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Abst r act . We have used i mmunof l uor escence st ai ni ng

t o st udy t he subcel l ul ar di st r i but i on of cycl i n A and

Bl dur i ng t he somat i c cel l cycl e . I n bot h pr i mar y hu-

man f i br obl ast s and i n epi t hel i al t umor cel l s, we f i nd

t hat cycl i n A i s pr edomi nant l y nucl ear f r om S phase

onwar ds . Cycl i n A may associ at e wi t h condensi ng chr o-

mosomes i n pr ophase, but i s not associ at ed wi t h con-

densed chr omosomes i n met aphase. By cont r ast , cycl i n

BI accumul at es i n t he cyt opl asm of i nt er phase cel l s

and onl y ent er s t he nucl eus at t he begi nni ng of mi t osi s,

bef or e nucl ear l ami na br eakdown . I n mi t ot i c cel l s, cy-

cl i n BI associ at es wi t h condensed chr omosomes i n pr o-

phase and met aphase, and wi t h t he mi t ot i c appar at us .

C
YCLI Ns ar e pr ot ei ns whi ch have been i mpl i cat ed i n

t he cont r ol of mi t osi s i n al l eukar yot es . They wer e

f i r st i dent i f i ed i n r api dl y cl eavi ng embr yoni c cel l s,

and wer e di st i ngui shed by t hei r st eady accumul at i on i n i nt er -

phase, f ol l owed by speci f i c and r api d pr ot eol ysi s at mi t osi s

( Evans et al . , 1983 ; Swenson et al . , 1986 ; St andar t et al . ,

1987; West endor f et al . , 1989 ; f or r evi ew see Hunt , 1989 ;

Pi nes, 1991) . Mi t ot i c cycl i n cDNAs have been cl oned and se-

quenced f r oma var i et y of or gani sms, and on t he basi s of se-

quence homol ogi es i n t he most conser ved cent r al 200 ami no

aci ds ( t he cycl i n box) have been subdi vi ded i nt o t wo cl asses,

A t ype and B t ype . Synt het i c cycl i n Aor BmRNAs wi l l cause

mei osi s when mi cr oi nj ect ed i nt o Xenopus oocyt es ( Swenson

et al . , 1986 ; Pi nes and Hunt , 1987 ; West endor f et al . , 1989) ,

and per i odi c cycl i n B synt hesi s and dest r uct i on i s necessar y

and suf f i ci ent t o cause a Xenopus egg cel l - f r ee syst emt o osci l -

l at e bet ween S and Mphases ( Mi nshul l et al . , 1989 ; Mur r ay

and Ki r schner , 1989) .

A second cl ass of cycl i ns have been i dent i f i ed i n buddi ng

yeast . These ar e t he Gl cycl i ns whi ch associ at e wi t h p34cDc"

( t he f unct i onal homol ogue of p34cdc' i n f i ssi on yeast ) and

ar e r equi r ed at START i n GI phase f or t he cel l t o ent er

S phase ( Hadwi ger et al . , 1989 ; Ri char dson et al . , 1989 ;

Wi t t enber g et al . , 1990) . GI cycl i ns ar e - 25%homol ogous

i n t he cycl i n box t o t he mi t ot i c cycl i ns and have been i dent i -

f i ed i n buddi ng and f i ssi on yeast ( Hadwi ger et al . , 1989 ; For s-

bur g and Nur se, 1991) , and candi dat e cDNAs have been

i sol at ed f r om mammal i an cel l s ( Mat sushi me et al . , 1991 ;
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Cycl i n A i s degr aded dur i ng met aphase and cycl i n BI

i s pr eci pi t ousl y dest r oyed at t he met aphase- anaphase

t r ansi t i on . Cel l f r act i onat i on and i mmunopr eci pi t at i on

st udi es showed t hat bot h cycl i n A and cycl i n BI ar e as-

soci at ed wi t h PSTAI RE- cont ai ni ng pr ot ei ns . The nu-

cl ear , but not t he cyt opl asmi c f or m, of cycl i n A i s as-

soci at ed wi t h a 33- kD PSTAI RE- cont ai ni ng pr ot ei n .

Cycl i n BI i s associ at ed wi t h p34cdc' i n t he cyt opl asm.

Thus we pr opose t hat t he di f f er ent l ocal i zat i on of cy-

cl i n A and cycl i n BI i n t he cel l cycl e coul d be t he

means by whi ch t he t wo t ypes of mi t ot i c cycl i n conf er

subst r at e speci f i ci t y upon t hei r associ at ed PSTAI RE-

cont ai ni ng pr ot ei n ki nase subuni t .

Mot okur a et al . , 1991 ; Xi ong et al . , 1991 ; Lewet al . , 1991) .

Sacchar omyces cer evi si ae has r ecent l y been shown t o have

4 mi t ot i c cycl i ns ( Ghi ar a et al . , 1991 ; Sur ana et al . , 1991) ,

t her eby demonst r at i ng t hat Gl cycl i ns ar e a separ at e f ami l y

f r om mi t ot i c cycl i ns .

Mi t ot i c cycl i ns ar e bel i eved t o act t hr ough associ at i on wi t h

t he hi ghl y conser ved pr ot ei n- ser i ne/ t hr eoni ne ki nase p34cdcz,

t he pr oduct of t he cel l di vi si on cycl e gene cdc2 i n t he f i ssi on

yeast Schi zosacchar omyces pombe ( r evi ewed i n Nor bur y

and Nur se, 1989 ; Nur se, 1990 ; Pi nes and Hunt er , 1990b) .

Ther e i s st r ong genet i c and bi ochemi cal evi dence f or t hi s as-

soci at i on f or t he B- t ype cycl i ns . On t he basi s of sequence

compar i son t he pr oduct of t he essent i al Schi zosacchar or ny-

ces pombe cdc13+ gene was i dent i f i ed as a B- t ype cycl i n

( Booher and Beach, 1988 ; Goebel and Byer s, 1988 ; Hagan

et al . , 1988 ; Sol omon et al . , 1988) . I n S. pombe a cdc13 al -

l el e suppr esses a col d- sensi t i ve cdc2 mut ant i n i t s G2 t o

Mf unct i on ( Booher and Beach, 1987) , and conver sel y over -

expr essi on of p34cdc' suppr esses a t emper at ur e- sensi t i ve

cdc13 mut ant ( Booher and Beach, 1987; Booher and Beach,

1988 ; Hagan et al . , 1988) . Ther e i s bi ochemi cal evi dence

t hat p34cdaz and p63cd° " can be co- i mmunopr eci pi t at ed

( Booher et al . , 1989 ; Mor eno et al . , 1989) , and B- t ype cy-

cl i ns can al so be co- i mmunopr eci pi t at ed wi t h p34cd° 2 homo-

l ogues f r om cl ams, Xenopus, and human cel l s ( Dr aet t a et

al . , 1989 ; Pi nes and Hunt er , 1989 ; Gaut i er et al . , 1990) .
Evi dence f or t he physi ol ogi cal si gni f i cance of t he associ at i on

bet ween cycl i n B and p34cdc' comes f r omt he i dent i f i cat i on



of bot h t hese pr ot ei ns as component s of pur i f i ed Mphase

pr omot i ng f act or ( MPF) ' , and of t he cel l cycl e- dependent

hi st one Hl ki nase ( Dr aet t a et al . , 1989 ; Labbt s et al . , 1989 ;

Mei j er et al . , 1989 ; Chamber s and Langan, 1990 : Gaut i er

et al . , 1990) . I n Xenopus t wo t ypes of cycl i n B have been

cl oned ( Mi nshul l et al . , 1990) , desi gnat ed cycl i ns BI and
B2 . By sequence homol ogy, t he human cycl i n Bcl one we i so-

l at ed i s a cycl i n Bl , and a human cycl i n B2 has si nce been
cl oned by S. Reed and col l eagues ( S . Reed, per sonal commu-

ni cat i on) .

We have r ecent l y shown t hat human cycl i n A associ at es
wi t h p34cdc2 and wi t h a r el at ed pr ot ei n of r v 33 kD t hat we

have t er med p33 ( Pi nes and Hunt er , 1990a) . p33 i s r el at ed
i n st r uct ur e t o p34edc2 ; i t cont ai ns t he PSTAI RE epi t ope
f ound i n t he cdc2 f ami l y of pr ot ei n ki nases, and N- chl or o-

succi ni mi de t r eat ment of p33 gener at es t he same si ze f r ag-

ment s as p34° dc 2 . These dat a suggest t hat p33 i s l i kel y t o be

a pr ot ei n ki nase. Bot h A- and B- t ype cycl i n i mmuno-
compl exes di spl ay i n vi t r o pr ot ei n ki nase act i vi t y and have

ver y si mi l ar i n vi t r o subst r at e speci f i ci t i es ( Mi nshul l et al . ,

1990) . Cycl i n A l evel s r i se and f al l i n advance of cycl i n B;

cycl i n A l evel s i ncr ease t hr oughout S and G2 phases and de-

cl i ne as cel l s begi n met aphase, wher eas cycl i n B accumu-

l at es i n G2 phase and per si st s t o mi d- mi t osi s ( Mi nshul l et
al . , 1990 ; Pi nes and Hunt er , 1990a) . The associ at ed i n vi t r o

pr ot ei n ki nase act i vi t i es of bot h cycl i n A and cycl i n B peak

dur i ng l at e G2/ Mphase, whi ch mi ght suggest t hat t hey ser ve

si mi l ar , i f not i nt er changeabl e f unct i ons . Some suppor t f or

t hi s i dea i s t he obser vat i on t hat ei t her cycl i n A or cycl i n B

al one can cause Xenopus oocyt es t o mat ur e and can el i ci t

r epeat ed r ounds of mi t osi s i n a Xenopus cel l - f r ee syst em.

However , t her e i s genet i c evi dence f r omDr osophi l a t hat cy-

cl i n Aand Bcannot subst i t ut e f or each ot her i n t he ear l y em-

br yoni c cel l cycl e ( Lehner and O' Far r el l , 1990) . As yet no

A- t ype cycl i n homol ogs have been i dent i f i ed i n yeast t o

conf i r m t hi s obser vat i on .

I t seemed possi bl e t hat A- and B- t ype cycl i ns mi ght per -

f or mdi f f er ent , essent i al r ol es by l ocal i zi ng t hei r r espect i ve

associ at ed pr ot ei n ki nases t o di f f er ent par t s of t he cel l .

Ther ef or e we under t ook a st udy by i mmmunof l uor escence

st ai ni ng of t he i nt r acel l ul ar di st r i but i on of human cycl i ns A

and Bl t hr oughout t he cel l cycl e . We showher e t hat i n human

cel l s cycl i n Bl i s pr edomi nant l y cyt opl asmi c unt i l j ust bef or e

mi t osi s, wher eas cycl i n A accumul at es i n t he nucl eus . I n

met aphase, cycl i n Bl bi nds t o t he spi ndl e and t o condensed

chr omosomes.

Mat er i al s andMet hods

Cel l Cul t ur e and Synchr oni zat i on

HeLa S3 TK- cel l s wer e cul t ur ed at 37° C on pl at es i n DME suppl ement ed

wi t h 10% cal f ser um ( compl et e medi um) . Human f or eski n f i br obl ast s ( gi f t
of Dr . R. Al l en, Sal k I nst i t ut e) wer e cul t ur ed at 37° C, 7. 5 %C02 i n DME/
F12 medi um.

Cel l s wer e synchr oni zed at t he Gl / S boundar y by sequent i al t hymi di ne

( Si gma Chemi cal Co . , St . Loui s, MO) and aphi di col i n ( Si gma Chemi cal
Co. ) t r eat ment accor di ng t o Hei nt z et al . ( 1983) , and as pr evi ousl y de-

scr i bed ( Pi nes and Hunt er , 1989) . Cel l s wer e synchr oni zed i n G2 phase by

t he addi t i on of 0. 15 j Ag/ ml Hoechst 33342 dye ( Cal bi ochem- Behr i ng Cor p . ,

La Jol l a, CA) accor di ng t o Tobey et al . ( 1990) , or i n pseudo- met aphase by

1 . Abbr evi at i ons used i n t hi s paper : MPF, Mphase pr omot i ng f act or ; SRP,

si gnal r ecogni t i on par t i cl e .
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t he addi t i on of 0. 4 pg/ ml nocodazol e ( Si gma Chemi cal Co. ) , f or 12 h af t er

r el ease f r om a t hymi di ne bl ock.

Ant i bodi es

Rabbi t pol ycl onal ant i bodi es speci f i c f or cycl i n A ( Pi nes and Hunt er , 1990a)
or f or cycl i n BI ( Pi nes and Hunt er , 1989) wer e r ai sed i n r abbi t s agai nst t he

ent i r e cycl i n Aor BI pr ot ei n expr essed as nonf usi on pr ot ei ns i n Escher i chi a
col i , and char act er i zed as pr evi ousl y descr i bed . These ant i ser a wer e shown
not t o cr oss r eact on i mmunobl ot s or i n i mmunopr eci pi t at i ons . Bot h an-
t i ser a r ecogni ze si ngl e pr ot ei ns on an i mmunobl ot of a whol e- cel l l ysat e.
Ot her ant i bodi es ar e document ed i n t he i mmunof l uor escence sect i on .

Cel l Fr act i onat i on, I mmunopr eci pi t at i on,
and I mmunobl ot t i ng

Two - 80%conf l uent 10- cmdi shes of HeLa cel l s wer e ar r est ed i n G2 phase
wi t h 0. 15 pg/ ml Hoechst 33342 dye ( Tobey et al . , 1990) and t he cyt opl asmi c
and nucl ear f r act i ons i sol at ed by hypot oni c l ysi s f ol l owed by t r eat ment wi t h
0. 5 %NP- 40, accor di ng t o Boyl e et al . ( 1985) . I mmunopr eci pi t at i on and i m-
munobl ot t i ng wer e car r i ed out as descr i bed i n Pi nes and Hunt er ( 1989) , ex-
cept t hat sampl es f or t he ant i - PSTAI RE i mmunobl ot wer e r un i n 100 MM
NEMi nst ead of 2- mer capt oet hanol so t hat most of t he I gGmol ecul es r an
at >100 kD. The nucl ear and cyt opl asmi c f r act i ons wer e nor mal i zed t o con-

t ai n equal number s of cel l equi val ent s . When t he ant i - PSTAI RE mAb was
used as a pr obe, 400 ng/ ml of r abbi t ant i - mouse I gG ( Or ganon Tekni ka,

West Chest er , PA) was i ncl uded wi t h t he [ 125 1] pr ot ei n A.

I mmunof l uor escence Mi cr oscopy

Cel l s wer e pl at ed at l ow densi t y ont o st er i l e, 10- mm r ound gl ass cover sl i ps .

Cel l s wer e ei t her f i xed at r oomt emper at ur e wi t h 50%vol / vol met hanol / ace-

t one f or 2 mi n or wi t h 3 %f or mal dehyde f or 5 mi n f ol l owed by per meabi l i -

zat i on i n 0 . 5% Tr i t on X- 100 f or 10 mi n accor di ng t o Ni gg et al . ( 1985) .

Ant i - cycl i n ant i bodi es wer e used at a di l ut i on of 1 : 2, 000 i n 3 %BSA i n PBS.
A mAb t o mouse l ami n A ( gi f t of L . Ger ace, Resear ch I nst i t ut e of Scr i pps

Cl i ni c) , a mAb t o cani ne si gnal r ecogni t i on par t i cl e ( SRP) r ecept or pr ot ei n

( gi f t of D. Meyer , Uni ver si t y of Cal i f or ni a, Los Angel es, CA) , and a mAb

t o a- t ubul i n ( Amer shamCor p. , Ar l i ngt on Hei ght s, I L) wer e used at a di l u-

t i on of 1 : 200; al l t hr ee mAbs r ecogni ze t he cognat e human pr ot ei n . The

ant i - PSTAI RE mAb was t he ki nd gi f t of M. Yamashi t a, Okasaki , Japan, and

was used at a di l ut i on of 500 ng/ ni l . mAb 12CA5 ( gi f t of I . Wi l son, Re-

sear ch I nst i t ut e of Scr i pps Cl i ni c) was used at a di l ut i on of 120 ng/ ml .

Cel l s wer e i ncubat ed wi t h pr i mar y or secondar y ant i bodi es f or 1 h at r oom

t emper at ur e . FI TC- conj ugat ed goat ant i - r abbi t I gG and r hodami ne- con-

j ugat ed goat ant i - mouse I gG secondar y ant i bodi es wer e obt ai ned f r om

Cappel Labor at or i es ( Cochr anvi l l e, PA) , and used at a di l ut i on of 1 : 200.

Rhodami ne- l abel ed wheat ger m aggl ut i ni n ( Cal bi ochem- Behr i ng Cor p. )

was used at a di l ut i on of 1: 200. Cel l s wer e al so r out i nel y st ai ned wi t h

Hoechst dye 33258. The chr omosome st ai ni ng was used t o j udge t he st age

of mi t osi s . Cel l s descr i bed as bei ng i n S phase ar e f r om sampl es t aken

2 t o 4 h af t er r el ease f r om a t hymi di ne/ aphi di col i n bl ock . Cel l s descr i bed

as bei ng i n G2 phase ar e f r omsampl es ar r est ed i n G2 wi t h Hoechst 33342 .

These bl ocks wer e >80%ef f ect i ve as j udged by f l ow cyt omet r y . Speci mens

wer e obser ved and phot ogr aphed wi t h a st andar d mi cr oscope ( Zei ss, Ober -

kochen, Ger many) and M35 camer a, equi pped wi t h a Neof l uor X100/ 1 . 30

l ens . Conf ocal mi cr oscopy was per f or med usi ng a Zei ss Axi phot equi pped
wi t h a MRC Laser shar p conf ocal i magi ng syst em ( Bi o- Rad Labor at or i es,
Cambr i dge, MA) .

Resul t s

Cycl i n A I s Pr edomi nant l y Nucl ear Wher eas Cycl i n BI

I s Pr edomi nant l y Cyt opl asmi c

We det er mi ned t he subcel l ul ar di st r i but i on of cycl i ns A and

Bl i n asynchr onous popul at i ons of gr owi ng HeLa cel l s,

usi ng ant i bodi es r ai sed i n r abbi t s t o t he ent i r e cycl i n A or Bl

pr ot ei n expr essed i n E. col i ( Pi nes and Hunt er , 1989 ; Pi nes

and Hunt er , 1990a) ( see Mat er i al s and Met hods) . The
speci f i ci t y of t hese ant i bodi es has been t est ed i n a var i et y of

ways . Each of t hese ant i bodi es r ecogni zes a si ngl e pr ot ei n on

an i mmunobl ot of a whol e- cel l l ysat e ( Pi nes and Hunt er ,



1989 ; Pi nes and Hunt er , 1990x ; and dat a not shown) , and

nei t her ant i body cr oss r eact s wi t h t he ot her t ype of cycl i n on

i mmunobl ot s, or i n i mmunopr eci pi t at i ons f r omcel l l ysat es

or f r om i n vi t r o t r ansl at i on pr oduct s ( dat a not shown) . We

have af f i ni t y pur i f i ed t hese ant i bodi es, but t he hi ghl y dena-

t ur i ng condi t i ons r equi r ed t o el ut e t hemf r om t hei r r espec-
t i ve ant i gens make t hemver y poor r eagent s f or i mmunof l uo-
r escence st ai ni ng, and i n consequence we have most l y used
whol e ser um. Bot h ser a wer e used at a di l ut i on of 1 : 2, 000,
and t he i mmunof l uor escence pat t er ns f or bot h cycl i ns wer e

i ndependent of t he met hod used t o f i x t he cel l s . Si mi l ar r e-

sul t s wer e obt ai ned wi t h f i xat i on by met hanol / acet one or by

f or mal dehyde f ol l owed by sol ubi l i zat i on i n Tr i t on X100, ex-

cept t hat ant i - cycl i n BI ant i bodi es st ai ned condensed chr o-

mosomes mor e st r ongl y i n met hanol / acet one- f i xed cel l s ( see
bel ow) . We demonst r at ed t hat t he i mmunof l uor escence si g-

nal obt ai ned wi t h bot h ser a was speci f i c by pr ei ncubat i ng

each ant i ser um wi t h gel - pur i f i ed ant i gen ( ei t her cycl i n A or

BI as appr opr i at e) , whi ch compl et el y bl ocked i mmunof l uo-

r escence wi t h f or mal dehyde- f i xed cel l s ( Fi g . 1, A and B) ,

and wi t h met hanol / acet one- f i xed cel l s ( dat a not shown) . I n

addi t i on no si gnal was obt ai ned wi t h t he pr ei mmune ser um

f r omei t her t he cycl i n A- or cycl i n BI - i mmuni zed r abbi t ( dat a

not shown) . Per haps most t el l i ngl y, we f i nd t hat bot h our
ant i - cycl i n A and Bl ant i bodi es st r ongl y st ai n cel l s i n t he cel l

cycl e f r om S phase t o met aphase, but do not st ai n cel l s i n

anaphase ( Fi g . 1, C and D) , t el ophase or most of GI ( dat a
not shown) , exact l y i n accor d wi t h t he amount of cycl i n

pr ot ei n est i mat ed by i mmunobl ot t i ng t hr ough t he cel l cycl e
( Pi nes and Hunt er , 1990x) .

I n an asynchr onous popul at i on of HeLa cel l s we f ound t hat

cycl i n A was pr edomi nant l y nucl ear i n many cel l s ( Fi g . 1,

Cand E) , wher eas cycl i n BI accumul at ed i n t he cyt opl asm,
most not abl y i n t he per i nucl ear r egi on ( Fi g. 1, Dand F) . The

speci f i ci t y of t he ant i - cycl i n A ser umwas f ur t her conf i r med
by showi ng t hat i t s i mmunof l uor escence pat t er n was i dent i -
cal i n doubl e i mmunof l uor escence exper i ment s t o t hat ob-

ser ved wi t h t he mouse mAb C160 ( dat a not shown ; see Fi g .

1 E f or t he i mmunof l uor escence pat t er n obt ai ned wi t h t he

C160 mAb) whi ch we have pr evi ousl y shown t o r ecogni ze

cycl i n A ( Pi nes and Hunt er , 1990x) . The speci f i ci t y of t he
i mmunof l uor escence pat t er n obt ai ned wi t h t he B- t ype ser um
was conf i r med by t r ansf ect i ng cel l s wi t h a Xenopus cycl i n B2
cl one ( gi f t of Dr . T. Hunt ) t agged at t he NHz t er mi nus wi t h
t he i nf l uenza HI A pept i de . I n doubl e i mmunof l uor escence
exper i ment s wi t h t he ant i - human cycl i n BI ser um, t he i mmu-

nof l uor escence pat t er n obt ai ned wi t h t he mAb 12CA5 ( gi f t
of Dr . I . Wi l son) , whi ch r ecogni zes t he HI A epi t ope, mi r -
r or ed t hat seen wi t h t he ant i - cycl i n BI ser um ( dat a not
shown) . We have t est ed t he di st r i but i on of cycl i ns A and BI
i n bot h an i mmor t al i zed cel l l i ne ( HeLa S3) , and i n pr i mar y
human cel l s ( human f or eski n f i br obl ast s) , and t he r esul t s ar e

essent i al l y i dent i cal f or t he t wo t ypes of cel l s .

Cycl i n A Ent er s t he Nucl eus at SPhase and I s

Degr aded dur i ng Met aphase

Our i ni t i al st udi es suggest ed t hat t he t wo t ypes of cycl i n ar e
t r anspor t ed t o t he nucl eus at di f f er ent t i mes i n t he cel l cycl e .
Adoubl e i mmunof l uor escence exper i ment wi t h ant i - human
cycl i n BI ser umand t he mAb C160 showed t hat cycl i n A i s
nucl ear at t he t i me when cycl i n BI i s per i nucl ear ( Fi g. 1, E

Pi nes and Hunt er Di f f er ent i al Locat i on of Human Cycl i ns A and BI

and F) . To det er mi ne t he exact t i mes at whi ch cycl i n A and
BI ent er t he nucl eus we synchr oni zed a popul at i on of cel l s
at t he begi nni ng of S phase wi t h a t hymi di ne/ aphi di col i n
bl ock ( see Mat er i al s and Met hods) , r el eased t he cel l s and
l ooked at t he di st r i but i on of t he cycl i ns t hr ough t he cel l cycl e .

The l ow l evel of cycl i n Adet ect ed at t he begi nni ng of S phase
was l ar gel y nucl ear . Cycl i n A cont i nued t o accumul at e pr e-
domi nant l y i n t he nucl eus of S phase and G2 phase cel l s
( Fi gs . 2 A) , wher e i t was excl uded f r omt he nucl eol i . A com-
par i son of t he Hoechst DNAst ai n wi t h ant i - cycl i n A st ai ni ng
suggest s t hat cycl i n A was associ at ed wi t h some chr omat i n
i n pr ophase ( Fi g . 2, Band C) . Al t hough a t hr ee- di mensi onal
r econst r uct i on of such i mages or evi dence t hat cycl i n A i s
associ at ed wi t h i sol at ed chr omat i n woul d be needed t o es-
t abl i sh t hi s i nt er act i on, and some evi dence f or t hi s i s t he ob-
ser vat i on t hat cycl i n A i s f ound i n pr epar at i ons of gr owt h-
associ at ed hi st one Hl ki nase i sol at ed f r om r at chr omat i n
( Chamber s and Langan, 1990) . Af t er pr ophase cycl i n A be-
came di sper sed t hr oughout t he cel l , and appar ent l y was not
associ at ed wi t h f ul l y condensed chr omosomes ( Fi gs . 2, D
and E) , al t hough we cannot r ul e out t hat t he mor e condensed
chr omat i n st r uct ur e i n met aphase pr event ed t he ant i bodi es
f r ombi ndi ng cycl i n A. By cont r ast , cycl i n Bl does associ at e
wi t h condensed chr omosomes i n bot h pr ophase and met a-
phase ( see bel ow) . Dur i ng met aphase t he i nt ensi t y of st ai n-
i ng wi t h ant i - cycl i n Aant i bodi es decl i ned compar ed wi t h t he
maxi mumobser ved i n G2 and at pr ophase ( Fi g . 1 C) , whi ch
was because of cycl i n A degr adat i on . At anaphase cycl i n A
st ai ni ng had di sappear ed f r om t he whol e of t he cel l . These
changes i n t he i nt ensi t y of cycl i n A i mmunof l uor escence
t hr oughout t he cel l cycl e par al l el ed t he change i n t he l evel
of cycl i n Adet er mi ned by i mmunobl ot t i ng ( Pi nes and Hunt er ,
1990x) . I t i s not abl e wi t h r espect t o t he behavi or of cycl i n
BI ( see bel ow) t hat at no t i me does cycl i n Aappear t o associ -
at e speci f i cal l y wi t h t he mi t ot i c appar at us .

Cycl i n BI Onl y Moves t o t he Nucl eus at MPhase

Cycl i n BI was f i r st vi si bl e i n t he cyt opl asm of ear l y S phase
cel l s, but i n cont r ast t o cycl i n A i t cont i nued t o accumul at e
excl usi vel y i n t he cyt opl asm of S and G2 phase cel l s, espe-
ci al l y ar ound t he nucl eus ( Fi g. 1, Dand F) . Cycl i n BI st ai n-
i ng was i ni t i al l y par t i cul at e, but event ual l y became most l y
per i nucl ear . At pr esent t he cyt opl asmi c di st r i but i on of cycl i n
BI i s not r eadi l y expl ai ned by any r ecogni zed cyt opl asmi c
st r uct ur e . Al t hough t her e i s a gener al cor r espondence be-
t ween t he mi cr ot ubul e net wor k and cycl i n B, t hi s i s not t r ue
col ocal i zat i on ( Fi g . 3, A and B) . However , t he l ocat i on of cy-
t opl asmi c cycl i n BI i s i nf l uenced by t he i nt egr i t y of t he mi -
cr ot ubul e net wor k, because nocodazol e t r eat ment di sr upt ed
cycl i n Bl di st r i but i on ( dat a not shown) . The per i nucl ear di s-
t r i but i on of cycl i n Bl was not a r esul t of associ at i on wi t h t he
Gol gi appar at us, as r eveal ed by doubl e i mmunof l uor escence
st ai ni ng wi t h r hodami ne- l abel ed wheat ger maggl ut i ni n ( Fi g.
3, C and D) , nor obvi ousl y t o associ at i on wi t h t he ER as
shown by co- i mmunof l uor escence wi t h an ant i - SRP r ecept or
ant i body ( dat a not shown) . At t he begi nni ng of pr ophase, be-
f or e nucl ear envel ope br eakdown, al most al l t he cycl i n Bl
under went a dr amat i c r edi st r i but i on i nt o t he nucl eus ( Fi g . 4
A and 6 C) . Despi t e t he change obser ved i n cycl i n BI l ocal -
i zat i on upon mi cr ot ubul e di sr upt i on i n i nt er phase, t he t r ans-
l ocat i on of cycl i n BI i nt o t he nucl eus was i ndependent of
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Fi gur e 1. I mmunof l uor escence st ai ni ng of asynchr oni zed HeLa cel l s . ( A) HeLa cel l s f i xed wi t h f or mal dehyde and st ai ned wi t h pol ycl onal
ant i - cycl i n A ant i bodi es pr e- i ncubat ed wi t h gel pur i f i ed cycl i n A pr ot ei n . ( B) HeLa cel l s f i xed wi t h f or mal dehyde and st ai ned wi t h ant i -
cycl i n BI ant i bodi es pr e- i ncubat ed wi t h gel pur i f i ed cycl i n BI pr ot ei n . ( C) HeLa cel l s f i xed wi t h f or mal dehyde and st ai ned wi t h pol ycl onal
ant i - cycl i n Aant i bodi es . A cel l i n met aphase i s ar r owed . ( D) HeLa cel l s f i xed wi t h f or mal dehyde and st ai ned wi t h ant i - cycl i n BI ant i bodi es .
Ar r owed i s a cel l compl et i ng t el ophase. The st ai ni ng her e i s ar t ef act ual l y hi gh because of t he geomet r y of t he cel l . ( E) HeLa cel l s f i xed
wi t h f or mal dehyde and st ai ned wi t h ant i - cycl i n AmAb C160. ( F) HeLa cel l s f i xed wi t h f or mal dehyde and st ai ned wi t h pol ycl onal ant i - cycl i n
Bl ant i bodi es, showi ng t he same f i el d as i n A. Bar s, 10 l i m.

i nt act mi cr ot ubul es, because i t st i l l occur r ed i n nocodazol e-

t r eat ed cel l s .

A si mi l ar r edi st r i but i on t o t he nucl eus at pr ophase has pr e-

vi ousl y been descr i bed f or a 57- kD Gol gi - associ at ed pr ot ei n

( McMor r owet al . , 1990) , and i t was suggest ed t hat t he r el o-

The Jour nal of Cel l Bi ol ogy, Vol ume 115, 1991

cat i on coul d be because of phosphor yl at i on at mi t osi s . Cy-

cl i n B1 i s al so phosphor yl at ed at mi t osi s, and i n cl eavi ng sea

ur chi n embr yos t hi s phosphor yl at i on event causes a shi f t i n

t he mobi l i t y of cycl i n BI on SDS- PAGE and i s cor r el at ed

wi t h t he appear ance of hi st one H1 ki nase act i vi t y ( Mei j er et

4



Fi gur e 1.

al . , 1989) . The ser i ne r esi due t hat causes t hi s shi f t i n mobi l -
i t y upon phosphor yl at i on was i dent i f i ed i n sea ur chi n cycl i n
BI and Xenopus cycl i n B2 by Ti mHunt and col l eagues, who
mut at ed t hi s ser i ne ( ser i ne 90) t o an al ani ne . We t agged t he
wi l d- t ype and t he mut ant B2 Xenopus cycl i ns wi t h t he HI A
epi t ope, expr essed t hemi n HeLa cel l s f r oma r et r ovi r al vec-
t or and st udi ed t hei r l ocal i zat i on by i mmunof l uor escence .
Doubl e i mmunof l uor escence st udi es wi t h t he 12CA5 mAb

Pi nes and Hunt er Di f f er ent i al Locat i on of Human Cycl i ns A and B/

and ant i - human cycl i n BI ant i ser um t o moni t or t he endoge-
nous pr ot ei n showed t hat bot h t he mut ant and t he wi l d- t ype
Xenopus cycl i n r el ocat ed t o t he nucl eus at t he begi nni ng of
pr ophase, at t he same t i me as t he endogenous cycl i n BI ( dat a
not shown) . Thi s demonst r at es t hat t he nucl ear l ocal i zat i on
si gnal i s conser ved bet ween speci es, and, t hat i f cycl i n phos-
phor yl at i on i s i nvol ved i n i t s nucl ear t r anspor t , i t must be at
a r esi due ot her t han ser i ne 90.
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Cycl i n BI Associ at es wi t h Condensed

Chr omosomes and i s Degr aded at t he

Met aphaseAnaphase Tr ansi t i on

Al t hough t he ant i - cycl i n BI ant i ser umdi d not st ai n chr omo-

somes st r ongl y i n f or mal dehyde- f i xed cel l s, i t pr omi nent l y

st ai ned chr omosomes i n met hanol / acet one- f i xed cel l s ( Fi g.

4, A and C) . The cycl i n BI st ai ni ng pat t er n on chr omosomes

di f f er ed f r om t hat of cycl i n A i n r emai ni ng associ at ed wi t h

condensed chr omosomes i n met aphase ( compar e Fi g . 2 D

wi t h Fi g. 4, A and C) . Anot her di f f er ence bet ween cycl i n A

and BI st ai ni ng pat t er ns was i n t he manner of cycl i n7s de-

st r uct i on . Cycl i n Ast ai ni ng gr adual l y decr eased t hr ough mi -

t osi s, such t hat met aphase cel l s wer e l ess st r ongl y st ai ned

t han pr ophase cel l s ( Fi g . 1 C) , and anaphase cel l s seemed

t o have l i t t l e or no cycl i n A. However , t her e was no shar p

decr ease i n t he i nt ensi t y of t he ant i - cycl i n A st ai n at any

st age . By cont r ast , t hr oughout met aphase cel l s st ai ned

st r ongl y wi t h ant i - cycl i n BI ant i bodi es, but as soon as cel l s

ent er ed anaphase i t appear ed t hat most , i f not al l cycl i n Bl

was degr aded ( Fi g . 1 Dand Fi g . 5 A) . Thi s pr ovi des st r ong

evi dence f or t he r epor t s f r omot her syst ems t hat cycl i n B de-

st r uct i on i s t i ght l y cor r el at ed wi t h t he met aphase- anaphase

t r ansi t i on ( Mi nshul l et al . , 1988 ; Mur r ay and Ki r schner ,

1989 ; Ghi ar a et al . , 1991) .

Cycl i n BI Associ at es wi t h t he Mi t ot i c Spi ndl e

We not i ced t hat some cycl i n BI seemed t o be concent r at ed

near t o t he condensed chr omosomes i n mi t ot i c cel l s ( Fi g.

4, Aand C) , and a car ef ul exami nat i on of t hese pi ct ur es sug-

gest ed t hat cycl i n Bl was l ocal i zed t o t he mi t ot i c spi ndl e . To

conf i r m t hat t hi s was due t o an associ at i on wi t h t he mi t ot i c

appar at us we co- st ai ned cel l s wi t h ant i - cycl i n Bl ant i bodi es

and an ant i - , O t ubul i n mAb. We f ound t hat i n pr ophase cel l s

cycl i n BI was associ at ed wi t h t he mi t ot i c ast er s ( Fi g . 5, C

and D) . I n met aphase cel l s, cycl i n BI l ocal i zed t o t he spi ndl e

pol es, spi ndl e pol e caps, and t o t he mai n spi ndl e f i ber s ( Fi g .

5, Eand F) . Cycl i n Bl was st r ongl y associ at ed wi t h mi cr ot u-

bul es i n mi t ot i c cel l s, but not i n i nt er phase cel l s ( Fi g . 3, A

and B) . When cel l s wer e per meabi l i zed f or 30 s wi t h Tr i t on

X100 i n a buf f er whi ch st abi l i zes mi cr ot ubul es, and t hen

f i xed i n f or mal dehyde, cycl i n BI st ai ni ng was al most com-

pl et el y el i mi nat ed f r omi nt er phase cel l s and t he cyt opl asm

of Mphase cel l s, but was st i l l pr esent on t he mi t ot i c appar a-

t us i n pr ophase and met aphase cel l s ( dat a not shown) .

Cycl i n BI Ent er s t he Nucl eus bef or e Nucl ear

Lami na Br eakdown

I t has r ecent l y been shown t hat pur i f i ed MPF, whi ch i s com-

posed of cycl i n B and p34cdcz, i s abl e t o phosphor yl at e

l ami n B at t he same si t es i n vi t r o as ar e speci f i cal l y phos-

phor yl at ed i n mi t osi s i n vi vo ( Pet er et al . , 1990 ; War d and

Ki r schner , 1990) . I t has al so been shown t hat i n a cel l - f r ee

syst em MPF wi l l cause pur i f i ed nucl ei t o under go nucl ear

l ami na br eakdown ( Pet er et al . , 1990) . For cycl i n B/ p34adcz

t o be i nst r ument al i n l ami na di sassembl y i n vi vo, t he com-
pl ex woul d have t o ent er t he nucl eus whi l e t he l ami na was
st i l l i nt act . To det er mi ne whet her t hi s i s t he case, we co-
st ai ned HeLa cel l s wi t h ant i - cycl i n Bl ant i ser um and an
ant i - l ami n A mAb ( gi f t of Dr . L . Ger ace) . I n cel l s i n l at e G2,

Pi nes and Hunt er Di f f er ent i al Locat i on of Human Cycl i ns A and BI

cycl i n BI had accumul at ed ar ound t he nucl eus, whi ch di s-
pl ayed a br i ght , nucl ear l ami n r i ng ( Fi g . 6, A and B) . I n
pr ophase a si gni f i cant pr opor t i on of cycl i n Bl had ent er ed t he
nucl eus, but t he nucl ear l ami na was st i l l det ect ed as an i nt act
r i ng ar ound t he nucl eus ( Fi g . 6, Cand D) .

To det er mi ne mor e pr eci sel y t he l ocat i on of cycl i n Bl wi t h
r espect t o t he nucl ear l ami na, we used conf ocal mi cr oscopy
t o vi sual i ze cel l s st ai ned f or cycl i n Bl and l ami n A. Thi s
conf i r med t hat i n i nt er phase cycl i n Bl accumul at ed al l ar ound
t he nucl eus wi t h no det ect abl e cycl i n Bl wi t hi n t he nucl eus
( dat a not shown) . At pr ophase cycl i n Bl ent er ed t he nucl eus
and di sper sed t hr oughout t he nucl eopl asm, but t he nucl ear
l ami na st i l l st ai ned as an i nt act spher e . Shor t l y af t er t he t r ans-
l ocat i on of cycl i n BI , t he nucl ear l ami ns di sper sed t hr ough-
out t he cel l . Thus t he cel l cycl e- dependent movement of cy-
cl i n BI , pr esumabl y wi t h i t s associ at ed p34cdc' subuni t , i s
ent i r el y consi st ent wi t h t hi s compl ex act i ng as t he mi t osi s-
speci f i c l ami n ki nase.

PSTAI RE- cont ai ni ng Pr ot ei ns Ar e Pr esent i n bot h
t he Nucl eus and t he Cyt opl asm, and Associ at e wi t h
t he Mi t ot i c Spi ndl e

Cycl i ns A and Bl ar e pr esumed t o f unct i on by act i vat i ng and
t ar get t i ng t hei r associ at ed ki nase, ei t her p34cdc' or p33, t o
i t s subst r at es . For t hi s r eason, i t i s i mpor t ant t o det er mi ne
wher e t he cycl i n- pr ot ei n ki nase compl exes ar e l ocat ed i n t he
cel l . Ther ef or e we compar ed t he l ocal i zat i on of cycl i n A and
Bl t hr ough t he cel l cycl e wi t h PSTAI RE- cont ai ni ng pr ot ei ns
by doubl e i mmunof l uor escence st ai ni ngs wi t h ant i - cycl i n an-
t i bodi es and wi t h a mAb r ai sed t o t he conser ved " PSTAI RE"
pept i de mot i f f ound i n al l known member s of t he cdc2 pr o-
t ei n ki nase f ami l y ( gi f t of Dr . M. Yamashi t a) . Thi s mAb
r ecogni zes bot h p34cdc' and p33 on i mmunobl ot s ( see Fi g . 7
E) , and pr esumabl y any ot her PSTAI RE- cont ai ni ng pr ot ei n
i n t he cel l . We demonst r at ed t he speci f i ci t y of t he ant i -
PSTAI RE mAb i n i mmunof l uor escence by pr e- i ncubat i ng
t he ant i body wi t h t he PSTAI RE pept i de whi ch compl et el y
el i mi nat ed cel l st ai ni ng ( dat a not shown) . Bot h nucl ear cy-
cl i n A i n S phase ( Fi g . 7, A and B) and cyt opl asmi c cycl i n

BI i n G2 phase ( Fi g . 7, Cand D) col ocal i zed wi t h pr ot ei ns
r ecogni zed by t he ant i - PSTAI RE ant i body. I n addi t i on, i n
mi t ot i c cel l s bot h cycl i n Bl and PSTAI RE- cont ai ni ng pr o-
t ei ns l ocal i zed t o t he mi t ot i c spi ndl e ( dat a not shown) .

These i mmunof l uor escence dat a do not pr ove t hat t he
col ocal i zed PSTAI RE- cont ai ni ng pr ot ei n and cycl i n ar e
physi cal l y associ at ed, nor can t hey addr ess whi ch PSTAI RE-
cont ai ni ng pr ot ei n i s bei ng det ect ed . To det er mi ne whet her
cycl i n- PSTAI RE pr ot ei n compl exes exi st i n di f f er ent par t s of
t he cel l , we f r act i onat ed G2 phase HeLa cel l s i nt o cr ude nu-
cl ear and cyt opl asmi c f r act i ons, f ol l owed by i mmunopr eci p-
i t at i on wi t h ant i - cycl i n A or BI ant i bodi es, and t hen i mmu-
nobl ot t i ng wi t h t he ant i - PSTAI RE mAb ( Fi g . 7 E) and
ant i - cycl i n ant i bodi es ( dat a not shown) . We f ound t hat most
of cycl i n Awas nucl ear , consi st ent wi t h t he i mmunost ai ni ng
dat a, and t hat p33 was al most excl usi vel y associ at ed wi t h t he
nucl ear f or mof cycl i n A. Ver y l i t t l e p34 cdcz associ at ed wi t h
cycl i n Ai n ei t her t he nucl eus or t he cyt opl asmof HeLa cel l s,
wher eas p34cd° z co- i mmunopr eci pi t at ed wi t h cycl i n BI i n
pr opor t i on t o t he l evel of cycl i n Bl , whi ch was most l y cyt o-
pl asmi c, i n keepi ng wi t h t he i mmunof l uor escence r esul t s .
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Fi gur e 4. Cycl i n BI associ at es wi t h condensed chr omosomes and t he mi t ot i c spi ndl e. ( A) Pr ophase ( t op r i ght ) , G2 phase ( cent er l ef t ) ,
and met aphase ( bot t om l ef t ) HeLa cel l s f i xed i n met hanol - acet one and st ai ned wi t h ant i - cycl i n BI ant i bodi es . Cycl i n BI accumul at es i n
t he per i nucl ear r egi on i n a G2 phase cel l and subsequent l y st ai ns t he chr omosomes and t he spi ndl e i n pr ophase and met aphase . ( B) Hoechst
33258 st ai n of t he same cel l s as i n E, showi ng t he di f f use DNA i n t he G2 cel l and t he condensed chr omosomes i n pr ophase and met aphase
cel l s . ( C) Met aphase HeLa cel l f i xed i n met hanol - acet one and st ai ned wi t h ant i - cycl i n BI ant i bodi es . Cycl i n BI i s l ocal i zed on t he spi ndl e
and on t he chr omosomes . ( D) Hoechst 33258 st ai n of t he same cel l as i n C, showi ng t he condensed chr omosomes . Bar , 10 1, m.

Fi gur e 3 Cycl i n BI di st r i but i on i n i nt er phase cel l s. ( A) G2 phase HeLa cel l f i xed wi t h f or mal dehyde and st ai ned wi t h pol ycl onal ant i - cycl i n
Bl ant i bodi es . ( B) The same cel l as i n A st ai ned wi t h a monocl onal ant i - R t ubul i n ant i body . ( C) HeLa cel l s f i xed wi t h f or mal dehyde and
st ai ned wi t h pol ycl onal ant i - Cycl i n BI ant i bodi es . ( D) The same cel l s as i n Cst ai ned wi t h r hodami ne- wheat ger m aggl ut i ni n t o vi sual i ze
t he Gol gi appar at us . Bar s, 10 j m.

Pi nes and Hunt er Di f f er ent i al Locat i on of Human Cycl i ns A and BI
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Fi gur e 5. Cycl i n Bl associ at es wi t h t he spi ndl e i n mi t osi s .

( A) Mphase HeLa cel l s f i xed wi t h f or mal dehyde and

st ai ned wi t h ant i - cycl i n BI ant i bodi es . Two met aphase

cel l s di spl ayi ng br i ght spi ndl e st ai ni ng ar e shown, one

i n t he cent er and one at bot t omcent er of t he panel . A

l at e anaphase cel l wi t h ver y l i t t l e cycl i n BI st ai ni ng i s
ar r owed at t he t op l ef t of t he panel . ( B) Hoechst 33258
chr omosome st ai n of t he cel l s i n A. ( C) Pr ophase HeLa

cel l f i xed wi t h f or mal dehyde and st ai ned wi t h ant i -

cycl i n BI ant i bodi es . ( D) Ant i - S t ubul i n mAb st ai ni ng

of t he same cel l as i n C. ( E) Met aphase HeLa cel l f i xed

wi t h f or mal dehyde and st ai ned wi t h ant i - cycl i n B1 ant i -

bodi es . ( F) Ant i - a t ubul i n monocl onal ant i body st ai n-

i ng of t he same cel l as i n E.



Fi gur e 5.

Pi nes and Hunt er Di f f er ent i al Locat i on of Human Cycl i ns A and BI
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Di scussi on

I n t hi s paper we have r epor t ed t he l ocal i zat i on of cycl i ns A

and BI i n t he somat i c cel l cycl e, and have compar ed cycl i n

A and BI i nt r a- cel l ul ar l ocal i zat i on wi t h t hat of PSTAI RE-

cont ai ni ng pr ot ei ns . We have shown t hat cycl i ns A and BI

ar e di f f er ent i al l y l ocal i zed i n human somat i c cel l s, bot h wi t h

r espect t o each ot her and t o t he st age of t he cel l cycl e. Cycl i n

A appear s t o be nucl ear f r omt he t i me i t s synt hesi s begi ns

i n S phase, and r emai ns pr edomi nant l y nucl ear i n S and G2

phase cel l s. Cycl i n A i s di st r i but ed i n t he nucl eus i n a f ai r l y

uni f or m f ashi on, but does not associ at e wi t h t he nucl eol i . I n

pr ophase cycl i n A possi bl y associ at es wi t h condensi ng chr o-

mosomes, but by met aphase cycl i n A i s di sper sed t hr oughout

t he cel l and i s not bound t o condensed chr omosomes . At no

t i me does cycl i n A appear t o associ at e st r ongl y wi t h t he mi -

t ot i c spi ndl e. Cycl i n A i s degr aded dur i ng met aphase bef or e

t he met aphase- anaphase t r ansi t i on .

I n cont r ast , cycl i n BI accumul at es ar ound t he nucl eus

t hr oughout S and G2 phases . The cyt opl asmi c l ocat i on of hu-

man cycl i n BI agr ees wi t h t he obser vat i on t hat cycl i n B i s cy-

t opl asmi c i n f r og ( Gaut i er and Mal l er , 1991) and st ar f i sh ( T.

Ki shi mot o, per sonal communi cat i on) oocyt es, whi ch ar e

nat ur al l y ar r est ed at t he st ar t of f i r st mei ot i c pr ophase . As

a human cel l ent er s mi t osi s, af t er chr omat i n has begun t o

condense but bef or e nucl ear l ami na br eakdown, a l ar ge

pr opor t i on of cycl i n BI ent er s t he nucl eus . I n agr eement wi t h

t hi s, cycl i n B ent er s t he nucl eus j ust bef or e ger mi nal vesi cl e

br eakdown i n mat ur i ng st ar f i sh oocyt es ( T. Ki shi mot o, per -

sonal communi cat i on) . Unl i ke human cycl i n A, i n met aphase

cel l s human cycl i n BI i s f ound associ at ed wi t h t he chr omo-

somes and t he spi ndl e, especi al l y t he spi ndl e pol es, but t her e

i s some cycl i n BI di st r i but ed t hr oughout t he r est of t he cel l .

Al t hough ant i - cycl i n BI ant i bodi es st ai n chr omosomes mor e

st r ongl y i n met hanol / acet one f i xed cel l s, t hey do st ai n chr o-

mosomes i n f or mal dehyde- f i xed cel l s, and t hi s st ai ni ng i s en-

hanced i n mi t ot i c nocodazol e- t r eat ed cel l s ( dat a not shown) .

I t may be t hat t hi s di f f er ence i n cycl i n BI st ai ni ng accor di ng

t o t he f i xat i on t echni que i s due t o a di f f er ence i n t he st at e

of t he mi t ot i c appar at us i n f or mal dehyde ver sus met hanol /

acet one- f i xed cel l s . Af t er cycl i n Ahas been degr aded, cycl i n

BI i s ver y r api dl y dest r oyed at t he met aphase- anaphase

t r ansi t i on .

Human cycl i n B2 i s al so expr essed i n HeLa cel l s ( S. Reed,

per sonal communi cat i on) , but as our ant i bodi es do not cr oss

r eact wi t h human cycl i n B2 ( dat a not shown) , we cannot say

whet her cycl i n BI and B2 wi l l behave i n t he same way i n t he

cel l . However , pr el i mi nar y obser vat i ons on human and

chi cken cycl i n B2 i ndi cat e t hat cycl i n B2 may under go cel l

cycl e- dependent movement si mi l ar t o t hat of cycl i n BI ( S.

Reed, P Gal l ant , and E. Ni gg, r espect i vel y, per sonal com-

muni cat i ons) , as do our own obser vat i ons on t he behavi our

of Xenopus cycl i n B2 t r ansf ect ed i nt o HeLa cel l s .

Fr omt hese st udi es i t i s obvi ous t hat t her e i s pr eci se con-

t r ol of t he cel l ul ar di st r i but i on of t he di f f er ent cycl i ns

t hr oughout t he mammal i an cel l cycl e. Our f i ndi ngs f or mam-

mal i an cycl i ns i n somat i c cel l s di f f er t o some ext ent f r omt he

r epor t ed l ocal i zat i ons of cycl i n dur i ng ear l y Dr osophi l a de-

vel opment al cel l cycl es ( Lehner and O' Far r el l , 1989 ; Lehner

and O' Far r el l , 1990) . Af t er nucl ear mi gr at i on i n t he Dr o-

sophi l a embr yo, cycl i n A i s cyt opl asmi c i n i nt er phase and

nucl ear i n pr ophase, unl i ke t he pr edomi nant l y nucl ear hu-

man cycl i n A. Dr osophi l a cycl i n B accumul at es i n t he

cyt opl asm of i nt er phase cel l s, except f or one unchar act er -

i zed nucl ear dot , and i n pr ophase di f f usel y st ai ns ar ound

condensi ng chr omosomes . Li ke human cycl i n B, Dr osophi l a

cycl i n B appear s t o associ at e wi t h t he spi ndl e pol es ( D.

Gl over , per sonal communi cat i on) . The r esul t s f r omt he Dr o-

sophi l a and human syst ems al so agr ee i n f i ndi ng t hat cycl i n

A i s degr aded bef or e cycl i n B, and t hat cycl i n B dest r uct i on

i s cor r el at ed wi t h t he met aphase- anaphase t r ansi t i on . Di f -

f er ences i n cycl i n l ocal i zat i on i n t he t wo syst ems ar e t o be

expect ed gi ven t he pr obabl e di f f er ences i n t he cont r ol of cel l

di vi si on i n ver y r api dl y di vi di ng syncyt i al embr yos ( aver age

cel l cycl e t i me - 10 mi n) ver sus t he much mor e l engt hy cel l

cycl e i n ver t ebr at e somat i c cel l s ( aver age cel l cycl e t i me

- 22 hr ) . Ther e may even be speci al i zed cycl i ns f or embr y-

oni c and somat i c cel l cycl es i n t he same speci es .

The cycl i n i mmunost ai ni ng st udi es det ect t he whol e popu-

l at i on of cycl i n . However , t he act i ve speci es of cycl i n i s be-

l i eved t o be associ at ed wi t h p34c° c2 or p34° dcz- r el at ed pr ot ei n

ki nases . For t hi s r eason, we have compar ed t he l ocal i za-

t i on of cycl i ns wi t h t hat of PSTAI RE- cont ai ni ng pr ot ei ns by

bot h i mmunof l uor escence and cel l f r act i onat i on . By i mmu-

nof l uor escence st ai ni ng we f i nd t hat t her e ar e PSTAI RE-

cont ai ni ng pr ot ei ns i n bot h t he nucl eus and t he cyt opl asm,

t hr oughout t he cel l cycl e, whi ch coul d be associ at ed wi t h cy-

cl i ns. However , t hi s does not show t hat t he PSTAI RE-

cont ai ni ng pr ot ei ns and cycl i ns ar e physi cal l y associ at ed,

and i t i s possi bl e t hat t her e ar e si gni f i cant unassoci at ed pool s

of bot h t ypes of mol ecul e even i n r egi ons of t he cel l wher e

t hey co- l ocal i ze . I n t he absence of monocl onal ant i bodi es

speci f i c f or p34cdc2 and p34cdc 2 - r el at ed pr ot ei ns we have not

been abl e t o det er mi ne whi ch PSTAI RE- cont ai ni ng pr ot ei n

col ocal i zes wi t h cycl i n A and cycl i n Bl . However , our f r ac-

t i onat i on st udi es on G2 phase cel l s suggest t hat onl y t he nu-

cl ear f or m of cycl i n A i s associ at ed wi t h a PSTAI RE-

cont ai ni ng pr ot ei n, and t hat i n HeLa cel l s t hi s i s pr i mar i l y

p33, r at her t han p34cdc2 . By compar i son, cycl i n BI onl y

bi nds p34cdc2
, and t hi s i s most l y i n t he cyt opl asmi c f r act i on .

Ther e have been sever al pr evi ous, conf l i ct i ng r epor t s of

t he cel l ul ar l ocal i zat i on of p34cdc2 , and none of t hese st udi es

addr essed t he i ssue of whet her t he p34cdc2 det ect ed was as-

soci at ed wi t h cycl i n . p34° ° ° 2 has been var i ousl y r epor t ed t o

be excl usi vel y nucl ear , wi t h some speci f i c cent r osomal

st ai ni ng at mi t osi s ( Ri abowol et al . , 1989) , or cyt opl asmi c

and st r ongl y per i nucl ear ( Akhur st et al . , 1989) , or bot h nu-

cl ear and cyt opl asmi c t hr oughout t he cel l cycl e wi t h some

speci f i c cent r osomal associ at i on ( Bai l l y et al . , 1989) . I n

cont r ast t o t hese st udi es wi t h mammal i an cel l s, p34c° o2 and

p63cdc" i n S. pombe ar e r epor t ed t o be nucl ear pr ot ei ns

t hr oughout t he cel l cycl e ( Booher et al . , 1989) , and p63c" ° "

Fi gur e 6. Cycl i n Bl ent er s t he nucl eus bef or e nucl ear l ami na br eakdown . ( A) G2 phase HeLa cel l f i xed wi t h f or mal dehyde and st ai ned

wi t h ant i - cycl i n BI ant i bodi es . ( B) Same cel l as i n A st ai ned wi t h an ant i - l ami n A mAb . ( C) Pr ophase HeLa cel l f i xed wi t h f or mal dehyde
and st ai ned wi t h ant i - cycl i n BI ant i bodi es . ( D) Same cel l as i n C st ai ned wi t h an ant i - l ami n A mAb. Bar s, 10 pm.
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Fi gur e 7.

has been shown t o associ at e wi t h t he spi ndl e pol es ( Al f a et

al . , 1990) . Al f a et al . ( 1990) al so showed t hat p34cdc 2 i s not

act i vat ed i f mi cr ot ubul es ar e di sr upt ed bef or e mi t osi s, whi ch

i s i n cont r ast t o our obser vat i on, and t hose of ot her s, t hat i n

human cel l s act i ve cycl i n B/ p34Cdc2 compl ex accumul at es t o

hi gh l evel s i n t he pr esence of t he mi cr ot ubul e- di sr upt ant ,

nocodazol e .

Our obser vat i ons on cycl i n l ocal i zat i on suggest a mecha-

ni sm by whi ch p34cdc2 and p34cd c2- r el at ed pr ot ei n ki nases

coul d per f or mdi f f er ent r ol es at var i ous t i mes i n t he cel l cycl e

by phosphor yl at i ng di st i nct subst r at es . Ther e i s evi dence

t hat p34cdc2 can onl y be act i vat ed when associ at ed wi t h a

cycl i n ( Sol omon et al . , 1990) , and t hus i t s act i vi t y as a pr o-

t ei n ki nase wi l l be dependent on t he l ocal i zat i on of t he cy-

cl i ns ( as wel l as t he st at e of phosphor yl at i on of p34Cdc2) . For

exampl e, cycl i n A i s a nucl ear pr ot ei n f r omS phase onwar ds

and i s associ at ed wi t h det ect abl e pr ot ei n ki nase act i vi t y .

Ther ef or e p34cdc2 or p33 bound t o cycl i n A coul d f unct i on

i n t he nucl eus i n i nt er phase and phosphor yl at e put at i ve

p34cd c2 i nt er phase subst r at es such as t he r et i nobl ast oma pr o-

t ei n, p53 and c- abl ( r evi ewed i n Pi nes and Hunt er , 1990b) ,

and per haps pr ot ei ns i nvol ved i n t he pr ocess of DNAr epl i ca-

t i on ( D' Ur so et al . , 1990) . However , because cycl i n A con-

t i nues t o accumul at e unt i l mi t osi s and can dr i ve a Xenopus

ext r act i nt o mi t osi s, i t i s l i kel y t hat cycl i n A al so pl ays a r ol e

i n t he i ni t i at i on of Mphase, whi ch may i nvol ve i nt er act i ons

wi t h chr omat i n or wi t h t he cent r omer es . Si mi l ar l y, cycl i n Bl

associ at es wi t h t he mi t ot i c spi ndl e i n pr ophase and met a-

phase, and so act i ve p34cd° 2 bound t o cycl i n BI coul d pl ay a

r ol e i n mai nt ai ni ng t he spi ndl e i n i t s pr e- anaphase conf or ma-

t i on . Thus t her e i s no need t o post ul at e t hat cycl i ns di r ect l y

al t er t he subst r at e speci f i ci t y of t he pr ot ei n ki nase, si mpl y

t hat t hey act i vat e p34cdc 2 i n di f f er ent par t s of t he cel l and t he

cel l cycl e.

The behavi or of human cycl i n Bl / p34edc 2 i s i n exact ac-

cor d wi t h a r ol e as a mi t ot i c ki nase . Cycl i n Bl / p34cdc 2 ac-

cumul at es out si de t he nucl eus as an i nact i ve compl ex . At t he

G2- Mt r ansi t i on, p34- 2 i s act i vat ed by dephosphor yl at i on

on phosphot hr eoni ne and phosphot yr osi ne, and we show

her e t hat cycl i n Bl ent er s t he nucl eus . Ther ef or e, i t i s i mpor -

t ant t o det er mi ne whet her p34cac2 i s dephosphor yl at ed be-

f or e or af t er movi ng t o t he nucl eus, and whet her dephos-

phor yl at i on i s r equi r ed f or i t s nucl ear t r anspor t . Thi s i n t ur n

r ai ses t he quest i on whet her t he cur r ent l y uni dent i f i ed pr ot ei n

ki nases and phosphat ases t hat act on p34cdc2 ar e bot h nu-

cl ear and cyt opl asmi c, or asymmet r i cal l y di st r i but ed . Per t i -

nent t o t hi s quest i on i s t he r ecent demonst r at i on t hat i n a

Xenopus cel l - f r ee ext r act , p34cdc2 i s not dephosphor yl at ed

on t yr osi ne i f nucl ear t r anspor t i s i nhi bi t ed wi t h wheat ger m

aggl ut i ni n ( Kumagai and Dunphy, 1991) . One i nt er pr et at i on

of t hi s r esul t i s t hat p34cdc2 i s dephosphor yl at ed af t er t r ans-

por t t o t he nucl eus by a nucl ear phosphat ase( s) , whi ch i s f ur -

t her i ndi cat ed by t he obser vat i on t hat p80cdc25 i s a nucl ear

pr ot ei n ( P Russel l , manuscr i pt submi t t ed f or publ i cat i on) .

Thus t he r egul at ed t r ansl ocat i on of cycl i n Bl / p34cdc 2 coul d

be t he cr i t i cal st ep i n t he act i vat i on of t he p34ak2 pr ot ei n ki -

nase, and i t wi l l be i mpor t ant t o det er mi ne how cycl i n

Bl / p34cdc2 i s r et ai ned i n t he cyt opl asm dur i ng G2 and

r el eased at t he st ar t of pr ophase . So f ar we have not i dent i f i ed

a cyt opl asmi c st r uct ur e t hat cor r esponds t o t he l ocal i zat i on

pat t er n of cycl i n Bl i n t he cyt opl asm.

The cycl i n Bl / p34cdc 2 compl ex ent er s t he nucl eus bef or e

det ect abl e nucl ear l ami na br eakdown, and ver y soon af t er

t hi s t he l ami na di sper ses . We have shown t hat cycl i n A can

ent er t he nucl eus i n i nt er phase, t hus est abl i shi ng t he pr ece-

dent t hat cycl i ns can be t r anspor t ed i nt o t he nucl eus vi a nu-

cl ear por es . I n consequence we do not bel i eve t hat t he cycl i n

BI compl ex l eaks i nt o t he nucl eus af t er t he l ami na has begun

t o di sper se . Nucl ear l ami ns have been shown t o be phos-

phor yl at ed by cycl i n Bl / p34cdc 2 i n vi t r o on t he same si t es

t hat ar e phosphor yl at ed i n mi t osi s and whi ch ar e necessar y

f or l ami na di sassembl y ( Heal d and McKeon, 1990 ; Pet er et

al . , 1990 ; War d and Ki r schner , 1990) , and so we pr opose

t hat t he nucl ear l ami na br eaks down as soon as i t becomes

accessi bl e t o t he act i ve cycl i n Bl / p34c&2 compl ex . The as-

soci at i on of human cycl i n BI wi t h t he spi ndl e and wi t h chr o-

mosomes i n mi t osi s suggest s t hat t he cycl i n Bl / p34cdc 2 com-

pl ex may be i nvol ved i n r egul at i ng spi ndl e ar chi t ect ur e and

Fi gur e 7. Cycl i n A and cycl i n BI col ocal i ze wi t h PSTAI RE- cont ai ni ng pr ot ei ns . ( A) S phase HeLa cel l ( i . e . , 2 h af t er r el ease f r om an

aphi di col i n bl ock) f i xed wi t h f or mal dehyde and st ai ned wi t h ant i - cycl i n Aant i bodi es. ( B) Same cel l as i n A st ai ned wi t h an ant i - PSTAI RE

mAb. ( C) Lat e G2 phase ( i . e . , 2 h af t er r el ease f r oma Hoechst 33342 bl ock) HeLa cel l f i xed wi t h f or mal dehyde and st ai ned wi t h ant i - cycl i n

Bl ant i bodi es . ( D) Same cel l as i n C st ai ned wi t h an ant i - PSTAI RE mAb . ( E) HeLa cel l s wer e f r act i onat ed, i mmunopr eci pi t at ed wi t h

ant i - cycl i n A and BI ant i bodi es, and t he i mmunopr eci pi t at es wer e anal yzed by i mmunobl ot t i ng f or PSTAI RE- cont ai ni ng pr ot ei ns as de-
scr i bed i n Mat er i al s and Met hods . ( Lane 1) I mmunobl ot of an ant i - cycl i n A i mmunopr eci pi t at e f r om G2 phase nucl ei , pr obed wi t h an
ant i - PSTAI RE mAb . ( Lane 2) I mmunobl ot of an ant i - cycl i n A i mmunopr eci pi t at e f r omG2 phase cyt opl asm, pr obed wi t h an ant i - PSTAI RE

mAb . ( Lane 3) I mmunobl ot of an ant i - cycl i n BI i mmunopr eci pi t at e f r om G2 phase cyt opl asm, pr obed wi t h an ant i - PSTAI RE mAb .

( Lane 4) I mmunobl ot of an ant i - cycl i n BI i mmunopr eci pi t at e f r om G2 phase nucl ei , pr obed wi t h an ant i - PSTAI RE mAb. Bl ot s wer e pr obed

wi t h 125 1- l abel ed pr ot ei n A and aut or adi ogr aphy was f or 3 d at - 70° C wi t h an i nt ensi f yi ng scr een .
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per haps chr omosome al i gnment . Our obser vat i on t hat cycl i n

Bl , but not cycl i n A, bi nds t o t he mi t ot i c spi ndl e may be per -

t i nent t o t he r egul at i on of t hei r dest r uct i on . Dr ugs t hat di s-

r upt mi cr ot ubul es, and t hus pr event t he f or mat i on of an i n-

t act mi t ot i c appar at us, ar e known t o st abi l i ze cycl i n B but

do not af f ect t he dest r uct i on of cycl i n A ( Mi nshul l et al . ,

1988 ; dat a not shown) . Thi s di f f er ence i s especi al l y st r i ki ng

now t hat i t appear s t hat bot h cycl i n A and cycl i n Bl ar e

degr aded by t he same ubi qui t i n- medi at ed pr ot eol ysi s pat h-

way ( Gl ot zer et al . , 1991) . The associ at i on of cycl i n Bl wi t h

t he spi ndl e al l i ed wi t h t he r api d degr adat i on of cycl i n Bl at

t he end of met aphase st r ongl y i mpl i es t hat t he cycl i n Bl /

p34cdc' compl ex i s i nvol ved i n mai nt ai ni ng t he mi t ot i c appa-

r at us, and t hus t he cel l , i n met aphase. One can post ul at e t hat

once t he chr omosomes have been cor r ect l y al i gned, cycl i n

Bl dest r uct i on i s i ni t i at ed and t he cel l exi t s i nt o anaphase

t hr ough dephosphor yl at i on of p34, dcz subst r at es .

Thus we pr opose t hat t he f unct i ons of t he di f f er ent cycl i n-

pr ot ei n ki nase compl exes as r egul at or s of mi t osi s ar e det er -

mi ned not onl y by t he di f f er ent t i mes at whi ch t hei r associ -

at ed pr ot ei n ki nases ar e act i vat ed, but t o a ver y si gni f i cant

degr ee by t hei r l ocat i on i n t he cel l .

We woul d l i ke t o t hank Lar r y Ger ace f or t he ant i - l ami n A ant i body,

Masakane Yamashi t a f or t he ant i - PSTAI RE ant i body, I an Wi l son f or mAb
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Gol st eyn f or t he Xenopus cycl i n B2 wi l d t ype and mut ant cl ones, Ri char d

Adams f or t he conf ocal mi cr oscopy, and Geof f Wahl f or t he i ni t i al use of

hi s mi cr oscope . We ar e especi al l y gr at ef ul t o Er i ch Ni gg and Ross Al l en

f or t hei r advi ce and exper t i se on al l mat t er s Cel l Bi ol ogi cal , and t o Mar k

and Tomi n t he Phot ogr aphi c Depar t ment f or t hei r pat i ence. As al ways we

ar e i ndebt ed t o Ti m Hunt and t o Mar y Dasso f or t hei r advi ce, encour age-

ment , and cr i t i ci sm.
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