s Jikely to represent PTK72 and p72<vh (Zaoncheck et al, 1986,
Zaoncheck eral . T98K, Tantgucht er al . 1991), a cytoplasmic TPK with two SH2
domamy, that s predommantly expressed in lymphoid cells Nonetheless, no evidence
indicates that ZAP-70 15 indeed 1esponsible for the observed TPK activity which is
assocrated wath actuvated TCR.

Interesungly,  cotransfecuon studies in cos cells mvolving ZAP-70 and the ¢
subumt of the TCR have revealed that another TPK 1s required to promote tyrosine
phosphorviation and association of ZAP-70 10 £ ( A Weiss, unpublished) This observation
suggests that TCR-medhated tyrosine protemn phosphorylation may mvolve the cooperation
of mote than one TPK A possible scenario is that upon TCR stimulation, p56ick or
pSOhel mtcracts with ZAP-70, inducing tyrosine phosphorylation of this 70 kDa protein
and 1ts subsequent binding to the TCR { chans Alternatively, p56ick or pS9fynT may
mediate tyrosme phosphorylation of the TCR £ chains, providing binding sites for SH2-

containing stgnalling molecules such as ZAP-70).
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Evidence for p56ick contribution in this process s supported by the sigmiticant
decrease 1n TCR-mediated tvrosine protewn phosphorylation observed i T cells expressing
SH2 deletion of F5035pS6ick (Caron ¢t al , 1992). Deletion of Tk SH2 doman s
suggested to prevent FSOSLek interaction with enitical TOR substrates, thus prevenung the
increase in TCR-induced tyrosine protein phosphoryvlation As pSolk oy not duectly
associated with the TCR (N. Abraham, unpublished), TCR signals must be tansduced 1o
pS56ick via a commen effector protem

Considering that p5S9fynT may piay a sinnlar role, it would be of mterest 1o examime
the effects of SH2 deletion on the abtlity of FS28pS91ynl to enhance TCR mduced tyrosine
protein phosphorylation signals, These expertments might provide some mdication
concerning the spectficity of pS6It and pSOtye function in ‘I -cell actvaton Clearly, more
experiments are required to determine the exact mechanism by which these "TCR-

associated kinases” regulate TCR-mediated tyrosme protem phosphorylation.

From the TCR-associated TPK complex to PLC-y L.

By analogy with growth factor receptor autophosphorylation, which is thought to
regulate the coupling of activated receptors to a variety of signal transducer molecules, one
can view tyrosine phosphorylated § and/or its assocrated cytoplasmic 1PK as "docking
components” for putative SH2-contarning signal amplifiers  On the basis that tyrosine
phosphorylation of PLC-y 1 15 assocrated with mcreased PHurnover (Mustelim ez al | 1990,
Secrist et al , 1991), the coupling of second messengers (IPy and DAG) with activated
TCR complexes 15 hikely to involve the mteriction of PLC 4 1 with one or more TCR
assoctated TPK including pS6lck, pSotynt or ZAP-7()

A study showmg that some PLC-y T activity 15 associated with TCR-Z (Dusgupta et
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al , 1992) supports this view. As PLC-y 1 contains two SH2 domains, the association of
tyrosine phosphorylaied molecules with PLC-y 1 SH2 domains has been examined
extensively using in vuro binding assays (Caron et al , 1992, Gilliland et al., 1992; Weber
etal |, 1992)

In sumulated T cells, phosphotyrosine containing proteins of approximate
molecular weight of 74 and 35/36 kDa are observed to associate with PLC-y 1 SH2-1g
fusion protems (Gilliland et al . 1992). Another study using bactenially expressed TrpE-
fusion protems of PLC-y 1 SH2 domains reports the binding of 36, 38, 58 and 63kDa
proteins Fmally, Glutathion-S-transferase (GST)-PLC-y! SH2 fusion proteins incubated
with lysates from anti-TCR antibody-stimulated FS505 p56ick expressing T cells bind
phosphotyrosme contiining proteins of apparent molecular weights of 120, 80, 74, 70, 62,
54-56 and 36 kDo (Caron er al , 1992). These products co-migrate with the major
phosphotyviosine-contamning proteins detected i lysates of TCR-stimulated F505 pS56lck
eapressing cetls (Caton er al, 1992). However, it is currently unknown whether these
products mclude a TPK

Our results also show that bacterially produced GST-Lck SH2 and GST-PLC-y 1
SH2 tusion protems appear to recruit & common set of phosphotyrosine-containing proteins
when mcubated i vino wath Tvsates of actuvated T cells (Caron et al , 1992) Interestingly,
these substrates fal to show marked and sustained enhancement of TCR-induced tyrosine
phosphoryiation in cells expressing SH2-deleted FS05 Lek molecules. In addition, cells
expressing FSO5pSoleh demonstrate @ marked increase 1in PLC-y 1 tyrosine
phosphoryiation (Caton e al . 1992). However, 1in contrast to a study suggesting that
pSOlkh s transiently assocrated with PLC-y 1 SH2 domain (Weber er al , 1992), our results

and that of others (Gilltland er al . 1992) exclude a direct physical association between

pSolk and PLC-y |

96



To explain these results, possible avenues may be explored On one hand, it is a
possibility that one of these TCR-regulated polypeptides serves as a "bridge” between Lek
and PLC-v 1. This is suggested by the report of 36 and 38 kDa molecules coprecipitating,
with pS6Ick in anti-PLC-y limmune complexes (Weber eral ., 1992) This view 1s further
supported by the observation that in anti-TCR antibody-stunulated FSOSpSolh expressing
T cells, p36 and p&0) appear to bind the SH2 sequences of Lek and PLC-y T with the
highest affinity (A. Veillette, unpublished)

Alternatively, based on results suggesting that £ may be one of pSokk substiates
(Veillette et al., 1989) and that some PLC-y 1 1s found assoctated with TCR ¢ (Dasgupta et
al., 1992), 1t is possible that pS6lch induces tyrosine phosphorylation ol TCR-{, pencrating
binding sites for SH2-contaiming intermediates such as PLC-y 1 Simularly, the tractuon of
TCR-associated pS9ynT may induce the phosphorylation of TCR-¢ chiuns Because the
expression of both activated forms of pS6lck and pSYiynl (Abtaham, N ¢t al |, 1991,
Caron et al., 1992; Davidson et al , 1992), increase tyrosine protein phosphorylation of a
similar pattern of TCR-regulated substrites, these enzymes may act i a coordmate fashion
and/or via a common signalling intermediate (possibly £ or ZAP-70) to maxmuze this
process.

On the other hand, as PLC-y 1 contains two SH2 domains, 1t 15 possible that more
than one TCR-regulated substrate binds to PLC-y 1 SH2-mediated interacuons mvolving
molecules with two SH2 domains have been  described moexpenmments examining the
binding of the p8S subunit of PI 3" kinase to the PDGE receptor (Kavanaagh et al | 1992)
p85 contains two SH2 domains, one which bind tyrosine phosphorylated PDGI- receptor
with high affinity and one which bind tyrosine phosphorylated PDGE receptor with low
affinity. Upon binding of p&5 to autophosphorylated PDGI- recepror (through ats high

affinity SH2 domain), p85 1s modified, presumably by PDGI receptor-mediated tyrosme
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phosphorylation This modification is postulated to provide regulation of the ability of the
low affinity SH2 domain to interact with either the receptor or other signalling proteins.
More experiments are necessary to determine if this model applies to PLC-y 1 in T cells,
and to distinguish between all possible functional arrangements involving PLC-y 1 and the

TCR-assocated TPK complex.

The SH2-mediated intramolecular binding model of Src-family kinases in T
cells.

The observation that  F505pS6ick, but not wild type pS6lck enhances T-cell
responsiveness m CH4-negauve and CD8-negative T cells indicates that mutation of
tyrosine 505 to a non-phosphorylatable residue can substitute in part for CD4/CDS8-
mediated activation of wild type (wt) pS6lek. However, as enhancement of T-cell responses
in CD4-negative and CD8-neganve T cells expressing F505p56ick 1s strickly dependant on
TCR sumulation (Abraham, N et a. , 1991; Caron et al , 1992), critical TCR signals are
requued to complement the effects of tyrosine 505 dephosphorylation. Based on
experiments showing that enhancement of T-cell responsiveness by F505p56ick depends
on scveral structural requirements (Caron et al , 1992), these TCR signals are likely to
induce the recruntment of F505pS6ick in close proximuty to the TCR, promoting interactions
of F505pS56kck with TCR-regulated substrates.

Importantly. this hypothesis suggests that a cooperative interaction between
phosphorylated tyrosme 505 and the SH2 domain of p56lch may occur in T cells.
Accordimg to this model, mutation of tyrosine 505 would provide a readily "opened protein
conformation” tor possible Lck-SH2-mediated interactions with the TCR-regulated
substrates TCR stimulation may then provide a signal promoting SH2-mediated binding of

ESOSpS6Lh to critical TCR targets. Consequently, an intact SH2 domain and stable
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tyrosine 505 dephosphorylation would be essential to allow Lek-mediated enhancement of
TCR-induced tyrosine protein phosphorylation. Abrogation of either of these requirements
(deletion of SH2 in F5051.ck or unstable tyrosine 505 dephosphorylation) would prevent
TCR-mediated increase 1n tyrosine protein phosphorylation.

As a result, the observation that wild type pSo6kk expressed i CD4-negative and
CD8-negative T cells does not enhance T-cell responsiveness may be due to o "closed
protein conformation”, which would prevent stable tyrosime 505 dephosphorylation
Without interactions with CD4 molecules, wild type p56ik would not be able to properly

interact with critical TCR-substrates.

A study (Luo and Sefton, 1992) similar to the one presented i chapter 2,
suggesting that expression of an activated version of p561ch m ‘T-cells induces spontancous
IL-2 production, may apparently contradict the results obtamed i our studies However, a
careful examination of these data reveals otherwise Firstly, these authors examined the
effects of F505p561kk expressed in CD4-positive T-cells, They found that (in contrast to
wild type) F505p561ck expressed in these CD4-positive T-cells induced spontancous 11-2
production, but did not enhance antigen-induced I1.-2 production This s mtriguing i hight
of other findings by these authors suggesting that T-cells expressing F505p561ck do not
demonstrate constitutive tyrosine protein phosphorylation Scecondly, to deternune whether
spontaneous 1L-2 production was the result of FS505p561<h expression | these authors
introduced F505p56Ick into a CD4-negative T-cell line. Thenr results showed that
F505p56ick expression induced spontancous 11.-2 production and that deletion of the SH2
domain, but not the SH3 domain, abrogated spontancous H.-2 production These results
are however difficult to interpret as expression of wild type pSokt also generated low
levels of spontaneous IL.-2. Unfortunately, a more accurate determunation of the 1ole of

SH2 and especially the SH3 domain has not been pursued by studies examining the eftects
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of SH2 and SH3 deletion in TCR-mediated tyrosine protein phosphorylation or antigen-
dependant I1.-2 responses.

Nevertheless, part of these results may be explained using the SH2-mediated
cooperative interaction model described above. Expression of F505p561ck in CD4-positive
T-cells 1s hikely to resuit 1n the generation of physical complexes involving F505p56Ick and
CD4, along with the existing wild type p561ck-CD4 complexes. As mentionned previously,
enhancement of T-cell responses (namely IL-2 production) requires two complementary
signals, icluding dephosphorylation of tyrosine 505 and TCR stimulation (for proper
induction of TCR-substrtate interactions with Lck). Hence, 1t is possible that these

requirements are alrecady met i T-cells expressing both CD4 and FS0Sp56ick.

Candidate regulators of TCR-associated TPK.

The understanding of TPK contnbution to TCR-mediated signalling must take into
account the function of possible TPK regulators. An important feature of tyrosine protein
kinases is therr abilnty to undergo autophosphorylation. Autophosphorylation of Src-related
enzymes ts assoctated with an increase in catalytic activity, as measured in vitro by their
ability to phosphorylate an exogenous substrate. The importance of tyrosine
phosphorylation in the regulation of Src-family kinases has been described (see general
itroduction) Mechanisms for the regulation of these enzymes, include autoregulation in
cither an intra or mtermolecular fashion and regulation by other effectors such as tyrosine
protern phosphatases and tyrosine protein kinases. Candidate regulators of Src-related
kinases T cells include the abundantly expressed tyrosine phosphatase CD45 and the
cartboxy-ternunal ¢-Sre kinase, pSOcsk,

Although CD45 and pSOck have been demonstrated to modify the tyrosine
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phosphorylation state of tyrosine residue 505 in vitro , no firm evidence clearly establishes
that these enzymes are true effectors of pS6lck activity in vivo. One possibility 1s that these
Sre-related kinases (p56ick and pS9ynT ) are indirectly regulated by CD-S and pSOch This
view mainly comes from studies reporting the assoctation of CD45 with pSolk and a
32kDa tyrosine phosphorylated intermediate (Schraven er al., 1991) and studies reporting
the association of CD45 with Thy-1 (Volarevic er al , 1990) , which 15 also found
associated with p59fyn (Thomas and Samelson, 1992) Further studies examuning, these
functional interactions are necessary to determune the role of these putative TPK regulators

in coordinating TCR-mediated tyrosine protein phosphorylation signathng,

Summary

Accumulating evidence indicates that antigen-induced TCR-mediated signal
transduction is initiated by tyrosine protein phosphorylaton and mvolve SH2-mediated
recruitment of signal amplifiers. Several observations support the imphcation of pSo6kk and
p59fynT 1n TCR-induced tyrosine protein phosphorylation, however, thenr exact
contribution remains to be determined. Studies exploring the possible cooperation between
pS6lck and p59fynT in antigen-induced T-cell acuvation may serve to determine their
respective contribution.

The coordinate regulation and overlapping SH2-binding substrate «pecificity
between p56kk and PLLC-y 1 indicate that both molccules are tunctionnally coupled
However, the nature of this coupling 1s not clear. The view that pS6lkk s direetly hnked to
PLC-y 1 (presumably through SH2 1nteractions) remains controversial Nevertheless, itas
conceivable that protein-protein interactions involving SH2 sequences and tyrosine

phosphorylated proteins, although very stable wn vitro, represent a means of transient

101



interactions in vivo Transient protein interactions may provide an efficient mechanism for
signal amplificaton of TCR-mnduced stimuli.

Despite magor advances in the characterization of SH2 domain interactions (the
recent determunation of the three-dimenstonal structure of the SH2 domain), the exact
contribution of these interactions in vivo  needs further investigation. Hence, a better
understandimg of the protern-protein interactions regulating antigen-mediated T-cell
activation awaits further knowledge of the contribution of cytoplasmic tyrosine protein

kinases to TCR-mnduced signalling as well as the identification of TCR immediate targets.
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GENERAL CONCLUSION

This thesis has examined the structural requirements for enhancement of T-cell
responsiveness by the lymphocyte-specific tyrosine protein kinase, pS6kh, Based on
studies indicating that expression of a constitutively activated version of this protein
[carrying a tyrosine (Y) to phenylalanine (F) substitution at residue 505, a known negative
regulatory site] enhanced T-cell responsiveness, this thesis evaluated the 1ole of known
structural domains of F505p56i<k in the enhancement of TCR signalling

This thests has established that FSOSpS6kk protems enhanced 'TCR signatling (as
reflected by increased TCR-1nduced tyrosine protemn phosphotylatnon and elevated antigen-
induced IL-2 production) by a process which required mynistylation and/or membrane
association, an 1ntact site of autophosphorylation and the presence of mtact SH3 and SH2
sequences.

This thesis has also demonstrated that F505p56ick enhanced tyrosine
phosphorylation of PLC-y 1, a process which also depended on similar Lek stiuctural
requirements. As tyrosine phosphorylation s associated with PLC-y | enzymatic

activation, these results suggest that PLC-y 1 1s functionally coupled to p56ick,
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ylation af 1505 pso™’ at tyiosme 391(2)

The magor site of m vito autophosphorviation ol pan”’
tyrosime 3040 s imvolved i positn e reeulation of the cata
fytic activity of p36™ 4 Sabstutution of ths rosidue by phon
ylalamne mterdores with actov ition of Tok by iviosime 505
mutation (2) o1 antbody modiated aserceation of €11 (50)
In keeping with these obsarvations wo noted  that the
mtensity of the TCR-mduccd tyrosine phmJ»Im«\l.m«»n i
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enzymatic function of T39S0~ T ok prosunnbly rospon
sible for its dimmishad capabihity toimprosv e 1CR sionalhing
Importantly  these data also mdicate that unbike smnal
transduction throuch tvrosime proton ks roce ptors (8
21y, pSOTt mediated sienals i Tl acteation doonot 1o
quire the ntarachion of the T ok amophosphonbanon site
with tyrosimc phosphorylation substrate s One caveat 1o this
mterpretation i that 305 pan™ " may underen tvrosimg
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cantrast to the lited ampact af Aol ton ol the SEH jopion
on JTCR siwnalhme romoval of the ST domoan gncatly
affccted the abaliny ot o bob o supment TR ndace d
nrosie protom pho phorvbstson Tndocd cvpae suon of
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