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Summar y

To expl or e t he mechani sm( s) by whi ch t he Syk pr ot ei n t yr osi ne ki nase par t i ci pat es i n B cel l

ant i gen r ecept or ( BCR) si gnal i ng, we have st udi ed t he f unct i on of var i ous Syk mut ant s i n B

cel l s made Syk def i ci ent by homol ogous r ecombi nat i on knockout . Bot h Syk SH2 domai ns

wer e r equi r ed f or BCR- medi at ed Syk and phosphol i pase C ( PLC) - y2 phosphor yl at i on, i nosi -

t ol 1, 4, 5- t r i phosphat e r el ease, and Ca" mobi l i zat i on . A possi bl e expl anat i on f or t hi s r equi r e-

ment was pr ovi ded by f i ndi ngs t hat r ecr ui t ment of Syk t o t yr osi ne- phosphor yl at ed i mmuno-

gl obul i n ( I g) o and I go r equi r es bot h Syk SH2 domai ns . A Syk mut ant i n whi ch t he put at i ve

aut ophosphor yl at i on si t e ( Y518/ Y519) of Syk was changed t o phenyl al ani ne was al so def ect i ve

i n si gnal t r ansduct i on ; however , t hi s mut at i on di d not af f ect r ecr ui t ment t o t he phosphor yl at ed
i mmunor ecept or f ami l y t yr osi ne- based act i vat i on mot i f s ( I TAMs) . These f i ndi ngs not onl y

conf i r m t hat bot h SH2 domai ns ar e necessar y f or Syk bi ndi ng t o t yr osi ne- phosphor yl at ed I ga

and I g[ 3 but i ndi cat e t hat t hi s bi ndi ng i s necessar y f or Syk ( Y518/ 519) phosphor yl at i on af t er

BCR l i gat i on . Thi s sequence of event s i s appar ent l y r equi r ed f or coupl i ng t he BCR t o most

cel l ul ar pr ot ei n t yr osi ne phosphor yl at i on, t o t he phosphor yl at i on and act i vat i on of PLC- y2,
and t o Ca21 mobi l i zat i on .

Bcel l s r ecogni ze f or ei gn ant i gen vi a t he B cel l ant i gen

r ecept or ( BCR) , ' a mul t i chai n st r uct ur e consi st i ng of

t he var i abl e I g heavy and l i ght chai ns, whi ch ar e r esponsi -

bl e f or ant i gen r ecogni t i on, and t he i nvar i ant I gat and I gP

chai ns ( CD79a and b) , whi ch coupl e t he BCR t o t he i nt r a-

cel l ul ar si gnal i ng machi ner y ( 1, 2) . The BCR shar es a

number of i mpor t ant f eat ur es wi t h t he TCRand r ecept or s
f or I gG Fc ( FcyRI , FcyRI I I ) and I gE Fc ( FcERI ) . Al l of

t hese r ecept or s have si mi l ar mul t i subuni t st r uct ur es, i n whi ch

t he si gnal - t r ansduci ng component s cont ai n a cyt opl asmi c se-

quence mot i f r ecent l y t er med i mmunor ecept or f ami l y t y-

r osi ne- based act i vat i on mot i f , or I TAM ( 3) , t hat i ncl udes

t wo t yr osi nes separ at ed f r om an al i phat i c r esi due by t wo

ami no aci ds [ D/ E- ( X) 7- D/ E- ( X) z- Y- ( X) 2- L/ I - ( X) 7- Y- ( X) z-

L/ I ] ( 4) . Chi mer i c r ecept or s cont ai ni ng t hese I TAMs ar e

' Abbr evi at i ons used i n t hi s paper : BCR, B cel l ant i gen r ecept or ; ECL, en-

hanced chemi l ur ni nescence ; I P3 , i nosi t ol 1, 4, 5- t r i phosphat e ; I TAM, i m-

munor ecept or f ami l y t yr osi ne- based act i vat i on mot i f NP, ni t r ophenyl ;

PLC, phosphol i pase C; Pt dl ns, phosphat i dyl i nosi t ol ; PTK, pr ot ei n t y-

r osi ne ki nase ; PVDF, pol yvi nyl i dene di f l uor i de .

compet ent t o i ni t i at e an act i vat i on cascade, i ndi cat i ng t hat

t he mot i f car r i es suf f i ci ent st r uct ur al i nf or mat i on t o act i vat e

ear l y and l at e si gnal i ng event s and t hat al l of t hese r ecept or s

f unct i on by act i vat i ng si mi l ar bi ochemi cal pat hways ( f or r e-
vi ews see r ef er ences 5 and 6) .

St i mul at i on of t he BCR i ni t i at es a bi ochemi cal cascade

i n whi ch pr ot ei n t yr osi ne ki nase ( PTK) act i vat i on i s t he

ear l i est known event . Si nce t he BCR compl ex does not

have any i nt r i nsi c ki nase act i vi t y, cyt opl asmi c PTKs ar e i m-
pl i cat ed i n i ni t i at i on of BCR si gnal i ng . Two cl asses of cy-

t opl asmi c PTK have been shown t o associ at e wi t h BCR:
t he Sr c- PTKs, i ncl udi ng Lyn, Fyn, Lck, and Bl k ( 7- 9) , and

t he Syk t yr osi ne ki nase ( 10, 11) . Unl i ke t he Sr c- PTKs, Syk
bear s t wo SH2 domai ns, no NHz- t er mi nal myr i st yl at i on

si t e, and no negat i ve r egul at or y t yr osi ne phosphor yl at i on

si t e ( 12) . PTK act i vat i on t hr ough BCR r esul t s i n t he r api d
t yr osi ne phosphor yl at i on of sever al pr ot ei ns ( 13, 14) , i n-

cl udi ng I ga and I g[ 3 and phosphol i pase C ( PLC) - y2 ( 15,
16) . Phosphor yl at i on occur s i n bot h t yr osi nes f ound i n
each [ TAM ( 17) . Fur t her mor e, mut at i onal anal ysi s i ndi -

cat es t hat phosphor yl at i on of bot h t yr osi nes i s necessar y f or

si gnal pr opagat i on t hr ough t he r ecept or ( 17, 18) . I ga and
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I gP I TAM t yr osi ne phosphor yl at i on ser ves t o pr opagat e

si gnal i ng by enabl i ng t he mot i f t o bi nd wi t h hi gh af f i ni t y t o

ef f ect or s such as Sr c- f ami l y t yr osi ne ki nases ( 19) and Shc

( D' Ambr osi o, D. , K. Hi ppen, and J . C. Cambi er , manu-

scr i pt i n pr epar at i on) vi a t hei r SH2 domai ns . I n t he case of

Sr c- f ami l y ki nase, t hi s bi ndi ng causes enzyme act i vat i on

( 19, 20) . The t yr osi ne phosphor yl at i on of PLC- y2 appear s

t o be r esponsi bl e f or i t s i ncr eased cat al yt i c act i vi t y, l eadi ng

t o t he gener at i on of i nosi t ol l i pi d- der i ved second messen-

ger s ( 21) .

To di ssect t he f unct i onal r ol es of t hese t wo t ypes of ki -

nase i n BCR si gnal i ng, we r ecent l y est abl i shed Lyn- and

Syk- def i ci ent DT40 B cel l s ( 22) . Usi ng t hese mut ant cel l s,

i t was shown t hat bot h Lyn and Syk ar e r equi r ed f or cou-

pl i ng BCR t o i ncr ease cel l ul ar pr ot ei n t yr osi ne phosphor y-

l at i on, and t hat , when expr essed i ndi vi dual l y, t hese en-

zymes medi at e t he phosphor yl at i on of at l east par t i al l y di st i nct

set s of mol ecul es . One subst r at e whose phosphor yl at i on i s

Syk dependent i s PLC- y2 . Thus, i n B cel l si gnal i ng, Syk

coupl es t he BCR t o phosphat i dyl i nosi t ol ( Pt dl ns) pat hway .

Her e, we f ocus on mechani sms by whi ch Syk coupl es

t he BCR t o downst r eam si gnal i ng component s . Tr ansf ec-

t i on of mut at ed Syk i nt o Syk- def i ci ent DT40 cel l s al l owed

us t o t est t he st r uct ur al r equi r ement s f or Syk f unct i on on

BCRst i mul at i on . Bot h NHZ- and COOH- t er mi nal SH2

mut ant s of Syk wer e def ect i ve i n medi at i ng Syk f unct i on i n

BCRst i mul at i on . Wi l d- t ype Syk bound avi dl y t o t he phos-

phor yl at ed I ga I TAMand somewhat l ess avi dl y t o phosphor -

yl at ed I g( 3, and t hi s bi ndi ng was sever el y compr omi sed i n

bot h NHZ- and COOH- t er mi nal SH2 mut ant s . Taken t o-

get her , dat a i ndi cat e t hat r ecr ui t ment of Syk t o phosphor y-

l at ed I ga and I gp I TAMs or some ot her f unct i on t hat r e-

qui r es bot h SH2 domai ns i s obl i gat or y f or r ecept or - medi at ed

Syk ( Y518/ 519) phosphor yl at i on and coupl i ng t he BCR t o

i nosi t ol 1, 4, 5- t r i sphosphat e ( I P3) gener at i on and Caz+ mobi -

l i zat i on . Fur t her mor e, a mut ant Syk i n whi ch t he put at i ve

aut ophosphor yl at i on si t e was changed t o Phe exhi bi t ed

nor mal r ecept or - bi ndi ng act i vi t y but was not abl e t o me-

di at e t he phosphor yl at i on of PLC- y2 upon BCR st i m-

ul at i on, demonst r at i ng t hat aut ophosphor yl at i on of Syk

( Y518/ 519) or Syk phosphor yl at i on by anot her PTK i s al so

cr i t i cal f or t he f unct i on of Syk i n BCRsi gnal i ng .

Mat er i al s , and Met hods

Cel l Cul t ur e, DNA Tr ansf ect i on, and Ant i ser a .

	

DT40 cel l s wer e

cul t ur ed i n RPMI 1640 wi t h 10%FCS, peni ci l l i n, st r ept omyci n,

and gl ut ami ne . Mut ant Syk cDNAs ( SH2 mut ant s and aut ophos-

phor yl at i or i mut ant ) wer e cr eat ed by PCR and cl oned i nt o an

EcoRI si t e of t he pApur o expr essi on vect or ( 22) . The r esul t i ng

cDNAs wer e ver i f i ed by . DNAsequenci ng . These cDNAs wer e

t hen t r ansf er r ed i nt o Syk- negat i ve cel l s by el ect r opor at i on usi ng

gene pul ser appar at us ( Bi o- Rad Labor at or i es, Ri chmond, CA) at

550 V, 25 N. F, and sel ect ed i n t he pr esence of 0. 5 j i g/ ni l pur omy-

ci n . Expr essi on of mut at ed Syk was assessed by i mmunobl ot t i ng .

J558Lp m3 cel l s expr essi ng ni t r ophenyl ( NP) - speci f i c I gMwer e

descr i bed pr evi ousl y ( 23) . These cel l s wer e cul t ur ed i n I MDM

suppl ement ed wi t h 5%FCS, 1 j i g/ ni l mycophenol i c aci d, peni -

ci l l i n, st r ept omyci n, and gl ut ami ne .

1816 Syk St r uct ur e and B Cel l Ant i gen Recept or Si gnal i ng

The mAb M4, an ant i - chi cken I gM, was used f or st i mul at i on

of BCR on DT40 cel l s ( 24) . Abs agai nst por ci ne Syk and PLC-

y2 wer e al r eady descr i bed ( 12, 25) . Abs agai nst phosphot yr osi ne,

4G10 and Ab2, wer e pur chased f r om Upst at e Bi ot echnol ogy I nc .

( Lake Pl aci d, NY) and Oncogene Sci ences I nc . ( Manhasset , NY) ,

r espect i vel y . Pol ycl onal ant i - I ga and ant i - Syk Abs used t o ana-

l yze I gM copr eci pi t at es f r om J558Lp, m3 wer e gener ousl y pr o-

vi ded by J . Jongst r a ( Tor ont o West er n Hospi t al ; Tor ont o, Canada)

and E. Cl ar k ( Uni ver si t y of Washi ngt on Medi cal Cent er ; Seat t l e,

WA) , r espect i vel y . I mmunopr eci pi t at i on of mouse mI gM BCR

was accompl i shed usi ng t he monocl onal ant i - N. Ab, b- 7- 6 .

I mmunopr eci pi t at i on, I mmunobl ot Anal ysi s, and I n Vi t r o Ki nase As-

say . I n exper i ment s shown i n Fi gs . 1, 3, and 6, cel l s wer e sol u-

bi l i zed i n NP- 40 l ysi s buf f er ( 1%NP- 40, 150 mMNaCl , 20 mM

Tr i s, pH 7. 5, 1 mM EDTA) cont ai ni ng 50 mM NaF, 10 p, M

mol i br at e, and 0. 2 mMNa3VO4 suppl ement ed wi t h pr ot ease i n-

hi bi t or s ( 1 mMPMSF, 0. 5 mMbenzami di ne hydr ochl or i de, 10

Wg/ ml chymost at i n, 10 j i g/ ml l eupept i n, 10 j i g/ ml ant i pai n, 10

j i g/ ml cal past at i n I , 10 Rg/ ml pepst at i n, 0. 1 mMN- ( x- p- t osyl -

L- l ysi ne- chl or omet hyl ket one, and 0. 1 mM N- 1- t osyl ami de-

2- phenyl et hyl chol or omet hyl ket one) . I nsol ubl e mat er i al was r e-

moved by cent r i f ugat i on at 12, 000 g f or 10 mi n . These cl ar i f i ed

cel l l ysat es wer e i ncubat ed sequent i al l y ( 1 h, 4° Cf or each i ncuba-

t i on) wi t h ant i bodi es and pr ot ei n A- Sephar ose . The i mmunopr e-

ci pi t at es wer e washed f our t i mes wi t h l ysi s buf f er . Whol e- cel l l y-

sat es wer e pr epar ed f r om nonst i mul at ed or M4- st i mul at ed DT40

cel l s usi ng SDS sampl e buf f er . Whol e- cel l l ysat es or i mmunopr e-

ci pi t at es wer e f r act i onat ed on 6 or 8%SDS- PAGE and t r ansf er r ed

t o ni t r ocel l ul ose . The bl ot s wer e bl ocked wi t h 5%mi l k i n 25 mM

Tr i s, pH 7 . 9, and 150 ml vl NaCl wi t h 0. 05%Tween- 20, and i n-

cubat ed wi t h pr i mar y Ab f or 1 h at r oom t emper at ur e . Fi l t er s wer e

devel oped wi t h a goat ant i - mouse or donkey ant i - r abbi t second-

ar y Ab conj ugat ed t o hor ser adi sh per oxi dase usi ng t he enhanced

chemi l umi nescence ( ECL) det ect i on syst em ( Amer sham Cor p . ,

Ar l i ngt on Hei ght s, I L) .

I n t he exper i ment shown i n Fi g. 4, i n whi ch associ at i on of Syk

wi t h BCRwas st udi ed, J558L1t . m3 cel l s wer e ei t her unst i mul at ed

or st i mul at ed wi t h NP7BSA at 37 °C f or 1 mi n and l ysed i n 1

di gi t oni n l ysi s buf f er ( 1%di gi t oni n, 150 mMNaC1, 10 mMTr i s,

pH 8) suppl ement ed wi t h 1 mMNa3V0 4 , 1 MMPMSF, 10 mM

NaF, 0. 4 mMEDTA, and 1 j i g/ ml each of l eupept i n, apr ot i ni n,

and a- 1 ant i t r ypsi n . Lysat es wer e cl ear ed by cent r i f ugat i on at

12, 000 g f or 10 mi n at 4° C, and BCR was i mmunopr eci pi t at ed

f r om l ysat es at 4° Cf or 1 h wi t h ant i - I L mAb b- 7- 6 t hat was con-

j ugat ed t o Sephar ose ( Phar maci a Bi ot ech, I nc . , Pi scat away, NJ) .

The i mmunopr eci pi t at es wer e washed t hr ee t i mes wi t h l ysi s

buf f er , f r act i onat ed by 10%SDS- PAGE, and t r ansf er r ed t o pol y-

vi nyl dene di f l uor i de ( PVDF) membr ane . Ant i phosphot yr osi ne

i mmunobl ot t i ng was car r i ed out by i ncubat i ng t he membr ane

wi t h mAb Ab2 i n 5% BSA i n TBS ( 10 mMTr i s- HCI , pH 8. 0,

150 mM NaCl ) f or 2 h at 25°C, f ol l owed by goat ant i - mouse

I gGconj ugat ed t o hor ser adi sh per oxi dase ( Bi o- Rad Labor at or i es)

i n 5%mi l k i n TBS f or 1 h at 25 °C. The bl ot was t hen devel oped

usi ng ECL ( Amer sham Cor p . ) . The same bl ot was st r i pped i n

buf f er cont ai ni ng 100 mM2- ME, 2%SDS, 62 . 5 mMTr i s- HCl ,

pH 6. 7, per Amer sham Cor p . pr ot ocol , and r epr obed wt i h ant i -

Syk Ab . The i dent i cal bl ot was f ur t her st r i pped and r epr obed

wi t h ant i - I ga Ab . When ant i - Syk or ant i - I ga wer e used as pr i -

mar y Ab, hor ser adi sh per oxi dase- pr ot ei n Awas used as secondar y

r eagent , and t he bl ot was devel oped wi t h ECL.

For i n vi t r o ki nase assay ( Fi g . 1) , t he i mmunopr eci pi t at es wer e

washed wi t h 20 mM Hepes, pH 8, and 150 mM NaCl af t er

washi ng wi t h l ysi s buf f er . Added t o each sampl e was 50 p, l ki nase



buf f er ( 20 mMHepes, pH 8, 150 mMmagnesi umacet at e, 10 mM

MnC12) i n t he absence or pr esence of pr esence of ATP ( 1 p, M) . The

r eact i ons wer e al l owed t o i ncubat e at 30°Cf or 10 mi n and t er mi -

nat ed by t he addi t i on of sampl e buf f er .

Anal ysi s of Cal ci um Mobi l i zat i on and Phosphoi nosi t i de Hydr ol ysi s .

Measur ement s of i nt r acel l ul ar f r ee cal ci umwer e per f or med usi ng

f ur a- 2/ AM. Cel l s ( 5 X 106/ ml ) wer e washed once and l oaded

wi t h 3 [ LM f ur a- 2/ AM i n PBS cont ai ni ng 20 mMHepes, pH

7 . 2, 5 mMgl ucose, 0. 025%BSA, and 1 mMCaCl 2 . Af t er i ncu-

bat i on f or 45 mi n at 37 °C, cel l s wer e washed t wi ce and di l ut ed

t o 106 cel l s/ ml . Fl uor escence of cel l suspensi on was cont i nuousl y

moni t or ed wi t h a f l uor escence spect r ophot omet er ( model F- 2000 ;

Hi t achi Li mi t ed, Tokyo, Japan) at an exci t at i on wavel engt h of

340 nmand an emi ssi on wavel engt h of 510 nm. I nt r acel l ul ar f r ee

cal ci um, [ Ca21] , , was cal i br at ed and comput ed as descr i bed ( 26) .

For measur ement s of I P3 , cel l s wer e l abel ed wi t h myo- [ 3H] i no-

si t ol ( 10 I LCi / ml ) f or 6 h i n i nosi t ol - f r ee RPMI 1640 suppl e-

ment ed wi t h di al yzed FCS. The l abel ed cel l s wer e pr eequi l i br at ed

at 37 ° Cand st i mul at ed wi t h mAb M4 i n t he pr esence of 10 mM

Li Cl . The sol ubl e i nosi t ol phosphat es wer e ext r act ed wi t h TCA

and appl i ed t o 1 ml of AG 1- X8 ( f or mat e f or m) i on exchange col -

umns ( Bi o- Rad Labor at or i es) pr eequi l i br at ed wi t h 0. 1 MMf or -

mi c aci d . Af t er l oadi ng t he sampl es, col umns wer e washed wi t h 10

ml H2Oand 10 ml 60 mMammoni umf or mat e- 5 mMsodi um

t et r abor at e, and el ut i on was per f or med wi t h i ncr easi ng concen-

t r at i ons of ammoni umf or mat e ( 0 . 1- 0 . 7 M) .

I TAM- bi ndi ng Pr ot ei n Anal ysi s .

	

Synt het i c pept i des cor r espond-

i ng t o mur i ne I ga I TAM ( ENLYt 82EGLNLDDCSMY193EDI ) ,

I ga I TAMphosphor yl at ed at r esi dues Y182 and Y193, I gP I TAM

( DHTY' 95 EGLNI DQTATY2°6EDI ) , or I gRI TAMphosphor yl at ed

at r esi dues Y195 and Y206 wer e pr oduced usi ng an Fmoc chemi st r y

wi t h 2- ( I H- benzot r i azol - 1- yL) - 1, 1, 3, 3 t r i met hyl ur oni um hexaf l uo-

r ophosphat e act i ve est er s . Phosphot yr osi ne ( Novabi ochem USA,

La Jol l a, CA) was subst i t ut ed f or t yr osi ne as necessar y t o const r uct

t he doubl y phosphor yl at ed I TAMs . Pept i des wer e depr ot ect ed by

i ncubat i on f or 90 mi n i n 90% TFA, 2. 5% ami nol e, and 2. 5%

et hane di t hi ol , pur i f i ed by HPLC on C18, and anal yzed by mass

spect r omet r y t o ensur e pr edi ct ed mass . Each pept i de was t hen

coupl ed t o CNBr - act i vat ed Sephar ose 4B ( Phar maci a Bi ot ech,

I nc . ) per manuf act ur er ' s i nst r uct i ons at 2 mg pept i de per mi l l i l i t er

of packed beads . I n al l cases, coupl i ng ef f i ci ency, based on HPLC

anal ysi s of ef f l uent f r om t he coupl ed gel , was >90%.

Lysat es ( 2 X 10' cel l s/ ml ) wer e pr epar ed as descr i bed above

and i ncubat ed wi t h 10 N. 1 of pept i de- coat ed beads over ni ght at

4° C wi t h const ant mi xi ng by i nver si on. Af t er adsor pt i on, t he

beads wer e washed t hr ee t i mes i n 1 ml NP- 40 l ysi s buf f er and

el ut ed by r esuspensi on i n 50 l t 1 of r educi ng SDS- PAGE sampl e

buf f er and boi l i ng f or 5 mi n . El uat es wer e r esol ved by el ect r o-

phor esi s on 8%SDS- pol yacr yl ami de gel s and t r ansf er r ed t o PVDF

membr anes . Syk was det ect ed by i mmunobl ot t i ng as descr i bed

above .

Resul t s

To st udy t he f unct i onal i mpor t ance of t he t wo SH2 do-

mai ns of Syk i n BCR si gnal i ng, we i nt r oduced mut at i ons

wi t hi n t he hi ghl y conser ved r esi dues of NHz - or 000H-

t er mi nal SH2 domai ns of Syk ( Fi g . 1 A) . DNAwas t r ans-

f ect ed i nt o Syk- def i ci ent DT40 B cel l s, and pur omyci n-

r esi st ant cl ones wer e sel ect ed . The expr essi on of mut at ed

Syk was moni t or ed by i mmunobl ot t i ng and i n vi t r o ki nase

assay ( Fi g . 1 B) . Cel l sur f ace expr essi on of BCRby t hese
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Schemat i c r epr esent at i on of Syk cDNA const r uct s ( A) and

expr essi on of mut ant Syk i n Syk- negat i ve DT40 cel l s ( B) . DT40 cel l s

( 0 . 5 X 10 6 cel l s/ l ane) expr essi ng i ndi cat ed const r uct i ons wer e l ysed wi t h
NP- 40 buf f er and subj ect ed t o el ect r ophor esi s on an 8% SI DS- PAGE,

t r ansf er r ed t o ni t r ocel l ul ose, and i mmunobl ot t ed usi ng ant i - por ci ne Syk

Ab ( B, l ef t ) , NP- 40 l ysat es ( 2 X 10 6 cel l s/ l ane) wer e i mmunopr eci pi t at ed

by ant i - Syk Ab, and i n vi t r o ki nase r eact i ons wer e car r i ed out i n t he pr es-
ence of ATP. These sampl es wer e al so r un on an 8%SDS- PAGE, t r ans-
f er r ed t o ni t r ocel l ul ose, and i mmunobl ot t ed usi ng mAb 4G10 ( B, r i ght ) .

I n t he absence of ATP, i n vi t r o ki nase sampl es of t hese i mmunopr eci pi -

t at es showed no si gni f i cant t yr osi ne phosphor yl at i on.

t r ansf ect ed cel l s was assayed by FRCS© and demonst r at ed

essent i al l y t he same l evel as wi l d- t ype DT40 and Syk- def i -

ci ent DT40 cel l s ( dat a not shown) .

I n pr evi ous st udi es, we have shown t hat Syk i s essent i al

f or coupl i ng t he BCR t o Pt dI ns pat hway ( 22) . Thus, as a

f unct i onal compl ement at i on assay, we f i r st anal yzed whet her

Syk mut ant s mSH2( N) or mSH2( C) wer e abl e t o r est or e

I P3 gener at i on r esponse as wel l as cal ci um mobi l i zat i on

nor mal l y seen upon BCR st i mul at i on. I n cont r ast t o wi l d-

t ype Syk, DT40 cel l s expr essi ng ei t her of t he SH2 mut ant s

of Syk di d not sust ai n t he gener at i on of I P3 af t er BCR

st i mul at i on ( Fi g . 2 B) . Consi st ent wi t h I P3 gener at i on dat a,

BCR- i nduced cal ci um mobi l i zat i on was not det ect ed i n

cel l s r econst i t ut ed wi t h mSH2( N) or mSH2( C) ( Fi g . 2 A) .

These dat a i ndi cat e t hat bot h SH2 domai ns of Syk ar e es-

sent i al f or coupl i ng t he BCR t o Pt dI ns pat hway . To t est

whet her t he uncoupl i ng r ecept or t o I P3 gener at i on caused

by t hese SH2 mut at i ons i s due t o t he l oss of BCR- i nduced

t yr osi ne phosphor yl at i on of PLC- y2, ant i - PLC- y2 i mmu-

nopr eci pi t at es wer e pr epar ed f r om t he BCR- st i mul at ed

cel l s and i mmunobl ot t ed wi t h ant i phosphot yr osi ne and

ant i - PLC- y2 Abs . I n DT40 cel l s expr essi ng wi l d- t ype Syk,

t yr osi ne phosphor yl at i on of PLC- y2 was i nduced . How-

ever , i n cel l s expr essi ng mSH2( N) or mSH2( C) mut ant s,

t hi s BCR- i nduced t yr osi ne phosphor yl at i on of PLC- y2

was abol i shed ( Fi g . 3 B) .
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Cal ci um mobi l i zat i on ( A) and I P3 gener at i on ( B) upon BCR

st i mul at i on of DT40 cel l s . Cel l s wer e l oaded wi t h f ur a- 2/ AM, and t he

sampl es ( 106 cel l s/ ml ) wer e st i mul at ed wi t h ant i - chi cken I gM ( M4, 1 I t g/

ni l ) , wi t h anal ysi s of [ Ca 2+ ] ; by f l uor i met r y . As a cont r ol , cel l s wer e st i m-

ul at ed wi t h t hapsi gar gi n ( 10 l t g/ m] ) , whi ch i nduced si mi l ar cal ci ummo-

bi l i zat i on i n al l cl ones ( dat a not shown) . For measur ement s of phosho-

i nosi t i de hydr ol ysi s, cel l s ( 2 X 10 6 cel l s/ ml ) wer e l oaded wi t h [ 3 Hl i nosi t ol

and st i mul at ed wi t h ant i - I gM ( M4, 1 l a, g/ ml ) . Af t er 3 or 10 mi n of i ncu-

bat i on, sol ubl e i nosi t ol phosphat es wer e ext r act ed and separ at ed by AG

1- X8 i on exchange col umns .

To exami ne whet her t hese SH2 mut at i ons af f ect onl y

phosphor yl at i on of PLC- y2 upon BCR st i mul at i on, DT40

cel l s expr essi ng t hese mut ant s wer e st i mul at ed by ant i - BCR

mAb M4, and whol e l ysat es wer e anal yzed by ant i phospho-

t yr osi ne mAb . Al t hough wi l d- t ype Syk r escued t he phos-

phor yl at i on pat t er n as seen i n wi l d- t ype DT40 cel l s ( 22) ,

nei t her t he mSH2( N) nor mSH2( C) mut ant r escued t he

BCR r esponse ( Fi g . 3 A) . These r esul t s suggest t hat bot h

SH2 domai ns of Syk ar e necessar y f or coupl i ng BCR t o

Syk- dependent mani f est at i ons of si gnal t r ansduct i on .

A possi bl e expl anat i on f or t he phenot ype of t hese SH2

mut ant s i s t hat , l i ke ZAP70 and TCR component s ( 27,

28) , Syk i s r ecr ui t ed t o phosphor yl at ed I ga and I gp dur i ng

r ecept or si gnal i ng, and t hat bot h SH2 domai ns ar e cr uci al

f or t hi s r ecr ui t ment . Si nce BCR- i nduced t yr osi ne phos-

phor yl at i on of I ga i s weak i n DT40 cel l s ( dat a not shown) ,

we exami ned t he r ecr ui t ment of Syk t o BCRupon ant i gen

( NP7BSA) st i mul at i on i n J558LpLm3 myel oma cel l s ( 23) .

These cel l s expr ess NP- speci f i c I gM BCR, by vi r t ue of

t r ansf ect i on . Af t er st i mul at i on f or 1 mi n and det er gent l ysi s,

a t yr osi ne- phosphor yl at ed pr ot ei n of - 70 kD was not i ce-

abl y copr eci pi t at ed wi t h I gM ( Fi g. 4, l ef t ) . Sequent i al i m-
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Tyr osi ne phosphor yl at i on of whol e- cel l pr ot ei ns ( A) and
ant i - PLC- y2 ( B) af t er DT40 cel l act i vat i on . At t he i ndi cat ed t i mes af t er

t he st i mul at i on of cel l s wi t h ant i - I gM ( M4, 2 kg/ ml ) , whol e- cel l l ysat es

wer e pr epar ed f r om2 . 5 X 106 cel l s i n 100 N, 1 and l oaded on an 8%SDS-

PAGE. Af t er t r ansf er t o ni t r ocel l ul ose, t he phosphot yr osi ne- cont ai ni ng

pr ot ei ns wer e det ect ed by i mmunobl ot t i ng wi t h mAb 4610. For det ec-
t i on of PLC- y2 t yr osi ne phosphor yl at i on, cel l s ( 2 X 106 cel l s/ ml ) wer e

st i mul at ed f or 3 mi n wi t h ant i - BCRmAb ( M4, 2 Ft , g/ ml ) , l ysed, and i m-

munopr eci pi t at ed wi t h ant i - PLC- y2 . Sampl es wer e di vi ded, subj ect ed t o

6% SDS- PAGE, t r ansf er r ed t o ni t r ocel l ul ose, and i mmunoboot t ed wi t h

ant i phosphot yr osi ne Ab 4G10 ( B, t op) or wi t h ant i - PLC- y2 ( B, bot t om) .

munobl ot t i ng i dent i f i ed t hi s phosphopr ot ei n as Syk ( Fi g . 4,

upper r i ght ) . Si nce ant i - I ga i mmunobl ot t i ng of t he same mem-

br ane showed a si mi l ar ammount of I got i n each i mmuno-

pr eci pi t at e ( Fi g. 4, l ower r i ght ) , t he i ncr ease i n Syk copr eci p-

Fi gur e 4 .

	

Recept or l i gat i on- i nduced associ at i on of Syk wi t h BCR i n

J558L[ t m3 cel l s . J558LLt m3 cel l s ( 4 X 101 i n 400 l a. l ) wer e ei t her unst i m-

ul at ed ( - ) or st i mul at ed ( +) wi t h NP7BSA ( 40 Kg/ sampl e) f or 1 mi n and

l ysed wi t h 1%di gi t oni n buf f er . BCR was i mmunopr eci pi t at ed usi ng ant i - l t

mAb ( b- 7- 6, 15 Kg/ 15 N. 1 beads/ sampl e) - conj ugat ed Sephar ose beads,

f r act i onat ed by 10% SDS- PAGE, and t r ansf er r ed t o PVDF membr ane .
The membr ane was i mmunoboot t ed usi ng ant i phosphot yr osi ne mAb Ab2

( l ef t ) and subsequent l y r epr obed wi t h pol ycl onal ant i - Syk ( upper r i ght ) Ab,

and t hen wi t h ant i - I ga Ab ( l ower r i ght ) .



i t at ed wi t h st i mul at ed r ecept or s r ef l ect s Syk r ecr ui t ment t o

BCR upon ant i gen st i mul at i on . Thi s Syk r ecr ui t ment al so

cor r el at ed wi t h i nduct i ve t yr osi ne phosphor yl at i on of I ga

( Fi g . 4, l ef t ) . The appar ent l y i nduci bl y t yr osi ne- phosphor y-

l at ed bands above I ga and bel ow t he 44- kD mar ker pr oba-

bl y r ef l ect t he mor e het er ogeneous I go ( 29) .

To f ur t her el uci dat e t he mechani smby whi ch Syk i s r e-

cr ui t ed t o BCR, we used beads der i vi t i zed wi t h synt het i c

pept i des cor r espondi ng t o nonphosphor yl at ed and doubl y

phosphor yl at ed I TAMs of I got and I go as af f i ni t y mat r i ces

t o assess t he bi ndi ng of Syk f r omDT40 cel l l ysat es by i m-

munobl ot t i ng . Al t hough bi ndi ng of wi l d- t ype Syk t o non-

phosphor yl at ed I TAMs was not det ect abl e ( dat a not shown) ,

bi ndi ng t o phosphor yl at ed I ga and I g( 3 I TAMs was easi l y

seen . I nt er est i ngl y, t he enzyme bound mor e st r ongl y t o I ga

t han I g( 3 . As shown i n Fi g . 5, Syk bi ndi ng t o I g( 3 pI TAMi s

appr oxi mat el y one t hi r d ( by densi t omet r y) t he bi ndi ng

seen t o I ga pI TAM. Syk mut ant mSH2( N) or mSH2( C)

bi ndi ng t o I ga pI TAMand I g( 3 pI TAMwas gr eat l y di mi n-

i shed compar ed wi t h wi l d- t ype Syk. Thus, bot h SH2 do-

mai ns ar e r equi r ed f or ef f i ci ent bi ndi ng of Syk t o doubl y

phosphor yl at ed I TAMs .

We pr evi ousl y showed t hat BCR- i nduced t yr osi ne

phosphor yl at i on of Syk i s dependent on and possi bl y medi -

at ed di r ect l y by Lyn ( 30) . To exami ne whet her t hi s Lyn-

dependent t yr osi ne phosphor yl at i on of Syk i s af f ect ed by

SH2 mut at i ons, we st i mul at ed DT40 cel l s expr essi ng Syk

SH2 mut ant s wi t h ant i - BCR mAb ( M4) and measur ed t y-

r osi ne phosphor yl at i on of Syk . Cel l l ysat es wer e i mmuno-

pr eci pi t at ed wi t h ant i - Syk Ab and anal yzed by ant i phos-

Fi gur e 5 .

	

Bi ndi ng of wi l d- t ype and mut ant Syk t o phosphor yl at ed I ga
and I g( 3 I TAMs and t o under i vat i zed beads . Bead- bound pept i des cor r e-

spondi ng t o phosphor yl at ed I ga or I go I TAM ( 20 j i g pept i de on 10 y l

beads) wer e used t o adsor b Syk f r om DT40 cel l l ysat es ( 2 X 107 cel l

equi val ent s i n 1 ni l ) expr essi ng var i ous f or ms of por ci ne Syk. Adsor bat es
wer e washed, el ut ed, r esol ved on SDS- PAGE, t r ansf er r ed t o PVDF
membr ane, and i mmunobl ot t ed wi t h pol ycl onal ant i - Syk Ab . Whol e- cel l
l ysat es wer e anal yzed t o cont r ol f or expr essi on . Det ect i on was by pr ot ei n
A- hor ser adi sh per oxi dase and ECL ; exposur e t i me was equi val ent i n al l
panel s .
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phot yr osi ne mAb . Det ect abl e t yr osi ne phosphor yl at i on of

mSH2( N) Syk was i nduced by BCR st i mul at i on, al t hough

t he ki net i cs wer e sl ower and t he ext ent of phosphor yl at i on

much r educed compar ed wi t h wi l d- t ype Syk . I n cont r ast t o

mSH2( N) Syk, BCR- i nduced t yr osi ne phosphor yl at i on of

mSH2( C) Syk was compl et el y abol i shed ( Fi g. 6) . Thus,

t hese r esul t s suggest t hat t he r ecr ui t ment of Syk t o phos-

phor yl at ed I ga and I g( 3 may be a pr er equi si t e f or t yr osi ne

phosphor yl at i on of Syk i nduced by r ecept or l i gat i on . Si g-

ni f i cant phosphor yl at i on of t he NHZ - t er mi nal SH2 mut ant

despi t e t he f ai l ur e t o det ect bi ndi ng ( Fi g . 5) may r ef l ect r el -

at i ve i nsensi t i vi t y of t he bi ndi ng assay ; t hat i s, al t hough i t i s

not det ect abl e, t he NHZ- t er mi nal SH2 mut ant may bi nd

r ecept or i n vi vo .

Pr evi ous dat a suggest t hat t he maj or aut ophosphor yl a-

t i on si t e of Sr c- PTK, such as Lck 394, i s r equi r ed f or f ul l

act i vat i on i n TCR si gnal i ng ( 31) . Tyr osi ne 518 or 519 of

Syk i s pr esumed t o be t he maj or aut ophosphor yl at i on si t e

based on sequence homol ogy bet ween Syk and Sr c- PTKs

( 32) . Thus, we wi shed t o t est t he possi bi l i t y t hat t hese t y-

r osi nes ar e si t es of phosphor yl at i on and ar e pi vot al f or

BCR- i nduced si gnal i ng. Syk car r yi ng t yr osi ne t o phenyl a-

l ani ne subst i t ut i ons at posi t i ons 518 and 519 ( aut oP- Syk)

was expr essed i n Syk- def i ci ent DT40 cel l s ( Fi g . 1 A) . Cel l

l i nes expr essi ng si mi l ar amount s of aut oP- Syk t o t hat of wi l d-

t ype Syk wer e sel ect ed and f ur t her char act er i zed . To det er -

mi ne whet her aut oP- Syk i s phosphor yl at ed i n vi t r o, ant i -

Syk i mmunopr eci pi t at es wer e i ncubat ed i n t he pr esence or

absence of ATP, subj ect ed t o el ect r ophor esi s, and bl ot t ed

wi t h ant i phosphot yr osi ne mAb . I n t he absence of ATP, t y-

r osi ne phosphor yl at i on of nei t her wi l d- t ype Syk nor Syk

mut ant s coul d be obser ved ( dat a not shown) . Even t hough

t he amount of i mmunopr eci pi t at ed aut oP- Syk was equi va-

l ent t o t hat of wi l d- t ype Syk ( dat a not shown) , t he t yr osi ne

phosphor yl at i on of aut oP- Syk was onl y - 30% of t hat of

Fi gur e 6. BCR- i nduced t yr osi ne phosphor yl at i on of Syk mut ant s .
DT40 cel l s ( 2 X 106 cel l s/ ni l ) expr essi ng var i ous mut ant s wer e st i mul at ed

wi t h ant i - BCR mAb ( M4, 4 I t g/ ml ) and i mmunopr eci pi t at ed wi t h ant i -

Syk Ab ( 4 ~Lg/ sampl e) . Sampl es wer e di vi ded, subj ect ed t o 8% SDS-

PAGE, t r ansf er r ed t o ni t r ocel l ul ose, and i mmunobl ot t ed wi t h t he an-
t i phosphot yr osi ne Ab 4G10 ( t op) or ant i - Syk ( bot t om) .



wi l d- t ype Syk ( Fi g. 1 B) . I n ot her exper i ment s, i mmuno-

pr eci pi t at es f r om cel l s expr essi ng ki nase- negat i ve Syk di d

not exhi bi t t yr osi ne phosphor yl at i on even i n t he pr esence

of ATP ( dat a not shown) , i ndi cat i ng t hat a nonspeci f i cal l y

associ at ed ki nase act i vi t y i s pr obabl y not i nvol ved i n phos-

phor yl at i on of aut oP- Syk i n vi t r o . Thus, t hese r esul t s sug-

gest t hat aut oP- Syk may st i l l be compet ent t o aut ophos-

phor yl at e a si t e ot her t han t yr osi nes 518 and 519 under t he

i n vi t r o condi t i ons used .

DT40 cel l s expr essi ng aut oP- Syk wer e st i mul at ed wi t h

ant i - BCR mAb M4, and t he i nduct i on of pr ot ei n t yr osi ne

phosphor yl at i on was anal yzed by i mmunobl ot t i ng wi t h an-

t i phosphot yr osi ne mAb . BCR- i nduced t yr osi ne phosphor -

yl at i on i n cel l s expr essi ng aut oP- Syk was si gni f i cant but r e-

duced, compar ed wi t h DT40 cel l s expr essi ng wi l d- t ype Syk

( Fi g . 3 A) . Thus, aut oP- Syk not onl y appear s t o have some

ki nase act i vi t y det ect abl e i n vi t r o, but i t suppor t s a par t i al

i nduct i ve t yr osi ne phosphor yl at i on r esponse i n vi vo . Ty-

r osi nes 518 and/ or 519 ar e appar ent l y not absol ut el y essen-

t i al f or par t i al par t i ci pat i on of Syk i n BCR si gnal i ng . As

shown i n Fi g. 5, aut oP- Syk bound phosphor yl at ed I TAMs

equi val ent l y t o wi l d- t ype Syk . Si nce BCR- i nduced t y-

r osi ne phosphor yl at i on of PLC- y2 i s dependent on Syk,

we exami ned next whet her aut oP- Syk coul d suppor t t he

t yr osi ne phosphor yl at i on of PLC- ' y2 af t er BCR cr oss- l i nk-

i ng. As shown i n Fi g. 3 B, BCR- i nduced phosphor yl at i on

of PLC- y2 was not obser ved i n DT40 cel l s expr essi ng

aut oP- Syk . Consi st ent wi t h t hese dat a, BCR st i mul at i on i n

t hese cel l s r esul t ed i n no i ncr ease i n I P3 gener at i on and no

cal ci um mobi l i zat i on ( Fi g. 2, A and B) . These r esul t s dem-

onst r at e t hat t yr osi ne phosphor yl at i on at 518 and/ or 519 i s

r equi r ed f or coupl i ng Syk t o t he Pt dl ns pat hway, but not

f or pI TAMbi ndi ng.

Ami no aci d homol ogy suggest s t hat Syk t yr osi nes 518/

519 ar e l i kel y si t es of aut ophosphor yl at i on and per haps

t r ansphosphor yl at i on of Syk, yet some t yr osi ne phosphor y-

l at i on of t hi s aut oP- Syk mut ant i s seen i n vi t r o . To det er -

mi ne whet her non- Y518/ 519 t yr osi ne phosphor yl at i on of

Syk occur s i n BCR si gnal i ng, we compar ed r ecept or - medi -

at ed Syk t yr osi ne phosphor yl at i on i n wi l d- t ype and aut o-

P- Syk t r ansf ect ant s . As shown i n Fi g . 6, BCR- i nduced t y-

r osi ne phosphor yl at i on of aut oP- Syk was si gni f i cant , but

appr oxi mat el y f i vef ol d l ower t han i n wi l d- t ype Syk- t r ans-

f ect ed cel l s . Bi ndi ng of aut oP- Syk t o phosphor yl at ed I ga/ R

I TAMs was t he same as t hat of wi l d- t ype Syk ( Fi g. 5) , con-

si st ent wi t h t he possi bi l i t y t hat aut oP- Syk may be phosphor -

yl at ed by ot her r ecept or - associ at ed ki nases such as Lyn . Thus,

t hi s obser vat i on demonst r at es t hat 518 and/ or 519 t yr osi nes

ar e i mpor t ant si t es of Syk phosphor yl at i on upon BCR

st i mul at i on, but some i nduct i ve phosphor yl at i on cl ear l y

occur s at ot her si t es . However , t hi s l i mi t ed phosphor yl at i on

of aut oP- Syk does not suppor t BCR- medi at ed phosphor yl a-

t i on and act i vat i on of PLC- - y2 . Fi nal l y, si nce SH2 domai n

mut ant s do not associ at e wi t h phosphor yl at ed I TAMs or

become phosphor yl at ed t hemsel ves, yet t he aut oP- Syk mu-

t ant associ at es wi t h pI TAMs but does not become phos-

phor yl at ed, pI TAM bi ndi ng may be an essent i al pr er equi -

si t e f or Y518/ 519 phosphor yl at i on and si gnal pr opagat i on .

Di scussi on
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The i mpor t ant r ol e of SH2 domai ns i n si gnal t r ansmi ssi on

i s wi del y appr eci at ed. SH2 domai ns medi at e i nt er mol ecul ar

i nt er act i ons by bi ndi ng t o phosphot yr osi ne- cont ai ni ng se-

quences wi t h hi gh af f i ni t y ( 33, 34) . Al t hough pr evi ous st ud-

i es have demonst r at ed t hat bot h SH2 domai ns of ZAP70

ar e necessar y f or bi ndi ng t o phospho- ~ ( 28) and Syk bi nd-

i ng t o FceRI y ( 35) , st udi es r epor t ed her e ar e t he f i r st t o

show t hat bot h NHZ - and COOH- t er mi nal SH2 domai ns

of Syk ar e i ndi spensabl e f or BCR si gnal t r ansduct i on . Thi s

demonst r at es t he f unct i onal i mpor t ance of t hese domai ns .

The BCR- medi at ed pr ot ei n t yr osi ne phosphor yl at i on r e-

sponse of DT40 cel l s expr essi ng Syk SH2 mut ant s appear ed

onl y modest l y i ncr eased over t hat of Syk- def i ci ent cel l s,

and f ar l ess t han wi l d- t ype Syk- expr essi ng cel l s ( Fi g. 3 A) ,

i ndi cat i ng t hat bot h SH2 domai ns ar e essent i al f or most

Syk- dependent pr ot ei n t yr osi ne phosphor yl at i on . I n vi t r o

ki nase assay of t hese SH2 mut ant s ( Fi g. 1 B) , t oget her wi t h

f i ndi ngs i n COS cel l s t hat t he over al l t yr osi ne phosphopr o-

t ei n pat t er ns of cel l s over expr essi ng t hese SH2 mut ant s and

Fyn was si mi l ar t o t hat wi t h wi l d- t ype Syk and Fyn ( dat a

not shown) , i ndi cat es t hat Syk SH2 mut ant s have enzy-

mat i c act i vi t y bot h i n vi t r o and i n COS cel l s. Thus, our

f unct i onal r esul t s suggest t hat Syk SH2 domai ns pr ovi de a

l ocal i zat i on f unct i on t hat i s necessar y f or coupl i ng t he

BCR t o PLC- y .

I t has been shown t hat an essent i al i nt er medi ar y event i n

BCRcoupl i ng t o downst r eamevent s i s phosphor yl at i on of

I ga and I gR I TAMs ( 17, 18) . As shown her e, BCR l i gat i on

l eads t o r ecr ui t ment of Syk t o t he r ecept or ( Fi g . 4) . Thus, i t

seemed possi bl e t hat t he si gnal i ng def i ci t of Syk SH2 mu-

t ant s mi ght r el at e t o f ai l ed i nt er act i on wi t h phosphor yl at ed

I TAMs . To expl or e t hi s possi bi l i t y, we conduct ed an anal -

ysi s of bi ndi ng of Syk t o phosphor yl at ed or nonphosphor y-

l at ed I ga and I gR . Unst i mul at ed r ecept or s and nonphos-

phor yl at ed I TAM pept i des of I ga and I gR di d not bi nd

si gni f i cant l y t o wi l d- t ype Syk . Phosphor yl at i on of I ga and

I gR I TAMs i ncr eased t hei r bi ndi ng of wi l d- t ype Syk . Phos-

phor yl at ed I ga bi ndi ng t o Syk was much mor e r eadi l y de-

t ect ed t han bi ndi ng t o phosphor yl at ed I gR. Thus, Syk pr e-

f er s t o bi nd t o I ga . The di f f er ence i n t he bi ndi ng act i vi t y of

phosphor yl at ed I ga and I gR I TAMs may expl ai n t he obser -

vat i ons t hat I ga cyt opl asmi c t ai l s ar e mor e compet ent t han

I gR cyt opl asmi c t ai l s i n chi mer i c r ecept or coupl i ng t o pr o-

t ei n t yr osi ne phosphor yl at i on ( 18, 36) . Bi ndi ng of Syk t o

phosphor yl at ed I TAMs was dependent on bot h SH2 do-

mai ns, but i n some exper i ment s t he COOH- t er mi nal SH2

domai n of Syk appear ed somewhat mor e cr i t i cal f or bi nd-

i ng t o phosphor yl at ed I TAMs t han t he NHZ - t er mi nal SH2

domai n ( dat a not shown) . These f i ndi ngs ar e consi st ent

wi t h t he r ecent r epor t of Shi ue et al . ( 35) , whi ch demon-

st r at ed t hat bot h SH2 domai ns ar e necessar y f or opt i mal

Syk associ at i on wi t h t he t yr osi ne- phosphor yl at ed FceRI y

I TAMi n vi t r o, and t hat t he COOH- t er mi nal SH2 exhi bi t s

hi gher af f i ni t y f or t hi s I TAM t han t he NH, - t er mi nal SH2 .

These f i ndi ngs suggest t hat r ecr ui t ment of Syk t o phospho-

r yl at ed I TAMs vi a i t s SH2 domai ns i s r equi r ed f or BCR

coupl i ng t o Syk f unct i on .



The quest i on of how i nt er act i on of t he Syk SH2 do-

mai ns wi t h phosphor yl at ed I ga and I gP I TAMs coul d af -

f ect Syk f unct i on ar i ses . Phosphor yl at i on of t he I TAMs

coul d r esul t i n Syk bi ndi ng i nduced al l ost er i c act i vat i on .

Recent st udi es i ndi cat e t hat t hi s i s i n f act t he case ( 37, 38) .

FCERI y, I ga and I g( 3 I TAMphosphopept i des wer e shown

t o st i mul at e phosphor yl at i on and act i vat i on of Syk i n vi t r o .

I t i s not ewor t hy, however , t hat i n st udi es i n our l abor at or y,

pI TAMs act i vat e Lyn ( 19) but wer e i nef f ect i ve act i vat or s of

Syk bot h i n vi t r o and i n per meabi l i zed cel l s ( Johnson, S. ,

and J . Cambi er , manuscr i pt submi t t ed f or publ i cat i on) . The

r eason f or t hi s i nconsi st ency i s not known but may r ef l ect

di f f er ent assay condi t i ons .

I n st udi es r epor t ed her e, bi ndi ng of aut oP- Syk t o phos-

phor yl at ed I TAMs was t he same as t hat of wi l d- t ype Syk;

however , aut oP- Syk di d not sust ai n PLC- y2 phosphor yl a-

t i on and act i vat i on, i ndi cat i ng t hat i n addi t i on t o Syk i nt er -

act i on wi t h I TAMs, Y518/ 519 phosphor yl at i on i s r equi r ed

f or coupl i ng Syk t o PLC- y2 phosphor yl at i on and act i va-

t i on . Thi s coul d r ef l ect a necessi t y f or Syk phosphor yl at i on

t o achi eve f ul l act i vi t y . However , i t may not r ef l ect a def i -

ci t i n Syk act i vat i on but r at her a def i ci t i n i t s abi l i t y t o r e-

cr ui t subst r at es vi a i nt er act i on bet ween phospho Y518/ 519

si t es and SH2- cont ai ni ng pr ot ei ns such as PLC- y2 .

I n ear l i er st udi es, we demonst r at ed t hat Lyn coexpr es-

si on wi t h Syk was necessar y t o achi eve Syk act i vat i on ( 30) .

Fur t her , I washi ma et al . ( 28) have shown usi ng CD8- ~ chi -

mer i c r ecept or s and ki nase- i nact i ve ZAP70 t hat l i gand-

act i vat ed ZAP70 phosphor yl at i on does not depend on

ZAP70 ki nase act i vi t y . Taken t oget her , t hese dat a i ndi cat ed

t hat Syk/ ZAP70 ki nases can be act i vat ed by ( p) 21TAM-

i nduced aut ophosphor yl at i on or by phosphor yl at i on medi -

at ed by an Sr c- f ami l y ki nase . The l at t er may nor mal l y onl y

occur when ( p) 2I TAMs t r i gger act i vat i on of t he Sr c- f ami l y

ki nase and br i ng t he t wo ki nases t oget her .

The quest i on of how phosphor yl at ed I TAMs act i vat e

Syk ar i ses . I t i s possi bl e t hat r ecr ui t ment of Syk t o phosphor -

yl at ed I ga/ I gp may l ead t o act i vat i on by di mer i zat i on- dr i ven

Syk t r ansphosphor yl at i on . Thi s possi bi l i t y may be suppor t ed

by t he obser vat i on t hat aggr egat i on of CD16/ Syk chi mer i c

r ecept or bear i ng a CD16 ext r acel l ul ar domai n and an Syk

ki nase i nt r acel l ul ar domai n i nduces t yr osi ne phosphor yl a-

t i on upon r ecept or aggr egat i on ( 39) . However , t he abi l i t y

of monomer i c ( p) 2 I TAMs t o act i vat e Syk i n i mmunopr e-

ci pi t at es ( 38) i s i nconsi st ent wi t h a di mer i zat i on- dr i ven

mechani sm. Fur t her , si nce bot h Syk SH2 domai ns ar e r e-

qui r ed f or ( p) 21TAMbi ndi ng, i t i s unl i kel y t hat ( p) 21TAMs

coul d di mer i ze Syk . Resol ut i on of Syk r egul at i on af t er

BCR l i gat i on awai t s f ur t her st udy .

The r equi r ement f or t wo f unct i onal SH2 domai ns f or

Syk phosphor yl at i on and l at er event s may r ef l ect i n par t a

need f or t he mol ecul e t o i nt er act vi a t hese domai ns wi t h

phosphot yr osi ne on mol ecul es ot her t han I ga and I g( 3 . I t

seems l i kel y t hat such t yr osi ne r esi dues woul d be const i t u-

t i vel y phosphor yl at ed and t her ef or e const i t ut i vel y associ -

at ed wi t h Syk, or t hey may be i nduci bl y phosphor yl at ed

even i n t he absence Syk by, f or exampl e, Sr c- f ami l y ki nases .

To dat e, no const i t ut i ve associ at i on of Syk wi t h t yr osi ne

phosphopr ot ei ns has been r epor t ed . Candi dat e i nduci bl y

phosphor yl at ed pr ot ei ns i ncl ude t hose seen i n Fi g. 3 A i n

st i mul at ed Syk- def i ci ent cel l s . The abi l i t y o£ Syk SH2 do-

mai ns t o bi nd t o pr ot ei ns i nduci bl y t yr osi ne phosphor y-

l at ed i n t he absence of Syk i s cur r ent l y under st udy .

St udi es t o dat e have onl y begun t o di ssect bi ochemi cal

st eps f or BCR si gnal t r ansmi ssi on . Our wor ki ng hypot hesi s

i s as f ol l ows : ( a) Al t hough t he i dent i t y of t he f i r st ki nase ac-

t i vat ed upon BCRcr oss- l i nki ng i s unknown, i t appear s al -

most cer t ai n- t hat act i vat i on of I ga- associ at ed Lyn i s among

t he ear l i est st eps ( 40- 42) ; ( b) avai l abl e evi dence i s most con-

si st ent wi t h Lyn- medi at ed phosphor yl at i on of sever al mol e-

cul es i ncl udi ng I ga and I gP ( 17) ; ( c) Syk and addi t i onal Lyn

ar e r ecr ui t ed t o t he phosphor yl at ed I ga and I g( 3 vi a t hei r

SH2 domai ns ( Fi gs . 4 and 5 ; 19, 20, 43) ; ( d) r ecr ui t ed Lyn

and Syk ar e act i vat ed by t hi s bi ndi ng ( 19, 37, 38) ; ( e) subse-

quent l y, Syk i s phosphor yl at ed by aut ophosphor yl at i on or

Lyn- medi at ed t r ansphosphor yl at i on at t he 518 and/ or 519

t yr osi ne si t es ; ( f ) act i vat ed Syk phosphor yl at es i t s own sub-

st r at es appar ent l y i ncl udi ng PLC- y2 ; and ( g) t yr osi ne- phos-

phor yl at ed PLC- y2 medi at es phosphoi nosi t i de hydr ol ysi s

l eadi ng t o Ca2+ mobi l i zat i on . Thus, bot h r ecr ui t ment of Syk

and i t s phosphor yl at i on appear essent i al f or BCR si gnal i ng .
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