
I dent i f i cat i on of Cal modul i n- bi ndi ng Pr ot ei ns

i n Chi cken Embr yo Fi br obl ast s

A maj or advance i n our knowl edge of t he r ol e of cal ci um i n

medi at i ng cel l ul ar event s was t he demonst r at i on t hat chemi -

cal l y homogeneous pr ot ei ns have physi ol ogi cal l y r el evant cal -

ci um- bi ndi ng act i vi t i es ( f or a r evi ew see r ef er ence 1) . Sever al

cl asses of cal ci um- bi ndi ng pr ot ei ns have been pr oposed on

t he basi s of t he t ype of cal ci um- bi ndi ng act i vi t y and st r uct ur e

t hey exhi bi t . The member s of one cl ass, t he cal ci um- modu-

l at ed pr ot ei ns, ar e most l y i nt r acel l ul ar pr ot ei ns t hat r ever si bl y

bi nd cal ci um wi t h di ssoci at i on const ant s i n t he mi cr omol ar

r ange under physi ol ogi cal condi t i ons and i ncl ude par val bu-

mi n, cal modul i n, t r oponi n C, and S100 . No enzymat i c act i v-

i t i es have been r epor t ed f or any of t hese pr ot ei ns ; r at her , t hey

ar e t hought t o medi at e t he ef f ect s of cal ci um t hr ough t hei r

i nt er act i ons wi t h ot her pr ot ei ns.

We r ecent l y r epor t ed ( 2) t he subcel l ul ar di st r i but i on of

cal modul i n and cal modul i n- bi ndi ng pr ot ei ns i n nor mal and

vi r us- t r ansf or med chi cken embr yo f i br obl ast s ( CEF) . ' I n

t hose st udi es, we i dent i f i ed mul t i pl e cl asses of cal modul i n-
bi ndi ng pr ot ei ns i n t he cr ude subcel l ul ar f r act i ons . We i den-

t i f i ed pr ot ei ns t hat bi nd cal modul i n i n t he pr esence of cal ci um

' Abbr evi at i ons used i n t hi s paper :

	

CEF, chi cken embr yo f i br obl ast s ;

MLCK, myosi n l i ght chai n ki nase; ML, N, P, and S, mi t ochondr i al /

l ysosomal , nucl ear , mi cr osomal , and sol ubl e subcel l ul ar f r act i ons .
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ABSTRACT We r ecent l y r epor t ed t he det ect i on of mul t i pl e cl asses of cal modul i n- bi ndi ng

pr ot ei ns i n subcel l ul ar f r act i ons of chi cken embr yo f i br obl ast s by usi ng a gel bi ndi ng pr ocedur e

( Van El di k, L . J . , and W. H. Bur gess, 1983, J . Bi ol . Chem. , 258 : 4539- 4547) . I n t hi s r epor t we

i dent i f y many of t hese cal modul i n- bi ndi ng pr ot ei ns and pr ovi de f ur t her evi dence f or t he

exi st ence of mul t i pl e cl asses of cal modul i n- bi ndi ng pr ot ei ns based on t he i nt er act i on of t hese

pr ot ei ns wi t h cal modul i n and ot her cal ci um- modul at ed pr ot ei ns . The f act t hat , i n some cases,

t he same cal modul i n- bi ndi ng pr ot ei n can bi nd t r oponi n C and S100a suggest s t hat si mi l ar

f unct i onal domai ns may be pr esent i n t hese di st i nct cal ci um- modul at ed pr ot ei ns . We al so

have used pr ot ocol s based on pur i f i cat i on st eps f or cal modul i n- bi ndi ng pr ot ei ns and cal mod-

ul i n- r egul at ed act i vi t i es f r om ot her syst ems, i n conj unct i on wi t h enzymat i c assays and var i ous

i mmunol ogi cal met hods, t o i dent i f y many of t he cal modul i n- bi ndi ng pr ot ei ns i n chi cken

embr yo f i br obl ast s . The i dent i t i es of t hese pr ot ei ns suggest i n vi vo r ol es f or cal modul i n i n t he

r egul at i on of cel l shape and mot i l i t y, cycl i c nucl eot i de met abol i sm, and possi bl y nucl ei c aci d

and pr ot ei n t ur nover i n f i br obl ast s .

but not i n t he pr esence of cal ci um chel at or ( EDTA) and

pr ot ei ns t hat bi nd cal modul i n i n t he pr esence of cal ci um or

EDTA. I n t hi s r epor t , we have ext ended t hese obser vat i ons

t o i ncl ude an anal ysi s of t he bi ndi ng of t r oponi n Ct o pr ot ei ns

i n t he subcel l ul ar f r act i ons and t he i dent i f i cat i on of sever al of

t hese cal modul i n- bi ndi ng pr ot ei ns . Our r esul t s suggest t hat

some f unct i onal domai ns ar e shar ed by member s of t he

cal ci um- modul at ed pr ot ei ns wher eas ot her s may be uni que

t o cal modul i n . The i dent i f i cat i on of t he cal modul i n- bi ndi ng

pr ot ei ns suggest s i n vi vo r ol es f or cal modul i n i n t he r egul at i on

of cel l shape and mot i l i t y, cycl i c nucl eot i de met abol i sm, and

per haps nucl ei c aci d and pr ot ei n t ur nover i n CEF.

MATERI ALS AND METHODS

Mat er i al s : Acr yl ami de, NN' - met hyl ene- bi s- acr yl ami de, N, NN' , N' -

t et r amet hyl et hyl enedi ami ne, ammoni um per sul f at e, Coomassi e Br i l l i ant Bl ue

R- 250, and hi gh mol ecul ar wei ght gel st andar ds wer e f r omBi o- Rad Labor at o-

r i es ( Ri chmond, CA) . SDS was f r om BDH Chemi cal s Lt d. ( Pool e, Engl and) .

Low mol ecul ar wei ght gel st andar ds wer e obt ai ned f r om Phar maci a I nc. ( Pi s-

cat away, NJ) . Cr onex 4 x- r ay f i l m was f r om DuPont ( E. 1. DuPont de Nemour s

& Co . , Newt own, CT) and ' 2' I ( Na Z̀51 ; 100 mCi / ml ) was obt ai ned f r om

Amer sham Cor p. ( Ar l i ngt on Hei ght s, I L) . Lact oper oxi dase was f r om Cal bi -

ochem- Behr i ng Cor p . ( La Jol l a, CA) ; Tr i zma base, hi st ones, and cr yst al l i zed

BSA wer e f r om Si gma Chemi cal Co . ( St . Loui s, MO) . Vect ast ai n ABC ki t s wer e

obt ai ned f r om Vect or Labor at or i es, I nc . , ( Nor wal k, CT) . Dei oni zed, pyr ogen-
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f r ee wat er was f r om a Dar co Wat er Syst em( Dur ham, NC) or a Mi l l i Qsyst em

( Mi l l i por e Cor p. , Bedf or d, MA) . Al l ot her chemi cal s wer e r eagent gr ade. Pur e
cel l ul ose ni t r at e paper ( 0 . 45- t am por e si ze) was f r om Sar t or i us Fi l t er s, I nc .
( Haywar d, CA) . The mi cr osl ab gel appar at us was f r om I dea Sci ent i f i c ( Cor val l i s,

OR) .

Sour ce of Pr ot ei ns :

	

Bovi ne br ai n cal modul i n was pr epar ed as de-

scr i bed ( 3) . Tr oponi n C was pr epar ed f r om r abbi t skel et al muscl e as descr i bed

by Per r y and Col e ( 4) . Myosi n was pr epar ed f r om r abbi t skel et al muscl e

accor di ng t o t he met hod of Fr edr i cksen ( 5) . Myosi n l i ght chai n ki nase ( MLCK)

was pur i f i ed f r omchi cken gi zzar d by usi ng t he pr ocedur e of Adel st ei n and Kl ee

( 6) , and MLCK f r omt ur key gi zzar d was a gi f t of Dr s . E. Payne and R. Adel st ei n

( Nat i onal I nst i t ut es of Heal t h) . Mi xed l i ght chai ns wer e pr epar ed f r om bovi ne

car di ac muscl e myosi n by t he met hod descr i bed by Bl ument hal and St ul l ( 7) .

We pur i f i ed t he r egul at or y l i ght chai n by appl yi ng mi xed l i ght chai ns ( i n 10

mM2- ( N- mor phol i no) pr opane- sul f oni c aci d [ MOPS] , 15 mM2- mer capt oet h-

anol , pH 7 . 0) t o an af l i gel bl ue ( Bi o- Rad Labor at or i es) col umn t hat was

equi l i br at ed i n t he same buf f er . The col umn was washed, and r egul at or y l i ght

chai ns wer e el ut ed wi t h a l i near gr adi ent of 0- 0. 4 MKCl i n 10 mMMOPS, 15

mM 2- mer capt oet hanol , pH 7 . 0. Phosphor yl ase b and phosphor yl ase ki nase

f r om r abbi t skel et al muscl e wer e pr ovi ded, r espect i vel y, by Dr s . R. Uhi ng and

T . Chr i sman ( t hi s i nst i t ut i on) . Bovi ne br ai n S100a was pr ovi ded by Dr . D.

Mar shak ( t hi s i nst i t ut i on) . Car p muscl e par val bumi n was pr ovi ded by Dr . R.

H. Kr et si nger ( Uni ver si t y of Vi r gi ni a) .

Pr epar at i on of Pr ot ei n Fr act i ons :

	

Subcel l ul ar f r act i ons of CEF

wer e pr epar ed by di f f er ent i al cent r i f ugat i on exact l y as descr i bed ( 2) . I n some

exper i ment s nucl ei f r om CEF wer e pr epar ed by t he pr ocedur e of Lahav et al .

( 8) . Ri bosomal pr ot ei n pr epar at i ons wer e pr epar ed f r om CEF as descr i bed by

Pal mi t er ( 9) . A bovi ne br ai n f r act i on of cycl i c nucl eot i de phosphodi est er ase

t hat i s depl et ed of cal modul i n was pr epar ed as pr evi ousl y descr i bed ( 10) . A

si mi l ar pr ocedur e was used t o obt ai n t he DEAE f r act i on f r om CEF except t hat

DE- 52 cel l ul ose was used i n pl ace of Sephadex A- 50 and t he gr adi ent cont ai ned

0 . 1 MNaCl i n t he st ar t buf f er and 0 . 5 M NaCl i n t he l i mi t buf f er . Fr act i ons

wer e col l ect ed, di al yzed agai nst 10 mMammoni um bi car bonat e, and l yophi -

l i zed .

Gel Bi ndi ng Pr ocedur e Usi ng ' 2s l - Label ed Cal ci um- modu-

l at ed Pr ot ei ns :

	

The gel bi ndi ng pr ocedur e used i n t hese st udi es i s a

modi f i cat i on of a pr evi ousl y descr i bed pr ocedur e ( 11) . I t i s based on ear l i er

r epor t s by Bur r i dge ( 12) f or t he det ect i on of l ect i n- bi ndi ng pr ot ei ns and ant i gens

af t er separ at i on i n SDS pol yacr yl ami de gel s and t he st udi es of Lacks and
Spr i nghom ( 13) on t he r enat ur at i on of enzymes af t er el ect r ophor esi s i n SDS
pol yacr yl ami de gel s . Pr ot ei n sampl es wer e subj ect ed t o el ect r ophor esi s i n t he
pr esence of 0. 1 % ( wt / vol ) SDS on 7 . 5 or 12 . 5% ( wt / vol ) pol yacr yl ami de gel s

( 0 . 4- mm t hi ck) usi ng t he buf f er syst em of Laemml i ( 14) and t he mi cr osl ab

appar at us descr i bed by Mat sudai r a and Bur gess ( 15) . We pr epar ed sampl es f or
el ect r ophor esi s by addi ng an equal vol ume of sampl e buf f er i mmedi at el y bef or e
l oadi ng t hem ont o t he gel . Af t er el ect r ophor esi s ( - 60 mi n at 90 V const ant

vol t age) t he gel s wer e pl aced i nt o 135 x 130 x 30 mmpl ast i c boxes ( Al t hor
Pr oduct s, Di v . of Amer i can Hi nge Cor p . , Wi l t on, CT) on a r ot ar y shaker and

f i xed f or 3 h ( t hr ee changes of 100 ml each) i n 25%( vol / vol ) i sopr opanol , 10%
( vol / vol ) acet i c aci d ; washed f or 3 h ( t hr ee changes of 100 ml each) i n buf f er A
( 50 mMTr i s- HCI , 200 mMNaCl , pH 7 . 6) ; and i ncubat ed f or 2 h i n 100 ml of

buf f er A cont ai ni ng 1 mg/ ml BSA.

The gel s wer e t hen i ncubat ed f or 12 h i n buf f er A cont ai ni ng 1 MMCaC12

and ' 251- l abel ed pr ot ei n ( - 4- 5 x 106 cpm cal modul i n, t r oponi n C, S100a, or

par val bumi n) i n t he pr esence or absence of t he appr opr i at e unl abel ed pr ot ei n

( see Resul t s) . The gel s wer e t hen washed f or 3 h ( t hr ee changes of 100 ml each)

i n buf f er A cont ai ni ng 1 mMCaCl 2 t o r emove excess i odi nat ed pr ot ei n ; st ai ned
f or 15 mi n i n 0 . 1% ( wt / vol ) Coomassi e Br i l l i ant Bl ue R- 250, 50% ( vol / vol )

met hanol , 10%( vol / vol ) acet i c aci d; dest ai ned f or I h i n 5 %( vol / vol ) met hanol ,
9%( vol / vol ) acet i c aci d; and dr i ed and t hen exposed t o x- r ay f i l m t o det ect

t hose pr ot ei ns i n t he gel t hat bi nd t he i odi nat ed pr ot ei n. I n some exper i ment s,
5 mMEDTA i nst ead of l mMCaCl 2 was added t o buf f er A i n t he i ncubat i on

and washes descr i bed above . I n t hi s pr ot ocol , al l st eps ar e t he same bef or e t he

i ncubat i on wi t h 12Sí - l abel ed cal ci um- modul at ed pr ot ei ns and ei t her 1 mM

CaC12 or 5 mMEDTA. Thus we avoi d any pot ent i al ar t i f act s of di f f er ent i al
r enat ur at i on i n t he pr esence or absence of excess di val ent cat i ons or chel at or s .

The speci f i c act i vi t i es of t he ' 251- l abel ed cal ci um- modul at ed pr ot ei ns used i n
t hese st udi es wer e i n t he r ange of 100- 500 Ci / mmol . The l engt h of exposur e
of t he gel s t o x- r ay f i l m var i ed dependi ng on t he speci f i c act i vi t y of t he pr ot ei n
used and t he amount of bi ndi ng pr ot ei n appl i ed t o t he gel . I n gener al a 24- h
exposur e was suf f i ci ent t o det ect t he maj or i t y of bi ndi ng pr ot ei ns al t hough a
48- or 72- h exposur e was of t en necessar y t o det ect mi nor component s .

I n some exper i ment s pr ot ei ns wer e t r ansf er r ed f r om t he gel t o ni t r ocel l ul ose
paper and t hen exami ned f or ' 251- cal modul i n- bi ndi ng act i vi t y . El ect r ophor esi s

was per f or med as above and t he gel s wer e washed i n 50 mMTr i s- HCI , pH 7 . 6,
f or 30 mi n ( t hr ee changes of 100 ml each) and t r ansf er r ed t o ni t r ocel l ul ose

paper usi ng a Bi o- Rad t r ansbl ot appar at us . The chamber was f i l l ed wi t h buf f er

cont ai ni ng 25 mMTr i s- HCI , 192 mMgl yci ne, 20%( vol / vol ) met hanol . Tr ans-

f er was conduct ed at 180 mA const ant cur r ent f or 16 h at 4° C, af t er whi ch t he

ni t r ocel l ul ose was i ncubat ed f or 2 h i n 100 ml buf f er A cont ai ni ng 1 %( wt / vol )

BSA and 0. 2% ( wt / vol ) gel at i n, r i nsed wi t h buf f er A cont ai ni ng I mMCaC1 2,

and t hen i ncubat ed wi t h ' 251- cal modul i n as descr i bed above .

I mmunol ogi cal Met hods :

	

Rabbi t ant i ser um agai nst bovi ne br ai n

cal ci neur i n was pr ovi ded by Dr . R. Wal l ace ( Uni ver si t y of Al abama at Bi r -

mi ngham) and r abbi t ant i ser umagai nst bovi ne br ai n spect r i n was pr ovi ded by

Dr . K. Bur r i dge ( Uni ver si t y of Nor t h Car ol i na) . Ant i bodi es agai nst chi cken

gi zzar d MLCKwer e pr oduced i n Bal b/ c mi ce by i nj ect i on of a par t i al l y pur i f i ed

MLCK f r act i on pr epar ed as descr i bed above t hr ough t he DEAE- cel l ul ose

chr omat ogr aphy st ep . Ant i gen ( - 80 t ag per mouse) was emul si f i ed i n compl et e

Fr eund' s adj uvant and i nj ect i ons wer e i nt r aper i t oneal and subcut aneous on

days l and 15 . Mi ce showed a posi t i ve ser um r esponse at t he f i r st bl eed ( day

21) . l odi nat i ons and compet i t i on r adi oi mmunoassays wer e done usi ng pr oce-

dur es si mi l ar t o t hose descr i bed f or cal modul i n ( 16) .
For i mmunobl ot exper i ment s, pr ot ei ns wer e t r ansf er r ed af t er el ect r ophor esi s

t o ni t r ocel l ul ose paper s, as descr i bed above, whi ch wer e t hen i ncubat ed i n
bl ocki ng buf f er ( 10 mMTr i s- HCI , 0. 9% [ wt / vol ] NaCl , 0. 5% [ wt / vol ] BSA,

0. 05% [ vol / vol ] Noni det P- 40, 5%[ vol / vol ] hor se ser um, pH 7 . 4) f or 1 . 5 h at
37° C. Next , t he ni t r ocel l ul ose paper was washed i n PBS f or 30 mi n ( t hr ee

changes of 100 ml each) at r oom t emper at ur e f ol l owed by i ncubat i on at 37° C

f or 2 h wi t h ant i ser um di l ut ed i n PBS. The paper was t hen washed at r oom

t emper at ur e f or 30 mi n i n PBS cont ai ni ng 0. 05% ( vol / vol ) Tween 20 ( t hr ee

changes of 100 ml each) and i ncubat ed f or 1 h at 37° C wi t h t he appr opr i at e

bi ot i nyl at ed ant i body ( 50 t al i n 10 ml PBS cont ai ni ng 1% [ vol / vol ] hor se

ser um) . The paper was washed agai n at r oomt emper at ur e wi t h buf f er cont ai n-

i ng Tween 20 f ol l owed by i ncubat i ons wi t h Vect ast ai n ABC r eagent i n PBS

cont ai ni ng 0. 1 %( vol / vol ) Tween 20 f or 1 h at 37° C. Fi nal l y, t he paper s wer e

washed as above and i ncubat ed at r oomt emper at ur e wi t h 15 ml PBS, 3 ml of

3 mg/ ml 4- chl or o- I - napt hol i n met hanol , 6 ul 30%hydr ogen per oxi de f or 5-

20 mi n . We st opped t he col or r eact i on by washi ng t he paper wi t h di st i l l ed

wat er .

Enzyme Assays :

	

MLCK act i vi t y was assayed as descr i bed by Bl umen-

t hal and St ul l ( 7) , usi ng bovi ne car di ac myosi n l i ght chai ns . Ther e was no

cal ci um- st i mul at ed MLCK act i vi t y i n t he absence of added cal modul i n . Cal -

modul i n- act i vat abl e cycl i c nucl eot i de phosphodi est er ase act i vi t y was assayed

as pr evi ousl y descr i bed ( 17) . Cal modul i n- st i mul at ed dephosphor yl at i on of p-

ni t r ophenyl phosphat e was assayed as descr i bed by Pal l en and Wang ( 18) .

Det ect i on of DNA- bi ndi ng Pr ot ei ns :

	

Pr ot ei ns wer e subj ect ed t o

el ect r ophor esi s and t r ansf er r ed t o ni t r ocel l ul ose paper as descr i bed above .
Det ect i on of DNA- bi ndi ng pr ot ei ns was per f or med as descr i bed by Bowen et

al . ( 19) . Tot al DNA i sol at ed f r omt he sper mof t he sea ur chi n Ar baci a punct ul at a

and l abel ed wi t h ` P by ni ck t r ansl at i on was pr ovi ded by Dr . R. Zi el i nski ( t hi s

i nst i t ut i on) .

Gener al Pr ocedur es :

	

Pr ot ei n concent r at i ons wer e det er mi ned by t he

met hod of Lowr y et al . ( 20) , usi ng BSA as t he st andar d, or by ami no aci d

anal ysi s ( 21) . I odi nat i on of cal modul i n, t r oponi n C, S 100a, and par val bumi n

was done wi t h l act oper oxi dase ( 22) . Cal modul i n, t r opi ni n C, and S100a wer e

anal yzed f or homogenei t y by el ect r ophor esi s i n t he pr esence of SDS, by ami no

aci d anal ysi s ( 21) , and by compet i t i on r adi oi mmunoassay ( 16) usi ng ant i ser a

speci f i c f or cal modul i n or t r oponi n C. Tr oponi n C pr epar at i ons wer e f r ee of

det ect abl e cal modul i n cont ami nat i on and di d not r eact i n compet i t i on r adi oi m-

munoassay wi t h ant i cal modul i n ser a when t est ed up t o a 2, 000- f ol d mol ar

excess over t he amount of cal modul i n r equi r ed f or 50%compet i t i on.

RESULTS

Bi ndi ng of " l - Cal modul i n and " ' I - Tr oponi n C t o

Pr ot ei ns i n t he Subcel l ul ar Fr act i ons of CEF

As pr evi ousl y descr i bed ( 2) , we pr epar ed subcel l ul ar f r ac-
t i ons ( N [ nucl ear ] , ML [ mi t ochondr i al / l ysosomal ] , P [ mi cr o-
somal ] , and S [ sol ubl e] ) f r omCEF. We exami ned t he bi ndi ng
of 125 1- cal modul i n t o pr ot ei ns i n t he subcel l ul ar f r act i ons i n
t he pr esence of cal ci um ( Fi g . 1 B) . Cl ear l y, many of t he
cal modul i n- bi ndi ng pr ot ei ns i n CEF l ocal i ze speci f i cal l y t o
t he par t i cul at e f r act i ons, pr i mar i l y ML and P. As not ed
pr evi ousl y ( 2) , many of t he cal modul i n- bi ndi ng pr ot ei ns i n
t he par t i cul at e f r act i ons bi nd 125 1- cal modul i n i n t he pr esence
of cal ci um or EDTA ( Fi g. 1 C) .

To f ur t her exami ne t he speci f i ci t y and t he mol ecul ar basi s
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Fi cURL 1 The bi ndi ng of " ' I - cal modul i n and ' 25 1- t r oponi n C t o pr ot ei ns f r om t he subcel l ul ar f r act i ons of chi cken embr yo

f i br obl ast s . A shows a Coomassi e Bl ue- st ai ned 12 . 5%( wt / vol ) acr yl ami de SI DS gel . Panel s B- E show cor r espondi ng aut or adi ogr ams

of gel s t hat wer e i ncubat ed af t er el ect r ophor esi s wi t h ( B) " ' I - cal modul i n i n t he pr esence of cal ci um; ( C) " ' I - cal modul i n i n t he

pr esence of EDTA; ( D) 125 1- t r oponi n C i n t he pr esence of cal ci um; ( E) " ' I - cal modul i n i n t he pr esence of cal ci um and a 500- f ol d

mol ar excess of unl abel ed t r oponi n C. I n each panel , l ane 1 cont ai ns t he nucl ear ( N) f r act i on of CEF ( - 9 . 5 j ug) , l ane 2, t he

mi t ochondr i al - l ysosomal ( ML) f r act i on ( - 9 . 5 gag) , l ane 3, t he mi cr osomal ( P) f r act i on ( - 9 . 5 t ag) , l ane 4, t he sol ubl e ( S) f r act i on ( ^- 9 . 5

i ag) , and l ane 5, t he mol ecul ar wei ght st andar ds ( l abel ed by ar r ows at l ef t of A, Mr x 10 - 3 ) . The aut or adi ogr ams shown ar e 72- h

exposur es,

of t he i nt er act i ons bet ween cal modul i n and t hese pr ot ei ns, we

exami ned t he bi ndi ng of anot her cal ci um- modul at ed pr ot ei n,

t r oponi n C, t o t he pr ot ei ns i n t he subcel l ul ar f r act i ons . The

r esul t s of one such exper i ment ar e shown i n Fi g. I D. Tr o-

poni n C i s bot h a st r uct ur al and i n some cases a f unct i onal

anal ogue of cal modul i n . Most of t he pr ot ei ns t hat bound ' 25I -

t r oponi n C const i t ut ed a subset of t hose t hat bound cal mod-

ul i n . Many of t hese pr ot ei ns wer e f ound i n t he P f r act i on and

wer e ones t hat bound cal modul i n even i n t he pr esence of

EDTA . When gel s wer e i ncubat ed wi t h ' 25 I - cal modul i n i n t he

pr esence of a 500- f ol d mol ar excess of unl abel ed t r oponi n C,

125 I - cal modul i n bound onl y t o t hose pr ot ei ns t hat di d not

bi nd i odi nat ed t r oponi n C; i . e . , unl abel ed t r oponi n C was

f ound t o compet e wi t h " ' I - cal modul i n f or t hose pr ot ei ns t hat

al so bi nd 125 1- t r oponi n C ( Fi g. 1 E) . These r esul t s i ndi cat e t hat

some pr ot ei ns may bi nd t o a si mi l ar domai n i n bot h cal mod-

ul i n and t r oponi n C. The gener al i t y of t hi s t ype of i nt er act i on

i s i l l ust r at ed mor e cl ear l y i n t he st udi es descr i bed bel ow.

Bi ndi ng of ' ZS I - Cal modul i n and " ' I - Tr oponi n C t o

Pur i f i ed and Par t i al l y Pur i f i ed Pr ot ei n Fr act i ons

Usi ng t he gel bi ndi ng pr ocedur e descr i bed i n Mat er i al s and

Met hods, we al so exami ned t he bi ndi ng of 1251- cal modul i n t o

pur i f i ed pr ot ei ns . As shown i n Fi g . 2B, we det ect ed bi ndi ng

of
' - S

I - cal modul i n t o pur i f i ed MLCK ( l ane 2) and t o t he ß

and y subuni t s ( M, = 128, 000 and 45, 000) of phosphor yl ase

ki nase ( l ane 1) . A physi ol ogi cal r ol e f or cal modul i n i n t he

r egul at i on of t hese t wo enzymes appear s t o be wel l est abl i shed .

Bot h enzymes have been pur i f i ed t o chemi cal and enzymat i c

homogenei t y and t he cal ci um- bi ndi ng subuni t has been

shown di r ect l y t o be cal modul i n ( 23, 24) . The bi ndi ng of 1251-

cal modul i n t o t he 3 subuni t of phosphor yl ase ki nase was

mor e appar ent when NaCI was not i ncl uded i n t he i ncubat i on

or wash buf f er ( Fi g . 2 C, l ane 1) . The r ever si bl e i nt er act i on of

cal modul i n wi t h t he hol oenzyme i s r epor t ed t o occur t hr ough

bi ndi ng t o t he a and 0 subuni t s wher eas t he cal modul i n t hat

bi nds as a " t i ght " or i nt egr al subuni t of t he homoenzyme does

so by i nt er act i on wi t h t he y subuni t ( 24) .
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We al so det ect ed ' 251- cal modul i n bi ndi ng t o pur i f i ed phos-

phor yl ase b ( Fi g . 2B, l ane 3) and t o t he heavy chai n of myosi n

( Fi g . 2B, l ane 4) . The physi ol ogi cal si gni f i cance of t he i nt er -

act i on bet ween cal modul i n and t hese t wo pr ot ei ns has not

been det er mi ned . As was t he case wi t h t he ß subuni t of

phosphor yl ase ki nase, t he bi ndi ng
of ' 25

I - cal modul i n t o phos-

phor yl ase b and myosi n heavy chai n was mor e r eadi l y de-

t ect ed when NaCl was not i ncl uded i n t he i ncubat i on and

wash buf f er s ( Fi g . 2 C l anes 3 and 4) . The bi ndi ng of ` 1-

cal modul i n t o al l of t he pr ot ei ns shown i n Fi g . 2 was i nhi bi t ed

when CaC1 2 was r epl aced by 5 mMEDTA i n t he i ncubat i on

and wash buf f er s, or when t he gel s wer e washed wi t h EDTA-

cont ai ni ng buf f er s af t er i ncubat i on wi t h 125 1- cal modul i n i n

t he pr esence of CaC12 . Si mi l ar r esul t s wer e obt ai ned when a

500- f ol d mol ar excess of unl abel ed cal modul i n was i ncl uded

i n t he i ncubat i on wi t h t he i odi nat ed pr ot ei n or when i ncu-

bat i ons wer e done i n t he pr esence of I MMM9C1 2 or 1 mM

MnC1 2 .

Cal modul i n has f our st r uct ur al domai ns t hat ar e si mi l ar t o

one anot her i n ami no aci d sequence and t o t he f our st r uct ur al

domai ns of skel et al muscl e t r oponi n C ( 25) . I n addi t i on t o

t hese st r uct ur al domai ns, cal modul i n and t r oponi n C, as wel l

as S100, ar e pr oposed t o have f unct i onal l y si mi l ar dr ug-

bi ndi ng domai ns ( 22) . Cal modul i n has been shown t o subst i -

t ut e f unct i onal l y f or t r oponi n C under cer t ai n i n vi t r o con-

di t i ons ( 26) . The r esul t s of t he exper i ment s on t he bi ndi ng of

1251- cal modul i n and 125 1- t r oponi n C t o common pr ot ei ns i n

t he subcel l ul ar f r act i ons of CEF al so suggest t he pr esence of

f unct i onal l y si mi l ar pr ot ei n- bi ndi ng domai ns i n t hese cal -

ci um- modul at ed pr ot ei ns . To f ur t her i nvest i gat e t hese pot en-

t i al si mi l ar i t i es, we exami ned t he bi ndi ng of ' 25 1- t r oponi n C

and ' 25 1- S100a t o pur i f i ed pr ot ei ns usi ng t he same condi t i ons

as wer e used f or cal modul i n .

We det ect ed bi ndi ng of 125 1- t r oponi n C t o sever al of t he

pr ot ei ns t hat al so bound 125 1- cal modul i n . For exampl e, as

shown i n Fi g. 3B, phosphor yl ase ki nase ( l ane 1) , phosphor yl -

ase b ( l ane 3) , myosi n heavy chai n, and an Mr = 35, 000

pol ypept i de i n t he myosi n sampl e ( l ane 4) bound bot h ` 5I -

t r oponi n C and ' 251- cal modul i n . I n cont ast , MLCK bound



FI GURE 2

	

The bi ndi ng of ' 25 1- cal modul i n t o pur i f i ed pr ot ei ns . A shows a Coomassi e Bl ue- st ai ned 7 . 5%( wt / vol ) acr yl ami de SDS

gel . B and C show cor r espondi ng aut or adi ogr ams of gel s t hat wer e i ncubat ed af t er el ect r ophor esi s wi t h 125 1- cal modul i n i n t he

pr esence of ( B) 1 mMCaCl 2 and 0 . 2 M NaCl or ( C) 1 mMCaCl 2 and no added NaCl . The aut or adi ogr am i n B i s a 72- h exposur e ;

C i s a 24- h exposur e . I n each panel , l ane 1 cont ai ns phosphor yl ase b ki nase f r om r abbi t skel et al muscl e ( 5 l ag) , l ane 2, MLCK

f r om t ur key gi zzar d ( 1 ug) , l ane 3, phosphor yl ase b f r om r abbi t skel et al muscl e ( 2 j i g) , and l ane 4, myosi n f r om r abbi t skel et al

muscl e ( 3 t ag) . ( M, x 10- 3 i n t hi s and t he f ol l owi ng gel s . )

FI GURE 3 The bi ndi ng of ' 25 1- t r oponi n C t o pur i f i ed pr ot ei ns . A

shows a Coomassi e Bl ue- st ai ned 7 . 5%( wt / vol ) acr yl ami de SI DS gel .

B and C show cor r espondi ng aut or adi ogr ams of gel s t hat wer e

i ncubat ed af t er el ect r ophor esi s wi t h ( B) 125 1- t r oponi n C i n t he pr es-

ence of 1 MMCaCl 2 and 0 . 2 M NaCl or ( C) 125 1- cal modul i n i n t he

pr esence of 1 MMCaCl 2, 0 . 2 M NaCl , and a 500- f ol d mol ar excess

of unl abel ed t r oponi n C. Bot h aut or adi ogr ams ar e 24- h exposur es .

i n each panel , l anes 1- 4 cont ai n t he same sampl es as descr i bed i n

Fi g. 2 .

" I - cal modul i n but showed l i t t l e ' 25 1- t r oponi n C bi ndi ng ( cf ,
l ane 2, Fi gs . 2Band 3 B) . Si mi l ar l y, pr ot ei ns i n cr ude bovi ne
br ai n ext r act s t hat bound ' 25 1- t r oponi n C wer e gener al l y di s-
t i nct f r omt hose t hat bound 125 1- cal modul i n . Unl i ke cal mod-
ul i n, t he bi ndi ng of ' 25I - t r oponi n C t o t hese pr ot ei ns was not
di mi ni shed by subst i t ut i on of 5 mMEDTA f or I mMCaC12
i n t he i ncubat i on and wash buf f er s . I n addi t i on, bi ndi ng of

' 251- t r oponi n C t o t he 0 subuni t of phosphor yl ase ki nase ( cf .
l ane I , Fi gs . 2B and 3B) was easi l y det ect ed even i n t he
pr esence of 0 . 2 MNaCl .

When a 500- f ol d mol ar excess of unl abel ed t r oponi n C was

i ncl uded i n t he i ncubat i on wi t h 125 1- cal modul i n ( Fi g. 3C) ,

unl abel ed t r oponi n C di d not compet e wi t h 1251- cal modul i n

f or bi ndi ng t o MLCK but di d compet e f or bi ndi ng t o phos-

phor yl ase b, phosphor yl ase ki nase, and myosi n . These obser -

vat i ons ar e consi st ent wi t h t he r esul t s obt ai ned usi ng ' 25I -

t r oponi n C al one . The bi ndi ng pat t er ns obser ved f or ' 25I -

S100a ar e si mi l ar t o t hose obser ved usi ng ' 25 1- t r oponi n C i n
t hat 125 1- S100a bound phosphor yl ase ki nase, phosphor yl ase
b, and myosi n but not MLCK. The bi ndi ng pat t er ns of ' 25I -

S 100a t o pr ot ei ns i n cr ude bovi ne br ai n ext r act s al so ar e
qual i t at i vel y si mi l ar t o t hose obt ai ned usi ng 1251- t r oponi n C
( dat a not shown) .

Car p muscl e par val bumi n i s a cal ci um- modul at ed pr ot ei n

t hat cont ai ns cal ci um- bi ndi ng st r uct ur es, but not dr ug- bi nd-
i ng domai ns, t hat ar e si mi l ar t o t hose i n cal modul i n, t r oponi n
C, and S 100a ( 22) . I n cont r ast t o t he r esul t s obt ai ned usi ng

' 25 1- t r oponi n C and 1151_S 100a, we coul d det ect onl y weak
bi ndi ng i n t he pr esence of 1 mMCaC12 of 125 1- par val bumi n

t o phosphor yl ase b, and l i t t l e or no bi ndi ng t o MLCK ( Fi g .
4B) . I n t he pr esence of 5 mMEDTA, t he bi ndi ng of ' 25I -

par val bumi n t o phosphor yl ase b was enhanced ( Fi g . 4 C, l ane

1) .

I n concl usi on, t he bi ndi ng pat t er ns obser ved f or 125 1- cal -

modul i n, 125 1- t r oponi n C, 125 1- S100a, and 125 1- par val bumi n

cannot be expl ai ned by t he f act t hat t hey ar e al l r el at i vel y
smal l , aci di c, cal ci um- bi ndi ng pr ot ei ns . Consi st ent wi t h t hi s

obser vat i on i s t he f act t hat a- l act al bumi n, a smal l , aci di c and

cal ci um- bi ndi ng pr ot ei n t hat i s not cl ear l y r el at ed st r uct ur al l y
or f unct i onal l y t o cal modul i n, t r oponi n C, S100a, or par val -
bumi n di d not i nhi bi t t he bi ndi ng of 125 1- cal modul i n t o t he
pr ot ei ns exami ned, even when pr esent at a 1000- f ol d mol ar
excess . Fi nal l y, t her e i s a speci f i c set of cal modul i n- bi ndi ng
pr ot ei ns t hat bi nd t r oponi n C and S I 00a . However , t her e ar e
al so ot her pr ot ei ns t hat bi nd t r oponi n C or S 100a but do not
bi nd cal modul i n .

BURGESS ET AE.

	

I dent i f i cat i on of Cal modul i n- bi ndi ng Pr ot ei ns
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FI GURE 4 The bi ndi ng of
" 5 1_par val bumi n t o pur i -

f i ed pr ot ei ns . A shows a

Coomassi e Bl ue- st ai ned

12 . 5% ( wt / vol ) acr yl ami de

SDS gel . 8 and Cshow cor -

r espondi ng aut or adi -

ogr ams of gel s t hat wer e

i ncubat ed af t er el ect r o-

phor esi s wi t h ' z5 I - par val -

bumi n i n t he pr esence of

( 8) 1 mMCaC12 and 0 . 2 M

NaCl or ( C) 5 mM EDTA

and 0 . 2 M NaCl . Bot h au-

t or adi ogr ams ar e 72- h ex

posur es . I n each panel , l ane 1 cont ai ns r abbi t skel et al muscl e

phosphor yl ase b ( 3 kg) and l ane 2 cont ai ns MLCK f r om t ur key

gi zzar d ( 1 pg) .

I dent i f i cat i on of t he Cal modul i n- bi ndi ng Pr ot ei ns

i n CEF

The r esul t s descr i bed above i ndi cat e t hat di f f er ent cl asses

of cal modul i n- bi ndi ng pr ot ei ns can be det ect ed by gel bi ndi ng

exper i ment s usi ng cal modul i n and r el at ed pr ot ei ns . The phys-

i ol ogi cal si gni f i cance of t hese f i ndi ngs as t hey r el at e t o CEF

cannot be det er mi ned wi t hout f i r st i dent i f yi ng t he bi ndi ng

pr ot ei ns i n t he var i ous subcel l ul ar f r act i ons .

The appar ent mol ecul ar wei ght s and pr edomi nant l y N-

f r act i on l ocal i zat i on of t he t wo bi ndi ng pr ot ei ns i n l ane I of

Fi g . 1, B and C suggest t hat t hese pr ot ei ns ar e hi st or i es . As

pr evi ousl y descr i bed ( 2) , some nucl ear l ysi s occur s when t hi s

par t i cul ar subcel l ul ar f r act i onat i on pr ot ocol i s used. Fi g. 5A

shows t he bi ndi ng of ' 25 I - cal modul i n t o a nucl ear pr epar at i on

of CEF wher e t he i nt egr i t y of t he nucl ei was mai nt ai ned as

j udged by t ot al DNA det er mi nat i ons . Thi s pr epar at i on ( cf .

Fi g. 1 B, l ane 1 and Fi g. 5A, l ane 2) i s enr i ched f or t hese t wo

cal modul i n- bi ndi ng pr ot ei ns . These pr ot ei ns co- mi gr at ed wi t h

hi st one st andar ds ( Fi g. 5 B) and exhi bi t ed si mi l ar DNA- bi nd-

i ng act i vi t i es ( Fi g. 5 C) . I t shoul d be not ed t hat one of t he

hi st ones ( H2a) washed out of t he gel dur i ng t he 125 1- cal mod-

ul i n- bi ndi ng pr ot ocol ( cf . Fi g. 5, A and B) . Thi s r esul t i s si mi l ar

t o t hose of I r i e and Sezaki ( 27) who obser ved t hat hi st one

H2a was pr ef er ent i al l y ext r act ed f r om acr yl ami de gel s when

t he gel s wer e f i xed wi t h 25% i sopr opanol , 10% acet i c aci d

bef or e st ai ni ng .

As can be seen i n Fi g. 1, t her e wer e many pr ot ei ns i n t he P

f r act i on wi t h appar ent mol ecul ar wei ght s r angi ng f r om 15, 000

t o 40, 000 t hat bound 125 1- cal modul i n and 12 ' 1- t r oponi n C

( l anes 3 i n Fi g . 1, B- D) . The gener al pat t er n i s si mi l ar t o gel

pr of i l es of var i ous het er ogeneous nucl ear r i bonucl eopr ot ei n

par t i cl e pr epar at i ons and al so t o one- di mensi on) gel pr of i l es

of r i bosomal pr ot ei n pr epar at i ons ( 28, 29) . The dat a shown

i n Fi g. 5 demonst r at e t hat t hese pr ot ei ns ar e not of nucl ear

or i gi n si nce t hey ar e not pr esent i n t he nucl ear pr epar at i on.

However , t he appar ent mol ecul ar wei ght s and subcel l ul ar

di st r i but i on wer e f ound t o be si mi l ar t o t hose of r i bosomal

pr ot ei ns . We used sever al pr ocedur es f or t he pr epar at i on of

eucar yot i c r i bosomal pr ot ei ns t o det er mi ne whet her t hese

bi ndi ng pr ot ei ns may i ndeed be r i bosomal pr ot ei ns . The

r esul t s of one such exper i ment ar e shown i n Fi g . 6 . A com-

par i son of l anes 1 and 2 i l l ust r at es t hat many but not al l of

t he 125 1- cal modul i n- bi ndi ng pr ot ei ns i n t he P f r act i on of CEF
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wer e pr esent i n a r i bosomal pr ot ei n pr epar at i on f r om CEF

and suggest s t hat t hese bi ndi ng pr ot ei ns may be r i bosomal

pr ot ei ns .

Bur r i dge et al . ( 30) det ect ed t he pr esence of noner yt hr oi d

spect r i n i n CEF by usi ng ant i bodi es agai nst br ai n spect r i n

( f odr i n) and i mmuno- aut or adi ogr aphy on gel s . Sever al l abo-

r at or i es have demonst r at ed bi ndi ng of " I - cal modul i n t o

noner yt hr oi d spect r i n ( f odr i n) f r om var i ous cel l t ypes i ncl ud-

i ng bovi ne br ai n ( 31, 32) . The S and P f r act i ons of CEF wer e

anal yzed f or t he pr esence of cal modul i n- bi ndi ng pr ot ei ns t hat

cr oss- r eact wi t h bovi ne br ai n spect r i n ( f odr i n) ant i bodi es . The

r esul t s of one such exper i ment ar e shown i n Fi g . 7 . Pr ot ei ns

wi t h appar ent mol ecul ar wei ght s of 240, 000 and 150, 000

t hat cr oss- r eact wi t h t he ant i bodi es and al so bi nd 1251- cal mod-

ul i n wer e det ect ed i n t he CEF f r act i ons . A pr ot ei n of appar ent

mol ecul ar wei ght 150, 000 has been post ul at ed t o be a pr ot eo-

l yt i c f r agment of bovi ne br ai n spect r i n ( f odr i n) ( 30) .

Sever al pr ot ei ns wi t h appar ent mol ecul ar wei ght s

	

60, 000

FI GURE 5

	

The i dent i f i cat i on of hi st ones f r om CEF as ' z5 I - cal mod-

ul i n- bi ndi ng pr ot ei ns . A shows a 12 . 5%( wt / vol ) acr yl ami de SDS gel

cont ai ni ng a nucl ei f r act i on f r om CEF . Lane 1 shows t he pr ot ei ns

st ai ned wi t h Coomassi e Bl ue af t er t he gel over l ay i ncubat i on and

l ane 2 shows t he cor r espondi ng aut or adi ogr am depi ct i ng t he bi nd-

i ng of ' z5 I - cal modul i n . 8 shows a Coomassi e Bl ue- st ai ned gel con-

t ai ni ng hi st one st andar ds ( l ane 1) and t he nucl ei f r act i on f r om CEF

( l ane 2) . C shows an aut or adi ogr am depi ct i ng t he bi ndi ng of " P-

DNA t o t he pr ot ei ns shown i n 8 . Not e t hat one of t he hi st ones

( ar r ow) washes out of t he gel i n t he 125 1- cal modul i n bi ndi ng exper -

i ment ( compar e A, l ane 1 wi t h panel B, l ane 2) .

FI GURE 6 The det ect i on of 1z51-

cal modul i n bi ndi ng t o pr ot ei ns

f r om a r i bosomal pr ot ei n pr epa-

r at i on of CEF . A shows a Coomas-

si e Bl ue- st ai ned 12 . 5% ( wt / vol )

acr yl ami de SDS gel . 8 shows t he

cor r espondi ng aut or adi ogr am de-

pi ct i ng t he bi ndi ng of " s l - cal mod-

ul i n . Lane 1 cont ai ns a r i bosomal

pr ot ei n pr epar at i on f r om CEF and

l ane 2 cont ai ns t he P f r act i on f r om

CEF .



t hat bi nd " 5 I - cal modul i n i n t he pr esence of cal ci um but not

i n t he pr esence of chel at or wer e det ect ed i n t he S f r act i on of

CEF. I t i s possi bl e t hat t hese pr ot ei ns ar e cal modul i n- act i vat -

abl e cycl i c nucl eot i de phosphodi est er ase and cal ci neur i n, a

cal modul i n- act i vat abl e phosphat ase ( 33) , si nce bot h of t hese

cal modul i n- bi ndi ng pr ot ei ns have cal modul i n- bi ndi ng sub-

uni t s of M, - 60, 000 ( 34) . To t est t hi s possi bi l i t y, we pr epar ed

f r ombovi ne br ai n a par t i al l y pur i f i ed f r act i on wi t h cal mod-

ul i n- act i vat abl e cycl i c nucl eot i de phosphodi est er ase act i vi t y

and cal modul i n- act i vat abl e ni t r ophenyl phosphat e phospha-

t ase act i vi t y . The bi ndi ng of " 5 I - cal modul i n and cal ci neur i n

ant i bodi es t o pr ot ei ns i n t hi s f r act i on and t o pr ot ei ns i n t he S

f r act i on of CEF ar e shown i n Fi g . 8, A and B. I n bot h f r act i ons,

pr ot ei ns t hat cr oss- r eact wi t h t he cal ci neur i n ant i bodi es and

FI GURE 7

	

I dent i f i cat i on of spect r i n f r om CEF as an ' zs
l - cal modul i n-

bi ndi ng pr ot ei n . Pr ot ei ns wer e separ at ed on a 7 . 5% ( wt / vol ) acr yl -

ami de SDS gel , t r ansf er r ed t o ni t r ocel l ul ose paper , and i ncubat ed

wi t h spect r i n ant i bodi es ( A) or " ' I - cal modul i n ( B) . I n each panel ,

l ane 1 cont ai ns t he S f r act i on f r om CEF and l ane 2 cont ai ns t he P

f r act i on f r om CEF . Pr ot ei ns wi t h appar ent mol ecul ar wei ght s of

240, 000, 150, 000, and 60, 000 ar e l abel ed wi t h ar r ows .

al so bi nd " ' I - cal modul i n wer e det ect ed. When CEF wer e
subj ect ed t o a pur i f i cat i on pr ot ocol si mi l ar t o t he one used t o
pr epar e cal modul i n- act i vat abl e phosphodi est er ase f r om bo-
vi ne br ai n, f r act i ons f r omt he DEAE col umn wer e obt ai ned
t hat have cal modul i n- act i vat abl e cycl i c nucl eot i de phospho-

di est er ase act i vi t y and cont ai n " ' I - cal modul i n- bi ndi ng pr o-

t ei ns t hat co- mi gr at e wi t h 115 1- cal modul i n- bi ndi ng pr ot ei ns i n

t he bovi ne br ai n f r act i on ( Fi g . 8, Cand D) .
Fi nal l y, 1151- cal modul i n- bi ndi ng act i vi t y si mi l ar t o t hat ex-

hi bi t ed by pur i f i ed MLCKwas det ect ed i n one of t he f r act i ons
( Fi g . 8 D, l ane 4) . Thi s f r act i on cont ai ns MLCKact i vi t y usi ng

car di ac r egul at or y l i ght chai n as a subst r at e. When t he sub-

cel l ul ar f r act i ons of CEF wer e exami ned f or MLCK i mmu-
nor eact i vi t y by i mmunobl ot anal ysi s, a band t hat co- mi gr at es
wi t h MLCK pur i f i ed f r om chi cken gi zzar d was det ect ed i n
t he S f r act i on ( dat a not shown) . MLCK i mmunor eact i vi t y
was al so pr esent i n CEF ext r act s as j udged by compet i t i on
r adi oi mmunoassay usi ng " ' I - l abel ed chi cken gi zzar d MLCK
as t r acer ( Fi g. 9) .

DI SCUSSI ON

The r esul t s pr esent ed her e and el sewher e ( 2) demonst r at e t hat
mul t i pl e cl asses of cal modul i n- bi ndi ng pr ot ei ns can be i den-
t i f i ed. Ther e ar e pr ot ei ns t hat bi nd cal modul i n i n t he pr esence
of added cal ci um, ones t hat bi nd cal modul i n i n t he pr esence
of cal ci um or chel at or , ones t hat appear t o bi nd onl y cal mod-
ul i n, and ot her s t hat bi nd cal modul i n and ot her cal ci um-
modul at ed pr ot ei ns. These r esul t s suggest t hat cal modul i n
may cont ai n mul t i pl e f unct i onal domai ns f or i nt er act i on wi t h
bi ndi ng pr ot ei ns, t hat some of t hese domai ns may be shar ed
by t r oponi n C, SI 00a, or par val bumi n, and t hat ot her s may
be uni que t o cal modul i n .

The st udi es on t he bi ndi ng of 115 1- t r oponi n Ct o pr ot ei ns i n
t he subcel l ul ar f r act i ons of CEF i ndi cat e t hat many of t he
" cal modul i n- bi ndi ng pr ot ei ns" i n t he par t i cul at e f r act i ons ar e
not excl usi ve f or cal modul i n . However , t he pr ot ei ns i n t he
subcel l ul ar f r act i ons of CEF t hat bi nd bot h cal modul i n and
t r oponi n C cannot be di scount ed mer el y as " nonspeci f i c"
bi ndi ng pr ot ei ns . For exampl e, we have demonst r at ed her e
t hat cal modul i n, t r oponi n C, and S 100« bi nd t o phosphor yl -
ase, myosi n, and subuni t s of phosphor yl ase ki nase . The i nt er -

FI GURE 8 Det ect i on of cal ci neur i n i mmu-

nor eact i vi t y and cal modul i n bi ndi ng t o pr o-

t ei ns f r om bovi ne br ai n and CEF . I n A and

B, pr ot ei ns wer e separ at ed on a 7 . 5% ( wt /

vol ) acr yl ami de SDS gel , t r ansf er r ed t o ni t r o-

cel l ul ose paper , and i ncubat ed wi t h ei t her

cal ci neur i n ant i bodi es ( A) or ' zs l - cal modul i n

( B) . Lane 1 cont ai ns a f r act i on f r om bovi ne

br ai n wi t h cal modul i n- act i vat abl e phospho-

di est er ase and phosphat ase ( cal ci neur i n) ac-

t i vi t i es and l ane 2 cont ai ns t he S f r act i on

f r om CEF . The ar r ow l abel ed 60 poi nt s t o

t he r egi on of t he gel cont ai ni ng pr ot ei ns of

appar ent mol ecul ar wei ght 60, 000 . Panel C

shows a Coomassi e- Bl ue- st ai ned 7 . 5% ( wt /
vol ) acr yl ami de SDS gel and D shows t he

cor r espondi ng aut or adi ogr am depi ct i ng t he

bi ndi ng of 125 1- cal modul i n . I n C and D, l ane
1 cont ai ns mol ecul ar wei ght st andar ds ( i ndi cat ed at l ef t ) , l ane 2 cont ai ns t he DEAE f r act i on f r om CEF wi t h maxi mal cal modul i n- act i vat abl e
phosphodi est er ase act i vi t y, l ane 3 cont ai ns t he DEAE f r act i on f r om bovi ne br ai n wi t h maxi mal cal modul i n- act i vat abl e phosphodi est er ase
act i vi t y, and l ane 4 cont ai ns t he DEAE f r act i on f r om CEF wi t h maxi mal cal modul i n- act i vat abl e MLCK act i vi t y . The ar r ows poi nt t o t he
r egi ons of t he gel cont ai ni ng MLCK ( M) or pr ot ei ns of appar ent mol ecul ar wei ght 60, 000 ( 60) .
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FI GURE 9 Demonst r at i on of MLCK i mmunor eact i vi t y i n CEF by

compet i t i on r adi oi mmunoassay . Var i ous concent r at i ons of chi cken

gi zzar d MLCK ( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA" ) and a 90, 000 g super nat ant of CEF ( " ) wer e

i ncubat ed wi t h mouse ant i - MLCK ser um ( 1 : 750 f i nal di l ut i on) f or

18 h at 4° C. A f i xed amount of . . . I - l abel ed gi zzar d MLCK was

added and t he mi xt ur e was i ncubat ed f or 8 h at 4° C . The mi xt ur e

was pr ocessed as descr i bed ( 16) except t hat goat ant i - mouse ser um

was used as t he second ant i body . The degr ee of compet i t i on i s

expr essed as a per cent age of t he r adi oact i vi t y bound i n t he absence

of compet i ng pr ot ei n .

act i on of cal modul i n wi t h phosphor yl ase has r ecent l y been

demonst r at ed by ot her pr ocedur es ( 35) , yet t he si gni f i cance

of t hi s i nt er act i on i s not known . The y subuni t of phospho-

r yl ase ki nase, whose i nt er act i on wi t h cal modul i n has been
shown by ot her pr ocedur es and i s consi der ed t o be physi ol og-
i cal l y r el evant , al so bi nds t r oponi n C and S 100a i n t he gel

bi ndi ng pr ocedur e . Al t hough we bel i eve t hi s pr ocedur e i s an
excel l ent met hod f or scr eeni ng pr ot ei n f r act i ons f or pot ent i al
cal modul i n- bi ndi ng act i vi t y, caut i on must be used i n assi gn-

i ng or di scount i ng physi ol ogi cal l y r el evant cal modul i n- bi nd-

i ng act i vi t y on t he basi s of gel bi ndi ng dat a al one . Si mi l ar l y,

cal modul i n- Sephar ose i nt er act i ons ( 36) or cr oss- l i nki ng of
added cal modul i n ( 37) do not , by t hemsel ves, pr ovi de any

i ndi cat i on as t o whet her or not pr ot ei ns bi nd cal modul i n i n

vi vo . Gel over l ay anal ysi s combi ned wi t h enzymol ogy, pr ot ei n
chemi st r y, i mmunochemi st r y, and cel l bi ol ogy st udi es can
pr ovi de, as shown her e, i nsi ght i nt o pot ent i al bi ol ogi cal r ol es
of cal modul i n .

We have ext ended our i ni t i al st udi es on t he det ect i on of
cal modul i n- bi ndi ng pr ot ei ns wi t h t he gel bi ndi ng pr ocedur e
and have now i dent i f i ed many of t he cal modul i n- bi ndi ng
pr ot ei ns and cal modul i n- r egul at ed act i vi t i es i n CEF. Some of
t hese have been i dent i f i ed i n many cel l t ypes ot her t han CEF,
some have been i dent i f i ed i n CEF but t hei r cal modul i n-
bi ndi ng pr oper t i es have not been i nvest i gat ed, and ot her s
have not been pr evi ousl y r epor t ed t o be cal modul i n- bi ndi ng

pr ot ei ns i n any cel l t ype. For exampl e, MLCK, cycl i c nucl eo-

t i de phosphodi est er ase, and cal modul i n- dependent phospha-
t ase ( cal ci neur i n) f r om many cel l t ypes have been shown t o
be cal modul i n- bi ndi ng pr ot ei ns wi t h cal modul i n- r egul at ed

act i vi t i es. We have demonst r at ed t he pr esence of MLCK i n
CEF by ki nase act i vi t y, by i mmunor eact i vi t y i n i mmunobl ot s
and compet i t i on r adi oi mmunoassay, and by " ' I - cal modul i n
bi ndi ng . We have i dent i f i ed " ' I - cal modul i n- bi ndi ng pr ot ei ns
wi t h appar ent mol ecul ar wei ght s i n t he r ange of 55, 000-
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60, 000 and we can det ect cal modul i n- act i vat abl e cycl i c nu-
cl eot i de phosphodi est er ase act i vi t y and cal ci neur i n i mmuno-
r eact i vi t y i n CEF. However , we ar e not yet abl e t o assi gn
cycl i c nucl eot i de phosphodi est er ase act i vi t y or cal ci neur i n
act i vi t y t o a par t i cul ar . z5 I - cal modul i n- bi ndi ng pr ot ei n i n

CEF.

Noner yt hr oi d spect r i n ( f odr i n) i n CEF has been i dent i f i ed
by i mmunor eact i vi t y wi t h cel l ext r act s af t er el ect r ophor esi s
( 30) . We have cor r el at ed i mmunor eact i vi t y wi t h ' z5 I - cal mod-
ul i n- bi ndi ng act i vi t y i n t he S, and t o a l esser ext ent t he P,
f r act i on of CEF. Si mi l ar l y, we have cor r el at ed DNA bi ndi ng
act i vi t y wi t h " ' I - cal modul i n- bi ndi ng act i vi t y i n nucl ei pr ep-

ar at i ons of CEF, and have shown t hat t hese pr ot ei ns co-
mi gr at e wi t h hi st one st andar ds . Fi nal l y, we have shown t hat

many of t he ' z5 I - cal modul i n bi ndi ng pr ot ei ns i n t he P f r act i on

of CEF can be i dent i f i ed i n r i bosomal pr ot ei n pr epar at i ons of

CEF.

Over al l , t he r esul t s pr esent ed her e on t he i dent i f i cat i on of

cal modul i n- bi ndi ng pr ot ei ns suggest speci f i c r ol es f or cal ci um

and cal modul i n r egul at i on of cycl i c nucl eot i de met abol i sm

and cel l shape and mot i l i t y i n CEF. The physi ol ogi cal si gni f -

i cance of t he i nt er act i on of cal modul i n wi t h some of t hese

pr ot ei ns, such as t he r i bosomal pr ot ei ns and t he hi st ones, has
not been est abl i shed . Cl ear l y, f ur t her st udi es i n t hi s ar ea ar e
needed . However , t her e ar e r epor t s of ef f ect s of cal ci um on
pr ot ei n synt hesi s, and cal ci um and cal modul i n on nucl ei c
aci d synt hesi s ( 38- 41) . Some of t he cal modul i n- bi ndi ng pr o-
t ei ns i dent i f i ed i n t hese f r act i ons may r epr esent si t es of r egu-
l at i on .

The r esul t s obt ai ned her e suggest t hat many par t i cul at e
cal modul i n- bi ndi ng pr ot ei ns i nt er act wi t h a cal modul i n do-
mai n t hat may be f ound i n t he st r uct ur al l y r el at ed pr ot ei n

t r oponi n C, and t hat sever al bi ndi ng pr ot ei ns i nt er act wi t h
cal modul i n i n a l ess cal ci um- dependent , possi bl y cal ci um-
i ndependent , manner . I t shoul d be not ed t hat al t hough some

of t he pr ot ei n- pr ot ei n i nt er act i ons shown her e appear t o be
r el at i vel y cal ci um i ndependent , any pot ent i al r egul at i on of

t hese pr ot ei ns may i ndeed be cal ci um dependent . Rel at ed t o

our r esul t s, Andr easen et al . ( 42) r ecent l y pur i f i ed a membr ane
pr ot ei n f r om bovi ne cer ebr al cor t ex whose appar ent af f i ni t y

f or cal modul i n i s hi gher i n t he pr esence of cal ci um chel at or s

t han i n t he pr esence of cal ci um. I n cont r ast , most of t he

sol ubl e cal modul i n- bi ndi ng pr ot ei ns f r om CEF and sever al

par t i cul at e cal modul i n- bi ndi ng pr ot ei ns do not bi nd t r oponi n

C and bi nd cal modul i n i n t he pr esence of excess cal ci um but

not i n t he pr esence of EDTA. These r esul t s ar e consi st ent

wi t h t he possi bi l i t y t hat cal modul i n coul d be " compar t ment -

al i zed" i n t he cel l by vi r t ue of i t s i nt er act i on wi t h par t i cul at e

bi ndi ng pr ot ei ns ( 2, 11, 42, 43) or t hr ough t he use of di f f er ent

bi ndi ng domai ns on t he cal modul i n mol ecul e . These i nt er -

act i ons coul d occur even at ver y l ow cal ci um concent r at i ons

and t hi s compar t ment al i zed cal modul i n coul d st i l l be pot en-

t i al l y accessi bl e t o ot her cal modul i n- bi ndi ng pr ot ei ns vi a a
di f f er ent bi ndi ng domai n . I n t he case of par t i cul at e- bound

cal modul i n, t hi s coul d i ncl ude accessi bi l i t y t o " sol ubl e" cal -

modul i n- bi ndi ng pr ot ei ns .
I n summar y, t hese st udi es pr ovi de i nsi ght i nt o t he pot ent i al

r ol e of cal modul i n i n CEF cel l f unct i on and a f r amewor k f or

f ut ur e st udi es addr essi ng t he speci f i ci t y of i t s i nt er act i ons wi t h

bi ndi ng pr ot ei ns . The cor r el at i on of st r uct ur al and f unct i onal

domai ns i n t he cal modul i n mol ecul e and f ur t her char act er i -

zat i on of t he i nt er act i ons wi t h t he var i ous cl asses of bi ndi ng

pr ot ei ns ar e necessar y f or a compl et e under st andi ng of t he



mol ecul ar mechani sms of act i on of cal ci um- modul at ed pr o-

t ei ns . I n addi t i on, t he r esul t s pr esent ed her e i dent i f y speci f i c

t ar get s or act i vi t i es f or pot ent i al cal ci um and cal modul i n

r egul at i on i n CEF. That some of t he act i vi t i es may change as

a f unct i on of t he cel l cycl e and upon vi r al t r ansf or mat i on of

CEF, coupl ed wi t h t he demonst r at ed changes i n cal modul i n

l evel s dur i ng t he cel l cycl e and upon vi r al t r ansf or mat i on ( 2,

44- 46) , i ndi cat e f ut ur e di r ect i ons f or a mor e compl et e under -

st andi ng of t he r ol e of cal modul i n i n t he r egul at i on of cel l

f unct i on .

We t hank Dr . M. Schl ei cher f or hel pf ul suggest i ons dur i ng t he ear l y

st ages of t hi s wor k ; Dr . J . T. St ul l f or communi cat i ng t he myosi n

l i ght chai n pur i f i cat i on pr ot ocol ; and J . Ei sner , P. St el l i ng, and D.

Smi t hson f or assi st ance i n t he pr epar at i on of t he manuscr i pt .

These st udi es wer e suppor t ed i n par t by Nat i onal I nst i t ut es of
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t i on gr ant PCM8302912, and Amer i can Cancer Soci et y gr ant I N-
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