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Abst r act . Fer t i l i zat i on of cl am oocyt es i ni t i at es a ser -

i es of cel l di vi si ons, of whi ch t he f i r st t hr ee- mei osi s

I , mei osi s 11, and t he f i r st mi t ot i c di vi si on- ar e hi ghl y

synchr onous . Af t er f er t i l i zat i on, pr ot ei n synt hesi s i s

r equi r ed f or t he successf ul compl et i on of ever y di vi -

si on except mei osi s I . When pr ot ei n synt hesi s i s i nhi b-

i t ed, ent r y i nt o mei osi s I and t he mai nt enance of

Mphase f or t he nor mal dur at i on of mei osi s occur nor -

mal l y, but t he chr omosomes f ai l t o i nt er act cor r ect l y

wi t h t he spi ndl e i n mei osi s I I met aphase . By cont r ast ,

i nhi bi t i on of pr ot ei n synt hesi s i mmedi at el y af t er com-

pl et i on of mei osi s or mi t osi s st ops cel l s ent er i ng t he

next mi t osi s . We descr i be t he behavi or of cycl i ns A

and B i n r el at i on t o t hese " poi nt s of no r et ur n . " The

T has been known f or many year s t hat i nhi bi t i ng pr o-

t ei n synt hesi s bl ocks ent r y i nt o mi t osi s and cl eavage i n

mar i ne i nver t ebr at e embr yos ( Hul t i n, 1961 ; Ki shi mot o

and Li eber man, 1964 ; Ti mour i an and Uno, 1967; Wi l t et

al . , 1967; Wagenaar and Mazi a, 1978 ; Pi car d et al . , 1985 ;

Dubd, 1988) . I nhi bi t i on of pr ot ei n synt hesi s i n t hese cel l s

causes a speci f i c cel l cycl e ar r est at t he G2- Mt r ansi t i on, and

does not i nhi bi t pr ogr essi on t hr ough mi t osi s or S phase . Un-

t i l r ecent l y, t he r eason f or t he pr ot ei n synt hesi s r equi r ement
f or t hi s t r ansi t i on was not wel l under st ood . I n t he past t hr ee

year s, however , i t has become cl ear t hat t he G2- Mt r ansi t i on

r equi r es an act i ve pr ot ei n ki nase, gener al l y known as mat ur a-

t i on pr omot i ng f act or ( MPF) ' ( f or r evi ews see Mur r ay and

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

Thi s ent i t y, whi ch i s al so known as cdc2- ki nase ( al t hough

t hi s i s an ambi guous t er m i n vi ew of t he exi st ence of pr ot ei n

ki nases t hat use p34~dcz as a subst r at e) , cont ai ns t wo com-

ponent s : a cat al yt i c ki nase subuni t encoded by t he homo-

l ogue of t he S. pombe cdc2 gene, and a compani on cycl i n

subuni t ( Dunphy et al . , 1988 ; Gaut i er et al . , 1988 ; Dr aet t a
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Mi mms, Pot t er s Bar , Her t s EN6 3LD, Engl and . F C. Luca and J. V. Ruder -
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cycl i ns ar e synt hesi zed cont i nuousl y and ar e r api dl y

dest r oyed shor t l y bef or e t he met aphase- anaphase t r an-

si t i on of t he mi t ot i c cel l cycl es, wi t h cycl i n A bei ng

degr aded i n advance of cycl i n B. Cycl i n dest r uct i on

nor mal l y occur s dur i ng a 5- mi n wi ndow i n mi t osi s,

but i n t he monopol ar mi t osi s t hat occur s af t er par t heno-

genet i c act i vat i on of cl am oocyt es, or when col chi ci ne

i s added t o f er t i l i zed eggs about t o ent er f i r st mi t osi s,

t he dest r uct i on of cycl i n B i s st r ongl y del ayed, wher eas

pr ot eol ysi s of cycl i n A i s mai nt ai ned i n an act i vat ed

st at e f or t he dur at i on of met aphase ar r est . Under ei -

t her of t hese abnor mal condi t i ons, i nhi bi t i on of pr ot ei n

synt hesi s causes a pr emat ur e r et ur n t o i nt er phase t hat

cor r el at es wi t h t he t i me when cycl i n B di sappear s .

et al . , 1989 ; Labbd et al . , 1989 ; Gaut i er et al . , 1990) . The
act i vi t y of cdc2- ki nase appear s t o depend absol ut el y on cy-
cl i n ( Mi nshul l et al . , 1989a ; Mur r ay et al . , 1989) , but i t i s
al so r egul at ed by t he pat t er n of phosphor yl at i on on cer t ai n
key t hr eoni ne and t yr osi ne r esi dues i n p34- 1 ( Dr aet t a and
Beach, 1988 ; Mor l a et al . , 1989 ; Dunphy and Newpor t ,
1989 ; Goul d and Nur se, 1989 ; Sol omon et al . , 1990 ; Kr ek
and Ni gg, 1991; Kumagai and Dunphy, 1991 ; Mei j er et al . ,
1991) . The cycl i ns have t he unusual pr oper t y of per i odi c cel l

cycl e- r egul at ed dest r uct i on ( Evans et al . , 1983 ; St andar t et
al . , 1985; Swenson et al . , 1986 ; Mei j er et al . , 1989 ; Mi nshul l
et al . , 1989b ; West endor f et al . , 1989) , and t her e i s consi d-
er abl e evi dence t hat t hei r di sappear ance i s what t ur ns of f
cdc2- ki nase, al l owi ng cel l s t o compl et e mi t osi s and ent er t he
next cel l cycl e ( Dr aet t a et al . , 1989 ; Mur r ay et al . , 1989 ;
Gl ot zer et al . , 1991 ; Luca et al . , 1991) . Tr ansi t i on t hr ough
mi t osi s i s t hus r egul at ed by bot h t r ansl at i onal and post t r ans-
l at i onal mechani sms, whi ch i nvol ve pr ot ei n phosphat ases as
wel l as pr ot ei n ki nases and pr ot eases ( Doonan and Mor r i s,
1989 ; Luca and Ruder man, 1989 ; Ohkur a et al . , 1989 ; Cyer t
and Thor ner , 1989 ; Fdl i x et al . , 1990 ; Gl ot zer et al . , 1991 ;
Lee et al . , 1991 ; Lor ca et al . , 1991) .

I n t hi s paper , we br i ef l y descr i be t he mei ot i c and mi t ot i c

cycl es of f er t i l i zed oocyt es of t he cl amSpi sul a sol i di ssi ma,

and show t he consequences of i nhi bi t i ng pr ot ei n synt hesi s

wi t h emet i ne at var i ous t i mes af t er f er t i l i zat i on . We f i nd t hat
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pr ot ei n synt hesi s i s not r equi r ed f or ger mi nal vesi cl e br eak-

down, compl et i on of mei osi s I , or pr ogr essi on i nt o mei osi s

I I ( whi ch f ol l ows mei osi s I af t er onl y 15 mi n) . Wher eas i n-

hi bi t i on of pr ot ei n synt hesi s i n t he mi t ot i c cel l cycl e l eads

t o i nhi bi t i on of t he G2- M t r ansi t i on, however , i nhi bi t i on

of pr ot ei n synt hesi s af t er f er t i l i zat i on or par t henogenet i c ac-

t i vat i on l eads t o a f ai l ur e of pr oper chr omosome- spi ndl e i n-

t er act i ons at second mei ot i c met aphase .

The accumul at i on of cycl i ns dur i ng t he mi t ot i c cycl es

pr obabl y account s f or at l east par t of t he pr ot ei n synt hesi s

r equi r ement f or ent r y i nt o M- phase . We show t hat cycl i n i s

a st abl e pr ot ei n dur i ng i nt er phase, and i s onl y dest r oyed dur -

i ng a nar r ow wi ndow of <5 mi n dur at i on, whi ch opens 2 mi n

ear l i er f or cycl i n A t han f or cycl i n B. The di sappear ance

of cycl i n B pr ecedes t he met aphase- anaphase t r ansi t i on by

- 1 mi n . The pr ot eol ysi s of cycl i n i s nor mal l y t ur ned of f as

soon as cel l s r eent er i nt er phase, but i n cel l s wi t h monopol ar

spi ndl es or col chi ci ne- di sr upt ed mi cr ot ubul es, t he pr ot eo-

l yt i c machi ner y i s mai nt ai ned i n an unusual st at e f or sever al

hour s . The dest r uct i on of cycl i n A i s kept on under t hese

condi t i ons, wher eas t he pr ot eol ysi s of cycl i n B onl y occur s

af t er a l ag of - 50 mi n . The r esul t i ng hi gh l evel s of cycl i n

B pr obabl y account f or t he mi t ot i c bl ock caused by mi cr o-

t ubul e i nhi bi t or s . I n suppor t of t hi s i dea, t he mi t ot i c ar r est

pr oduced by col chi ci ne or par t henogenet i c act i vat i on i s shor t -

ened consi der abl y by i nhi bi t i on of pr ot ei n synt hesi s . Thi s i n-

hi bi t i on l eads t o a pr emat ur e l oss of cycl i n B and concomi -

t ant r et ur n t o i nt er phase, pr esumabl y when cycl i n B l evel s

f al l bel ow t he t hr eshol d r equi r ed t o mai nt ai n t he act i vi t y of

p34cdcl - associ at ed pr ot ei n ki nase .

Mat er i al s and Met hods

Ani mal s and Gamet es

Spi sul a sol i di ssi ma wer e obt ai ned f r om t he Depar t ment of Mar i ne Re-

sour ces ( Mar i ne Bi ol ogi cal Labor at or y, Woods Hol e, MA) and kept i n r un-

ni ng sea wat er at 12- 15° C. The gonads wer e cut open wi t h sci ssor s t o yi el d

sper m, whi ch was st or ed as a concent r at ed exudat e at 4° C, or oocyt es,

whi ch wer e washed i n 0. 45 Am( Mi l l i por e) f i l t er ed sea wat er by r epeat ed

set t l i ng . The oocyt es wer e st or ed as a gent l y st i r r ed suspensi on cont ai ni ng

not mor e t han 50, 000 oocyt es/ ml f or up t o 3 d at 15- 18° C wi t h dai l y changes

of wat er . Gent amyci n was added at a f i nal concent r at i on of 50 gg/ ml t o i n-

hi bi t bact er i al gr owt h . Thi s suspensi on was di l ut ed t o - 20, 000 cel l s/ ni l f or

exper i ment s . Gl ass beaker s wer e used f or vol umes of 20- 60 ni l , and 20- ml

gl ass sci nt i l l at i on vi al s f or i ncubat i ons of 1- 10 ml . Cel l s wer e kept i n sus-

pensi on by swi r l i ng j ust bef or e sampl i ng, whi ch was per f or med at i nt er val s

of 3- 5 mi n i n t he exper i ment s descr i bed i n t hi s paper . I ncubat i on was at

18 ° C unl ess ot her wi se i ndi cat ed .

Fer t i l i zat i on was achi eved by di l ut i ng concent r at ed sper m 100- f ol d i n sea

wat er , and addi ng 1/ 200t h vol of t hi s di l ut e suspensi on t o t he egg suspen-

si on. Thi s r out i nel y gave 100%f er t i l i zat i on wi t h no pol ysper my . Par t heno-

genet i c act i vat i on was achi eved by addi t i on of 1/ 11t h vol of 0. 5 M KCl t o

t he suspensi on of oocyt es . Af t er ger mi nal vesi cl e br eakdown, - 10 mi n af t er

act i vat i on, t he cel l s wer e pel l et ed and r esuspended i n nor mal sea wat er . We

f ound i t was i mpor t ant t o r emove t he excess KCI , f or devel opment i n i t s con-

t i nui ng pr esence pr oceeded var i abl y and abnor mal l y af t er mei osi s I I , par t i c-

ul ar l y when emet i ne was added.

Or cei n St ai ni ng t o Vi sual i ze Chr omosomes

The met hod descr i bed by Kur i yama et al . ( 1986) was adapt ed sl i ght l y t o per -

mi t r api d r epeat ed sampl i ng . Sampl es of cel l suspensi ons ( t ypi cal l y 100 Al )

wer e added t o 1 ni l of 75%vol / vol 100%et hanol , 25%gl aci al acet i c aci d

( Car noys f i xat i ve) and al l owed t o si t f or sever al hour s t o over ni ght ( t hough

t he sampl es can be pr ocessed i mmedi at el y wi t h i ndi st i ngui shabl e r esul t s) .

The cel l s and pr eci pi t at ed sal t wer e har vest ed by a 1- 2- s spi n on an Eppen-

dor f mi cr ocent r i f uge, and t he super nat ant was decant ed or r emoved wi t h
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a dr awn- out past eur pi pet t e . The cel l s wer e gent l y suspended i n l act o- or cei n

st ai n ( 1% wt / vol or cei n i n 50%vol / vol acet i c aci d, 50%vol / vol l act i c aci d

[ 85%, L1250 ; Si gma Chemi cal Co . , St . Loui s, MO] ) . To pr epar e l act o-

or cei n st ai n, or cei n ( Si gma Chemi cal Co . ) was di ssol ved i n boi l i ng acet i c

aci d, di l ut ed wi t h t he l act i c aci d, and t hen f i l t er ed . The cel l s wer e l ef t i n

st ai n f or up t o 60 mi n bef or e st ai ni ng was t er mi nat ed by addi t i on of 1 ni l

of 40%vol / vol acet i c aci d . The cel l s wer e har vest ed by br i ef cent r i f ugat i on

and washed once wi t h 40%vol / vol acet i c aci d . The cel l suspensi on ( 8. 5 Al )

was pl aced on t he sl i de and cover ed wi t h an 18- mm cover sl i p, whi ch was

secur ed and seal ed wi t h nai l var ni sh. These pr epar at i ons wer e good f or a

f ew days, t hough t hey ul t i mat el y dr i ed out . The mi t ot i c chr omosomes of

Spi sul a ar e easy t o see when st ai ned i n t hi s way . I t i s a r el at i vel y st r ai ght -

f or war d mat t er t o scor e cel l s f or condensed chr omosomes, and t he met a-

phase- anaphase t r ansi t i on i s ver y easy t o scor e wi t h cer t ai nt y .

I mmunof l uor escent St ai ni ng of t he Mei ot i c Spi ndl e

To vi sual i ze mei ot i c spi ndl es and t hei r associ at ed chr omosomes, cel l s un-

der goi ng mei osi s wer e i ncubat ed i n 1 hg/ ml HOECHST 33342 ( Cal bi o-

chem- Behr i ng Cor p. , San Di ego, CA) , whi ch al l ows chr omosomes i n l i vi ng

cel l s t o be seen by epi f l uor escent shor t wave UV i l l umi nat i on, per mi t t i ng

ver y pr eci se st agi ng. At t hi s concent r at i on, t he dye does not del ay or i mpai r

devel opment ( al t hough t he UVi r r adi at ed obser ved cel l s ar e qui ckl y ki l l ed) .

At t he desi r ed moment , - 200, 000 cel l s wer e pel l et ed and gent l y r esus-

pended i n 5 ni l of l ysi s buf f er , modi f i ed af t er Val l ee and Bl oom( 1983) ( 100

mMPi pes, 1 mMEGTA, 1 mMMgSO4, 0 . 025 %vol / vol NP- 40, pH 6 . 6) .

Usi ng a wi de- bor e pi pet t er , - 300 Al of t hi s suspensi on was l ayer ed on cover -

sl i ps coat ed wi t h 10 mg/ ml pol y- t . - l ysi ne . The excess buf f er was r emoved

by bl ot t i ng, and t he cel l s wer e f i xed by i mmer si ng t he cover sl i ps i n 90%

met hanol cont ai ni ng 50 mMEGTA, pH 6. 5 at - 20° C f or 6 mi n ( Har r i s

et al . , 1980) . The sampl es wer e r i nsed i n PBS, i ncubat ed i n 10% sheep

ser umf or 30 mi n at 37° C f ol l owed by mouse monocl onal ant i a- t ubul i n an-

t i body ( N. 356 ; Amer sham Cor p . , Ar l i ngt on Hei ght s, I L) f or 1 . 5 h at

37° C, washed f our t i mes f or 4 mi n i n PBS, and i ncubat ed wi t h t he f l uor es-

cei n- conj ugat ed second ant i body ( af f i ni t y- pur i f i ed sheep ant i - mouse I gG,

16110084 ; Cappel Labor at or i es, Mal ver n, PA) f or a f ur t her 1 . 5 h, f ol l owed

by f our washes i n PBS cont ai ni ng 1 pg/ ml Hoechst 33342 and a f i nal r i nse

i n wat er bef or e mount i ng i n El vanol .

Anal ysi s of Pat t er ns of Pr ot ei n Synt hesi s

and Dest r uct i on

The r at es and pat t er ns of pr ot ei n synt hesi s wer e f ol l owed by l abel i ng wi t h
[ 35S] met hi oni ne ( Amer shamCor p . ) at a f i nal concent r at i on of 50 ACi / ml ,

t he l abel usual l y bei ng added at 45- 55 mi n, ar ound t he t i me of second pol ar

body f or mat i on. Bef or e t hi s poi nt , t he cel l s t ake up l abel ver y sl owl y . To

anal yze t he pat t er n of r adi oact i ve pol ypept i des, 100- pl sampl es of t he egg

suspensi on ( - 2, 000 cel l s) wer e added t o 200 Al of col d 25 % wt / vol TCA.

The cel l s wer e har vest ed by cent r i f ugat i on and t he super nat ant was car ef ul l y

r emoved wi t h a dr awn- out past eur pi pet t e ( t he cel l s f or m a l oose pel l et ) .

Di st i l l ed wat er ( 50 Al ) was added t o enabl e t he cel l s t o be r esuspended by

vor t ex mi xi ng. Thi s st ep si gni f i cant l y i mpr oved t he pr ocedur e . 1 ni l of ace-

t one was t hen added, t he cel l s wer e pel l et ed, and t he super nat ant was r e-

moved and r epl aced wi t h f r esh acet one, whi ch was i n t ur n r emoved . The

r esi due was dr i ed br i ef l y under wat er suct i on, and t aken up i n SDS gel sam-

pl e buf f er cont ai ni ng 5 % vol / vol mer capt oet hanol . Af t er r epeat ed vor t ex

mi xi ng, and f r eezi ng and t hawi ng, t he sampl es wer e heat ed at 90° C f or 30 s

t o obt ai n as compl et e sol ubi l i zat i on of al l pr ot ei ns as possi bl e . ( I t i s sal ut or y

t hat t he f er t i l i zat i on envel opes of sea ur chi n eggs r emai ned compl et el y i n-

t act af t er t hi s ent i r e pr ocedur e as seen under t he mi cr oscope; so one shoul d

per haps bewar e of assumi ng t hat even such appar ent l y cat hol i c sampl i ng

pr ocedur es necessar i l y di spl ays al l pr ot ei ns . ) The best , most hi ghl y r esol ved

gel s wer e obt ai ned when t he sampl es wer e wor ked up pr ompt l y ; t he l onger

sampl es wer e al l owed t o r emai n i n TCA at r oomt emper at ur e, t he l ess wel l

r esol ved wer e t he aut or adi ogr ams . Tot al aci d- i nsol ubl e r adi oact i vi t y i n t he

sampl es was det er mi ned by TCA pr eci pi t at i on of t he gel sampl es i n t he

pr esence of 100 gg of car r i er al bumi n, col l ect i on on gl ass- f i ber f i l t er s

( GF/ C; What man Labor at or y Pr oduct s, I nc. , Cl i f t on, NJ) , and sci nt i l l at i on

count i ng .

I nhi bi t or s

Emet i ne ( Boehr i nger Mannhei mBi ochemi cal s, I ndi anapol i s, I N) was pr e-

par ed as a 20- mMst ock sol ut i on i n wat er and st or ed at - 20° C. Aphi di col i n

and t axol wer e gi f t s of Dr . Mat t hew Suf f ness ( Nat i onal Cancer I nst i t ut e,

Bet hesda, MD) . They wer e made up at 1 mg/ ni l i n DMSO and used at a
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f i nal di l ut i on of 1 : 1, 000. Col chi ci ne was pur chased f r om Si gma Chemi cal

Co. , and used at 20 Agl ml f i nal concent r at i on f r oman aqueous st ock so-

l ut i on .

Resul t s

The Mei ot i c and Fi r st Mi t ot i c Cel l Cycl es
of Cl amOocyt es Ar e Hi ghl y Synchr onous

Cl amoocyt es ar e ar r est ed i n pr ophase of mei osi s I at t he
G2- M bor der . Fer t i l i zat i on or par t henogenet i c act i vat i on
r el eases t he cel l s f r om t hi s ar r est , and t he oocyt es ent er
Mphase 10 mi n l at er ( Al l en, 1953 ; Kur i yama et al . , 1986) .
The oocyt es compl et e mei osi s I at - 35 mi n and mei osi s I I
at 50 mi n, and t he f i r st mi t ot i c di vi si on occur s at 80 mi n .
To moni t or t hese cel l cycl es, cel l s wer e f i xed i n et hanol / acet i c
aci d and st ai ned wi t h or cei n as descr i bed i n Mat er i al s and
Met hods . The nucl ear envel opes wer e poor l y pr eser ved by
t hi s pr ocedur e and, accor di ngl y, t he event s of t he cel l cycl e

wer e f ol l owed mai nl y i n t er ms of t he behavi or of t he chr omo-
somes . Fi g . 1 shows a ser i es of mi cr ogr aphs of t he sal i ent

st ages of or cei n- st ai ned cl amembr yos, st ar t i ng wi t h an un-

f er t i l i zed oocyt e and endi ng at second mi t ot i c anaphase.

Fi g . 2 A pl ot s t he t i mi ng of t hese st ages .

Oocyt es have a l ar ge nucl eus, t he ger mi nal vesi cl e, whi ch

cont ai ns hi ghl y condensed chr omosome bi val ent s as r eveal ed
by st ai ni ng wi t h Hoechst 33342 ( not shown) , al t hough t hey
do not st ai n wi t h or cei n ( Fi g. 1 a) . The chr omosomes be-

come st r ongl y or cei n- posi t i ve - 8 mi n af t er f er t i l i zat i on
( Fi g . 1 b) and t he nucl ear envel ope br eaks down at - 10 mi n .
Al ar ge spi ndl e f or ms and t he condensed chr omosomes move
f r om t hei r per i nucl ear posi t i ons t o f or m t he f i r st mei ot i c

met aphase pl at e ( Fi g . 1, c- e) . The spi ndl e moves t owar d t he
edge of t he oocyt e, l i ni ng up per pendi cul ar t o t he sur f ace so
t hat when t he f i r st anaphase occur s at - 35 mi n ( Fi g . 1 f ) ,
one set of chr omosomes i s expel l ed f r omt he oocyt e, f or mi ng
t he f i r st pol ar body ( Fi g . 1 g) . The chr omosomes t hat r emai n
wi t hi n t he oocyt e f or m a second mei ot i c pl at e af t er a shor t
del ay and af t er second anaphase ( Fi g . 1 h) , t he second pol ar
body f or ms . I t i s not ewor t hy t hat t he chr omosomes do not
decondense bet ween mei osi s I and I I , nor does t he nucl ear
envel ope r eassembl e dur i ng t hi s i nt er val ( Fi g . 1, c- h) . The
sper m pr onucl eus r emai ns par t i al l y condensed t hr oughout
mei osi s, seen as an or cei n- posi t i ve di sc wi t h no di scr et e
chr omosomes vi si bl e ( e. g . , Fi g . 1, d and h) .

A f ew mi nut es af t er t he mei osi s I I met aphase- anaphase
t r ansi t i on, bot h mal e and f emal e set s of chr omosomes de-
condense, and f or msepar at e nucl ei ( Fi g . 1 i ) . About 24 mi n
l at er , af t er DNA r epl i cat i on i s compl et e, t he chr omosomes
become vi si bl e as f i ne or cei n- posi t i ve t hr eads ( Fi g . 1 j ) . The
nucl ear envel opes br eak down and t he separ at e mal e and f e-
mal e set s of chr omosomes al i gn on t he met aphase pl at e ( Fi g .
1 k) . Anaphase occur s at - 80 mi n, 10 mi n af t er t he chr omo-
somes f i r st become vi si bl e ( Fi g . 1, 1 and m) . Thi s t r ansi t i on
f r ommet aphase t o anaphase was easi l y quant i f i ed, and we
used i t as a t i mi ng l andmar k ( Fi g . 1, compar e k wi t h l and
m) . Cyt oki nesi s f ol l ows t i 5 mi n af t er anaphase, and t he
chr omosomes decondense whi l e cyt oki nesi s i s i n pr ogr ess .

The cycl e i s t hen r epeat ed at - 30- mi n i nt er val s ( dependi ng

on t he t emper at ur e) wi t h cel l s spendi ng r oughl y equal t i me

i n i nt er phase and mi t osi s as j udged by when chr omosomes

ar e or cei n posi t i ve . I n many of t he f i gur es i n t hi s paper t he
f i r st appear ance of or cei n- posi t i ve chr omosomes i s mar ked
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as t he st ar t of Mphase and anaphase onset as t he end of M
phase, al t hough t he chr omosomes r emai n condensed f or a
shor t t i me af t er t he onset of anaphase .

Fi g. 2 Apl ot s t hese cel l cycl e t r ansi t i ons f r omf er t i l i zat i on
unt i l t he end of t he t hi r d mi t ot i c di vi si on . Popul at i ons of de-
vel opi ng embr yos devel op hi ghl y synchr onousl y . Typi cal l y,

>95 % of t he cel l s i n a cul t ur e under go anaphase wi t hi n a
5- mi n wi ndow. The f i r st mi t ot i c di vi si on yi el ds t wo cel l s of
unequal si ze, however , and i s f ol l owed by f ur t her asymmet r i c

cl eavage di vi si ons ( Fi g . 1, n and o) . At each of t hese di vi -
si ons, t he l ar ger cel l s di vi de ear l i er t han t he smal l er cel l s .
Ther ef or e, even t hough t he popul at i on of embr yos cont i nues

t o devel op i n st ep, synchr ony wi t hi n t he embr yo i t sel f i s pr o-

gr essi vel y l ost af t er t he second mi t ot i c di vi si on . Accor d-
i ngl y, most of t he exper i ment s her e concer n onl y t he f i r st
t hr ee cel l cycl es of t he embr yo : mei osi s I , mei osi s I I , and mi -
t osi s 1 . Fi g. 2 b shows t he ef f ect of addi ng 1 uMemet i ne t o
t he cul t ur e, whi ch i nhi bi t ed pr ot ei n synt hesi s by - 40%.
Thi s par t i al i nhi bi t i on of pr ot ei n synt hesi s pr ol onged i nt er -
phase and r educed t he synchr ony of devel opment wi t hout
si gni f i cant l y af f ect i ng t he l engt h of mei ot i c or mi t ot i c
Mphase . A si mi l ar r esul t was obt ai ned i n cl eavi ng sea ur -
chi n eggs by Dubd ( 1988) . I t i mpl i es t hat newl y made pr o-
t ei ns ar e r equi r ed t o t r i gger ent r y i nt o Mphase, but not f or
t he pr ocess of mi t osi s i t sel f .

Pr ot ei n Synt hesi s I s Requi r ed f or t he Compl et i on
of Ever y Cel l Cycl e af t er Fer t i l i zat i on Except Mei osi s 1

To def i ne t he pr ot ei n synt hesi s r equi r ement s f or t he mei ot i c
and mi t ot i c cel l cycl es, t he pr ot ei n synt hesi s i nhi bi t or eme-
t i ne was added t o oocyt es and embr yos at var i ous t i mes af t er
f er t i l i zat i on, and i t s ef f ect on t he abi l i t y of t he embr yo t o pr o-
ceed t hr ough mei osi s and mi t osi s was scor ed . I nhi bi t i on of

pr ot ei n synt hesi s was compl et e and pr ompt when 100 u. M

emet i ne was added ( dat a not shown) . Emet i ne di d not pr e-
vent f er t i l i zat i on, ent r y i nt o, or compl et i on of f i r st mei osi s .
Chr omosome condensat i on, nucl ear envel ope br eakdown,

met aphase I , anaphase I , and t he expul si on of t he f i r st pol ar

body al l occur r ed wi t h nor mal mor phol ogy and ki net i cs

( Fi g . 3, a- c) . However , second mei osi s was ser i ousl y de-

r anged when pr ot ei n synt hesi s was i nhi bi t ed . The chr omo-
somes f ai l ed t o f or m a second mei ot i c met aphase pl at e ( Fi g .
3 c) . I nst ead of l i ni ng up bet ween t he t wo pol es, t he chr omo-
somes t ended t o f l oat about i n di sor gani zed cl ust er s t hat of -
t en separ at ed i nt o t wo gr oups cont ai ni ng unequal number s
of chr omosomes . I n some cases si st er chr omat i ds coul d be
seen t r avel i ng t oget her r at her t han separ at i ng ( Fi g . 3 d) .
Thus, emet i ne appear ed t o bl ock cor r ect f or mat i on or f unc-
t i on of t he mei osi s I I spi ndl e . To check t hi s, nor mal and
emet i ne- t r eat ed cel l s wer e st ai ned f or mi cr ot ubul es . Cont r ol
cel l s di spl ayed di spl ayed a t ypi cal asymmet r i c spi ndl e al i gned
per pendi cul ar t o t he cel l sur f ace at t he t i me of mei osi s I I
met aphase ( Fi g . 4 A) . By cont r ast , t he emet i ne- t r eat ed cel l s
cont ai ned abnor mal symmet r i cal bi pol ar st r uct ur es t hat r e-
sembl ed t wo cl osel y spaced ast er s wi t h var i abl e or i ent at i on
( Fi g . 4, Cand E) . At no t i me di d t hese ast er s devel op i nt o
nor mal - l ooki ng second mei ot i c spi ndl es, nor di d t he chr o-
mosomes al i gn bet ween t hem. I n addi t i on, as Fi gs . 4, Cand E

show, numer ous shor t mi cr ot ubul es wer e pr esent i n a di sor -
gani zed meshwor k t hr oughout t he cyt opl asm i n t he emet i ne-
t r eat ed embr yos, wher eas i n uni nhi bi t ed cel l s, al l t he mi cr o-
t ubul es wer e associ at ed wi t h t he spi ndl e and ast er s .
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Fi gur e 2. The t i me cour se of cel l cycl e t r ansi t i ons i n t he mei ot i c
and f i r st t hr ee mi t ot i c cel l cycl es of f er t i l i zed cl amoocyt es . ( A) Nor -
mal schedul e. Dashed l i nes wi t h t r i angl es showwhen chr omosomes
f i r st become vi si bl e ; sol i d l i nes show t he f r act i on of cel l s t hat had
under gone t he met aphase- anaphase t r ansi t i on. For cl ar i t y, t he pe-
r i od of Mphase i s denot ed by shaded bar s, but i t shoul d be r ecal l ed
t hat chr omosomes r emai n condensed f or a f ewmi nut es af t er t he on-
set of anaphase ( see Fi gur e 1, mand o) . ( B) Cel l cycl e event s i n
t he pr esence of 1 pMemet i ne, whi ch i nhi bi t ed pr ot ei n synt hesi s by
- 40% i n t hi s exper i ment . I nt er phase i s pr ol onged and t he syn-
chr ony i s i mpai r ed, but t he dur at i on of Mphase i s essent i al l y un-
changed .

At t he end of second mei osi s, when cont r ol embr yos f or med
second pol ar bodi es, t he emet i ne- t r eat ed cel l s under went a
t r ansi ent cont r act i on ( Fi g . 3 e) , but as descr i bed by Longo
et al . , 1991, t hi s di d not l ead t o f or mat i on of a second pol ar
body. The mor e i nt er i or cl ust er s of f emal e chr omosomes and
al l t he mal e chr omosomes t hen decondensed and f or med
nucl ei on schedul e ( Fi g . 3 f ) , whi l e t he chr omosomes cl ose
t o t he cor t ex condensed even f ur t her , of t en gi vi ng t he decep-
t i ve appear ance of a second pol ar body ( Fi g . 3 g) . I n ot her
cases t he ar r est ed embr yos cont ai ned mul t i pl e nucl ei t hat
separ at el y encl osed t he mal e pr onucl eus and var i ous cl ust er s
of f emal e chr omosomes t hat had dr i f t ed apar t ( e. g . , Fi g . 3
g) . Thus de novo pr ot ei n synt hesi s i s not needed f or t he
r esumpt i on and compl et i on of f i r st mei osi s, but i s essent i al
f or t he pr oper execut i on of mei osi s I I . One i nt er pr et at i on ( al -
most a descr i pt i on) of t hese obser vat i ons i s t hat t he ki net o-
chor es f ai l t o f unct i on i n mei osi s I I when pr ot ei n synt hesi s
i s i nhi bi t ed, f or mi cr ot ubul es connect i ng t he chr omosomes
t o t he pol es appear t o be mi ssi ng .

These dat a i ndi cat e t hat a newl y made pr ot ei n or pr ot ei ns
ar e at l east needed f or t he cor r ect al i gnment or at t achment
of t he chr omosomes t o t he second mei ot i c spi ndl e, i f not t he
act ual f or mat i on of t he spi ndl e, and f or subsequent spl i t t i ng
of si st er chr omat i ds . Sur pr i si ngl y, however , even when pr o-
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t ei n synt hesi s was compl et el y i nhi bi t ed, t he chr omosomes
r emai ned condensed f or t he appr opr i at e dur at i on of mei osi s
I and I I : t hey decondensed and f or med nucl ei on t he nor mal
schedul e, suggest i ng t hat t her e ar e at l east t wo di f f er ent con-
t r ol s, one f or pr oper chr omosome al i gnment and spl i t t i ng,
and anot her f or chr omosome decondensat i on . The f i r st r e-

qui r es new pr ot ei ns, t he second does not .

I dent i f i cat i on of t he Commi t ment Fbi nt s
f or Mei osi s 11, Mi t osi s 1, and Mi t osi s 2

To def i ne t he t i me at whi ch enough of t he newl y made pr o-
t ei ns had accumul at ed t o al l ow compl et i on of mei osi s I I , we
car r i ed out exper i ment s model ed af t er t hose of Wi l t et al . ,
( 1967) and Wagenaar ( Wagenaar and Mazi a, 1978 ; Wagenaar ,

1983) . A bat ch of embr yos was f er t i l i zed and sampl es wer e
r emoved at 3- mi n i nt er val s i nt o 100 I AMemet i ne t o i nhi bi t
f ur t her pr ot ei n synt hesi s . Al i quot s of each emet i ne- i nhi bi t ed
sampl e wer e f i xed and st ai ned wi t h or cei n at r egul ar i nt er -
val s, and scor ed f or t he f r act i on of embr yos t hat wer e abl e
t o compl et e mei osi s I I and t he f i r st t wo mi t ot i c di vi si ons . I n

t he exampl e shown i n Fi g . 5, i nhi bi t i on of pr ot ei n synt hesi s
at 20 mi n pr event ed any of t he embr yos car r yi ng out mei osi s
I I . By 23 mi n, however , N5 % had accumul at ed enough
newl y synt hesi zed pr ot ei n t o compl et e mei osi s I I , as i ndi cat ed
by t he hat ched bar s. When pr ot ei n synt hesi s was bl ocked at
26 mi n, 48 %wer e capabl e of t r aver si ng mei osi s and by 29
mi n, wel l bef or e anaphase of mei osi s I , emet i ne no l onger
af f ect ed mei osi s I I . We def i ne t he ` commi t ment poi nt ' f or
each cel l cycl e t r ansi t i on as t he t i me when 50%of t he em-
br yos become capabl e of execut i ng a mor phol ogi cal l y nor -
mal mei osi s I I or of ent er i ng mi t ot i c Mphase .

I n t he exper i ment s shown her e ( Fi g . 5) , t he commi t ment
poi nt f or mei osi s I I occur r ed at - 26 mi n af t er f er t i l i zat i on,
wel l i n advance of anaphase of f i r st mei osi s . The commi t -
ment poi nt f or f i r st mi t osi s occur r ed at - 58 mi n . Thi s i s - 10
mi n af t er second mei ot i c anaphase ( 48 mi n) and >10 mi n be-
f or e cont r ol cel l s f i r st showed condensed chr omosomes .
Si mi l ar l y, t he commi t ment poi nt f or mi t osi s 2 was at - 88
mi n, - 10 mi n af t er anaphase of mi t osi s 1 and wel l bef or e
t he cel l s ent er ed Mphase of mi t osi s 2 . The cel l s i n whi ch
pr ot ei n synt hesi s was bl ocked al ways ar r est ed i n i nt er phase,
wi t h an i nt act nucl ear envel ope and decondensed chr omo-
somes ( Fi g. 3, h and i ) .

One st r i ki ng consequence of i nhi bi t i ng pr ot ei n synt hesi s
at t he t i me of , or j ust af t er , t he commi t ment poi nt f or mi t osi s 1
was t hat such cel l s as di vi ded under t hese condi t i ons f or med
bl ast omer es of equal si ze ( not shown) i nst ead of t he nor mal
asymmet r i c daught er s ( Fi g . 3 i ) . We di d not f ur t her i nves-
t i gat e t hi s poi nt .

Fi gur e 1. Oocyt es and embr yos st ai ned wi t h or cei n f r ommei osi s I unt i l mi t osi s 2 . Oocyt es and embr yos t aken at var i ous t i mes af t er f er t i l i za-
t i on or KCl act i vat i on wer e st ai ned and exami ned as descr i bed i n Mat er i al s and Met hods . ( a) Unf er t i l i zed oocyt e, ( b and c) KCl - act i vat ed
oocyt es, and ( d- o) f er t i l i zed cel l s : ( b) 8 mi n af t er act i vat i on, ( c) ear l y mei osi s I pr o- met aphase, - 15 mi n af t er act i vat i on, ( d) l at e mei osi s I
pr omet aphase, - 25 mi n af t er f er t i l i zat i on, ( e) mei osi s I met aphase, ( f ) mei osi s I anaphase, ( g) mei osi s I I met aphase, ( h) mei osi s 11
anaphase, ( i ) f i r st i nt er phase ( t wo pr onucl ei f ai nt l y vi si bl e) , ( j ) ear l y Mphase of mi t osi s 1 ( not e t he separ at e gr oups of condensi ng chr omo-
somes) , ( k) mi t osi s I met aphase, ( 1) mi t osi s 1 anaphase, ( m) mi t osi s 1 anaphase/ t el ophase, ( n) t wo- cel l embr yo i nt er phase, and ( o) mi t osi s
2 anaphase . The sper mnucl eus can be seen par t i cul ar l y cl ear l y i n dand h as a compact st ai ned body wi t hout di st i nct chr omosomes ( compar e
wi t h j ) . Bar , 10 j m.



Fi gur e 3. When pr ot ei n synt hesi s i s bl ocked, t he chr omosomal event s of mei osi s I occur nor mal l y but t hose of mei osi s I I do not . Oocyt es

wer e f er t i l i zed ( a and i ) or act i vat ed wi t h KCl ( b- h) and cul t ur ed i n t he pr esence of 100 pMemet i ne . Sampl es wer e t aken at var i ous t i mes

dur i ng t he f i r st hour of devel opment and anal yzed by or cei n st ai ni ng ( a- d, f , and g) or by phase- cont r ast mi cr oscopy ( e, h, and i ) . ( a)

Mei osi s I met aphase, ( b) mei osi s I anaphase, ( c) mi sal i gned chr omosomes dur i ng mei osi s I I met aphase, ( d) aber r ant di sper sal of chr omo-

somes i nt o t wo cl ust er s dur i ng mei osi s I I anaphase, ( e) t r ansi ent cont r act i on seen at t he end of mei osi s I I anaphase, and ( f - h) cel l s ar r est ed

i n post mei osi s I I i nt er phase, showi ng var i abl e number s of nucl ei . I n i , t he addi t i on of emet i ne was del ayed unt i l 70 mi n i n a cul t ur e of

f er t i l i zed embr yos . These cel l s pr oceeded t hr ough f i r st mi t osi s and ar r est ed at t he t wo- cel l st age i n i nt er phase, wi t h r el at i vel y nor mal mor -

phol ogy. Bar s, 10 Wm.

The Ti me t o Reach Mi t osi s Depends

	

passed t he commi t ment poi nt , but t he amount of pr ot ei n syn-

on t heAmount of Newl y Made Pr ot ei n but

	

t hesi s t hat has been al l owed beyond t he commi t ment poi nt

t he T7I me Spent i n Mi t osi s Does Not

	

st r ongl y af f ect s t he t i me t aken t o ent er mi t osi s . I n t he exper i -

ment shown i n Fi g. 6, emet i ne was added at r egul ar 3- mi n

Cel l s become compet ent t o car r y out mi t osi s when t hey have

	

i nt er val s f r om59 t o 74 mi n af t er f er t i l i zat i on . Sampl es of i n-

Fi gur e 4. Emet i ne al l ows t he f or mat i on of t wo ast er s at mei osi s I I , but t he chr omosomes ar e not pr oper l y connect ed wi t h i t . Oocyt es wer e

act i vat ed wi t h KCl and al l owed t o devel op wi t h or wi t hout 100 pMemet i ne unt i l second mei ot i c met aphase, at whi ch t i me sampl es wer e

f i xed and st ai ned f or t ubul i n ( A, C, and E) and exami ned under shor t wave UVt o showchr omosomes ( B, D, and F) as descr i bed i n Mat er i al s

and Met hods . ( A and B) No added emet i ne, 53 mi n, nor mal second mei ot i c anaphase . ( C- F) Two exampl es of emet i ne- t r eat ed act i vat ed

oocyt es sampl ed at t he same t i me . ( These i mages can be compar ed wi t h t hose i n Fi g . 3, a- d, whi ch show nor mal and emet i ne- der anged

met aphase I I and anaphase I I as seen wi t h or cei n st ai ni ng . ) Bar , 10 t t m.
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Fi gur e 5. The f i r st t hr ee " poi nt s of no r et ur n . " A l ar ge cul t ur e of f er -
t i l i zed oocyt es was set up, and subcul t ur es wer e r emoved at 3- mi n
i nt er val s i nt o vi al s cont ai ni ng 100 AMemet i ne ( f i nal concent r a-
t i on) . Par al l el sampl es wer e t aken f or or cei n st ai ni ng. At t he end
of t he exper i ment , t he emet i ne- cont ai ni ng sampl es wer e scor ed f or
t hei r ar r est poi nt . Shaded bar s i ndi cat e t he f r act i on of cel l s t hat
successf ul l y compl et ed t he f ol l owi ng cel l cycl e t r ansi t i on when
emet i ne was added . For exampl e, addi t i on of emet i ne at 30 mi n al -
l owed nor mal compl et i on of mei osi s I I , but f ai l ur e t o ent er mi t osi s
1 . When emet i ne was added t o a cul t ur e at 60 mi n, however , mor e
t han hal f t he embr yos compl et ed mi t osi s 1 and t hen ar r est ed at t he
t wo cel l st age, unabl e t o ent er mi t osi s 2 . Dashed l i nes and t r i angl es
denot e condensed chr omosomes, sol i d l i nes and f i l l ed ci r cl es t he
met aphase- anaphase t r ansi t i ons of t he uni nhi bi t ed mast er cul t ur e.

100T Cont r ol

50

0
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Fi gur e 6. Emet i ne can del ay ent r y i nt o mi t osi s even when i t does
not bl ock i t . Emet i ne ( 100 AMf i nal ) was added t o cul t ur es of f er t i l -
i zed oocyt es at t he t i mes i ndi cat ed i n each panel , and sampl es wer e
t aken at i nt er val s f or st ai ni ng wi t h or cei n . Open t r i angl es denot e

t he f i r st appear ance of or cei n- posi t i ve chr omosomes, cl osed ci r cl es

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

hi bi t ed embr yos wer e f i xed, st ai ned, and scor ed f or ent r y

and exi t f r omMphase. The cul t ur e t emper at ur e was l ower

i n t hi s exper i ment t o al l ow f i ner r esol ut i on of t he cel l cycl e .

Cont r ol cel l s ent er ed Mphase at 83 mi n and l ef t Mphase

at 92 mi n . When emet i ne was added cl ose t o t he commi t -

ment poi nt f or mi t osi s 1 ( N61 mi n) , ent r y i nt o mi t osi s even-

t ual l y occur r ed, but was ver y del ayed . For exampl e, when

emet i ne was added at 62 mi n, t i 60% of t he cel l s had passed

t he commi t ment poi nt , but t hose cel l s di d not ent er Mphase

unt i l - 100 mi n, 18 mi n l at er t han cont r ol s . When emet i ne

was added 3 mi n l at er , at 65 mi n, al l of t he cel l s had passed

t he commi t ment poi nt and t hose cel l s ent er ed Mphase wi t h

a l ag of onl y 14 mi n compar ed wi t h cont r ol s . As mor e pr o-

t ei n synt hesi s was al l owed beyond t he commi t ment poi nt , t he

t i me t o ent er mi t osi s was f ur t her r educed unt i l by 71 mi n,

i nhi bi t i on of pr ot ei n synt hesi s no l onger del ayed ent r y i nt o

mi t osi s .

These r esul t s suggest t hat cel l s r equi r e newl y synt hesi zed

pr ot ei ns f or mor e t han one cel l cycl e- r el at ed f unct i on . Fi r st ,

t he commi t ment poi nt def i nes t he t i me at whi ch suf f i ci ent

amount s of cer t ai n pr ot ei ns r equi r ed f or mi t osi s have passed

a t hr eshol d l evel . Second, t he i nver se r el at i onshi p bet ween

t he amount of pr ot ei n synt hesi s al l owed beyond t he commi t -

ment poi nt and t he l engt h of t i me t aken t o r each t he onset

of Mphase suggest s t he exi st ence of a cat al yt i c r eact i on,

whose r at e det er mi nes when cel l s ent er Mphase. The l ess

enzyme pr esent , t he sl ower t he r eact i on i t cat al yzes and t he

l onger i t t akes t o ent er mi t osi s . The pr oper spat i al posi t i on-

i ng of t he f i r st mi t ot i c cl eavage pl ane appar ent l y al so r e-

qui r es newl y synt hesi zed pr ot ei ns, whi ch may or may not be

t he same as t hose needed f or ent er i ng mi t osi s .

Regar dl ess of t he l engt h of t i me spent i n i nt er phase, Fi gs .

2 B and 6 show t hat t he t ot al t i me spent i n mi t osi s ( def i ned

as t he t i me f r om when chr omosomes f i r st st ai n as or cei n-

posi t i ve t hr eads unt i l t he met aphase- anaphase t r ansi t i on) i s

essent i al l y t he same . Thi s ar gues t hat t he newl y made pr o-

t ei ns needed f or pr ogr ess past t he commi t ment poi nt ar e

mai nl y concer ned wi t h set t i ng t he condi t i ons f or al l owi ng

ent r y i nt o mi t osi s r at her t han pr ovi di ng mat er i al f or t he exe-

cut i on of mi t osi s i t sel f .

The Accumul at i on and Dest r uct i on of Cycl i ns Aand

BOccur i n Phase wi t h t he Mi t ot i c Cel l Cycl es

As out l i ned i n t he i nt r oduct i on, t he behavi or of cycl i ns Aand

B st r ongl y suggest ed an expl anat i on f or at l east par t of t he

pr ot ei n synt hesi s r equi r ement f or mi t osi s . To def i ne t he ki -

net i cs of cycl i n synt hesi s and dest r uct i on mor e cl osel y, we

per f or med exper i ment s i n whi ch f er t i l i zed oocyt es wer e l a-

bel ed wi t h PSS) met hi oni ne and par al l el sampl es wer e t aken

f or i nspect i on of chr omosome mor phol ogy and anal ysi s on

SDS gel s . Fi g . 7 shows one of sever al such exper i ment s

cover i ng t he f i r st t wo mi t ot i c di vi si ons . The per i od dur i ng

whi ch chr omosomes wer e or cei n posi t i ve i s i ndi cat ed by

shadi ng, and t he met aphase- anaphase t r ansi t i on shown as a

dot t ed l i ne . The i mpor t ant r esul t s, whi ch wer e hi ghl y r epr o-

duci bl e, wer e t wof ol d . Cycl i n A was degr aded - 2 mi n be-

f or e cycl i n B, and cycl i n B was dest r oyed - 60 s bef or e t he

met aphase- anaphase t r ansi t i on ( see al so Fi g. 9) . Bot h cy-

cl i ns began t o accumul at e agai n soon af t er mi t osi s was com-

pl et e, whi ch suggest ed t hat dest r uct i on ended as suddenl y as

i t began, an i nt er pr et at i on whi ch we conf i r med as descr i bed
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i n t he next sect i on . When oocyt es wer e pul se l abel ed f or 5
mi n t hr oughout t he mi t ot i c cel l cycl e, synt hesi s of bot h cy-
cl i ns was essent i al l y const ant ( dat a not shown) . Thi s sug-

gest s t hat newl y synt hesi zed cycl i ns ar e exempt f r om de-

st r uct i on, even i f t hey ar e synt hesi zed dur i ng t he per i od of
r api d cycl i n pr ot eol ysi s ( see bel ow) . I t al so means t hat i n t he
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Fi gur e 7. Cycl i n osci l l at i ons i n r el a-
t i on t o event s of t he mi t ot i c cel l cy-
cl e. Dupl i cat e sampl es wer e r emoved
at 5- mi n i nt er val s ( i ndi cat ed above
each l ane) f r oma cul t ur e of f er t i l i zed
oocyt es t o whi ch [ 35S] met hi oni ne
had been added at 50 mi n . One sam-
pl e was wor ked up f or anal ysi s by
SDS- PAGE. ( A) Cycl i n A; ( B) cycl i n
B ; ( R) smal l subuni t of r i bonucl eo-
t i de r educt ase. The ot her sampl e was
st ai ned wi t h or cei n and scor ed f or
t he pr esence of condensed chr omo-
somes ( shaded ar eas) and t he f r ac-
t i on i n anaphase ( doped l i ne) ; t hese
dat a ar e pl ot t ed t oget her wi t h t he
densi t omet er scans f r om t he aut o-
r adi ogr aph i n t he l ower panel . ( o)
Cycl i n A; ( e) cycl i n B.

cel l cycl es of ear l y cl amembr yos t her e i s l i t t l e or no r educ-

t i on i n t he r at e of pr ot ei n synt hesi s dur i ng mi t osi s .

The Per i ods of Cycl i n I nst abi l i t y Ar e Ext r emel y Br i ef

To def i ne t he per i od of cycl i n st abi l i t y and i nst abi l i t y mor e

Fi gur e 8. Emet i ne " chase"
exper i ment t o t i me t he onset
of cycl i n dest r uct i on and r e-
st abi l i zat i on . The exper i ment
was si mi l ar t o t hat shown i n
Fi g . 7, except t hat at 5- mi n i n-
t er val s, at t he t i mes i ndi cat -
ed above each panel , sampl es
wer e t r ansf er r ed t o f r esh vi al s
cont ai ni ng emet i ne ( 100 uM
f i nal ) . These chase vi al s wer e
sampl ed at 0, 4, 8, and 21 mi n
af t er mi xi ng ( t he t i mes ar e
shown bel oweach l ane) . Cl eav-
age occur r ed at 85 and 120
mi n i n t hi s exper i ment .
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cl osel y, and t o cor r el at e t hese per i ods wi t h t he cel l cycl e, we

per f or med t wo di f f er ent ki nds of " chase" exper i ment s . I n t he

f i r st , f er t i l i zed embr yos wer e al l owed t o devel op f or 50 mi n,

at whi ch t i me [ 35 S] met hi oni ne was added. 1- ml sampl es

wer e r emoved at 5- mi n i nt er val s i nt o vi al s cont ai ni ng eme-

t i ne ( t o gi ve 100 p, M f i nal concent r at i on) . Sampl es wer e r e-

moved f r om t hese emet i ne chase sampl es at 20 s, 4 mi n,

8 mi n, and 21 mi n . The di sappear ance of t he cycl i ns was es-

peci al l y obvi ous when r esynt hesi s was pr event ed, t he st r ong

and per si st ent r i bonucl eot i de r educt ase pol ypept i de ( i ndi -

cat ed by an R) ser vi ng as an i nt er nal cont r ol ( Fi g . 8) . I n t hi s

exper i ment , t he dest r uct i on of cycl i n Ast ar t ed at 74 mi n and

was compl et e by 78 mi n, whi l e cycl i n B f ol l owed sl i ght l y

l at er . The cycl i ns t hat wer e pr esent at 80 mi n ( t he t i me of

cyt oki nesi s) up t o 100 mi n wer e compl et el y st abl e unt i l t he

next per i od of dest r uct i on, whi ch st ar t ed at 108 mi n, j ust be-

f or e t he met aphase- anaphase t r ansi t i on of t he second cl eav-

age di vi si on . These r esul t s i ndi cat e t hat t he cycl i ns ar e essen-

t i al l y st abl e dur i ng i nt er phase and ear l y M phase, but

become hi ghl y unst abl e f or a per i od of - 5 mi n near t he end

of met aphase . Somet i me i n t el ophase, t he cel l swi t ches back

t o " cycl i n st abi l i t y mode" and newl y made cycl i ns can ac-

cumul at e agai n . Si nce t he cycl i n dest r uct i on cur ves r un par -

al l el t o t he cel l cycl e synchr ony cur ves, t he mi ni muml engt h

of t he dest r uct i on phase cannot be def i ned f or an i ndi vi dual

cel l . I t i s possi bl e t hat " dest r uct i on mode" occupi es a shor t er

per i od t han t he 5- mi n out er l i mi t set by t he degr ee of syn-

chr ony of t hese cul t ur es .

However , as can be seen i n Fi g . 6, i nhi bi t i on of pr ot ei n

synt hesi s ar ound t he t i me of t he commi t ment poi nt del ays

bot h ent r y and exi t f r om mi t osi s . To ci r cumvent t hi s pr ob-

l em, we used a " chase" of unl abel ed met hi oni ne t hat r educed

t he i ncor por at i on of [ 35 S] met hi oni ne 10, 000- f ol d, but di d

not i nhi bi t pr ot ei n synt hesi s . Fi g . 9 shows t he r esul t s of an

exper i ment t hat al l owed a ver y det ai l ed vi ew of t he ki net i cs

of cycl i n dest r uct i on i n r el at i on t o t he appear ance of con-

densed chr omosomes and t he onset of anaphase, as pl ot t ed

i n Fi g. 9 B and shown schemat i cal l y i n Fi g . 9 C. I n t hi s ex-

per i ment , dest r uct i on of cycl i n A st ar t ed at 79 mi n and was

compl et e N3 mi n l at er . Cycl i n B dest r uct i on f ol l owed cycl i n

A by t i 2 mi n, and by 85 mi n bot h cycl i ns wer e compl et el y

st abi l i zed . The dest r uct i on of cycl i n B pr eceded anaphase

onset by - 1 mi n ( Fi g . 9 B) . We wer e unabl e t o det ect any

obvi ous cel l ul ar change associ at ed wi t h t he di sappear ance of

cycl i n A. I t has r ecent l y been f ound t hat i ndest r uct i bl e mu-

t ant s of cycl i n A ar r est cel l s i n mi t osi s ( Luca et al . , 1991) .

Cycl i n BLevel s St ay Hi gh i n Mphase- ar r est ed Cel l s

Col chi ci ne st r ongl y del ayed and sl owed t he dest r uct i on of

cycl i n B i n sea ur chi ns eggs ( Evans et al . , 1983) . At t he t i me

t hose exper i ment s wer e done, cycl i n A had not been det ect ed

i n t hose cel l s ( al t hough i t i s al most cer t ai nl y pr esent , al bei t

at l ow l evel s) . To i nvest i gat e t he ef f ect s of col chi ci ne on cy-

cl i ns A and B i n cl amembr yos, t he i nhi bi t or was added t o

A

B
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0

0

U
A

C

Hunt et al . Cycl i n Synt hesi s and Dest r uct i on i n Cl am Embr yos

	

71 7

1 . 0

0. s

0. 0

cont i nuous l abel

emet i ne ' chases'

unl abel ed met hi oni ne' chase'

Fi gur e 10. Cycl i n dest r uct i on i s i mpai r ed and pr ol onged i n par t heno-

genet i cal l y act i vat ed and col chi ci ne- i nhi bi t ed embr yos . ( A) Col -

chi ci ne ( 20 Ag/ ml ) and [ 35 S] met hi oni ne wer e added t o a cul t ur e of

f er t i l i zed oocyt es at 55 mi n ( af t er second pol ar body emi ssi on) ,
sampl ed at i nt er val s, and anal yzed by SDS- PAGE and densi t omet r y

of t he cycl i n bands . ( B) A cul t ur e of par t henogenet i cal l y act i vat ed
cl am oocyt es was l abel ed wi t h [ 35S] met hi oni ne st ar t i ng 55 mi n

af t er addi t i on of KCI . At 80 and 100 mi n, emet i ne was added t o

por t i ons of t he cul t ur e and sampl es wer e r emoved f or anal ysi s by

SDS- PAGE and cyt ol ogi cal exami nat i on . The f i gur e pl ot s t he r adi o-

act i vi t y i n cycl i n B det er mi ned by densi t omet r y of gel bands ( see

Mi nshul l et al . , 1989b f or an exampl e of aut or adi ogr aphs f r om a

si mi l ar exper i ment ) . ( C) [ 35 S] Met hi oni ne was added t o par t heno-
genet i cal l y act i vat ed oocyt es at 50 mi n . At 80 mi n, sampl es wer e
t r ansf er r ed t o f r esh vi al s wi t h ei t her 0 . 1 mMemet i ne ( open ci r cl es)
or 0. 2 mML- met hi oni ne ( cl osed t r i angl es) .

[ 35 S] met hi oni ne- l abel ed cel l s at 50 mi n, t he t i me of second

pol ar body f or mat i on . I n t he pr esence of t he dr ug, t he cel l s

ent er ed f i r st mi t ot i c met aphase on schedul e at 75 mi n, but

f ai l ed t o assembl e a mi t ot i c spi ndl e or ent er anaphase . Cel l s

wer e ar r est ed i n Mphase f or sever al hour s, t he chr omo-

somes becomi ng pr ogr essi vel y mor e condensed and t i ght l y

cl ust er ed as t i me passed . Event ual l y, st ar t i ng at 4- 5 h af t er

Fi gur e 9. Unl abel ed met hi oni ne " chases" def i ne t he t i me of cycl i n r est abi l i zat i on . Thi s exper i ment was si mi l ar i n desi gn t o t he one shown

i n Fi g . 8, except t hat 1 mML- met hi oni ne was subst i t ut ed f or 100 j , M emet i ne . The unl abel ed met hi oni ne was added at t he t i mes i ndi cat ed

above each panel , and sampl es f r om t hese al i quot s wer e r emoved i nt o TCA at t he t i mes i ndi cat ed bel ow each l ane. The aut or adi ogr ams

wer e scanned and t he dat a pl ot t ed t oget her wi t h t he cyt ol ogi cal st at i st i cs i n B. C shows a schemat i c di agr am t o i l l ust r at e t he per i ods of

cycl i n st abi l i t y and i nst abi l i t y i n r el at i on t o t he event s of mi t osi s .



Fi gur e 11. Embr yos ar e ar r est ed i n met aphase by hi gh l evel s of cycl i n B, and can be r et ur ned t o i nt er phase by addi t i on of emet i ne . Col chi ci ne

and [ 35S] met hi oni ne wer e added t o a cul t ur e of f er t i l i zed embr yos af t er second pol ar body f or mat i on . Emet i ne was added at 70 mi n ( af t er

nucl ear envel ope br eakdown) and sampl es wer e r emoved f or cyt ol ogi cal i nspect i on and anal ysi s by SDS- PAGE. The i nt ensi t y of t he cycl i n

B band and t he f r act i on of cel l s wi t h decondensed chr omosomes ar e pl ot t ed as a f unct i on of t i me . A par al l el cul t ur e wi t hout emet i ne r e-

mai ned i n Mphase ( i . e . , cont ai ned t i ght l y condensed chr omosomes) f or t he ent i r e dur at i on of t he t i me f r ame shown her e. B shows t he

mi cr oscopi c appear ance of t he oocyt es as t hey passed f r om mi t osi s ( a) back t o i nt er phase ( d ; not e t he mul t i pl e nucl ei ) i n t he pr esence

of col chi ci ne and emet i ne . b shows t he t ypi cal t r ansi ent " l i ma bean" appear ance t hat occur s dur i ng t hi s t r ansi t i on, whi ch woul d her al d

cyt oki nesi s wer e i t not f or t he pr esence of t he col chi ci ne. The cel l s r el ax ( c) agai n bef or e t he nucl ei r e- f or m. Bar , 100 gym.

col chi ci ne addi t i on, occasi onal cel l s l ef t Mphase and began

t o r eassembl e nucl ei ( not shown) . The l evel of cycl i n A r e-

mai ned hi gh unt i l - 90- 100 mi n af t er f er t i l i zat i on ( consi der -

abl y l onger t han usual ) and t hen dr opped t o a new, l ow

st eady- st at e l evel t hat was mai nt ai ned f or t he next 90 mi n or

The Jour nal of Cel l Bi ol ogy, Vol ume 116, 1992

so ( Fi g . 10) . I n cont r ast , cycl i n B l evel s r ose t o hi gher t han

nor mal l evel s i n t he pr esence of col chi ci ne and mai nt ai ned

t hi s l evel f or 2- 4 h past t he nor mal t i me of cl eavage .

The behavi or of cycl i ns i n t he pr esence of col chi ci ne was

obvi ousl y di st or t ed by t he pr esence of t he dr ug, and i t was
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i mpossi bl e t o be sur e t hat t he ef f ect was not di r ect l y on t he

dest r uct i on syst em, r at her t han i ndi r ect vi a mi cr ot ubul e di s-

soci at i on . Ther e i s an al t er nat i ve way i n cl am embr yos t o

mai nt ai n cel l s i n mi t ot i c M phase, however , whi ch does

not r equi r e addi t i on of any i nhi bi t or . Par t henogenet i c ac-

t i vat i on of cl amoocyt es by 45 mM ( t ot al ) KCl i n sea wat er

al l ows mei osi s I and I I t o occur nor mal l y ( Al l en, 1953) , f ol -

l owed by ent r y i nt o f i r st mi t osi s on schedul e . Thi ngs go

wr ong af t er t hi s poi nt . The cel l s f or m a monopol ar spi ndl e

wi t h condensed chr omosomes and r emai n l i ke t hi s f or 2- 4 h,

wi t h consi der abl e var i at i on among i ndi vi dual embr yos ( Kur i -

yama et al . , 1986) . Just as wi t h col chi ci ne, i ndi vi dual cel l s

escape met aphase asynchr onousl y, r eassembl e nucl ei , and

r epl i cat e t hei r chr omosomes . The cel l s t hen ent er anot her

l ong per i od of Mphase ar r est . They do not under go cyt oki -

nesi s . These sl ow cel l cycl es, i n whi ch met aphase i s enor -

mousl y pr ol onged wi t h r espect t o t he ot her event s of t he cel l

cycl e, cont i nue f or at l east 12 h, event ual l y gi vi ng r i se t o si n-

gl e cel l s packed wi t h chr omosomes i n one enor mous nucl eus

( not shown) . Cycl i n A f el l t o a l ow l evel appr oxi mat el y on

schedul e i n t hese embr yos, but j ust as i n t he col chi ci ne-

ar r est ed embr yos, cycl i n B r ose t o much hi gher l evel s t han

nor mal and t hen st ayed t her e, wi t h dest r uct i on bal anced by

new synt hesi s ( Fi g . 10) . Addi t i on of emet i ne at 60, 80, and

100 mi n r eveal ed t hat cycl i n A was t ur ni ng over r api dl y at

al l t i mes af t er t he st ar t of dest r uct i on mode at 75 mi n ( dat a

not shown) , but cycl i n B showed ver y di f f er ent behavi or ( Fi g .

10 B) . Af t er emet i ne was added, t he l evel of cycl i n B st ayed

r el at i vel y const ant f or - 50 mi n ( consi der abl y shor t er t han

wi t h col chi ci ne, but at l east 10 t i mes l onger t han i n uni nhi b-

i t ed f er t i l i zed embr yos) and t hen dr opped abr upt l y . Cycl i n B

t hus behaved as t hough i t had a l ong, but f i ni t e l i f et i me of

- 50 mi n under t hese ci r cumst ances .

When unl abel ed met hi oni ne chases wer e used t o f ol l ow

t he behavi or of pr el abel ed cycl i n B i n par t henogenet i cal l y

act i vat ed cel l s t hat wer e i n met aphase ar r est , t he ki net i cs

of l oss of l abel ed cycl i n B appear ed somewhat di f f er ent .

Wher eas emet i ne- chased cel l s showed a sudden l oss of cycl i n
B - 50 mi n af t er i nhi bi t i on of pr ot ei n synt hesi s, met hi oni ne-

chased sampl es showed a gr adual , mor e or l ess l i near l oss

of cycl i n B af t er cessat i on of [ s5 S] met hi oni ne i ncor por at i on

( Fi g. 10 C) . Thi s i s consi st ent wi t h i ndi vi dual cycl i n B mol e-

cul es havi ng a f i ni t e l i f e expect ancy. I f no new cycl i n i s made,

al l l abel ed mol ecul es ar e of si mi l ar age when t hey ar e de-

gr aded t oget her . I f on t he ot her hand new unl abel ed cycl i n

cont i nues t o be made, i t appar ent l y can compet e f or dest r uc-

t i on wi t h t he l abel ed mol ecul es . Once a mol ecul e i s f at ed t o

be dest r oyed, however , i t has a f i ni t e l i f e expect ancy. I t i s un-

cl ear how cycl i n i s t agged f or dest r uct i on, whi ch woul d seem

t o be a r equi r ement of t hi s model . Ther e i s one ot her di f f er -
ence bet ween t he " emet i ne chase" and t he unl abel ed met hi o-

ni ne chase exper i ment s, whi ch may be si gni f i cant . The l evel

of cycl i n A shoul d be si gni f i cant l y hi gher i n t he met hi o-

ni ne chase exper i ment s, and t hi s may i nf l uence t he t i mi ng of

pr ot eol ysi s of cycl i n B.

I n any case, t he st at e of mi cr ot ubul es and t he f or mof t he

spi ndl e cl ear l y det er mi ne t he l i f e expect ancy of t he cycl i ns .

When t he spi ndl e i s absent or i mpr oper l y f or med, cycl i n A

st ays i n " dest r uct i on mode" f or l ong per i ods at a t i me, whi l e

cycl i n B shi f t s t o a st at e i n whi ch i t di spl ays a f i ni t e l i f e ex-

pect ancy . I t may wel l be per t i nent t hat t he cdc13- 117 st r ai n
i n S. pombe, i n whi ch t he yeast B- t ype cycl i n i s mut at ed,

Hunt et al . Cycl i n Synt hesi s and Dest r uct i on i n Cl am Embr yos

showed hyper sensi t i vi t y t o mi cr ot ubul e i nhi bi t or s ( Booher

and Beach, 1988) . And i t has al so been shown t hat i n bot h

HeLa cel l s and yeast , di sr upt i on of mi cr ot ubul es l eads t o mi -

t ot i c ar r est associ at ed wi t h exagger at ed l evel s of hi st one Hl

ki nase act i vi t y associ at ed wi t h p34° d° z/ cycl i n compl exes

( Dr aet t a and Beach, 1988 ; Mor eno et al . , 1989) .

I nhi bi t i ng Pr ot ei n Synt hesi s dur i ng Mi t ot i c Ar r est

Advances Ent r y i nt o t he Next Cel l Cycl e

The pr ecedi ng exper i ment s show t hat when pr oper dupl ex

mi t ot i c spi ndl es f ai l t o f or m, ei t her because of t he pr esence

of col chi ci ne or because onl y one spi ndl e pol e i s pr esent , t he

dest r uct i on of cycl i n B i s del ayed and t he cel l s r emai n i n M

phase wi t h hi ghl y condensed chr omosomes . I t seemed possi -

bl e t hat t he cont i nui ng pr esence of hi gh l evel s of cycl i n B

mi ght be r esponsi bl e f or keepi ng t he cel l s i n Mphase . As

shown i n t he pr evi ous sect i on, t he addi t i on of emet i ne even-

t ual l y l eads t o t he l oss of cycl i n B, and we mi ght expect t he

cel l s t o exi t mi t osi s pr emat ur el y when t hi s occur r ed . Thi s

pr oved t o be t r ue bot h f or KCl - act i vat ed and col chi ci ne-

i nhi bi t ed cel l s ar r est ed i n Mphase ( Fi g . 11 A) . A t r ansi ent

sur f ace cont r act i on r emi ni scent of what nor mal l y pr eceded

cyt oki nesi s occur r ed at about t he t i me of di sappear ance of

cycl i n B, but t he cel l s di d not di vi de. I nt er phase nucl ei

f or med shor t l y t her eaf t er ( Fi g . 11 B) . The sur f ace cont r ac-

t i on was t r ansi ent and i mpossi bl e t o pr eser ve by f i xat i on, so

t he r esponse coul d not be pl aced on a good st at i st i cal f oot -

i ng . However , our st r ong i mpr essi on was t hat t he di sappear -

ance of cycl i n Bpr eceded or coi nci ded wi t h t he sur f ace con-

t r act i ons t hat mar k t he onset of anaphase i n nor mal cel l s,

and t hat t hi s was t he ear l i est vi si bl e mani f est at i on of ent r y

i nt o t he next cycl e. I t may r epr esent an abor t i ve at t empt at

cl eavage.

The Ef f ect s of Ot her Cel l Cycl e I nhi bi t or s
on Cycl i n Behavi or

We t est ed t he ef f ect s of sever al ot her i nhi bi t or s t hat i nt er f er e

wi t h t he cel l cycl e . For exampl e, cyt ochal asi n B, whi ch i n-

hi bi t s act i n- based pr ocesses i ncl udi ng cyt oki nesi s di d not i n-

hi bi t nucl ear di vi si on cycl es and had ver y l i t t l e ef f ect on t he

ki net i cs or ext ent of t he dest r uct i on of cycl i n ( dat a not

shown) . Taxol , whi ch st abi l i zes mi cr ot ubul es, had no ef f ect

on t he ki net i cs of cycl i n synt hesi s or dest r uct i on, t hough i t
ser i ousl y i mpai r ed chr omosome segr egat i on and cyt oki -

nesi s.

I nhi bi t i on of DNA synt hesi s wi t h 10 / Ag/ ml aphi di col i n

per mi t t ed one mi t ot i c cel l di vi si on and one r ound of cycl i n de-

st r uct i on ( Fi g . 12) , but no f ur t her di vi si ons occur r ed and bot h

cycl i ns wer e st r ongl y st abi l i zed t her eaf t er . The aphi di col i n-

t r eat ed cel l s di d not di spl ay pr oper l y condensed chr omo-

somes or anyt hi ng r esembl i ng met aphase pl at es or anaphase
f i gur es . I nst ead, t wo or cei n- posi t i ve smudges cor r espondi ng

t o t he t wo pr onucl ei coul d be seen shor t l y bef or e t he cel l s

began t o di vi de ( Fi g. 12 D) . Two cel l s of equal si ze wer e

f or med by t hi s cl eavage and, i n many cases, t he cl eavage f ur -

r ow di d not pass compl et el y acr oss t he cel l . Shor t l y af t er cy-
t oki nesi s, t he f ai nt l y st ai ni ng nucl eoi d bodi es l ost t hei r st ai n,
but t hi s was l at er r egai ned and kept f or > 1 h ( not shown) .
No cl ear nucl ei f or med i n such cel l s, whi ch di d not r esembl e

any nor mal l y occur r i ng st age; because of t he aber r ant f or m
of t hei r chr omosomes i t was i mpossi bl e t o t el l whet her t hey
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wer e i n mi t osi s, i nt er phase, or some bi zar r e unnat ur al st at e .

Fur t her i nvest i gat i on woul d be necessar y t o i nt er pr et t hi s i n-

t er est i ng " phenot ype. " Cl ear l y, however , some sor t of cou-

pl i ng bet ween t he compl et i on of DNA r epl i cat i on and cel l

cycl e pr ogr essi on exi st s i n cl amembr yos, unl i ke t he si t uat i on

i n ver y ear l y f r og embr yos, whi ch do not ar r est t he cel l cycl e

i n r esponse t o i nhi bi t or s of DNA synt hesi s ( Dasso and New-

por t , 1990 ; Newpor t and Ki r schner , 1984) . Thi s i s pr obabl y

because t he vol ume of cyt opl asm r el at i ve t o t he nucl eus i s

- 500 t i mes gr eat er i n t he f r og compar ed wi t h t he cl am

oocyt e.

Di scussi on

The i ni t i al obj ect of t hese st udi es, whi ch wer e car r i ed out i n

1984- 5, bef or e cycl i n had been shown t o act as an Mphase

i nducer ( Swenson et al . , 1986 ; Mi nshul l et al . , 1989a ; Mur -

r ay and Ki r schner , 1989) , was t o del i neat e t he mei ot i c and

mi t ot i c cel l cycl es of f er t i l i zed cl am oocyt es af t er f er t i l i za-

t i on i n r el at i on t o t he pr ot ei n synt hesi s r equi r ement f or t hese

r api d ear l y cel l cycl es . I n par t i cul ar , we wi shed t o expl or e

t he r el at i onshi ps bet ween t hese r equi r ement s and t he be-

havi or of cycl i ns A and B. Fai l ur e t o synt hesi ze cycl i ns dur -

i ng i nt er phase coul d account , at l east i n par t , f or why pr o-

t ei n synt hesi s i nhi bi t or s ar r est t he cel l cycl e at t he G2- M

t r ansi t i on of mi t osi s . The r equi r ement f or cycl i n synt hesi s

f or cel l cycl e pr ogr essi on has been wel l document ed by

exper i ment s i n Xenopus cel l - f r ee syst ems ( Mur r ay and Ki r sch-

ner , 1989a ; Mur r ay et al . , 1989) and t he obser vat i ons t hat

nei t her S. pombe cdc13 nor Dr osophi l a cycl i n A mut ant s can

per f or mt he G2- Mt r ansi t i on ( Booher and Beach, 1988 ; Leh-

ner and O' Far r el l , 1990) . I t i s wor t h poi nt i ng out t hat nei t her

t he l ack of cycl i ns caused by t hese mut at i ons nor i nhi bi t i on

of pr ot ei n synt hesi s i n ear l y f r og and sea ur chi n embr yos

seems t o bl ock DNA r epl i cat i on ( Mi ake- Lye et al . , 1983 ;

Wagenaar , 1983) , al t hough t hi s poi nt has not been checked

i n t he cl am embr yo .

Conver sel y, dest r uct i on of cycl i ns appear s t o be necessar y

t o l eave Mphase ; we f ound a st r i ki ng cor r el at i on bet ween

t he t i mi ng of t he di sappear ance of cycl i n B and r eent r y t o i n-

t er phase i n cel l s ar r est ed i n met aphase by col chi ci ne or

monopol ar spi ndl es . The di scover y t hat t r uncat ed cycl i ns

l acki ng t he NH2 - t er mi nal " dest r uct i on box" ar e st abl e and

keep cel l s ar r est ed i n mi t osi s ( Mur r ay et al . , 1989 ; Bel mont

et al . , 1990; Gl ot zer et al . , 1991 ; Luca et al . , 1991 ; Ghi ar a

et al . , 1991) pr ovi des a di r ect demonst r at i on t hat cycl i n de-

st r uct i on i s r equi r ed f or cel l s t o l eave Mphase and ent er i n-

t er phase. I t i s a moot poi nt whet her dest r uct i on of cycl i n A

i s r equi r ed sol el y t o get i t out of t he way, so t o speak, or

whet her i t s dest r uct i on i s causal l y connect ed wi t h a cel l cy-

cl e t r ansi t i on t hat occur s bef or e t he onset of anaphase . We

wer e never abl e t o see any obvi ous cor r el at i on bet ween t he

t i mi ng of cycl i n A pr ot eol ysi s and changes i n cel l ul ar st r uc-

t ur e t hat mi ght have pr ovi ded cl ues as t o t he separ at e f unc-

t i ons of cycl i ns A and B.

The 77mi ng of Cycl i n Degr adat i on and t he
Met aphase- Anaphase Tr ansi t i on

Thi s paper al so descr i bes t he pr eci se t i mi ng of t he dest r uc-

t i on of cycl i ns A and B i n r el at i on t o anaphase onset at f i r st

mi t osi s i n di vi di ng cl amembr yos. Cycl i n A i s degr aded be-

f or e cycl i n B, and cycl i n B dest r uct i on pr ecedes anaphase by

- 60 s. Nor mal l y, t he dur at i on of " dest r uct i on phase" i n mi -

t ot i c cycl es i s ext r emel y br i ef , as t hough t he dest r uct i on

pat hway f or cycl i n was r api dl y t ur ned of f at t he end of M

phase ( i t i s di f f i cul t t o say whet her t he dest r uct i on of cycl i n

A i s nor mal l y t ur ned of f bef or e t he dest r uct i on of cycl i n B,

but t he r esul t s wi t h mi cr ot ubul e i nhi bi t or s and par t henoge-

net i cal l y act i vat ed embr yos shown i n Fi gs . 10 and 11 suggest

t hat cycl i n A pr ot eol ysi s st ays swi t ched on f or as l ong as t he

l evel s of cycl i n B- and al so pr esumabl y of cdc2- ki nase- st ay

hi gh) . Thi s behavi or i s al so f ound i n cel l - f r ee syst ems i n

whi ch added N112 - t er mi nal l y t r uncat ed ( and hence i nde-

st r uct i bl e) cycl i n of one t ype l eads t o const i t ut i ve dest r uct i on

of bot h t ypes ( Luca et al . , 1991) . The t r ansi ence of t he pr ot eo-

l yt i c act i vi t y was pr evi ousl y onl y i mpl i ed, by t he r api d ac-

cumul at i on of cycl i ns af t er t he end of mi t osi s . By t est i ng t he

st abi l i t y of cycl i ns at di f f er ent st ages of t he cel l cycl e we dem-

onst r at e unequi vocal l y t hat t he osci l l at i ons i n cycl i n l evel oc-
cur as a r esul t of const ant synt hesi s and an al t er nat i on be-
t ween st abi l i t y dur i ng i nt er phase and r api d dest r uct i on at t he
end of met aphase . The wi ndow dur i ng whi ch cycl i ns ar e un-

st abl e i s nor mal l y N5 mi n or l ess. When mi t ot i c spi ndl es ar e

al t er ed, however , t hi s wi ndowof cycl i n dest r uct i on i s l engt h-

ened and al t er ed i n ver y i nt er est i ng ways .

Compl et e di ssoci at i on of mi cr ot ubul es by col chi ci ne has

a sever e ef f ect on cycl i n t ur nover . Once cel l s ent er Mphase

i n t he pr esence of t hi s dr ug, cycl i n A dest r uct i on i s kept on

f or t he ent i r e dur at i on of met aphase ar r est , and cycl i n A l ev-

el s ar e mai nt ai ned at l ow l evel s . At t he same t i me, t he de-

st r uct i on of cycl i n B i s i mpai r ed and del ayed, so t hat i t s l evel s

r i se abnor mal l y hi gh . The same ef f ect i s seen i n onl y sl i ght l y

l ess mar ked f or mi n par t henogenet i cal l y act i vat ed cel l s con-

t ai ni ng monopol ar spi ndl es . Thi s suggest s t hat cycl i n B de-

st r uct i on does not si mpl y depend on i nt act mi cr ot ubul es, but

r equi r es a cor r ect l y assembl ed bi pol ar spi ndl e . I ndeed, t he

dr ug t axol , whi ch st abi l i zed mi cr ot ubul es and caused ex-

t r aor di nar y hyper t r ophy of t he t wo mi t ot i c ast er s i n t hese

cel l s ( dat a not shown) , di d not af f ect cycl i n dest r uct i on . The

B- t ype cycl i n mut ant of S. pombe, cdc13- 117 i s hyper sensi -

t i ve t o t hi abendazol e, an ant i mi cr ot ubul e dr ug r el at ed t o
nocodazol e t hat i s ef f ect i ve agai nst yeast mi cr ot ubul es ( Boo-

her and Beach, 1988) . Sever al aut hor s have r epor t ed f i ndi ng

cycl i n and cdc2 l ocal i zed at spi ndl e pol es ( Bai l l y et al . ,

1989 ; Al f a et al . , 1990; Pi nes and Hunt er , 1991) , and Kel -

l ogg et al . ( 1991) f ound by af f i ni t y chr omat ogr aphy t hat bot h

cycl i ns A and B wer e associ at ed wi t h mi cr ot ubul es . One ex-

pl anat i on f or t he del ayed ki net i cs of cycl i n B dest r uct i on i n

met aphase- ar r est ed cel l s i s t hat cycl i n/ cdc2 compl exes need

t o be t r anspor t ed t o a par t i cul ar subcel l ul ar l ocat i on wher e

Fi gur e 12. Aphi di col i n st abi l i zes cycl i ns Aand B af t er t he f i r st mi t ot i c cel l cycl e. Aphi di col i n was added at 10 mi n t o a cul t ur e of f er t i l i zed
oocyt es, and PSS] met hi oni ne was added at 50 mi n ( A) . Por t i ons of t he cul t ur e wer e r emoved i nt o separ at e vi al s wi t h emet i ne at 70 ( B)
or 100 mi n ( C) , and sampl ed f or SDS- PAGE. D shows a mi cr ogr aph of a t ypi cal embr yo t hat under went equal cl eavage i n t he pr esence
of aphi di col i n, on t he l ef t vi ewed under phase- cont r ast i l l umi nat i on, at r i ght seen under Wi l l umi nat i on ( Hoechst 33342 was pr esent at
1 pg/ ml ) . Bar , 10 gm.
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t he dest r uct i on machi ner y r esi des, and t hat t hi s i s gr eat l y

sl owed when t he spi ndl e i s di ssoci at ed or i mpr oper l y f or med .

But t hi s does not easi l y expl ai n why monopol ar spi ndl es

shoul d di spl ay al t er ed ki net i cs of cycl i n dest r uct i on, and an

al t er nat i ve expl anat i on f or t he ef f ect i s t hat mi spl aced chr o-

mosomes may t r ansmi t a si gnal t hat del ays cycl i n dest r uct i on.

Ther e i s consi der abl e evi dence f r ommi cr omani pul at i on ex-

per i ment s t hat unat t ached chr omosomes ar e capabl e of de-

l ayi ng t he onset of anaphase by a " checkpoi nt " mechani sm

( Ni ckl as and Koch, 1969 ; Sl uder and Begg, 1983 ; Ni ckl as

and Kubai , 1985 ; Har t wel l and Wei ner t , 1989 ; f or r evi ew

see Mur r ay and Szost ak, 1985) . Exper i ment s i n cel l - f r ee

syst ems wi l l pr obabl y be r equi r ed t o expl or e t he mechani sm

of t hi s ef f ect .

Ar e Cycl i ns t he Onl y Cel l Cycl e Regul at or s
Synt hesi zed af t er Fer t i l i zat i on?

Howmany of t he noncycl i n mRNAs t hat ar e newl y r ecr ui t ed

by r i bosomes af t er f er t i l i zat i on encode cel l cycl e r egul at or s?

Apar t f r omt he cycl i ns, whi ch cl ear l y bel ong i n t hi s cat egor y,

t he onl y ot her mRNAs i n cl am oocyt es t o be i dent i f i ed so

f ar encode t he smal l subuni t of r i bonucl eot i de r educt ase and

hi st one H3 ( St andar t et al . , 1985 ; Swenson et al . , 1987) . Al -

t hough t he pr ot ei ns encoded by t hese mRNAs ar e r equi r ed

f or cel l cycl e pr ogr essi on, i t i s unl i kel y t hat t hey have a di r ect

r egul at or y r ol e . Mor eover , t he ver y di f f er ent ef f ect s of i nhi -

bi t i on by aphi di col i n, a DNAsynt hesi s i nhi bi t or , f r omt hose

caused by emet i ne make i t unl i kel y t hat f ai l ur e t o pr ovi de

r i bonucl eot i de r educt ase or hi st ones coul d account f or t he

emet i ne- associ at ed l esi ons ei t her i n mei osi s I I or even f i r st

mi t osi s . Never t hel ess, t he i dea t hat t he def ect i n second

mei ot i c met aphase mi ght be caused by l ack of newl y synt he-

si zed A- or B- t ype cycl i ns i s pr obabl y i ncor r ect . Cl am oo-

cyt es cont ai n a st or e of cycl i n B, but not of cycl i n A. The

mat er nal st ock of cycl i n B l ar gel y evades dest r uct i on be-

t ween t he t wo mei ot i c di vi si ons, so t her e shoul d be pl ent y

of cycl i n B even i n t he compl et e absence of pr ot ei n synt hesi s

( West endor f et al . , 1989 ; Shi buya, E. , and J. V. Ruder man,

manuscr i pt i n pr epar at i on) . So, coul d l ack of cycl i n A ac-

count f or t he mei osi s I I met aphase def ect ? At f i r st si ght , t hi s

t oo seems unl i kel y, because t he pr ot ei n synt hesi s r equi r e-

ment f or second mei osi s i s compl et e by - 25 mi n, and what

l i t t l e new cycl i n A t hat has accumul at ed by t hi s t i me i s de-

st r oyed shor t l y af t er t hi s ( West endor f et al . , 1989) . Thus, i f

cycl i n A wer e r equi r ed f or second mei osi s, i t woul d have t o

act bef or e anaphase of f i r st mei osi s . Thi s i s not i mpossi bl e,

but i t i s not a ver y at t r act i ve i dea . I t seems mor e pr obabl e

t hat ot her component s, whi ch ar e r equi r ed t o cor r ect l y f or m

t he second mei ot i c spi ndl e, ar e synt hesi zed af t er f er t i l i za-

t i on . A good candi dat e woul d be t he mol l uscan equi val ent

of c- mos, whi ch pl ays an i mpor t ant par t i n ver t ebr at e mei osi s

( Daar et al . , 1991; Sagat a et al . , 1988, 1989) , especi al l y i n

t he pr ogr essi on of mei osi s I t o mei osi s I I ( Kanki and

Donoghue, 1991) . Ther e may wel l be ot her s, however , whi ch

r emai n t o be i dent i f i ed .

Why Do Oocyt es Not Reent er I nt er phase
bet ween Mei osi s I and Mei osi s I I ?

One of t he most i nt er est i ng quest i ons r ai sed by t hese st udi es,

al bei t i ndi r ect l y, i s : What happens i n t he i nt er val bet ween t he

t wo mei ot i c di vi si ons? We ar e somewhat l i mi t ed i n our di s-
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cussi on by l ack of dat a concer ni ng MPF l evel s i n cl amoo-

cyt es ; gi ven t he var i abi l i t y of oocyt e mat ur at i on, i t i s pr oba-

bl y hazar dous t o ext r apol at e f r om ani mal s as f ar di st ant

phyl ogenet i cal l y as st ar f i sh, f r ogs, and cl ams . Never t hel ess,

i t i s l i kel y t hat MPF l evel s dr op bet ween t he t wo mei ot i c di -

vi si ons i n cl ams, because t he hi st one ki nase act i vi t y of

p34cdcz t r ansi ent l y decl i nes i n t hi s i nt er val ( Shi buya, E. , and

J. V. Ruder man, manuscr i pt i n pr epar at i on) . Yet as can be

cl ear l y seen, t he nucl eus does not r eassembl e, t he chr omo-

somes do not decondense, and t her e i s no S phase. ( Ther e

must not be, or an i mpor t ant obj ect i ve of mei osi s f ai l s! ) I t

i s by no means cl ear i n cl ams how much cycl i n B i s l ost at

mei osi s I , anot her i nt er est i ng poi nt whi ch i s under car ef ul

i nvest i gat i on ( see West endor f et al . , 1989) . We want t o em-

phasi ze her e, however , t hat l oss of MPF and a dr op i n
p34cdcz ki nase act i vi t y does not i nevi t abl y l ead t o exi t f r om

Mphase and r et ur n t o i nt er phase . We i magi ne t hat ot her f ac-

t or s mai nt ai n t he phosphor yl at i on st at e of t he cor r ect set of

pr ot ei ns so as t o keep t he chr omosomes condensed and t he

nucl ear envel ope di sassembl ed . Per haps a speci al mei ot i c

pr ot ei n ki nase i s r esponsi bl e, or per haps t he phosphat ases

whi ch nor mal l y undo Mphase ar e t empor ar i l y shut of f ; our

dat a do not t el l . But under st andi ng t he mol ecul ar basi s of

t hi s seemi ng par adox ( r eal l y, onl y a par adox because of

pr evi ous si mpl e i nt er pr et at i ons of how p34° dcz/ cycl i n ki -

nases cont r ol t he cel l cycl e) wi l l undoubt edl y deepen our

compr ehensi on of t he Mphase/ i nt er phase t r ansi t i on . I t i s

al so i mpor t ant t o r ecal l t hat at l east t hr ee event s- namel y,

t he spl i t t i ng of t he f i r st mei ot i c spi ndl e pol e t o f or mt he t wo

pol es of t he second mei ot i c spi ndl e, t he f unct i onal dupl i ca-

t i on of t he f i r st mei ot i c ki net ochor es, and cyt oki nesi s- must

occur i n t hi s i nt er val . These pr ocesses may wel l depend on,

and i n some sense be coor di nat ed by, t he t r ansi ent dr op i n

p34° dcz- associ at ed ki nase t hat mar ks t he passage f r ommei o-

si s I t o I I .
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