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Abst r act . We have devel oped speci f i c ant i bodi es t o

synt het i c pept i de ant i gens t hat r eact wi t h t he i n-

di vi dual subuni t s of casei n ki nase 11 ( CKI I ) . Usi ng

t hese ant i bodi es, we st udi ed t he l ocal i zat i on of CKI I

i n asynchr onous HeLa cel l s by i mmunof l uor escence

and i mmunoel ect r on mi cr oscopy. Fur t her st udi es wer e

done on HeLa cel l s ar r est ed at t he Gl / S t r ansi t i on by

hydr oxyur ea t r eat ment . Our r esul t s i ndi cat e t hat t he

CKI I a and ß subuni t s ar e l ocal i zed i n t he cyt opl asm

C
ASEI N ki nase I I ( CKI I ) ' i s a ubi qui t ous pr ot ei n ser -

l ne/ t hr eoni ne ki nase f ound i n eukar yot i c cel l s ( Edel -

man et al .

	

1987 and hi ghl y conser ved among eu-

kar yot i c or gani sms, i ncl udi ng Dr osophi l a, yeast , C. el egans,

bovi ne, and human ( Saxena et al . , 1987; Chen- Wu et al . ,

1988 ; Hu and Rubi n, 1990a ; Lozeman, 1990) . Casei n ki -

nase I I f r om sever al speci es shar e a common pol ypept i de
subuni t st r uct ur e, a2ß2, wi t h a of M37, 000- 44, 000 and ß
of M24, 000- 28, 000 by el ect r ophor esi s ( Edel man et al . ,

1987) . Two f or ms of a ar e known desi gnat ed a ( M

41, 000- 44, 000) and a' ( M, 37, 000- 42, 000) . The a and a'

subuni t s ar e t hought t o be t he cat al yt i c subuni t s based on

t hei r ki nase act i vi t y i n t he absence of t he ß subuni t and se-

quences common t o ot her pr ot ei n ki nases ( Hat haway et al . ,

1981 ; Cochet and Chambaz, 1983 ; Chen- wu et al . , 1988 ;

Mei sner et al . , 1989 ; Hu and Rubi n ; 1990a) . The f unct i on

of t he ß subuni t i s unknown, and i t shar es no ext ensi ve ho-

mol ogy t o ot her known pr ot ei n sequences ( Jakobi et al . ,
1989) . The ß subuni t has a hi gh degr ee of pol ar i t y wi t h

cl ust er s of negat i ve char ges i n t he ami no- t er mi nal r egi on and

posi t i ve char ge cl ust er s i n t he car boxy- t er mi nal r egi on

( Taki o et al . , 1987) . The basi c compounds, sper mi ne, sper -

mi di ne, and pol yl ysi ne, st i mul at e act i vi t y by i nt er act i ng at

l east i n par t wi t h t he ß subuni t ( Tr augh et al . , 1990) . Thi s

subuni t may have a r egul at or y r ol e i n t he hol oenzyme ( Taki o

et al . , 1987) , and evi dence suppor t i ng t hi s has been f ound

i n A- 431 cel l s ( Acker man et al . , 1990) . The compar at i ve

st udi es usi ng t he nat i ve CKI I hol oenzyme and t he bact er i al l y

expr essed a subuni t show t hat t he expr essed a i s i nhi bi t ed

by hepar i n, but i t i s not st i mul at ed by pol yami nes and has

9%of K t of t he hol oenzyme ( Hu and Rubi n, 1990b) . Thi s

1 . Abbr evi at i on used i n t hi s paper : CKI I , casei n ki nase 11 .
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dur i ng i nt er phase and ar e di st r i but ed t hr oughout t he

cel l dur i ng mi t osi s . Fur t her el ect r on mi cr oscopi c i n-

vest i gat i on r eveal ed t hat CKI I a subuni t i s associ at ed

wi t h spi ndl e f i ber s dur i ng met aphase and anaphase . I n

cont r ast , t he CKI I a' subuni t i s l ocal i zed i n t he nu-

cl eus dur i ng GI and i n t he cyt opl asm dur i ng S. Taken

t oget her , our r esul t s suggest t hat CKI I may pl ay si g-

ni f i cant r ol es i n cel l di vi si on cont r ol by shi f t i ng i t s l o-

cal i zat i on bet ween t he cyt opl asm and nucl eus .

f ur t her suggest s t hat CKI I hol oenzyme i s st abi l i zed by i nt er -
act i on wi t h t he ß subuni t .

The st r uct ur es of cDNA cl ones f or human CKI I a and a'
have been det er mi ned, and t he mol ecul ar wei ght s of t he a

and a' pr edi ct ed f r om t he human cDNAs wer e 45, 160 and
41, 450, r espect i vel y ( Lozeman et al . , 1990) . The ami no aci d
sequence of t he ß subuni t was i ni t i al l y der i ved by sequenci ng
t he i sol at ed subuni t f r om bovi ne l ung ( Taki o et al . , 1987) ,
and t he human CKI I ß cDNAhas been i sol at ed as wel l , gi v-
i ng t he pr edi ct ed mol ecul ar wei ght of 24, 925 ( Jakobi et al . ,

1989) .

The enzyme has a var i et y of known subst r at es, i ncl ud-
i ng enzymes, cyt oskel et al pr ot ei ns, t r anscr i pt i on f act or s, a
phosphat ase i nhi bi t or , and oncopr ot ei ns ( Tabl e 1) . The sub-
st r at e speci f i ci t y of CKI I i s f or ser i ne or t hr eoni ne r esi dues
ami not er mi nal t o aci di c ami no aci ds ( Meggi o et al . , 1984 ;

Kuenzel et al . , 1987) . The enzyme has been shown t o be ac-

t i vat ed f ol l owi ng t he addi t i on of gr owt h f act or s, such as i nsu-
l i n and epi der mal gr owt h f act or , or ser umt o cel l s ( Sommer -
cor n et al . , 1987 ; Kl ar l und and Czech, 1988 ; Car r ol l and

Mar shak, 1989) . I t i s al so i nduced dur i ng di f f er ent i at i on of
3T3- Ll cel l s i nt o adi pocyt es ( Sommer cor n and Kr ebs, 1987) .

CKI I or a si mi l ar enzymat i c act i vi t y has been i dent i f i ed
i n bot h t he cyt opl asm and nucl eus of mammal i an cel l s
( Hat haway and Tr augh, 1982) . I n r at l i ver , CKI I act i vi t y i s
pr edomi nant l y ( 90%) cyt osol i c, wi t h t he r emai ni ng act i vi t y
di vi ded among t he nucl ear , mi t ochondr i al , and mi cr osomal
f r act i ons ( Si ngh and Huang, 1985 ; Edel man et al . , 1987) .
However , i n Rana t empor ar i a oocyt es, t he enzyme i s f ound
excl usi vel y i n t he cyt opl asm ( Kandr or et al . , 1989) . The
CKI I act i vi t y pur i f i ed f r omnucl ei has si mi l ar char act er i st i cs
t o t hose used t o def i ne cyt opl asmi c CKI I ( Edel man et al . ,

1987) , i ncl udi ng ( a) cAMP i ndependence ; ( b) si mi l ar Kms



Tabl e I . Sel ect ed Subst r at es of CKI I

Enzymes

	

DNA t opoi somer ase I I ( Acker man et al . , 1985)

RNA pol ymer ase I and I I ( St et l er and Rose,

1982)

Gl ycogen synt hase ( Pi ct on et al . , 1982)

DNA pol ymer ase a ( Podust et al . , 1990)

Or ni t hi ne decar boxyl ase ( Peng and Ri char ds,

1988)

Cyt oskel et al

	

Tubul i n ( Ser r ano et al . , 1987; Di az- Ni do et al . ,

pr ot ei ns 1990x)

Br ai n myosi n heavy chai n ( Mur akami et al . ,

1990)

MAP- l A, MAP- 1B ( Di az- Ni do et al . , 1988)

Cl at hr i n ( Cant our net et al . , 1987)

Tr anscr i pt i on

	

Ser um r esponse f act or ( Manak et al . , 1990)

f act or s

Oncopr ot ei ns

	

Myc and Myb ( Luscher et al . , 1989, 1990)

SV40 l ar ge T ant i gen ( Gr i sser et al . , 1988)

Ot her

	

Nucl eol i n ( Schnei der and I ssi nger , 1988)

cAMP- r egul at ed phosphopr ot ei n ( Gi r aul t et al . ,

1989)

f or ATP and GTP as phosphat e donor s ; ( c) i nhi bi t i on by

hepar i n ; and ( d) st i mul at i on by pol yami nes ( Thor nbur g et

al . , 1979 ; Mat t hews and Huebner , 1984) . Nucl eol us- asso-

ci at ed CKI I has been i dent i f i ed, has been shown t o phos-

phor yl at e nucl eol i n as a subst r at e, and may be i nvol ved i n

r i bosome assembl y ( Cai zer gues- Fer r er et al . , 1987 ; Schnei -

der and I ssi nger , 1988) and r egul at i on of r DNA t r anscr i pt i on

( Bel enguer et al . , 1989) .

The di st r i but i on of t he subuni t s of CKI I bet ween t he nu-

cl eus and cyt opl asmi s not known. I n f act , t he exact subcel l u-

l ar l ocat i on of t he subuni t s of CKI I ( ca, ca' , and R) , t he di st r i -

but i on of t he hol oenzyme, and t he r egul at i on of t hese

subuni t s ar e al so unknown. Sever al l ocal i zat i on st udi es have

been done by subcel l ul ar f r act i onat i on ( Thor nbur g et al . ,

1979 ; Si ngh and Huang 1985 ; Hat haway and Tr augh, 1982 ;

Fi l hol et al . , 1990) . Such st udi es i nvol ve i sol at i ng subcel l u-

l ar f r act i ons by di f f er ent i al cent r i f ugat i on and subsequent

measur ement of t hei r CKI I act i vi t y . I t i s di f f i cul t t o assess

whet her CKI I act i vi t y ar i ses f r oma si ngl e subuni t or a com-

bi nat i on of subuni t s . I n addi t i on, t hese st udi es have not ad-

dr essed t he l ocal i zat i on of t he enzyme dur i ng speci f i c st ages

of t he cel l di vi si on cycl e .

I mmunocyt ochemi cal l ocal i zat i on st udi es usi ng ant i bod-

i es agai nst hol oenzyme have been publ i shed ( Pf af f and An-

der er , 1988 ; Ser r ano et al . , 1989 ; Bel enguer et al . , 1989 ;

Fi l hol et al . , 1990) . CKI I was det ect ed by i nununocyt o-

chemi st r y i n t he cyt opl asm, nucl ei , and nucl eol i of gr owi ng

cel l s, whi l e i t was no l onger pr esent i n nucl eol i of conf l uent

cel l s of adul t aor t i c endot hel i al cel l s ( Bel enguer et al . , 1989) .

I n addi t i on, t he di st r i but i on of CKI I exhi bi t ed a shi f t t owar d

an i ncr eased nucl ear concent r at i on dur i ng act i ve pr ol i f er a-

t i on of bovi ne adr enocor t i cal cel l s i n pr i mar y cul t ur e ( Fi l hol

et al . , 1990) . Fur t her mor e, CKI I i s l ocal i zed t o some mi cr o-

t ubul e ar r ays i n neur onal and nonneur onal cel l s . Thi s l ocal -

i zat i on i s t o mi cr ot ubul e bundl es wi t hi n t he mi t ot i c spi ndl e

of di vi di ng cel l s and wi t hi n t he neur i t es of di f f er ent i at i ng

neur obl ast oma cel l s ( Ser r ano et al . , 1989) . I mmunohi st o-
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chemi cal l ocal i zat i on st udi es usi ng ant i bodi es agai nst hol o-

enzyme do not speci f y t he l ocal i zat i on and i nt er act i on of

CKI I subuni t s . Thus, t he devel opment of speci f i c ant i bodi es

agai nst CKI I subuni t s and t hei r l ocal i zat i on by i mmunocyt o-

chemi st r y i s necessar y t o f ur t her addr ess t he r ol e of CKI I

dur i ng cel l gr owt h and di f f er ent i at i on . I n addi t i on, t he l ocal -

i zat i on of CKI I subuni t s wi l l hel p t o i dent i f y pot ent i al r ol es

f or CKI I dur i ng t he cel l cycl e.

I n t hi s r epor t , we descr i be t he devel opment of speci f i c an-

t i bodi es t o synt het i c pept i de subst r at es r epr esent i ng epi t opes

on CKI I a, et ' , and / 3 subuni t s . These r eagent s wer e used t o

i nvest i gat e t he l ocal i zat i on of CKI I i n asynchr onous and syn-

chr onous cel l s usi ng subuni t - speci f i c ant i bodi es . Our cur r ent

st udi es of CKI I l ocal i zat i on usi ng i mmunocyt ochemi st r y

and EMi ndi cat e t hat t he CKI I a and ( 3 subuni t s ar e pr edomi -

nant l y l ocal i zed i n t he cyt opl asm, whi l e t he l ocal i zat i on of

t he a' subuni t i s nucl ear and appear s t o be r egul at ed dur i ng

t he cel l cycl e. Fi nal l y, our r esul t s al so suggest t hat t her e i s

t r ansl ocat i on of CKI I bet ween t he nucl eus and t he cyt opl asm

i n S phase of t he cel l cycl e .

Mat er i al s and Met hods

Cel l s

HeLa cel l s wer e gr own i n 24- wel l cul t ur e di shes cont ai ni ng 12- mmci r cul ar
gl ass cover sl i ps i n DME suppl ement ed wi t h 1% ( wt / vol ) peni ci l l i n and
st r ept omyci n, and5%( vol / vol ) FBSat 37° C. For cel l di vi si on cycl e exper i -
ment s, HeLa cel l s wer e exposed t o 1 . 5 mMhydr oxyur ea ( Si gma Chemi cal
Co . , St . Loui s, MO) f or 14 h t o ar r est cel l s at t he Gl / S t r ansi t i on ( Ashi har a
and Baser ga, 1979) . Fur t her mor e, t he ar r est ed cel l s wer e al l owed t o pr o-
ceed t hr ough t hei r cel l cycl e by r emovi ng t he hydr oxyur ea and by r esuppl y-
i ng f r esh medi um.

Synt het i c Pept i des

Pept i des, CSH 118 RRREEETEEE; CSH 122 acet yl - SGPVPSRARVYT
DVNTHRPREC ( 2- 22 of CKI I a) ; CSH 123 CVVKI LKPVKKKKI KREI -
KI LE ( 65- 86 of CKI I a and 66- 87 of CKI I a' ) ; CSH 124 HSENQHLVS-
PEALDFLDKLLRYDHQC ( 286- 310 of CKI I a and 287- 311 a' ) ; CSH
125 CMDVYTPKSSRHHHTDGAYFGTG ( 140- 162 of CKI I S) wer e syn-
t hesi zed by sol i d phase met hods ( Bar any andMer r i f i el d, 1979) on p- met hyl -
benzyl hydr yl ami ne pol yst yr ene r esi n usi ng pr e- f or med, symmet r i c anhy-
dr i des and hydr oxybenzot r i azol e- act i vat ed est er s of N- cr - Boc pr ot ect ed
ami no aci ds on an aut omat ed pept i de synt hesi zer ( model 430A; Appl i ed
Bi osyst ems I nc . , Fost er Ci t y, CA) . Coupl i ngs wer e done i n di met hyl f or ma-
mi de and di chl or omet hane as sol vent s, and unr eact ed pept i de was capped
wi t h acet i c anhydr i de. The si de chai n- pr ot ect ed ami no aci ds wer e : ser i ne-
O- benzyl ; gl ut amyl - y- O- benzyl est er , aspar t yl - / 3- O- cycl ohexyl est er ; N- a-
benzyl oxycar bonyl hi st i di ne ; Ng Tosyl ar gi ni ne ; and O- 2- br omobenzyl oxy-
car bonyl t yr osi ne . Thepept i des wer e depr ot ect ed and cl eaved f r omt he r esi n
wi t h l i qui d HF at - 10° C f or 2 h i n t he pr esence of 5% ( vol / vol ) ani sol e
and 5%( vol / vol ) di met hyl sul f i de . The pept i de was pr eci pi t at ed wi t h et hyl
et her , and sol ubi l i zed i n 0. 1% ( wt / vol ) aqueous t r i f l uor oacet i c aci d. The
sol ut i on was subj ect ed t o HPLC usi aWat er s Del t a Pr ep 3000 i nst r ument
on a col umn ( 4 . 9 x 30 cm) of 30onA, Ci s si l i ca ( Wat er s Di vi si on, Mi l l i -
por e Cor p. , Mi l f or d, MA) andel ut ed wi t h 0. 1%( wt / vol ) t r i f l uor oacet i c aci d
wi t h a l i near gr adi ent of acet oni t r i l e ( Bur di ck and Jackson Labor at or i es,
Muskegon, MI ) . The pept i de was f ur t her pur i f i ed by HPLC on a col umn
( 2 . 2 x 25 cm) of si l i ca usi ng C, s- bonded, 300 A por e si ze si l i ca, 10 Am
i n di amet er ( Vydac, The Separ at i ons Gr oup, Hesper i a, CA) . The st r uct ur e
of t he f i nal pept i de was ver i f i ed by ami no aci d anal ysi s, aut omat ed sequence
anal ysi s, pl asma desor pt i on mass spect r omet r y, and anal yt i cal mi cr obor e
HPLC as descr i bed ( Mar shak and Car r ol l , 1991) .

Ant i body Pr epar at i on

The pept i des, CSH 122, 123, 124, and 125 wer e coupl ed t o keyhol e l i mpet
hemocyani n ( Si gma Chemi cal Co. ) or oval bumi n ( Si gma Chemi cal Co. ) vi a

mal ei mi dobenzoyl - N- hydr oxysucci ni mi de ( Pi er ce Chemi cal Co . , Rock-
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f or d, I L) as descr i bed ( Har l ow and Lane, 1988) . Ant i ser a agai nst t he com-

pl exes wer e r ai sed as f ol l ows . The compl exes ( 0. 5 mg) i n 0 . 5 ml of PBS was

mi xed wi t h 0. 5 ml of Fr eund' s compl et e adj uvant and i nj ect ed subcut ane-

ousl y . Boost er i nj ect i ons wer e gi ven wi t h i ncompl et e adj uvant at 2- wk i nt er -

val s . Addi t i onal boost er i nj ect i ons wer e gi ven at 2- wk i nt er val s unt i l r each-

i ng maxi mum ser um t i t er . Ser um ant i body t i t er was det er mi ned by RI A.

Wel l s of 96- wel l pol yvi nyl chl or i de mi cr ol i t er pl at es wer e coat ed wi t h

pur i f i ed CKI I . The pl at es wer e washed and unbound si t es wer e sat ur at ed

wi t h 3 % ( wt / vol ) BSA. Di l ut i ons of i mmune and pr ei mmune ser um wer e

added t o wel l s. The pl at es wer e washed wi t h PBS and 50, 000 cpmof 125I -

l abel ed goat ant i - r abbi t I gG F ( ab) ' 2 added per wel l . Af t er washi ng, t he

speci f i c act i vi t y of each ser umsampl e was det er mi ned by measur i ng r adi o-

act i vi t y i n a gamma r adi at i on count er ( LKB I nst r ument s, Gai t her sbur g,

MD) . I mmune r abbi t I gGs wer e pr epar ed usi ng a Pr ot ei n Gor A Sephar ose

col umn ( Phar maci a Fi ne Chemi cal s, Pi scat away, NJ) accor di ng t o t he

i nst r uct i ons of t he manuf act ur er . Af f i ni t y- pur i f i ed TRI TC- l abel ed goat

ant i - r abbi t I gG was pur chased f r om Cappel Labor at or i es ( Mal ver n, PA) .

245 Ab was f ur t her pur i f i ed usi ng a CNBr - act i vat ed Sephadex col umn ( Phar -

maci a Fi ne Chemi cal s) cont ai ni ng bound pept i de CSH 122 .

Pr ot ei n Ki nase Assay

The pept i de RRREEETEEE ( CSH 118) was used as a CKI I - speci f i c sub-

st r at e ( Kuenzel and Kr ebs, 1985) . Pr ot ei n ki nase act i vi t y was assayed as de-

scr i bed ( Car r ol l and Mar shak, 1989) . Br i ef l y, CKI I act i vi t y was det er mi ned

by measur i ng t he i ncor por at i on of 32p i nt o CKI I - speci f i c pept i de subst r at e,

as f ol l ows . Sampl es ( 5 A1) wer e i ncubat ed i n a f i nal vol ume of 30 Al at 37° C

f or 30 mi n i n t he pr esence of 20 mMHepes, pH 7. 4, 10 MMM9C12 , 100

AM 1y- 32 P] ATP ( 1, 000- 3, 000 cpm/ pmol , Amer sham Cor p . , Ar l i ngt on

Hei ght s, I L) wi t h 5 mMpept i de. React i ons wer e st ar t ed by addi ng r adi oac-

t i ve ATP. Assays usi ng t he pept i de RRREEETEEE wer e st opped by addi ng

TCA t o a f i nal concent r at i on of 10%( wt / vol ) , and phosphat e i ncor por at i on

was det er mi ned by adsor pt i on t o phosphocel l ul ose paper accor di ng t o pr e-

vi ousl y descr i bed pr ot ocol s ( Kuenzel and Kr ebs, 1985 ; Mar shak and Car -

r ol l , 1991) .

Pur i f i cat i on of CKI I f r omBovi ne Br ai n and Li ver

Fr esh bovi ne br ai n or l i ver ( - 1, 500 g) was homogeni zed i n 3 L of buf f er

A ( 20 mMTr i s- Cl , pH 7. 4, 10 mMEGTA, 2 mMEDTA, 0. 5 mMPMSF,

1 mMDTT, and 10% ( vol / vol ) gl ycer ol ) . The homogenat es wer e cen-

t r i f uged at 11, 000 g, 4° C f or 1 h . Then super nat ant s wer e col l ect ed and

di l ut ed i n buf f er A t o a conduct i vi t y l ess t han 2 mS/ cm. The super nat ant s

wer e mi xed wi t h 250 g of di et hyl ami noet hyl cel l ul ose ( What man DE- 52)

f or 2 h . The r esi n was t hen washed t hr ough a Buchner gl ass f unnel wi t h

5 l i t er s of Buf f er A cont ai ni ng 10 MM MgC12 . The washed r esi n was

packed i nt o a 5 x 40- cmcol umn, and a gr adi ent of a t ot al of 2, 000 ml of

KCI ( 50- 400 mM) i n buf f er A cont ai ni ng 10 MMMgC12 el ut ed t he col umn

at a r at e of 100 ml / h, 15 ml per f r act i on . Ever y t hi r d f r act i on was assayed

f or CKI I act i vi t y . The act i ve f r act i ons wer e pool ed and appl i ed t o a 100- ml

( 2 . 5 x 20 cm) phosphocel l ul ose ( What man PI 1) col umn pr evi ousl y

equi l i br at ed wi t h buf f er A cont ai ni ng 10 MMMgC12 and 400 mMKCI .

Af t er washi ng t he Pl l col umn wi t h t he equi l i br at i on buf f er , pr ot ei ns wer e

el ut ed wi t h a gr adi ent of 500 ml of KCI ( 400- 1, 000 mM) i n buf f er A con-

t ai ni ng 10 MM MgC12 . The f r act i ons wer e assayed f or CKI I act i vi t y and

t he act i ve f r act i ons wer e pool ed . Thi s pool was di l ut ed wi t h buf f er A t o a

conduct i vi t y equal t o t hat of buf f er A cont ai ni ng 300 mMKCI . The sol ut i on

was appl i ed t o a hydr oxyapat i t e ( Bi oRad HTP; Bi o- Rad Labor at or i es, Ri ch-

mond, CA) col umn equi l i br at ed i n buf f er A cont ai ni ng 300 mMKCI . The

col umn was washed wi t h buf f er A cont ai ni ng 50 mMKCI , and t he CKI I

was el ut ed wi t h a gr adi ent of 500 ml pot assi umphosphat e ( 0- 300 mm, pH

7. 9) buf f er . The f r act i ons wer e assayed f or CKI I act i vi t y and t he act i ve f r ac-

t i ons wer e pool ed . Fi nal l y, t he pool ed sol ut i on was appl i ed t o a col umn of

hepar i n- Sephar ose CL- 6B ( Phar maci a Fi ne Chemi cal s) equi l i br at ed i n

buf f er A. CKI I was el ut ed wi t h a gr adi ent of 50 i n] KCI ( 0- 800 mM) i n

buf f er A. The f r act i ons wer e assayed f or CKI I act i vi t y and t he act i ve f r ac-

t i ons wer e pool ed and st or ed at - 70° C. El ect r ophor et i c anal ysi s of t hi s ma-

t er i al r eveal ed homogeneous CKI I cont ai ni ng a, a' , and 0 subuni t s as de-

scr i bed ( Hat haway and Tr augh, 1982 ; Kuenzel and Kr ebs, 1985) .

Gel El ect r ophor esi s and I mmunobl ot t i ng

El ect r ophor esi s was per f or med on 12 . 5 % ( wt / vol ) pol yacr yl ami de gel s i n

t he pr esence of SDS usi ng t he buf f er syst emof Laemml i ( 1970) . Pr ot ei ns

wer e t r ansf er r ed el ect r ophor et i cal l y t o ni t r ocel l ul ose ( Towbi n et al . , 1979 ;

Towbi n and Kur st ak, 1984) . The ni t r ocel l ul ose was bl ocked wi t h 3 %BSA

Yu et al . I mmunocyt ochemi cal Local i zat i on of Casei n Ki nase I I

( wt / vol ) i n PBS and t hen i ncubat ed wi t h ant i ser um at desi r ed di l ut i ons i n

t he same buf f er .
í 25 I - l abel ed goat ant i - r abbi t I gG F( ab) 2 was used as sec-

ondar y ant i body . The gel s wer e st ai ned wi t h Coomassi e bl ue, dr i ed and ex-

posed t o f i l m ( Kodak X- Omat ) .

Fl ow Cyt omet r y

Fl ow cyt omet r i c anal ysi s was done as descr i bed by Buchkovi ch et al .

( 1989) . Cel l s ( 5 x 106) wer e washed and r esuspended i n 0. 5 ml of i ce- col d

PBS. The cel l s wer e f i xed by gr adual addi t i on of 95% et hanol ( - 20° C)

whi l e vor t exi ng. The f i xed cel l s wer e washed wi t h PBS and r esuspended i n

1 ml of PBS cont ai ni ng 10 pg/ ml boi l ed RNAase A ( Si gma Chemi cal Co. )

and 5 pg/ ml of pr opi di um i odi de . Af t er a 30- mi n di gest i on and st ai ni ng

per i od at 37° C, t he f l uor escence i nt ensi t i es of t he sampl es wer e measur ed

by quant i t at i ve f l ow cyt omet r y usi ng an EPI CS C syst em ( Coul t er El ec-

t r oni cs I nc . , Hi al eah, FL) .

I ndi r ect I mmunof i uor escence

I ndi r ect i mmunof l uor escence was per f or med as descr i bed by Spect or and

Smi t h ( 1986) . Cel l s ( 105 ) gr own on gl ass cover sl i ps ( 12 mm) or mi t ot i c

cel l s at t ached ont o pol y- L- l ysi ne- coat ed gl ass cover sl i ps wer e f i xed wi t h
4% par af or mal dehyde i n PBS. Cel l s wer e per meabi l i zed wi t h 0. 2% Tr i t on

X- 100 on i ce i n PBS cont ai ni ng 0. 5%nor mal goat ser umand r eact ed wi t h

r espect i ve pr i mar y ant i bodi es f or 1 h. Bound ant i bodi es wer e det ect ed wi t h

r hodami ne conj ugat ed goat ant i - r abbi t secondar y ant i body ( Cappel Labor a-

t or i es) . The cel l s wer e st ai ned wi t h af f i ni t y- pur i f i ed TRI TCgoat ant i - r abbi t

I gG. Sampl es wer e exami ned wi t h a Zei ss Axi ophot mi cr oscope equi pped
wi t h epi f l uor escence i l l umi nat i on ( Car l Zei ss I nc . , Thomwood, NY) .

I mmunoel ect r on Mi cr oscopy

Cel l s wer e f i xed i n 2%f or mal dehyde pl us 0. 1% gl ut ar al dehyde or wi t h j ust

0. 5 %gl ut ar al dehyde f or 15 mi n at 20° C and pr epar ed f or i mmunoel ect r on

mi cr oscopy accor di ng t o publ i shed pr ocedur es ( Spect or , 1984 ; Spect or and

Smi t h, 1986) . Br i ef l y, f i xed cel l s wer e washed i n 0. 5 mg/ ml sodi umbor ohy-

dr i de, per meabi l i zed i n 0. 2% Tr i t on X- 100 and washed i n PBS, pH7. 4, con-

t ai ni ng 1 %nor mal goat ser umbef or e i ncubat i on i n t he speci f i c pur i f i ed I gG

at a concent r at i on of 100 pg/ ml or t he cor r espondi ng pr ei mmune I gG f or

1 h at 20° C. Cel l s wer e t hen ext ensi vel y washed i n PBS and i ncubat ed i n

per oxi dase- conj ugat ed secondar y ant i body at a di l ut i on of 1 : 20 f or 1 h at

37° C. The per oxi dase r eact i on pr oduct was devel oped by i ncubat i on i n 0. 5

mg/ ni l DAB cont ai ni ng 0. 01% H202 f or 20 mi n at 20° C. Cel l s wer e t hen

f i xed i n 2% osmi um t et r oxi de and pr epar ed f or EMby st andar d met hods

( Spect or and Smi t h, 1986) . Thi n sect i ons ( 100 nm) cut on a Rei cher t

Ul t r acut E ul t r ami cr ot ome wi t h a Di at ome di amond kni f e wer e exami ned

wi t h a Hi t achi H- 7000 t r ansmi ssi on el ect r on mi cr oscope oper at ed at 75 kV.

Resul t s

Devel opment of Ant i bodi es t o Pept i des

CKI I act i vi t y has been f ound i n bot h t he nucl eus and

cyt opl asm, and t he enzyme has been i mpl i cat ed i n t he cel l

di vi si on cycl e and i n hor monal st i mul at i on of cel l gr owt h .

Subst r at es f or t he enzyme ar e f ound bot h i n t he cyt osol and

nucl eus . To l ear n how t he enzyme i s r egul at ed dur i ng cel l

gr owt h, i t appear ed necessar y t o l ocal i ze CKI I wi t hi n t he

cel l . Because of i t s ubi qui t ous nat ur e and hi ghl y conser ved

st r uct ur e, our numer ous at t empt s t o obt ai n ant i bodi es

agai nst t he i nt act hol oenzyme have not been successf ul .

Ther ef or e, we adopt ed t he st r at egy of usi ng synt het i c pep-

t i des as ant i gens whi ch al l ow us t o pr epar e sever al si t e-

di r ect ed ant i bodi es t o i ndi vi dual subuni t s of CKI I .

Synt het i c pept i des wer e desi gned t o encompass t hr ee

r egi ons of CKI I a and one of CKI I ß subuni t s ( Fi g . 1) , con-

t ai ni ng ami no aci d sequences t hat ar e hi ghl y conser ved

among speci es . These r egi ons consi st of pr edomi nant l y po-

l ar and char ged r esi dues, and ar e l i kel y t o l i e on t he sur f ace

of t he pr ot ei ns i n sol ut i on ( Rose et al . , 1985) . Such hydr at ed
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Fi gur e 1 . Sequences of synt het i c pept i des i n CKI I . The sequences

of CKI I a and a subuni t s wer e deduced f r omhuman cDNA cl ones

by Lozeman et al . ( 1990) . The sequence of CKI I 0 subuni t was de-

r i ved f r om human cDNA f r om HeLa cel l by Jakobi et al . ( 1989) .

The shaded boxes r epr esent t he r esi dues cor r espondi ng t o t he

r espect i ve synt het i c pept i de .

Tabl e H. Pol ycl onal Ant i ser a Rai sed Agai nst
Synt het i c Pept i des

r egi ons ar e t hought t o be hi ghl y ant i geni c ( Hopp and Woods,

1981) .

As shown i n Fi g . 1 and Tabl e I I , ant i body ( Ab) 245 was

r ai sed by i mmuni zi ng r abbi t s wi t h pept i de CSH 122, whi ch

r epr esent s a uni que sequence at t he ami no t er mi nus of CKI I

a ( 2- 22) . The met hi oni ne i ni t i at or was not i ncl uded and t he

pept i de was acet yl at ed, because t he ami no t er mi nus of a i s

bl ocked t o Edman degr adat i on . The pept i de cont ai ned a cys-

t ei ne at t he car boxy t er mi nus so i t woul d be or i ent ed

pr oper l y on coupl i ng . Ab 247 was r ai sed by usi ng pept i de

CSH 123 whi ch cont ai ns an i nt er nal CKI I cda' sequence t hat
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Fi gur e 2. Ti t r at i on of i mmune ser umt o pur i f i ed CKI I . Ser umant i -

body t i t er was det er mi ned by RI A. Wel l s of 96- wel l pol yvi nyl mi -

cr ot i t er pl at es wer e coat ed wi t h pur i f i ed CKI I . Di l ut i ons of i mmune

and pr ei mmune ser um ( open ci r cl es) wer e added t o wel l s . The

pl at es wer e washed wi t h PBS and 125 I - l abel ed goat ant i - r abbi t I gG

F ( ab) ' 2 added per wel l . Af t er washi ng t he t i t er of ser umwas de-

t er mi ned by measur i ng r adi oact i vi t y i n a gamma count er . Resul t s

r epr esent t he means of exper i ment s i n dupl i cat es . A, Ab 245 ; B,

Ab 247; C, Ab 276 ; D, Ab 278.

Fi gur e 3. I mmunobl ot t i ng of pept i de ant i bodi es t o pur i f i ed bovi ne

l i ver CKI I . Pur i f i ed bovi ne l i ver CKI I was subj ect ed t o el ect r opho-

r esi s on 12 . 5% pol yacr yl ami de gel , t r ansf er r ed t o ni t r ocel l ul ose,

and pr obed wi t h pept i de ant i bodi es . Ab 245 speci f i c f or a ( l ane 2) ,

Ab 247 ( l ane 3) and 276 ( l ane 4) f or a and a and Ab 278 ( l ane

5) f or 0 . The C' 4- l abel ed mol ecul ar masses ( i n ki l odal t ons) of

mar ker pr ot ei ns ar e shown at t he l ef t ( l ane 1) and l ane 6. Phos-

phor yl ase b ( M 92, 500) , BSA ( M, 69, 000) , oval bumi n ( M

46, 000) , car boni c anhydr ase ( M, 30, 000) , and t r ypsi n i nhi bi t or

( M, 21, 500) . Coomassi e st ai ni ng of t he mol ecul ar mar ker pr ot ei ns

and CKI I a, a and 0 was shown i n l ane 6 and l ane 7, r espect i vel y .

The r el at i ve mi gr at i on of t he a, a, and 0 subuni t s of bovi ne CKI I

ar e shown at t he r i ght ( ar r owheads) .

i s si mi l ar t o a nucl ear l ocal i zat i on si gnal ( bang and Lee,

1989) and i s common t o bot h a and a' ( Fi g . 1) . Ab 276 was

r ai sed agai nst CSH 124 whi ch spans sequences near t he car -

boxy t er mi nus and shar es common sequence f or a and a' .

Fi nal l y, Ab 278 was r ai sed by i nj ect i ng CSH 125 conj ugat es

t hat cont ai n a sequence of ß ( 140- 162) . Al l of t hese pept i des

wer e conj ugat ed t o car r i er pr ot ei ns ( keyhol e l i mpet hemo-

cyani n or oval bumi n) and t he conj ugat es wer e used t o i mmu-

ni ze r abbi t s as descr i bed under Mat er i al s and Met hods .

Di l ut i ons of t he ser a wer e t est ed f or t hei r abi l i t y t o det ect

pur i f i ed bovi ne l i ver or br ai n CKI I on sol i d phase RI A. Al l

Fi gur e 4. I mmunobl ot t i ng of pept i de ant i bodi es t o HeLa cel l ex-

t r act s . HeLa cel l ext r act s wer e subj ect ed t o el ect r ophor esi s on

12 . 5 % pol yacr yl ami de gel , t r ansf er r ed t o ni t r ocel l ul ose, and

pr obed wi t h pept i de ant i bodi es . Ab 245 speci f i c f or a ( l ane 2) , Ab

247 ( l ane 3) and 276 ( l ane 4) f or a and ot , Ab 278 ( l ane 5)

f or 0. The C' 4 - l abel ed mol ecul ar masses ( i n ki l odal t ons) of mar ker

pr ot ei ns ar e shown at t he l ef t ( l ane 1) . Phosphor yl ase b ( M

92, 500) , BSA ( M69, 000) , oval bumi n ( M 46, 000) , car boni c an-

hydr ase ( M30, 000) , and t r ypsi n i nhi bi t or ( Mr 21, 500) . The r el a-

t i ve mi gr at i on of t he a, a; and 0 subuni t s of bovi ne CKI I ar e shown

at t he r i ght ( ar r owheads) .
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Pept i de
Ant i gen Speci f i ci t y

Ab 245 CSH 122 CKI I a

Ab 247 CSH 123 CKI I a&á

Ab 276 CSH 124 CKI I a&á

Ab 278 CSH 125 CKI I 0



Fi gur e 5. Fl owcyt omet r i c pr o-

f i l es of asynchr onous HeLa
cel l s . Asynchr onous HeLa cel l s

wer e har vest ed, and t hen f i xed
i n et hanol and st ai ned f or f l ow
cyt omet r y anal ysi s . The open
and cl osed t r i angl es mar k 2N
and 4N DNA cont ent , r espec-
t i vel y .

t he ser a r eact ed wi t h pur i f i ed CKI I and had >1 : 1, 000 t i t er i n

t hi s assay, i ndi cat i ng ant i body r eact i vi t y t o nat i ve CKI I mol -

ecul es ( Fi g . 2) . Al l t he ser a r eact ed posi t i vel y wi t h CKI I on

i mmunobl ot s af t er pol yacr yl ami de gel el ect r ophor esi s of t he

pur i f i ed enzyme, demonst r at i ng t hat t he ant i bodi es r eact

wi t h denat ur ed CKI I mol ecul es as wel l . I n cont r ol exper i -

ment s, i nt er act i ons bet ween t he ant i ser a and CKI I enzyme

coul d be bl ocked by i ncubat i on wi t h excess f r ee pept i des

( dat a not shown) . Ab 245 r eact ed t o CKI I a ( M42, 000)

excl usi vel y ( Fi g . 3, l ane 2) , whi l e Ab 247 and 276 r eact ed

wi t h bot h CKI I a and a' ( M39, 000) ( Fi g . 3, l anes 3 and 4)

Ab 278 r eact ed wi t h CKI I ß ( M29, 000) ( Fi g . 3, l ane 5) .

Al l of t he i mmunor eact i ve bands comi gr at ed wi t h t he cor r e-

spondi ng band of pur i f i ed CKI I a, a' , or ß vi sual i zed by

Coomassi e bl ue st ai ni ng ( Fi g . 3, l ane 7) . The ant i bodi es

wer e f ur t her char act er i zed by i mmunobl ot t i ng of HeLa cel l

l ysat es t o t est whet her t hey ar e speci f i c f or CKI I . Ab 245

onl y r eact ed t o CKI I a ( M46, 700) ( Fi g . 4, l ane 2) , whi l e

Ab 247 and 276 r eact ed wi t h bot h CKI I a and a' ( M

42, 600) ( Fi g . 4, l anes 3 and 4) . Ab 278 r eact ed wi t h CKI I

ß ( M27, 000) ( Fi g . 4, l ane 5) . No ot her i mmunor eact i ve

pr ot ei ns wer e det ect ed . These ant i bodi es t hus pr ovi ded spe-

ci f i c r eagent s t o exami ne t he subcel l ul ar l ocal i zat i on of

CKI I .

Local i zat i on of CKI I i n Asynchr onous HeLa Cel l s

I n t hi s st udy we have used t he ant i bodi es char act er i zed above

t o l ocal i ze CKI I i n HeLa cel l s by i mmunocyt ochemi st r y .

Asynchr onous HeLa cel l s consi st ed of a cel l popul at i on 52 . 8

t 6. 2% of Gl , 18 . 1 f 2 . 6%of S, and 22 . 8 f 3. 0%of G2/ M

by FACS anal ysi s based on an aver age of f i ve separ at e exper i -

ment s . One exampl e of t he FACS anal ysi s i s shown i n Fi g .

5 . The open and cl osed t r i angl es desi gnat e 2N and 4NDNA

cont ent , r espect i vel y .

These cel l s wer e f i xed, per meabi l i zed, and st ai ned wi t h

ant i bodi es descr i bed above t o a, a' , and ß . The i mmuno-

st ai ni ng pat t er n was vi sual i zed by i ndi r ect i mmunof l uor es-

cence usi ng r hodami ne- conj ugat ed secondar y ant i bodi es .

Cel l s st ai ned wi t h Ab 245, whi ch speci f i cal l y r ecogni zes t he

a subuni t , showed pr edomi nant l ocal i zat i on t o t he cyt opl asm

( Fi g . 6, C and D) . The st ai ni ng i nt ensi t y of t he nucl eus i s

ver y l ow t o negat i ve as compar ed t o t he cyt opl asmi c st ai n-

i ng. The st ai ni ng i s absent i n vacuol es and on t he pl asma

membr ane. I n cont r ast t o Ab 245, Abs 247 and 276, whi ch

r ecogni ze t he a and á subuni t s, st ai ned bot h t he cyt opl asm

Yu et al . I mmunocyt ochemi cal Local i zat i on of Casei n Ki nase 11

and nucl eus of - 80% of t he cel l popul at i on ( Fi g . 6, E- H) ,

t he ot her 20%of t he cel l s wer e negat i ve f or nucl ear st ai ni ng .

The ß subuni t - speci f i c ant i body, Ab 278, st ai ned t he cyt o-

pl asm ( Fi g. 6, 1 and J) si mi l ar t o Ab 245 ; however , nucl ei

wer e not st ai ned . The i mmunof l uor escence of subuni t - spe-

ci f i c ant i bodi es i s bl ocked by t hei r r espect i ve pept i des ( dat a

not shown) . Fr omt hese r esul t s, i t appear s t hat CKI I a and

ß ar e mai nl y l ocal i zed t o t he cyt opl asm i n asynchr onousl y

gr owi ng cel l s . CKI I a' , however , appear s t o be l ocal i zed t o
t he nucl eus and possi bl y t o t he cyt opl asm. The negat i ve nu-

cl ear st ai ni ng pat t er n appar ent i n - 20%of t he cel l s i mmuno-

st ai ned wi t h Ab 247 and 276, whi ch bot h r ecogni ze t he á

subuni t of CKI I , suggest ed t hat t he l ocal i zat i on of CKI I a'

may be r egul at ed as a cel l cycl e- dependent phenomenon .

Local i zat i on of CKI I by I mmunoel ect r on Mi cr oscopy

To f ur t her i dent i f y t he subcel l ul ar l ocal i zat i on of CKI I , i m-
munoel ect r on mi cr oscopi c st udi es wer e per f or med on asyn-
chr onous HeLa cel l s . As shown i n Fi g . 7, cel l s i mmuno-

st ai ned wi t h Ab 245 showed excl usi ve cyt opl asmi c st ai ni ng
( Fi g . 7 B) compar ed t o cont r ol cel l s i ncubat ed i n pr ei mmune
I gG f ol l owed by per oxi dase- conj ugat ed secondar y ant i body
( Fi g . 7 A) . The EMst udy al so r eveal ed t hat t he ß subuni t -
speci f i c ant i body, Ab 278, i mmunost ai ned t he cyt opl asmand
showed l i t t l e t o no nucl ear i mmunor eact i vi t y ( Fi g . 7 C) .
These f i ndi ngs f ur t her conf i r m t he i mmunof l uor escence
st ai ni ng pat t er n obser ved and our not i on t hat CKI I a and ß
subuni t s ar e l ocal i zed t o t he cyt opl asm of i nt er phase cel l s .
I n cont r ast t o Ab 245 and Ab 278, t he a- and ae' - speci f i c Abs

247 and 276 st ai ned bot h t he cyt opl asm and nucl eus by i m-
munoel ect r on mi cr oscopy ( Fi g . 8, Aand B) . I t i s al so not abl e
t hat some cel l s ar e nucl ear negat i ve f or bot h Ab 247 and 276.
These f i ndi ngs suppor t our i ni t i al i mmunof l uor escence r e-
sul t s ( Fi g . 6) , r ei nf or ci ng t he i dea t hat CKI I a' i s l ocal i zed
t o t he nucl eus and, possi bl y, cyt opl asm, and t hat a' st ai ni ng

i s mor e i nt ense i n t he nucl eus t han a st ai ni ng .

Local i zat i on of CKI I i n HeLa Cel l s I n Mi t ot i c Cel l s

The r esul t s of CKI I l ocal i zat i on obt ai ned usi ng asynchr o-
nous cel l s di d not pr ovi de us wi t h enough i nf or mat i on about
t he r egul at i on of di st r i but i on of CKI I dur i ng t he cel l di vi si on
cycl e . I n addi t i on, t he r ol es of CKI I i n cel l ul ar r egul at i on

t hat i nvol ve ubi qui t ous and mul t i pl e phosphor yl at i on r eac-
t i ons, i n bot h t he cyt opl asm and nucl eus, needed t o be i nves-

t i gat ed i n synchr onous cel l popul at i ons t o cl ar i f y t he act ual

di st r i but i on of CKI I i n each phase of t he cel l cycl e.
Si nce mi t ot i c cel l s ar e r ound and l oosel y at t ached t o t he

gr owi ng sur f ace, i t was di f f i cul t t o pr eci sel y assess t he l ocal -
i zat i on of CKI I by i mmunof l uor escence mi cr oscopy. Ther e-
f or e, el ect r on mi cr oscopi c i nvest i gat i ons wer e done t o mor e
f ul l y el uci dat e t he l ocal i zat i on of CKI I dur i ng mi t osi s .

Exampl es of t he el ect r on mi cr oscopi c anal ysi s of mi t ot i c

cel l s ar e shown i n Fi g. 9. Fi g . 9 a shows a cel l at met aphase,
when t he chr omosomes become al i gned at t he met aphase
pl at e hal f - way bet ween t he spi ndl e pol es . Fi g . 9 c shows a
cel l i n anaphase i n whi ch each pai r of chr omosomes has

separ at ed and movement t o opposi t e pol es has begun . I n

t hese mi cr ogr aphs, CKI I a i s di f f usel y l ocal i zed ( Ab 245)

t hr oughout t he cyt opl asm. I t i s not abl e, however , t hat t her e

i s ver y st r ong st ai ni ng, compar ed t o t he cont r ol ( Fi g . 9 d) ,

associ at ed wi t h spi ndl e f i ber s ( Fi g . 9, ar r owheads) whose
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Fi gur e 6. CKI I u, a, and / 3 i mmunof l uor es-

cence i n asynchr onous HeLa cel l s . HeLa cel l s

wer e f i xed and st ai ned as descr i bed i n Mat e-
r i al s and Met hods usi ng pur i f i ed I gG of pr ei m-

mune ( A and B) ; Ab 245 ( Cand D) ; Ab 247

( E and F) ; Ab 276 ( G and H) ; and Ab 278 ( I

and J) . Bar , 20 ym.
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Fi gur e 7. I mmunoel ect r on mi cr oscopi c anal ysi s of

asynchr onous HeLa cel l s . HeLa cel l s wer e i m-

munost ai ned as descr i bed by usi ng pr ei mmune

I gG( a) ; Ab 245 ( b) ; and Ab 278 ( c) . Not e t he i m-

munor eact i vi t y i s pr edomi nant l y i n cyt opl asm

( C) , not i n nucl ei ( N) or nucl eol i ( Nu) compar ed

t o t he cont r ol .



Fi gur e 8. I mmunoel ect r on mi cr oscopi c anal ysi s of asynchr onous HeLa cel l s. HeLa cel l s wer e st ai ned wi t h Ab 247 ( a) and Ab 276 ( b) .

The i mmunor eact i vi t y i s pr esent i n ei t her cyt opl asm( C) excl usi vel y or cyt opl asm and nucl eus ( N) .
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Fi gur e 9. I mmunoel ect r on mi cr oscopi c anal ysi s of mi t ot i c HeLa cel l s. HeLa cel l s i n met aphase ( a, b, and d) and anaphase ( c) wer e st ai ned

wi t h Ab 245 ( a- c' or pr ei mmune I gG( d) . The phot ogr aph i n b i s a hi gher magni f i cat i on of t hat i n a . Not e t he di f f use cyt opl asmi c i m-

munor eact i vi t y and ver y st r ong st ai ni ng of spi ndl e f i ber s ( ar r owheads) .
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Fi gur e 10. CKI I a, and 0 i mmunof l uor escence i n hydr oxyur ea- t r eat ed HeLa cel l s . HeLa cel l s gr own on 12- mmcover sl i ps i n 24- wel l t i ssue

cul t ur e di shes wer e t r eat ed wi t h hydr oxyur ea f or 18 h . HeLa cel l s wer e f i xed and st ai ned as descr i bed i n Mat er i al s and Met hods usi ng

Ab 245 ( A and B) , Ab 278 ( C and D) . Bar , 20 pm.

maj or component i s t ubul i n . Fi g . 9 b i s a hi gh magni f i cat i on

vi ew showi ng t he i nt ense i mmunost ai ni ng of mi cr ot ubul es

and t he negat i ve st ai ni ng of t he chr omosomes . The i nt ensi t y

of t he cont r ol ( Fi g . 9 d) was so weak t hat t he negat i ve needed

f our t i mes l onger exposur e t han exper i ment al sampl es t o

vi sual i ze, t hus i ndi cat i ng t he speci f i ci t y of t he cyt opl asmi c

and mi cr ot ubul e st ai ni ng. I n addi t i on, t he mi cr ot ubul es ar e

pr esent i n t he cont r ol sect i on but har dl y r ecogni zabl e ( ar -
r owheads) , i ndi cat i ng t hat t he ant i bodi es have subst ant i al r e-

act i vi t y t o mi cr ot ubul es or mi cr ot ubul e- associ at ed pr ot ei ns

i n t he i mmunost ai ned sampl es . The chr omosomes t hem-

sel ves ar e not st ai ned wi t h ant i - CKI I a subuni t ant i body

( Fi g . 9, a- d) . I t i s l i kel y, t her ef or e, t hat CKI I i s associ at ed

wi t h mi cr ot ubul es i n mi t ot i c cel l s, and may be an i nt egr al

par t of t he mi t ot i c appar at us .

The Jour nal of Cel l Bi ol ogy, Vol ume 114, 1991

Local i zat i on of CKI I i n Synchr onous HeLa Cel l s

To st udy cel l ul ar l ocal i zat i on of CKI I i n synchr onous cel l s,

HeLa cel l s wer e exposed t o 1 . 5 mMhydr oxyur ea f or 14 h

t o ar r est cel l s at t he Gl / S t r ansi t i on ( Ashi har a and Baser ga,

1979) . The r esul t s of FACS anal ysi s i ndi cat ed t hat >70%of

t he cel l s ar e i n Gl / S t r ansi t i on, whose DNA cont ent was i n-

t er medi at e bet ween 2N and 4N wi t hi n 4 h af t er r el ease . As

shown i n Fi g. 10 ( A and B) , t he st ai ni ng pat t er n of hy-

dr oxyur ea- t r eat ed cel l s st ai ned wi t h Ab 245 showed pr edom-

i nant st ai ni ng of t he cyt opl asmas seen i n asynchr onous cel l s.

The cyt opl asmi c st ai ni ng i s agai n absent i n vacuol es and on

t he pl asma membr ane . The ß subuni t - speci f i c ant i body, Ab

278, exhi bi t s cyt opl asmi c st ai ni ng wi t h l i t t l e t o no nucl ear

i mmunor eact i vi t y ( Fi g . 10, C and D) . The a and a' - speci f i c
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Fi gur e 11. FACS anal ysi s of hydr oxyur ea ar r est r el eased HeLa cel l s .
Asynchr onous HeLa cel l s ar r est ed by hydr oxyur ea f or 14 h wer e
washed and i ncubat ed wi t h new medi um. Sampl es wer e col l ect ed
ever y 4 h and pr ocessed f or FACS anal ysi s . A, asynchr onous HeLa
cel l s; B, 0 h af t er r el ease ; C, 4 h ; D, 8 h ; E, 12 h; F, 16 h ; G, 20 h ;
H, 24 h af t er r el ease . The open and cl osed t r i angl es mar k 2 Nand
4 N DNA cont ent , r espect i vel y .

Ab 276 st ai ned bot h cyt opl asm and nucl eus . However , i n

HeLa cel l s ar r est ed by hydr oxyur ea, t he per cent of nucl ear

posi t i ve f or Ab 276 i ncr eased sl i ght l y f r om86 t o 94 %, based

on anal ysi s of >500 cel l s i n each sampl e. The st ai ni ng by Ab

247 t o hydr oxyur ea- ar r est ed cel l s appear ed i ndi st i ngui sh-

abl e f r om t he pat t er n seen f or Ab 276 ( dat a not shown) .

Yu et al . I mmunocyt ochemi cal Local i zat i on of Casei n Ki nase I I

These r esul t s f ur t her suggest ed t hat t he expr essi on of CKI I

a' mi ght be r egul at ed i n a cel l cycl e- dependent manner .

To subst ant i at e t he f i ndi ngs, t he HeLa cel l s ar r est ed by

hydr oxyur ea wer e r el eased by washi ng out t he hydr oxyur ea

and by addi ng f r esh cul t ur e medi um. Sampl es wer e t aken at

t i me poi nt s f r om 0 h t o 4, 8, 12, 16, 20, and 24 h, and

pr ocessed f or i mmunof l uor escence mi cr oscopy. FACS anal -

ysi s of cel l sampl es was done at each t i me poi nt . As shown

i n Fi g . 11, FACS anal ysi s i ndi cat ed t hat cel l s pr oceeded

t hr ough t he cel l cycl e af t er r emoval of hydr oxyur ea . Mor e

t han 500 cel l s wer e count ed i n cont i nuous mi cr oscopi c f i el ds

of each sampl e f or nucl ear posi t i ve cel l s by Ab 276 t o det ect

changes of CKI I a' i n nucl eus dur i ng cel l cycl e ( Fi gs . 12 and

13) . The per cent of nucl ear - posi t i ve cel l s i n asynchr onous

cel l s i ncr eased f r om86. 4 t 0. 3 %( Fi gs . 11 A; 12, A and B;

and 13, cl osed t r i angl e) t o 94 . 7 f 1 . 7 % ( Fi gs . 11 B, 12 C

and D, and 13, open t r i angl es) by t he hydr oxyur ea ar r est . Af -

t er r emoval of hydr oxyur ea, cel l s become l ess nucl ear posi -

t i ve ( 60. 7 t 3 . 3%; Fi g . 12, E and F) , and pr ogr ess i nt o S

phase ( Fi g . 11 C) . At 8 h, most cel l s ar e i n G2/ M phase

( Fi gs . 11 Dand 12, Gand H) . The cel l s ar e back t o Gl phase

at 12 h, mai nt ai ni ng up t o 24 h, and ar e most l y nucl ear posi -

t i ve ( Fi gs . 11, E- H; 12, I and J t o O and P; and 13, open

t r i angl es) . These r esul t s f ur t her i ndi cat e t he r egul at i on of

CKI I a' l ocal i zat i on dur i ng t he cel l cycl e.

Di scussi on

I n t hi s r epor t , we descr i be our i nvest i gat i ons of t he di st r i bu-

t i on of CKI I i n i nt er phase and mi t ot i c HeLa cel l s . Our

f i ndi ngs of CKI I a, a' , and ß subuni t l ocal i zat i on by i m-

munohi st ochemi st r y suppor t t he concept t hat CKI I i s r egu-

l at ed by t r anspor t bet ween t he cyt opl asm and nucl eus dur i ng

t he cel l di vi si on cycl e .

The l ocal i zat i on st udi es i ndi cat ed t hat t he CKI I a subuni t ,

whi ch i s a cat al yt i c subuni t of t he ki nase, i s l ocal i zed t o t he

cyt opl asmt hr oughout i nt er phase. One of t he f unct i ons of t he

CKI I a subuni t i n mi t ot i c and post mi t ot i c cel l s mi ght i nvol ve

r egul at i ng t he or gani zat i on of t he cyt oskel et on . Bot h di -

vi di ng cel l s and post mi t ot i c cel l s under go mor phol ogi cal

changes t hat depend on t he ar r angement of t he cyt oskel et on .

For exampl e, mi t ot i c cel l s become r ounded and r el ease f r om

t he subst r at e. Af t er mi t osi s, cel l s r eat t ach t o t he subst r at e

and f l at t en out . I n addi t i on, post mi t ot i c cel l s, such as neu-

r ons and macr ophages, cont i nue t o r eor gani ze t he cyt oskel e-

t on t o di f f er ent i at e and mai nt ai n cel l ul ar f unct i ons ( Mi t chi -

son and Ki r schner , 1988 ; Di di er et al . , 1989) . CKI I a may

be i nvol ved i n t hi s cyt oskel et al r eor gani zat i on by phosphor y-

l at i on of pr ot ei n component s such as t ubul i n and myosi n.

Nonmuscl e bovi ne br ai n myosi n heavy chai n can be phos-

phor yl at ed by CKI I , al t hough t he f unct i onal i mpor t ance of

t he phosphor yl at i on i s not known ( Mur akami et al . , 1990) .

Tubul i n and mi cr ot ubul e- associ at ed pr ot ei ns al so have been

shown t o be phosphor yl at ed by CKI I ( Ser r ano et al . , 1987;

Di az- Ni do et al . , 1990a, b) , and endogenous CKI I - l i ke ac-

t i vi t y has been f ound i n pur i f i ed br ai n mi cr ot ubul e pr ot ei ns

( Ser r ano et al . , 1987, 1989) . The 68 K neur of i l ament pr o-

t ei n al so has a CKI I si t e i n i t s car boxy t er mi nus ( Lewi s and

Cowan, 1985) , and t her e may be many ot her , yet uni dent i -
f i ed, cyt oskel et al pr ot ei ns t hat ar e phosphor yl at ed and r egu-
l at ed by CKI I .

The ß subuni t of CKI I showed a st ai ni ng pat t er n si mi l ar
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Fi gur e 12. I mmunof l uor escence

i n hydr oxyur ea ar r est r el eased
HeLa cel l s. HeLa cel l s gr own on

12- mm cover sl i ps i n 24- wel l t i s-
sue cul t ur e di shes wer e t r eat ed
wi t h hydr oxyur ea f or 14 h, t hen

t he cel l s wer e washed and i n-

cubat ed wi t h newmedi um. HeLa
cel l s wer e st ai ned as descr i bed i n
Mat er i al s and Met hods usi ng Ab

276; A and B, asynchr onous

HeLa cel l s ; Cand D, 0 h af t er r e-

l ease ; Eand F, 4 h ; Gand H, 8
h; 1 and J, 12 h; Kand L, 16 h;
Mand N, 20 h; Oand P, 24 h .

Bar , 20 Am.
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Fi gur e 13. Per cent of nucl ear

posi t i ve of hydr oxyur ea ar r est
r el eased HeLa cel l s . Asynchr o-
nous HeLa cel l s ( cl osed t r i -
angl e) ar r est ed by hydr oxyur ea
f or 14 h wer e washed and i n-
cubat ed wi t h new medi um.
Sampl es wer e t aken at 0, 4, 8,

12, 16, 20, and 24 h ( open t r i -
angl es) and pr ocessed f or i m-
munof l uor escence mi cr oscopi c
eval uat i on . Mor e t han 500
cel l s wer e count ed f or t he nu-
cl ear posi t i ve i n cont i nuous
mi cr oscopi c f i el ds .

t o t hat of CKI I a . The CKI I ß subuni t i s mai nl y l ocal i zed
t o t he cyt opl asmand t o a much l esser degr ee i n t he nucl eus
of i nt er phase cel l s . The f unct i on of t he ß subuni t i s not wel l
under st ood, but i t appear s t o have a r egul at or y r ol e i n t he
hol oenzyme ( Taki o et al . , 1987; Acker man et al . , 1990 ; Hu
and Rubi n, 1990b) . No si mi l ar i t y has been f ound t o any

known pr ot ei ns or pr ot ei n sequences i nf er r ed f r omDNA se-

quences ( Jakobi et al . , 1989) . The co- l ocal i zat i on of t he a
and ß subuni t s demonst r at ed her e f ur t her suppor t s t he post u-

l at e t hat t he ß subuni t i s r equi r ed f or opt i mal act i vi t y of CKI I

hol oenzyme and per haps f or r egul at i on of t he CKI I a subuni t

( Cochet and Chambaz, 1983 ; Acker man et al . , 1990) . One

pr oper t y of t he ß subuni t i s t hat over expr essi on of i t s cDNA

i n xer oder ma pi gment osa f i br obl ast s makes t he cel l s par -

t i al l y r esi st ant t o ul t r avi ol et r adi at i on ( Tei t z et al . , 1990) .
Thi s f i ndi ng i mpl i es t hat t he ß subuni t may have a f unct i on

i n DNA r epai r mechani sms, f ur t her emphasi zi ng t he need t o

char act er i ze nucl ear f or ms of CKI I subuni t s .

The a' subuni t of CKI I showed a ver y di f f er ent st ai ni ng

pat t er n compar ed t o a and ß subuni t s . The ant i bodi es 247

and 276 t hat r eact wi t h bot h a and a' subuni t s have pr ovi ded

usef ul i nf or mat i on when i nt er pr et ed wi t h t he dat a on t he a

subuni t . I t i s l i kel y t hat a' i s t he nucl ear f or m of CKI I , as

suggest ed by t he consi st ent pr esence of a i n t he cyt opl asm

r at her t han i n t he nucl eus, and t he nucl ear st ai ni ng pat t er n

of Abs 247 and 276 whi ch r ecogni ze bot h a and a' . Al t er na-

t i vel y, t he nucl ear ( a) f or mmay be pr esent i n di f f er ent com-

pl exes so t he epi t opes ar e not i mmunor eact i ve. However ,

Abs 247 and 276 r ecogni ze di st i nct epi t opes on t he mol e-

cul e, st r engt heni ng our pr oposal t hat t he di f f er ent i al st ai ni ng

r epr esent s t r ue l ocal i zat i on r at her t han di f f er ent i al i mmuno-

r eact i vi t y of pr ot ei n compl exes .

The i mmunocyt ochemi cal obser vat i ons of Bel enguer et al .

( 1989) and Fi l hol et al . ( 1990) , showed r educed st ai ni ng of

conf l uent cel l s and an i ncr eased concent r at i on of CKI I i n t he

nucl eus of pr ol i f er at i ng cel l s . Conf l uent bovi ne adr enocor t i -

cal cel l s showed t he pr esence of CKI I i n t he cyt opl asm and

an absence of nucl ear CKI I , whi l e act i vel y gr owi ng cel l s

showed t he pr edomi nant CKI I concent r at i on i n nucl ei ( Fi l -

hol et al . , 1990) . I n conf l uent bovi ne aor t i c endot hel i al cel l s,

CKI I was bar el y det ect ed i n ei t her t he cyt opl asm or t he nu-

cl eus, whi l e i t was pr omi nent i n bot h t he nucl eus and t he

cyt opl asm of exponent i al l y gr owi ng cel l s ( Bel enguer et al . ,

1989) . These var i abi l i t i es i n nucl ear st ai ni ng usi ng ant i bod-

i es agai nst hol oenzyme obser ved by t hose aut hor s may be

due t o t he movement or di si nt egr at i on of CKI I a' f r om t he

nucl eus i n speci f i c cel l cycl e st ages. The di f f er ent r esul t s may
be due t o t he di f f er ence of t hei r Ab' s subuni t speci f i ci t y, of
speci es, of cel l t ype, or of cel l cul t ur e st ages such as Go vs
G1 , or qui escent vs ar r est ed . Our dat a demonst r at ed t hat

t he maj or t r ansl ocat abl e subuni t of t he enzyme i n t he nu-

cl eus of human cel l s i s CKI I a' . The act i vi t y of CKI I i s l ower
at S phase ( Car r ol l , D. , and D. R. Mar shak, manuscr i pt sub-
mi t t ed f or publ i cat i on) or Go phase of cel l cycl e. St i mul a-

t i on by ser umor gr owt h f act or s i nduces an, enhanced act i va-

t i on of CKI I ( Car r ol l and Mar shak, 1989) . I f t he act i vat i on

of CKI I and t r ansl ocat i on of CKI I f r omcyt opl asmt o nucl eus
ar e a pr er equi si t e f or cel l pr ol i f er at i on and onset of t he cel l

cycl e, t he mi gr at i on of CKI I a' f r omt he cyt opl asmt o t he nu-
cl eus at G, and f r omt he nucl eus t o t he cyt opl asm at S must

be one of t he i mpor t ant r egul at i on st eps of cel l cycl e cont r ol .

The nucl ear f or mof t he CKI I a' subuni t may not r equi r e

t he ß subuni t f or i t s opt i mal act i vi t y or r egul at i on i n i nt er -
phase cel l s . I t seems possi bl e, t her ef or e, t hat t he nucl ear

f or mof CKI I may have a di st i nct physi ol ogi cal r ol e f r omt hat

of t he a subuni t . Not abl y, t he ß subuni t i s t he si t e of aut o-

phosphor yl at i on and, t her ef or e, t he a' subuni t may be r egu-

l at ed by ot her means . The si gni f i cance of a' i n t he cel l cycl e

has been st udi ed i n t he buddi ng yeast , Sacchar omyces
cer evi si ae ( Padmanabha et al . , 1990) . Nul l mut at i ons of t he

CKA1 ( a) gene do not conf er a det ect abl e phenot ype, and

hapl oi d cel l s i n whi ch t he CKA2 ( a) gene al one i s di sr upt ed

showno det ect abl e phenot ype. However , hapl oi d cel l s car r y-

i ng di sr upt i ons i n bot h t he CKA1 and CKA2 genes ar e i nvi a-

bl e, and exhi bi t gr owt h ar r est ( Padmanabha et al . , 1990) .

Cel l cycl e cont r ol of CKI I act i vi t y i n mammal i an cel l s ( Car -

r ol l , D. , I . J . Yu, and D. R. Mar shak, manuscr i pt submi t t ed

f or publ i cat i on) mi ght be r egul at ed by t he t r ansl ocat i on

phenomenon descr i bed her e or by an endogenous i nhi bi t or

compound . The most di st i nct char act er i st i c of t he CKI I a'

subuni t appear s t o be t he r egul at i on of i t s l ocal i zat i on dur i ng

t he cel l cycl e .

As shown her e, a smal l number ( t i 20%) of cel l s ar e nu-

cl eus negat i ve wi t h Ab 276. CKI I i s known t o phosphor yl at e

numer ous nucl ear pr ot ei ns i n addi t i on t o cyt opl asmi c pr o-

t ei ns ( Edel man et al . , 1987) . The pr esence of t he CKI I a'

subuni t i n t he nucl eus r at her t han t he CKI I a subuni t , sug-

gest s t hat t he CKI I a subuni t may pl ay a si gni f i cant r ol e i n

r egul at i on of such pr ocesses as DNA r epl i cat i on, t r anscr i p-

t i on, and nucl ear and nucl eol ar r eor gani zat i on . I t f ur t her i m-

pl i es t hat si gnal t r ansduct i on pat hways f r om t he cyt opl asm

t o t he nucl eus by CKI I ar e r at her compl i cat ed . The advan-

t ages t o t he cel l of ut i l i zi ng t he CKI I a' subuni t i n t he nucl eus

ar e not known at t hi s t i me . The di f f er ent pr oper t i es may be

pr ovi ded by t he car boxy t er mi nus of t he t wo pol ypept i des,

si nce t hi s i s t he r egi on of vast sequence het er ogenei t y ( Loze-

man et al . , 1990) . Absence of car boxy- t er mi nal st r uct ur es

( t i 40 ami no aci ds) i n a' mi ght pr ovi de a di f f er ent means of

r egul at or y t r anspor t of CKI I acr oss t he nucl ear envel ope .

Al t er nat i vel y, t he absence of t hese sequences may el evat e t he

ef f ect of t he put at i ve nucl ear l ocal i zat i on sequence t hat i s

r ecogni zed by Ab 247 and i s essent i al f or t he i nhi bi t i on

medi at ed by pol yani oni c compounds, such as hepar i n ( Hu

and Rubi n, 1990b) . Fur t her mor e, t he absence of t hese se-

quences may i nhi bi t associ at i on of t he ß subuni t , and t hus

r esul t i n a di f f er ent l evel of r egul at i on .
The absence of CKI I a, a' , and ß subuni t s f r om t he nu-

cl eus i n some per cent age of cel l s i mpl i es t hat t her e i s a shor t
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per i od i n t he nucl eus when CKI I i s not r equi r ed or i s pr esent

as anot her f or m, whi ch i s not det ect ed by convent i onal chr o-

mat ogr aphy or by our i mmunol ogi cal r eagent s . The r egul a-

t i on of t he pr esence and absence of CKI I a' i n t he nucl eus

dur i ng such cr i t i cal phases i s i n need of f ur t her i nvest i gat i on .

I n summar y, our cur r ent wor ki ng model of CKI I l ocal i za-

t i on i n t he cel l cycl e i s as f ol l ows . Dur i ng t he G, phase of

t he cel l cycl e i n pr ol i f er at i ng cel l s, CKI I act i vi t y i s hi gh, and

t he a and ß subuni t s r emai n cyt opl asmi c, whi l e t he «'

subuni t exi st s as t he nucl ear f or m. At t he S phase of cel l cy-

cl e, t he a' subuni t t r ansl ocat es f r om t he nucl eus t o t he

cyt opl asm concomi t ant wi t h a decr ease i n CKI I act i vi t y .

When cel l s r each mi t osi s and t he nucl ear envel ope br eaks

down, al l f or ms of t he enzyme ar e di f f usel y di st r i but ed

t hr oughout t he cel l and ar e al so associ at ed wi t h spi ndl e

f i ber s . The r ol e of CKI I i n cel l gr owt h appear t o be compl ex,

wi t h cer t ai n f or ms associ at ed wi t h cyt opl asmi c st r uct ur es

and ot her f or ms ( a) associ at ed wi t h t he nucl eus . The st udi es

pr esent ed her e cont r i but e t o a gr eat er under st andi ng of t he

f unct i on of CKI I subuni t s i n t he cont r ol of cel l gr owt h .
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