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ABSTRACT We have exami ned t he r egul at i on of mat ur at i on- pr omot i ng f act or ( MPF) act i vi t y

i n t he mi t ot i c and mei ot i c cel l cycl es of Xenopus l aevi s eggs and oocyt es . To t hi s end, we

devel oped a met hod f or t he smal l scal e ext r act i on of eggs and oocyt es and measur ed MPF

act i vi t y i n ext r act s by a di l ut i on end poi nt assay . We f i nd t hat i n oocyt es, MPF act i vi t y appear s

bef or e ger mi nal vesi cl e br eakdown and t hen di sappear s r api dl y at t he end of t he f i r st mei ot i c

cycl e . I n t he second mei ot i c cycl e, MPF r eappear s bef or e second met aphase, when mat ur at i on

ar r est s . Thus, MPF cycl i ng coi nci des wi t h t he abbr evi at ed cycl es of mei osi s . When oocyt es

ar e i nduced t o mat ur e by l ow l evel s of i nj ect ed MPF, cycl ohexi mi de does not pr event t he

appear ance of MPF at hi gh l evel s i n t he f i r st cycl e . Thi s ampl i f i cat i on i ndi cat es t hat an MPF

pr ecur sor i s pr esent i n t he oocyt e and act i vat ed by post t r ansl at i onal means, t r i gger ed by t he

l ow l evel of i nj ect ed MPF. Fur t her mor e, MPF di sappear s appr oxi mat el y on t i me i n such

oocyt es, i ndi cat i ng t hat t he agent f or MPF i nact i vat i on i s al so act i vat ed by post t r ansl at i onal

means . However , i n t he absence of pr ot ei n synt hesi s, MPF never r eappear s i n t he second

mei ot i c cycl e . Upon f er t i l i zat i on or ar t i f i ci al act i vat i on of nor mal eggs, MPF di sappear s f r om

t he cyt opl asm wi t hi n 8 mi n . For a per i od t her eaf t er , t he i nact i vat i ng agent r emai ns abl e t o

dest r oy l ar ge amount s of MPF i nj ect ed i nt o t he egg. I t l oses act i vi t y j ust as endogenous MPF

appear s at pr ophase of t he f i r st mi t ot i c cycl e . The r epeat ed r eci pr ocal cycl i ng of MPF and t he

i nact i vat i ng agent dur i ng cl eavage st ages i s unaf f ect ed by col chi ci ne and nocodazol e and

t her ef or e does not r equi r e t he ef f ect i ve compl et i on of spi ndl e f or mat i on, mi t osi s, or cyt oki -

nesi s . However , MPF appear ance i s bl ocked by cycl ohexi mi de appl i ed bef or e mi t osi s ; and

MPF di sappear ance i s bl ocked by cyt ost at i c f act or . I n al l t hese r espect s, MPF and t he

i nact i vat i ng agent seem t o be t i ght l y l i nked t o, and per haps par t i ci pat e i n, t he cel l cycl e
osci l l at or pr evi ousl y descr i bed f or cl eavi ng eggs of Xenopus l aevi s ( t i ar a, K. , P. Tydeman, and
M. Ki r schner , 1980, Pr oc . Nat i . Acad . Sci . USA, 77 : 462- 466) .

Ther e i s compel l i ng ci r cumst ant i al evi dence t hat mat ur at i on
pr omot i ng f act or ( MPF) ' i s a cyt opl asmi c agent r esponsi bl e
f or t he i ni t i at i on of t he mei ot i c or mi t ot i c phase ( Mphase) of
t he eucar yot i c cel l cycl e. Thi s f act or was f i r st det ect ed i n
unf er t i l i zed amphi bi an eggs, f r omwhi ch cyt opl asmwas wi t h-
dr awn and mi cr oi nj ect ed i nt o f ul l gr own amphi bi an oocyt es,

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

	

EB, ext r act i on buf f er , cont ai ni ng
80 mMsodi umß- gl ycer ol phosphat e, pH7 . 3, 15 mMMgC12, 20 mM
sodi um EGTA; EB- SATP, EB cont ai ni ng 0. 3 mM - y- t hi oATP;
GVBD, ger mi nal vesi cl e br eakdown; MPF, mat ur at i on- pr omot i ng
f act or ; MRmedi um, modi f i ed Ri nger ' s, cont ai ni ng 100 mMNaCl ,
1 . 8 mMKCI , 2 MMCaC12, 1 MMMgC12 , 4 mMNaHC0 3 .
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causi ng t he oocyt es t o " mat ur e" i nt o unf er t i l i zed eggs, hence
t he name of t he f act or ( f or r evi ews, see r ef er ences 13, 15, 23) .
I n t er ms of t he cel l cycl e, such eggs ar e nat ur al l y ar r est ed at
second mei ot i c met aphase, maki ng t hema conveni ent sour ce
of Mphase cyt opl asm, wher eas oocyt es ar e nat ur al l y ar r est ed
i n G2 or ear l y mei ot i c pr ophase and l ack act i ve MPF, maki ng
t hem conveni ent r eci pi ent s. A smal l i nj ect i on of Mphase
cyt opl asmcauses t he G2 cel l t o i ni t i at e Mphase pr ecoci ousl y,
i ndependent of t he nor mal st i mul us by pr ogest er one, and t o
compl et e mat ur at i on even t o t he ext ent of f or mi ng nor mal
hi gh l evel s of MPF, whi ch can be det ect ed by ser i al t r ansf er
of cyt opl asm t o yet anot her nonmat ur ed r eci pi ent ( 21) . Mor e
r ecent l y, MPF has been ext r act ed i n act i ve f or mf r omoocyt es,
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Mphase amphi bi an eggs dur i ng cl eavage ( 27) , st ar f i sh oocyt es

and eggs ( 11) , mammal i an cul t ur ed cel l s ( HeLa [ 24] and

Chi nese hamst er ovar y [ 19] ) and cdc mut ant s of yeast ( 28) ,

but not f r om i nt er phase cel l s, as assayed i n al l cases by

i nj ect i on of t he ext r act i nt o amphi bi an oocyt es t o i nduce

mat ur at i on. Because of i t s ubi qui t ous pr esence i n mi t ot i c and

mei ot i c cel l s, t he f act or can be r ef er r ed t o as an " M- phase

pr omot i ng f act or , " r at her t han j ust a mat ur at i on- pr omot i ng

f act or .

Par t i al pur i f i cat i on of t he Xenopus egg MPF has been

accompl i shed ; t he f act or behaves as a pr ot ei n - 100 Wal t on

( kD) si ze ( 3, 26, 29) . I t s act i on as an M phase i ni t i at or i s

t hought t o depend on i t s abi l i t y t o act i vat e a cascade of pr e-

f or med enzymes execut i ng t he speci f i c pr ocesses of mi t osi s,

such as nucl ear membr ane br eakdown, chr omosome conden-

sat i on, and spi ndl e f or mat i on . I n suppor t of t hi s vi ew, i t i s

known t hat par t i al l y pur i f i ed MPF can i ni t i at e t he ear l y event s

of Mphase when i nj ect ed i nt o cycl ohexi mi de- i nhi bi t ed Xen-

opus oocyt es ( 29) , or cl eavi ng embr yos ( 18) , i ndi cat i ng t hat

at l east some of t he agent s needed f or t he execut i on of M

phase ar e pr esent i n a l at ent but act i vat abl e f or m.

I n our st udy, we wer e i nt er est ed i n t he cel l cycl e dependent

r egul at i on of MPF act i vi t y . MPF act i vi t y appear s at t he l at e

G2 phase of t he cel l cycl e and di sappear s at t he end of mi t osi s .

Ul t i mat el y, we woul d l i ke t o t r ace t hi s phase- speci f i c pat t er n

of MPF act i vi t y t o t he osci l l at or y pr ocesses post ul at ed t o dr i ve

t he cel l cycl e i t sel f ( 8, 12) . Recent l y, Har a et al . ( 6) f ound t hat

aspect s of t he cel l cycl e per si st i n anucl eat e, noncl eavi ng,

col chi ci ne- i nhi bi t ed act i vat ed eggs . Namel y, such eggs con-

t i nue t o under go r egul ar sur f ace cont r act i on waves on t he

schedul e of t he cel l cycl e, even t hough t hey cannot compl et e

DNA synt hesi s, spi ndl e f or mat i on, chr omosome condensa-

t i on, or cyt oki nesi s . These aut hor s suggest t hat t hese di spen-

sabl e event s must be cl assi f i ed as ef f ect s of t he under l yi ng

osci l l at or s dr i vi ng t he cel l cycl e, and not as el ement s of t he

osci l l at or y r eact i ons t hemsel ves. Ear l i er , MPF act i vi t y had

been f ound t o cycl e i n act i vat ed, noncl eavi ng eggs ( 27) , a

r esul t t hat we now i nt er pr et t o mean t hat MPF i s cl osel y
l i nked t o t he osci l l at or , r at her t han t o any of t he var i ous

di spensabl e event s of t he cel l cycl e. On t he ot her hand, t her e

ar e t wo publ i shed r esul t s t hat i ndi cat e a separ at i on of MPF

act i vi t y f r omt he cycl i ng of t he cel l . I f ver i f i abl e, t hese r esul t s

woul d l ead us t o concl ude t hat MPF cycl i ng i s i t sel f a di spen-

sabl e event of t he cycl e . Fi r st , Wasser man and Smi t h ( 27)

r epor t t hat MPF act i vi t y r emai ns hi gh and const ant i n col -

chi ci ne- bl ocked eggs, wher eas t he osci l l at or s ar e known t o
cont i nue t o cycl e i n such eggs ( 6) . Second, Masui et al . ( 17)

have ment i oned t hat cl eavi ng eggs ar r est ed i n mi t ot i c met a-
phase wi t h cyt ost at i c f act or ( t he cyt opl asmi c agent t hought t o

ar r est unf er t i l i zed eggs i n mei ot i c met aphase) do not accu-

mul at e MPF, wher eas one woul d expect MPF t o be pr esent
i n t hi s Mphase cel l . To exami ne t he r el at i on of MPF t o t he
cel l cycl e under a var i et y of condi t i ons, we devel oped a smal l

scal e ext r act i on pr ocedur e and an endpoi nt di l ut i on assay f or

MPF. I n cont r adi ct i on t o t hese pr evi ous except i ons, we r epor t

t hat i n al l cases wher e t he cel l cycl e cont i nues t o f unct i on,

MPF cont i nues t o cycl e, wher eas i n cases wher e t he cycl e i s

bl ocked, MPF act i vi t y i s hel d at t he cor r espondi ng hi gh or
l ow l evel char act er i st i c of t hat st age of t he cycl e. Thus, t he
pat t er n of MPF act i vi t y seems t o be t i ght l y l i nked t o t he cel l

cycl e osci l l at or .

Wi t h t hi s sel f - consi st ency of r esul t s f or MPF r egul at i on i n

t he cel l cycl e, we can t ur n t o t he oocyt e f or mor e det ai l ed
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i nf or mat i on on t he act ual st eps of MPF act i vat i on ( see Masui

and Cl ar ke [ 15] f or a r evi ew) . Two st eps have been di st i n-

gui shed i n mat ur i ng oocyt es ; one, a st ep i n whi ch an uni den-
t i f i ed f act or act i vat es a smal l amount of MPF, and second,

an ampl i f i cat i on st ep i n whi ch MPF becomes aut o- act i vat i ng

t o pr oduce hi gh l evel s of i t sel f . The f i r st st ep seems cl ear l y t o

r equi r e pr ot ei n synt hesi s, si nce a var i et y of agent s i ncl udi ng

pr ogest er one, t he hor mone nor mal l y st i mul at i ng mei osi s i n

t he oocyt e, f ai l t o el i ci t MPFact i vat i on and oocyt e mat ur at i on

i n t he pr esence of i nhi bi t or s of pr ot ei n synt hesi s, such as

cycl ohexi mi de . I t r emai ns t o be seen whet her t hi s pr ot ei n-

synt hesi s- r equi r i ng st ep i s pecul i ar t o t he MPF act i vat i on

pr ocess of t he oocyt e, or i s gener al t o any cel l cycl e whi ch, as

i n t he case of t he oocyt e, has t o advance t o a poi nt wher e

MPF can be act i vat ed . I ndeed, Mi ake- Lye et al . ( 18) have

f ound t hat pr ot ei n synt hesi s i s necessar y f or t he f or war d

pr ogr ess of t he cel l cycl e of t he cl eavi ng egg .

The second st ep i n MPF act i vat i on, accor di ng t o pr evi ous

r epor t s, may or may not r equi r e pr ot ei n synt hesi s, and a

cor r ect r esol ut i on of t he i ssue i s i mpor t ant f or our under st and-

i ng of t he MPF act i vat i on pr ocess . On t he one hand, Dr ur y

and Schor der et - Sl at ki ne ( 4) concl ude t hat MPF aut oampl i f i -

cat i on does not occur i n cycl ohexi mi de- i nhi bi t ed oocyt es

i nj ect ed wi t h smal l amount s of MPF. On t he ot her hand,

Wasser man and Masui ( 25) concl ude t he opposi t e i n r at her

si mi l ar exper i ment s . We r epor t her e t han pr ot ei n synt hesi s i s

not r equi r ed f or t he ampl i f i cat i on st ep i n oocyt es and t hat t he

pr evi ous di scr epanci es ar e due t o t he f act t hat MPF act i vi t y

osci l l at es i n t he mei ot i c cycl e. Ther ef or e, MPF i s ampl i f i ed

by post t r ansl at i onal mechani sms oper at i ng on a pool of MPF

pr ecur sor .

MATERI ALS AND METHODS

Mat er i al s :

	

Adul t Xenopus t aevi s f emal es and mal es wer e obt ai ned f r om

C. Sul l i van ( Nashvi l l e, TN) , Nasco Co. ( Modest o, CA) , or r ai sed i n t he
l abor at or y . Femal es wer e i nj ect ed each wi t h 20- 50 uni t s of pr egnant mar e
ser umgonadot r opi n ( PMSG; Cal Bi ochem- Behr i ng Cor p . , San Di ego, CA) 3 d
bef or e t he sur gi cal r emoval of ovar y f or use of manual l y di ssect ed oocyt es i n
t he i nj ect i on assay of MPF l evel s . Gener al l y oocyt es wer e used on t he day of
r emoval . Eggs wer e obt ai ned f r om f emal es i nj ect ed 1- 3 d ear l i er wi t h 50 uni t s

PMSG, and 8- 12 h ear l i er wi t h human chor i oni c gonadot r opi n ( Si gma Chem-
i cal Co. , St . Loui s, MO) . Gener al pr ocedur es f or t he handl i ng of eggs and

oocyt es have been descr i bed ( 14, 20, 29) . MPF was par t i al l y pur i f i ed f r om

ext r act s of unf er t i l i zed eggs, as descr i bed by Wu and Ger har t ( 29) , except t hat

t he ar gi ni ne agar ose st ep was omi t t ed and r epl aced wi t h a f r act i onal pr eci pi t a-
t i on wi t h 6%pol yet hyl ene- gl ycol 6000 ( Si gma Chemi cal Co. ) . Cyt ost at i c f act or

was obt ai ned by i nj ect i ng 50 nl of 10 mMsodi um EGTA, pH 7. 0, i nt o an
unf er t i l i zed egg, f r om whi ch - 250 nl of cyt opl asm wer e t hen wi t hdr awn i n t he

same needl e ( 9) . Thi s cyt opl asmwas t hen i nj ect ed 50 nl each i nt o f i ve f er t i l i zed

eggs, t o bl ock t hemat mi t ot i c met aphase ( 17) . Cycl ohexi mi de, pur omyci n, and

nocodazol e wer e obt ai ned f r om Si gma Chemi cal Co . ; di pht her i a t oxi n was a

gi f t f r om Dr . J. Mal l er ( Uni ver si t y of Col or ado, Denver ) .

Met hods:

	

Bef or e ext r act i on, eggs wer e i ncubat ed i n 5% Fi col l 400

( Si gma Chemi cal Co . ) i n 20%MRmedi um( modi f i ed Ri nger ' s cont ai ni ng 100

mMNaCl , 1 . 8 mMKCI , 2 mMCaC12 , I MM MgC12, 4 mMNaHCOA t o

shr i nk t he per i vi t el l i ne space and r educe t he r esi dual vol ume of medi umcar r i ed

over i nt o t he ext r act i on st ep. Thi s pr ecaut i on was not necessar y f or oocyt es

si nce t hey l ack a per i vi t el l i ne space. For t he pr epar at i on of smal l vol umes of

ext r act , seven eggs or oocyt es wer e r i nsed i n i ce col d EB ( ext r act i on buf f er

cont ai ni ng 80 mMsodi um 0 gl ycer ol phosphat e, pH 7 . 3, 15 mMMgC12, 20

mMsodi um EGTA) and col l ect ed i n a smal l cl ust er on a par af i l m l ayer on a

cool ed al umi num bl ock ( 0° C) . Excess EB was r emoved f r om t he cl ust er and

t hen 7 Al EB- SATP( EBcont ai ni ng 0. 3 mMy- t hi oATP [ Boehr i nger Mannhei m

Bi ochemi cal s, I ndi anapol i s, I N] ) wer e added; i mmedi at el y t he cel l s wer e br oken

i n an Eppendor f pi pet t e t i p and homogeni zed by sever al passages of t he

suspensi on i n and out of t he t i p. Var i ous di l ut i ons wer e i mmedi at el y pr epar ed

f r omt he ext r act , gener al l y t o a f ur t her t wo- and f our f ol d ext ent , by mi xi ng t he

appr opr i at e vol umes of ext r act and EB- SATP. Each homogenat e or di l ut i on



was dr awn i nt o one- hal f l engt h of a 40- t ul mi cr ocap t ube ( Dr ummond Mi cr ocap

Co . , Oakl and, CA) whi ch had been pr e- mel t ed al most t o cl osur e at one end .

The t ube cont ai ni ng t he homogenat e was car ef ul l y f l amed t o compl et e cl osur e

of one end, and was cent r i f uged f or 15 mi n at t op speed i n a Beckman Mi cr of uge

( Beckman I nst r ument s, Pal o Al t o, CA) , t o sedi ment yol k t o t he bot t om and f at

t o t he t op . The t ube was t hen scor ed wi t h a gl ass f i l e and br oken j ust beneat h

t he f at l ayer , so t hat t he cl ear homogenat e coul d be dr awn i nt o t he i nj ect i on

needl e. I n gener al , f i ve oocyt es wer e i nj ect ed each wi t h 40 nl of ext r act , f or a

si ngl e assay poi nt , and scor ed f or ger mi nal vesi cl e br eakdown ( GVBD) af t er 2-

2 . 5 h . The i nj ect i on and scor i ng pr ocedur es have been descr i bed ( 14, 29) and

wer e used wi t h mi nor modi f i cat i ons gi ven i n t he f i gur e l egends of t hi s ar t i cl e .

Eggs wer e f er t i l i zed i n vi t r o wi t h t est i s homogenat e, dej el l i ed i n 2 . 5%

cyst ei ne, pH 7 . 9, and washed ext ensi vel y i n 20%MR medi um, as descr i bed

pr evi ousl y ( 5, 20) . Eggs wer e chosen on t he basi s of t he dar k sper m ent r ance

poi nt t o assur e f er t i l i zat i on. Dej el l i ed unf er t i l i zed eggs wer e act i vat ed by needl e

punct ur e or by el ect r i c shock ( 12 V, I s, acr oss a 3- cmdi st ance, eggs i n 20%

MR medi um) .

For t he st agi ng of oocyt es i n mei osi s, t he f ol l owi ng pr ocedur e was f ol l owed.

Oocyt es wer e i nj ect ed wi t h 5 uni t s of par t i al l y pur f i ed MPF ( 20 ng pr ot ei n i n

40 Al EB cont ai ni ng 1 mMATP) and i ncubat ed at 23° C. GVBDoccur r ed 65-

70 mi n l at er i n t he maj or i t y of t he oocyt es and t he r emai ni ng t ar dy oocyt es

wer e el i mi nat ed . Then, at 10- or 15- mi n i nt er val s, oocyt es wer e r emoved and

f i xed i n 10% f or mal dehyde ( by vol ume f r om a 37%st ock) i n 0 . 06 Msodi um

HEPES, pH7 . 4, f or at l east 2 h, af t er whi ch Hoechst dye 33258 ( bi sbenzi mi de ;

Si gma Chemi cal Co . ) was added t o a concent r at i on of 5 ug/ ml . St ai ni ng was

al l owed t o pr oceed f or sever al hour s and t hen a 200- t emsquar e pat ch cont ai ni ng

t he " whi t e spot " at t he ani mal pol e of t he oocyt e was di ssect ed wi t h wat chmak-

er ' s f or ceps i n a sol ut i on cont ai ni ng 50%gl ycer ol , 0 . 1 MTr i s- HCI , pH 7. 5, 2%

n- pr opyl gal l at e, and 10% et hanol . The vi t el l i ne membr ane, f ol l i cl e cel l s, and

excess yol k wer e r emoved f r omt he pat ch, whi ch was t hen mount ed i n a dr op

of t he same medi um on a sl i de wi t h cover sl i p. The pl asma membr ane si de of

t he pat ch was or i ent ed upper most . The Hoechst - st ai ned chr omosomes wer e

vi sual i zed by epi - i l l umi nat i on on a Zei ss phot omi cr oscope I I I , and wer e pho-

t ogr aphed t hr ough a Lei t z neof l uar 63x l ens, wi t h Kodak Pan 2415 f i l m, whi ch

was devel oped wi t h HC 110 di l ut i on D. The mei ot i c st age of t he oocyt e was
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FI GURE 1

	

Cycl i ng of MPF act i vi t y i n ar t i f i ci al l y act i vat ed eggs of X.

l aevi s, and ar r est of t hat cycl i ng by cycl ohexi mi de . Unf er t i l i zed eggs

wer e dej el l i ed i n cyst ei ne, washed i n MR medi um, and i ncubat ed

at 19° C i n MR medi um wi t h ( * ) or wi t hout ( 0) cycl ohexi mi de at

200 ug/ ml , f or 60 mi n . They wer e t hen act i vat ed by el ect r i c shock

( 12- V, 1- s, 3- cm separ at i on of el ect r odes) and i ncubat ed i n 20%

MR- 5%Fi col l . At each i ndi cat ed t i me, a gr oup of seven eggs was

r emoved, washed, homogeni zed, and di l ut ed t wo- , t hr ee- , or f our -

f ol d as descr i bed i n Mat er i al s and Met hods . The ar r ows mar ked I "

and 2nd i ndi cat e t he t i mes of f i r st and second cl eavage i n a set of

f er t i l i zed eggs f r omt he same f r og. The axi s i ndi cat i ng t i me i s def i ned

wi t h 0 . 0 at f er t i l i zat i on and 1 . 0 at f i r st cl eavage f or a set of f er t i l i zed

eggs ( 112 mi n at 19° C) ; f or act i vat ed eggs, act i vat i on i s set at 0 . 0

and sampl i ng t i mes ar e nor mal i zed t o t he 112- mi n i nt er val . The

uni t s f or MPF act i vi t y ar e def i ned i n t he Resul t s sect i on . The pl at eau

of act i vi t y at 105 uni t s per egg i s a l i mi t set by t he gr eat est di l ut i on

used i n t he assay. The maxi mum act i vi t y never sur passes 135 U/

egg, as shown i n Fi g . 3 .
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Cycl i ng of MPF act i vi t y i n f er t i l i zed eggs of X. l aevi s, and

t he ar r est of t hat cycl i ng by cyt ost at i c f act or . Eggs wer e f er t i l i zed i n

vi t r o, dej el l i ed wi t h cyst ei ne, washed t hr ee t i mes wi t h 20%MR

medi um, and i ncubat ed at 19 . 5° C i n 20%MR- 5%Fi col l , t o pr event

swel l i ng of t he per i vi t el l i ne space. At t he i ndi cat ed t i mes, seven

eggs wer e r emoved as a gr oup, washed br i ef l y i n i ce col d EB, and

homogeni zed wi t h 7 t <I EB- SATP as descr i bed i n Mat er i al s and

Met hods . Di l ut i ons of t wo- , t hr ee- , and 4 . 5- f ol d wer e pr epar ed at

t i mes when hi gh MPF act i vi t y was expect ed . Cl eavage occur r ed at

108 mi n . The t i me scal e i s nor mal i zed t o t he i nt er val f r om f er t i l i z-

at i on ( 0 . 0) t o f i r st cl eavage ( 1 . 0) . Some eggs ( 0) wer e i nj ect ed each

( i n t he 0 . 5- 0 . 7 per i od of t he f i r st cel l cycl e) wi t h 50, ul of cyt opl asm

f r om unf er t i l i zed eggs bl ocked f r om act i vat i on by EGTA, as de-

scr i bed i n Mat er i al s and Met hods, wher eas ot her s ser ved as cont r ol

( 0) . The ar r ows mar ked I " and 2" d i ndi cat e t he t i me of f i r st and

second cl eavage i n cont r ol s . The upper l i mi t of assayabl e act i vi t y i s

120 U/ egg, set by t he gr eat est di l ut i on used i n t hi s exper i ment . The

maxi mum act i vi t y of MPF i n eggs never sur passes 135 U/ egg, as

shown i n Fi g. 3 .

i nf er r ed f r om t he t hi ckness and ar r angement of t he chr omosomes, and by

compar i son wi t h t he st ages of Huchon et al . ( 7) .

MPF Dynami cs af t er Fer t i l i zat i on or Act i vat i on

Our smal l scal e ext r act i on met hod al l owed us t o quant i f y

t he appear ance and di sappear ance of MPF i n t he f i r st f ew cel l

cycl es, wi t h an accur acy not pr evi ousl y at t ai ned. We def i ne a

uni t of MPF act i vi t y as t hat amount causi ng a 50%f r equency

of ger mi nal vesi cl e br eakdown i n oocyt es i nj ect ed each wi t h

a vol ume of 40 nl of t est mat er i al . ( Thi s def i ni t i on di f f er s

sl i ght l y f r om t he one gi ven pr evi ousl y [ 29] i n t er ms of t he

vol ume i nj ect ed . ) As shown i n Fi gs . 1 and 2, MPF i s pr esent

i n unf er t i l i zed eggs at a l evel of at l east 100 uni t s per egg ; t hat

i s, i f a si ngl e egg i s ext r act ed i n a vol ume of 4 I Al , t he ext r act

wi l l cont ai n enough MPF t o i nj ect 100 oocyt es wi t h 40 nl

each, and obt ai n 50%f r equency of mat ur at i on . The vol ume

of 4 l ul i s cal cul at ed f r omt he end poi nt i n t he di l ut i on ser i es

pr epar ed f or t he ext r act . The MPF act i vi t y i n unf er t i l i zed eggs

i s act ual l y 120- 140 uni t s per egg ( see Fi g. 3) , but t he upper

l i mi t i n Fi gs. 1 and 2 i s set at 105 uni t s per egg by t he gr eat est

di l ut i on used i n t hese par t i cul ar exper i ment s .

When eggs ar e act i vat ed by needl e punct ur e or el ect r i c

shock, t o r el ease t hem f r om t hei r ar r est i n second mei ot i c

met aphase, MPF act i vi t y dr ops t o undet ect abl e l evel s wi t hi n

8 mi n af t er egg act i vat i on . The l ower l i mi t of det ect i on i n our

assay i s - 15 uni t s per egg, due t o t he i nher ent di l ut i on of t he
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homogenat e i t sel f . Because t he i nact i vat i on of MPF i s so

r api d, i t was onl y possi bl e t o measur e t he t i me cour se af t er

el ect r i cal act i vat i on, wher e l ar ge number s of dej el l i ed eggs can

be act i vat ed synchr onousl y and sampl ed i mmedi at el y, as
shown i n Fi g. 1 .

MPF i nact i vat i on pr obabl y occur s r api dl y i n f er t i l i zed eggs

as wel l , si nce MPF i s undet ect abl e at 20 mi n post f er t i l i zat i on,

t he ear l i est t i me of sampl i ng af t er f er t i l i zat i on and dej el l yi ng .

Then, MPF abr upt l y r eappear s at appr oxi mat el y t wo- t hi r ds

of t he t i me t hr ough t he f i r st cel l cycl e . For an accur at e

compar i son of cel l cycl e t i mes i n eggs at di f f er ent t emper a-

t ur es, we have adopt ed a nor mal i zed scal e, wher e f er t i l i zat i on

or act i vat i on i s set at 0 . 0 and f i r st cl eavage at 1 . 0. At 19 . 5° C,

t hi s i nt er val woul d cover 108 mi n . On t hi s nor mal i zed scal e,

second cl eavage woul d occur at 1 . 4. The act i vat i on of MPF

i n t he f i r st cycl e i s seen at 0 . 65, as shown i n Fi g . 2, and MPF

i nact i vat i on f ol l ows at 0 . 85 . That i s, wi t hi n a 20- mi n per i od

at 19 . 5° C, MPF r et ur ns t o l evel s as hi gh as i n unf er t i l i zed

eggs, and t hen di sappear s as r api dl y as i t di d upon egg act i -

vat i on . The maxi mumpoi nt at 0 . 8 cor r esponds cl osel y t o t he

t i me of t he " sur f ace cont r act i on wave" of t he egg, appr oxi -

mat el y at t he t i me of t he mi t ot i c met aphase- anaphase t r ansi -

t i on ( 10) .

The second cel l cycl e shows si mi l ar dynami cs of MPF( Fi gs.

2 and 3) , as do l at er cycl es, measur ed out t o t he sevent h

cl eavage ( dat a not shown) . The MPF osci l l at i ons appear t o
damp out sl i ght l y as cl eavage cont i nues, per haps because of
t he sl i ght met achr ony ( asynchr ony) of t he cel l cycl es i n di f f er -

ent r egi ons of t he cl eavi ng egg. However , MPF cycl i ng i s st i l l
appar ent even at t he sevent h cl eavage . These l at er cycl es have

t he shor t per i od char act er i st i c of t he obser ved cl eavages ( - 30-

mi n i nt er val s) .

I t i s t he f i r st cel l cycl e t hat i s uni que f r omt he ot her cycl es

i n havi ng a pr omi nent G2- l i ke phase, t hat i s, a l ong del ay
bet ween t he compl et i on of DNA synt hesi s and t he st ar t of

mi t osi s ( 18) . Thi s i s r ef l ect ed i n t he l ong per i od bet ween MPF

di sappear ance at f er t i l i zat i on and r eappear ance bef or e f i r st
cl eavage . As shown i n Fi g. 1, t he pat t er n of MPF act i vi t y i s

somewhat di f f er ent i n act i vat ed eggs i n t he f i r st cel l cycl e,

compar ed t o f er t i l i zed eggs . MPF appear s much ear l i er i n t he

f i r st cycl e, by 0. 30 r at her t han 0. 65, t hat i s, wi t h no del ay

bet ween DNA synt hesi s and MPF appear ance . Fur t her mor e,

i n act i vat ed eggs, MPF decr eases somewhat l at er . However ,

MPF cycl i ng i n t he second and t hi r d cycl es i n t hese eggs i s

cl ear l y demonst r abl e wi t h a per i odi ci t y si mi l ar t o t hat i n

f er t i l i zed eggs.

I n an ef f or t t o eval uat e t he i mpor t ance of pr ot ei n synt hesi s

f or t hese cycl i ng event s, we t r eat ed unf er t i l i zed eggs wi t h

cycl ohexi mi de and f ound t hat MPF l evel s r emai n hi gh, even

f or a 2- h per i od ( dat a not shown) , pr ovi ded t hat act i vat i on

does not occur . Thi s i ndi cat es t hat MPF does not t ur n over

by a pr ocess of pr ot ei n synt hesi s and br eakdown i n unf er t i l -

i zed eggs ar r est ed i n met aphase . When cycl ohexi mi de- i n-
hi bi t ed eggs ar e el ect r i cal l y act i vat ed, t hey dest r oy MPF act i v-
i t y wi t h t he same ki net i cs as i n cont r ol eggs ( Fi g. 1) , i ndi cat i ng
t hat t he MPF- i nact i vat i ng syst em al so does not r equi r e pr ot ei n

synt hesi s f or i t s oper at i on, but must be pr esent , st abl e, and

poi sed i n an i nact i ve f or m i n t he unf er t i l i zed, met aphase-

ar r est ed egg . I t was f ound, however , t hat cycl ohexi mi de

t r eat ed act i vat ed eggs coul d not r est or e MPF act i vi t y i n t he
0 . 30- 0. 90 per i od ( Fi g. 1) , as i f pr ot ei n synt hesi s was needed

t o pr epar e new MPF pr ecur sor s or t o advance t he cel l cycl e
t o t he poi nt of endogenous MPF act i vat i on. Mi ake- Lye et al .
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FI GURE 3

	

Cycl i ng of MPF i n nocodazol e- t r eat ed f er t i l i zed eggs of

X. l aevi s . Unf er t i l i zed eggs wer e i ncubat ed i n MR medi um wi t h ( 0)

or wi t hout ( p) nocodazol e, 10 ug/ ml , f or 60 mi n, and t hen f er t i l i zed

i n vi t r o, dej el l i ed i n cyst ei ne, washed i n 20%MR medi um, and

i ncubat ed at 19° C i n 20% MR- 5% Fi col l , wi t h or wi t hout nocoda-

zol e. At each t i me i ndi ct ed, a gr oup of seven eggs was r emoved,

homogeni zed, di l ut ed t wo- , 3 . 5- , or f i vef ol d, and assayed f or MPF

act i vi t y as descr i bed i n Mat er i al s and Met hods . The axes ar e def i ned

i n t he l egends of Fi g. 1 and 2, and i n t he t ext . The upper l i mi t of

assayabl e MPF act i vi t y i s - 150 U/ egg, t hat i s, i n excess of t he

hi ghest measur ed act i vi t y of 135 U/ egg.

( 18) have r epor t ed t hat t he cel l cycl e t i mi ng of t he sur f ace

cont r act i on wave i s al so ef f ect i vel y bl ocked i n cycl ohexi mi de

t r eat ed eggs, whi ch ar r est i n a G2- l i ke phase af t er t he compl e-

t i on of DNA synt hesi s .

Ef f ect of Cel l Cycl e I nhi bi t or s on MPF Cycl i ng

Fer t i l i zed eggs wer e i ncubat ed i n sol ut i ons of t he mi cr ot u-

bul e- depol ymer i zi ng dr ug, nocodazol e, at concent r at i ons 30-

f ol d i n excess of t hat needed t o bl ock cl eavage . Nonet hel ess,

as shown i n Fi g . 3, MPF cont i nues t o cycl e wi t h t he same

per i odi ci t y as i n cont r ol eggs . However , i n nocodazol e-

bl ocked eggs, MPF appear s at 0 . 50, - 0 . 15 t i me uni t s ear l i er

t han i n cont r ol eggs, and di sappear s - 0 . 10 uni t s l at er . I n t hi s

r espect of t i mi ng, t he nocodazol e- t r eat ed egg par t i al l y r esem-

bl es t he ar t i f i ci al l y act i vat ed egg. The r el at ed dr ug, col chi ci ne,

was i nj ect ed ( 10 mMst ock; 40 nl i nj ect ed per egg) at l evel s

50 t i mes above t hat needed t o bl ock cl eavage, and MPF was

f ound t o cycl e nonet hel ess ( dat a not shown) . As a gener al

concl usi on, i t can be sai d t hat cont r ar y t o a pr evi ous r epor t

by Wasser man and Smi t h ( 27) , MPF cycl i ng was not ar r est ed

nor was MPF hel d i ndef i ni t el y at a hi gh l evel i n t he pr esence

of ant i mi cr ot ubul e dr ugs. We cannot expl ai n t he di scr epancy

of t he pr evi ous and pr esent r esul t s, except t o not e t hat t he

pr evi ous st udi es wer e done wi t h Rana pi pi ens eggs and t hat
t he assay met hod r el i ed on di r ect cyt opl asmi c t r ansf er r at her

t han ext r act i on . However , i t r emai ns t o be seen what under l i es
t he di scr epancy . Thi s demonst r at ed i nabi l i t y of nocodazol e

and col chi ci ne t o bl ock t he cycl i ng of MPF i n t he egg, whi l e

i nt er f er i ng wi t h spi ndl e f or mat i on and f ur r ow f or mat i on, i s

consi st ent wi t h t he f i ndi ngs of Har a et al . ( 6) t hat t he per i odi c
sur f ace cont r act i on wave cont i nues t o appear on t i me, unhi n-

der ed by vi nbl ast i ne or col chi ci ne. I t seems cl ear t hat ant i -



mi cr ot ubul e dr ugs have a much mor e l i mi t ed ef f ect on t he

cel l cycl e i n t he egg compar ed t o t hei r ef f ect i n somat i c cel l s

( 19) , but we do not under st and t he bases f or t hi s di f f er ence .

I n cont r ast t o t he i nef f ect i veness of t hese ant i mi t ot i c dr ugs,

t he met aphase ar r est f act or ( cyt ost at i c f act or ) obt ai ned f r om

t he cyt opl asm of unf er t i l i zed eggs, i s compl et el y ef f ect i ve i n

bl ocki ng t he cycl i ng of MPF when i nj ect ed i nt o f er t i l i zed eggs

i n t he mi ddl e ( 0 . 5 t o 0 . 7) of t he f i r st cel l cycl e. Such i nj ect ed

eggs pr oduce MPF on t he nor mal schedul e, and t hen f ai l t o

cl eave . As shown i n Fi g. 2, t hey mai nt ai n f or at l east an hour

a hi gh l evel of act i ve MPF char act er i st i c of met aphase cel l s .

I t i s known t hat such eggs cont ai n condensed met aphase

chr omosomes on a spi ndl e ( 16) and f ai l t o i ni t i at e a sur f ace

cont r act i on wave ( Newpor t , J . , K. But ner , and M. Ki r schner ,

per sonal communi cat i on) . Cont r ol exper i ment s have shown

t hat f er t i l i zed eggs i nj ect ed wi t h 50 nl of 2 mMEGTA ( a l evel

compar abl e t o t hat pr esent i n our cyt ost at i c f act or mat er i al )

do not bl ock cl eavage or keep MPF act i vi t y at el evat ed

noncycl i ng l evel s . By al l t hese cr i t er i a, cyt ost at i c f act or ap-

pear s t o ar r est eggs i n a t r ue met aphase st at e, i ncl udi ng t he

pr esence of MPF at hi gh mi t ot i c l evel s .

MPF- i nact i vat i ng Fact or s i n t he Cel l Cycl e

As pr esent ed al r eady i n Fi g . 1, MPF act i vi t y di sappear s

wi t hi n a f ew mi nut es af t er egg act i vat i on, due pr esumabl y t o

an MPF- i nact i vat i ng agent t hat i s st abl e and l at ent i n t he

unf er t i l i zed egg and act i vat ed r api dl y at f er t i l i zat i on or egg

act i vat i on . We have assayed t hi s agent i n vi vo by i nj ect i ng

l ar ge amount s of pur i f i ed MPF i nt o act i vat ed eggs at var i ous

t i mes i n t he f i r st cel l cycl e, and t hen ext r act i ng t he i nj ect ed

eggs 10 mi n l at er t o quant i f y t he r emai ni ng MPF. For exam-

pl e, when f er t i l i zed eggs ar e each i nj ect ed wi t h 80- 100 uni t s

of MPF, t he MPF i s t ot al l y i nact i vat ed ( wi t hi n t he sensi t i vi t y

of t he assay, >85%i nact i vat i on) wi t hi n 10 mi n i n eggs i n t he

t i me per i od of 0 . 3- 0 . 6 of t he f i r st cel l cycl e . That i s t o say,

t he i nact i vat i ng agent per si st s at hi gh l evel s t hr oughout t he

i nt er val f r om f er t i l i zat i on t o 0. 6, when endogenous MPF
becomes det ect abl e bef or e f i r st mi t ot i c pr ophase . When t he

i nj ect ed MPF i s assayed af t er j ust 5 mi n i n t he f er t i l i zed egg,
i t i s al so f ound t hat MPF i s t ot al l y i nact i vat ed except at t he
t i me 0 . 55, t hat i s, a f ew mi nut es bef or e endogenqus MPF

appear s . At t hi s t i me, t he i nj ect ed MPF i s onl y hal f - i nact i -
vat ed, an i ndi cat i on of a decl i ne i n MPF- i nact i vat i ng act i vi t y .
Of cour se, i n t he 0 . 6- 0 . 85 per i od when endogenous MPF
act i vi t y i s hi gh, t he act i vi t y of t he i nact i vat i ng agent i s pr esum-
abl y l ow; however , we cannot quant i f y t he exact l evel by our
i nj ect i on assay because of t he hi gh backgr ound act i vi t y of

endogenous MPF. I n concl usi on, t he 0. 0- 0. 6 per i od of t he
f i r st cel l cycl e i s char act er i zed by a hi gh l evel of an MPF-
i nact i vat i ng agent t hat i s i t sel f act i vat ed at f er t i l i zat i on and
i nact i vat ed at t he st ar t of t he f i r st mi t ot i c phase.

MPF- cycl i ng i n Mat ur i ng Oocyt es

Ful l gr own oocyt es wer e i nj ect ed each wi t h 5 uni t s of
par t i al l y pur i f i ed MPF ( 20 ng pr ot ei n) t o i nduce mei ot i c

mat ur at i on . Thi s amount exceeds appr oxi mat el y f i ve t i mes
t hat needed f or mat ur at i on at a 50%f r equency, and causes
r api d synchr onous mat ur at i on i n 100% of t he r eci pi ent s . At
i nt er val s wi t hi n t he subsequent 4 h, sampl es of oocyt es wer e
t aken f or homogeni zat i on and assay of t he l evel of MPF
pr oduced dur i ng mat ur at i on . The backgr ound l evel of i n-

j ect ed MPF i s undet ect abl e i n our assay, but endogenousl y

60 160 240
mi nut es

FI GURE 4 MPF act i vi t y dur i ng oocyt e mat ur at i on . Docyt es wer e

i ncubat ed f or 60 mi n i n MR, wi t h ( 9) or wi t hout ( p) 20 pg/ ml

cycl ohexi mi de . Then t hey wer e i nj ect ed each wi t h 5 uni t s of

par t i al l y pur i f i ed MPF ( 20 ng pr ot ei n) i n 40 nl EB cont ai ni ng 1 mM

ATP ( t i me 0) and i ncubat ed at 19° C. The cycl ohexi mi de- t r eat ed

oocyt es, af t er MPF i nj ect i on, under went ger mi nal vesi cl e br eak-

down ( GVBD) i n hal f t he popul at i on at 85 mi n post i nj ect i on,

wher eas t he nont r eat ed oocyt es r eached 50%GVBD at 75- mi n

post i nj ect i on . These t i mes ar e i ndi cat ed by t he ar r ows and r espec-

t i ve symbol s . At t he t i mes i ndi cat ed, f i ve oocyt es wer e r emoved as

a gr oup, washed br i ef l y i n i ce col d EB, and homogeni zed wi t h 5 pl

EB- SATP as descr i bed i n Mat er i al s and Met hods . Di l ut i ons of t wo- ,

t hr ee- , or f our f ol d wer e pr epar ed at t i mes wher e hi gh act i vi t y was

expect ed . Under t he condi t i ons of assay, 105 uni t s of MPF per

oocyt e i s t he upper l i mi t of assayabl e act i vi t y . The maxi mum MPF

act i vi t y det ect ed i n oocyt es, when gr eat er di l ut i ons wer e done, i s

135 U/ oocyt e . As a separ at e exper i ment , oocyt es wer e exposed t o

pr ogest er one, 1 j ug/ ml i n MR, and at t he t i me of GVBD oocyt es

wer e sel ect ed i n gr oups r eachi ng GVBD wi t hi n 5 mi n of one

anot her , t o achi eve synchr oni zat i on. Then, at r egul ar i nt er val s,
gr oups of t hese oocyt es wer e r emoved, homogeni zed, and di l ut ed

as descr i bed pr evi ousl y, and assayed f or MPF act i vi t y ( p) . These

t i me poi nt s ar e pl aced on t he t i me scal e, wi t h GVBD ar bi t r ar i l y set

at 80 mi n, f or compar i son wi t h t he t i me cour se of MPF- i nduced

mat ur at i on .

pr oduced MPF becomes r eadi l y det ect abl e wi t hi n 30 mi n
af t er i nj ect i on . The l evel of MPF cont i nues t o i ncr ease t o at
l east 100 uni t s per oocyt e, t hat i s, appr oxi mat el y 100 t i mes
t he mi ni mal necessar y i nj ect ed dose, as shown i n Fi g. 4 . Af t er
GVBD at 70- 80 mi n, t he MPF l evel r emai ns hi gh unt i l 120
mi n . Af t er t hi s t i me, t he l evel dr ops pr eci pi t ousl y and becomes
undet ect abl e at 160 t o 170 mi n at 19 ° C. Ther eaf t er , i t i n-
cr eases agai n and f i nal l y r eaches a pl at eau of 100 uni t s per
oocyt e by 240 mi n . Thi s l evel i s mai nt ai ned f or many hour s
and i s t hat f ound i n unf er t i l i zed eggs.

Thi s pat t er n of r api d MPF cycl i ng dur i ng mei ot i c mat ur a-
t i on has not been obser ved pr evi ousl y . I n t he ear l y st udi es of
pr ogest er one- mat ur ed amphi bi an oocyt es ( 16, 26) , i t woul d
pr obabl y have been di f f i cul t t o obser ve cycl i ng because t he
popul at i on r esponse of t he oocyt es i s usual l y het er ogeneous

i n t i me and because t he pr evi ous assays wer e t oo qual i t at i ve .
To see i f MPF goes t hr ough cycl es i n pr ogest er one st i mul at ed
oocyt es, we pi cked out a subpopul at i on of oocyt es whi ch had
r eached GVBDwi t hi n a 5- mi n i nt er val , - 3 h af t er pr ogest er -
one exposur e ( 1 f zg/ ml of MR) . These oocyt es wer e t hen
ext r act ed at cl osel y spaced t i me i nt er val s over t he next 2 h .
They i ndeed showed a di sappear ance of MPF at 50 mi n post -
GVBDat 19° C, and a subsequent r eappear ance t o - 100 uni t s
per oocyt e shor t l y t her eaf t er , as shown i n Fi g. 4 . Thus, cycl i ng
of MPF occur s i n bot h pr ogest er one- i nduced and MPF- i n-
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duced mei ot i c mat ur at i on . At t hi s t i me, we do not knowwhy

t he pr ogest er one- i nduced oocyt es seemt o compl et e t he MPF

cycl i ng sl i ght l y mor e r api dl y t han do MPF- i nduced oocyt es .

We f ocused on t he possi bi l i t y t hat t he cycl i ng of MPF

act i vi t y i n mat ur i ng oocyt es r ef l ect s t he f i r st and second

mei ot i c cycl es, and t her ef or e we at t empt ed t o cor r el at e cyt o-

l ogi cal st agi ng of oocyt es wi t h our MPF measur ement s . Ther e

i s onl y l i mi t ed cyt ol ogi cal i nf or mat i on on t he t i mi ng of

mei ot i c st ages i n X. l aevi s ( 1, 7) , and consequent l y we needed

t o devel op our own nor mal ser i es f or MPF- i nj ect ed oocyt es .

To t hi s end, we f i xed oocyt es i n f or mal dehyde at var i ous

t i mes af t er MPF i nj ect i on, and st ai ned t he mei ot i c chr omo-

somes wi t h Hoechst dye 33258 ( bi sbenzi mi de) . The ani mal

pol e was di ssect ed f r om t he oocyt e and mount ed under a

cover sl i p f or obser vat i on of t he f l uor escent chr omosomes by

epi - i l l umi nat i on, as descr i bed i n Mat er i al s and Met hods . At

23° C, t he i nj ect ed oocyt es r each GVBD by 65- 70 mi n . Ther e-

af t er , as i ndi cat ed by our cyt ol ogi cal anal ysi s, t he f i r st mei ot i c

cycl e i s pr obabl y compl et e by 110- 125 mi n, wi t h second

mei ot i c met aphase r eached at 140 mi n af t er MPF i nj ect i on

at t hi s t emper at ur e, as shown i n Fi g. 5 . Fr omt he same ser i es

of i nj ect ed oocyt es, sampl es wer e t aken f or MPF assay, and i t

was f ound t hat MPF di sappear ed abr upt l y at 110- 125 mi n

af t er MPF i nj ect i on, and r ose t o f ul l act i vi t y agai n by 140

mi n . Thus, our f i ndi ngs suggest t hat t he cycl i ng of MPF does

i ndeed r ef l ect t he pr ogr ess of t he t wo mei ot i c cel l cycl es, wi t h

MPF l ow at t i me of mei ot i c i nt er phase. I t i s not ewor t hy f or

compar i son t hat t he di sappear ance and r eappear ance of MPF

at t he mei ot i c i nt er phase, al t hough r api d, i s act ual l y l ess r api d

t han occur s i n t he mi t ot i c cycl es af t er f er t i l i zat i on ( see t he

second cycl e of Fi g. 2) .

Ef f ect s of Pr ot ei n Synt hesi s I nhi bi t i on on MPF

Cycl i ng i n Mat ur at i on

When t he above exper i ment s wer e r epeat ed wi t h cycl ohex-

i mi de t r eat ed oocyt es, i t was f ound t hat MPF- i nj ect i on ( 5

uni t s per oocyt e) coul d nonet hel ess i nduce mat ur at i on at l east

t o t he st age of GVBD, as has been obser ved pr evi ousl y by

ot her s ( 4, 25) . We f i nd t hat MPF l evel s i ncr ease at appr oxi -

mat el y t he same r at e as i n cont r ol oocyt es ( no cycl ohexi mi de) ,

and r each an act i vi t y of 75 uni t s per egg at 90 mi n at 19° C,

as shown i n Fi g . 4 . Then, i n t he i nt er val bet ween 90 and 100

mi n, MPF abr upt l y and pr ecoci ousl y di sappear s and does not

r eappear . Thi s same pat t er n of a si ngl e MPF cycl e was f ound

over a wi de r ange of cycl ohexi mi de concent r at i ons ( 5 t o 50

, Lg/ ml ) and of t i mes of exposur e ( 0 t o 120 mi n) of t he oocyt es

t o t he i nhi bi t or bef or e MPF i nj ect i on . Al so, pur omyci n ( 50

, ug/ ml ) and di pht her i a t oxi n ( i nj ect ed at 10 pg/ oocyt e) had
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The t i me cour se of mei osi s i n MPF- i nj ect ed X. l aevi s oocyt es, as r eveal ed by chr omosome mor phol ogy . Oocyt es wer e

i nj ect ed wi t h MPF, t hen f i xed at var i ous t i mes and st ai ned wi t h bi sbenzi mi de ( Hoechst 33258 dye) . A smal l pat ch of t he cel l

cor t ex was di ssect ed f r omt he ani mal pol e as descr i bed i n Mat er i al s and Met hods, and mount ed under a cover sl i p f or vi sual i zat i on

of t he f l uor escence by epi - i l l umi nat i on . The f l uor escent chr omosomes wer e phot ogr aphed t hr ough a 63x Lei t z neof l uar l ens . ( A)

80 mi n af t er MPF i nj ect i on ; chr omosomes ar e pr obabl y i n f i r st mei ot i c pr omet aphase, i nf er r ed f r om t hei r t hi ckened mor phol ogy

and i r r egul ar ar r angement . ( 8) 90 mi n ; pr obabl e f i r st met i ot i c met aphase, i nf er r ed f r om t he appr oxi mat el y ci r cul ar ar r angement

wi t h t he spi ndl e vi ewed f r omone end . ( C) 100 mi n ; pr obabl e f i r st mei ot i c anaphase . ( D) 110 mi n ; pr obabl e f i r st mei ot i c t el ophase

or i nt er phase . ( E) 125 mi n ; possi bl e second mei ot i c pr ophase . The f i r st pol ar body coul d not be f ound i n t hese pr epar at i ons ; i t

may have been r emoved wi t h t he vi t el l i ne membr ane dur i ng di ssect i on . ( F) 140 mi n ; def i ni t i ve second mei ot i c met aphase as

i nf er r ed f r om t hi n chr omosomes and t i ght ci r cul ar ar r angement . The second met aphase i s r epor t ed t o be smal l er t han t he f i r st

met aphase spi ndl e ( 7) . The mei ot i c f i gur e of t he unf er t i l i zed egg i s i dent i cal i n appear ance t o t hat of F . x 1, 000 . Bar , 10, um.
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t he same ef f ect s ( dat a not shown) . I n a st udy of t he t i me

cour se of sensi t i vi t y t o cycl ohexi mi de, we f i nd t hat t he r eap-

pear ance of MPF i s bl ocked compl et el y even when t he addi -

t i on of t he i nhi bi t or i s del ayed unt i l t he end of t he f i r st mei ot i c

per i od. Once MPF has begun t o r eappear at 180 mi n at 19 ° C,

cycl ohexi mi de i s no l onger abl e t o bl ock i t s cont i nued ap-

pear ance . The t r ansi t i on t o cycl ohexi mi de- i nsensi t i vi t y occur s

abr upt l y, wi t hi n 10 mi n . Thus, we concl ude t hat t he oocyt e,

even wi t hout pr ot ei n synt hesi s, can act i vat e MPF al most t o

t he nor mal l evel dur i ng t he f i r st mei ot i c cycl e, but i s unabl e

t o achi eve t he act i vat i on char act er i st i c of t he second mei ot i c

cycl e .

I n an at t empt t o i nduce t he second cycl e of MPF appear -

ance i n cycl ohexi mi de- t r eat ed mat ur i ng oocyt es, we have

i nj ect ed MPF a second t i me ( 5 uni t s per oocyt e) at 90 mi n

post - GVBD at 19 °C. However , no MPF was det ect abl e i n

ext r act s of such oocyt es at 210 mi n post - GVBD; t hat i s, at a

t i me when noni nhi bi t ed cont r ol oocyt es woul d have shown

hi gh l evel s of MPF i n t he second mei ot i c cycl e. Thus, MPF

i nj ect i ons at t he t i me of t he second mei ot i c cycl e do not cause

MPF ampl i f i cat i on i n cycl ohexi mi de bl ocked oocyt es,

wher eas such i nj ect i ons do so successf ul l y bef or e t he f i r st

mei ot i c cycl e . By cyt ol ogi cal anal ysi s, we have not been abl e

t o f i nd f i r st or second mei ot i c met aphase chr omosomes i n

cycl ohexi mi de t r eat ed oocyt es . Thus, t he mei ot i c mat ur at i on

cel l cycl e seems t o st op shor t l y af t er GVBD i n t he pr esence

of pr ot ei n synt hesi s i nhi bi t or s . Zi egl er and Masui ( 30) have

r epor t ed t hat pr ot ei n synt hesi s i s needed f or t he condensat i on

of mei ot i c chr omosomes i n amphi bi an oocyt es .

DI SCUSSI ON

We have shown t hat MPF act i vi t y cycl es i n exact cor r espond-

ence wi t h t he M- phase and i nt er phase per i ods of mei osi s i n

oocyt es and of mi t osi s i n t he ear l y cl eavages of t he egg . When

cl eavage and spi ndl e f or mat i on ar e i nt er r upt ed wi t h nocoda-

zol e and col chi ci ne, MPF cont i nues t o cycl e, as do t he sur f ace

cont r act i on waves t hat nor mal l y si gni f y t he met aphase- ana-

phase t r ansi t i on of mi t osi s ( 10) . Fur t her mor e, when t he cel l

cycl e i s st opped at an i nt er phase st age wi t h cycl ohexi mi de,

MPF l evel s r emai n l ow, wher eas when i t i s st opped at met a-

phase wi t h cyt ost at i c f act or , MPF l evel s r emai n hi gh . Thus,

MPF appear s t o be cl osel y l i nked t o t he osci l l at or y r eact i ons

dr i vi ng t he cel l cycl e and not t o t he " di spensabl e" event s of

cl eavage, spi ndl e f or mat i on, DNA synt hesi s, and chr omo-

some condensat i on. Thi s cor r el at i on suppor t s t he l ong- st and-

i ng suggest i on ( 15, 23) t hat MPF behaves as a t r i gger of M-

phase event s r at her t han as an ef f ect of t hem. Fr om our

st udi es, we can add t hr ee pr ovi si ons t o t hi s suggest i on . Fi r st ,
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al t hough MPF may be a t r i gger of t he M- phase, i t s own

act i vi t y may be r egul at ed by a st i l l mor e f undament al and

aut onomous cel l cycl e osci l l at or . That i s t o say, MPF may

f unct i on at an i nt er medi at e l evel of command bet ween t he

osci l l at or and t he cyt ol ogi cal l y appar ent r eact i ons of mi t osi s .

Second, MPF i s r egul at ed at l east i n par t by a di spensabl e

event of t he f i r st mi t ot i c cel l cycl e si nce ar t i f i ci al l y act i vat ed

eggs show an i ncr ease of MPF l evel wel l i n advance ( by 0. 3

t i me uni t s) of t he i ncr ease seen i n f er t i l i zed eggs, even t hough

t he sur f ace cont r act i on waves occur at t he nor mal t i me i n

bot h ki nds of eggs ( 6) . I n r eci pr ocal r el at i on t o MPF, t he MPF

i nact i vat i ng syst em must l ose act i vi t y pr ecoci ousl y i n act i -

vat ed eggs . These obser vat i ons suggest t hat MPF cycl i ng

becomes par t i al l y decoupl ed f r om t he osci l l at or i n t he f i r st
cel l cycl e. Thi s i s t he onl y i ndi cat i on at pr esent t hat MPF and

t he i nact i vat i ng syst em ar e not component s of t he cel l cycl e
osci l l at or i t sel f , but ar e medi at or s of i t s ef f ect s . I t woul d be

i nt er est i ng t o di st i ngui sh whet her pr ecoci ous appear ance of

MPF r esul t s f r om t he absence of t he sper m cent r i ol e ( and

mi cr ot ubul e- or gani zi ng cent er ) or f r om t he absence of t he

sper m nucl eus i n ar t i f i ci al l y act i vat ed eggs . Thi s coul d now

be appr oached by t he i nj ect i on of par t i al l y pur i f i ed cent r i ol es

and or gani zi ng cent er s . And as a t hi r d pr ovi si on, i t seems t hat

MPF, even as a medi at or of t he osci l l at or ' s ef f ect s, must exer t

some f eedback cont r ol on t he osci l l at or , si nce an i nj ect i on of

a smal l amount of MPF i nt o an oocyt e causes t he cel l cycl e

t o advance f r om a G2- pr ophase st at e t o second mei ot i c met -

aphase of t he unf er t i l i zed egg . I t seems l i kel y t hat we have

har dl y begun t o f at hom t he out l i nes of t he cyt opl asmi c r egu-

l at or y ci r cui t s cont r ol i ng t hese cel l cycl e event s .

We now t ur n t o t he quest i on of t he mechani sm of MPF

act i vat i on . A f i nal st ep of t hi s pr ocess may be MPF aut oact i -

vat i on, f ol l owi ng t he act i vat i on of a smal l t hr eshol d amount

of MPF vi a t he cel l cycl e osci l l at or . I nf or mat i on about au-

t oact i vat i on comes most l y f r omour st udi es of cycl ohexi mi de-

t r eat ed oocyt es . Fi r st , i t seems cl ear t hat GZ ar r est ed oocyt es

cont ai n abundant MPF i n a l at ent f or mt hat can be act i vat ed

by post t r ansl at i onal mechani sms when a smal l amount of

act i ve MPF i s i nj ect ed i nt o t he oocyt es . Thi s post t r ansl at i onal

mechani sm pr obabl y dr i ves t he aut oact i vat i on phase of MPF

act i vat i on. A si mi l ar concl usi on was r eached by Dor ee ( 2) f or

st ar f i sh oocyt es . We suggest t hat Dr ur y and Schor der et - Sl at -

ki ne ( 4) wer e l ed t o concl ude t hat pr ot ei n synt hesi s i s needed

f or aut oact i vat i on of MPF i n amphi bi an oocyt es because t hey

wer e unawar e of MPF cycl i ng dur i ng mei osi s and chose t o

t est oocyt es 2 h af t er MPF i nj ect i on, a t i me when cycl ohexi -

mi de t r eat ed oocyt es have al r eady dest r oyed t hei r ampl i f i ed

MPF of t he f i r st mei ot i c cycl e . Whi l e we agr ee wi t h Wasser -

man and Masui ( 25) t hat pr ot ei n synt hesi s i s unnecessar y f or

MPF aut oampl i f i cat i on, we cannot r epr oduce t hei r f i ndi ng

t hat cycl ohexi mi de t r eat ed oocyt es cont ai n t r ansf er abl e l evel s

of MPF 7 h af t er t hey wer e i nj ect ed wi t h MPF t o i ni t i at e

mat ur at i on . I n our exper i ence, MPF i s det ect abl e onl y wi t hi n

t he f i r st 90 mi n of mat ur at i on i n cycl ohexi mi de- bl ocked

oocyt es . At l at er t i mes, t he oocyt es under go abnor mal sur f ace

changes of t he sor t descr i bed by Schuet z and Sampson ( 22) ,

and by 7 h t hey r each a st at e of di scol or at i on and cyt ol ysi s .

Ther e ar e di f f er ences i n t he exper i ment al pr ocedur es used by

us and by Wasser man and Masui ( 25) , and t hese may expl ai n

t he di f f er ent asu4s. For exampl e t hey obt ai ned oocyt es f r om

f r ogs r ecei vi ng 10ss' l ~-or monal s bul af i om, and mat ur ed t hem

at a sl i ght l y l ower t emper at ur e ( 18° C) , bot h pr ocedur es caus-

i ng sl ower mat ur at i on t han i n our exper i ment s . I n f act , t hey
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not ed t hat i n some cases mat ur at i on had not r eached GVBD

by 7 h i n cycl ohexi mi de- t r eat ed oocyt es, as i f t he i nhi bi t or

had r et ar ded t he r at e of mat ur at i on st i l l f ur t her . Al so, t hey

not e t hat t hei r r esul t s wer e var i abl e ; onl y t wo of f our f r ogs

gave oocyt es t hat cont ai ned MPF at t he t i me of 7 h af t er

mat ur at i on i n t he pr esence of cycl ohexi mi de . I t seems possi bl e

t hat t he negat i ve oocyt es may have mat ur ed mor e qui ckl y

and dest r oyed al l t hei r MPF by t he t i me of sampl i ng, or may

have f ai l ed t o mat ur e by t he t i me of sampl i ng. I n any event ,

we coul d not obt ai n act i ve MPF f r omour t r eat ed oocyt es at

such l ong t i mes af t er mat ur at i on.

As a second f i ndi ng about MPF act i vi t y changes, we can

say t hat oocyt es cont ai n abundant r eser ves of MPF- i nact i vat -

i ng agent s i n l at ent f or m, whi ch, l i ke MPF, ar e act i vat ed by

post t r ansl at i onal pr ocesses when MPF i s i nj ect ed i n smal l

amount s . These i nact i vat i ng agent s oper at e shor t l y af t er

GVBD, t hat i s, appr oxi mat el y on schedul e at t he end of t he

f i r st mei ot i c cycl e even i n cycl ohexi mi de t r eat ed oocyt es . A

si mi l ar concl usi on appl i es t o unf er t i l i zed eggs: t hey t oo must

cont ai n l at ent MPF- i nact i vat i ng agent s, whi ch ar e act i vat ed

by post t r ansl at i onal means at f er t i l i zat i on .

A t hi r d f i ndi ng f r om t hese st udi es i s t hat cycl ohexi mi de-

bl ocked oocyt es f ai l t o act i vat e MPF at t he t i me of t he second

mei ot i c cycl e . I n a par al l el si t uat i on, unf er t i l i zed eggs t r eat ed

wi t h cycl ohexi mi de f ai l t o act i vat e MPF f or t he f i r st mi t ot i c

cycl e af t er egg act i vat i on . Ther e ar e var i ous possi bi l i t i es f or

t hi s f ai l ur e; f or emost among t hese, t he cel l cycl e may be

st opped by cycl ohexi mi de and may never advance t o t he

poi nt wher e MPF woul d be act i vat ed. I n f act , we ant i ci pat e

t hi s t o be t he case si nce cycl ohexi mi de i s known t o pr event

t he cycl i c appear ance of t he sur f ace cont r act i on waves nor -

mal l y occur r i ng at met aphase of act i vat ed enucl eat ed eggs

( 18) . I f t he cel l cycl e does not advance, t he oocyt e or egg

mi ght t hen l ack t he pr i mar y st i mul us t o act i vat e a smal l

amount of l at ent MPF, and so MPF woul d never r each i t s

aut oact i vat i ng phase . Al so, i f t he cel l cycl e i s ar r est ed, per haps

t he MPF- i nact i vat i ng syst em i s i t sel f never dest r oyed, and

woul d cont i nue t o oppose MPF- act i vat i on . We f avor t hi s

possi bi l i t y si nce we f i nd i n pr el i mi nar y exper i ment s t hat hi gh

l evel s of MPF ar e r api dl y dest r oyed when i nj ect ed i nt o cycl o-

hexi mi de- t r eat ed oocyt es 90 mi n af t er GVBD, t hat i s, at a

t i me when t hese t r eat ed oocyt es cont i nue t o l ack endogenous

MPF act i vi t y, wher eas cont r ol oocyt es woul d have acqui r ed

MPF act i vi t y i n t he second mei ot i c cycl e . As a f i nal possi bi l i t y,

cycl ohexi mi de- t r eat ed mat ur i ng oocyt es may not be abl e t o

act i vat e MPF i n t he second mei ot i c cycl e, f or l ack of MPF

pr ecur sor . Thi s woul d be t he case i f MPF i s r egul ar l y pr ot eo-

l yzed i n t he cour se of each cycl i c i nact i vat i on, and t hen

act i vat ed f r om newl y synt hesi zed pr ecur sor mat er i al . Unf or -

t unat el y, t he cont i nued pr esence of t he st r ong MPF i nact i vat -

i ng syst em i n cycl ohexi mi de- t r eat ed oocyt es af t er GVBD

pr ecl udes our t est i ng of t hi s possi bi l i t y .

I n concl usi on, we have at t empt ed t o vi ew t he cel l cycl e of

t he oocyt e and cl eavi ng egg as basi cal l y t he same, dr i ven by

an endogenous osci l l at or t hat depends on pr ot ei n synt hesi s

f or i t s r egul ar cycl i ng, but does not depend on t he " di spensa-

bl e" el ement s of t he cycl e, such as DNA synt hesi s, chr omo-

some condensat i on, spi ndl e f or mat i on, and cl eavage. We l ook

on t he nonmat ur ed oocyt e as a speci al i zed case wher e t he

osci l l at or i s bl ocked i n t he l at e G$ phase by an ar r est syst em,

whi ch me- be ne4t r ál xed by a pr ogçs r one- dependent r el ease

mechani sm, as has been pr oposed by Mai l er and Kr ebs ( 13) .

The ar r est syst em woul d be speci f i c t o t hose f ew cel l t ypes,



such as t he oocyt e, t hat ar r est i n t he G2 phase, wher eas t he

pr ogest er one- dependent r el ease syst em mi ght be speci f i c t o

t he oocyt es of amphi bi a. I n cont r ast , t he osci l l at or i s l i kel y t o

be gener al t o al l mei ot i c and mi t ot i c cel l cycl es . Af t er r el ease,

t he osci l l at or woul d pr ogr ess t o t he poi nt of st i mul at i ng MPF

act i vat i on. Then MPF aut oact i vat i on woul d t ake over , and

t he cyt ol ogi cal event s of mat ur at i on woul d f ol l ow as a r esul t

of t he MPF St i mul us. However , i f pr ot ei n synt hesi s i s bl ocked,

t he osci l l at or cannot advance, and t her ef or e MPF act i vat i on

cannot occur . Despi t e t hi s, i f act i ve MPF i s i nj ect ed, t he

dependence on t he osci l l at or can be bypassed, and MPF i s

act i vat ed di r ect l y . Accor di ng t o t hi s model , pr ot ei n synt hesi s

woul d not be needed f or t he pr ogest er one- dependent r el ease

syst em, as has been pr oposed ( 12, 13) , but f or t he advance of

t he cel l cycl e t o t he poi nt of MPF act i vat i on . Then, when t he

mat ur i ng oocyt e r eaches second mei ot i c met aphase, as an
unf er t i l i zed egg, anot her speci al i zed ar r est syst em appear s ;

namel y, t he cyt ost at i c f act or t hat bl ocks t he cel l cycl e at

met aphase, a st age wher e MPF act i vi t y i s hi gh and t he MPF-

i nact i vat i ng syst em i s suppr essed. Fer t i l i zat i on or act i vat i on

r emoves t hi s ar r est , and MPF i s i nact i vat ed . Ther eaf t er t he

osci l l at or i s f r ee t o cycl e 12 t i mes on a r egul ar 30 mi n schedul e
of Mand S phases unt i l t he mi dbl ast ul a t r ansi t i on occur s
( 20) . At t hi s t i me t he cel l cycl e becomes sl ower and mor e

compl ex, and MPF act i vi t y pr esumabl y comes under new

cel l ul ar cont r ol s .
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