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ABSTRACT 

p56 1l k is a mcrnbcr of the Src-family of tyrosine protein kinases 

which is a bundantly cxprcsI;ed in T lymphocytes. Increasing evidence 

indicah.'~ • hat p56 1l k particil)a'es in T -cell receptor-mediated 'iignalling. 

Fir~tly, • hi" (·nl.yrne i.., phy~ically as~ociated with the CD4 and CDS T -cell 

surfaet' glycopro'ein~. CD4 and CDS are respectively involved in the 

recogni'iun of ma,jor histocornpatibility complex class Il and class l, that 

are cXflre~",ed !In an'igcn pre"lcn.ing cells. Secondly, expression of 

acliva'ed I)S6 1lk polypep'ides in CD4- and CDS-negative T cells has been 

documcn'('d '0 enhance antigen-induced l'-ccII rcsponsivencss. To 

IIndcr~'and t 'H' mechani~m(~) by which p56 lck participatcs in this process, 

'hl' Cffl'd~ of mll'ation~ in known rcgulatory domains of p56 1ck on the 

IIbility (If acfi\'a'l'<1 p56 1lk lu l.'nhance antigen-induccd T-cell rcsponses have 

bl'cn ('\amincd. Our rcslllt~ indicatc 'hat p561ck regulates T-cell antigen 

rel'cp'or signalling • h rough a complex proccss rC<luiring multiple distinct 

s'ructural clomains of the enzyme. 
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p56 1ck est une protéine t)'rosine kinase dl' la famili{' Sn.' 

abondamment exprimée dans It.'~ lymllhocyte~ T. Ih.' n()mhH'Il'il'~ 

observations indiquent que p56 id.. {'st impliquée dan~ Il' pro{'{'~~Us dl' 

transduction du signal médié par le H'('{'pt{'ur dt's I)'mph(u.·)'h'<.j T. 

Premièrement, cette enzyme est associée aux glycopl·()trinl·~ ('1)4 t'l (,DS. 

qui sont exprimées à la surface dl'S cellules T. ('D4 ct ('UX scml iml>liqllt;{,,,, 

dans la reconnaissance respective de~ compll''\e~ <l'hi~tClcClmpacihilitl' 

majeurs de dusse Il ct 1. DCll\ièmemenl. on éI MlllOntn' que.' l'l''\lln,~ .. ion 

<t'une forme activée de I>S6 Id., dans de~ I)'mphol')' tl'~ T ('1>4- l't ('ns

négatifs, augmente la rél)OIlSe Iymphocytairt' au\ antig{·n{·~. Afin dl' mit'u, 

comprendre le(s) mécanisl11c(s) par le(s)quel(~) l'adi\'atÎcm <Il' t'dll' l'IJZ.VIlU' 

contribue à l'augmentation de la réponsl' aux antigl'ltl· .... Il· ... l'ffd~ dl' 

mutations additionelles dans des d()mairH'~ régulateur ... i<ll·ntifii· ... dt· ici 

protéine ont été examinés. Les résultats démontrent (lm' la n'gllialicm d('~ 

signaux intracellulaires induits par l'activation dc~ Iympl)()c.vlp~ T ('~I 1111 

processus complexe (lui nécessite l'apport particulier <h' plll~i('lIr~ dornainc.'s 

régulateurs de la protéine. 
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PREFACE 

'1 he cxpenrnental work pre~cllted in thl~ the~i~ is compnsed in Chapter 2, The 

optIOn provl<led to the candIdate hy \ectlon 2 of the Gllldelines COllcernill~ Thesis 

Pn:pilratJOII ha~ hCCll utrli/Cd "CamlIdatc\ have the optIon, \lIbJect to the approval of their 

dcpartlllL'l1t, 01 IlIcludlnl!. al., p.trt 01 thelr the\ls, cople~ of the text of a paper(s) submitted 

for plIblit :l11()n, or the clcar Iy dupllcatcd text of a plIblI..,hed papens), provided that lhese 

COPIC\ ale h()lInd .II., an Intqual part of the thesl.." ln thi~ case, connecnng lexts, providing 

Jogleal hrIdge ... hL'twCL'1l the dlffcrent raper\. are mandatory The thc~ls mll~t still conform 

to ail ()ther It'qll Il l'l1lel1h or thL' GlIIdcllJ1c\ ('oJlcerl1lng The..,l\ PreparalIon and should be in 

a llte/;liY lorln that II., llH'ie than a rncle collectIon of rnanu\cnpts publishcd or to be 

puhlt~hL'd 

The thc~l~ IllU..,t Incillde, a~ ~eparatc c hapter~ or ~ectlOn~, (1) a Table of Contents, 

(2) a genc/al ah'>lract 111 Fngh..,h and French, (3) an JI1troductton whlch clearly states the 

ratlOllak and obIL'l'tIVC\ of the ~tlldy, (4) a comprehensIve general review of the 

harkgllllllld IIIl'ldtllll' tu the \uhlect of the the..,i" when tht<.; rcvlew IS appropnate, and (5) a 

fll1al ovl·rallloIH.ltr .... loll ,md/or \ul1lmary Adchtronal rnatcnal (procedllraJ and deSIgn data, 

al., weil ,1" dc\urptlOIl\ (lf eqlllpml'Ilt lI.,ed) 11l1l~t be provlded where appropriate and in 

..,ullil'lrnt det,1I1 (Cl:! III appèl1dICC\) to allow a clear and preci~e jlldgement to he made of the 

lI11portalll't.: and onglllailly of the Ic~earch reported 111 the the SIS 

III the r:N' of m:tll lIl.,cn ph co-alltholecl hy the candidate and other~, the candidate is 

requlIl'd to ll1a~l' :111 C'pltl'It "tall'IllCllt 111 the the'\ls of who contributed to such work and to 

what l'\ tl'Il t. ~lIpL'r v r "01 1., muq attl'~t tu the accuraey of the clalm~, SIIlCC the task of the 

F'alllllll'l' .... II., lIIade mOlc dtl flcult 111 thel.,e case~, it is in the candidate's interest to make 

1)L'rfertly l'leal thl' rc!\pol1s1blhtle~ of allthor~ of co-authored papers", 

IV 



Chapter 2 has been plIblished 1tl Molccular and Cellular BiClIClg~. \'01. 12. 

no. 6, p. 2720-2729, and ha~ ils OWI1 Abstracl. Introdul'lJ ln, T\latcllal .... lIld T\ 1cth(ld~. 

Results, Discussion and Refcrence~ Apart from Illy "'lIPC[VI ... or, 1)[ And[\.' V ctlkllC. 

addition al co-authors ln Chapter 2 arc NlIlan /\11[al1.1111 .Ind DI Tony P.IW\\lIl NIIl:tn 

Abraham generaled the ccli,> exprC~~ln!! i\2F505 and F ,\)·11'505 double ll1utant~ te'/.. 

cDNAs and performed the expenmcnls plescnted ln flgu[\.'~ 1. :? \A , 7/\ and 7B III 

Tony Pawson provided gluthatlonc-S-ttan ... rcrasc «lST) Ill"lll1l pl\)ll'lI1~ conlalll1ng Ih\.' 

SH2 domains of phosphohpa,>c ('-y 1 (PLC-y 1) and provHlcd anll pL('-yl anllhodil". 

As reqlllred hy Ihe Guidelin\.' .... Ch.lplrr l '" a Gcnl'tallnlroduliioll tll the ","hICt! or 

the thesis. Chapler 3 1I1clude ... li CîCIl\.'ral f)ISCll~"'.()1l :tnd (il'Ill't.tl (\lIIch,,,.on 
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Chapter 1 

General Introduction 



INTRODUCTION 

Phosphorylation and deph\.)sphorylation of proteins allow cfflrH~nl rcgulal10n of 

important cellular aetivitIes (Krcb~ and Bcavo, 1(79). ProtCIIl ph()~phOlylatloll i~ IIll'lhated 

by amino acid-specifie klllases wlllch arc enzymes rccognl7lng hydrO\.yl groups on prcClse 

amino acid residlles. In mammalian relis, the phosphoamlllll al'lds 111051 l'Ollllllollly round 

involve histidine, senne and thrconinc rc~iducs, and to a \c:-.scr nIent, argllllllC, ly~llll' and 

tyrosine (Hunter and Cooper, 1985). For rcasons that wrll hccollll' rlear, the ptntclIl 

kinases most extensively studied are the scrinc/threonlnc k.llla'C' and Ihe 1)'1O'11'l' k. lIla'l':-

Tyrosine phosphorylation and growth rcgulation 

ln the normal cell, tyrosine phosphorylal1oll i~ a larc moditicatlon, Cllll'l1ll1ll1lg 

approximately 0.02% of total pho-;phoamino aCld, (liuntel and Co()per, 1 9X5) 

Nevertheless, several flll(hng~ :-.uggeq that tyro~lI1c protcin pho'phOlylal\(lIl play, an 

important role in the reglllatlon of cclI prolIferation and ccII dltlclcnlrallol1 111111:11 CVldllll'C 

originated WIth the identification of pp6()v ,rl, Ihe prolclIl plodllct or Ihe ROll, ,alcoma 

virus sre gene which wa:-. round to encode a tyro'lnc-'>pl'('lfll plOIClI1 k.1II,"l' (/ Jlllllei and 

Cooper, 1985). Accumulating data now support-; tht: III vol VCIllC lit of Iyrmlllc proteln 

phosphorylation in hoth oncogene ... i-; and growth f,lctor-dcpcndcllt 1lI!10l!l'lIl"I'> n{ayll"l (" 

al., 1987). Half of ail reported oncogclIc,> code for tyrO\lIlc plOll'l1I k ilia \1:'> m"l!op, 1 ()X\ 

Bishop, 1991), whlch cxplalll'> thl' con'>ldcrahlc Intere'>! ln 1II1dcI,>landllll! Ihl' II11Thalll'>lll'> 

by which these enzyme'i rcact 10 external ~lIlnuh and tran,>duœ the,>t; '1I1l11111 Into l hange,> III 

œil proliferation and œil dlfferelltlatlon 

2 



In providing a rapid and rcver~ible mecnanism of protein modification, tyrosine 

protcin pho,>phorylallo/l '>Ignalling should he envisaged as a dynamic eqllilibrium process 

If1volvmg both protCIIl tyro~lf1c ki/la~c,> and protelO tyroslf1e phosphatases. The importance 

of tyro'iJnc protCIll pho'>phata,>c,> has bcen recently established, with several observations 

fcportl/lg thClr lI11pllcat Ion in the control of ccII growth (Alexander and Cantrell, 1989; 

Tonh and Charbonncau, 19H9) 

Tyrosine protcin kinascs form two major groups 

Tyro'>ltlc protCIll hll1aSeS are categorized in two major groups. 1. Cytoplasmic 

tyroslIlc protcin kllla<,c,>, whlch meil/de the products of the .\fc,fps and ahl gene families. 

2. RcccptOf tyro:-'lIlc protcin killa~e:-. fOf a variety of polypeptide growth factors, such as 

thc reccpt()r~ lor q)((lcrmal growth factor CEGF-R), platelet-derived growth factor (PDGF

R), ncrvc growth factor (Tlk. NGF-R), insulin (Ins.-R) or colony-stimulating factor-l 

(CSF-I-Rhfora rCVlew, '>cc Cantleyetal, 19(1). 

J)1I11cri7atioll-lIlduccd activatIOn model fOI growth factor receptors 

Bindlllg of glowth lactor~ to the extracellular portIon of their respective receptors is 

thought tn indUlT rcl'eptor d\lllcnz~ltion, which brings receptor tyrosme kinase domains into 

close prox 11111 t y DI111Crmlllon promotc:-. Intermolecular tyrosine phosphorylation (cross 

:tutnphosphorylatlonl. re"ultlllg in reccptor activation. Down~tream signalling requires the 

IJ1tefactlon nI IIltenlledlatc :-'Ignal tr:tn~dllœrs with the alltophosphorylélted growth factor 

receptnr A Ilulllhel of thc:-.c ..,ign:tl IIltermedmtes have been Identified including 

phospholipase C-y \(Morn:-.on Cl al. 1990: Rotin et al, 1992), phosphatidyl inositol 3' 

hll1aSC (Otsu Cl al, 19(1) and Src kinases (Kypta el al., 1(90). 

3 



.... __ .. _-------------------------------

The association of activated receptor tyrosine kinases with thcse il,1Cnllediate signal 

transducers involves SH2-medmted recognition of the autophosphorylatcd rCl'l'ptors Thcsc 

interactions are shown to generally resuIt in the tyrosinc phosphnrylation of thl'sc rl'ceptor 

targets, which correlate with their activation. Apparently, this modd of hgand-indul'cd 

receptor-mediated signal transduction may also he applicd to non-rl'ccptor tyroslIll' plOtClll 

kinases that are physically linked to ccli surface rcccptors Con:-.cqucntly, tills modl'I wIll 

be used to understand the molecular mechani:-.m hy WIlH:h the Src-famtly kinase, p561d.. 

contributes to T-cel1 receptor-mediated signal transduction. 

4 



'l'liE SRC-FAMILY OF TYROSINE PROTEIN KINASES 

Origin 

Src wa~ the first virai tran~fomling gene encoding a tyrosine protein kinase to be 

identlfled Thl~ retrovmtl oncogene was later found to be a mlltated form of a normal 

cellular gene (proto-oncogcnc) denoted ('-,V(' Complete sequence analysis of both chicken 

('-,V(' and V-,\f(' genc,> (Takeya and Hanafusa, 1(83) revealed that the phosphoprotein 

pp6()v',Tt ('olltallled ,>cvelal ~eattercd point mutation,> and lacked the carboxy-tcrminal 

rcgulatory dOJllalll, WlllCh 1'> nonnally pre~ent 111 the proto-oncogene prodllet. Indeed, the 

lasl 19 :l1ll1l10 :lud,> of c111ckell c-Src ;u e replaced wlth 12 unrelated amino aelds in v-Src. 

Thco.,c ,>trlletlllai altcratlon,> aIl' rc~pon~lhlc for the constItutive upregulation of pp60v-~rc 

klflasc actlVlly and Il'> ahIllty to IIlduee cellular transfonmltioll. 

Silice Iht.: dl,>covcry or l'-sre, olher related gel1e~ have be' J identified either as viral 

olleogcnco." ('weh ao., \·-rl'.\ and l'-I).!r ), or on the hasls of <;Irucmral homology lfyn, Ick, 

IVII. lid, h/l.. ((/,,1 hClng thc aVIan hOll1olog ofmammalian Ick ; Chow el al., 1(92)1 (for 

rCVICWo." ..,ec VrIllettc and Bnlen, 1989; Cooper, 19(0). Tlm famIly of sre -related genes 

cOl1lpn~c.., X dl,>tlnct mcmbcls winch ail encode closely related protell1s with tyrosine 

protcin kllla"e arllvlty 

Primary sNlucncc features 

AIthough they "hare several structural similarities, eaeh member of the Src-family 

possl'sse.., a 11l11QUl' alllIno-lerminal domain that may be required for specifie cellular 

al't1VIIIC~ (SCl' Flgllll' 1). Common attributcs of Src-related polypeptides inc1ude? eonserved 

5 
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amll1o-l~nlllllal gIYClIll' 1~~ldlll' al pO~11101\ 2 Whldl I~ n Illl ,Il !(ll pl(lll'Ill myll~ly\;lllll\l :\ 

modulalory reglon l'Ill'nmpas~ing Ihe Src Homology lS11) dom:tll1\ ~ ,\I1d 2 l~ JlI'\l:tpll\l'd 

to the k1l1a..,c domal\1 (also dClloted a~ the SI Il t!OI11:1I1l). hll,llly, Slc-f:lllltlV Illl'mhl'I~ ~haH' 

a small carbo'\y-Icnnll1al regulatory domalll 

Figure l. Primary sequence features of <l pro'otYIlÎl'al Sn.'·likt.' kina~t.': I,S(,k" 

Unique Domain 
r-----, 

SH3 Box SH2 Box 
Gly2 

Kinase Domam 
R'!gularory 
Domain 

.-----------~i r-1 

Lys273 Tyr394 Tyr505 

cr ==~j~ ___ ~~i ==========~Ii 
CD4/CD8 Binding 

p56 Jck 
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Protem myn..,tylatlnf] 

Expenmelll"> wlth Sn; protein ehimeras have shown that the first 7 amino-acid 

re<;tdue~ of thl~ tyrmmt; pro te III kma..,e are reqUlred for myristylation (for a review, see 

Resh, 19(0) Il ha,> hecll proposed that thls reglOn eonstltutes a recognition site for N

myn\lyltran..,fcra,>e. 'l'hl'" clllymc allows the addition of myn~tic acid in amide linkage to 

thc alpha allllllO group of glyclllc 2 Thi~ cotransiationai modIfication appears to be critical 

lor pIa\ll1a llll~mhranc a""'OCIatlOll Although the oceurence of myri~tylation and membrane 

a<,~ociatlOn ha" Ilot bt:C1I tc~ted for ail fafmIy members (only for Sre, Lck, Fgr and Hck) 

(Perlrnutter, 1 <)<)(»), It 1" rcavH1ahie tn assume that ail these eytoplasmic enzymes are 

recruitcd to (cllular pla ... rna 1lll'llllmll1c through almno-temllllai myristylation. 

Unlqllclll'.,., aillOli,!,! tlte tamIly 1lll'l1lhel~ rc"ults from the presence of different 

allllllo-tclIlllnal dOlllalll ... , wlllCh may confer dl<,lInct ahIlllte~. However, few ex amples for 

thl~ propmed 1 lInctHHI have brer~ reportcd to date includmg the a!-.soclation of p56lck with 

the (,D·l and CDX 'l'-ccII glycoprntClll\ (Rudd el al , 19RR, VeIlIctte et al., 1988a) and the 

aSSoCIatIon 01 p59 fyn wllh the l-œll rcccptor for antIgen (A. Shaw, unpuhhshed). 

SII1_uml SI n Illodlliator y rcg(()ll.'! 

l'ltl' lemallllng pOl tlOn III the al1llllo-tCrtmnal half of Sre-like kinases eontains 

1)J0lm ... cd lllot!ulatOl)' "ctjllence", denoted a!-. the Src IIomology 2 and 3 (SH2 and SH3) 

rcglon ... (101 Il'Vln"." ... ee Paw~()lI, 19XX; Koch et al , 1(91). The SH3 region is a sequence 

of loughly 50 :lmll1n al'ld~, juxtaposed to the unique domarn. The SH2 domain is located 

dowll~lIcalll Ilom the SI n rqpon and comi!-.ts of abOlit 100 amino acids, which include 

l'Ive arca" oflllghly COIl"lTycd !-.cquenccs 

Thl\ lIIodulatm)' tandl'Ill I~ present in the Src and Abl families of cytoplasmic 

tylO!-.IIlC plutcln h.1l1a'\C\ (Tah.cya and HanafmH, 1983: Shtivelman et al., 1986) as weIl as in 

an CXP:\lHI, 'l! 1I11mhcI of plotcln~ ... uch a" phospholipase C (PLC)-y 1 and 2 (Stahi et al., 

198X; Suh ('l al. 1988. EllIol'I cr al., 1989), the guanosine triphosphate (GTP)ase 

7 



Activating Protein of p21 m (GAP) (Trahey et al. 19XX: Vogcl t't al .. 19XX). the pX) 

subunit of phosphatidyl inositol (Pl) 3' kinase (Escobedo t't al. l»): OISU ('laI. (1). Ihe 

oncoproteins v-Crk (Matsuda et al .. 19(1). Vay (Kauav et al . 19~9) and Ne"- (Lehman ct 

al., 1990). The SH2 and SH3 domains arc also prc~cnt III a Il an~rripl1nn factor complc\ t 

Fu, 1992), the protein kinase Csk (Nada ('t al . 19(1) and the putal1w ,Idaplor plOtelll SCIll-

5 (Clark etai., 19(2) Iwith its human hOl11olog GRB2 (Lowen~te\ll Cl al, IlN2)1 

The SH2 domain (wHhoUI SH3) IS found 111 Ihe l'p~, fallllly of 1)'10\1I1L' 11IdtClIl 

kinases (Huang et al , 19X5). tensll1 (DaVIS ct al . 1991). olhel da\\l'~ or l'ylnpla'\lllil' 

tyrosine protein kinases (Mano ft al, 1990; Taniguchl ('{ al . 191) 1) and :-,ollle eytllpla\lllle 

tyrosine protelll phmphata~es (Shen et al, 1991; Plutzky ft al, Il)l)2. YI ('t a!, IIN2). 

The importance of the SH2 and SII3 Illodulatory funrtion 11:1\ Iwen l'\lahllshcd 

from several line~ of evidencc, 1I1c1uding mutallonal analy:-.c\ of Sil tamlly IlICllIhCIS 

(Wendler and Bo .... chdlt, 1999. Ihrm and Varmu\. 1990; O'BIICIl C{ 11/ • 1l)1)(). Blolt ('/ fi/ , 

1991; Cheng et al, 1991; FukuI and Ilanafu\a, 1991: FukuI ('1 al. 1991. Kannl'I /'/ (/1, 

1991; Matsudaetal., 1991: Wagc~ etaI, 19(2). Becau"e SII2 dom:l III \ t:ln hllld lyrO\lI1c 

phosphorylatcd protcin~ ln Vitro, Il I~ propo:-.ed that thc\c domalll\ illC IIlllHlI tant fOI 

directing protelll-protem mteraction<;. 

The SH3 domain I~ abo ple~cl1t 1I1depcndanlly 01 SIl:? .... cqucllcc .... III .... cvclal 

cytoske\eton-associaled protClIl'l .... uch :l'i non-erythrold alpha .... Pl'l'1I11l (Wil\t:lllll\ (" al , 

1989), myo<;1Il Ih (Jung et al , 19R7), the yca<;t actlll hll1dlllg prolelll (DllIhlll ('i a/, 1')<)0) 

and the yeast bem-l prote1l1 (Chcnevcrt el al. (2). 'l'hl" flllding ~llggC\h t\Jal Sil ~ 

sequences may have a mie III Illedliltlllg interactlol1\ will! the cyto\kclctoll Thc sin 

domain can abo he found III protCIl1'> "uch a\ the yCil\1 t lI\ 1 (Mc Calt rcy ('{ (// , l ')X7, 

Truehart et al, 19X7) and CDC25 (Brock ct a/, 19X7) protCII1\, il nlalO! pallllltoylated 

erythrocyte membrane prolCI/l (RlIff, 19(1) i\nd two llt:lItropl!d NADPII oxlda .... t:-i\\\()C1ated 

proteins (Lomax et al., 19X9; Leto Ci a! , 19t)O) 



The catalyllc cJomain 

The ~ccond half of a typlcal Src-hke molecule comprises the kinase domain, which 

IIlclLJdc~ ATP-hllldlllg and autophosphorylation sites. The ATP-binding site is centered 

ilrollnd a ly~lflc /c"'lduc, whilc the autopho~phorylatJon site is a tyrosine residue located 

approxlIl1atcly J 20 allllno and ... fllrther downstream. Phosphorylation of this tyrosine 

rC~ldllc occlIr ... dllnng III vitro protClII klllase reactlons and can be observ(,d ln vivo when 

the tyro~lI1c protclll kllla ... c 1 ... actlvated. Hence, in vivo tyrosine phosphorylation at the site 

of alltophmphorylatlOI1 1 ... a markcr for activation. 

The /çgulatory domalll 

1\1 the vely carhoxyl end of the molecllle, there is a small reglllatory domain 

cOlltallllllg a l'OlI,>erved (y/mIne rC~ldlle ExtensIve ln ViVO phosphorylation of this tyrosine 

re ... /dlle 1:-' 1I11pltt ated III the negallve reglliallon of the catalylic function of Src-like prodllCts, 

con~i~tl'llt wlth the mokclIla/ IllCChal1lSIll hy which pp60nrc IS activated (Cartwright et al., 

19H7, Kmltxl" and Shalloway, 19X7; PlwnJca-Worms et al., 1987). Truncation or 

/l'placement of Ihl ... reglon hy olller sequence!'> imp:llfs an important mechanism of tyrosine 

proll'ln "ll1a~l' aCllvlly rcglllation, and unmash the oncogel1lc potential of several Src

/elall'd "lI1a:-,c~ 
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A L YMPHOCYTE-SPECIFIC SRC-FAMILY MEM8ER: p56 k l.. 

There have been extensive stlldies of the fUlll'tIonal reqllircmcnts for thl" nncogl'llIl' 

activity of Sre-derived products (Veillelte and Bolen, 19X9). Hased un Ihe~e 'Imhes, thl"re 

is scrong evidence that strict rcgulation of thc~c kll1a~es IS n:qulled ln allow norm.tl cellular 

growth. The exact physlOlogieal fllllCtlOIl of these product<; IS howl'vl'f ~tll1 1Ill1e,olvl'd 

Fortllnately, a bctter understanding of the physiologlcal rUlletlonS of Sll-hJ...c J...lIla'l· ... has 

been made possible due to important discovenes II1volving a lyl11phol'yte-~pl'C1flc Sn:

family member: p561d ... 

Characterization 

p56lck is a 56 kilodalton (kDa) Src-related tyro!'.ine prnlein kllla!'.c wl1lch i~ !lollllally 

expressed exdusively in cell~ of lymphOld ollgm, mo"t pll'domll\anlly \1\ T Iylllphul ytl":-' 

and natural killer l'l'Ils. Lnw Icvels l'an abo he rou!ld III B Iymphocyll''' (for ILVll'W", 'llT 

Bolen and Veilletle, 1989; Perlllluttrr, 1990; Abraham ,md YctlIrltc, J()()I, Se/I()n, I<)<)J, 

Veillette et al , 19(1) pS6lck was II1I1Ially thscovcrcd :lI1d l'haracicil/cd III Ihe Molo!ll"Y 

Murine LeukcI11Ia VlfllS (MoMlILV)-lI1duccd mnll~c thYllloma ldl llllL LSTR/\ (YOlO!lOVa 

etai., 1984~ Marth et al., 1985; Yoronova and Senon, 1 ()X(), Garvlll ('/ a/, I()XX. Manh ('1 

al., 1988b ). LSTRA celh overcxpre~~ /ck tran'lCnph, gCIll:rallng 11Igh kvch of Ihl~ 

membrane-assocIated pho~photyro<;lI1e-contallllng prolelll The hOIll()Jogy 10 c-Src wa'l 

originally ~ugge:-,ted hy the anal y"l'l of tryp'llll-dlgc'llJo!l pl o<! lIel.., of the 'i() k Da prolclll 

(Casnelhe el al., 19R3) Sllnilar properlJe~ were oh"ervcd hclwccn Ihe l'-Sn: Iryptic 

fragment contailllng the autopho"phorylation ..,ile and a lryplll fragment re..,ldllllg !lom Ih\; 

digestion of the Hutopho..,phorylated 56 kDa phO',phoprolclIl '1 he c/)N/\ for ft k WéI'l 
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ohtainl:d hy <,crl:l:ning a LSTRA , a\ weil a" a normal thymu<; cDNA library, using 

dl:gelll:ratl: ollgonuclcOl1de probe" ba"ed on the amino acid sequence of c-Src 

alitopho,>phorylalJoll ,>Ile (Manh (JI al, 19X5, Yoronova and Sefton, 1(86). As expected 

for any llIl:mbl:r of the ,\f('-related genc family, the lek nucleotide sequence was found to 

have ~trong hOl11ology to ['-sre. 

Control of p56 lck expression 

In the hlll11an and !1l01l'>C, !ck transcripts are derived from two separate promoters 

rl:slJlting 111 two type" 01 lek mRNA whl(:h dlffer in thelr 5' untranslated regions (Voronova 

('lai" 19H7, CiarvlIl Cl al, 19XH, Perlmllttcr et al, 19R8: Takadera et al., 1(89). Type 1 

tran~Cllpl!'> onglllille from the proxlIllal (or downstrcam) promoter, which lies 5' proximal 

to the cOllin)!, Il'glon tOI Ihl' Id gl'nl' Type I1lran ... cnpl~ an ... e l'rom the distal (or upstream) 

promotl'I ln hlll11an,>. thl' 1('1.. dl,>tal promotel IS locatcd 34 ktlobases upstream from the 

plOximal proll1otl'l (Wtldlll ('1 al , 1(91). The exact role for the existence of two different 5' 

lIntran"I.lted rl'gl()n~ 1'> not J..nown 

tek l'\pl l'!'>'!!.!11Hhl! mg l'-ccli onlngcny 

l'hl' Id:. genl' 1 .... tlan .... cnhed 111 hoth mature and immature T lymphocytes (for 

l'L'VICWS, ~lT Pc Il 111 li tter. 1 <J90. Abraham and Yeillette, 19(1). In humans, the appearance 

or Id \Ial1'>cnpt~ 111 the thymll'> corrclate~ with the colonization of the thymus by bone 

marrow-dcll"ed 'l'-ccli plccur,>or" Becall~c the proxlmal/ck promoter is maIllly active in 

l'le thymll~. 1 IllI11atlll l' thymocytc,> predol11l1l<lntly express type 1 transcripts (Reynolds el 

al" I()t)()) !\1atlllatlOI1 ot thyl11()cytc~ i~ paralleled hy a progressive increase 111 type II Ick 

tran~lTip"" \\ hdc Ievels of type 1 lek tral1~cripts declea~e. At the end of the maturation 

pIOl'l'S"'. when T lymphocyte" Ieave the thymus for other Iymphoid organs sllch as the 
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spleen and lymph node~, they predominantly c:\prc,,~ typc 11 le/.. mRNA tran'l'lIpt~ 

The mechanislm respon"'lole for the deve1opll1cnlallcgulation 01 Id. Il an,crlpllon l' 

cUITently unknown. A recent stully {Allcn ct al . 1992) !l'lllg tr.ln'gl'Illc llllel' hcallllg 

truncations 111 the pwximal/ek promoter ha, ,howll Ihal 111I~ prnmotl'I CktllCnll.'ol1t.llll ... 

several binding sItes for nudear protelll'. 'lIgge ... tlllg a Illokculal Illl'l'hall1~m t'or dllklcnllal 

modulatton of lek tran,cnption 

lek expression during l'-ccII aCl1vation 

Change~ in promoter usage have aho heen reported dUllng 'l'-l'dl l\C\lvatlOll 

(Takadera el al , 19R9: Leung and Miyamoto, 1(91) SIIIlll11allOIl of Icsllng T l'l'Ils \V\lh 

lectins or aCtIVHllng an!l-l'CR an!lhodlc, rC'lIlh III a dcdlllc 01 le ~ RNA kVl'I~, 

corresponding to a dccrea~e of Iran,cnplloll l'rolll Ihe lI!'>tal PlolllotCI 

Implication of p561ck in oncogcncsis 

ln lymphocyte~ 

Various observation~ support the view thal OVClcxprC''''IOIl 01 p')()I, k Illay hl' 

implicated in the oncogenc"'ls of lymphoma~. [n the thylllollla u:IIIIIIC'" ISIIV\ alld Thy 

19, increased lcveb of tek 11le ... ~agc (7 t'old 111 LSTRA) and plOlcln (')() lold III 

LSTRA)(Hurley and Sefton, 19X<») arc likeJy to rc ... ult frolll a l'Olllhlllall()1l 01 L'kviltcd Id 

transcription and more effICIent Id tran ... la!lon (Marth ('1 al, 1 ()X'), MartI! (" fil , 1 (JXXh) 

The genetlc ha"l" for Lck owrexple ...... lon ln the ... e l'l'II IlIle ... IIlcludl· ... Ihe IIl ... t·ltl()1I 01 the 

Moloney 11l1lflnC IClIkcl11Ja vlru" (MoMuLV) long telllllllai rcpeah (\:11<) III tht' IIp..,lll'am 

(5') portion of the lek gene (Marth ct CI ( • 1 ()X '), V oronovii alld S\.'I t()ll, 1 ()X(l. (;al v III t'I fil , 

1988). Lck tran ... cnpt ... an ... lI1g l'rom the IIp ... treallllll ... er\lon 01 vllal Lï R pm"c" ... a lI()vel ')' 

untran..,lated region (UT), that IS belJevetl to confer more drILlellt tran ... latlCH! (V()ronova 

and Sefton, 1986, Garvlll et al , 1 <)8X, Marth et fil , 1988b). 
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That overcxprc\\lon of intact Lck protein may contribute to lymphoid 

tran<;formauon 1\ further \upportcd by rcport\ that ovcrcxpres<;lOn of either wild type or 

actlvaled (l'50,) Lek poJypcpudc\ 111 tran ... genic rTIlee induce<; thymIe tUl110rigenesis 

(Abraham, K M el al , 19<J] h) Thu\ altcrcd lek transcriptional and translational controls 

rnay contflbule ln the tran,>formatlon of lymphOld cell<;, 

The rcu.:nl fllldlllg\ of chromo ... omal translocal1on~ joming lek Iwhich is located on 

human chromO\Ollle one (Marth el al , ]9S6) 1 10 the T-cell receptor (TeR) ~ gene in two 

human T-cell Icllkel1lJa\ (Humett et al, ] 99 1; Tycho et al , 19(1) provides additional 

eVldencc that owrc;..pre'>'>lo!1 of p5()Jd. Illay particlpate to Iymphoid neoplasia. In these cell 

hnes, the Chlolllo,>omaJ hrcakpoint 1'> eIlher located upstrearn or between the two lck 

prollloter,>, luxt,lpmlllg the con:-.tant rcgion of the TeR P locus (with Ils associated 

tran'>lrlpllOJ],d cllh,lllter) wlth the protein-codll1g region of the lck gene. These 

rearrangelllcnt.., IC'-Ult ln tnhanccment of lek transcrIption. 

l!l.Dlb~L(dllillü 

Aherrant !J~,>ue expre'-~Ion of lek (l1lRNA or protein) can also play a role in the 

procc'-~ of onl'OgL'IlC'.I\, LI'- "llggc'Ited by the reports of lek expression in several hU:11an 

cancer,>. lI1c1udlJl!.! colon. Jung and brca~t (Veillette el al, 19H7; Sartor et al., 1989; Koster 

('[ al, Il)<) 1 ) 

Ba .... cd on '.llIdlc:-, In frbroblasts, Il has recently been proposed that Lck 

overexprc'.'.lon ma\' not he "ufflCICl1t to Induce transfomlation. and that alterations in 

p56 Id'c:lrho\y-tefllllI111'" llla)' contnhutc to oncogeniclty (Adler and Sefton, 1992). This 

VIL'\\ 1\ 111,11111)' '.uppolted hy ~tlldle~ reportlllg that mutation of the carboxy-terminal 

tyro~ll1l' le'dduc ,:)05 to LI nOI1-pho'.phorylatable ar111110 aCld can induce cellular 

tral1~tollllLltlOI1 ln flhlOhl,,'..., (Al11reln and Sefton, 1988: Marth et al., 1988a). ft is, 

howL'Vl'r. Ilot l'kar whcthL'r thc~e ll1eChLllmm~ occur III 1) mphocytes 



ln general, various observations suggest that dercgllialloll of the I1lcchanislll {lI lek 

gene expression, (at the levels of transcnption and translatIOn) and/or l'\pll"~HlIl of 

activated Lck proteins are likely to ft.~ .... lllt :11 lIlen:ased Lek t)'w'lI1C plOtl'lll klll:l\l' aem'II)'. 

and therefore may contnollte to the elevated levd~ of cellular pho~photylO~II\\.' tYPIl'ally 

observed in transfonned relis. 

Structure-fune'ion analyses of p561ck 

A betler lInder~tanding of the role of p561d• 11\ normalcl'Ilulal phy~lolo~y " l'tHil al 

for evaluating Ils lInplICatlOIl III cellular tran:-.formallon Mmt of Olll knowkdgl' Icg:lIdlllg 

this enzyme come~ from ~cquence comparisOl; of Src-famlly Illl'mhel'> and Stlllclllle 

function analyse~, EXpre%IOI1 of varioll~ mutant Lck polypeptldl" III NIII rI' ~ u:ll, (Illlll Ille 

fibroblasts) ra~ provldcd lIl-depth in~ight,> lI1tn po~t-lIan,latl()nalllll'Chanl\m, hy wlllch tlll:-' 

enzyme lS regulated. Over ail, these fïndll1g\ have ,11OWI1 Ihat plOtl'11l pho\phol ylal1ol\ I~ :In 

important regulator of tyro~lI1e protCII: kll1a:-.e actlvlty Illdccd p%ld, l' l'\tl'n"vl'Iy 

phosphorylated on tyro~ine and ,>erllle rC~ldlle~ 111 Vil'O (Vetllettc Cl ,,1 , 1 ()XXc) 

Re~ulation by tylosll1e phosphorylatlon 

As is thc ca~e for Olhcr I11cmher,> of thc Sn:-fal11lIy of pl ote 111 tYlo'>lIle kllla\c:-., thl: 

major site of p561d .. ln VlVO tyro~\Ilc pl1O,phorylatlon " locatcd wllhlll Ihe Lill hoxy-Il'rrntnal 

regulatory domain, on a tylO~lIlC rC~Idlle at pO:-'ltIOIl 505 Rcplallllg tY/()\llle 50') by il /lOIl 

phosphorylatable anllno aCld \lH.:h a" phcnyialalllll!.: re\ulh (ullllke wlld type) III il 

constltutlvely actIvated moleclIlc, that l~ capahlc of lcllular tran,formatloll Whenl:CloplCally 

expre~sed in fihrobla~t~ (Amrelll and Sefton, 19XX, J\hraham and YcdkllC, 1 ()()O) The,>!.: 

re~ult~ demonstrate that pho~phorylatlon at tyro'>lIlc 505 1'> IInplJcalcd III thc ncgallvc 

regulation of p56k J.. 
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ln fihrobla .... h, uctivatton of p56kk molecules through mutation of tyrosine 505 

re4ulre~ the participatIOn of other functional domains, such as intact sites of 

autophosphorylatJon (tyrmlllc 3(4) and mymtylatlon (glycine 2), as weIl as a functional 

ki ml \C dornalll (A braham and V cillcttc, 1990' V cillctte and Foufllel, 1990). The importance 

of phmphorylatlon at tyrO\lIlc 394 for activation of p56lck has also been documented in T 

eclls. Indecd, \Iglllficant li! VlVO tyro .... me 394 phosphorylation is observed upon activation 

of p56kk throll~h CD4 ~tlllllllatJon (Velllette et al., 1989a; Luo and Sefton, 1990). This site 

was Idcntlfied a~ the alitophmphorylatIon SIte because it becomes extensively 

pho~phOlylatl'd dllllng lfl vHm protcin ryrosl/le kinase rl'actions (AiJraham and Veillette, 

19<)0) IIl'nec, t/1I\ malor ~Jtc of autophm.phorylation may be involved in positive 

rl'gulatlon of p56k " lyro~JJ1e protclIl klllase aClivity in vivo 

ln C()[llra~t to tyIO .... IIlC J<)..l, Il appear~ lhat tyrosine 505 phosphorylatic;l does not 

n:sult hom alltop!Jo .... phorylatJon TI1I\ i~ ",upportl'd by the observation that a kinase

deficicnt vanant of p56kk (carrylllg il non-fllnctional ATP binding site) is still extensively 

phosr,horylalcd 01] tyrmlllc 505 whcn cxpressed in fibroblasts (A.Veillette, unpllblished). 

Rerort~ of a protl'Ill \..lIla .... e that spccllically phosphorylate~ the carboxy-ternlinal tyrosine 

527 re~ldlll' of pp6()l 'IL ( Okada and Nakagawa, 1988; Okada el al , 1989; Nada et al., 

1991. O\..ada CI al , 1 <)<) 1. Thoma~ ct al. 1(91) have provlded evidence for the involvement 

of other tyro .... lIlc protl'III \..Ina~cs 111 the regulatlon of Src-like kinases. Tlw, enzyme has been 

Idcntlflcd a!'> p5()l ," (for !;.-.sIC h.lIla~c) 

(\k I~ a cyto"olJc tYlo",lne \..inase which is ubiqllitously expressed in cells and 

IISSUC!'>. cspcl'wlly 111 ccII .... of hcmatopoiettc origin (Okada et al., 1991; Partanen et al., 

1991) IntL'l'c"tlllgly. p5()l'" contalll!'> one SH3 and one SH2 domain, but lacks a 

lIlyn~tylatllln "'glial alld c'lIhm.y-tcnnÎnal regulatory dOl11aill. ln additIon, p50c~k does not 

show aUloplm",phorylauon Thesc characten~tlcs may be important for its regulation and/or 
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substrate specificity. III vitro, p50 c~1. appears to phosphorylate ail Src-like tyrosine plOlein 

kinases including Src, Lck, Fyn and Lyll (Okada et al. 1991: Bergman ('f al. 1()l)2) 

However, in vivo. no stable complex formation œlwccn C~k and e-Src 01 (\~ and Lek ha!'. 

been demonstrated (Sabe et al. 1992; L.Chow. unpliblisIH~d). Whcther p50 .... " 

phosphorylates tyrosine 505 and down regulatcs pS6 Id .. aCllVlty III VIVO rl'mains ln he 

establ i shed. 

In summary, vanolls experimcnts slIggest thal tylOSII1C phosphnrylatlOll IS a kcy 

mechanism for regulatlon of p56kk enzymatlc aClivity. Phosphorylatloll 01 l'56 k 1. IIlvolves 

two major sites, tyrosine 394 and tyrosine 50S Whllc tyro~lIle 50S phm.phory\atlon l'i 

implicated in the negauve reglllation ofp56kk kina'ic actlvity, phosphOlylatHH\ at ty\O~lIK' 

394 appears to positively reglilate Lck tyro'iine proteir. kma!'.c aC\lVlly 

Serine phosphorylatJon 

Stimulation of T eells with anti-TeR antihodie~, Illitogenic Icctin!-. or lIet ivatOl!-. 01 

protein kll1ase C (PKC) rcsults in a markcd Increa,>c III tlnllllO-lcllllinal !-.cnnc 

phosphorylation of p56 1c1.. Thi!'. phosphorylatton l'vent mvn\ve,> '>l'flnc Ic",dllC'> locatcd 

presllmably in the 1I11ll]lIe or l1lodulatory (SI n or S112) d()ll1alll~ of the lllolcclIlc and 

correlates WIth a ~hift in electrophorettc 1110blllly, l'rom 56 kDa to approximatcly (lO ~J)a III 

SOS-PAGE gel!'. (VeiIlette et al., 1988b, Veillettr et al , 1988c, J)arllclan ('/ al. J<)X9. Marth 

etai., 1989). It has been !-.uggc,>tcd that the ~ennc/thrcOlllIIl' prolclll kllla\e (' (PK(,) Illay 

be respomible for thls event. Howcver, trealment of œil,> wllh an IIlhlbllOl 01 PKC (117) 

did not prevent serine phosphorylatlOll of p56ltk , lhel'dore lI11plylllg thal PK(' Illay Ilot hc 

the only serine ktna~e involved in thl\ proce,>,> (Marth et al ,198<» Although the roll' of 

serine phosphorylattoll of p561d, ha~ Ilot becn detefll1lllcd, it may modJ/y Ihc ahIllly 01 the 

enzyme to take part in protein-protein Întcracllom 
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Modula'ory fllnCllom. the role of the SH3 and SH2 domain~ 

A fllrthcr lharacterl/atlon of the procc,>~c,> reglllatIng the enzymatic activity of p56 Ick has 

hccn oOWlned hy exarllllllllg the role of the Iwo con~erved non-catalytic domains of p56 lck , 

namely the SI/3 and SI12 ~cqucncc'i. PrcvlOus expenmcnts have shown that the SH2 

d0I11:1I11 can dJrl~LI two type!'> of protclll-proteIn interactions: first, it appears to target signal 

tran,>dllllng rno!cculc,> ,>uch a~ GAP, PI 3' kinase or PLC-y 1 to auto;Jhosphorylation sites 

of actIvatcd growth factor reccptor~; ~econd, the SH2 domain of Src-related enzymes 

"ppear,> t{\ ollld IIltra-lllolecularly to II'> carooxy-tcrminal phosphotyrosine residue (for 

rCVICW\,!'>CC Paw,>on, IIJXX, Moran el a/ , 1990: Cantlcy el al., 1991; Koch et al., 1(91). 

A dctaded ,>tudy 01 the functlol1!'> of p56k l.. SH2 and SH3 reglons (Veillette el al., 

1<)<)2) rcveab that the ol1cogel1lc potenllal (evalllated ln murine flbroblasts) of p561ck 

ll1olecule\ lad,lIlg SI12 ,>cqucnce,> I~ markcdly enhanccd, as is the case for mutant Lck 

polypcptHIc\ cal/ylng a tyro'>IIlC tn phcnylalanlllc ~ubstitUl1on at tyros1l1e 505. Most 

l/l1pO/tantly, <tektlon 01 the SI Il domall1 produce~ ~1I11l1ar re~uIt~ whether it IS performed 

:t1onc 01 III comhlnatlon wllh thc mutation of tyrosl/1e 505. In contrast, when eompared 

wlth other actlvatlng Illutant ver!'>lons of r56kk, sole removal of the SH3 region resuIts in a 

mode\t cl1hanCl'lIlllll of p561d, oncogclllc potenllal and biochemical funetions. Together, 

the!'>e rC!'>lIl!\ \uggc!'>t that clown-rcgulatlon of p561d, kinase activity through tyrosine 505 

phmphOi ylatlOll 1\ Illlpallcd hy rCllloval of the SH2 domain out appears operauonal in the 

absence of Ihe SII3 dOll1alll. 

SIIllIIar l'\pCIIIllCnls wllh Sn: (Scidcl-Dllgan. 1(92) reveal that deletion of parts of 

thr SI12 domalll (B or C hox) or the SH3 domain in c-Src IS sufficient to [ully activate wild

type l'-SIC and plOdllce tran!'>fol'llllng Src molecliles. Although dcletion of SH2 or SB3 

sequcncl'!'> 111 the 1'527 actIvatcd had.grollnd IS not evaluated, this report sliggests that the 

lIldul'tion of cellular tran!'>fonnatron (by a G37H activated variant of c-Src) is not affected by 
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deletion of euher the SH2 or the SH3 domalll, In conclusion. hoth Ld. and Sn: dl'll'tlOn.1l 

studies provlde indirect in vivo evidence for a cooperatIve regulatH1n IIlvlllvlIlg the SI12 

domain and the phosphorylated carboxy-tenmnal tyrosine resldue uf Sir IIJ.-e ell/)'Illl" 

This model is further supported by ~tudlcS ~howlllg the ~dl'L't1\'e hmding ot 

activated (F527) c-Src by Iml1lobtlllcd carhoxy-tcnlllnal pho~phopeptldn. tRous~l'I l't al, 

1991), More speciflCally, the cooperative regulatlon Illodl'l W(luld Involvr phY"lcal 

association between the negatlvcly Icgulatlllg phmphotYIO"IIll' /c.,lduc and the SI12 

sequence~, An lIlactlve enzyme would have a "cJ()~l'd plOtClIl cOllIOlmal/(ll1" pO'''lbly 

allowing more stable tyrosine pho"phorylattoll at the carho,y-tcrll1ll1al .,tlc, hy pH'\'Clltl/lg 

the action of tyroslIlc protelll pho~phata.,c." Dt:!cttol1 01 the Sl12 dO/llal1l \\'ould Il'~ltlt III ail 

"opened protein conformatIOn" that could promo le tYW'"11' dephmplHl/ yl.ltloll 01 IIH' 

inhibitory pho"photyro~il1e reslduc and thll~ actlvall' the crllyllll' 'l'Ill'. mcchanr\1ll \VOl/Id 

explam the absence of phenotYPlc diffcrcnce~ hctwcen the cricrI'- ul SI12 dek\\tl\l III v,nld 

type or F505 polypeptide.., Ba ... ed O/l tlm mode!. actlvatlO!l ot SIL IIkc kllla\C\ tll/ollgh 

dephollphorylation at the carhoxy-ternlllwl ty/mlne le ... ldllc 11lIghl !llOvokl' Ihe 

destahilization of the inactive prote", conformatIon and, hy ailowlllg the SI12 dO/llalll ln 

bind ta other tYIO"inc pho~phorylatcd protein~, might rrolllotc \lIh,uatL' IllteractlOIl'> 

Substrate interac\ton 

As IS the ca~e for all SI12 domalll., studIed, th<: SI 12 (~olllall\ 01 p')()I, ~ l'ail ... tahly 

aSSOCIate in vitro with phosphotyro~lIle-contallllllg protelll'" Inle/<lct\()/l\ 01 l ,ck- SI12 

domain WIth tyrminc pho.,phorylated ... lIh ... llatC., l'an he oh ... c/vcd III N",rl'~ l'l'III/1w" 

expres'\ing actIvatmg mutant., of p561d" (Vcllktte Cl a/ , 1 ()()2 ) ln '1 lcll." the SI 12 <!()lIlalrJ 

of Lck appear~ 10 hind ln vitro to li ..,pedllc .,et of ty/mllle phmphmylalL'(1 plolCIIl' ( L 

Caron, lInpuhli~hcd), From the ... e rC.,lIlh, 1\ 1 ... propmcd that tht' SI12 c!olllalll ot p)6 t, Ji 

allows IIlteraclIons with putative Lck "'lIh ... tratc~ lfl VI Vo 
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Recent report'i of the tl~.cc-dimenslonal structure of the SH2 domain (Booker et al., 

1 <)92, Overd UI n el al , 1 C)<)2, Wak"man et al , 19CJ2) provide evidenee for the covalent 

nature of the HlIcraclIon" between SI 12 domall1\ and phosphotyrosine-containing proteins. 

CollcclIvcly, the ... e rt.: ... ult" dcrnon ... trate the Importance of the eonserved SH2 subdomains. 

More "peelflcally, they conflrrn the eriueal role of three positively eharged, conserved 

arnillo aCld rC"lduc" (R 155, R 175 and K203 in v-Sre) in binding to tyrosine 

phO'iphorylated peptide". The chernlcal basi~ for thi~ interaction is that binding of the SH2 

dOIl1:lIn and the pho\photyro~ine-containIng peptide overcomes unfavourable electrostatic 

IlltcractlOn\ an "In!! 'rom the proximlly of posillvely charged ammo acid side chains in the 

lInbound pmtclll. AI\o, the\e IC\ltlt~ ofter an explanallon for the phosphotyrosine 

~peelflclly of SI 12 (/omalll" Apparently, the complcx between the SH2 domain and the 

tyro"lIlc pho ... phorylated protelll can he vlsualIzed as a "sandwIch", the phosphotyrosine 

SI de cha III III ter actlllg wllh the conserved argllllne and lysine resldues buried in the SH2 

poeke! A:-. a rC"'ldt, Il 1:-' hclIeved that phmpho:-.enne and phosphothreonine, which possess 

srnaller :-'Ilk chaln\, art: unahk to IIlteract with the critical re~ldues and thus, are not 

rccogllll'ed by SI 12 dOl1lalll ... 

Association with the T-cell surface molecules CD4 and CDS 

InteractIOns of p561d, wllh the C04 and CORa T-cell surface molecules have been 

docul11cntcd III 1l11lIlIle, hUlllan and aVlan T lymphocytes, and exist in both mature and 

illllllatllle T ccII ... {Rlldd eT al , IC)XX, Veillette et al, 1988a; Veillette et al., 1989c; Veillette 

and RatclIffe, }9(1). The cmergcncc of CD4 or CD8a-bound p561cJ... correlates with the 

appearancc of thest' l110lecules at the ~urface of immature thymocytes (Veillette et al., 

19X9c) The o.;tolchiometry of thesc complexes has not been rigorously established, but 

quantItative analy~L'!'. have :-.hown that III normal T ceIls, approximately 50-90% and 15-
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25% of p56kk molecules are associated with CD4 and CDS ex respectlvely (Veillettl' ft al , 

1988a; Veillette et al., 1989c: Lun and Sefton, 19(0), Thl'~l' plOpnrtlon~ Illay vary \Il 

transfomled T cells (Luo and Sefton , 199()) 

Various studies have shown that the a~soClation of pS6 ld .. wlth the (,D·l and ('nxll 

glycoprotems mvolves the interactIon of the cytoplasll1H: talls of CD4 and ('DXu wlth 

sequences in the unique domalll of p56k 'j... (Shaw ct al , 19R9: Zal11oy~ka Cl al , 1 ()~N, Shaw 

et al., 1990; Turner et al., 1990, Vetllettc and Ratchffc, 19(0) MlIlIlllal !'Icqul'l1ce\ 

sufficient for the formation of these COlllplexC~ havt: heen detlllcd belwcen re\ldlll'\ 210 H 

of p56Ick, resldue~ 394 to 421 of mUrIllC CD4 and re\ldue ... 194 tu 20 ~ 01 IlHIIIIH' ('()Xu 

(Shaw et al, 19R9; Shaw et al., 1990; Turner Cf al, I(NO) MllIe ",pcl'Ifll'ally, thc\l' 

interactions rcquire two Cl1tIeal cystcllle res\(luc~ located at PO\1l101l\ ::!O and 2 ~ III tlll' a1111111) 

terminal reglOn of p561d.. a~ weil a~ anothcr pair of Cy ... tCIIlC\ !ocatl'd 111 thl' ('J)·l and 

CD8a eytoplaslllle tails. Myn~tylatIon of p561lk al glyCIne 2 1 ... Ilot rl'ljllllcd lor a\~Onatloll 

with CD4 (Shaw et al, 1990; A VeJiletlc, unpublt~hcd ). Ilowcvcr, It appl'.l1 \ to lacIlIlale 

this interaction, possihly hy 10cHlIng Le"- polypcptlde\ on cellular 11ll'lIlhr.tnl'\, Ihm 

promoting CD4/CD8 ex and p56 1tJ., eoloeali7atIon. Sl!lCC ('D4-p5()I," and ('1 )Xo-p')()1< k are 

rapidly dissociated in Ionie detergcnts (~uch a'> ~Odllllll (Io<kcyl ... ullale) or hy trcatl11cnt wlth 

alkylating agents (sLich a~ N-ethyl malcl!llIdc or lodoaeetamldc) (Shaw ('1 al, 1 ()()(); 

A.Veillette, unpubh~hed.), the~c non-covalent interactlo!l\ may Illvolvc il /lIclal 1011 

coordination complcx. 

8ased on thl~ ~trllclllral a<;~OClatJon, 1\ ha\ heen propo\cd thal p')()ltk tr<\lI\dlll'C'" an 

intraceIllilar ~ignal for the CD4 and CDX rcccpt()r~. Stucllc\ cvaillatlllg thL: cOlltllhutioJ! of 

CD4-bound tyro~lI1e prnlelll kll1a\c actlVlty to normal T-cdl phY\lology wIll he dl\ell\\ed in 

the following ~ectlOn<;, 
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OVERVIEW OF T-LYMPHOCYTE FUNCTION 

(;cncral structure organization of T cens 

Lymphocyte,> arc hematopoietic cells found circulating in the blood and lymph, as 

weil a~ infiltratillg Iymphojd organs ~uch as the thymus, the spleen and the Iymph nodes. 

Based on thelr ongl/l and thelr irnmllllological functlon, lymphocytes have been cIassically 

divlded in Iwo group~, B ccII" and T cclls. The former develop in the bone marrow and 

regulatc humoral re"pon,>e" throllgh antihody production, whereas the lauer originate from 

the thylllll~ and aCCollnt fOI ccll-rncdwtcd IImnlll1ll} 

Thl()u~h the antl~en rcceptor, T cclls recognize foreign antigens as processed 

peptide fra~mcnh III a..,..,oClation wlth major hl~tocompatibility complex (MHC) molecllles, 

wlllch arc dl~playcd on the "urface of allllgen presenting cells (APC), (typically B cells and 

l1lacrophagc~) 'l'Ill.., ICLOgnltlon procedure is highly specifie as a result of TCR clcnality 

(whclehy onl' TCR donc I~ '>pccific for a given peptide/MHC combination). 

Major c\'cnts in l'-ccII activation 

Upon hllldlllg of the TCR to the proper antigen/MHC combination, a cascade of 

hlOchcmicalevl'llh 1'> tnggcrcd, leading 10 T-ccll activation, ThIS process is analogous to 

glOwth factOl Il'ceptor stil11ulalIon, whcre lIgand bindlllg triggers receptor activation and 

n:Cl'llltment of "lg'1al amphf lers to produl'C an associated cellular response (for a review, see 

Klall~nl'I alld Saml'l..,oll, 1 (N 1) 

TYIO~illc pho"phnry lat 1011 

TylO" 1 Ill' phmphorylation of several cellular proteins occurs rapidly after 

!'>1I III Il lat 1011 of the l'-ccII antigen rcceptor complex (Samelson et al., 1986b; Hsi et al., 
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1989). Because none of the components of the l'-œil rrccptor rompit' \ has tylO~lI1l' protl'Ill 

kinase activity, the mechal1l~111 \I1volved 111 the gClleratloll of this sIgnai i~ lInCOll1l1lon 

However. several ohservatioll~ sllggest that Src-relatcd tyro~lIlr pwtCIll kllla'\l's patlinpatc 

in this signal tran~dllctlon procc~s. 

The critical role of TCR-lnduccd tyrmlllc protclI1 phosphOl ylatloll has Iwcll 

documented with the lise of tyro~ine protCIIl kina~c illlllhuors (Garcla-MOIale~ ('f il! , \ 99(); 

June et al., 1990; Stanley et al, 1990; Trevillyan ct a!, 19l)()) Thcsl' ~tlllhl'~ havc 

demonstrated that in the ab"cnce of tyrosine protcin pho"phorylatl()n. an\lgcn-mducl'd 01 

antibody-medlatcd TCR '\t1llllllatlon IS IInpaired. More "pcclfïcally. phmphatldyl 1I1()\l\ol 

hydrolysi~ and ~lICCe~~lve l'I~C 111 Intracellular calcium :1Il' pll'vl'lItl'd. hlot klIIg II. '2 

secretion as weil a" IL-2 receptor CXpIC"'>IOIl 'l'lm I~ not duc tll Tu.'11 1I1l1l'\POIl\IVl'IIC\\ 

since T-cell activatIon can he resclIed wlth thl' lISl' of cakllllll 1001Opholl'\ 

Another clue to the Importance of tyr()~lIle pho .... phorylatlon cvcnt\ 1" pl\lvllkd hy 

observations that TCR/CD3-induccd stimulation ni T l'l'Il" 1'> abo Impallcd III the ab'>l'lll'l' ni 

a major T -cell ~llrface tyro~lI1c protCIll pho~phata\c (Cl ).~ ')) (PlIlgl'l .lIld TlJoI11.1~. 1 ()X(); 

Koretsky et al , 1990, Korctsky et al . 19(1) Onc pm"lhllllY 1\ that ('\),1') 1\ IcqulJcd 101 

activatIOn of Src-like kllla~e", hy deph()~phorylatll1g thl' /lcgatlvL' Icgulatol y l'al hoxy 

tennll1al tyroslI1e resldue. 

Together. these re"ults Indlcatc that protclll tyro"lllc pho\phorylalloll \lgnal~ arc 

regulated both hy tyro~ine kina"c and tyro~lI1c phO\phata~c actlvIlIC'> .. lIld :Ul' efilleai tor 

antigen-induced TCR-mcdIatcd aL'tJvallon of ,>pccdïc '>l'l'ond IIlc\"cngcl pathway,> k.ullng to 

T-ecl1 activation. 

ActivatIon of pho"phollpa~e C-y 1 

In addition to generatlllg tyroslIlc ph()~ph()rylation '>Ignal,>, hindlllg of the 'l'CH hy 

antigen or antl-TCR antihodie'\ re"ult,> ln Important hiochcmical change,> IIIcludmg the 

breakdown of pho~phatldyl 1I1O'>!tol ... (PI), change~ Ifl cytnpla'>llIlc calClulIl levcl ... and 
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activation of protein kIna~e C (PKC) (Ledbeuer et al , 1987). Increasing evidence suggests 

that the~c event\ rc~ult !rom a common reccptor-mediated signal transduction mechanism 

involvmg the activation of the cmymc phospholipa~e C-y 1 (Desai et al., 1990). 

Vanou\ \tlldle~ indlcate that the functional coupling of T-cell receptor stimulation 

to the PI '>Ignalling pathway reqUlres tyrosine phosphorylation of phospholipase C-y 1 

(Mu'itclm ct al , )9<)0, NI\hibc e/ al., 1990; Park et al, J 991; Secrist et al., 1991; Weiss et 

al., 19(1). This mo(JJflcatlon rcsults III the activ?don of the enzyme, promoting the 

hydroly~l~ of pho\phawJyllllositol hisphosphate (PIP2) to inositol trisphosphate (IP3) and 

diacylglycerol (DA(,). IP 1 1'> a water soluble molccule that has specific intracellular 

reccpt()r~ regulatll1g the tllobi!J7auon of intracellular calcium (Shears, 1991). The initial rise 

in !cvel'> of cytopla'>ll1lc calcllIlll observcd upon T-cell receptor stimulation results from 

intraccllular calclulll ,>tore Iclca,>c Maintenance of thls intracellular calcium increase comes 

frorn il tran'>Il11'mhranc flux IIlvolvll1g a voltage-gated channel which is also regulated by 

IP~ and II'> mctaholllcs. 

J)A(i 1'> a potent second mcssenger whlch functions to regulate a 

calClllrn/pho'\phollpld dcpendant PKC (for a reVlew, see Bell, 1986). PKC represents a 

large lamIly 01 r1o~cly rclated scnne/threolllne kina~es that share common structural 

Icallllc~ a~ ",dl a\ rcquirclllcnt for calCIum, pho~phol!plds and DAG. DAG regulates PKC 

acllvatlon by IIH.'lca"lI1g 11\ affllllty for calCIUm and phospholiplds. PKC activation is 

assoClatcd \VIth II'. !lan,locatIO!1 l'rom the cyto~ol to the membrane 

Although thc di~tnhl1lJon of the variolls PKC isozymcs as weIl as their substrate 

spccifll'IIIC' arc ,,1111 lIrHJcl1I1cd III T œil." variolls studies reveal that PKC mediates the 

Icgulatl()11 of a 111111lbcr 01 TCR-il1dl1l'cd ~ccondary ~igllal transduction re~ponses( Ledbetter 

1'( al. 19X7. Patel ct al, 19X7: Slcgcll't al., 1990. IzqUlerdo et al., 1992). 
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Little is known regarding the subsequent steps of intrac:ellular signal t1ansdul'tion. 

These cellular responses involve cyto~"'eletal changes, carly gene aCl1va!lon. IYlllpho"'lIle 

release and expreSSIOn of ncw T-œll surface mnlccuks. p9)\',I\ (Kat.rav ft al , 1 ()lN; 

Bustelo et al., 1992; Margohs et al, 19(2), a TCR-Illduced tyro\lIle phospholylaled 

substrate comain;ng SH2 and SH3 domains, ,\ DAG/Phorhol Ester hllldllig 1110111', and 

having significant similanty to guanllle nuclcotide dISSOCiation s!llllulator ~ «(IDS) of ~mall 

ras-like GTPases (Bogus"'r et al , 19(2) rs proposcd to play a role \Il ~Ignal tlan.,ductlon of 

cytoskeletal organizatIon (Adams et al , 1(92) 

Variolls observation" indrcatc that the SB3 domain may ~elVc a~ a lin'" helwl'cn the 

tyrosine phosphorylation SIgnai and cytoskcletal rcarrallgelw;nt:-. '1'111-; vrew r\ :-,uppolted hy 

experiments documenting that a protclIl <';111111ar tn (,AP-rho, hlllt!\ ln Ihl' SIl ~ leglull 01 Ihe 

ab} tyrosine kinase (Cicchel!l Cl al, 19(2) Illtere:-.tll1gly, rho, a \l11allla\-II""- <iTP,,\c ha\ 

been shown to regulate the reorganlllHion of acllll \l1ln :-.Irc:-.\ liber\ ln le\pnn\e ln glOwlh 

factors (Ridley and Hall, 1(92) The nature and functlon of Ihc\e protelll 1111l.:racl1ollS 

remain to he c1arified. 

Structure of the TeR/CD3 complex 

Immunoprecipitatlon with anti-TeR antib<xlic,> followJI1g genlle \oluhlli/ailoll 01 T 

ceIls has shown that the TCR b a mul!lcomponent polypeptHle c:omplex (Sa III el "011 C( (// , 

1985). The structural organii'atIoll of Ilw, complex mvolve\ a dl~lIlfldc IlIlkecl hctl'roclllncr 

of the polymorphlc 0: and 1) cham\ thal i-; non-covalcntly a,,\ocl,lIed Wllh a r1U\tl'r of threl' 

distinct invarIant protein:-. y,o and!, wlllch con..,llIule the CD, CO III pie x ln addition, the 

a.~ - CD3 complex is a\socmted wnh a <lImer 01 \mallll1tracdlular dl"ldlïdc-llIlked ç cham.., 

The ç family now extends to threc rclatcd protcin\ dcnolcd a.., ç, Il and y (Orlotf ('t al , 
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1 <)<)0). 

Therc ha,> hcen grcat interest in dctennining the structure of the TCR/CD3 complex 

and the rclatlon'>hlp netweell J\~ componcnts. It has been assumed that each a~ heterodimer 

IS a~~oclated wJth two t challl~ (a ...... oclated wlth one y chain and one 0 chain) and one ç 

homo or hctclodllnci (Komng ct al , 1990). Thl~ model however faIls to take into account 

other experlmental rc,>u!t... and the balance of electnc charges (Kappes and Tonegawa, 

1991). To addre ...... tlll~'>C (hfficllltle~, alternative models for this multicomponent receptor 

have ocen propo,>cd, ~llggc,>tlng a complcx stOichiometry which is outside the scope of this 

ovelVlew and will not he further di~cu~~ed 

Slgnalluu:.l!!lL~l(lh~]J'R/CI)3 c()l1lplcx 

J\~ lllentlCllH:d pn,:vlollsly, effective recognition of foreign antigen requires that the 

phy~lcal 1111~1 acllon of the TCR he convcned into a biochemical signal for proper cellular 

activation and prollkratIon Stlldle~ using TCR/CD3 variant cel l lines (Wegener et al., 

1(92) have dCIll()n~tlatcd the l'XI~tence of two dls,ociable functIOnal signal transduction 

module'> IIIhcll'llt tn thc l'CR ~tructure These lInit~ represent the CD3 compone nt and the ç 

l'halJ1~ rc'>p~l\lvl'Iy J)1'>'>OClallon of the l'CR ,>ignal has bccn demonstrated l'rom the ability 

of each module 10 tllgger late acllvatlon evenh It I~ not clear If hoth modules fUl1ction 

through '>pl'l'lfIC and/OI COllllllon '>Ignalling circuits However, stlldies of early T-cell 

slgnallmg l'venl\ have '>lIgge~ted the aClIvation of at least two protein phosphorylation 

pathway,>, a'> rd kl'ted hy tyro,IIH~ phmphorylatton of the ç chain and serine 

pho~phorylall()n of the CD3 ychalll (Samehon ct al , 19H6b: Samel,on el al., 1987). 

Th~ lI11portanl'e or the ç cham for the convcr~ion of bindlllg events lO intracellular 

"Ignal, 1\ wcll c\tahlt,>hed 'l'lm 1'> \lIpported hy ~tudie,> ,howlIlg that chimeric proteins 

COl1\l~tlllg of T-cell \lIrfacc leccptnr:-. (,>uch a ... the COHo: or the a Sllblll1it of the IL-2 

rct'cptor) and the Inltacclllliar portIOn of ç are able to Irigger lyplcal T-cell activation 

re"'pOll\C" (IrV1l1g ct al , 1991. Letourneur and Khlll,ner, 1991). The recent observation that 
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a GTP-binding function may be linked 10 TCR-Ç suggests adthtlOnallllten.'sling a\'l'nlle~ lor 

studies of antigen receptor signallmg (Ccnciardli ct al, 1992: Oh III 1lI .1 ct al, 11N2, Peler t" 

al., 1992). 

CD4 and CDS T -ccII surf~tce molccules 

CD4 and CDR are tran~membrane molccllles Wllh a lalge e'tracd!ulal dOll\alll 

(structurally related to immllnngloblllIn~), a tl'plca 1 hydl()phohll' tJ an" 1lK'lllhl.IIH.· doma III 

and an intracellular domaln contall1rng .1 hll1dlng ~lIc lOI Ihe tYIIl"1I1C pIPIl'11l ~111;hl' 11"6 1,,, 

CD4 exists as a monomer and IS kllown a" the IccqHnr lm the IWIIl.11l 11ll1ll1lIlo-dt'lll'Il'IlCy 

virus (HIV) (Silbermall el al ,19(1) ln Lontra\t, cnx n.lIllI,,11\ l'w.t" " .... 1 hetl'[(l(!IIIll'[ ni 

an a and a p cham The a cham conlam ... Ihe hllHflllg "Ill' 111I p."'(lld, (Shav ... ' c'I al , 1 I)I)()) .lIld 

is able to functlon a~ a homod1ll1l~r !\ vanant ollhc (1 chall1 ((J') Ihall ... nWI1II,llIy dl'v()\(1 dl' 

intracellular sel] lIences ha" aho hccll repo/led (Zal1loy"'\...1 ('1 il/ , II)X!» 

CD4 and CDX l'xpre ... .,101l Wd" 111111al!1' cOl/l'!aled \\ Ilh dl\lllll't T leI! popUlatIOI\\, 

where CD4-po~llive Tccll., would u ... ually provldc hL'lpcl IUI1l'1I0I1.1IHI ('I)X (l0\lIlveï tdl\ 

were mostly cytotoxic T lymphocyte., (for il /l'VIl'\\', \et: Hll'/L'/ (" a/, !I)X() ) Mo/e 

specificaHy, CD4 and CDX de\lgnate l'-œil ... ur1a\.'l' g! yl'Opl (l1L'/Il ... Ihal 1l'\IWl llvd y hlll<! IlOIl 

polymorphie reglon'l of the Mlle l'la.,., " and Lia"" 1 ploelUl'\'. ï lit' 1 li Il(. tlOIl\ of ('1)·1 alld 

CDR have heen de~ellhl'd "" adhe\IOIl l11oklllln, L'nhallling tht: /lltL'/al tlolJ', hl'twct'Il the T 

cell and the APe, a., "Ignalllllg Illo\ccuk." thlOugh thell a\\Oll.ttU)n Wltl! p')() Il k, and a., li) 

receptor~ for Ihe 'l'CR, wherl'hy CD..t 01 cnx hllld Ihe ... allll: \1/ J(' 1II()ll"llllc:I" TCI{ and 

potentiates~lgnallll1g(Parnc' l'Ill!, }9X<), Janeway, !I)<)I, Mllel/ ilnd P.U/ll'\, 1')IJ!, Mln:!1 

el al , 1991; Dlanzani et al , 1 <)<)2). 
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Sq;nilllm~ 12roP<;l1lco., of CD4 jtnd CD~ 

SIllet ('1)4 and CDX are phyo.,lcally ao.,~oeiated with p56Jck, Lek tyrosine protein 

klna,>c aCtIVIIy may ln part contnhllte tn the antlgen-induced changes in tyrosine protein 

pho,>phorylalJoll Thl'> modcl 1'> '>lIpported hy multiple observations (Barber et al., 1989; 

Challlpny Cl (JI , 1 <)() l, YCIIlcttc el al , 1 <JRHc) FINly, o.,timulation of CD4 reeeptors induces 

a Jal)ld actIvatIon of p56k lo. <1'> wc)] (1'> para))cl change~ in intracellular tyrosine protein 

pho,>phorylatlon (VeJlktW Cl al, 19R<Ja , Vcillctle ct al , 1989h: Veillette et al., 1989c). This 

actlvatloll ploce,>" may hc ohtaltlcd throllgh anubody-medlated aggregatlon of CD4 

llIo!t:cllk" 01 hy MIl(' cid'>'> Il deternllnanh. In actIvatecl T celb, the reslIltmg tyrosine 

pho,>phoryldtl'd "lIh"tlat\:.., Illclllde ... p56 1ü Il..,elf. the ç slIblllllt of the TCR complex and still 

lIIHkt lI1\:d lcllldar pl ()dUCh ot applo'(lInatdy 120 kDa, 70-~W kDa and 36 kDa. 

Secondly. ('/)·t ,Ille! eux 1l10kClIk" that cannot bmd p56 lt " cannot enhance T-eell 

rc'>p(1I1'>IVe!1n'" (1 dI1Hly"k.a el al , 1989. Velilcltc ct al , 1990. Miceh et al., 1991; Haughn et 

il! ,1()()2) 1'1I11(1Iy. e'prc'>'>IOIl ot COII,>tItlltIvely aClIvated Lek (FSOS) moleeules can at 

ka,>t palllally "lIh'>lllllt\: tor thL' fllnctlon ot CD4 111 an antigcn-specifïc T-ccliline (Abraham, 

N Cl al. 1(91) 

Expl'I 1Ill1'Ilh Iii whlch the phY"lcal a~~ociation of CD4 and p56 Ick was reconstÏtuted 

III lïhlohla-..\', al,,() "upport a fllllCllOllal lI1teractIon bctweell CD4 and p56kk (Simpson et al" 

1l)~N. Vcilkttl' .Inti FOUIne!. 19(0) III a Illanncr analogoLJ~ to hgand-lI1dllccd receptor 

aclIvatlolL thl' CD.+ 1'')6'''-, cOlllplcx l'ail hL' vle\\'cd a'> a ICceptor tyro~ine protein kinase that 

hCt·01lll'.., aclJ\'.ttl'd thlOlIgh dllllL'rI/alJon 01 olrgornenzatloll Activation of pS6kk results in 

IHIllllIlll'Ilt III 111'(1 tylO',llll' pho!-.phorylalJoll of the enzyme, whlch ~eemo., to specifically 

In\'ol\c the alltopllO"'pllorylatIoll ,>JlC. tyroslfll' :l94 A.., menlJonned previollsly, 

pllO"'phor y 1.111011 ot t) ro"lI1C .N.t. 1" thought 10 be cntIcal for actIvatIon of p56 lck. 

('OIl\I"ll'lltly. "'lIb'>lJllltIOIl of Iim an1\110 aCld hy a phenylalanine abrogates CD4-indllced 



activation of pS6lck (Veillette and Fournel, 1990), ln 'Iddition {O phosphorylat ion al 

tyrosine 394. activation ofp561d .. (Ill fibrohlasls) is accompalllcd hy a vanahle IIlLTcasc 111 

phosphorylation at tyrosine 50S. Thi~ ohservation may hl" ~urpn~\Ilg. ~1Ill'l.' lylO"IIlC 50) 

phosphorylatIon l~ involved in the ncgativc reglllallon of p561d. l'n/vIlWI1C actlvlly. 

However. it may represent a [ced back mechanislll aimcd at rapld down-rcgulalinn of the 

function of activated p56kk molecules. 

In T cells, antibody-mediatcd aggrcgatioll of CDX :Ibo induces changc\ ln tyroslIle 

protein phosphorylation, though perhaps le~" markcdly (Vcllletle et al , 1 ()X9c. L Caron 

and A. Veilleue, unpublished). In flhrohla~I~, rc~;ult~ from ICl"Oll\llIulIOIl l'\pl'nml'nl~ 

involving p561tk and CDR a demon~tratc that III contra:-,I 10 ('))4, anllhot!y IIlcdlaled 

aggregatioll of CDRa docs Ilot aCl1vale p56kk tyrosl!1c prolcln kllla~l' .ILIIVlty (L (':11011, 

unpubhshed). The fUllctlonal dlfferenccs obscrved hel ween Ihe ('1)4 -1'5(1 il k and 1 hl' CI>Xll

p561ck complexes ooth III T celh and in cxpcrimcnlal ~y~tl'll1\ \lIch a\ NIII rI' ~ l L'II, Illay hc 

explained by the known structural dlffcrcnce'i bctwccn CI)4 and ('DR, 01 hy Ihe <III felcnl 

extents at which the cellular Lck prolclI1 1:-' a\~oclatcd wllh the\c Il'l'Cplor\ 

The co-receptor functlon of CD4 ln TCR \Ignalhng 

The mutual b1l1ding of CD4 and TCf{ 10 Mlle cla..,.., Il (kIClllllllanl:-, UI'011 anlJg('n 

presentation re"lIlt~ in thc colocal1zation of IWO rcccpior COIllplcxc\ (IIlVOIVlIlg 1'( 'R/('D1 

p59 fynT and CD4-p56 1Lk), thll'i provldlIlg a pO~lIIVC \IgnalllIlg rnjloll..,c l'lm PO\ltIVt: 

fUllction can al~o be ohtained by anl1hcxly-mc(hatcd co-agglcgal1O Il (JI ('1)·1 alld', ('R/('I) \ 

and is exemphflcd hy cnhanccd tyro..,lIlc pmlclIl phO\phorylallOI1, IIllICa\ed II1lIacclluiar 

calcium levels and DNA ~ynthc"'l~ 'n COlllnl\l, prcircatlllcllt 01 T u:lh wllh aggrcgatJng 

CD4 anl1bodle\ l'an abrogatc anl1gt:1l or antl-TCR anllhoc!Y-lIlClllced ï -œil acl1vallll!l (1 or il 

review, "ee J ullll\ et al , 1(91) 

To rcconcIle the~e contradiclory re..,ult~, Il ha ... hccn propmcd Ihal (,/)4 providt:.., 



prcrcqui .... itc .... Igllal .... whlch arc cntH.:aJ for antigen receptor-mdueed T-eell proliferation. 

JJcncc, the moJeeuJar ha .... l .... for the generatlon of an apparent negative signal upon TeR 

sl1mulation followlllg CD4 antihody-mcdiated aggregauon may be the sequestration of 

CD4-p56kk complexe .... from TCR/CD1 complcxe~. Sequestration would be induced by 

pretrcatment wllh anl1-Cl)4 antlbodles, ahrogatmg the eo-receptOf funetion of CD4. 

Ilowcvcr, a" the 'l'CR can functlOn in the ab .... encc of CD4 or CD8, it is more likely that 

p561tk 1I:--c1f 1 .... rc .... pon .... lhlc for thc:--c :--lgnallll1g functIOns. This hypothesis has been 

<.;upporteu hy CXpClllllCllh u:--lI1g douhle cy:--temc mutant CD4 molecules that are incapable 

of III tcractIIlg wlth p16 lLk Olaughn et al .. 1992). In thesc expenments, expression of the 

mutant ('))4 falled to cOllfcl cnhanccd T-ccll re!'>ponsivcnes:--. This argues that the capacily 

of CD4 to l'nhamT anllgcn J cceptor -Illcdlated T-cell funetions is in large part related to ilS 

a:--Soclatloll wllh p,)61t~ 

At tlm POIll!. Il appcar::-. relevant to eXal11l11e pOSSIble effector~ of p561ck signalling 

IUllctIon Thu .... , tlm ::-.cctIon CJ1(l!-> with a rapid overvlew of l11aJvr T-cell surface molecules 

that have heen ~uggc"tcu 10 lI11eract with p56kk . 

('1)45: a 'l'-ccII phosphatase 

CD45. abo dr!'>lgnatrd a~ the leucocyte common antigen, is a family of high 

molccul:\I wright glycoprotl'll1S expre~~ed on the surface of aIl nucleated celIs of 

hl'lllatopOll'tlC ongln ln Iymphocytc!'>, CD45 COllstItute!'> approximately 10% of the cell 

.... "rface and po .... ~r::-. .... l' .... vanoll" pro!C1Il Isofonm. ranging from 180 kDa to 240 kDa. fhese 

an.,c hy al!~lllatlvr .,plil"lng of Ihrec exon::-. encoding the amino-terminal portion of the 

l'\l1an:llular d0l11ill11 (lor a rcvicw. sec Thomas, 19H9). 
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Interestingly, CD45 has a large highly conserved cytoplasmk doma\l1 of 

approximately 700 amino aClds, that encloses two related suhdoll1ain~ with tyroslIlc protein 

phosphatase activlty. 

Re~ulatiQn ofT-cell activation by C045 

The importance of CD45 111 T-cell physiology ha~ belon malllly c1ucidatcd flOm 

stlldies involving T lymphocytes lacking C045 expressIon (PlIlgd and Thomas, 19H9; 

Koretsky et al., 1990; Koretsky el al., 1991, Weaver Cl al . 19(1) Thc.,c "llIdlC" ronrludc 

that in the absence of CD4S, TCR-medlatcd sIgnal tran~dllctHm IS IInp:\Ifcd 'l'-l'cH 

proliferation could ncverthclcslI he achieved u~ing calcIum ionophOlc" .,llgge.,l1ng that Ihc 

site of action of CD45 is locali7ed upstream of thls ~econd ll1e.,.,cnger palhway Apparl'nlly, 

CD45 expression would be esscntlal for effective l'ouphng of thl' anllgclI-ln(hllcd sIgnaI 10 

the phosphatidyl ino~ilol (Pl) pathway (Korl'bky ('1 a/ , 1991, M:II vel Cl II/ , Il)1) 1) Olhcl 

experiments suggest thal CD45 lo~~ re"lIlt~ III con .... tltutlw tYIO.,lI\l' phmphOl ylatlon 01 

several proteins, Inclllding the TCR ç chaIn (Volarevlc CIO/ , )<)<)2) ln addItIon, TCR

indllced stimulatIOn of CD45-negative T cclb reve,t)., the lal'''- 01 phmphalHlyl IIlmllol 

hydrolysis, a loss in the carly ri~e of IIllraccllular calcIum and Ihe appe:tlancc 01 a novel 

pattern of late ;ntracellular calcIum o~cillati()n The cxacl mcchani.,m hy whit h ('))·15 

reglllates these major slgnalling palhway~ remain" to he c1l1cldatcd 

Intercstmgly, coaggregatlon of CD4 and TCR/CD3 lead., to actlvatloll 01 T ccII., 

despite the absence of CD45 (Dean., e{ al , 19(2). A., TCR-mecllall:d 'l'-cd 1 actIvatIon 1., 

impaired III the absence 01 CD45, the,,\: observation., "lIggt;.,1 th.!t art Ivatloll of p')() 1< J< 

induced by coaggregauon of TCR/CD3 and CD4 may c()mpell~ate for Ihe clelcet III 

TCR/CD3 ~lgnalling.. SIl1CC the actlvHy of tyro\ll1e protell1 kllltl\t:\ \uch il" p')()1< ~ l an bc 

reglllated by tyrosine dephosphorylatlon, CD4') Illay he li drn.:lt regulator 01 p)()II" aCtlVlly 

This view i!o. sllpportcd 111 part by the onllervallon that thc lI! VIVo .,tate 01 tylO\I/lC ')05 
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phosphoryJation of p56 kk I~ noticeably increased in cells lacking C045 (Ostergaard et al., 

19R9). Altcrnativcly, the recent identification of a trimolecular complex involving CD45, 

p56kk and pp32 (a putative tyro~jne phosphorylated substrate) in resting T lymphocytes 

(Schravcn et al , 1991) suggest~ that regulation of p56lck by C045 might in volve a protein 

rntcrrncdiate. 

Other l'-ccII signalling molecules 

IL-2 rcceptor 

Intcrlcukin-2 or T-lymphocyte growth factor is produced by a population of 

activatcd T cells StimulatIOn of IL-2 dependent T cells with interleukin-2 results in the 

activation of Iyroslne phmphorylation ~ignals culmlllatrng in cellular proliferation (Mills et 

al., 19(0). A~ the IL-2 receplor I~ nOI itself a tyrosine protein kinase, the functional 

cOllpling of a Iloll-rcccptor tyrosine protein kinase with the IL-2 receptor has been 

propmed RCCCIII repOlt~ suggesting that p56 1c" interacts with the IL-2 receptor and is 

l110dificd following IL-2 (rcatment (Hatekayama et al., 1990; Horak el al., 1990), raise the 

possihilily thal p56H can parllcipatc in IL-2 receptor-induced signal transduction. 

CD2 and Thy-I 

CD2 and Thy-I are al..,o part of a growmg number of ccII surface molecules that are 

able 10 tngger signal transduction that lcads to T -ccli activation (He et al., 1988; Volarevic 

l'lai., 1(90) Intelc~tlllgly, there have bccll reports of associatIon of Thy-l with C045 

(Volarevic ('f al, 1(90), p56!'" (Stefanova et al., 1991) and p59 fyn (Thomas and Samelson, 

19(2) On Ihe olher hand, ~ome report~ show that activation of T cells through C02 results 

in p56k " senile hypcrphosphoI)/lallon and aCUvatlon (Danielan et al., 1989; Oanielan et al., 

19(1). The nature and slgniticance of these interactions are presently unknown. 

31 



REGULATION OF T-CELL ACTIVATION DY MEMUERS OF l'liE SRC

FAMILY OF TYROSINE PROTEIN KINASES 

Studies of the molecular mechanisms of signal transduction in T l'l'Ils rcveal that thl' 

major biochemical events followmg T-cell activation arc slll1llar to the ~Ignalltng proccsscs 

of aetivated tyrosine kinase growth factor rcceptors. Upon stimulation of rL'\.'l'plpr lylOSIIlC 

protein kinases, a wide variety of pl'Otcin~ hccollll' pho~phOlylatl"d on tYIO'lIll' 1l'~ldul"s. It 

has been suggested that this critical event induces the pll'lOtropl(: l'ffl'et... rl'l(lI1rcd for cdlulm 

activation (Klausner and Samelson, t 991) '1'0 better undel \tand how tyro\lIll' 

phosphorylation is linked 10 downstream hlochcIllH.:al \Ignab, vanOll\ ~tlHhL'''' havl' foclIscd 

on the identification of thc physlOlogleal slibstratl'~ of tylOSIIll' protCIIJ h.lIla~L'~ Rl'cL'nt 

progress has been made in cstabhshlllg thc cau ... al rclatl()n~hlp hl'twl'('11 Il'CCptol actlvatlOI1 

and changes in eytoplasmic actlvltles Sevcral grollp~ have dl'l11oll~tratcd that UpOIl lIgand 

binding, the platelet-derived growlh factor (PDGF, a Illodcl rcccptor tyrmllll' protl'ill 

kinase) shows tyrosine alltophosphorylation and hccomc~ phy~ll'ally a'~()l'Iatl'd wllh a 

number of cytoplasmic protellls. The abtlity of activalt:d growth factol rl'l'l'pt()r~ to 

phosphorylate these signalling proleins on tyro~inc rc,idllc, provlde\ ,Irong cVHlL'ncc that 

tyrosine prote III phosphorylatlon IS relJuIn.:d to IIlducc the plclOllOplC cf/cct~ lcachng 10 ccli 

growth. 

Interestingly, the identified cellular suhstratcs of Src-famlly tyro~lIlc protCIll klflil~C' 

are mostly similar to those targeted by rcccptor tyro'lIlc klllil~e, (J.'tlkul and "al1afll~a, 

1989; Ellis et al , 1991). As low Icvel of Immedlatc ln VIVO tyrmll1c phmphOlylallol1 

produces rapld pleiotroplc etfcct~, it l' propo~ed that the cnlIcal cdlul:lI targe\'> of proWIIl 

tyrosine kinases are ~ignal amplifier, ft I~ noteworthy that many 'Ignal amplIflcr,> po, .... c'>'> 

SH2 and SH3 domaim, and appear to he rcglliated at Ica,t III part hy tyro'II1C 

phosphorylation. This observation I~ important ln the IIght of rccent f II1dll1g~ 'lIggc~til1g 

32 



that lyro'>lnc pho~phorylatJon crcalcs binding sites for recruitment of signal amplifier,s 

through SI12-mcdwtt:d protcin-protcin recognition. 

ACllvatt:d vt:r~lon~ of two Src-rclatcd tyro<;inc protein kinases abundantly expressed 

JrI T cclls (p56 1tk and p59 fynT) can cnhance antigen receptor-mediated functions (for a 

rcvicw, ,>cc Vcdlcttc and Davidwn, 1992), As non-receptor tyrosIne protein kinases are 

also found a",>oLlilled wIlh '>l'veral sIgnai ampliflers, T-cell antigen receptor signal 

transduction Illay ht: lakll1g place a~ a result of similar key lecogllition signais. The 

contrlhutlon of p56kk and p59 fyn 10 the genemtion of these signais is now being discussed. 

Sludics involving p59 f yn 

p591yll I~ a Src-related tyrosme protein kinase existing as two isoforms, due to 

alternativr u<;r of rxon" 7 A and 7B. hltere,>ungly, the Fyn isofornls have a different pattern 

of tlSMIC t:xprc!'.~iol1 p5tJ f ynH 1'> Illghly expressed in the brain whereas pS9 fynT is found 

predol1llllantly 111 T ccll~ (Cookt: and PerImutter, 1989). 

'l'hl' VICW that p5tJ fynT Illay play a specialized role in T-cell physiology has been 

<;upportcd hy ~llIdIC~ repOltlllg the aS~Ol'ral1on of p59 fynT with the TCR/CD3 complex in 

drgllol1ln Iy!'.,ltc~ of T cd b (Samclson Cl al , 1991; Gassmann el 01" 1992). However, the 

lack of rvrdrl1cr for the actIvatIon of p5tJ fynT tyrosine protein kinase activity upon TCR 

strrllulation ral:-.e'> qllC~110n~ ahollt the fUllclIonal significance of this association. Further 

stutlles of the roll' of Fyn r\ doclll11t:nled by the overexpresslOn of both Fyn isoforms in 

transgcl1Ic mICe (Coo~e Cl al , 199 l). Overt:xpre~~ron of erther form of the Fyn protein in T 

ccII", (undel the control ot the proxllllai Lck promoter) enhances TCR-induced tyrosine 

p101C111 pho!'.phoryl.lllon. Call'llll11 re~pol1se. and IL-2 productIon, No significant drfference 

betwecn overexp'e~~I()1l of pStJtynT and p59 f ynB is noted. Interestingly, overexpressioll of 
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Fyn has also been reported in the T cells of miel' with a lymphoprnhfcratiVl' drsorder 

(Katagiri et al., 1989), which appear to demonstrate ahnOl mal tylO~rnc phosphor ylal10n of 

their T-cell receptors (Samelson et al , 19X6a). 

The introduction of con'\trtutively actIvated verslon~ of p5l)lyn r or p:')9 1) nll (lyro'\IIlC 

528 to phenylalanine) mto a T-cell hybndoma (Davidson ('( al . lIN:!) ~how\ that hoth :')2S 

mutants of p59 1ynB and p59 fynT efflcrcntly cnhancc l'-ccII rl'~porl'\C'> upon :lntlhody

mediated aggregation of TeR Intere~tingly, only p591ynT ct tïclcntly IllCfca'\l'!'I T-ccll 

responses to antigen stimulation, slIpporting thc vicw Ihal p:')9 lynl have a Iymplloeytc

specifie function As p59 fynT and p59fynR only dIlTef Wllhlll il stretch ut '\ 1 allllno and\ 

(encompassing the end of thc SH2 domain and Ihe begllllllllg of Ille catalyllc dnmaln), the 

observed difference may relatc to sub'\trate '\pCCllÏClty and/or catalyllc l'I lÏl"ll'lll y. Il has hcclI 

proposed that throllgh its 1I111QllC sequence. p59fynr may Icgul,lIc \pl'l"lfle cellular palhway~, 

which wOllld modulate T-cell re~pon~ivcnc~\ 10 antigcn l'1l1\ 1\ \uppOllcd hy a \llIdy 

demonstrating thal the seqllence~ mvolvcd in the hrncllllg of p:')()lyn rIo TCR-Ç arc located 

within the amlllo-ternlinai rcgion of p59/ynT (Â. Shaw, unpuhhshcd) 

Studies involving p561ck 

The involvemer't of Sre-likc kinases in TCR-medialcd ~ignallll1g \" 11Irthcr 

supported by studles addresslIlg the role of p5fi1d. in T cell devclo)llllent and aCl1vatH)f1 

Mice laeking p56 1tJ• show a cOI1:-rdcrahlc thymie atrophy willeh 1\ a,>\()claled wI\h a major 

decrease in the douhle po,>rtivc (CD4 and CDX) ccl J popllia tH)I] (MolI na ('/ al , 1 ()<)2) J Il 

addition, peripheral T eelh (!aeking Lck) CXhlhll a redllccd jllolrfcfal1VC rc'>pOJl\C to 

TCR/CD3 stImulation, despite normal rC\/)(lll\C\ to 11-2, phorbol c,>tef\ and calclllm 

ionophores. These observationo; '\lIgge~t that p5fi 1c.J. l~ Ilot e~\Cl1llal for TCR/CD1 Of IL-2· 
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mediatcd ~Ignalling, out may participate as a signal amplifier. Importantly, the profound 

perturhatlOn of thymocytc dcvelopment that is observed il1 Lck-deficient mice raises the 

po<;<;iolilly that p56iLk 1\ n.:qulred for appropriate proliferative response of double positive 

thym()cyte~ (Molina et al , 1 <)<)2) 

Further IIlvc:-.ugation of the role of p56 1( K in lymphocyte function has been 

pcrforrned with the I;'cneration of tran~genic mice expressmg p56lck (Abraham, K.M. et al., 

19<)Ja; Ahraham, K M. et al, 1991 b) Thesc experiments show that a moderate increase in 

p56!Lk cxprc:-':-'Ion IIHluce\ a delay 111 thymocyte development In this system, both wild 

type and al'lIvaled : l' ')())) ver\IOIl\ of the gene p!'oducc <;1I1111a r effeet:-" albeit wlth differing 

effïclCnCIC\ ln addlllOll, ()vcrC'Xprc~~loll of cuher wlld type or aetlvated versions of the lck 

gcnc IIldul'c:-, the devdopmellt of thymie tumors Collectively, the~e observations suggest 

that thymocytc maturation 1" affcl'tcd by Lck -rncdiated signalling, and that overexpression 

of tills k lI1a~e may conti 1 bute tn thYlll1C t 1Illlorigenesis. 

l'hl' 1O1l' of p561d, III l'-l'l'II activa lion has bren examllled by the introduction of a 

cOIlStIllltlVcly aC!lvatcd 1'0111.01 the lymphocyte-speCific tyrosme protein kinase in a CD4 -

nega!lvl', 'l'-cciI hybridoll1:1 (Abraham, N et al., 1991) This study demollstrates that 

l')\.preS~I(}1l 01 aClIvatcd p561d .. polypeptides (gellerated by the mutation of t'le carboxy

telll1lnal tyro~lI1c re<;lduc 505 to a phenylalal1lne) enhallces T-cell responsiveness as 

IIHhcatt:d by 1IH.'lea"cd TCR-ÎlldllCt:d tyrm,l!1e protCIIl phmphorylation and elevated antigen

indllccd 11.-2 plOductlOll The~e ob"ervatlOn" sllgge~t that activation of p56\ck molecules 

l'ail dlrectly (Ill tht: ahsl'Ilcl' or ('D4 or CDX expre~slOn) enhance antigen receptor-mediated 

signais 
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SUMMARY 

The Src-family of tyroslIle protein kinases compnses structurallv related enf.ymcs. 

which have been proposed to perfonn spccialised fllrlctions a~ a result of thelr rl'SpCl'IIVl' 

unique amino-temlinal domains. p561d .. is a lymphocytt:-~pCCIfll' IllCmbCI of thl' SrC-fatllIly 

of tyrosine protein kinases Ihat is prcdol11Inantly a~~onatcd throllgh ih UIlIl)UC amino

teilllinai region to the CD4 and COR T-œll surface glycoprotcll1~ 

Recent studies have conferred a central IOle for tyro~lIlc protCIl1 kIIla ... e aClIvlly III 

early events of TCR-mediated ... ignal transductIon Indced, tyrmIlll: pho ... phlllylatlOll of a 

limited set of substrate~ is csscntial for TCR-lI1dul'cd T-cell aClIvatllHl, although the l'CR 

itself is devoid of tyrosllle protclll kinase activIly. SlIlce buth p561lk and p591ynl' are ahle tn 

enhance antigen receptor-medIated T-ccll n:~pon~ivenc ... ." It 1 ... a pO ...... lhlllly that thcse 

cytoplasmic kinases interact eIlher directly or through a cellular IIltermed lall' wlth the 'l'CR 

complex. 

Structure-function analyses of p56Id .. , have rcvcaled Important a"pcct ... of p56 1l k 

regulation. Given that the SH2 domain of p56 kk may IIlteract ln ('1.\ wIIh I1~ OWIl carhoxy

terminal regulatory domalll to mOllIry catalytic aClIvIly or ~lIh~lratL' ... pccIflcIly. and that 

positive sigllalhng by p56kk may II1volve cellular a mph fter~, furt hel ~tud I(.:~ (lf t he cf kct~ 

of nOIl-catalytic portions of p561lk arc rrql/lrcd to addrc ... ~ the mie ()f th" kllla"'C ln Tecll 

activation. 

The stud ie~ reported lJl the nex t chapter in vcstIgatc the III vol VIllCllt of p5(lllk III 

signal transduction events followillg l'-ccII receptor-mediatcd actIvation of T lymphocyte ... 

The experimental work to he prc~cnted cxamlnc~ thc ctfce!'> of Important ... trllctllral dOlllaill~ 

of p561ck on the ahIlay or the aetJvated kina~c to cnhancc T-ccll rc"'p()n~lvellc,,:-,. 
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Chapter 2 

Structural requirements for enhancement of T·ceH responsiveness by the 

I)'mphocyte-specific tyrosine protein kinase pS61ck 



ABSTRACT 

To understand the mechanism,s) by WhlCh p56 lck partIClpates In T-\.· el 1 recl'ptor 

(TeR) simalline:. we have exarnined me effects of mutanon" In known rl'!!ula\nrv dOlll.l1l1" - .... ... . 

of p561ck on the abùity of F505 p56kk to enhanœ the responslvene"" of an .l!ltl~l·ll '>pL'l'Itir 

murine T-cell hybridoma. A mutation of the amino-tcmmlal "ite of myl l"tyl~Hll111 ,glYlll1l' 

2), which prevents stable aSSOCIatIOn of p561d.. with the pla"ll1.l l11Cl1l!1I.l11C. l'll!1lpktdy 

abolished the ability of FS05 p561ck to enhance TCR-lnduced lyn)"ll1c plOlt:11I 

phosphorylanon. Alteratlon of the major site of il! Vitro autopho~phoryla!1nn, tylO"1Il1' 31).\, 

to phenylalanine dunimshed the enhancement of TCR-lnuuccd tyroSllll' protl'lll 

phosphorylauon by F505 p561ck • Such findmg 1" con"lstent wllh the preVllll1" 

demonstration that this site is required for full activation of p56kk b)' mutatIon ot lyrmll1e 

505. Stnkingly, deletion of the non-catalytic Src Homology (SB) dOl11all1 .:. 11Il! no! lhe 

SH3 domain, markedly reduced the lmprovement of TCR-1I1UUced !yrmllle plOtdn 

phosphorylation by F505 Lck. Addiuonal studle~ reve.lied that ail thl' ll1ULI!lOll,> lt:,>ted. 

inc1uding deienon of the SH3 reglon. abrogatèd the è:1h,lncement or c1ntlgèn-ing~'..';-ed IL-2 

producnon by F505 p56·"J.., thu~ implym.g more 'ltnngenr reqUlrement~ lor .lll!!'lll'lllallOI1 of 

antigen responsivene~s by F::05 Là. FInally. 1t ',l/a~ Jbo oh"er.ed th,1l eXprC','.,Hlll (lf ',50:,) 

p561ck greatly mcreased TCR-mduœà t:ro~Jne pho~phorylat\On of pho ... pho!tp.l'>è C (PLC)-

y 1, raisll1g the possibllity that PLC-y 1 may be a ~ub~trate for p5hkk 111 T-lymphocyte ... 

Our results indicate that p56 1cJ.. regulates T-cell anugen receptor 'llgnalllJ1g lhrollgh a 

complex process requmng multiple clisnnct structural dormun ... of tht: pro!eUl. 
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1;\ TI{ ()D L CT l() N 

EVltJence I~ znereasmg that tyrosine prote:n phosphorylacion plays a ericical role in T-

lymphocyte activatIOn (for revle ...... s. see re~erenees 20 and 49). Indeed. tyrosine 

ph()~ph()ry!atlnn of a hmlted number of partially characterized substrates occurs rapidly 

after .,ufllulallon of the T-eell reeeptor (TCR) for antigen by either antigen/major 

hl\tocornp.ltlhdlty cnmplex (MHC) or anti-TCR antibodies (17). This biochemical signal is 

cntlc.t1 for T-I) mphocytc actIvation. as supported by the finding that tyrosine-specific 

prole:n !-.ln,l\ç Intllh!l()r~ (such as genistein or herbimycin A) prevent TCR-induced 

phmph.llldyl InO.,!lo! (Pl) lUrnover, nse in intracellular calcIUm and lymphokine releuse 

( ! X,30,-Hl, .. U) A'> the TCR compIex doel) not possess an intrinsic tyrosine protein kinase 

.IlIIVlty, It Il.1\ hœn pmrulated that thIS proeess is mediated through the reeruitment of 

lJlemhranc·.l"~OClaled tyrol)ll1e protein kin~es. 

The Src famlly of Intemal membrane tyrosine prorein kInases comprises eight weil 

c/1.lractenzed membeiS named c-Src. c-Fgr, c-Yeso Lck. F::n. hck. Lyn and Blk (for a 

reVltw. ~ee refcrence Il) The members of thlS famlly have highly conserveà structural 

fealUre~ lT1cludl11g (from the a..'TlIno-rerrmnu) to the carDo'{~-terrnin:.ls'l: 1) an :umno-termÏnal 

g!)cIrle :-e\lduè (gJycllle 2). WhiCh is reqUlred for myrbtyiation ar;d memor • .me as)ocianon: 

21 .\ ul1lque dOl11atn. whlCh dlt'fers in sequence for eaeh :-:1embe;- of the famlly, therefore 

pOlentI.tll:- pf\l\'ldll1g: dl~[JngUI~hmg propemes ta these vanous proàuets: 3) the Src 

Homolo!.!\ 3 (sin) domalI1. a mouf also found in a number of evtoskeIetal constituants 
~. -

'\lIch :1\ todnn .1I1d Ihe yea~t actm bmdrng protein, and presumed to media te interactions 

wall Ihe l'yto\kcklon (for li review, see references 8 and 21); 4) the Sre HomoIogy 2 

(S 1 I:) reglon. wlm:h 15 addltlOnally present in severaI signal transducers and amplifiers 

\lIC'h :l\ Ihe y I\ofonn of phospholipase C (PLC-y) and the GTPase-activating protein 

(CiAP) of p2 1 L'\ and wInch has been proposed to modulate enzyme-substrate interactions 
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through its ability to bind phosphotyrosine-contaming protems (for a rC\'IC\V, :-.è'e rderclH.'C\ 

8 and 21); 5) a prototYPlcal catalytic domain, containing sites of A TP bl!1d1l1g .lnti III \'Wll 

autophosphorylanon and 6) the short carboxy-terminal r~glll.ltory t!PI11:11 Il , \\ hlch 

encompasses a conserved negauve regulatory sne of lfl r/\'O tyro\1I1c pht)..,phur; i.llllm 

The demonstration that the lymphocyte-spentiL Icl. .. gcnc ptndUCI (25,53), p')()ll k, 1\ 

associated with and regulated by the CD4 and CDS T-œll surf.lcc :l1111gCIl\ plovlded the 

frrst strong evidence for the invoivement of Src-related tyro~lI1c jllOtL'l11 kll1<I\t'\ ln Ilormal T

cell physiology (23,34,45-47; for reVlews, see referenccs 37 and ..t-n lt h.h ..,lllCl' hCC01l1l' 

progressively cIear that the ability of CD4 and CDS to enhanœ Tecll rt.'\pOmlVè'IlL'\\ 10 Im\ 

doses of antigen or sub-optimal anugen stImulation IS largely medlatè'd Ihrough llllL'l;Jl (HlII\ 

with p561ck (26). Lck may also be lOvolved in olher l'-l'dl \lgnalllllg p.llhway\ .• 1\ 

suggested by descnpuons of physicai complexe~ betwccn tlw., polyp.:ptltk and othl'l '1'-, dl 

surface moiecules like the p chain of the IL-2 receptor (16) and glycopho..,phal1dylll1O'-.llol 

(GPI)-anchored moiecules such as Thy-l (41) 

Direct indlcatlon of the role of p56lck ln T-cel! phY'\lOlogy wa" lent by nperimerm 

in which a comtnutlvely activated ve:-SlOn of thlS tyro:-.me prott'lrl klna"e Ic,lrrylllg :t 

mutation of the negatlve regulatory carbo'<y-termmaI site of tyrmlllc pho:-.phorylatlOrl, 

t:Tosme 505, to a non-phosphorylatable phenylalamne (F50S p56H ) J \,.,1:1, IlllrodulL'd III a 

CD4-negative and CD8-negative, cla:-.s II \1HC-re:-.tncted. anugcn-,>pec:tïc Il1UrIl1l' l'-cc!! 

hybndoma (BI-141) (1), The~e studle.;; showed that exprc-'''I<ln of L'i()') p:"6" ~, hut nol 

wild-type or kina~e-deficlent Lck polypepude,>, ~lgnItllJntly Cllh,lIH .. cd 'l'-ccli 

responsiveness. as indicated by II1crca~ed TCR-Illduccd tyn)\lnc protClll phmphorylalHHI 

and mterIeukm-2 (lL-2) productIon (1) In addillon to Implylllg J hl()chcllllL.t1 IllCd1.ll11\rtl 

by which CD4 and COR (and pO!'l!'llbly other l'-ccII 'iurfacc llH)!eClllt..,) Illlprove T cdl 

function. these observations aho mdicated that actlvatcd p56 1d, l'an parllllpale Irl anllgen 
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receptor ,)Ignalhng ln the ab"ence of CD4 and CDS expression. 

As p5n!Lk i" not stably associated with the TeR complex (34,46), the mechanism 

by WhH . .:h Ilm enzyme contributes 10 TeR signalling is not implicitely evident. To better 

under,>wnd thl.., proce~'), we have evaluated the role of known structural domains of p561ck 

in the enhanccment of TeR slgnalling by an activated version of this polypeptide (F505 

p56kk). SpecJfïcally, wc have tcstcd the roles of the sites of myristylation (glycine 2) and 

uUlopho')phorylation <tyrosIne 394), as weIl as of the non-catalytic SH3 and SH2 domains 

ot p56 kk . The rc..,ults of our expenments imply that p561ck enhances TeR signalling 

through a complex proccss WhlCh requires multiple independent structural domains of the 

protCIfl 
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MATERIALS AND METHODS 

Cells. B1-141 is a CD4-negatlve and CD8-negative, cla~s II ~ll-IC -re~tnctl'd 'l'-l'dl 

hybridoma speclfic for beef msulm t33) The BI-14l cellline \'.a" t!W\\ Il III RP\1I-1()·H) 

supplemenred \vith lOc(; heat -inactI vated fetal cal f ~crum (n' S J. "II l' pt(llll~ L III and 

penicillin. ",-2 retrovlrus packaging eells transfected with cDNA~ ClllWilllg :\21' 50) Ld., 

F394F505 Lck. ~SH2F505 Lck and ~SH3F505 Lck were descnbcd chcwllci C (2,·lX) 

Briefly, the deletions of the SH3 or SI-i2 motif lcmoved amino-acld" () 7 - 1 22 .lIle! 122-2 ~·l 

ofp56:ck, respectively (48). The process ofthese deletions ùld not lI1!JOdUl'l' ,IllY .\ddltlOllal 

alteratIon In the Lck amino-acid sequence (48). The ",-2 denvatlvc" WI'IC m,Il!1t.IJl\l'd ln Cl 

minimal essential medium (aMEM) containing 10''0 heat-I!lactlvatcd H 'S. IH.'lllt JIlIn, 

streptomycin. and the aminoglycoslde 0418 (500 Ilg!ml). 81-141 dcnva!lw" c:-'[lle""lIlg 

the neomycin phosphotransferase gene (neo) aione or F505 p561d• havt; hcen dt;"cllhed 

previously (1). The AahA!)k class II ytHC-expres<;mg L-celb (rTS 7) \Ven: kllldly 

provided by Dr Ron Germam. ~IH. Bethe~da . .\1D The IL-2-dependcllt HT-2 T-cdl clonc 

was mUlIlt::uned m culture as descnbed 129) 

RetrO\iraJ infection. Retrovlral mk::non or BI-l~: cell-, wa~ pcrformcd a" owlll1ed 

(.1). usmg rer;OVlr:ù supernatants oDtamea from e~rabli~:,ed Iv-2 pack.agmg œil IIl1e" RI

l·il derivatlves expressing the varlOUS mur:mt Là prme:m were generated hy )ekctloll ln 

medium contaJ.nmg 750 llg/m1 G418 .\1onoclonal cd lmc" 'Weie e<.,tabll"hed hy Ilfllltlllg 

dilutIon. All ceIllines selècred for our StlldlC:' dl',>playeJ levch of TeR CU~. 1 hy 1 2 ,Ille! 

CD45. as weIl as growth charactenstlcs (morphology amI grO\v!h ratr.:) tb,lI were lIkn!l(.:al 

ta those of parent BI-141 celb Morcovcr, aIl cell'> rcmamcd CD·1-neg.ltlve (data not 

shown). 

Antibody-mediated aggregation of the T -ccII rcccptor (TC J{) for ~tnl igcn. 

Antibody-mediated aggregaUon of TCR was perfonned as outltned prevlou"ly (]) Bnefly, 
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5Xlrv, BI-l4l T-cells were incubated for 30 minutes un lee in serum-free RPMI-1640 

medIUm contuJnmg saturatIng amounts 02 )lg/m1) of the ana-TCR V p8 mouse monoclonal 

anlIoody (Y1Ab) F23.1 (38) Afte:- \vashmg the exee~s free annbodI', aggreganon was 

perfom1ed hI' addJllOn of exce.,., amounts (60 )lg/ml) of a second-step anribody [rabbit anti

mou,>c mAM) or ,>hcep antl-mou~e (SAM) IgG; Organon-Teknika] and incubation at 37 0 C 

for the Il1tllcated pcnod~ of ume. Controls were WIth the addition of the second-~tep 

alltloooy aJonc Celh were then Immedlately lysed In boiling sample buffer or NP-40 

conwlIllng b'J/ïer LI',>atc,> \Vcre processed for sodium dodecyl sulfate-polyacrylamide gel 

ekctrophorc'>l) (SOS-PAGE) or Immunopreclpaanon (see below). 

Immullohiob. Illll11l1nnblot., wae performed a~ explalOed elsewhere (19.46,51). For 

Lek Immul1ohloltlng, wc u,>ed anllsera generated either agamst a synthetic peptide 

corre\pul1omg 10 arnl!lo-aclds 29-54 of p56lck (51 ), or c.gainst a fusion protein containing 

all1Jn()-acld~ 2-14~ of thl~ polypepude (1). Ann-phosphotyrosine immunoblottIng was 

conduc:d u'>lng affiT1lty-punfied p01:\clonai rabon antl-pho~photyrosIne annbodles (our 

unpubl!\hed daLl) A.nu-PLC-·[ 1 Immunobiots were performed u~;ng a pre\iously 

de\-:;-ihed rahbil J.fm-PLC-·, 1 seru:n 1'+:') This annbody does nO! recog:1ize P!..C-"[ 2 

DètL'C:lon of 1I11nlUnOreJctlve products was :1ccomplI~hej using l:::5I-P:-ote:n A (Ame;-::ham) 

and -;uiN:qllent autoradIOgr:lpry. For quanm:1non. banàs were cut ~0r.l the :mrocellulose 

mè:l1brane~ anJ counled ln J "( counter. The presence of eqUlvalent amounts of cellular 

prnteJn~ lI1 each tmt: \vas contï:T .ed by amido-black stammg of nitrocellulose filters (data 

no[ "hlW"(1) 

PLC-y 1 immunoprccipitation. CelIs were stImulated for the indicated periods of 

Ume wlth :lntI-TCR l<.IAb F23.1 and ~heep antI-mouse (SAM) IgG (Organon-Teknika), as 

descnbed above Celb were lysed in 2X TNE buffer (IX TNE = 50 mM Tris pH8,O, 1 % 

NP-40, 2 111l<.1 EDT:\ pHS 0) supplemented with 20 )lg each of the plùtease inhibitors 
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leupeptin. aprotimn. N-tosyl-L-pheny!J.lanine chloromethyl kctone. N-p-to~yl-L-ly"'lI't' 

chloromethyl ketone and phenylrncthylsulfonyl nuoride pel' ml. a., \\t'lI .IS the ph()~ph.l!a ... l' 

inhibitors sod!um nuoride (100 m,\'1) and ~odlUm orthovanadatl' \2 ml'-t). Pn ... t-l111l'k.ll 

supernatants were flrst preckared \\!th Sri': "y!llL'IICLlIS awt'!/\ protè111 A lP.III·,,)[/1II1. 

Calbiochem) and then lfnmunopreClpated wah the polyclnnal rablm .11111·PU '. yi .,CI UIll 

mentioned ab ove (42). Immune-complexes were colJected \Vith S cll/ll'll.\ (JWtClll ",lIl11 

washed three times with IX TNE but'fer contamUlg 1 mM ~odillm 01 thov:lnadate Protl'ÎI1\ 

were eluted in sample buffer. boiled and electrophore~eù 111 Wc SDS-P \CiE gel-.. f\flél 

transfer to nitrocellulose membranes. immunoprecipltates \Vele prohed bv ltl1I1llll1ohl()ttlIl~ 

with either anti-phosphoryrosme or antl-PLC-y 1 antlbodle~. 

Antigen stimulation assays. BI-141 T -cclIs (l X 105 cclh) \Vere plated 1Il tnpltcatc 111 

96-well Falcon tIssue culture plates wlth SXI04 mat.l!ateJ (45()() rad~) l\lhAllk cla.,~ Il 

MHC-expressing L celIs and senal dilutions of the anogen beer' lIlo.,ultn (~;~!lla) Aftèf 

incubanon al 37 oC for 24 hour~. SUpèfn:lt:lnt.., \\ ere collected ,lI1d fn w::~ for ont:' !lour al -

700 C to desrroy carry-over cel!o; IL-2 prnduwon \\a., nll':1o.,ured h~ 1l'\l1/lg IhL' ,lhduy (lI 

the se SUDe!:13.tanrs to .,tlmu!ate 3H-thvmrdme 111COmOrauon In 1 \,](tl 11.-2 dCPèflJL'Il1 111'·2 
... ..' . 

indlc3.tor cells Thl'. assay has been descnbeà ln more dewli~ d..,e .. d~l':-L' ( 1,27, 
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RESOLTS 

The site of Lek myristylation, glycine 2, is absolutely required for 

cnhanccment 01 TCR signalling by F505 p561ck 

Wc h.lve prev\ou~ly reponed that expression of a constitutively aetivated version of 

p56kk Ilyro,>\ fie 'S05 la phenylalanme 505 Lck mutant (F505 p56 lck)] in the CD4-negative 

and CDX-nct!<Itlve, c1a~~ II MHC-re~tricted and beef 1. mlin-specifie murine T-cell 

hybndorna 81-1-11 re~ult<; in enhanced T-cell responslveness (1). This functional 

llnprovclIlclIl wu,> IIldlc:ued by augmented TCR-mduced tyrosIne protein phosphorylation 

and IllLrea,>cd antigcn/:YlI-IC-triggered IL-2 production. Pre1iminary studies showed that 

F50'5 p561d• 1'> nclther assocIatcd wlth the TCR complex nor enzymatically aetivated or 

t)TO"Ine pho,>phorylated upon TeR sllmulation with aOlI-TeR antibodies (3). Thus, the 

proCC"'> by \\ hlCh p5A ;ck IS recruned In the TCR signalling pathway appeared 

fund.ullenrall:- ulttercnt Erom ihJt b:- \\-hlen lt IS involved 10 CD4- and CD8-mduced signal 

tran"OUCl!on c\ en!,>. 

TI) he~!ll evaiuatlng the mechal1lsm by whlen the Jctlvated version of p56 ick (F505 

p':;()'d.) enh:If1CeO TeR slgnallmg. the erTects of a pomr mutatIon (giyeIne 2 to alamne 2) 

.lboiI~hlI1g F~05 Lei-. ;TI:- nst: i:.lnon ana :TIè:11Dr.lne :lssoc:ation (~) \\ ere tested. BI-141 ceUs 

\\ e:c Inkc:cd WIth rerro\ lrmes eneodmg A2F505 p56 1d.. and selected for growth in the 

rrc\encl' nt the ammogl)- cO~lde G-1. 1 S. Clonai cell Imes were e~tablished by limiting 

dIlution ,md te~ted for expre~.)Ion of the mutant Lek polypeptide by a specifie anti-Lek 

1l11111111loblot ,l\\ay MlIltlpk lI1dependent BI-I-1.1 denvauves containing amounts of 

A2r:SOS pS()kJ... (F1glln: l, lane~ 3-6) generally similar (within [wo-fold) ta those of FS05 

p~hk J... (lanes 1 1-15) wen: sdccled for fllrther analyses. QuantItative studies showed that 

bOlh types of œil lllles expre~sed 5- to 12-fold hlgher levels of p56kJ... than Neo eells (lunes 

61 



1 and 2). As fonnerly described (2), A2F505 p561d, polypeptIdt'~ hall a ~ltghlly rctankd 

electrophoreuc mobIllty in SDS-PAGE gels. Although the ba~l\ for thl\ oherVa[101l 

remains unclear. we have pre\ iously ruled out that 11 re"lllt~ fwm add1l1onal mUl,l!\On" 1!1 

the A2F505 tek cDNA (2). 

Cells were stimulated with amI-TCR N1Ab F23.1 anù RAM IgG fOl 2 I11IllU[L''' and 

intracellular tyrosIne protetn phosphorylation as~c~sed by antl-phu\phntyIO\lnC 

immunoblotttng (FIgure 2). This assay rcvcalcd that, unhke cello.; l'\plcssillg 1'5()5 p5(11, 1.. 

polypeptides (Figure 2, lanes 13-16), cells contaimng A2F505 pSokl.. (tallL'\ )-12) Lllkd ln 

show an enhancement of anti-TCR anubody-mduced tyro"'l!1(~ protcm phmpholyl.ltloll \1\'("1 

Neo cells (lanes 1-4). Simllar observation'> were made \vlll'il l'CR ,>tlllllliatioll \\,,\,> 

extended up to 30 minutes (data not shown l. The ... c l'Imling'> 1l11plll'd th,1I Illyn\tylalloll 

and/or membrane association IS absolutely reqUlred for PS05 p56k l.. 10 COlllllhutL' III TCR

induced tyrosine phospnor:ylauon signalhng events. 
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FigUl"C 1. ExpJ"l'~~iofJ of A2FSOS Lck and F394FSOS Lck polypeptides in 81-

141 T-c('II~" 

Lck immulloblot. Levch of p56kk In several mdepcndcnt BI-141 ccII lines 

expre'.'.IfI).! a IllymtyJatJon-defectivc (A2F505 Lck) or an autophosphorylatlOTl site 

(I"'N4J-5(),) I~J..) )-'i05 p5()kk mutant were mea ... urcd by Lck lInmllnoblot lIsmg a specifie 

I,cJ.. anll'.enllll () Lane'. l' Nco 1; 2' Nco.2, 3. A2F50S 2, 4: A2FS05.3, 5: A2F505.4; 6: 

A2F.'iO'i 6, 7 F394F.'iO.'i)~; R: F394F.'i05.11; 9. F394F505.12; JO' F394F505.22; Il: 

j.')()') ~; J 2 j'S057, /3 F5059; ] 4: F505.12 and 15: FS05.13. The position of p56\ck is 

IlIdlcated Ol! tl](' lelt Exp()~lJIe 12 hour~ 

Neo A2F505 F394F505 F505 

t 2 3 4 5 6 7 8 9 101112131415 

-.c .. ___ _ -. 
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Figure 2. Effects of expression of A2FSOS pS(,ld. p()IHH'ptidt'~ Olt T< 'R

induced tyrosine protein phoSI)horylation. 

The abundancl' of pho~photyrosll1C-l'0l1ta1l1111g pwtl'lll!'> 1!1 HJ- 1·11 l'dl, l"p.t'!'>'1!1).! 

the neomYC1l11c<.;.'tancc malJ...cr alone (Net', lanc' 1 ·n, A21''j()'j p"hh\" (-\:1 5th, I:lIlt" 5 

12) or F505 p561t\.. (F50.5: Janc!'> 1 ~-16) wa ... 1Ill',1'1I1l'd ln- anti-ph(),.,hot~ ... ()siIH' 

immunohlotting Anobody-mc(hatcd agglcpllion 01 'l'CR \\',1" pt't 101 nwd lOI 2 llllllutt" 

at 37oC. tanc ... 1,3.5,7,9,11,13 and 15: RAM Ig(i alont' .1I11i 2 .. l.h,X,IO,I'?,I·1 and 16 

MAb F23.1 + RAM IgO. Lancs 1 and 2' Nco l, ~ and·1 Nl'o 2, .5 and Cl A21'505 1,7 :Ind 

R. A2F50S 2, 9 and 10 A2F)O) 4, Il and 12 i\21')O) h, 1 ~ ,Inti 1·1 \,505 7 and 1" ,lI1d 

16: FSOS 9 The pmltlOn~ of the major phosplllltVIO'.IlC l'Ollt,lllllng plOtt'll1' (011 Ihl' kil) 

and of prc<;tallled molccular Illa~~ m;ukcl<; (011 thL' .I~!ht) ;\ll' 1ll,IIJ...cd l''po,,,"l' X IHIII .... 

Neo A2F505 F505 
----------- - -

1 2 3 45678 9 la 11121314 15U) 

1 • p120" .. - - 11/ 

pIaO" 
p80 .. BO 
p74 .. 
p70" • 
p56 .. • ')0 

p36 .. • • 
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Mutation of the site of Lek autophosphorylation, tyrosine 394, partially 

reduce., the enhancement of TeR signalling by F50S p56Jck 

Accumulaung data c;uggest that tyrosIne phosphorylation by aetivateà tyrosine 

protcIrI kInd \è receptorc; (.,uch a~ the plarelet-denved growth factor receptor) is dependent 

on hmdIng of pho<.,phorylated tyrOl)lne resldues on the reeeptor to SII2 sequences typically 

encountered If] Intracellular \ub\trates (revlewed 111 8,21). Tyrosine 394 is the major site of 

autophmplioryLlllon of p56lck (2,5,10,24,51,52). While not nonnally phosphorylated in 

VIVO, '>lgnIiïcant l!l \-IVO occupancy of tyrosine 394 IS noted in the context of activation of 

p56 id.. by mutJllOn of tyros1l1e 505 (2,5,24) or anubody-mediated aggregation of CD4 

(23A5) In both C:t\è<", activation of p56 1ck IS significantIy reduced by mutation of tyrosine 

394 to phenylaJ.\Oll1è (2,50). 

Thu .... we wl~hed to test the posslbIlity that tyrosine 394 is pivotaI for the 

e:lh.lI1ce,ne:1t of TCR-lI1ùuced t;'Tosme protein phosphoryIat~on by F505 p561ck. F505 Lck 

polypepr;de ... ..:.m-: mg :l ryro...,me ta phenylalanine substi .. ution at position 394 (F394F505 

p50k ") \\e:-e muexluced ln B1- :41 cells. as descnbed ubove Celllines expressing amounts 

nt Lei--. prote:n (hgure 1. lanes - -! 0) sHTI!br to those noted 10 cells expressing F505 p56 lck 

(Jane..., 11- i.:') \\ trI.': ldenofied b:- L::K nT'.rr:ur:oDior. and subJected to aI1obody-mediated TCR 

~ll!nlllanon 

-\n .tntt-phospho(:- rO~1Oe Immunoblot of lysates from control or TCR-sumulated 

cdb (Flgure ~A) re\'ealed that. ln companson With ~eo eeUs (lanes 1-'+), cells contuining 

f.3()4F:'O.:' p.:'old .. (iane~ 5-1()) showed enhanced TCR-mduced tyrosme protein 

phosphoI;' lauon (measureù aftcr 2 minutes of stImulation). Whlle similar sets of cellular 

~lIb~trate~ \Vere affccted by expression of F394FS05 p561ck and F505 pS61ck, the 

cnhancement by F394F50) p56\ck \Vas les~ than thut conferred by F505 p56\ck (lunes 11-

l·l). TlIlle-\.·our~e e:-.penments ll~ll1g repre~entauve œIl lines supported these assertions 
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(Figures 3B and 3C), albelt these quantitauve differences tended to dll1mmh artcr :; lll111ute ... 

of stimulation. Taken together. the se results are consIstent WIth tht' prevlolls dt'Il111llstratlOl1 

that the catalytic activuy of F394F505 p561d. is lov.:er th an th.lI ot F50:' Lei.. (2) They .ibo 

imply that tyrosme 394 is nct absolurely reqUlred for a-:-tlvated p5o ld-.. nmkcule:-. ta 

participate in TCR-induced signallmg events. 
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Joïgure 3. Effecl~ of expre~.,ion of 1<'3941<'505 p56 lck polypeptides on TeR

induccd fyr'oc;ifl(' protein ph()~phorylation. 

A. Anli-plw,>photyrosinc immunoblot. Celb expre,>smg the neomycin resistance 

marker alo/lc (Nco, lal1~" 1-4), VW4F505 p56kk (F394F505; lane~ 5-10) or F505p561ck 

(l',)()5, lanc" Il -14) welc Il'<.,tcd fOI TCR-Induced tyro~IT1e protem pho~phorylation. 

ÂntlhodY-lllc(!Jatcd agglcgal10n of 'l'CR wa:-. performed for 2 mInutes at 37°C. Lanes 

1,1,S,7,9,11 alld 11 I~Â\!1 Ig(; alone and 2,4,6,X,10,12 and 14. MAb F23.1 + RAM IgG. 

Lalle<., 1 and 2 Nc() l, i and 4 Neo2, Sand 6: F394F50S.11; 7 and 8 F394FS05.12; 9 

and JO H<J4I-')(),) 22, Il and 12 1-)0).7 and 13 and 14' FSOS.9 The pO'>lllons of major 

pho\photY/O"IIll' COllt.lI Il 1 Il!! protC1l1" (on the Ieft) and of pre,>ta\l1cd mo!ecular ma<;s markers 

(on thc nght) .IIC IlldlCltcd Expo:-,urc X hour:-. 

n. Til1w-('our'M' l'\J)crimen1. Monoclonal œil hlle<., exprc"<"lI1g thl' Ilcolllycin re:-'Istance 

lll:u"el .IIOlll' (Nco 2, lam'\ 1-6), FN4FSUS p56 1ü (F3941-S0) 22. lane.., 7-12) or F505 

P)(lltk (1-505 7, lallL'\ 1 )-IX) Wl'Ie <.,tllllulated forvanou" tllllC PClIOcl".lI 1,7 0 (' Lam:<; 1,7 

and /3 RAM Ig<; al()llc fOl 1 llllllute. lane:-. 2-6, X-12 and 1--1-1 X 1'.1/\ ~ ~ 1 + RAM IgG 

(2,X and I-l OIlC IIllJlIJle, "' l) and 15' 5 minute ... : 4.1 () and 16 1 () 1I111111ll' ". Lille ... S, Il and 

17 IS Illillute ... alld (',12 .tlld 1 X' 3011llnutc<;) The pml!lon~ of lllaior pho<.,photyrosl!1e

Conl:lllltrlg prlltl'lll\ (Oll thr Icft) and of prestamcd rnolccular \wlght markcr\ (Oll the nght) 

are IIldlCall'd L ']l0"Ull' 1:') ho III " 

('. Quantitative analyM.'~. ()uantItatlon of the change ... III tYIO<;IIle protein 

phmphorylallllll of Ihl' 120 (]l 120), 70 (p70) and 36 (p36) !..Da polypeptIdes was 

pertorllll'd hy llltllflg the applUpllatc bands and countlllg ln a y l'OU Il ter. Ordinate: counts 

pCI 1lllll1l1l' ((' l' 1\1 ). log.I/llhl1lll' "l'ale. ahsel~sa urne in 1111!1ute", hnear scale. Nco 2. 0 : 
1-.N'lF5()') 22 4\ .Ind 1-50S 7 • 
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Figure 3. Effects of e~prcssim! of F39 ...... 505 pS() Id, p{)l~ Ill'pli<ll'S 011 T( '1{

induced tyrosine protein phosphor·yhllinn. 
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Expre~sion of SH2 and SH3 domain deletion mutants of F505 Lck in BI-

141 T-cells 

De\pne the faet that the SH2 and SH3 domains of cytoplasmic tyrosme prorein 

kll1a\e" \eem (JI\pemablc for the ..:atalync funerion of these proàuets. accumulatmg data 

~ugge')t (hat they modulate enzyme-substrate interactions (8,21). Therefore, to evaluate the 

poten ual Invol veillent of these non-eatalytic sequences in the enhaneement of '1eR 

\lgnalIIng by r·so') Lek, BI- 141 cells expressing F505 Lck polypeptides Iacking either the 

SII2 (ùSH2FSOS Lek) or the SH3 (6.SH3F505 Lck) motif were generated. as described in 

Matenah and Method.., Imponantly, previous analyses conducted in NIH 3T3 ceUs 

rcveakd that 6.SH2f-S05 Lek and L1SH3F505 Lek exhlbit enzymatie activrties appnrently 

equai to that of FSOS p561d, (4X). 

Ccli IInt.''' were tc\ted for expression of the mutant Lek polypeptides by 

IIllIllUlIOblol, u"lng a rabbI! anu-Lek serum generated agJ.Inst a synrhetic peptide 

cnrtc"pnndll1g to arlllIl0-aCJU\ 29-5J of the ;nU;-Ine p56:.:1. sequence. As thIS sequence is 

locJtcd \\- Ilhll1 the Ulllljlle domaJJ1 or' p50 ü ,. the .mnse:-'.lm I~ presumeè ta equally reeognize 

thL' liIt"k;-L':lt Ld, pol) pe;JtlQe~ e\.ammed. Delè~lOn or the SE: and SE: sequences 

g':nerated Leh. proteln~ 1111graung :lr .+::~ and 51 kDa In SDS-PAGE gels. respectively 

(r-lgurr: -l) l'on~t.'q llently. rhe:-,e productli were te:U1ed p.12 'ck and p5 i :.:J... A;':~:- t~ing into 

WIl',hkLltll'l1 the ,lbundance al the endagenou~ p56;c:". c~!l lmes è\.;;ressmg :lmaunts of 

.~SI!2 (!ant'" .i_{)) and ~SH3 (Iane,> ;-9) F50S L~k prorems comparJbk (wJthin [wa-fald) 

tu rhn"L' ot" F~()) p.:'6 Id .. (I.ll1e~ 10 and Il) were selected for addwonal studlèS. Importantly, 

the 1\\ n JI! ti.'rl'llt uelctlon mutants were e:-.pressed at equivalent Ievels In these clones. The 

'Im.lll V.Ir1,l[I<H1.., (two-l'nld) In the abundance ofendagenous Lek polypeptIdes 111 these eells 

Wl'll' \\ lIhlll the range pre\'loll~ly noted in a senes of IOdependent neomycin 

f1h()~phptI.\lt..,kl ,l"'l' l'\!)J'L'~~lllg 131-141 celllines (l). 
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Figure 4. Expressiol1 of !\S1I2F505 Lrk and ;\SIUFSOS Lfil. p()I~'1H'ptid(.·s 

in 81-141 T-cells. 

Anti-Lck immul1ohlot. Leve\:-' of Ick protl'1I1 ln ~l'\'L'r,tl IIHkpClldl'llt HI 1 Il u'l1 Illln 

expresslIlg thl' Ilt'OlllyCiIl rt'\I,taIlCl' markeI alonl' (Neo. lape' l ,Illd 2), I\SI L'I·':;(),:; 1 d 

(~SH2F5()5, tant" ~-6), I\SI DI,50S Lek U\SII31'505. lanl" 7 q) 01 1·50') p"h ld, (l,lIIC' 10 

Il) werc a..,~e~~ed a~ in Flgule 1, L"CL'pt th,lI an :tntl'l'IUlll I-'t'Ilt'I,lll"d ,1 wlltlwtll' pepllde 

correspondlllg ln aI1l1l10-acH!' 29-5401' thl" 11l1llll1l' p.')()lck 'eqlll'I\u' (5 n \\.1' lI\l'd l ,\Ill". 

1: Neo 1: 2 Neo 2: 3 !\SH2F50S 1. -1 I\SII2F5()5 7 . .') ,\SI L'I·')O.'l l). (, \SII.'I·')O."i .'0. 

7: ~SI·BF5()5.12. X. !\SII~I'S()5 IS,l) /\SIHI'5()') ,::.1. 10 l'')(l'i 7 ,\lHI Il l ')(hl) 'l'hl' 

lelativc 11llgratlOIl~ of p561tk, pSI Id, ,lIld p-l2 H ,Ill' llIdllalcd 011 Ihe ktl l, '!lU'\lI\' .' <I,IY' 

For quantItatio!1, band, weIl' cut 11011l11ltIOlTllu10'l' lïltrl\ ,IIHIC()IIIIIl'd IlI.1 'r l (lllllili (d:11.1 

not shown) Aftn t,lklllg 11110 COn\ltkl.lIHHI Ihe ,lhund,lllll' (lI thc \'IHlogl'II01l\ 1 l k 

polypeptJdc~, we L''>lahlt..,hcd that thl' \cvcl, 01 ,\SI121'S()i 1 L k ,1IId '\SII q·.')o') Il k Wl'Il' 

apprOxllllatrly 50% tho<.,e of 1'505 p5()i< k Sllllll:1I qll,1ll11latll )(1' Wl'Il' dt 11Il'wd \\'111'11 'l'I t.tl 

dtluli()n~ or Iy~ate., l'rom J'50S Lc\.. c;.,Pll.""llg t dl, \"l'Il· ll'l'd lOI Cnlllp,lIl'OIl (d:I!.1 11111 

shown) 

p56 1Ck
., 

p51 1Ck
., 

p42 1Ck
., 

Noo ASH2F505 ASHJFSO~ f~O~ 

1 2 3 4 5 6 7 8 ~ 10 11 

_-.-----

70 



Deletion of the non-catalytic SH2 domain of p561ck significantly alters the 

irnpnn erncnt of TCR-induced tyrosine protein phosphorylation by F505 

p'::6 1cJ.. 

BI -141 ce li .., expre~..,mg ~SH:F505 or ôSH3F505 Lck polypeptides were tested for 

TCR-tnduced tyrosme pho~phorylatjon changes, as outlined above. Although ~SH2F505 

Lck (FIgure SA, Jane,> 5-12) consistently enhanced TCR-induced tyrosine protein 

pho,>phorylatloll, thI'> Itllprovement was markedly less than that provided by FS05 p561ck 

(Jane" 13-16) In cOl1tra~l. e:-.pre\..,lon of ~SH3F505 Lck polypepudes (FIgure SB, lanes 5-

10) Increa\ed the TCR-lI1duced ~lgnal 1Tl a manner analogous to that medlated by 

IfItroductlon or F505 pS6 id, (!,lfle~ 11-14) It should be noted that neither ôSH2FS05 Lck 

nor ~SH3F505 Ld. augmented tyrosIne protem phosphorylation in unstimulated ceUs to a 

greater degree th an F50S p561d, Thl~ fmdll1g imphes that the process bj winch levels of 

p!1o,>pnotyrm1ne .tre ~uppre~~ed pnor to TeR stimulation ll1 F505 pS6 lck expressmg BI-

141 celb l~ l!1depl':ldcnr of regulauon through the SH2 or SH3 sequences (1 ) 

K:ne~Jc :m.d;, 'e, nt' rt~prc\ematlve celllines (Figures SC and SD) showed that. in 

corm:!~[ to Ülè ~"Ül,l.L1C;:::;;è;:[ seen ln ceUs expressing F505 p56 1ck (f!gure Sc, lanes 13-18: 

FIgure ~D. lJl1e, L~-::"l, or -.1SH.?F.505 Lck (FIgure 5D, lanes 7-12'" the Improvementof 

TCR- nÙlllec I:,,",,::e rrolelll pi-}o~phorylatlon by expresslOn of ~SH2F505 Lck 

pol: peptlde\ 1 r!~:lft: 5C. Jane\ 7-12) \Vas ~hort-hved lndeeà. arter 5 minutes of TCR 

'I1I11l1l1anon. the p,mem of !)T,l\llle protein phosphory1ation obsèrved ll1 these cells was 

è\\Cll!Ially ..,111111.11 10 that of ~t'n relIs (FIgure Sc, lanes 1-6) TllIS IS subsrantiated by 

qll:ll1!lIaUve anaJy\L'~ of the 120, 70 .md 36 kDa sub~trates (FIgures SE and 5F). Similar 

Uh~l'I\'a!iL)n~ \\'l'le made \\!lh olher ,~SH2F505 Lck expres~ll1g BI-141 celllines (data not 

~hl)\\n) The 1I1L'rC:l\e 111 ha..,cl1l1c tyro~llle pho~phorylatlon of certall1 'iubstrates noted in 

,\SII.'F505 15 cl'il ... (FIgure .'iD. Jane 7) wa~ not <;cen 111 other expenments (see Figure SB, 
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lane ï). A simllar mcrea~e m ba~eline phosphorylation wa!'> at UI11l'''' abo Ilotl'd 111 !'>onw 

F505 Lek expressing cel! lines (FIgure 3..\, lane Il; FIgure 313, lane 1~. and FIgure Sc. 

lane 13), \Vhile the re:lson for thls van:mon 15 unclèar, such phenomenOll dol's not tftl:'l'! 

TCR-màueed t)Tosme prorem phosphoI") latlOll respomes. 
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Fi~lIrc 5. Effcct~ or SII2 or SII3 domain deletions on the ability of FSOS 

Lck 10 cnhancc TCI~-induccd tyro~ine protein phosphorylation. 

A 'l'CR -Induccd tyro!'»nc protCl11 phosphorylatlOll (anti-phosphotyrosine 

immuf)oh'ot) Same a<, hgurc 2, cxcept that ccII IIne~ cxpres!'>Ing the ncomycIn rcsÏ!;tance 

llIarkl:r aloIlé (Nw, lalH:\ I-;t), I\S1I21'505 Lek u\SH2F505, lanc!'> 5-12) or FSOS p561c J.. 

(J'50), JallC<, 11 1 (» werl.' tc\teu Moreovcr, TCR wmulatlOll was performcu for one 

IlII/HJle LIIIC" 1,~,'),7,q,II,1J anu 15 RAM IgG alonc and 2,4,h,8,1O,12,14 and 16. 

MAt> "21.1 -t RAM Ig(; !, IlC\ 1 and 2 Nco.l, 3 and 4' Neo.2; 5 and 6: t\SI-I2FS05.3; 7 

and X ;\SI12I'50') 7, () and 10 I\SH2F5059, Il and 12. ~SH2F505 20, 13 and 14: 

1'50') 7 alld 15 and J () l ')0:" () Thc pO''!11011!-. of the major pho!'>photyro~lI1e-containing 

polypepll<ln (on Ille Icfl) alld of pre\tall1cd molcclIlar lI1a!'>~ markers (on the IIght) are 

IIld J( aled l' X!'f )\IJl e () hOUl " 

B. ',( 'H Jndllt ('d lylm.Jllc jJlotCl1l pho\phOlylalloll (anti-I)hospho'yrosine 

imlllllllOh'o') Salllc a\ ln hgwc SA, (.'Accpt that ccII IIllC!'> cxprc!'>\ll1g the I1comycin 

lC\I\lamc lll.lrkcl ,d()l1l' (f\:eo. lallcs 1-4), ;\SII3I')OS Ld. (i\SII3F50.5; lancs S-IO) or 

F<)()5 p5()h ~ (1'50), lall(.'<' Il -)·1) \\,(.'IC te~tcd I\l1u-TCR anuhody Wl1llllallon was for one 

lilI/Iule LIlH::-' 1,~,5,7.<),1 1 and 1 ~ RAM IgG .donc and 2,4,6,~,IO,12 and 14' MAb 

1'2~ 1 1 RI\M Ig(' Lann 1 and 2 Nco.l, 3 and "1 Nc02,.5 and () i\SIl~FSOS.12; 7 and 

X I\SIIH'')()5 1),9 and 10 ;\S/U/'505 :?A, Il and 12 F50S 7 and 13 and 14: F505.9. 

'l'hl' pmilloll" of the 1II;1I0l pllO)pholyro~llIe-contallllllg protCllI\ (011 the left) and of 

l1lé"ltlllll'd lIl()kl'lrl.1l \wl)'hlillal!..el!-. (on thc lIghn arc Indlcatcd Expmlllc Il hOllr!'> 

('. I:t fcrl~ ot nple""lt)J1 (JI .\SI121·')()S Lck polypeplldn TinH.'-COllf"Sl' l'X perim, .It. 

1\" Il' 1'1)!1I1l' 11\, Ilh' ,,;lll1l' tllllC-pOlllh WCIL' exalllllled Lanc.., I-()' Neo 2; 7-12: 

I\SII~I'5(),) ~ .llId 1 ~- 1 ~ /,')()') () Expo"ure 24 hnul!'> 

1>. Et fn h ot npl l''' " 1< III (lI ;\SII1F505 Le!.. polypcptI<lc<; TinH.'-coursc cxpcrirncnt. 

Saille .1" hl'1I1l' m 1 ;llll'" 1 () Neo 1, 7-12: I\SlnF50S.IS and Il-IX 1'50S <) Exposure: 

') h()Ul" 

E and li ()lIan'i.a. i H' analyse!'> of Ihe c\pcrImcnts dcplctcd III Figures SC and 50, 

I\.''''pcctlvdy 1\<; III "Ît!UIt' ~C Nco: 0 ; .1SI12FSOS,:i or t\SIBFSOS IS: .. and FSOS.9: •. 
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Figure 5. Effects of 8H2 or 8H3 domain deletions on the ability of F505 

Lck to enhance TCR-induced tyrosine protcin phosphorylation. 
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Effects of acti vated Lek variants on antigen receptor-induced tyrosine 

phosphorylation of phospholipase C-'( 1 

The Identlty of the polypeptIdes undergomg tyrosIne phosphorylation upon TCR 

)lImulauon 1'> largely undefined However, recent studies indicate that anngen receptor 

)tirnulutIon re\ldt" In ra[m] tyro\ll1e phosphorylation of the phosphatrdyl inositol (PI)

,>pecI/ie phmp!Jollp.J\e Coy 1 I~oenzyme (32,36.54) This blOchemical alteratlon is thought 

to be re"pon)1 hie for the ITIcrcasc lJ1 pho'ipholipase activity and the elevation m PI turnover 

noted dUrJng T-cell actIvatIon (~().31 ,32.36,54). 

COl1'>eqllcntJ y, to g:un addllwnaJ understanding of the mechanism by which F505 

pSf)kk enh~1I1C<':'> T-cdl functIom, the effects of expression of this polypepud~ on TCR

Iflduc<.:d tyro'>lnc pho~phorylatlon of PLC-y 1 were tested (FIgure 6). Cells expressing the 

I/ef} gcne ajonc (Neo) or F505 p561cJ.. were snmulûred WIth antI-TCR MAb F23.l and sheep 

antl-lilOll'iC (S:\~I) IgG for one ruinute, lysed 10 NP-..tO contaimng buffer and PLC-y 1 

I,>olated by ImmllnopreClpltatlOn us mg a Ilpec:fic rabbn :l11u-PLC-y 1 serum. Tlle extent of 

PLC-y 1 t:, 10\1I1e j'hn\phoryJatIOn was evaluated by ann-pho~photyTOSme 11(l1nunoblotting 

(fIgure t1 \) ClIllf..tf:\ to '\eo œil" (lane~ 1-.1). cells contalmng F505 p56 lck (lanes 5-8) 

Jcmon'ltl :tlcd dl'te~. __ table tyrn\ine phosphoryl:luon of .1 150 kDa polypeDude afrer TCR 

"li rllU la li 1 111 (bill'''' () ,1Ild S) Tlm prnducr \\~b nor re-.:ove;-ed when nonnal rabblt ..,erum was 

u-;ed ~l\ the mm1l1nopn:c:pllanng antrbody (lar.es 9 and 1 Q) and was conSIstent WIth PLC-y 

1 (-II JJ) ,\.., 1\ thL cas~ for overall tyrosIne protem pho'iphorylauon. no ~ignIficant 

tyro~lI1L' phmpllOrylatlon of PLC-yl was notec.1 pnor ta TCR Ilumulauon (lanes 1,3,5 and 

7) Importantly, the l!H:rL'a~ed TCR-lI1duced tyrosme phosphorylauon of PLC-y 1 111 F505 

p5t1kJ.. L''(pres~llIg ce Ils wa~ not 'iccondary ta elevated Ievels of PLC-y 1, as mdicated by 

al1tl-PLC-y 1 1I11l11unoblottlllg of PLC-y IllmllunopreCIpitates (FIgure 6B). 
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We also explored the impact of mutuuon of tyroSHlc 394, or dckl1nn of thl' SI L? or 

SH3 domain on the enhancement of TCR-induœd PLC-y 1 tyfl1~ln~ phn..;phnry1.111011 b\' 

FSOS pS61ck (Firures 6C-6Et Tlme-LOUr\e studles \\ cre pafonl1l.'d on 11'prl.'\l.'l1t,ltivl' 

F394F50S Lck (FIgure 6Cl, ~SH2F5()5 Lck (Figure hO) and . .\SJ!3F50:'\ Ld. (F1t!llrl' ()I~) 

expressing c 11s. Patterns of PLC-y l tyrosme phosphoryLltlon wer~ cotllp.ul'd \VIII! tllll\\.' 

of ceUs expressing the neomycIn reslstanœ gene alone (Neo) or F5()) Il",,()ld. Fil "t, 111 

agreement with other report~ (32,36,S,n, these eXpenl1ll.'llh cnlkcl1\'dy dt'Illon\tratl.'d .1 

small and reproduclble nse (berween 2 and:'\ minutes) In PLC·y 1 tyW'llllt' pho'.phoryl,1I101l 

after TeR stimulatIon on Neo ee!ls (Figure 6 and ùata not .,hOWl1) E'\pfl'''''lllll of "50'i 

pS6lck resulted !TI a prominent enhanceml'nt lapproxllll,ltcly Hl· t'nId) 01 T( 'R IlldUCl'd PI (' 

y 1 tyrosine phosphorylatlOI1, WPlch wa" malOta1I1CÙ ovcr the lml\.' p\.'IIOd ,1ll,1Iv'.t'd (up ln 

10 minutes). The effects of mutatIons or deJetlon\ 111 F50S pS()II f. 011 PLC-y 1 tyrmlll(' 

phosphorylation resembled those noted l'ailler for ovcrall tyro\lIlè protèlll phmpllurylalloll 

(Figures 3 and 5) Indeed. F39.1F505 p56lc i. è'<plè:-'SlI1g 81-1-1-1 cclI.... (rlt-!'1fè hC) .,howt'd 

an IntermedIate mCre:l5e ln TCR-rnàuceJ t:-lOsme iJho'>Pl1orylauO/1 of PU '.: 1 \;!orèClvèf, 

the irnprovemem !TI P~C-y 1 tyTOSll1e pho\phorylatlOn by F.505 Ld. W,l\ g''-'.ltly reUllu'd hy 

deietioll of the SH2 sequence lFlgure 6D), \\- hile k\\ cltTected by dektJ()fl l)! the SI!l 

region (Figure 6E), 
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FigUf(' 6. '1 ('J{-indIH'('d tyro~ine pho~phorylation of pho~pholipasc C-y 1. 

A U fn 1<, of ,- ')05 p')()Jd l:Xpf(~"''''lon on Iht: cxtent of TCR-Illduccd tyrosine 

pho\pholylalloll ot pho\phoJtp.t..,t: (/>LC)-y 1 Anti-pho~photyl·o.,inc irnrnunoblot. 

('cll.., Wl'IC \Illllld.tlcd \VIth ,11'11 J ('R M!\h "23 1 + SAM Ig(; fOI 1 Ill111Lltc at 7,7°C "(Ianes 

2,'1J),X .tllcl ]() (II S!\Î\l Ig(; alonc (Llne, 1,3,5,7 and l)) Ly~alc<, were 

1IIlll1lillopn't 1 Pll.11l'(\ ...... 1111 \~I till'i ,1 ,pcctlîc pol yclonallabblt antl-PLC-)' 1 <,CI um (\anes l-R) 

or Iloll/l,d J,lhhil ,nlllll (1.lnn 1) and 10) Lane'> J and 2: Neo.1. 3 and 4' Neo 2,5 and 6: 

I-')(J') l,HIc! 1 JO ,.')()') <) '/ VIO',lrlC pho<,phnrylated rrotelll~ wele detcctcd by 

llllllllJl\(}hl(}ltllll' WIIII drlll phO\p!JOlyIO\ll1<' antd)()dlc\ The rO\!l1011 nf PLe-y 1 (PLC) IS 

Illdl\ ;11\'d ()JI lite kt 1 wl.'k IIH)\l' of plC\lalned T11o!cclilar nla~" mar"cr, ale <.,hown of the 

II~J!t1 1~,p()<'lIlt' \ d.ty-, 

B. ""11-1'1.(,-( 1 immullohlo" Ccl'" \\l'le "tlllllrlated a" III Figure ()/\ and PLe-y 1 

Il'IOV\'le!! Il\' 1I111l111llOpIccrplldtI0l1 'l'hl' .Ihulldance (JI PI ,('-y 1 III thé vanou", 

IllllllllllOpll'1 rpl1;II('\ W.I\ d\"l'''''l'd h)' IllllllllllObloltlng wlth !he rabbll antI PLC-y 1 ~crum 

tll'\l'Ilhl'd l'dl 111'1 1,.1111'" J .mel 2 NéO J alld 3 and 4 1·505 1) Lanc~ 1 and 3' SAM IgG 

,1I()IIC lOI lHI,' Illllllllé ,,1](1 bllll'\ :2 alld 1 MAb 1'2 ~ 1 -f S!\M Ig(J for Ollé minute The 

!}()\llIOIl ot 1'1 ( -y 1 (jll (') 1\ Intlll'alcd 011 Ihl' kiL wh Ile Iho\e nI' pH'''tarned Illolccular 

111,1"", IlI.lI\\ I~ .Ill' \!r()\\11 01 thL- II[Jhl j-\.PO\lIll' ~ hOUI.., 

(', 1''Iln", (If ! ,<i 11 )()') p,)()ld, l'\.jllt\\j()[l on TCR-lllclllccd PLe-y 1 tyro~lI1e 

pllll\phol y LIlI<)1l '1 i Ill('-l'our.,e c"peri nH.'1l1. 1 ~a ne, 1-5 Nell 1 ( 0 ): 6-10. r394f<SOS,R 

( & ) ,lml 1 1 l ') l ')Wi t) ( • ) l ,l!ll'''' I.() ,Illcl 1 1 S!\ M 1 g(; alol1e for one mll1ute, lanes 2-

5,7-IO,\lltl 12 15 MAI> I-?~ 1 t 'll\i\1 Ig(; (l,Ille" 2,7 and 12 one millute, 3,R and 13.2 

Illlllllll'\, \.t> ,Ifld Il .::;, 11l1111rtl'~ ,Illd ''i, I() .lIld 15 IOllllllllle\ F\.po"lJrc 3 day!-. Band<., 

\Vt'll' <jlldll(II,Il,'d Il\' lkfl'>llolllclIy U<.,lIlg a BIOIIll.lgl' (MrllIpOIC) !\ grapllll' rcpré<.,entatIo!1 of 

Ihl" lju.tn(II.IIj(}l1 1\ \ho\\ Il 011 the rrghl ()Idlll:tle lnlegr.lted ojl[lcal den\Ity (1.0 D), 

h)!!,lllthlllll '>l,lIl' .dl\ll",1 [Illll' (llllIlUll'''J.IIlll'ar \l.lk 

D. I-Ikll" ot SI12 dckllOll Orl Ihl' l'Ilhalll'l'Jllent 01 '1 ('R-Indul'ed PLC-y 1 tyrosine 

phll\p1rlllyl.lll"11 hy F5()5 p.'ihlc \.- Til1H.'-cour!.e c"perimcnt. Saille :1" FIgure 6e, except 

thal lann 1 .:) Nc(} 1 ( 0 ), ()- 10 t\SII21'50') J ( Â ) and J 1-15 FSOS 9 (. ) Exposurc' 3 

d,IY" 

E. 1- j kl h (II- SIl ~ delctloll Oll thl' l'IlhaIH.l'Il1Cllt or TCR-Illduccd PLC-y 1 tyroslIle 

pIH)"phOI \'I.tt 1011 hy 1'.:)1 ') p5()H Tinw-cours{' ('''periment Samc 11\ FIgule 6C, except 

\ha\ bill', 1 .') l'\\'O 1 (0 ), ()-l 0: J\Sl UF'iO'i 15 ( • ) and 11-1 'i F50) 9 ( • ). Exposure: 

,1 d,I\'" 
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Figm'e 6. TCR-induced tyrosine phosphorylation of phospholipusc C-y 1. 
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Effcets of Lek mutants on antigen responsiveness. 

We have previou~ly found that expression of F505 p56 lck , but not wild-type or 

kma,>e-deficlent Lck polypeptIde,>. enhanced lymphokme (IL-2) production in response to 

antlgen/MHC '1umulation (Il. Con,>equenrly. we also analysed the antllsen responslveness 

of BI-141 cel\<' expressing A2F505, F394F505, .1.)H2F505 or ~SH3F505 Lck. CeUs 

were '1lllTIuJated wlth varying concentrations of beef insulin in conjunction with the 

appropnate clal)l) II MHC molecule~ (Aab A[lk). After 24 hours, supernatants were collected 

and te'lted for lL-2 content using the IL-2 sensitIve cellline HT-2. Responsiveness of the 

vanOll'> cclIlme,> W.l,> compared 10 thm of celIs expressing the neomycIn reslstance marker 

alone (Neo) 01 F50S p56 Jr..k. Each panel of ceIl lmes was analysed in at least three 

independcnt a~says. RepresentatIve assays are shown In FIgure 7. These revealed that 

mutatIon of the sitc of l11yn~tylation (Figure 7A) or aurophosphorylatron (Figure 7B), or 

dclction of the SH2 (FIgure 7e) or SH3 (FIgure 7D) sequence comple~e!y abolished the 

ahIlJty of F5(),5 Lck 10 enhance lymphokine productlon In response to antigen/MBC 

~llITIlllatIon 
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Figure 7. Antigen stimulation ass~,ys. 

The effects of exprc"'slon of vanous Le"- mutants 011 anllgcn re:-pnn"tVl'Ilt'''" 01 BI 1·~ 1 l'db 
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DISCUSSION 

MutatIon of glycIne 2 of p56Ick to alanine has previously been shown to prevent 

myn,>tyJatIon and membrane aSSOCliltlOn of thls polypeptide (2). Data presented in this 

report (kmon,>tr.tte thur rhI'> ,lnuno-acld sub~tltutlon precludes enhancement of TCR

mduced tyrn'>In~ protem pho,>phorylarlOn by FS05 p56lck. Thus, myristylatlon and/or 

membrane a'>'>OU,ltJOIl arc fequired for partIcIpation ofLck in the TeR signalling pathway. 

Evt.:n tl10llgh tht.: exact basis for thIS rcqurrement remains to be ciarified, such modIfications 

would certamJy favor the InteractIOn of F505 Lck wirh membrane-bound molecules. 

po~slbly th~ TCI-< regulated substrate~ themselves, or molecular "intermediates" linking 

p5t1kk to the 'l'CR 'iIgnalhng pathway [such as the ~ subunit of TCR or the 70 kDa TCR

a~,>ocIated molecuk Z:\P-70 (11) 1. In addition, membrane bmdmg may facIlitate further 

post-tIamlauon,t1 modIfICatiOnS which improve the efficIer.cy of F505 p561ck at 

partlclpatIng 111 l'CR '>lgTl.lllll1g events. Consistently. we have previously shown, in NIH 

3T3 Lelh. that the enz~ matIe aC1IVIty of A2F505 p56 lck I~ less than that of F505 p561ck • 

po ...... 1 b 1 ~ bt'l.lLl '>è myn .,t~ Junon and/or membrane aSSOCIatIon are req uired for adequate in 

~ 1\ Il l' il, )'p!1{);-~ LHlO!1 of F50S p56h::k at tyrosme 394 (2). 

The m<lJOl ~lte of III ruro autophosphorylatIon oi p56 lck , tyrosIne 394, is involved 

ln pL)~Itl\e ïcgubuon of the catalytIc actlvity of p56!Lk SubstItutIon of thIS residue by 

phC:lyl:!lanmc Interferes \vith activatIon of Lck by tyrosme 505 mutation (2) or antibody

meul:lled aggregauon of CD-l (5m In keepIng \VIth these observatIons. we noted that the 

IIltell!'.lty of the TCR-muuced tyro~me phosphoryluuon ~Ignal In B1-l'+1 celb expressmg 

r.3 l )..l.1·505 p501d .. wa!'. lIltclmedlatc between tho ... c of cells expre~smg F505 p561ck or the 

neolll)'\.:in rC'>lstance marker .dolll' Thercfore. the decreased enzymatlc function of 

F39-lF505 Ld .. 1\ pll''>lllllably resron~lble for ItS d1l11l11Ished capability to improve TeR 

!llgnaIllllg Illl(lllj r.1I1lI~. the ... e ùata abo imücate that, unlike Signal transductIon through 
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tyrosine protein kinase receptors (8.21), p56lcll.-medrated signaIs ll1 r-~'di :ll'tlV.ItIO!l do not 

require the interaction of the Lck autophosphorylatIon ~Ite \\'lIh tyro~1111' phn,phorylation 

substrates. One CJveat to this interpretanon is that F:,O:, p5 nid. 111,\ Y 1I11dl'r~(1 tyllh ml' 

phosphorylanon at sites other th,ln t)w,me 394 HoweveI. tht ... pl1',',thililv 'l'L'm ... 1I1lIt\..L'ly, 

as metabolic labelmg and peptide mappmg "rudles have t~l1kd 10 rl.'Wallhl' ptl'\L'llL l' nt ~l1d\ 

sites in F505 p56kk molecules from rC;:'llll~ or lCR-stllll111atèd œil-. (3) 

The SH3 domain of p56lck IS Ilot rel:'lIrcd for 1'1IhanCl'Illl'Ilt ot ,\I1II-TeR :1l1lthlldy 

induced tyrosine protein phosphorylar;on by F505 Lck (al~hnllgh dckl1\1n \lt tlll ... '>l.'qllL'lICl' 

abrog:ues lITIprovemenr of anl1gen-mduced IL-2 produc!1oll. "Cl' helm\) TIH'\l' 1t' ... tIih ,lrL' 

in agreement \vIth former studies conducted in ~ II 1 3'1'3 celh. \"llll Il Il'\ l',lkd th,11 tht' 

catalytic actlvity and oncogenic potenual of ê-.SH3r:505 Le\.. art' l'Ljllt\',lkn! I() thme nt l'~()) 

p56 lck (48). In contrast to the limucd Impact of dclelwn of thl' SI U Iq!tOtl 1111 'l'CR 

slgnalling. remmal of the SH2 domalI1 gfèJ.tl)- affected the abdlly nf 150." Ld t() ;lll)!ll1L'llt 

TCR-mduced t:Tosine prorem phosphor;Lltlon. IndeeJ. e\.pre ... \t{)11 of _\SII2F"O.') Lek al 

best alloweè a mInor and tranSle:H !mVfOVeme:1t ot TCR-tnouccd t\ IO\IIH· rrolell1 

phospnoryl:.mon, 

Earlier '-)tudles have ~ho\\ n that the SB: monf of Jctl\:aleJ tym'>lne protelll km:l"t", 

such as v-Src or v-Fps 1S cntlcal rür the r"ui! oncog~nlC pOlenrt.tl ot" the"'l' en/Vllll'''', ,lItholl!!h 

they appear dispensable for the elevared ~:llalyttc aCl\ Ity of the,,\' IlI()duCh ((1,7,22 .2X l. !I 

has been proposeu that rhis functlon reiate~ [0 the abIlny of SH2 dOrll:ltll\ tn :l\<,ocl::te .. ."dh 

phosphotyro~me-conralnIng protems (S.21 ). A~ the tyro,>me protelll kll1.I\l: :tllly!ty ni l')(}~ 

Lck 15 seemmgly not altered by deletlOn of the SH2 reglon (4Xj, Ollf tindtll)!" aIl: hlghly 

consistent with the idea that the SH2 <;cqllencc dOl~, rnorluLI!L: Ihe J1lléraC!HlIl 01 aClIy.ttt'd 

Lck molecllJes WIth tyro~il1e phosphorylatlOn ... ub"trate, COl]'ol"tcntly, Wé h.lVC 101ll1d th,lI 

bacterial fusIOn protems cont:'l1nIng the SI12 dornain of p~()ld bine! "eyeral of the 
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phosphoryrosine-contatnll1g protem~ from ~tlrllula[('d T--:ells (l)) n.l:--cd on thc:--c lïlldlll~'. 

we postubte that the SH2 domall1 ni \V ~tabll!ze. or prolong the IlHeLll'tlOfl of p:"(lld, \\ \th 

prorems such as ~. ZAP-70 and/or TCR-r~glliated "lIb.,tr.ltc~ The SII:2 nH,t1f 111.1\ 

additionally protee! these pol! peptrG,e~ tfl'fl1 dqho.;;pho( yl.uwn by t) rp'llll' p!1p'pl1.ll.l'-l·' 

like CD45. 

While searching for potenn~ùIy relevant 'Iuhstratc~ of p56 kk 111 T'l'cll~, \H' nh"l'(vcd 

that the TCR-induced tyro~Ine pho~phorylatlon of PI-..,pecifll: PLC y 1 \V.I" lll.lI ~edly 

increased (approximately ID-foId) by expreS'IIOI1 of F:,05 p5t)llh Thl" IC'(10!l\l' \\ .1' 

affected by mutation of tyrosim; 394 and Jck~lon of the SI12 t!OIll:l1l1 111 111.111111'(, 

comparable ta those reported above for mer.1l1 TCR-lnduccd t)T()"IIlL' plll1L'!1l 

phosphorylation. These observations provlde eVlllencc that the aetlVlty I)r PU '-y 1 r.1I1 aho 

be regulated by non-receptor tyro'llllc protClll kl!1a\c'l 1\:' wc have hccl! llll.thk tn dl'tel [ 

association of PLC-y 1 \VIth p5fl:.;" (01. lt IS conce:vahk that thc",c pojYPcj1l1lln 111tl'l.ll·[ 

through the intermediate of al1othè; rr;ùIecuie. In hg tU of thl' Liet tl1.1t h.ll ~l':-i,d 1 y pr\ldllll'd 

SH2 sequences from p56:~) ar.a P!..C--( 1 can bllHl app.lrl'f1tl:- \1!llILll tyrtl\lrlL' 

phosphorylated protems frOD ~tl:nul:..!ted T -.:elb (9), one of the\l' poi:- rl'~t 1(1 l''' m.l\ \l': Vl" 

as the "bride:e" between Lck and PLC·-, 1. 
~ . 

Desplte the differe:1tlal erlè::t~ of the mutallomiddetlOll\ il' tcd 1111 'J ( R-'il(ll1ld 

tyrosine protein phosphorylatlon. aIl J1teratIOn" \H~;è rounu to ahmgatl' l'ni,.lm l'ml'nt of 

antigen/~lHC-induced lymphOKIne productlon hy L~()5 p'S(),d. Thl\ 1\ l''.pcl.::tlly 

surprisrng 111 the cases of F39..+F50.5 Lck Jnu ~SI-FF5()5 Lck. whlch aJIowed \lgnlfïc.lIlt 

enhancement of the antl-TeR anubouY-l!1(juceu \lgnal Sllch dl\crl'pancy 1\ pcrhap\ 

indicanve of unsuspecteu quahtJllVe alteratIons of thl' allgrnenwd l CR -lllclulCcI '.1!-,lldl,l\ a 

result of the se addltionai mutatIom Indeed. tyro\inl' 3<)4 or thl' SI Il rl'gl()!1 Illay bl' 

required for phosphory larlOn of ~ub "trate.., poorl y rCprl''>l'fl WO 1 Il antl- pho",plt ot yI {)\I Ilt.: 
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JrLITlllnohlotc., of total ce]] lyo.,ate<, Altematlvely, the use ofhigh-affiniry antI-TCR annbodies 

for T-celI lng6enng rnay obIJtcr,lte subtle. albea me:lmngful. dlfferences in anugen recepror

lnduœd tyro\lne jJt1o'lDhorylalJon A:-, we have been unable to concluslveiy srudy changes 

ln lfltrac-:lluiar r) r(I~lnt prote:r, pho,>phorylarlOfl 3.ftef anngeni:vIHC stlmulatlon of BI-141 

celh (<), addltlolul effort" wIll be necessary to test these different pos'iibilities. 

ln \urnmary, the data pre"cnted herelO Imply that FS05 p56kk molecules enhance 

TCR '>lgllallJllg by a proce..,~ WllICh rCljulre., myn~tylanon and/or membrane association of 

p50ld \lorenwr, ~hl\ mechanI~m i~ dependenr on Increased p56Jck activny, as indicated 

hy the LIe!', that wIld-type Lck raIls to enhance these signaIs (1), v"hIle F394F505 p561ck 

aJJow\ ,1 p,lfual 1111provcment of TeR slgnalhng Imponantly. the non-cat3.lytic SH2 

\cqucncc (hut not the SH3 o.,cljuence) IS required for robust and sustamed enhancement of 

TCR-lllduccJ tyrmlllc protclll pho~phorylatIon by F505 p56kk. Through its ability to 

phY\IC:.lIl) a\\OCI,lte wIlh tyro\lne pho~phorylated protems (9). the SH2 mcrif may 

mndul:lte the lIlter.h::!011 of p5h 1c J.- v ... Ilh the TCR sig!1alhn~ complè" In~;:guing!y. aIl the 

rT'U[.lllom :è'ltèCl. InelllliIng deknon of the SH.3 reg!on. abrog:ued the enhancernem of 

anugt':1-ë:';gèreJ IL-::' productlon by F505 Lck. thus :mpiying mcre .,tr..ngem reqUirements 

for cnnancemel1r of anngen fe~poml\'eness by F505 Lck. F!:1:J.ll:,. we ob')e:-,;ed that 

è\pre"\Il'n of F~\)~ p50 jd. grearly enh:mced TCR-induced tyroslne phosphorylatlon of 

pno'iphoiIra~e C tPLC)-y 1. suggesnng that PLC-y 1 m:ly be :l substrate for p.56 1ck in T

Iymphoc:;tc" 

As the TeR complex doe~ not posse~s an mmnSlC tyrosine protem kinase activity. 

the mècharmm by WlllCh tlll!'. receptor transduces an inrracellular tyrosine protein 

phmphorylatlol1 Signal dUfing T-cell activatIon has been the object of intense 

1!l\'C\tigatllH1\ A" dl\Cll\...,ed ,lbove. lt IS becoming mcreasmg clear that the lymphocyte

"penfle tyrO\lllc protelll klna'lc p561d• can parucipate in this process. Other findings 
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indicate that p59 fynT, another Src-related enz: me abund.1Il11y e\.prc:-."cd ln T-ly1l1pllllL'~ Il''' 

(13), can a1so contribute to thls signalling pathway (12.15.20.35) lt 1" thercfole 01 t!ll',11 

imponance that future studies be almed at ddimng If th('M~ 1\\'0 prndlICt..; reg.ul.lll' J"l'L'II 

functions through Slffiliar, overlapPlng, or dnTerent mecnam:-.ms, 
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Chapter 3 

General Discussion and fieneral Conclusion. 



GENERAL DISCUSSION 

In contra~t to growth factor reccptor tyroslIlc protcin klllasL's. tlll' T-t'l'n rl'l'l'ptor 

(TCR) for antigcll doc ... not pos~ess IIltrinslc tylOSlIll' pllltclll klllasc (l'PK) actlvtly 

Nevertheless. TCR stllllulatlon Icad~ to InductIOn nI' 'l'PK aetl\ It)' and 'l'CR 

"autopho~phorylatlOn" as rcflectcd by tyro<;lIlc pho~plt(lf ylatlon of the r, challl<; 

Consequently, 11 IS proposee! that one or more cytopla~lll!e 'l'PK aIl' 1Ill'lll.lIlng TCR

induced tyrosine protetn pho!'>phorylatlOIl <;'gnal<; Candidate 'l'PK IIIcludc p'ihl< k, p:')\)lInT 

and ZAP-70, a 70kDa tyro'''lll~ pho,>phorylatcd plOtt:11l \VlllCIl 1" {ound ,\'>"Ill lated wlth the 

TCR-Ç chains upon 'l'CR ... t1ll1ulallnn Notwithstandlllg the wl1lplnlly of 'l'-L'l'II "'Ignalllllg. 

this chapter PIOPO"'CS !'>lInplc Illo\ce Il 1 ar l11echanl~l1l!'> (ha ... cd 011 the Illodl'l for gl owt h 1 al tOI 

receptor signalling) for TCR-lI1duccd 'l'PK activation 

A TCR-associated TPK complex 

The vicw that the TCR ,~ physically a~!'>ociated with a cytopla!'>ll1ll' l'PK I~ 

supported in part hy the oh!'>erval1oll that a fraction of p59 fynT , ... cOlllllllunOprl'lIpllall:d wllh 

the TCR complex (Samelson ct al ,1991; Ga!'>'imal1ll Cl al. 19(2). /\lternatlvl'Iy, the 

interaction of the 'l'CR with C[)4 or ('Di{ dUflng anl1gen/MIIC recogllllio!l pll· .... tIl11ahly 

brings p56 kk ,n cl(N~ ProxlIlllly 10 Ihe l'CR and Ihu ... , may allow p~6lt L. III IUIIL tlllll IlkL' a 

"TCR-asSOCIaled" klll<l'ic EVldcnce for fllllctlOnalllltrrarlloll ... hL'IwlTI1 tht: '1 ('R and the ... e 

Src-family kllla!'>cs is provltkd hy Ihelr ahdlly to enhance allllgrll IlIdlllCd T lclllr'>po!l ... r ... 

(Abraham. N e( al, 1991; Caron el al • 19<)2. Davllj..,O!l fI al. 1')1)2) II()wL'v~r, Il ,\ 

currently unknown whcthcr thc ... e two cnzymc~ act through l'ommon, Illtcr ... cctlllg Of 

independant signalhng pathway.,. 
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Severa! f Indlng~ "lIgge~t that ZAP-70 may also participate in TCR-mediated 

re"pon~c\ hNly, the lJ10lecular cIoning of ZAp·70 reveab that the 70 kDa protem 

po.,.,.,;.,.,c..., a kll1;l\e UOIl1i1l1l and two Slf2 domaln., (A Wei.,,,, unplIhlished). A study 

repoltlll)! the ahdIly of a 70 kna tyro'dne p!]()\phorylatcd protcin (pn;~lll11ahly ZAP-70) to 

hllIC! i\TP <lna!og\ (Wange ('t 0/, !<)<)2) fllrther ~lIgge"ts that ZAP-70 has PTK activity. 

Second!)', a fllflllJOnallllterdctlO1l Vilth the TCR 1\ "ugge~tcd by the observation that both 

tyl()~lIle rho\phlHylall<1I1 01 ZJ\p·70 and il'> a\~OClatlon to ç requirc 'l'CR stimulation (Chan 

et al , I()<) J) SlIndall)', III B ccIII" anuhody-mcdtatcd ligatiol1 of IgM rc,>ults in 1I1crcased 

tyrd~llll' phmph()fylalloll of a 72 kDa pfOlelll (llutchclOft ct al, 19(1). ThiS 72 kDa 

pho\phopr()telll 1\ Id,cly I() rejlIC\l"1l1 PTK72 and p72'y~ (Zlollchcck et al, 1986; 

ZIOllCh('( h. cf III • 1 ()XX. Talll);lIc1l1 Cl a/, 1 <)91), a cytopla.,mlc TPK wlth two SH2 

domaln." that 1" pledomlllantly cxprc~~ed 111 Iymphoid celb Nonelhcless, no evidence 

II1(!Jcate" that ZAP-70 1\ Indeet! re\pon\ihlc fw the ohservcd TPK activity which is 

"...,\oClated wlth actlvated TCR. 

Inlele:--tlflt!ly, cotr:ln...,fcetlon \tuche" in cos cclls 111volving ZAP-70 and the ç 

"llhlllllt ni the 'l'CR have rcveakd that allother 'l'PK I~ reqlured to promote tyrosIl1e 

phmphoryI.ll\ll(1 and a"\Ol'latlon nt ZAP-70 to ç ( A Wei-·;,\, unpuhh'\hed) This obsetvation 

-;uggnh Ihat TCR'llll'(!Jated tyrO\lI1c protCl1l phosphOlylation may 1I1volvc the cooperation 

of 1ll00e than one l'PK A pm~lblr \cenario is that upon TCR stimulation, p56Jck or 

p5<)"nl' lIItclart" \\!lh 1,\1>·70. rllducing tyrosIne pho"rhorylatlon Oflhls 70 kDa protein 

and 11\ ~llh'l'qIlCflt hlfldlll,l! ln the TCR s chams Alternativdy, p56H or p59 rynT may 

Il1cdratt' tyrO\lllC phmpholyl,1I WIl (JI the 'l'CR ç challls, provlding bindmg sites for SH2-

cnntaining ~igll.llllllg lllnknJlc~ ~ul'h a~ ZAP-70. 
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EVidence for p561d. contributIOn in 1111, prncc~~ I~ 'lIppo[lt'd hy Ihl' ~1!!llIfll'.1I11 

decrease III TCR-lllèdialed tYIO,illl' l'mlt'Ill phosphnryI.ltloll ()h\l'rvcd III T l'l'II, npIC'''lI1g 

SH2 delcl10n of F505p561d .. (Caron ('f al .. 199~L Iklctloll ot Il ~ SI L: dplllaln l' .. 

suggestcd 10 prevcnt r5())Ld .. IniClal'IIOI1 Wllh LTIIICal 'l'CR .... uh .... tl.\tl' ..... tllll .... plcwnlmg Ihl' 

increase in TCR-inducl'd tyr()~lne pmtl'In pho'pholylatlOll t\, 1'561." ' .. Ihlt dllcelly 

associatcd w!th the TCR (N, Ahlaham, unpl1hlt~hL"d), l'CR ~lgn,tl, 1lI11~t hl' lIall~dl1l'l'd ln 

p56\ck VIa a commGn l'ffl'ctor pmtl'Ill 

Con~idenng Ihat pS<JfynI Illay piay a .... 1I1111ar role, 11 wOllld hl' nlmtl'Ic\! 10 n.aJl1I'll' 

the effecls of SlI2 dl'klioll 011 the ahtllly ofl'S2Hp5()IYIII ln l'nh.lIll'l' 'l'CR llHlul'l'd tYI()'IIll' 

protein pho,phorylatloll .... I)!.nat.... The,l' l'xpCnml'nh Illighi ploVldl' .... \l1lH' Indllallllil 

concerning the ~pCCI fic lIy of p56 1tk ilnd pS()IYII fllnCl10ll III '1 -l'l'II al' tlvatlDIl (,karl y, IlH li C 

experiment.., an: reqlllled tn dClcllllllle the e'acl lllccll.lJ1I\1ll hy wlllch Ihl'\L' "T( '1{

assoclatecl kma .... e .... " rcgulatc TCR-Illl'dIatcd tylo"lIle protelll phO\plHJlylallon, 

From the TCR-ilssocia(('d l'PK complex to PL('-,( 1. 

By analogy wil h growlh faclor rceeptor alilopho<.,pho[ ylat 1011, wh lell 1 .... thollght tn 

regulate Ihe coupling of activaled Ieœplor, ln a vdnety of \Ign:il tr.tll\dut'l'r m()let 1I1e\, one 

can view tyro~ille pho'phorylalcd ç and/or Ih a\\oclall'd cyt()pla'>lllll 1 PK ;1\ "d()( k IIlg 

components" for putative SII2-cOlltl\1IlIllg '-Ignal .\111pl!fler\ On the ha\\,., that tYIO..,IIIl' 

phosphorylalloll of PLC-y 1 1 .... a .... "oclaled wllh Inclc<l\l'd Pl tllrnover (MlI\tclln ('[ al , 1 (NO, 

Secrist efa!, 1991), the coupllllg of \ccond IllC\\èflgl'r<., (iP\ and I);\(j) wllh acllvaled 

TeR complexe, II, Ilkely 10 Illvolve Ihe 11l!eI'llI1<lll 01 PLC ï 1 wl\h one ()I Illore l'CI{ 

assocIated TPK II1cludlng p'i()Id .. , p'i9 lYlll or Zi\P-70 

A study ...,howmg that .... OT1lC PLC-yl aClivlly 1\ ,M(X;wted wllh TCR-Ç (»a .... gIlPta (,[ 
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al, 1(92) '>lIppOrh ttm VIl'W. /\'> PLC-y 1 contains two SH2 domains, the association of 

tyro'>Jn~ pho,>pho/ylaicd mokculc,> wlth PLC-y 1 SH2 domam<; has been examined 

cxtcn'>lvdy lI'>lng 11/ vllro hJlldl/lg a\\ay~ (Caron et al , 1992, GJlliland et al., 1992; Weber 

('( al , 1 (N2) 

ln ,>tll11l1latcd T cell,>, phmpholyro~InC contaimng proteins of approximate 

lllokClIlétr wl:Igh! of 74 .tnd l5/36 kI>a arc observed 10 a~<;ociale with PLC-y 1 SH2-Ig 

fll,>jOIl pro!l'll1'> ((iJlIJland d al , 1 <)92). /\Ilolhcr ~llIdy u~/I1g hactenally expressed TrpE

rll'»OIl pro!l'lIl\ of PLC-y 1 SI12 domllll1'> reports the hinding of 36, 38,58 and 63kDa 

pmtl'In\ FlIlally, (illltath/on-S-!ramfl'ra'ic (GST)-PLC-yl SH2 fll,>jon proteins incubated 

wlth Iy\atl:'> !rom i11111-TCR anllhody-,>unlulaled F505 p561ck expressing T ceUs bind 

phmph()tYIO"I/IL' lOl1lal/llllg protl'In\ or apparent molccular weights of 120, 80, 74, 70, 62, 

54-5() and ~() "f).l (('aIOn ('t al, 1992). The~e products co-migrate with the major 

phmphotylO'>IIH.'-l'OI1!:\Il1l11g protcln~ dl'lcctcd III ly~ate~ of TCR-stimulated F505 p561ck 

CXprL'\\I/lg lcl!\ (CHOII et al, 19<'>2). I1owevcr. it is currently unknown whether these 

p/Odllct~ lIIc1l1dc a 'l'PK 

0111 rc,>ulh a):.,o ~how that bacterially prodllced GST-Lck SH2 and GST-PLC-y 1 

SI12 !U\IOII "rntL'lll'> appcar to rccrlllt a common ~et of phosphotyrosllle-containing proteins 

whell Il1L'Uhatl'd /II \'/11 (1 \\'Ith ly,>:l1e\ or aCl1vated T l'CIls (Caron ct al . 1992) Interestingly. 

thc\e \uh"tratl''> LilI to ,>ho\\' marked and '\lIstained enhancement of TCR-induced tyrosine 

ph(l~ph()/ ylatuHl ln l'l'II" L'\prl''''>lI1g SII2-dcleted F505 Lck ll101ecule~. In addItion, cells 

L"\lHL'\"lng 1<)05p561, k dl'!1l0I1stl ate a marked IJ1crease ln PLC-y 1 tyrosine 

plu'''phory lat!llll (Caron CI al, 19(2). IIowever, III contrast to a <;tudy suggest~ng that 

p5()H 1" tran"IL'ntly :I",>ol'Iatt.'d wlth PLC-y 1 SH2 domain (Weber ct al , 1992), our results 

and that or other" ((.tlltland et al, 19(2) exc1ude a dIrect physlcal a~socIation between 

p56H and PLC-y 1 
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To explain these resuIts, posslhle avenucs may he l'xplofed On one hand, it is a 

possibility that one of these TCR-regul.lted polypeptides ~erVL'S a~ a "hndge" hel\\'ccll Là 

and PLC-y 1. ThIS is suggested by the report of 36 and J~ !-D.l 11l0iecliks l'Opll'cqHlatlllg 

with p561d. in anti-PLC-y 1 immune complexes (Weher l't al., 19(2) Tills vte\\' t~ fllrlher 

supported by the ob~ervatlon that in anll-TeR antthody-stlllllliated '·505p56Id• e\l)Jcs~lIlg 

T cells, p36 and pRO appear to hind the SI12 ~eqllences of Le\., and ilLe-y 1 wuh Ihe 

highest affinity CA. Veillcttc, unplIhlI..,hcd) 

Alternatively, based on rl'sults ~uggcsting that ç may he Olll' of p56 1d• ~lIhsltatcs 

(Veillette et al., 19X9) and that ~ome PLe-y 1 IS found as"ol'Iatcd wlIh T( 'I{ ~ (1 )"'>gupta ('t 

al., 1(92), 11 is po~slble that p56 1d• lI1dllCC~ tyrosine pho.,phorylal1oll 01 TCR- ç, gellet.llmg 

binding sites for SH2-l'ont:tllllllg tntenlledIatc~ ~lIl'h as PLC-y 1 Slllltlarly, Ihe IraclloJl of 

TCR-associated p59 fynT may inducc the pho,>phorylauoll ot TCR-Ç chall1" Ikeame Ihe 

expression of both al'!Jvated fonn~ of p56 1d• and p59 fynl (!\hlahalll, N et lI{ , 1991; 

Caron et al., 1992; Davidson el al, 19(2), Incrca~l' tYW"llll' proll'Ill phmpholylatton of il 

similar pattern of TCR-reglllatcd ~llbstf'lte~, thcsc l'n7ymc~ may act 111 a co()nllllate fa.,hlOIl 

and/or via il comlllOll ~lgnalhng lI1termcdIatc (po~"lhly ç or Z!\P-70) to IIJaXlIlll/l' thl\ 

process. 

On the other hand, a~ PLe-y 1 cOlltalll~ two SI12 dOlllillll\, Il 1\ P( ''''''Ihk that more 

th an one TCR-regulated "llhstratc hind~ 10 Pl ,C-y 1 Sl12-lIledlated Illll'raCl1011., Illvolvlllg 

molecules with two SI12 domall1~ have 11lTn dC'lcrihcd III l'Xpl'llllll'lll\ cxarllllllJ1g Ihe 

binding of the p~5 ~UbLlll1t of PI 3' kma~c to thc PI)GF' rl'l'cptor (Kavilnadgh ('1 tlt , 1<)<)2) 

p85 contaim two SH2 dOlllaln:-., one winch hmd lyro.,lI1c phmphorylated P/)(il' Icœplor 

with high afftnity and one WhH,:h hlnd tyro"lIlc pho.,phOlylatl'd l'D(II Icccptol wllh low 

affinity. Upon binding of pk5 to aUlopho:-.phorylalt:d Pf)(il' n:œp\Of (throllgh 11\ h'l!h 

affinity SH2 domain), pR5 1\ modlfied, prc.,umahly hy PI)(il' rCLcplor-llledlalt:d tyro"lnl: 
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pho,>pl!orylallon 'l'hl" lllodlfical1on 1" postulated to provlde regulation of the ability of the 

low artllllly SI12 dnmaln 10 Intcract wlth either the reeeptor or other signalling proteins. 

More cxpcflmcnl\ arc nccc,>,>ary to dctcrmine if tht~ model applies to PLC-y 1 in T cells, 

and tn dl'>tmgU1:-.h nctwccll ail po~slble funetional arrangements inv01vmg PLC-y 1 and the 

TCR-a:-."ouatcd 'l'PK eomplcx. 

The SlI2-medialed intramolecular binding model of Src-family kinases in T 

cells. 

The oh"crvatloll Ihat FSOSpS6 kk , but not wild tYiJc pS6lck enhances T-cell 

le~pOll:-'lvcnc ...... III CD4-negatlvc and CDS-ncgative T cells indlcates that mutation of 

Iyro ... inc 505 10 a IHll1-pllO"phorylatahlc rcsidllc l'an slibstItlitc in part for CD4/CD8-

Illcchalcd aCllvatIon of wIld type (wt) p561ck . However, a~ enhaneement ofT-cell responses 

111 CD4-ncgallve and CDS-negallvc '1' celb cxprcssing F505p56td .. IS striekly dependant on 

l'CR "llIllul allon (A hraham, N el a. , 1991; Caron et al , 1992), critical TeR signaIs are 

rcqulled 10 complemellt the ctTcct~ of tyrmine 505 dephosphorylation. Based on 

CXpCI illlel1l" "tlOwlng Illal enhanccment of T-eell responsiveness by F50Sp56lck depends 

011 <;cveral "tr llclural reqlllrCl1lcnt~ (Caron et al , 1992), these TCR signaIs are likely to 

IIlduce Ihe lecl 11llllK'nt of F505p56kk 111 cime proximlly to the TCR, promoting interactions 

or F505p561\" wlIh TCR-rcgulated ~ub~tratcs. 

ImpOllanlly. tlll:-' hypothe~i~ ~l1ggests that a cooperative interaction between 

ph(l~phOlylatcd ly[O~lne 50S and the SH2 domain of p56Jck may occur in T cells. 

An:o[dlllg 10 Ih1 ... Illodel. Illutatton of tyroslIle 505 wou Id provlde a readily "opened protein 

COllfnrl1lallOn" lor pO:-'~lhlc Lck-SH2-medtated interactIOns wlth the TCR-regulated 

sllb~tratl'~ 'l'CR stimulatlon may then provlde a signal promotlllg SH2-mediated binding of 

F505p561l " to critic.:al TCR target~. Consequently, an mtnct SH2 domain and stable 
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tyrosine 505 dephosphorylatiol1 would he essential to :llIow Là-Illt.'thatcd cllhallCCIlll'llt of 

TCR-induced tyrosine protCI!1 phosphnrylatlOn. AbrogatIon of clIhcr of thc"c lt'quln'1l1Cllts 

(deletioJ1 of SH2 in F50SLck or unstable tyro!".lI1C SOS dcpho-..phorylal1on) "'HuIt! plCVl'nt 

TCR-mediated incrcase 111 tyrosine protcin phmphoryhlliofl. 

As a resuh, the observation that wilù typc p561d .. cxplcs"cd III CD.l-lll'gallVl' and 

CD8-negative T cells does not enhance T-œll responsivcnes~ may bl' duc to a "do'\ed 

protein conformation", which would prcvcnl stable tylOs1l1e 50S dcpho'\phOlylatlon 

Without interactions with CD4 11l0lecules, wlld type p56kk wOllld not be ahle 10 plOpl'rly 

interact with cntical TCR-sub!".trates. 

A study (Luo and Sefton, 1992) sllmlar to the onc pre"cllted III chaptcl 2, 

suggesting that expressIOn of an activated ver!--Ion of p56 1d\ ln 'l'-l'db 1I1dul'C" "polltalH'ou ... 

IL-2 productIon, may apparently ('ontradlct the rc~ult'\ ohtall1cd III our "Iudll'!". Ilowl'Vl'l, a 

careful examinatlon of thes\: data rcveal!-. olhclwl"c Flr~tly, thC"L' Hulhol" L",II11IIlCd thl' 

effects of F505p561d .. expres~cd in CD4-po~itIvc T-ccl1~. They tOlllld that (Ill contI a .... \ \0 

wild type) F505p56 lck cxpre!".sed in thcse CD4-pO'\lllve T-l'ell ... IIldul'l'd "ponlalll'ou" 11-2 

production, but dld not enhance antigen-mduccd IL-2 producl1ol! 'l'lm 1" IIllngllll1g III Iight 

of other findings by thc'Ie allthor~ suggc ... tlllg that 'l'-ccli!'. cxprc"',lIlg /')()')p5()I( J.. d() /lot 

demonstrate con'\titul1ve tyroSl/lC protein pho~phorylal1()n Scco/ldly, 10 (kterlllllll' whethcr 

spontaneous IL-2 productIon was the rc!'.ult 01 F505p')()ld .. CXpIC"'''IOI1 , the ... c :llItlt()r ... 

introduced F505p561d .. into a CD4-ncgaltvc T-cell lme. ThclI IC\Ulh \howed that 

F505p561ck expre~slOn IIlduced spclntancou ... 11.-2 productIon and Ihat ddelloll 01 Ihe SI12 

domain, but not the SH3 domain, ahrogated "pontancOll ... 11.-2 prodllctlo/l The ... c rC ... lIlt ... 

are however dlfficlIlt to IIlterpret a ... cxpre~ ... ion of wlld type p')()ld al\o gcncraled low 

levels of ~pontaneous IL-2. Unfortunately, a more accuratc determlna\lOIl of the Iole of 

SH2 and especially the SB3 domain ha~ not hccn Pllr ... ucd hy "tUelIC'" cxarllll1lng the cf/cct" 
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of Sl12 and SI f3 ddctIon In TCR-mcdiated tyrosine protein phosphorylation or antigen

dcpcndanl IL-2 rc"pon"c". 

Neverthde~", part of Ihe~c results may he explained using the SH2-mediated 

cooperative mteractIon model dc<;cnbed above. Expression of F505p561ck In CD4-positive 

'l'-ccli" 1\ IIkely 10 re~ujt ln the generation of physical complexes involving F505p561ck and 

CI)4, along wIlh tllc CXI"t1ng wlld type p561ck-CD4 complexes. As mentionned previously, 

enhancement of 'l'-ccII rc~pon~e" (namcly IL-2 production) requires two complementary 

slgnab, Includll1g dcpho\phory!ation of tyrosine 505 and TCR stimulation (for proper 

IIldUCliol1 of TCR-~lIh~trtate II1lcracuon~ WIth Lck). Hence, Il is possible that these 

rcqulrcl1lcnl~ arc already mcl 1!1 T-cclls expre~sing both CD4 and F505p561ck. 

Candidate rcgul~lt()rS of TCR-associated TPK. 

The undcrstandlllg of TPK contnbution to TCR-mediated signalling must take into 

account the functlon of pO~~lhlc TPK regulators. An important feature of tyrosine protein 

kinases i~ thelr ahtllly 10 undelgo alltophmphorylation. Autophosphorylation of Src-related 

elll;yl1le~ I~ a~~ol'lated WIth an increase in catalytic activlty, as measured in vitro by their 

ahllity 10 phmphOlylate an cxogenous substrate. The importance of tyrosine 

phmphorylatloll ln the reglliatlon of Src-family kinases has been described (see general 

1l11roduc!lon) MCl'harmm<; Ill! the reglliation of these enzymes, incJude autoregulation in 

euher an Intr a or IIltcllnokcular fashlOn and regulation by other effectors such as tyrosine 

proten phO'.phata\~·\ and tyro\II1C protein kinases. Candidate regulators of Src-related 

klllasr\ 111 T cell\ rnclllde the ahllndantly cxpresscd tyrosine phosphatase CD45 and the 

cm ho~y-trrrnrnaic-Src "lI1a~e, p50c ,r.... 

Althollgh CI)--15 and p50 l 'r... have been demonstrated te modify the tyrosine 

100 



---- ------------------------------

phosphorylation state of tyrosine residlle 505 in vitro, no finn t::/idenct' cJearly estahlishes 

that these enzymes are true effectors of p56kk activtty ill VIVO. One pos"lhlllty IS that thl'''l' 

Src-related kinases (p56kk and p59 fynT) are indirectly regulatcd hy C()-1-5 and p:'i()<'~. 'l'lm 

view mainly comes from stlldies rl'porting the aSSoCIatIon of C().t:'i WIth p561t ~ and a 

32kDa tyrosine phosphorylated intennediatc (Schraven et al., 19(1) and sludil's rl'poItlIlg 

the association of CD45 wilh Thy-l (Volarcvlc el al, 19c)()) , whlch 1" abo round 

associated with p59 fyn (Thomas and Sarnclson, 1l)92) Further ~Ill(hl'~ l'xamlnmg thl'SC 

functional interactions :ire necessary to detcnmne thc rolc of thc~e putatIve 'l'PK rcgulators 

in coordinating TCR-mcdiatcd Iyro~ine prolCIIl pho~phOlylallon slgnalllllg 

Summary 

Accumulating evidence indicates that antigen-lI1duccd TCR-mcdwtcd sIgnal 

transduction is initiated by tyrosine protein phosphorylatJoll and IIlVolvc SI12-IllC(hated 

recruitrnent of signal ampli fiers. Several ohservatIoll~ ~lIPP()rt Ihc I111plIcalloll of p')61d. and 

p59 fynT In TCR-mduced tyro~ine protcin phosphOi ylatioll, hOWCVCl, Ihell exact 

contributIon remains to be detcmlined. Studies cxplonng the pO ...... lhle coopcralIon betwccn 

p56 lck and p59 fynT in antigen-induced T-cell actIvatIon may ~elvc tn delcIIlllne Ihcir 

respective contributIon. 

The coordll1alc regulation and overlapplIlg Sl12-hindlllg ... uh ... tralc "pcClfIcily 

between p56ltk and PLC-y 1 indicate that hOlh ll1olccuk" art; fllllclIonllally cOllpkd 

However, the nature of thls coupling 1 ... Ilot clcar. TLe VIt;W that p5(,klr 1 ... dlrt;ctly IlIlkcd to 

PLC-y 1 (presumably through SH2 IIltcracti()n~) remalll ... conlrovt;I ... lal NcvcIlhelc ...... , II 1 ... 

conceivable that protelll-protern IIltcractlons involvlng SI12 ... t;qucnct; ... and tyro"'lIlc 

phosphorylated prote 111"', although very stable ln vlIro, rcprc<;cnl a mcan ... of tran~lcnl 
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mtcraclIon,> in VIVO Tran:-'Icnt protcin IIltcractions may provide an efficient mechanism for 

'>Ignal amplificatIon of TCR-mduccd :-.tnnuli. 

Dc,>pllc major advancc,> ln the charactenzation of SH2 domain interactions (the 

rcccnt dctcfllllnallon 01 the thrcc-dlTncn..,lOnal structure of the SH2 domain), the exact 

contrihlltioll of thc,>c Interaction.., ln VIVO needs further investIgation. Hence, a better 

undcrstandlllg of the protelll-protein interactions regulatlng antigen-mediated T-cell 

acllvallo/l aW:lIh Illrthcr knowlcdge of the contribution of cytoplasmic tyrosine protein 

kma1'lc<; 10 TCR-Illduccd "'Ignalllllg a1'l weil as the identIfIcation of TeR immediate targets. 
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GENERAL CONCLUSION 

This thesis has examined the structural requircmcnts for cnhanCclllcnt of T-l'cll 

responsiveness by the lymphocyte-speclflc tyros\l1e protcln kina~c. p56 Id .. Hascd on 

studies indicating that expression of a constitulIvcly activatcd vcr .... \{lll of this (lrotCIll 

[carrying a tyrosine (Y) to phenylalanine (F) substitution al rC~ldllc 505. a knowll Ilcgatlvc 

regulatory sitel enhanced T-cell responsiveness. thls Ihcsis evaluatcd th~' IOle of knowll 

structural domains of F505p56kk in the cnhanccmcnt of 'l'CR "gnalhng 

This the~ls has estabhshcd that F505p5()ld. prntL'lI1~ cnhanccd 'l'CR \Ignalllllg (a~ 

reflected by increased TCR-mdllccd lyroSlIlc prote III pho'lphol ylallon and ekvatcd alltlgclI

induced IL-2 production) by a process whlch rcqutn:d l11yll\lylalloll and/or I11Clllhl ;\I1C 

association, an 1I1tact site of autophosphorylalinll and the prc\cncc 01 Intact SI U and SIE 

sequences. 

This thesis has also demonstrated that F505p56ILk cnhanccd tylOslllc 

phosphorylation of PLC-y l, a process whlch al\o dcpcndcd on s1ll1l1i\r Lck ~lIuctllral 

requirements. As tyrosine phosphorylation IS a~~ociatcd wlth PLC-y 1 cn/.yllliltic 

activation, these results suggest that PLC-y 1 IS funclionally cou pied ln p.'i6!1 k. 
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