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Summary

T h is  p a p e r  r e v ie w s  o u r  c u r r e n t  k n o w le d g e  o f  t h e  c y c lin s  b a s e d  o n  o b s e r v a t io n s  o f t h e  o o c y t e s  a n d  

e gg s  o f s e a  u r c h in s ,  c la m s  a n d  fr o g s .  C y c lin s  a r e  p r o t e in s  f o u n d  in  a ll e u k a r y o t e s  w h o s e  s p e c ia l 

p r o p e r t y  is  r a p id  d e s t r u c t io n  a t  s p e c ific  s t a g e s  in  t h e  c e ll c y c le .  T h e  c y c lin s  fa ll in t o  t h r e e  fa m ilie s .  

A- t y p e  c y c lin s  h a v e  b e e n  f o u n d  in  c la m s ,  flie s  a n d  fr o g s .  B- ty pe  c y c lin s  h a v e  b e e n  fo u n d  in  c la m s , 

flie s , f r o g s ,  s e a  u r c h in s  a n d  fis s io n  y e a s t . A  m o r e  d is t a n t ly  r e la t e d  f a m ily  o f  t h r e e  g e n e s  is  fo u n d  in  

Saccharomyces cerevisiae. B - ty pe  c y c lin s  a p p e a r  t o  b e  r e q u ir e d  fo r  c e lls  t o  e n t e r  m it o s is ,  a n d  t h e ir  

d e s t r u c t io n  is  t h o u g h t  t o  b e  ne c e s s a r y  fo r  e x it  f r o m  m it o s is .  W e  d e s c r ib e  e v id e n c e  in  s u p p o r t  o f  

t h e s e  id e a s , a n d  d e s c r ib e  v a r io u s  c o n d it io n s  u n d e r  w h ic h  c y c lin  d e s t r u c t io n  is  d e la y e d  o r  d e r a n g e d .  

We  c o n c lu d e  w it h  a  d is c u s s io n  o f  t h e  r e la t io n s h ip  b e tw e e n  t h e  c y c lin s  a n d  m a t u r a t io n -  (o r  M  

pha s e - ) p r o m o t in g  fa c t o r  a n d  s om e  id e a s  o n  h o w  t h e  c y c lin s  m a y  w o r k .

Introduction

Ce ll divis ion has  attracte d biologis ts ’ a t te nt ion fr o m the  ear lie s t days ; the  firs t e d it ion 

of Wils o n ’s te x tbook The Ce ll in Deve lopment and  Inhe ritance  de vote d two whole  

chapte rs  to the  s ubje c t (Wils o n, 1896). Ce ll d ivis ion has  be e n s tudie d fr o m  a wide  

range  of diffe re nt pe rs pective s , de pe nding  o n the  pa r t ic ula r  inte re s ts  of the  

inve s tigators  a nd w ha t  te chnique s  were  available  to the m . Ou r  o wn e ntry  into  this  

fie ld arose na tur a lly  bu t  by  chance  fr o m  s tudie s  of pr o te in s ynthe s is  in  the  oocytes  

a nd eggs of c lams  and sea urc hins . F e r t iliza t io n  of the  eggs of bo th  species  le ads  to a 

r a p id  increase  in  the  rate  of s ynthe s is  of a ne w set of prote ins , a nd  pr ote in s ynthe s is  is 

r e quire d for  cleavage . At  firs t it  was  the  me c ha nis m of this  tr ans la t iona l contr o l tha t  

a ttracte d our  a t te nt ion (Ros e ntha l et al. 1980), b u t  we  s oon came  to appre cia te  tha t  

the  pr ote ins  s pe cified by  th is  class  of m R N A  ofte n served inte r e s ting roles  in  early 

de ve lopme nt . Inde e d , one  of the m  prove d to encode  the  s mall s ub un it  of 

r ibonuc le ot ide  re ductas e , the  e nzyme  tha t  provide s  D N A  pre curs ors  (S ta nda r t  et al. 

1985); a mo ng  the  othe rs  were  cyclins .

T he  cyclins  are prote ins  whose  conce ntr a t ion follows  a s awtooth os c illa t ion in  s tep 

w ith  cleavage . T he y  are  e ncode d by  a bund a n t  ma te r na l m RN As . T he  leve l of cyc lin

K e y  w o r d s :  c y c lin s ,  c e ll c y c le , p r o t e in  s y n t h e s is ,  p r o t e o ly s is ,  m it o s is .



78 jf. Minshull et al.

T i m e  a f t e r  f e r t i l i z a t i o n  ( m in )
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F ig . 1. T h e  r e la t io n s h ip  be tw e e n  c y c lin  a n d  M P F .  T h e  t o p  p a n e l s ho w s  th e  la b e llin g  

pa t t e r n s  o f c y c lin  A  ( A ) ,  c y c lin  B (B ) ,  a n d  r ib o n u c le o t id e  r e duc ta s e  s m a ll s u b u n it  (R)  

w it h  [3sS ] m e t h io n in e  d u r in g  th e  fir s t  t w o  m it o t ic  cyc le s  in  fe r t ilize d  c la m  o o cy te s . T h e  

lo w e r  p a n e l s ho w s  a s im p lifie d  d ia g r a m  o f th e  r e la t io n s h ip  be tw e e n  c y c lin  s y n th e s is  a n d  

d e s t r u c t io n  a n d  th e  pha s e s  o f th e  ce ll c yc le . M P F  a c t iv it y  a ppe a r s  a b r u p t ly  a t  th e  G 2—>M 

t r a n s it io n , a n d  fa lls  a b r u p t ly  w h e n  c y c lin  is  de s t r o y e d  ju s t  be fo r e  the  m e t a p ha s e —■» 

a n a p ha s e  t r a n s it io n . It  is  n o t  k n o w n  h o w  th e  c o n t in u o u s  inc r e a s e  in  c y c lin  is  t r a n s la te d  

in t o  th e  s w itc h- like  e n t r y  in t o  M  pha s e .

m R N A s  doe s  n o t  c ha ng e  d u r in g  the  fir s t  fe w ho u r s  o f d e v e lo pm e n t , no r  doe s  the  ra te  

of c y c lin  s ynthe s is  s ho w  s ig n ific a n t  ce ll cycle - re la te d fluc tu a t io ns . C y c lin  le ve ls  fa ll 

be caus e  of the ir  r a p id  de s t r uc t io n  ju s t  be for e  the  ons e t  o f a na pha s e , as s ho w n in  

F ig . 1; ne w  s ynthe s is  s te a d ily  r e ple n is he s  the  c y c lin  po o l once  the  s ho r t  de s t r uc t io n  

pe r io d  has  e nd e d . Cy c lin s  we re  fir s t  r e c og n ize d  in  fe r t ilize d  sea u r c h in  eggs  a nd  c la m  

oocyte s , tha nks  to t he ir  s t r o ng  la b e llin g  w ith  [3 jS]  m e th io n in e  a nd  th e ir  s ud d e n  a nd  

o b v io u s  d is a ppe a r a nce s  (E v a n s  et al. 1983; Sw e ns o n  et al. 1986; We s t e nd o r f et al. 
1989). T h e y  we re  s u b s e q ue n t ly  fo u n d  in  s ta r fis h a nd  Urechis caupo e ggs  (S t a n d a r t  

et al. 1987; E . Ro s e n th a l, pe r s ona l c o m m u n ic a t io n ) .  T h e  b e h a v io u r  o f the s e  p r o te ins  

im m e d ia t e ly  s ugge s te d tha t  the y  p lay e d  a role  in  the  r e g u la t io n  o f the  ce ll cyc le , a nd  

c o u ld  e x p la in  ve ry  e as ily  w h y  p r o t e in  s ynthe s is  was  ne ce s s ary fo r  c le avage  (H u lt in ,  

1961; W ilt  et al. 1967; Wa g e na a r , 1983; D u b e ,  1988). Dir e c t  e vide nce  t h a t  s vnthe s is  

a n d  de s t r uc t io n  o f c y c lin  are  ne ce s s ary fo r  e n t r y  in to  a n d  e x it  fr o m  m ito s is  has  o n ly  

r e ce ntly  be e n o b ta in e d  (M in s h u ll et al. 1989; M u r r a y  a n d  Kir s c h n e r , 1989; Mu r r a y
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A-type cyclins
DLPEEEKPLDREAVI LTVPEYEEDIYNYLRQAEMKNRAKPGYMKRQ TDITTSMRCILVDWLVEVSEEYKLHRETLFLGVNY

VIQSSDISVGTETGVSPTGRVKELPPRNDRQRFLEWQYQMDILEYFRESEKKHRPKPRYMRRQ KDISHNMRSILIDWLVEVSEEYKLT ETLYLSVFY

B-type cyclins

QVEDIDKDDGDNPQL CSEYAKDIYLYLRRLEVEMMVPANYLDRQETQITGRMRLILVDWLVQVHLRFHLLQETLFLTVQL

Q EDIDKDDGDNPQL CSEYAKEIYLYMRTLENQMKVPAGYLDRE GQVTGRMRHILVDWLVQ HLRFHLLQETLFLTVQL

NVQNIDANDKENPQL VSEYVNDIYDYMRDLEGKYPIRHNYLENQ EITGKMRAILIDWLCQVHHRFHLLQETLYLTVAI

HVKDVDADDDGNPML CSEYVKDIYAYLRSLEDAQAVRQNYLHGO EVTGNMRAILIDWLVQVQMKFRLLQETMFMTVGI

SVEDIDADDGGNPQL CSDYVMDIYNYLKQLEVQQSVHPCYLEGK EINERMRAILVDWLVQVHSRFQLLQETLYMGVAI

AVNDVDAEDGADPNL CSEYVKDIYAYLRQLEEEQAVRPKYLLGRE VTGNMRAILIDWLVQVQMKFRLLQETMYMTVSI

DIPKLHRDSVESPESQDWDDLDA EDWADPLMVSEYWDIFEYLNELEIETMPSPTYMDRQ KELAWKMRGILTDWLIEVHSRFRLLPETLFLAVNI

Y I Y E Y MR IL DWL V ET V

IDRFLSKISVLRGKLQLVGAASMFLAAKYEEIYPPDVKEFAYITDDTYTSQQVLRMEHLILKVLTFDVAVPTTNWFCEDFLKSCDADDKLKSLTMFLTEL

LDRFLSQMAWRSKLQLVGTAAMYIAAKYEEIYPPEVGEFVFLTDDSYTKAQVLRMEQVILKILSFDLCTPTAYVFINTYALLCDMPEKLKYMTLYISEL

IDRFLAEHSVSKGKLQLVGVTAMFIASKYEEMYPPEINDFVYITDNAYTKAQIRQMEIAMLKGLKYKLGKPLCLHFLRRNSKAAGVDAQKHTLAKYLMEI 

IDRFLVDHAVSKGKLQLVGVTAMFIASKYEEMYPPEINDFVYI DQAYTKTQIRQMEVFMLKGLKYCLGKPLCLHFLRRNSKAAGVDPQKHTLAKYLMEI 

IDRLLQESPVPRNKLQLVGVTSMLIASKYEEMYAPEVADFVYISDNAYTKKEILEMEQHILKKLNFSFGRPLCLHFLRRDSKAGQVDANKHTLAKYLMEL 

IDRFLQEHPVPKNQLQLVGVTAMFLAAKYEEMYPPEIGDFTFVTDHTYTKAQIRDMEMKILRVLKFAIGRPLPLHFLRRASKIGEVTAEQHSLAKYLMEL 

MDRFLQVQPVSRSKLQLVGVTSLLIASKYEEMYTPEVADFVYITDNAYTASQIREMEMIILRLLNFDLGRPLPLHFLRRASKSCSADAEQHTLAKYLMEL 

IDRFMQNNCVPKKMLQLVGVTAMFIASKYEEMYPPEIGDFAFVTDNTYTKHQIRQMEMKILRALNFGLGRPLPLHFLRRASKIGEVDVEQHTLAKYLMEL 

IDRFLSLRVCSLMKLQLVGIAALFIASKYEEVMCPSVQNFVYMADGGYDEEEILQAERYILRVLEFNLAYPNPMNFLRRISKADFYDIQTRTVAKYLVEI 

DRF LQLVG A KYEE P F D Y  E L L  P F E

TLIDMDAYLXYVPSITAAAALCLARYSLGMEP

SLMEGETYLQYLPSLMSSASVALARHILGMEM

WPQNLVKKTGYEIGH 

WYPRIEEITTYKLED

Clam A {Spisula solidissima)

Fly A (Drosophila melanogaster)

TLPEYSM 

TLP YSM 

TITEYDM 

VMVDYDM 

TLIDYEM 

TMLDYDM 

GLLDHKL

VQYSPSEIAAAAIYLSMTLLDPETHSSWCPKMTHYSMYSEDH

VQYDPSEIAAAAIYLSMALLGSEDN 

VQYLPSKIAAAALCLSMKLLDSTH 

VHFTPSQIAAASSCLSLKILNAGD 

VHXKPSEIAAAALCLSQKILGQGT 

VHFPPSQIAAGAFCLALKILDNGE 

LPYPPSQQCAAAMYLAREMLGRGP 

PS L L

WGAKMTHYSMYSEDH 

WTETLTHYSSYCEKD 

WTPTLHHYMAYSEED 

WGTTQHYYTGYTEGD 

WTPTLQHYLSYTEES 

WNRNLVHYSGYEEYQ 

W Y

Sea urchin B (Arbacia pvnctulata)

Sea urchin B (Strongylocentxotus purpuratus) 

Clam B

Frog B1 (Xenopus laevis)

Frog B2

Human B (Homo sapiens)

Yeast cdcl3 (S. pombe) 

consensus

F ig .  2 . S e q u e n c e  c o m p a r is o n s  b e tw e e n  c y c lin s  in  t h e  c e n t r a l 2 0 0  r e s id u e s .  T h is  f ig u r e  

d is p la y s  a ll t h e  p u b lis h e d  c y c lin  p r o t e in  s e q u e n c e s  ( o m it t in g  t h e  S. cerevisiae c y c lin - lik e  
p r o t e in s  W H I1  + , C L N 1  a n d  C L N 2 ) ,  a lig n e d  in  t h e  c e n t r a l c o n s e r v e d  r e g io n .  T h e  lis t in g  

s t a r t s  ju s t  b e fo r e  a  c o n s e r v e d  a c id ic  p a t c h  in  t h e  B- ty pe  c y c lin s ,  a t  r e s id u e  121 ( in  f r o g  B l )  

a n d  e n d s  ju s t  b e y o n d  t h e  s e c o n d  t r y p t o p h a n  r e s id u e  a t  r e s id u e  3 2 7 . C o m p le t e ly  

c o n s e r v e d  a m in o  a c id s  a r e  lis t e d  as  t h e  c o n s e n s u s .  P r in t e d  in  b o ld  a r e  t h e  s e q u e n c e s  EV-  

E E Y K L ,  w h ic h  a p p e a r  o n ly  in  A- t y p e  c y c lin s  a n d  F L R R - S K  w h ic h  is  c h a r a c t e r is t ic  o f B-  

t y p e  c y c lin s .  T h e  p r o g r a m  M U L T A L IG N  w a s  u s e d  t o  m a k e  t h e  a lig n m e n t s  (B a r t o n  a n d  

S t e r n b e r g ,  1 9 8 7 ). T h e  s e q u e n c e s  a r e  fo u n d  in  t h e  fo l lo w in g  p u b lic a t io n s :  c la m ,  S w e n s o n  

et al. 1986  a n d  W e s t e n d o r f  el al. 1 9 89 ; s e a  u r c h in ,  P in e s  a n d  H u n t ,  1987 ; c d c l3 ,  B o o h e r  

a n d  B e a c h ,  1988  a n d  H a g a n  et al. 1 9 88 ; f r o g ,  M in s h u ll  et al. 1 9 89 ; Drosophila, L e h n e r  

a n d  O ’F a r r e ll,  1989 ; h u m a n ,  P in e s  a n d  H u n t e r ,  1 9 8 9 ).

et al. 1989). Remarkably , in  c le aving frog eggs at leas t, the  pro te in synthe s is  

r e quir eme nt  for  entry into  mitos is  appe ars  to be  e ntir e ly  e xpla ine d by  the  

r e quir e me nt  for  cyc lin (Mur r a y  a nd  Kir s chne r , 1989).

Cyc lins  fr om  highe r  eukaryote s  conta in 400- 450 a mino  acids  and can be  clas s ified 

according to the ir  s e que nce  into  A-  a nd B- types . F ig . 2 pre s e nts  a c o mpila t ion  of all 

the  cur r e nt ly  publis he d sequences  in  the  ce ntra l r e gion of abo ut  200 re s idue s  whe re  

the y  s how m a x im u m  s imila r ity . Both A-  a nd  B- type cyclins  are pre s e nt in  c lams , flies 

and frogs , the  organis ms  whe re  tho r o ug h  searches  have  be e n c o nduc te d. In  extracts  

of frog eggs , it  is  m uc h  eas ier to de te ct the  B- type  cyclins  tha n  the  A- types  by 

[3sS] me thionine  la be lling . A- type  cyclins  have  ye t to be  ide nt ifie d  w ith  ce r ta inty  in 

sea ur c h in  a nd s tarfish eggs . On ly  in  c le aving c lam e mbryos  are bo th  A-  a nd B- type 

cyclins  s ynthe s ize d at s imila r  h ig h  rates , as F ig . 1 s hows .

Du r in g  the  las t year, cyc lins  have  be e n ide nt ifie d  in  a wide  var ie ty of e ukaryotic
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species  a nd ce ll type s . T he  cdc !3+ gene  in  Schizosaccharomyces pombe  is a cyc lin 

(Boohe r  a nd  Be ach, 1988; So lo mo n et al. 1988; Go e b l a nd  Bye rs , 1988; Ha g a n  et al.

1988); c D N A  clones  have  be e n obta ine d fr om c lams  (Sw e ns on et al. 1986; 

We s te ndor f et al. 1989), sea u r c h in  (P ine s  a nd  H u n t , 1987), Drosophila (Le hne r  a nd 

O ’Far r e ll, 1989; Whit fie ld  et al. 1989), Xenopus  (Min s h u ll et al. 1989), huma ns  

(P ine s  a nd  Hu nte r , 1989), a nd  s tarfish (La b be  et a l. 19896). T he  s equence s  of the  

cyclin- like  prote ins  fr om  Saccharomyces cerevis iae  are  m uc h  more  d is ta nt ly  re late d 

to the  othe rs , a nd  the y s eem to  be  r e quire d at ST ART  ra the r  tha n  mitos is  (Na s h et al. 

1988; Ha dw ige r  et al. 1989; Cros s , 1989, th is  vo lum e ). T he s e  genes  (WHI1 + 

(=DA F1 ), CLN1  a nd CLN2) were  is olate d by  ve ry diffe r e nt  ge ne tic  screens  fr o m  the  

othe r  cyclins  a nd it  r e mains  to be  seen if s uch prote ins  are pre s e nt in  highe r  

eukaryote s , a nd  whe the r  the y have  the  pr ope r ty  of ce ll cycle  s tage- specific 

de s truc t ion in  b u d d in g  yeas t. Conve rs e ly, it  is  no t  ye t kno w n whe the r  or  no t  S. 

cerevis iae  has  A-  a nd B- type cyclins .

In  oocytes  a nd  eggs , the  cyclins  are e ncode d by  re la tive ly a bu nd a n t  ‘mas ke d’ 

ma te r na l m RN As  tha t  are no t  tr ans la te d to a s ignificant e x te nt be fore  fe r t iliza t ion. 

Afte r  fe r t iliza t ion the y load r a p id ly  onto  polys ome s  (Ro s e n tha l et al. 1980; Evans  

et al. 1983). Studie s  of the  kine tics  of po ly pe pt ide  s ynthe s is  a nd de s truc tion in  the  

firs t two m ito t ic  ce lls  cycles  in  c le aving c la m a nd sea u r c h in  eggs s how tha t  cyclins  are 

s table  du r in g  inte rphas e , a nd  are de s troye d in  the  space  of five  m inute s  or  less jus t  

be fore  the  chromos ome s  pa r t  at the  me taphas e - anaphas e  t r ans it ion of the  ce ll cycle  

(Sw e ns on et al. 1986; We s te ndor f et al. 1989). T he  ac c umula t io n and de s truc tion of 

the  c dc l3+ gene  p r oduc t  (cyc lin B) follows  these  kine tics  in  <S. pombe  (Boohe r  et al.

1989) as do cyclins  B1 a nd B2 in  Xenopus  (Mur r a y  a nd  Kir s chne r , 1989). By 

contras t, Le hne r  a nd O ’Far re ll (1989) fo u nd  less clear- cut be ha viour  o n the  pa r t  of 

cyc lin A in  Drosophila. T h e ir  da ta  are mor e  cons is te nt w ith  the  ide a  tha t  only  a 

ce r ta in fr ac tion of the  cyc lin is de s troye d in  each ce ll cycle . Drosophila eggs co nta in a 

ma te rna lly- provide d s upp ly  of cyc lin A, w h ic h  does  no t dis appe ar  at e ach d ivis ion. 

Ra the r , its  conce ntr a t ion fa lls  progre s s ive ly du r ing  the  ear ly pre - ce llular  nuc le a r  

divis ions  a nd the  rate  of loss accelerates  towards  the  e nd of cleavage . T h is  be ha viour  

c ould  be  e x pla ine d if a fixed a m o u nt  of cyc lin pe r  nuc le us  was  de s troye d at each 

divis ion cycle , so tha t  the  rate  of de s truc tion incre as e d as the  s quare  of the  num be r  of 

divis ion cycles . Pe rhaps  only  a ce r ta in active  fr ac tion of the  cyc lin ente rs  the  nuc le us  

and only  this  (in it ia lly  s ma ll) fr ac t ion is de s troye d in  a ce ll cycle - de pe nde nt manne r . 

It  s hould be  note d tha t  mos t s tudie s  of cyc lins  u p  to now  have  conce ntr a te d on the ir  

be haviour  in  eggs a nd  ear ly e mbryos . Studie s  in  s omatic  ce lls  are  jus t be g inning  

(P ine s  a nd  Hu nte r , 1989).

T he  cyclins  fo u nd  in  highe r  e ukaryote s  do  no t  appe ar  to have  an int r ins ica lly  s hor t 

half- life . T h us , if fe r t ilize d sea ur c h in  or  c lam eggs are  pre ve nte d fr o m  e nte r ing 

mitos is , e ithe r  by  a dd it ion  of e me tine  be fore  the  s tage at w h ic h  cyc lin has  re ache d its  

cr it ica l thr e s hold , or  by  in h ib it io n  of D N A  synthe s is , cyc lin is  as s table  as any othe r  

pr ote in s pecified by  ma te r na l m R N A  (H u n t  a nd  Ru d e r m a n , un pub lis h e d  obs e r 

va t ions , a nd  see F ig . 5 ). Mur r a y  a nd  Kir s c hne r  (1989) have  s imila r ly  s hown tha t  

cyc lin is s table  in  extracts  of unfe r t ilize d  frog eggs (‘CSF- ar re s te d extracts ’), w h ic h  

do no t  unde r go  the  me taphas e  —» anaphas e  t r a ns it ion. Cyc lin  is  also s table  in
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activated ex tracts  tha t fa il to ente r  mitos is  because  of ins uffic ie nt  s upplie s  of cyc lin. 

T he  rule  appe ars  to be  tha t  cyc lin is  no r ma lly  only  uns table  d u r in g  a s hor t w indo w  

a ro und  the  t ime  of anaphas e  ons e t in  mitos is  or  me ios is .

Clam and sea urchin cyclin mRNA make frog oocytes enter M phase

T he  firs t e x pe r ime nt to offe r  more  dire c t  s uppor t  tha t  cyc lin ha d a role  in  p r o m o t ing  

the  G2— t r ans it ion was  pe r for me d by  Swe ns on et al. (1986), w ho  s howed tha t  

in je c t ion of s ynthe tic  c lam cyc lin A  m R N A  into  s tage V I Xenopus  oocytes  cause d 

the ir  m a tur a t io n  into  eggs . T h is  e x pe r ime nt has  be e n re pe ate d w ith  sea ur c h in  

ma te r na l m R N A  a nd w ith  s ynthe tic  sea u r c h in  cyc lin B m R N A  (Pine s  a nd H u n t , 

1987). T he  ne wly s ynthe s ize d sea u r c h in  cyc lin pr ote in was  a p r o m ine n t  labe lle d ge l 

ba nd , w h ic h  dis appe are d fr o m the  frog oocytes  at about  the  t ime  of w hite  s pot 

fo r ma t ion , pr e s umably  at the  e nd of firs t me iotic  me taphas e . T h us , frog oocytes  can 

bo th  re s pond to a nd de s troy a he te rologous  cyc lin. As  lit t le  as 0.3 ng  of ‘s ynthe t ic ’ 

cyc lin m RN A , the  lowe s t dose  te s te d, s till gave  1 0 0 % m a tur a t io n, and fr o m  the  

m in im u m  effective  dose  of tota l m R N A  we  e s timate d tha t  0.01 ng  o f na tur a l m R N A  

s ho uld  be  s uffic ie nt. T h is  make s  c yc lin m R N A  one  of the  mos t pote nt  a r t ific ia l 

induce r s  of oocyte  m a tur a t io n .

T o  de te rmine  w he the r  cyc lin m R N A  was  the  sole active  ma tur a t ion- pr omoting  

pr inc ip le  in  sea ur c h in  ma te r na l m RN A , we spe cifically abla te d cyc lin m R N A  w ith  

antis e ns e  o ligode oxyr ibonuc le otide s  a nd  RNa s e  H  be fore  inje c t ion into  the  frog 

oocytes  (Min s h u ll a nd  H u n t , 1986). T h is  tr e a tme nt  abolis he d the  m R N A ’s 

ma tur a t ion- pr omoting  fac tor  (MP F)- like  ac tivity , whe re as  in  a contr ol in  w h ic h  the  

m R N A  for  r ibonuc le ot ide  re ductas e  was  cut, the  a b ility  of the  m R N A  to pr omote  

m a tur a t io n  was  una ffe c te d. T he s e  re s ults  confir me d the  MP F- like  ac tivity  of cyc lin 

m RN A . It  r e mains  a que s t ion, howe ve r , w ha t  th is  re s ult  me ans  in  te rms  of the  

na tur a l me c ha nis m of oocyte  m a tur a t io n. T h is  may be  ye t anothe r  e xample  of the  

eve r- growing lis t  of inte r e s ting agents  tha t  are active  in  the  oocyte  m a tur a t io n assay, 

i w h ic h  inc lude  ins u lin , cAMP - de pe nde nt  p r o te in kinas e  inhib ito r s , ras  a nd  mos 

oncoge ne s  (Ma ile r  a nd Kr e bs , 1980; Ma ile r , 1985; Bir chme ie r  et al. 1985; Sagata 

’ et al. 1988).

T h e  recent find ing  tha t  t r ans la t ion of c- mos m R N A  is  re quire d for  proges terone -  

induc e d  m a tur a t io n  of Xenopus  oocytes , a nd tha t  c -mos m R N A  can induce  

m a tur a t io n (Saga ta  et al. 1988) came  as a surpr is e  to us , s ince  we  had  inte rpre ted the  

pr o t e in s ynthe s is  r e quir e me nt  for  Xenopus  oocyte  m a tur a t io n in  te rms  of cyc lin 

s ynthe s is . Howe ve r , we  had pe r for me d antisense  o ligonuc le ot ide  e x pe r ime nts  in  

w h ic h  the  Xenopus  B- type  cyclins  we re  abla te d by  mic r o inje c tion of antise nse  

oligonuc le ot ide s  a nd fo u nd  tha t  m a tur a t io n (as judg e d  by  white  s pot fo r ma t io n a nd 

ge r mina l ves icle  br e a kdow n) could occur  in  the  a lmos t comple te  absence  of 

tr ans la table  cyc lin B m R N A  (Min s h u ll a nd Co lm a n , un pu b lis h e d  re s ults ). T h is  

re s ult  appe ars  to conflic t w ith  the  s tudie s  in  w h ic h  inje c te d cyc lin B m R N A  induc e d 

m a tur a t io n. At  pre s e nt, we  can only  offe r  a s pe cula tive  re conc ilia t ion of these  da ta . It  

is  kno w n tha t  c lam oocytes  c onta in a ma te r na l s tore  of cyc lin B prote in as we ll as a
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F ig .  3 . M a t u r a t io n  re s po ns e  oiXenopus ooc y t e s  to  R N A  p r e p a r e d  f r o mXenopus oocy te s  

a n d  e ggs . P o ly (A ) + R N A  w a s  p r e p a r e d  fr o m  Xenopus o o cy te s  a n d  e ggs  as  de s c r ib e d  in  

M a t e r ia ls  a n d  m e t h o d s  a n d  te s te d  fo r  it s  m a t u r a t io n - p r o m o t in g  a c t iv it y  b y  in je c t in g  SO n l 

o f m R N A  s o lu t io n . T h e  in je c t e d  oocyte s  w e r e  e x a m in e d  be tw e e n  6 h  a n d  8 h  a fte r  

in je c t io n  a n d  fin a lly  s co re d a t  16 h . N o  u n in je c t e d  c o n t r o ls  m a t u r e d , a n d  pr oge s te rone -

t r e a te d  ooc y te s  s h o w e d  1 0 0 %  m a t u r a t io n . ( • - - - • ) ,  e g g  m R N A ;  ( □ - - - □ ) ,  oocy te

m R N A .

s tore  o f A-  a n d  B- type  c y c lin  m R N A ,  w h ic h  a ppe a r s  to  be  s e que s te r e d in  dis c re te  

pa r t ic le s  (We s te ndo r f et al. 1989). If  fr o g  oocyte s  c o n t a ine d  a s im ila r  s tore  of c y c lin  

p r o te in , the  role  o f c-mos c o u ld  be  to  re le ase  o r  a c t iva te  it . Mic r o in je c t e d  c y c lin  

m R N A  w o u ld  bypa s s  the  mos r e q u ir e m e n t  b y  p la c in g  c y c lin  p r o te in  d ir e c t ly  in  the  

oocyte  c y to p la s m ic  c o m p a r tm e n t . I t  s h o u ld  be  n o te d  t h a t  a t t e m pt s  to  p r o duc e  

m a t u r a t io n  of oocyte s  b y  in je c t io n  o f c y c lin  p r o te in  m a d e  in  a r e t ic ulo cy te  lys ate  have  

no t  ye t p r o v e n  s uc c e s s ful, so a lt h o u g h  we  a s s ume  it  s h o u ld , we  do  n o t  a c tua lly  k no w  

if pu r e  c y c lin  p r o te in  posses ses  M P F  a c t iv ity . T h e  r e s o lu t io n  of the s e  puzzle s  s h o u ld  

s he d c o ns ide r a b le  lig h t  o n  a m u c h- s tud ie d  s ys te m.

Xenopus  oocytes contain (at least) four different cyclin mRNAs

W h e n  w e  r e pe a te d the  m R N A  in je c t io ns  t h a t  ha d  be e n  s ucce s s ful in  the  case  o f sea 

u r c h in  m a te r n a l m R N A ,  u s in g  Xenopus e gg or  oocyte  p o ly  A + R N A ,  we  fo u n d  th a t  

Xenopus e gg po ly  A + R N A  ha d  MP F - like  a c t iv ity . As  s h o w n  in  F ig . 3 , m R N A  fr o m  

fr o g  e ggs  was  a b o u t  five  t im e s  as ac t ive  at p r o m o t in g  the  m a tu r a t io n  o f Xenopus 
oocyte s  as  p o ly  A + R N A  fr o m  oocyte s . Mo r e o ve r , oocy te  p o ly  A -  R N A  s ho we d lo w  

b u t  de te c ta ble  MP F - lik e  a c t iv ity  w h ile  e gg p o ly  A “  R N A  d id  no t  (da ta  n o t  s ho w n ). 

T he s e  r e s ults  s ugge s te d th a t  a m R N A  e n c o d in g  an MP F - lik e  a c t iv ity  was  pr e s e nt  in  

non- a de ny la te d  fo r m  in  oocyte s , a nd  th a t  t h is  m R N A  le n g t he ne d  its  p o ly  A  ta il 

d u r in g  m e io t ic  m a t u r a t io n . S u c h  a class  o f m R N A  is  c o m m o n ly  fo u n d  in  e ggs  a nd  

oocyte s  (Ro s e n th a l et al. 1983; Dw o r k in  et al. 1985).

We  s e a rche d fo r  c y c lin  m R N A s  in  aXenopus egg c D N A  lib r a r y , u s in g  a c ons e ns us  

o lig o n uc le o t ide  bas e d  o n  a c o ns e r ve d r e g io n  be tw e e n  c la m  a n d  u r c h in  c yc lins , a n d  a 

sea u r c h in  c D N A  c lo ne  as p r o be s . T h e  fir s t  pos it ive  c lo ne  to  be  s e que nc e d  s ho we d 

s t r o n g  h o m o lo g y  to  sea u r c h in  c y c lin  a n d  c la m  c y c lin  B. T h e  s ame  lib r a r y  was  

s ub s e q ue n t ly  r e s c re e ne d w ith  the  o lig o n uc le o t ide  a lo ne , a n d  a b o u t  20 in d e p e n d e n t
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new clone s  we re  s equenced. T he s e  clone s  all cor re s ponded to a second cyc lin B 

m RN A . Both  cyclins  we re  fo u nd  as full- length co ding  region clone s  in  AgtlO oocyte  

c D N A  libra r ie s  (Min s h u ll et al. 1989). T he y  cor re s ponded to m RN As  of r oughly  

e qua l a bundanc e , w ith  a bo ut  107 mole cule s  of e ach message  pe r  oocyte . T he ir  

s e quences , toge the r  w ith  c ompa r is on w ith  cyc lins  fr o m othe r  organis ms , were  

publis he d by  Min s h u ll et al. (1989). It  is  inte re s t ing tha t  the  fir s t 100 a m ino  acids  

conta in only  28 ide nt ica l re s idue s , whe reas  the  las t 300 s how a lmos t  64 % ide nt ity .

We  were  s urpr is e d tha t  the  s econd c yc lin we fo u nd  was  a cyc lin B , a nd no t  a cyc lin 

A. T w o  cons ide ra t ions  led us  to expect frogs  to possess  A- type  cyclins . F ir s t , Spisula 

a nd Drosophila c onta ine d bo th  type s  of cyc lin, a nd  second, C. F o r d  and colleagues  

obse rved a [3SS] me thionine - labe lle d ba nd  tha t  was  large r  tha n  the  B- type cyclins , 

b u t  w h ic h  s howe d typica l cyc lin dis appe arance  in  cyc ling ex tracts  (F o r d , pe rsonal 

c o m m un ic a t io n). Ha v ing  seen these  da ta , we  re screened the  A librar ie s  a nd  picked 

clone s  tha t  gave  a weak s igna l w ith  a B- type  probe  a nd a re la t ive ly  s tronge r  s ignal 

w ith  a cons ens us  o ligonuc le otide . T he  s equences  of re pre s e ntative  me mbe r s  of this  

fa mily  were  cle ar ly A- type  cyclins , of w h ic h  the re  appe ar  to be  tw o close ly re la te d b u t  

diffe re nt for ms . T he  A- type  cyclins  c o nta in a s e quence  E Y- E E YK L  s hor tly  afte r  the  

cons e rve d M R- IL - D W L m otif  s hown by  all cyclins . A- type  cyclins  lack the  cyc lin B 

motif  F L RR- S K  (bo ld  p r in t  in  F ig . 2 ), w h ic h  s hould  be  a targe t for  cyclic  AMP-  

de pe nde nt  p r ote in kinas e . It  is  pr obably  also s ignificant tha t  the  A- type  cyclins  lack 

an ac idic  B- type  cyc lin m otif  tha t  We s te ndor f et al. (1989) have  sugges ted ma y  b in d  a 

me ta l ion. T h is  ac idic  re gion marks  the  s tar t o f the  h ighly  cons e rved 200- res idue 

‘cyc lin bo x ’ s how n in  F ig . 2. T he  pos s ible  me ta l- binding  r e gion is s hown be low:-

E D  I D K D D G D N P Q L C S E Y A K D  sea ur chin  (Arbacia punctulata) 
E D I D K D D G D N P Q L C S E Y A K E  sea ur chin  (Strongylocentrotus purpuratus) 
K D V D A D D D G N  P M L  C S E Y V K D  frog B1 

E D  I D A D D G G N P  Q L  C S D Y V M D  frog B2 

Q N  I D  A N D K E N  P Q L  V S E  Y V N D  clam B 

D D L D A E D W A D P L M V  S E Y V V D  c dc l3  from S. pombe

Synthe s is  of the  A- type  cyc lins  is  more  d iffic ult  to de tect in  ce ll- free sys tems fr om 

frog eggs tha n  tha t  of cyc lins  B1 a nd B2, whe reas  as Fig . 1 s hows , cyc lin A  is as 

a bun da n t  as cyc lin B in  ear ly c la m embryos . Im m uno pr e c ip ita te s  us ing  anti- cyclin A 

ant ibodie s  re veal tha t  frog cyc lin A  is in  fact s ynthe s ize d at a s imila r  level to tha t  of 

ind iv id ua l B- type  cyclins . We  have  no t  ye t is olate d an A- type  cyc lin fr o m sea ur c h in  

eggs (tho ug h  the re  is pr e limina r y  e vide nce  for  its  exis tence ) a nd  at pre s e nt, the  

func t io n  of the  A- type  cyclins  is  no t  kno wn.

Cell-free systems from Xenopus eggs need cyclin to enter M phase

Se ve ral g roups  have  us e d cell- free sys te ms  fr o m Xenopus  eggs bas e d on the  o r igina l

de s c r iption of Lo hk a  a nd  Ma s ui (1983). Mo s t  of these  sys tems s how aspects  of entry

into  mitos is , in c lu d in g  b r e akdow n of the  nuc le a r  enve lope  a nd chr omos ome  

conde ns a tion (Lo h ka  a nd  Ma s ui, 1983; Blo w  a nd Las key, 1985; Lo hka  a nd  Ma ile r ,
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1985; Ne w po r t  a nd Spa nn , 1987; Hutc h is o n  et al. 1987; Mur r a y  a nd Kir s chne r ,

1989). P r o te in synthe s is  is  re quire d for  the  firs t entry  into  mitos is  a nd for  the  s econd 

a nd s ubs e que nt r ounds  of D N A  s ynthe s is . T o  tes t whe the r  cyc lin s ynthe s is  

accounted for  the  p r o t e in s ynthe s is  r e quir e me nt , we in h ib ite d  s ynthe s is  of cyclins  B1 

and B2  w ith  antis e ns e  oligonuc le ot ide s . We  fo un d  tha t e ntry  into  the  mitos is - like  

s tate  a nd  the  s e cond r o und  of D N A  s ynthe s is  was  pre ve nte d pr ov ide d bo th  cyclins  

were  comple te ly  c ut  (Min s h u ll et al. 1989). In  the  be s t  e xpe r ime nts , no  gene ra l 

in h ib it io n  of pr o t e in s ynthe s is  occur re d. We  fo und  tha t  comple te  loss  of e ithe r  B- type 

j cyc lin a lone  d id  no t  in h ib it  e ntry  in to  mitos is . Cyc lins  B1 a nd  B2  thus  appe ar  to  be  

func t io na lly  inte rchange ab le , at leas t in  th is  ce ll- free sys tem.

It  w ill be  im p o r ta n t  to dis cove r  whe n tr a ns la t ion of the  va r ious  c yc lin m RN As  in  

Xenopus  occurs , a nd  to find o ut  w ha t  pools  -  if any -  of cyc lin pr o t e in exis t in  the  

s tage V I oocyte .

Cyclin is post-translationally modified, probably phosphorylated, at the 

onset of M phase

As  we  firs t obs e rve d in  sea u r c h in  e mbryos  (pa r t ic ula r ly  Ly techinus  pic tus , 

Strongy locentrotus  purpuratus  a nd Sphaerechinus  g ranulans ), cyc lin is conve r te d 

into  a fo r m  tha t  migra te s  more  s lowly o n one - dime ns ional polyac r ylamide  ge ls  at 

a r o und  the  t ime  the  fe r t ilize d eggs  be g in to e nte r  m ito t ic  pr ophas e  (F ig . 4 ). S im ila r  

m o b ility  s hifts  are  seen w he n sea ur c h in  cyc lin was  tr ans la te d in  Xenopus  oocytes  

(P ine s  a nd H u n t , 1987), a nd in  the  endogenous  Xenopus  B- type  cyclins  (Min s h u ll 

et al. 1989). In  the  sea u r c h in  eggs , the  new fo r m repre s ents  a conve r s ion of 

previous ly  s ynthe s ized po lype p t ide , s ince  as the  lowe r  pane l in  F ig . 4 s hows , it  s till 

occurs  a fte r  in h ib it io n  of pr o t e in s ynthe s is  w ith  e me tine . We  be lie ve  tha t  the  

conve rs ion is due  to pho s pho ry la t ion , be cause  the  conve r te d fo r m can be  re turne d to 

its  p r ima r y  for m by  tr e a tme nt  w ith  acid or  a lka line  phos phatas e  (Gols te y n, Ste war t 

and H u n t ,  un pub lis h e d  obs e rva tions ). We  were  able  to o bta in  conve rs ion of cyc lin to 

its  phos phor y la te d fo r m  in  a cell- free s ys te m. F ir s t , cyc lin m R N A  was  tr ans la te d in  a 

r e ticulocyte  lysate . In  the  ne x t s tep, sea ur c h in  e x tract, AT P  a nd phos phatas e  

inh ib ito r s  were  adde d to the  labe lle d s ubs tra te  m ix  (S ta nda r t  et al. 1987). Us ing  this  

assay, the  conve r t ing  enzyme  has  be en pa r tia lly  pur ifie d . It s  appa r e nt  mole cula r  

w e ight  is  be twe e n 2 0 K a nd 4 0 K ( K =  103 A/ r) as me as ure d by  ge l filt r a t io n, a nd  the  

s ame  ac tivity  is fo u nd  in inte rphas e  extracts  (fr om unfe r t ilize d  eggs) a nd  m ito t ic  

extracts  (fr o m  fe r t ilize d eggs ). T h us , the re  is  no e vide nce  for  ce ll cycle- re lated 

os c illa t ions  in  the  ac tivity  of th is  pr e s ume d pr ote in kinas e , w hic h sugges ts  tha t  

c ontr o l of phos pho ry la t ion m ay  be  achie ve d by  a lte ra tions  in  the  ac tivity  of 

phos pha tas e (s ) (Go ls te y n a nd H u n t , un pu b lis h e d  obs e rva tions ).

Wh e n  D N A  s ynthe s is  is  pre ve nte d by  a ph id ic o lin  in  fe r t ilize d sea ur c h in  eggs , 

the y do no t  e nte r  mitos is  (K illia n  et al. 1985; S lude r  a nd  Le w is , 1987), a nd  as s hown 

in  F ig . 5, cyc lin is  e x treme ly s table . More ove r , the  m o b ilit y  s hift  is  also inh ib it e d  in 

thos e  specie s  tha t  dis play it  (da ta  no t  s h o w n ). It  is no t  ye t cle ar , howe ve r , whe the r  

cyc lin pho s pho r y la t io n is necessary to tr igge r  mitos is , or  if its  pho s phor y la t ion is a
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T i m e  a f t e r  f e r t i l i z a t i o n  ( m in )

0  1 0  2 5  5 0  8 0  9 0

C o n t r o l  P e r c e n t  i n t o  a n a p h a s e

6 8  - ►

5 6  - ►

4 0  *■

0  1 0  2 5  5 0  8 0

E m e t i n e  a t  5 0  m i n  P e r c e n t  in t o  a n a p h a s e

F ig . 4 . P o s t - t r a n s la t io na l m o d ific a t io n  o f c y c lin  in  sea u r c h in  e ggs . F e r t iliz e d  eggs  fr o m  

the  sea u r c h in  Lytechinus pictus we re  in c u b a t e d  w it h  [35S ] m e t h io n in e  a n d  s a m ple s  ta ke n  

fo r  a na ly s is  o n  S D S - p o ly a c r y la m id e  ge ls  a n d  a u t o r a d io g r a p h y . P r o te in  s y n the s is  was  

b lo c k e d  by  th e  a d d it io n  o f e m e t in e  a t  50  m in  in  a p o r t io n  o f the  c u lt u r e .  S a m p le s  we re  als o 

t a ke n  fo r  fix a t io n  a n d  s t a in in g  w it h  H o e c h s t  33342 to  v is u a lize  th e  c h r o m o s o m e s , a n d  

s cor e d fo r  c o m p le t io n  o f th e  m e ta ph a s e —»a n a pha s e  t r a n s it io n . I t  wa s  n o t  po s s ib le  to  

d e t e r m in e  t h e  t im e  o f e n t r y  in t o  M  pha s e . N o t e  t h a t  e m e t in e  de la y e d  th e  ce ll cyc le .

c ons e que nce  o f e n t e r in g  M  phas e  (Me ije r  et al. 1989). T he s e  o bs e r va t ions  s ugge s t 

t ha t  c yc lin  m a y  be  ac t iva te d  by  pos t - t r a ns la t io na l m o d ific a t io n , a nd  th a t  it  m a y  no t  be  

ac t ive  as a m it o t ic  in d u c e r  in  its  g r o u n d  s ta te . T h e  id e n t ific a t io n  o f the  a c t iv it y  th a t  

pe r fo r m s  the  c o nve r s io n  a nd  its  r e g u la t io n  are  c le a r ly  im p o r t a n t  ma tte r s .

In clam embryos, the rapid proteolysis of cyclin requires a correctly 

formed mitotic spindle

T h e  fir s t  e v ide nc e  tha t  de s t r uc t io n  o f c y c lin  m ig h t  be  ne ce s s ary fo r  pas s age  t h r o u g h  

the  ce ll cyc le  c ame  fr o m  s tudie s  o f c olchic ine - t r e a te d  a n d  of pa r t he n o g e ne t ic a lly  

a c t iva te d c la m  e ggs . Colc hic ine - t r e a te d ce lls  lack s p in d le s  a ltog e the r , a nd  the  

pa r the no g e n e t ic a lly  a c t iva te d  e m br y o s  have  m o n o p o la r  ins te a d  of b ip o la r  m it o t ic  

s p ind le s , be c a us e  the y  lack c e n tr o s o me s  (K u r iy a m a  et al. 1986). In  b o th  cases , the
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T i m e  a f t e r  f e r t i l i z a t i o n  ( m in )

6 0  6 5  7 0  7 5  8 0  8 5  9 0  9 5  1 0 0  1 1 0  1 2 0

C y c l i n  B  —►  —  -  —  -  ■

R  - ►

C o n t r o l  -  e m e t i n e  c h a s e

A p h i d i c o l i n  -  e m e t i n e  c h a s e

F ig .  5 . A p h id ic o lin  blo c ks  c y c lin  de s t r u c t io n  in  sea u r c h in  e g gs . F e r t iliz e d  e ggs  o f the  sea 

u r c h in  Arbacia punctulata we re  in c u b a t e d  w it h  [35S ] m e t h io n in e . A p h id ic o lin  wa s  a d de d  

to  o ne  p o r t io n  a fte r  5 m in  a n d  p r o te in  s y n the s is  in  b o t h  s a m ple s  w a s  b lo c k e d  b y  a d d it io n  

of 100 jUM- emetine  a t  60 m in .  S a m p le s  fr o m  e a ch  c u lt u r e  w e r e  a n a ly ze d  b y  S DS - p o ly a c -  

r y la m id e  ge l e le c t r o pho r e s is  a n d  a u t o r a d io g r a p h y . T h e  c o n t r o l ce lls  e n te r e d  m it o s is  a nd  

d iv id e d , w he r e a s  th e  a p h id ic o lin - t r e a t e d  ce lls  r e m a in e d  in  in t e r p h a s e  t h r o u g h o u t .  C y c lin  

B f r o m  Arbacia doe s  n o t  d is p la y  the  mito s is - a s s oc ia te d  s h if t  in  m o b ilit y  s e e n in  

Lytechinus. R ,  r ib o n u c le o t id e  r e duc ta s e  s m a ll s u b u n it .

e m br yo s  e nte r  fir s t  m ito s is  a t  the  n o r m a l t im e , b u t  r e m a in  in  M  pha s e  fo r  m u c h  

lo ng e r  t h a n  the  n o r m a l 10 m in .  F ig . 6 s hows  th a t  the  le ve l of c y c lin  B r e m a ins  h ig h  in  

the  pr e s e nce  o f c o lc h ic ine  ins te a d  o f s h o w in g  its  us ua l r a p id  fa ll. C y c lin  de s t r uc t io n  is 

a c t iva te d , b u t  it  o n ly  pr oc e e ds  at its  n o r m a l h ig h  ra te  a fte r  a c o ns ide r a b le  de lay , w ith  

the  r e s u lt  th a t  c y c lin  le ve ls  are  he ld  at a m o r e  or  less  c o ns t a n t  h ig h  le ve l. If  p r o te in  

s ynthe s is  is  no w  b lo c ke d  w it h  e m e t ine , c y c lin  le ve ls  e v e n tu a lly  d r o p  to  ze r o , as s ho w n 

in  F ig . 6 B. T h e  ce lls  e nte r  in te r pha s e  ( i.e . ,  the  c h r o m o s o m e s  de c onde ns e  a nd  nuc le i 

r e fo r m ) w h e n  c y c lin  fina lly  d is a ppe a r s . Co n t r o ls  in  w h ic h  p r o t e in  s ynthe s is  was  no t  

in h ib it e d  s taye d in  m ito s is  t h r o u g h o u t  the  pe r io d  s ho w n . A  s im ila r  e x pe r im e nt  

pe r fo r m e d  o n  pa r the no ge ne t ica lly - a c tiva te d  eggs  is  s h o w n  in  F ig . 7 . In  th is  case , the  

c o n t r o l (t o p  pa ne l) s hows  a lm o s t  c o m ple te  de s t r uc t io n  o f c y c lin  A  at the  n o r m a l t im e , 

a nd  its  le ve l s tays  lo w  the r e a fte r . T h e  de s t r uc t io n  of c y c lin  B is in it ia t e d  la te r  t h a n  

n o r m a l, a fte r  w h ic h  its  le ve l r e m a ins  m o r e  or  less  c o ns ta n t  a n d  h ig h , be caus e  

d e s t r uc t io n  of c y c lin  B occur s  a fte r  a (r o u g h ly ) 50 m in  lag . T h u s , a d d it io n  of e me tine  

a t  80 m in  (m id d le  pa n e l)  a n d  100 m in  (b o t t o m  pa ne l) le ads  to  the  c o m ple te  los s  of 

c y c lin  B a bo u t  50 m in  la te r , a t w h ic h  p o in t  the  ce lls  le ave  m ito s is  a nd  re - e nte r  

in te r pha s e . It  is  n o t  c le ar  w h y  c y c lin  A de s t r uc t io n  pr oc e e ds  m o r e  r a p id ly
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T i m e  a f t e r  f e r t i l i z a t i o n  ( m in )

<£> aO ^  <§> ojb ^

' ¿-«*-

R  - ►  ‘ - - - - - - - - - - - - - - - - - - - - - - - - - —

C o n t r o l  T  T

A —

R - - - - - - - - - - - - - -

C o l c h i c i n e

B T i m e  a f t e r  f e r t i l i z a t i o n  ( m in )

7 0  8 0  9 0  1 0 0  1 1 0  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0  1 9 0  2 0 0  2 1 0

A

B  - ►

R

F ig . 6 . C o lc h ic in e  d is t u r b s  c y c lin  A  a n d  B o s c illa t io ns  in  fe r t ilize d  c la m  e m b r y o s . In  

pa n e l A ,  a b a t c h  o f c la m  oocyte s  w a s  fe r t ilize d  a n d  a llo w e d  to  pas s  t h r o u g h  m e io s is . 

[35S ] m e t h io n in e  w a s  a d d e d  a t  50 m in ,  a fte r  w h ic h  th e  c u lt u r e  w a s  d iv id e d  in  t w o  a n d  

20 /¿M- colchicine  a d d e d  to  o ne  p o r t io n . S a m p le s  w e r e  ta k e n  in t o  t r ic h lo r o a c e t ic  a c id  a nd  

a n a ly ze d  b y  S D S - p o ly a c r y la m id e  ge ls  a n d  a u t o r a d io g r a p h y  e x a c t ly  as  de s c r ib e d  by  

Ev a n s  et al. (1 9 8 3 ). T h e  a r r o w s  b e n e a t h  th e  c o n t r o l e m b r y o  a u t o r a d io g r a p h  in d ic a te  the  

t im e s  o f fir s t  a n d  s e c o n d  m it o s is . N o t e  t h a t  c y c lin  A  de s t r u c t io n  o c c ur s  e a r lie r  t h a n  t h a t  o f 

c y c lin  B in  t h e  c o n t r o ls . C y c lin  A  (A )  a ls o  d is p la y s  a s ho r te r  life s pa n  t h a n  c y c lin  B (B ) in  

the  c o lc h ic ine - t r e a te d  e m b r y o s . In  p a n e l B , a  c u lt u r e  o f c o lc h ic ine - t r e a te d  e m b r y o s  

la b e lle d  w it h  [3=S]  m e t h io n in e  w a s  t r e a te d  w it h  1 0 0 / /M- e me tine  a t  7 0 m in .  P a r a lle l 

s a m ple s  w e r e  ta ke n  fo r  r u n n in g  o n  ge ls  o r  fix a t io n  a n d  s t a in in g  w it h  o r c e in  to  v is u a lize  

c o nd e n s e d  c h r o m o s o m e s . N u m b e r s  b e lo w  the  a u t o r a d io g r a p h  in d ic a t e  the  fr a c t io n  of 

ce lls  t h a t  h a d  lo s t  s t a in in g  c h r o m o s o m e s  a n d  h a d  r e fo r m e d  n u c le i ( in t e r p h a s e ).

R ,  r ib o n u c le o t id e  r e duc ta s e  s m a ll s u b u n it .

m or e  r a p id ly  t h a n  c y c lin  B de s t r uc t io n , o r  w ha t  give s  c y c lin  B its  c u r io us  50 m in  life  

e x pe c tanc y . T h e r e  m u s t  be  c lue s  to  the  de s t r uc t io n  m e c h a n is m  in  the s e  o bs e r va tions .

P a r the no ge ne t ica lly - a c t iva te d  oocyte s  e ve n tua lly  e x it  fr o m  m ito s is  (a lbe it  a s y n 

c h r o n o u s ly ) e ve n w h e n  p r o te in  s ynthe s is  proc e e ds  n o r m a lly . S u c h  ce lls  pas s  r a p id ly  

t h r o u g h  in te r pha s e , a n d  r e pe a t  the  g r e a t ly  p r o lo n g e d  M  phas e . T h o u g h  the s e  ce lls

_ ■ MH **

0  1 0  5 0  8 0  9 5  1 0 0

P e r c e n t  c e l l s  in  i n t e r p h a s e
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T i m e  a f t e r  a c t i v a t i o n  ( m in )

6 0  6 5  7 0  7 8  8 0  8 5  9 0  9 5  1 0 0  1 0 5  1 1 0  1 1 5  1 2 0  1 3 0  1 4 0  1 5 0  1 6 0  1 7 0  1 8 0

—

►

C o n t r o l  -  n o  e m e t i n e
I n t e r p h a s e

j

A  —
"

B —

R  -

E m e t i n e  a t  8 0  m i n  I n t e r p h a s e

E m e t i n e  a t  1 0 0  m in

F ig . 7 . In h ib it io n  o f p r o te in  s ynthe s is  a dva nc e s  e x it  fr o m  m it o s is  in  pa r the no g e ne t ic a lly -  

a c t iv a t e d  c la m  e m b r y o s . C la m  oo cy t e s  we re  a c t iva te d  b y  e x po s u r e  to  s ea w a te r  c o n t a in in g  

S 0 m M - K C l fo r  10 m in .  T h e y  we re  r e t u r n e d  to  r e g u la r  s e a  w a t e r , a n d  [3sS ] m e t h io n in e  

w a s  a d d e d  to  th e  c u lt u r e  a t  5 0 m in  (a fte r  s e c o nd  p o la r  b o d y  e m is s io n ).  S a m p le s  we re  

r e m o ve d  a t  80  a n d  100 m in  a n d  m a d e  100 ,u m  in  e m e t in e , w h ic h  im m e d ia t e ly  b lo c ks  

fu r t h e r  p r o te in  s y n the s is  (da t a  n o t  s h o w n ). A ll c e lls  h a d  e n t e r e d  fir s t  m it o s is  b y  8 0 m in .

T h e  c o n t r o ls  r e m a in e d  in  m it o s is , ju d g e d  b y  th e ir  o r c e in - s ta in ing  m it o t ic  c h r o m o s o m e s  

a n d  la c k  o f n u c le i,  u n t il 170 m in ;  a s m a ll fr a c t io n  o f ce lls  w it h  n u c le i we re  s e e n a t  180 m in .

In  t h e  ‘80 m in  e m e t in e ’ c u lt u r e , a ll ce lls  h a d  n u c le i by  140 m in ,  a n d  in  t h e  ‘100 m in  

e m e t in e ’ c u lt u r e , 1 0 0 %  o f ce lls  w e r e  in  in te r ph a s e  b y  160 m in .  N o t e  t h a t  th e  de c a y  of 

c y c lin  A  (A )  o c c ur s  r a p id ly ,  w h ile  c y c lin  B (B ) de ca y s  as  t h o u g h  it  ha d  a life  e x pe c ta nc y  of 

a b o u t  50 m in .  R ,  r ib o n u c le o t id e  r e d uc ta s e  s m a ll s u b u n it .

ne ve r  d iv id e  the y  e ve n tua lly  a c c um ula te  large  a m o u n t s  o f D N A  in  a s ing le  g ia n t  

nuc le us .

T h e r e  is  t h u s  a s t r ik in g  c o r r e la t io n  be tw e e n los s  o f c y c lin  a nd  e n t r y  in to  the  ne x t  

ce ll cyc le , a nd  if the s e  r e s ults  are  to  be  ta ke n  a t face  va lue , it  s e e ms  t h a t  ve ry  lit t le  

c y c lin  is  r e qu ir e d  to  ke e p ce lls  in  M  pha s e , fo r  c y c lin  le ve ls  fa ll e x t r e me ly  lo w  be fore  

the  c h r o m o s o m e s  de c onde ns e .
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Protease inhibitors stabilize cyclin and block starfish oocytes in M phase

T he  protease  inhib ito r s  le upe pt in , s oybe an tr yps in inh ib ito r  or  a n t ipa in  block 1- 

me thylade nine - tre a téd s tarfish oocytes  in  firs t me iot ic  me taphas e , a nd  M P F  levels  

rise no r ma lly  b u t  s tay h ig h  (P ica rd et al. 1985). We  fo u nd  tha t  a nt ipa in  prevented 

cyc lin de s t r uc tion (P ic a rd, P ine s  a nd Dor ée , un pu b lis h e d), a nd we  pre sume  tha t  this  

accounts  for  the  me iot ic  arres t. We  also fo u nd  tha t  P M S F  blocke d m a tu r ing  c lam 

oocytes  in  firs t me iot ic  me taphas e , a lthough  the  s ame  concentr a tions  of P M S F  d id  

no t  block the  s econd me io t ic  me taphas e—»anaphas e  t r ans it ion or  the  s ubs equent 

m ito t ic  divis ions . T h is  sugges ts  tha t the  cyc lin proteolys is  tha t  occurs  at firs t me ios is  

re lies  on a s omewha t diffe re nt  me c ha nis m tha n  s ubs equent divis ions , w hic h ma y  be  

conne c ted w ith  the  absence  of true  inte rphas e  be twe en the  me io t ic  divis ions . T he  

in t e r pr e ta t ion of these  re s ults  is  no t  ve ry secure , howe ve r , s ince  the  conce ntr a t ion of 

protease  inh ib ito r s  r e quire d to cause  ce ll cycle  arres t is  h ig h, a nd the y may  act 

thr o ug h  u nk no w n s ide  effects . It  w o uld  obvious ly  be  he lp fu l to be  able  to in h ib it  the  

de s truc tion of cyc lin w ith  precis e  s pe cificity, b u t  th is  has  not ye t prove n pos s ible .

T he  ide nt ific a t ion a nd charac te r iza tion of the  de s truc tion me c ha nis m is cle ar ly a 

ma tte r  of e x tre me  inte re s t. T he  protease  is h ig hly  specific in  the  sense tha t  cyclins  

appe ar  to be  the  only  targe ts  a mong pr ote ins  s pecified by  ma te r na l m RN A . 

More ove r , the  protease  s hows  precise  te mpor a l r e gula t ion, for  cyc lin is only  uns table  

du r ing  mitos is , a nd  the n only  br ie fly  du r ing  the  mome nts  pr e ce ding  the  me taphas e -  

anaphas e  t r ans it io n. T he  s ignificance  of the  r e quir e me nt  for  a corre ctly for me d 

b ipo la r  m ito t ic  s pindle  for  correctly t im e d  cyc lin de s truc tion is  no t  clear, a nd  in  the  

cleavage  ce ll cycles  of Xenopus , the  de s truc tion of cyc lin is  no t  inh ib ite d  by  

colchic ine  (Mur r a y  a nd  Kir s chne r , 1989). One  inte r pr e ta t ion of this  diffe re nce  

be twe e n diffe r e nt  organis ms  is  tha t  cyc lin de s truc tion pe r se does  no t  r e quire  an 

intac t , b ipo la r  s pindle . Ra the r , it  may  re flect a r e gula tory  me c ha n is m capable  of 

de te c ting mis place d chromos ome s . Suc h  a me c ha nis m w ould  be  abs e nt in  ear ly frog 

e mbryos , a nd  w o uld  pr e s umably  be  acquire d afte r  the  m idb la s tu la  t r a ns ition. We  

note  tha t  diffe r e nt  cyclins  are de s troye d at s lightly  diffe re nt t ime s ; does  th is  me an 

tha t  each cyc lin has  its  o wn protease , or  tha t  each cyc lin has  its  own way of be c oming  

s us ce ptible  to a c o m m o n de s truc tion machine r y? At  pre s e nt we  cannot  te ll if the  

protease  is  cons titutive  a nd  the  cyclins  are targe te d for  de s truc tion at a pa r t icula r  

t ime , or  if the  protease  its e lf is  re gula te d.

The relationship between cyclin and MPF

Entr y  into  me iot ic  a nd m ito t ic  prophas e  is accompanie d by  the  appe arance  of a 

cytoplas mic  ac tivity  kno w n as M P F  (Ma s ui a nd Mar ke r t , 1971; S m it h  a nd  Ecke r , 

1971; reviewed by  Ma ile r , 1985; F o r d , 1985). M P F  ac tivity  appe ars  pe r iodica lly  even 

if the  egg c annot  cleave , pr ov ide d pr ote in s ynthe s is  continue s  (Ne w por t  and 

Kir s chne r , 1984; Ge r ha r t  et al. 1984). M P F  ac tivity  fa lls  p r e c ipitous ly  at the  e nd of 

me taphas e  (Ge r ha r t  et al. 1984). It  is  no w  kno w n tha t  one  of the  compone nts  of M P F  

is  the  pr o duc t  of the  cdc2+ gene  or its  homologue (s ) in  highe r  organis ms  (Du n p h y  

et al. 1988; Ga ut ie r  et al. 1988; Ar io n  et al. 1988; La b bé  et al. 1988a). T he  leve l of
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T i m e  o f  i n c u b a t i o n  a t  2 2 °  ( m in )

5  1 0  1 5  2 0  2 5  3 0  3 5  4 0  4 5  5 0  6 0  7 0

C y c l i n  B 1  ( 3 5 S )

H i s t o n e  H 1  (3 2 P )

F ig .  8 . S y n th e s is  a n d  d e s t r u c t io n  o f c y c lin  B1 d u r in g  a m it o t ic  cyc le  in  a n  e x t r ac t  of 

Xenopus e ggs . A n  e x t r ac t  o f A2 3 1 87 - a c tiva te d Xenopus e ggs  w a s  m a d e  as  de s c r ib e d  by  

M u r r a y  a n d  K ir s c h n e r  (1989) a n d  in c u b a te d  a t  2 2 ° w it h  [35S ] m e t h io n in e .  A t  the  

in d ic a te d  t im e s ,  s a m ple s  we re  r e m o ve d  in t o  b u ffe r  w it h  a n t i- c y c lin  B1 a n t ib o d y  a n d  the  

im m u n e  c o m p le x e s  ha r ve s te d  w it h  p r o te in  A- S e p h a r o s e . T h e  r e s in  was  w a s he d  a n d  

in c u b a t e d  w it h  y- 32P  A T P , h is to ne  H I  a n d  a p e p t id e  in h ib it o r  o f c A M P - d e p e n d e n t  

p r o t e in  k ina s e  (C ic ir e lli et al 19 88), m ix e d  w it h  s a m p le  b u ffe r  a n d  a n a ly ze d  by  

S D S - p o ly a c r y la m id e  ge l a n d  a u t o r a d io g r a p h y . T h e  35S w a s  de te c te d  b y  a s he e t  o f 

A m e r s h a m  H y p e r film  ¡5-m a x , a n d  th e  32P  by  a s e c o nd  o v e r la y in g  s he e t o f F u ji Rx  ba c ke d  

w it h  a n  in t e n s ify in g  s c r e e n. C y c lin  wa s  fir s t  de t e c t a b le  (as  a  d o u b le t )  at 20  m in  a n d  was  

de s t r o y e d  be tw e e n  60 a n d  70 m in .  T h e  h is t o n e  k ina s e  a c t iv it y  s e e n a t  5 m in  is  a 

r e p r o d u c ib le  f in d in g .

th is  p r o t e in  kinas e  s u b u n it  doe s  n o t  va r y  d u r in g  the  c e ll cyc le . P r o te in  s ynthe s is  is  

r e qu ir e d  to ac t iva te  the  h is to ne  H I  kinas e  a c t iv ity  o f M P F  (Ge r h a r t  et al. 1984; 

Me ije r  a n d  P o nd a v e n , 1988); ne w ly  s yn the s ize d  c y c lin  is  a p r im e  c a n d ida te  for  the  

role  of a c t iva to r  o f p3 4 cdc2. T h e  de s t r uc t io n  o f c y c lin  at the  e nd  o f me ta pha s e  

p r e s u m a b ly  le ads  to loss  of m it o t ic  kinas e  a c t iv ity . F r o m  the  ve ry  b e g in n in g , it  

s e e me d th a t  the re  m u s t  be  a clos e  c o nn e c t io n  be tw e e n c y c lin  a n d  M P F  a nd  e vide nce  

in  fa v o u r  of th is  ide a  is  n o w  r a p id ly  a c c u m u la t in g . T h u s , Dr a e t t a  et al. (1989) have  

s ho w n t h a t  a n t ib o d ie s  ag a ins t  p3 4 cdo2 c opr e c ip ita te  c y c lin  fr o m  c la m  e ggs . Mo r e o ve r , 

p l3 sucl a ffin it y  c o lu m n s  b in d  c y c lin  (Dr a e t t a  et al. 1989; Me ije r  et al. 1989). We  have  

ra is e d p o ly c lo na l a n t ib o d ie s  a g a ins t  Xenopus c y c lin  B1 a nd  B2  p r o d uc e d  by  

ove r e x pr e s s ion in  Escherichia coli a nd  fin d  t h a t  the s e  a n t ib o d ie s  s pe c ifica lly  

im m u n o p r e c ip it a t e  r a d io la b e lle d  c yc lins  fr o m  c y c ling  e x trac ts  of a c t iva te d  Xenopus 
e ggs . F ig . 8 s hows  t h a t  the s e  im m u n o p r e c ip it a t e s  d is p la y  h is to ne  H I  k inas e  a c t ivity . 

Mo r e o ve r , the  a u to p ho s p ho r y la te d  4 5 K  c o m p o n e n t  of h ig h ly  p u r ifie d  M P F  (Lo h k a  

et al. 1988) is  re cognis e d by  a nt i- c yc lin a nt is e r a  (G a u t ie r  a nd  M in s h u ll,  u n p u b lis h e d  

o bs e r va t io ns ). A t  e a r lie r  s tages  of pu r ific a t io n  of M P F ,  the s e  a n t ib o d ie s  r e cognis e  a 

5 6 K p h o s p ho r y la te d  c o m p o n e n t , w h ic h  a ppe a r s  to  c o r r e s po nd  to c y c lin  B2 . In  sea 

u r c h in s , Me ije r  et al. (1989) fo u n d  tha t  c y c lin  c o pu r ifie d  w ith  h is to ne  H I kinas e  

a c t ivity  t h r o u g h  s e ve ral d iffe r e n t  p u r ific a t io n  s te ps , a nd  the r e  was  g o o d  c or r e la t io n 

be tw e e n the  e x te nt  o f p h o s p h o r y la t io n  of c y c lin  a nd  k inas e  a c t iv ity . Ho w e ve r , the



exact c o m p o s it io n  a n d  s to ic h io m e tr y  o f the s e  p3 4cdc2/ c y c lin  co mple x e s  r e m a ins  to  be  

d e t e r m in e d .

How does cyclin work?

T he r e  is  n o w  ve ry  s t r o n g  e vide nce  t h a t  c y c lin  is  ne ce s s ary fo r  the  a ppe a r ance  o f M P F  

a c t iv ity  a n d  t h a t  M P F  d is a ppe a r s  d ue  to  de s t r uc t io n  o f c y c lin  (M in s h u ll et al. 1989; 

M u r r a y  a n d  Kir s c h n e r , 1989; M u r r a y  et al. 1989). T h e  m e t a p h a s e—» a na pha s e  

t r a n s it io n  t h u s  appe a r s  to be  t r igge r e d  by  pro te olys is . A t  p r e s e n t , how e ve r , we  kno w  

lit t le  m o r e  t h a n  th is . In  pa r t ic u la r , we  do  n o t  k n o w  ho w  c y c lin  acts  (we  dis c us s  tw o  

k in ds  o f m o d e l b e lo w ). H o w  c y c lin  is  de s t roye d a n d  w h a t  t u r n s  the  de s t r uc t io n  

m e c h a n is m  o n  a n d  o ff are  e x tr e me ly  im p o r t a n t  is s ue s  a b o u t  w h ic h  we  kn o w  a lmos t  

n o th in g .

T w o  g e ne r a l k in ds  of m o d e l c o uld  e x p la in  h o w  c y c lin  ac t iva te s  M P F ,  a n d  ho w  the  

de s t r uc t io n  o f c y c lin  le ads  to  the  e nd  o f m ito s is . T h e  fir s t  a n d  p r e s e n t ly  m o r e  w ide ly  

fa vo ur e d  m o d e l,  s u m m a r iz e d  in  F ig . 9, is  bas e d o n  the  r e ce nt  f in d in g  fr o m  s e ve ral 

la bor a to r ie s  th a t  c y c lin  is  a s s oc ia te d w ith  p3 4cdc2 in  the  h ig h  m o le c u la r  w e ig h t  his tone  

H I  k in a s e / M P F  c o m ple x  (Dr a e t t a  et al. 1989; Me ije r  et al. 1989; La b b e  et al. 
19896). It  is  a s s ume d t h a t  the  a c t iv ity  of the  p3 4 cdc2 kinas e  r e quir e s  c yc lin
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c d c 2  I p r e - M P F  A

F ig . 9 . A  m o d e l to  de s c r ib e  the  r o le  o f c y c lin  in  th e  a c t iv a t io n  o f M P F .  T h e  d ia g r a m  

s ho w s  a  s im p lifie d  cyc le  in  w h ic h  p 3 4 cdcZ is  s e e n as  a s s o c ia t in g  w it h  c y c lin  to  fo r m  M P F ,  

w h ic h  pos s e s s e s  h is to ne  H I  k ina s e  a c t iv it y . In  a c c or d  w it h  c u r r e n t  d a t a , we  s h o w  p3 4 cdc2 

as  b e in g  d e p h o s p h o r y la t e d  a n d  c y c lin  as  b e in g  p h o s p h o r y la te d  in  th e  m o s t  a c t ive  fo r m  of 

the  k in a s e  (M e ije r  et al. 1989; D u n p h y  a n d  N e w p o r t ,  1989; M o r la  et al. 1989; L a b b e  

et al. 1 9 8 9 a ). W h e n  c y c lin  has  be e n  p r o te o ly ze d , p3 4 cdc2 is  c a lle d  p r e - MP F  A  to  in d ic a te  

the  d e le t io n  o f c y c lin  (M u r r a y  et al. 19 89). P r e - MP F  c o n t a in s  c y c lin  a n d  r e q uir e s  pos t-  

t r a n s la t io n a l m o d ific a t io n  to  a c t iva te  it .  I t  is  p r o b a b le  t h a t  M P F  c o n t a in s  p l3 s ucl, b u t  the  

cyc le  o f it s  a s s o c ia t io n  w it h  p 3 4 cdcZ is  n o t  ye t  k n o w n . W e  be lie ve  t h is  m o d e l is  m o r e  lik e ly  

to  be  c o r r e c t  t h a n  th e  ve r s io ns  s h o w n  in  F ig .  10.

n u c l e a r  e n v e lo p e  

b r e a k d o w n

c h r o m o s o m e

c o n d e n s a t i o n

s p i n d le

r e o r g a n is a t i o n
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for  its  ac tivity . Ac c o r d ing  to  th is  view , de s t r uc t ion of cyc lin w ould  dire c t ly  inactivate  

the  m ito t ic  pr o t e in kinas e . It  is a s imple  ma tte r  to add extra fe ature s  to th is  mode l in  

the  fo r m of covale nt modifica t ions  to cyc lin a nd p34cdc2 tha t  c ou ld  re gulate  the  

ac tivity  of the  comple x  in  re s pons e  to ce llular  s ignals . T he r e  is  pe rs uas ive  evide nce  

tha t  de phos phor y la t ion of p34cdc2 is r e quire d to activate  the  kinase  (Du n p h y  a nd 

Ne w por t , 1989; Ga ut ie r  et al. 1989; Mo r la  et al. 1989). T h is ‘s to ichiome t r ic ’ mode l 

doe s  no t  eas ily e x pla in w hy  s ome  inve s tigator s  find  low mole c ula r  w e igh t fo r ms  of 

his tone  H I kinase  (La bb é  et al. 1988b), a nd it  is  a lit t le  unco mfor tab le  tha t  p34cdc2 

appe ars  to be  in  s uch large  mola r  excess  ove r  cyc lin. La b bé  et al. (1989a) e s t imated 

tha t  p34cdc2 is pre s ent a t a conce ntr a tion of a bo ut  4 fJM in  s tar fis h oocytes , whe reas  we 

e s timate  tha t  even at the  he ight  of its  a c c umula t io n, cyc lin is pre s ent at no  more  tha n 

a t e n th  th is  conce ntr a tion, a nd  p r oba bly  less. S imila r  conce rns  are rais e d by  re cent 

e x pe r ime nts  by  Me ije r  et al. (1989), who us e d a ffinity  c hr oma togr a phy  to pur ify  the  

H I  kinase  fr om sea ur c h in  eggs , a nd fo und  tha t  it  conta ine d a large  excess of p34cdc2 

ove r cyc lin. Pe rhaps  this  is  a fe ature  of eggs  a nd ve ry ear ly e mbryos , howe ve r , 

be cause  s omatic  h u m a n  ce lls  appe ar  to  c on ta in a more  or  less  ba lance d c omple me nt  

of the  two s ubunits  in  late  G 2 ce lls  (Dr a e t ta  et al. 1988; P ine s  and Hu nte r , 1989).

T he  alte rna tive  m ode l as s igns  a cata lytic  or  t r igge r ing  role  to cyc lin. Acc or d ing  to 

this  vie w, cyc lin w o uld  activate  p34cdc2 in  s ome  as ye t unde te r m ine d  way, pos s ibly  by  

dire ct m od ific a tion of p34cdc2 b u t  more  like ly by  pre ve nting  the  ac tion of a n inh ib ito r  

of p34cdc2 ac tivity . Xenopus  and h u m a n  ce lls  are kno w n to c onta in an e nt ity  kno w n as 

a nt i- MP F, a nd Cye r t  a nd Kir s c hne r  have  de s cr ibed anothe r  in h ib ito r  of M P F  

ac tiva tion the y ca ll IN H  (Cye r t  a nd Kir s c hne r , 1988). As s um ing  tha t  ant i- MP F does  

not  cor re s pond to the  cyc lin protease  (w h ic h  may or  may  no t  be  the  case ), 

de s t r uc tion of cyc lin w o uld  a llow a nt i- MP F to regain ac tivity  a nd s hut  do w n m ito t ic  

pr o t e in kinas e  ac tivity . T he r e  are  ce r ta in ind ic a tions  tha t  the  cata lytic  m ode l may be  

a be tte r  de s c r ipt ion of the  way tha t  cyc lin works . T hus , Dor ée  a nd  his  colleagues  

have  pur ifie d a fo r m of M P F  tha t  does  no t  co nta in intac t  cyc lin (La bb é  et al. 19886, 

1989a). Moreove r , Mur r a y , So lo m o n a nd  Kir s c hne r  (pe r sonal c o mm unic a t io n) 

fo u nd  tha t  removal (by  im m u no p r é c ip ita t io n) of cyc lin fr o m  a pre pa r a t ion of 

pa r t ia lly  pur ifie d M P F  d id  no t  le ad to loss  of ac tivity . T he y  also de mons tr a te d tha t  

va ry ing the  conce ntr a t ion of cyc lin affe cte d the  rate  of a c tiva tion ra the r  tha n  the  fina l 

leve l of M P F  ac tivity  (Mur r a y  et al. 1989). F ina lly , du r ing  the  St Andre w s  me e t ing 

in 1989, Hutc h is o n  s howed an e xpe r ime nt in  w h ic h  a Xenopus  egg ce ll- free sys tem 

trea ted w ith  a ph id ic o lin  e x hibite d the  us ua l de s truc tion of cyc lin at the  e nd of a cell-  

free  firs t ce ll cycle , ye t his tone  H I ac tivity  r e ma ine d h igh  (Hu tc h is o n  et al. 1989, this

I v o lu m e ). A ll these  data  sugges t tha t  it  is pos s ible  to have  h ig h  M P F  ac tivity  w itho ut  

■’ cyc lin, a nd  w o uld  be  eas ily e xp la ine d if cyc lin acted by  ke e p ing an in h ib ito r  of M P F  

at bay. T h u s , if the  in h ib ito r  were  removed or  inac t iva te d by  a lte rna tive  me ans , 

whe the r  b ioc hemica l or  pha r macologica l, cyc lin w ould  no t  be  r e quire d to keep 

his tone  H I  k in a s e / MP F  active . T he  two type s  of mode l are  illus tr a te d s che matica lly  

in  F ig . 10.

‘Ca ta ly t ic ’ mode ls  do no t  re adily  e xp la in w hy  p34cdc2 associates  so int ima te ly  w ith  

cyc lin, a find ing  confir me d in  several laborator ie s  (Dr a e t ta  a nd Be ach, 1988; Drae t ta
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C y c lin  a c t s  c a t a ly t i c a l l y  b y  a c t i v a t in g  c d c 2  p h o s p h a t a s e  a n d  

in a c t i v a t in g  a n t i - M P F  b y  p h o s p h o r y la t io n

F ig . 10. T w o  a lte r n a t iv e  ‘c a ta ly t ic ’ m o d e ls  to  e x p la in  h o w  c y c lin  w o r ks . T h e  u p p e r  

c a r to o n  s ho w s  c y c lin  as  b in d in g  to  a n d  t he r e by  r e m o v in g  a h y p o t h e t ic a l a n t i- M P F  

s u b u n it ,  t h u s  a c t iv a t in g  p3 4 cdc2. A c c o r d in g  to  t h is  d ia g r a m , a n t i- M P F  ac ts  s t o ic h io m e t r i 

c a lly  b u t  b o t h  it  a n d  c y c lin  m ig h t  ac t  c a t a ly t ic a lly , fo r  e x a m p le  to  a lte r  t h e  p h o s p h o r y l 

a t io n  s ta te  o f p3 4 cdc2. It  is  easy to  g e ne r a te  m o r e  e la bo r a te  ve r s io ns  o f t h is  m o d e l w it h  

po s it ive  fe e dba c k . In  th e  lo w e r  m o d e l,  c y c lin  m o d ifie s  the  h y p o t h e t ic a l in h ib it o r ,  w h ic h  

a llo w s  p3 4 cdc2 d e p h o s p h o r y la t io n .

etal. 1989; Me ije r  et al. 1 9 8 9 ;L a b b e e i al. 19896), b u t  are  no t  in c o m p a t ib le  w it h  this  

a p pa r e n t  ‘fa c t ’. T h e  s to ic h io m e t r y  o f the  in te r a c t io n  as w e ll as  the  pre s e nce  or  

abs e nce  o f o the r  s u b u n it s  like  p l3 sucl (Br izue la  et al. 1987) r e m a in  to  be  d e t e r m in e d .

Conclusion

T h e  b e h a v io u r  o f the  c yc lins  appe a r s  to  s he d a lit t le  lig h t  o n  a d iffic u lt  the o r e t ic a l 

b io lo g ic a l p r o b le m , t h a t  o f c r e a t ing  all- or- none  s witche s  fr o m  c o n t in u o u s  proce s s e s . 

E n t r y  in to  p r opha s e  a n d  e x it  fr o m  m it o t ic  m e taphas e  s e e m to  be  r e g ula te d  a nd  

ir r e ve r s ible  proce s s e s , a n d  w ha t  we  n o w  ne e d to  d is c ove r  are  the  fac tor s  be s ide s  the
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s teadily r is ing  leve l of cyc lin tha t  are necessary to tr igge r  entry  into  mitos is . It  s ho uld  

be  clear tha t  tho ug h  cyc lin is necessary, it  is  no t  s uffic ie nt  for  the  G 2— tr ans it ion,  

whos e  t im in g  de pe nds  on pos t- trans la tional events . T he  e nzyme s  tha t  catalyze  these  

events  w ill no  do ub t  be  r e gula te d in  inte r e s ting ways . Like wis e , the  a b r up t  

de s truc t ion of cyclins  tha t  is  a rguably the ir  mos t in t r ig u in g  pr ope r ty  de ma nds  

e x plana t ions  in  mole cula r , e nzymologica l a nd  ce llular  phys iologica l te rms . T he r e  is 

m u c h  to  le a rn.

W o r k  in  C a m b r id g e  w a s  s u p p o r t e d  b y  t h e  M e d ic a l Re s e a r c h  C o u n c il ,  t h e  S c ie n c e  a n d  

E n g in e e r in g  Re s e a r c h  C o u n c il  a n d  t h e  C a n c e r  Re s e a r c h  C a m p a ig n ;  w o r k  a t  t h e  M a r in e  B io lo g ic a l 

L a b o r a t o r y ,  W o o d s  H o le  w a s  s u p p o r t e d  b y  a  g r a n t  f r o m  t h e  N S F  ( P C M  82 - 169 - 17) t o  J . V .R .  T h e  

N u f f ie ld  F o u n d a t io n  m a d e  a  g r a n t  t o  e n a b le  J .M .  a n d  J . P .  t o  v is it  J o h n  G e r h a r t ’s  la b o r a t o r y  in  

Be r k e le y , w h e r e  s om e  o f  t h e s e  e x p e r im e n t s  w e r e  p e r fo r m e d ,  a ls o  s u p p o r t e d  b y  U S P H S  g r a n t  G M  

19 363 . W e  t h a n k  h im ,  F r e d  W il t ,  M a r c  K ir s c h n e r ,  A n d r e w  M u r r a y ,  M a r c e l D o r é e ,  C h r is  F o r d ,  

E r ic  K a r s e n t i a n d  L a u r e n t  M e ije r  fo r  g e n e r o u s  h o s p it a lit y  in  t h e ir  s e v e r a l la b o r a t o r ie s ,  as  w e ll as  

t h e ir  f r ie n d s h ip ,  e n c o u r a g e m e n t  a n d  a d v ic e .

References

A r i o n , D . ,  M e i j e r , L . ,  B r i z u e l a , L .  a n d  B e a c h , D .  (1 9 8 8 ).  cdc2 is  a  c o m p o n e n t  o f t h e  M  pha s e -  

s p e c ific  h is t o n e  H I  k in a s e :  e v id e n c e  fo r  id e n t it y  w it h  M P F .  Cell 5 5 ,  3 7 1 - 3 7 8 .
B a r t o n , G .  J .  a n d  S t e r n b e r g , M .  J .  E .  (1 9 8 7 ).  A  s t r a t e g y  fo r  t h e  r a p id  m u l t ip le  a lig n m e n t  o f 

p r o t e in  s e q u e n c e s .  J ' .  molec. Biol. 1 9 8 , 3 5 3 - 3 5 4 .
B i r c h m e i e r , C . ,  B r o e k , D .  a n d  W i g l e r , M .  (1 9 8 5 ) .  RAS p r o t e in s  c a n  in d u c e  m e io s is  i n Xenopus 

o o c y t e s .  Cell 4 3 ,  6 1 5 - 6 2 1 .
B l o w , J .  J .  a n d  L a s k e y , R .  A .  (1 9 8 5 ).  In i t ia t io n  o f  D N A  r e p lic a t io n  in  n u c le i a n d  p u r if ie d  D N A  

b y  a  c e ll- fr e e  e x t r a c t  o f  Xenopus e g g s . Cell 4 7 ,  5 7 7 - 5 8 7 .
B o o h e r , R .  a n d  B e a c h , D .  (1 9 8 8 ) .  In v o lv e m e n t  o f  cdc!3+ in  m it o t ic  c o n t r o l in  Schizosaccharo- 
myces pombe, p o s s ib le  in t e r a c t io n  o f t h e  g e n e  p r o d u c t  w it h  m ic r o t u b u le s .  EMBO J. 7 , 

2 3 2 1 - 2 3 2 7 .

B o o h e r , R .  N . ,  A l f a , C .  E . ,  H y a m s , J .  S .  a n d  B e a c h , D .  H .  (1 9 8 9 ) .  T h e  fis s io n  y e a s t  

c d c 2 / c d c l3 / s u c l  p r o t e in  k in a s e :  r e g u la t io n  o f  c a t a ly t ic  a c t iv it y  a n d  n u c le a r  lo c a liz a t io n .  Cell 5 8 , 
4 8 5 - 4 9 7 .

B r i z u e l a , L . ,  D r a e t t a , G .  a n d  B e a c h , D .  (1 9 8 7 ) .  p l3 / s u c l  a c t s  in  t h e  fis s io n  y e a s t  c e ll d iv is io n  

c y c le  a s  a  c o m p o n e n t  o f  t h e  p 3 4 / c d c 2  p r o t e in  k in a s e .  EMBO J. 6 , 3 5 0 7 - 3 5 1 4 .
C i c i r e l l i , M .  F . ,  P e l e c h , S .  L .  a n d  K r e b s , E .  G .  (1 9 8 8 ).  A c t iv a t io n  o f  m u l t ip le  p r o t e in  k in a s e s  

d u r in g  t h e  b u r s t  in  p r o t e in  p h o s p h o r y la t io n  t h a t  p r e c e d e s  t h e  fir s t  m e io t ic  c e ll d iv is io n  in  

Xenopus o o c y te s . J. biol. Chem. 2 6 3 ,  2 0 0 9 - 2 0 1 9 .
C r o s s , F .  R .  (1 9 8 9 ) .  F u r t h e r  c h a r a c t e r iz a t io n  o f a  s ize  c o n t r o l g e n e  in  Saccharomyces cerevisiae. 
J. Cell Sci. Suppl. 12, 1 1 7 - 1 2 7 .

C y e r t , M .  S .  a n d  K i r s c h n e r , M .  W .  (1 9 8 8 ) .  R e g u la t io n  o f M P F  a c t iv it y  in -vitro. Cell 5 3 , 
1 8 5 - 1 9 5 .

D r a e t t a , G .  a n d  B e a c h , D .  (1 9 8 8 ) .  A c t iv a t io n  o f  c d c 2  p r o t e in  k in a s e  d u r in g  m it o s is  in  h u m a n  

c e lls , c e ll c y c le - d e p e n d e n t  p h o s p h o r y la t io n  a n d  s u b u n it  r e a r r a n g e m e n t .  Cell 54, 1 7 - 2 6 .
D r a e t t a , G . ,  P i w n i c a - Wo r m s , H . ,  M o r r i s o n , D . ,  D r u k e r , B . ,  R o b e r t s , T .  a n d  B e a c h , D .

(1 9 8 8 ) .  H u m a n  c d c 2  p r o t e in  k in a s e  is  a  m a jo r  c e ll c y c le - r e g u la t e d  t y r o s in e  k in a s e  s u b s t r a t e . 

Nature, Land. 3 3 6 , 7 3 8 - 7 4 4 .
D r a e t t a , G . ,  L u c a , F . ,  W e s t e n d o r f , J . ,  B r i z u e l a , L . ,  R u d e r m a n , J .  a n d  B e a c h , D .  (1 9 8 9 ) . 

c d c 2  p r o t e in  k in a s e  is  c o m p le x e d  w it h  b o t h  c y c lin  A  a n d  B , e v id e n c e  fo r  p r o t e o ly t ic  in a c t iv a t io n  

o f  M P F .  Cell 5 6 ,  8 2 9 - 8 3 8 .
D u b é , F .  (1 9 8 8 ) .  E ffe c t  o f  r e d u c e d  p r o t e in  s y n t h e s is  o n  t h e  c e ll c y c le  in  s e a  u r c h in  e m b r y o s .  J. cell. 
Physiol. 1 3 7 , 5 4 5 - 5 5 2 .

D u n p h y , W .  G . ,  B r i z u e l a , L . ,  B e a c h , D .  a n d  N e w p o r t , J .  (1 9 8 8 ) .  The Xenopus cdc2+ p r o t e in  

is  a  c o m p o n e n t  o f M P F ,  a  c y t o p la s m ic  r e g u la t o r  o f m it o s is .  Cell 5 4 ,  4 2 3 - 4 3 1 .
D u n p h y , W .  G .  a n d  N e w p o r t , J .  W .  (1 9 8 9 ) .  F is s io n  y e a s t  p l3  b lo c k s  m it o t ic  a c t iv a t io n  a n d



Cyclins and cell divis ion 95

t y r o s in e  d e p h o s p h o r y la t io n  o f t h e  Xenopus cdc2 p r o t e in  k in a s e .  Cell 5 8 ,  1 8 1 - 1 9 1 .
D w o r k i n , M .  B . ,  S h r u t k o w s k i , A .  a n d  D w o r k i n - Ra s t l , E .  (1 9 8 5 ) .  M o b il iz a t io n  o f s p e c ific  

m a t e r n a l m R N A  s p e c ie s  in t o  p o ly s o m e s  a ft e r  f e r t iliz a t io n  in  Xenopus laevis. Proc. natn. Acad. 
Sci. U.S.A. 8 2 ,  7 6 3 6 - 7 6 4 0 .

E v a n s , T . ,  R o s e n t h a l , E . ,  Y o u n g b l o m , J . ,  D i s t e l , D .  a n d  H u n t , T .  (1 9 8 3 ) .  C y c l in ,  a  p r o t e in  

s p e c ifie d  b y  m a t e r n a l m R N A  t h a t  is  d e s t r o y e d  a t  e a c h  c le a v a g e  d iv is io n .  Cell 3 3 , 3 8 9 - 3 9 6 .
For d, C .  C .  (1985). M a t u r a t io n  p r o m o t in g  fa c t o r  a n d  c e ll c y c le  r e g u la t io n .  J. Embryol. exp. 
Morph. 8 9  S u p p .  p p .  271-284.

G a u t i e r , J . ,  M a t s u k a w a , T . ,  N u r s e , P .  a n d  M a l l e r , J .  (1 9 8 9 ) .  D e p h o s p h o r y la t io n  a n d  

a c t iv a t io n  o f Xenopus p 3 4 cdc2 p r o t e in  k in a s e  d u r in g  t h e  c e ll c y c le . Nature, Lond. 3 3 9 , 6 2 6 - 6 2 9 .
G a u t i e r , J . ,  N o r b u r y , C . ,  L o h k a , M . ,  N u r s e , P . a n d  M a l l e r , J .  (1 9 8 8 ) .  P u r if ie d  m a t u r a t io n -  

p r o m o t in g  fa c t o r  c o n t a in s  t h e  p r o d u c t  o f a  Xenopus h o m o lo g  o f t h e  f is s io n  y e a s t  c e ll c y c le  c o n t r o l 

g e n e  cdc2+. Cell 5 4 ,  4 3 3 - 4 3 9 .
G e r h a r t , J .  C . ,  W u ,  M .  a n d  K i r s c h n e r , M .  (1 9 8 4 ) .  C e ll c y c le  d y n a m ic s  o f  a n  M- pha s e - s p e c ific  

c y t o p la s m ic  f a c t o r  in  Xenopus laevis o o c y t e s  a n d  e gg s . jf. Cell Biol. 9 8 ,  1 2 4 7 - 1 2 5 5 .
G o e b l , M .  a n d  B y e r s , B .  (1 9 8 8 ) .  C y c l in  in  f is s io n  y e a s t . Cell 5 4 , 7 3 9 - 7 4 0 .
H a d w i g e r , J .  A . ,  W i t t e n b e r g , C . ,  R i c h a r d s o n , H .  E . ,  d e  B a r r o s  L o p e s , M .  a n d  R e e d , S .  I .

(1 9 8 9 ).  A  n o v e l f a m ily  o f c y c lin  h o m o lo g s  t h a t  c o n t r o l G 1  in  y e a s t . Proc. natn. Acad. Sci. U.S.A. 
8 6 , 6 2 5 5 - 6 2 5 9 .

H a g a n , I . ,  H a y l e s , J .  a n d  N u r s e , P .  (1 9 8 8 ).  C lo n in g  a n d  s e q u e n c in g  o f t h e  c y c lin - r e la t e d  

cdcl3+ g e n e  a n d  a  c y t o lo g ic a l s t u d y  o f it s  r o le  in  f is s io n  y e a s t  m it o s is .  J. Cell Sci. 9 1 ,  5 8 7 - 5 9 5 .
Hul t in, T .  (1961). T h e  e ffe c t  o f  p u r o m y c in  o n  p r o t e in  m e t a b o lis m  a n d  c e ll d iv is io n  in  fe r t iliz e d  

s e a  u r c h in  e g g s . Experientia 17, 410-411.
H u t c h i s o n ,  C .  J . ,  C o x ,  R . ,  D r e p a u l ,  R .  S . ,  G o m p e r t s ,  M .  a n d  F o r d ,  C .  C .  ( 1 9 8 7 ) .  P e r io d ic  

D N A  s y n t h e s is  in  c e ll- fr e e  e x t r a c t s  o f Xenopus e g g s . EMBO J. 6 , 2 0 0 3 - 2 0 1 0 .
H u t c h i s o n , C .  J . ,  B r i l l , D . ,  C o x ,  R . ,  G i l b e r t , J . ,  K i l l , I .  a n d  F o r d , C .  C .  (1 9 8 9 ).  D N A  

r e p lic a t io n  a n d  c e ll c y c le  c o n t r o l in  Xenopus e g g  e x t r a c t s . J. Cell Sci. Suppl. 12, 1 9 7 - 2 1 2 .
K i l l i a n , C .  E . ,  B l a n d , C .  E . ,  K u z a v a , J .  M .  a n d  N i s h i o k a , D .  (1 9 8 5 ) .  E ffe c t s  o f  a p h id ic o lin  o n  

p r e m a t u r e  c o n d e n s a t io n  o f s p e r m  c h r o m o s o m e s  in  fe r t iliz e d  s e a  u r c h in  e g g s . Expl Cell Res 1 5 8 , 
5 1 9 - 5 2 4 .

K u r i y a m a , R . ,  B o r i s y , G .  G .  a n d  M a s u i , Y .  (1 9 8 6 ) .  M ic r o t u b u le  c y c le s  in  o o c y t e s  o f  t h e  s u r f  

c la m ,  Spisula solidissima, a n  im m u n o f lu o r e s c e n c e  s t u d y .  Devi Biol. 1 1 4 , 1 5 1 - 6 0 .
L a b b é , J .  C . ,  L e e , M .  G . ,  N u r s e , P . ,  P i c a r d , A .  a n d  D o r é e , M .  (1 9 8 8 a ) .  A c t iv a t io n  a t  M - p h a s e  

o f  a  p r o t e in  k in a s e  e n c o d e d  b y  a  s t a r fis h  h o m o lo g u e  o f t h e  c e ll c y c le  c o n t r o l g e n e  cdc2+. Nature, 
Lond. 3 3 5 , 2 5 1 - 2 5 4 .

L a b b é , J .  C . ,  P i c a r d , A . ,  K a r s e n t i , E .  a n d  D o r é e , M .  (1 9 8 8 6 ) .  A n  M- p h a s e - s p e c ific  p r o t e in  

k in a s e  o f Xenopus o o c y t e s , p a r t ia l p u r if ic a t io n  a n d  p o s s ib le  m e c h a n is m  o f it s  p e r io d ic  a c t iv a t io n .  

Devi Biol. 1 2 7 , 1 5 7 - 1 6 9 .
L a b b é , J .  C . ,  P i c a r d , A . ,  P e a u c e l l i e r , G . ,  C a v a d o r e , J .  C . ,  N u r s e , P .  a n d  D o r é e , M .  

(1 9 8 9 a ) .  P u r if ic a t io n  o f M P F  f r o m  s t a r fis h :  id e n t if ic a t io n  a s  t h e  H I  h is t o n e  k in a s e  p 3 4 cdc2 a n d  a 

p o s s ib le  m e c h a n is m  fo r  it s  p e r io d ic  a c t iv a t io n .  Cell 5 7 ,  2 5 3 - 2 6 3 .
L a b b é , J .  C . ,  C a p o n y , J . - P . ,  C a p u t , D . ,  C a v a d o r e , J . - C . ,  D e r a n c o u r t , J . ,  K a g h d a d , M . ,  

L e l l a s , J . - M . ,  P i c a r d , A .  a n d  D o r é e , M .  (1 9 8 9 6 ) .  M P F  f r o m  s t a r fis h  o o c y t e s  a t  fir s t  m e io t ic  

m e t a p h a s e  is  a  h e t e r o d im e r  c o n t a in in g  o n e  m o le c u le  o f c d c 2  a n d  o n e  m o le c u le  o f  c y c lin  B .  

EMBOjf. 8 ,  3 0 5 3 - 3 0 5 8 .
L e h n e r , C .  a n d  O ’F a r r e l l , P .  (1 9 8 9 ).  E x p r e s s io n  a n d  f u n c t io n  o f Drosophila c y c lin  A  d u r in g  

e m b r y o n ic  c e ll c y c le  p r o g r e s s io n .  Cell 5 6 ,  9 5 7 - 9 6 8 .
Lohka , M. J . ,  Hayes, M. K. and Mal l er , J .  L. (1988). Purification of maturation-promoting 
factor, an intracellular regulator of early mitotic events. Proc. natn. Acad. Sci. U.S.A. 8 5 , 

3009-3013.
L o h k a , M .  J .  a n d  M a l l e r , J .  L .  (1 9 8 5 ).  In d u c t io n  o f n u c le a r  e n v e lo p e  b r e a k d o w n ,  c h r o m o s o m e  

c o n d e n s a t io n ,  a n d  s p in d le  f o r m a t io n  in  c e ll- fr e e  e x t r a c t s . J. Cell Biol. 1 0 1 , 5 1 8 - 5 2 3 .
L o h k a , M .  J .  a n d  M a s u i , Y .  (1 9 8 3 ) .  F o r m a t io n  in vitro o f  s p e r m  p r o n u c le i a n d  m it o t ic  

c h r o m o s o m e s  in d u c e d  b y  a m p h ib ia n  o o p la s m ic  c o n t e n t s .  Science 2 2 0 , 7 1 9 - 7 2 1 .



96 y . Minshull et al.

M a l l e r , J .  L .  (1 9 8 5 ).  E g g  m a t u r a t io n  in  a m p h ib ia n s .  I n  Developmental biology: a comprehensive 
synthesis, V o l I ,  Oogenesis (e d .  L .  W .  B r o w d e r ) ,  p p .  2 8 9 - 3 1 1 . N e w  Yo r k :  P le n u m  P r e s s .

M a l l e r , J .  L .  a n d  K r e b s , E .  G .  (1 9 8 0 ) .  R e g u la t io n  o f  o o c y t e  m a t u r a t io n .  Curr. Top. cell Reguln 
16 , 2 7 1 - 3 1 1 .

Ma sui, Y. a n d  M a r k e r t ,  C .  L. (1971). C y t o p la s m ic  c o n t r o l o f n u c le a r  b e h a v io r  d u r in g  m e io t ic  

m a t u r a t io n  o f f r o g  o o c y t e s . J. exp. Zool. 1 7 7 , 129-146.
M e i j e r , L . ,  A r i o n , D . ,  G o l s t e y n , R . ,  P i n e s , J . ,  B r i z u e l a , L . ,  H u n t , T .  a n d  B e a c h , D .  (1 9 8 9 ).  

C y c l in  a n d  p 3 4 cdc2 a r e  a s s o c ia t e d  w it h  M - p h a s e  s p e c ific  h is t o n e  H I  k in a s e  in  fe r t iliz e d  s e a  u r c h in  

e g g s . EMBOJ. 8 ,  2 2 7 5 - 2 2 8 2 .
M e i j e r , L .  a n d  P o n d a v e n , P .  (1 9 8 8 ) .  C y c lic  a c t iv a t io n  o f  h is t o n e  H I  k in a s e  d u r in g  s e a  u r c h in  e gg  

m it o t ic  d iv is io n s .  Expl Cell Res. 1 7 4 , 1 1 6 - 1 2 9 .
M i n s h u l l , J . ,  B l o w , J .  J .  a n d  H u n t , T .  (1 9 8 9 ) .  T r a n s la t io n  o f  c y c lin  m R N A  is  n e c e s s a r y  fo r  

e x t r a c t s  o f  a c t iv a t e d  Xenopus e g g s  t o  e n t e r  m it o s is .  Cell 5 6 ,  9 4 7 - 9 5 6 .
M i n s h u l l , J .  a n d  H u n t , T .  (1 9 8 6 ) .  T h e  us e  o f  s in g le - s t r a n d e d  D N A  a n d  RN a s e  H  t o  p r o m o t e  

q u a n t it a t iv e  “ h y b r id  a r r e s t  o f  t r a n s la t io n ”  o f m R N A / D N A  h y b r id s  in  r e t ic u lo c y t e  c e ll- fr e e  

t r a n s la t io n s .  Nucl. Acids Res. 1 4 , 6 4 3 3 - 6 4 5 1 .
M o r l a , A .  O . ,  D r a e t t a , G . ,  B e a c h , D .  a n d  W a n g , J .  Y .  J .  (1 9 8 9 ) .  Re v e r s ib le  t y r o s in e  

p h o s p h o r y la t io n  o f c d c 2 :  d e p h o s p h o r y la t io n  a c c o m p a n ie s  a c t iv a t io n  d u r in g  e n t r y  in t o  m it o s is .  

Cell 5 8 , 1 9 3 - 2 0 3 .
M u r r a y , A .  W .  a n d  K i r s c h n e r , M .  (1 9 8 9 ) .  C y c l in  s y n t h e s is  d r iv e s  t h e  e a r ly  e m b r y o n ic  c e ll c y c le . 

Nature, Lond. 3 3 9 , 2 7 5 - 2 8 0 .
M u r r a y , A .  W . ,  S o l o m o n , M .  J .  a n d  K i r s c h n e r , M .  W .  (1 9 8 9 ) .  T h e  r o le  o f  c y c lin  s y n t h e s is  a n d  

d e g r a d a t io n  in  t h e  c o n t r o l o f M P F  a c t iv it y .  Nature, Lond. 3 3 9 , 2 8 0 - 2 8 6 .
N a s h , R . ,  T o k i w a , G . ,  A n a n d , S . ,  E r i c k s o n , K .  a n d  F u t c h e r , A .  B .  (1 9 8 8 ) .  T h e  WHI1+ g e n e  

o f Saccharomyces cerevisiae t e t h e r s  c e ll d iv is io n  t o  c e ll s ize  a n d  is  a  c y c lin  h o m o lo g .  EMBOJ. 7 , 
4 3 3 5 - 4 3 4 6 .

N e w p o r t , J .  a n d  S p a n n , T .  (1 9 8 7 ) .  D is a s e m b ly  o f  t h e  n u c le u s  in  m it o t ic  e x t r a c t s ,  m e m b r a n e  

v e s ic u la r iz a t io n ,  la m in  d is a s s e m b ly  a n d  c h r o m o s o m e  c o n d e n s a t io n  a r e  in d e p e n d e n t  p r o c e s s e s . 

Cell 4 8 , 2 1 9 - 2 3 0 .
N e w p o r t , J .  W .  a n d  K i r s c h n e r , M .  (1 9 8 4 ) .  R e g u la t io n  o f  t h e  c e ll c y c le  d u r in g  e a r ly  Xenopus 

d e v e lo p m e n t .  Cell 3 7 ,  7 3 1 - 7 4 2 .
P i c a r d , A . ,  P e a u c e l l i e r , G . ,  L e  B o u f f a n t , F . ,  L e  P e u c h , C .  a n d  D o r é e , M .  (1 9 8 5 ) .  R o le  o f  

p r o t e in  s y n t h e s is  a n d  p r o t e a s e s  in  p r o d u c t io n  a n d  in a c t iv a t io n  o f  m a t u r a t io n - p r o m o t in g  a c t iv it y  

d u r in g  m e io t ic  m a t u r a t io n  o f s t a r fis h  o o c y t e s . Devi Biol. 1 0 9 , 3 1 1 - 3 2 0 .
P i n e s , J .  a n d  H u n t , T .  (1 9 8 7 ) .  M o le c u la r  c lo n in g  a n d  c h a r a c t e r iz a t io n  o f t h e  m R N A  fo r  c y c lin  

f r o m  s e a  u r c h in  e g g s . EMBOJ. 6 , 2 9 8 7 - 2 9 9 5 .
P i n e s , J .  a n d  H u n t e r , T .  (1 9 8 9 ).  Is o la t io n  o f a  h u m a n  c y c lin  c D N A :  e v id e n c e  fo r  c y c lin  m R N A  

a n d  p r o t e in  r e g u la t io n  in  t h e  c e ll c y c le  a n d  fo r  in t e r a c t io n  w it h  p 3 4 cdc2. Cell 5 8 ,  8 3 3 - 8 4 6 .
R o s e n t h a l , E .  T . ,  H u n t , T .  a n d  R u d e r m a n , J .  (1 9 8 0 ).  S e le c t iv e  t r a n s la t io n  o f  m R N A  c o n t r o ls  

t h e  p a t t e r n  o f p r o t e in  s y n t h e s is  d u r in g  e a r ly  d e v e lo p m e n t  o f t h e  c la m ,  Spisula solidissima. Cell 
2 0 , 4 8 7 - 4 9 4 .

R o s e n t h a l , E .  T . ,  T a n s e y , T .  R .  a n d  R u d e r m a n , J .  (1 9 8 3 ).  S e q u e n c e - s p e c ific  a d é n y la t io n s  a n d  

d e a d e n y la t io n s  a c c o m p a n y  c h a n g e s  in  t h e  t r a n s la t io n  o f  m a t e r n a l m e s s e n g e r  R N A  a ft e r  

f e r t iliz a t io n  in  Spisula o o c y te s . J. molec. Biol. 1 6 6 , 3 0 9 - 3 2 7 .
S a g a t a , N . ,  O s k a r s s o n , M . ,  C o p e l a n d , T . ,  B r u m b a u g h , J .  a n d  V a n  d e  W o u d e , G .  F .  (1 9 8 8 ). 

F u n c t io n  o f  c-mos p r o t o - o n c o g e n e  p r o d u c t  in  m e io t ic  m a t u r a t io n  in Xenopus o o c y t e s . Nature, 
Lond. 3 3 5 , 5 1 9 - 5 2 5 .

S l u d e r , G .  a n d  L e w i s , K .  (1 9 8 7 ).  R e la t io n s h ip  b e tw e e n  n u c le a r  D N A  s y n t h e s is  a n d  c e n t r o s om e  

r e p r o d u c t io n  in  s e a  u r c h in  e gg s . J. exp. Zool. 2 4 4 ,  8 9 - 1 0 0 .
S m i t h , L .  D .  a n d  E c k e r , R .  E .  (1 9 7 1 ) .  T h e  in t e r a c t io n  o f s t e r o id s  w it h  Ranapipiens o o c y t e s  in  

t h e  in d u c t io n  o f  m a t u r a t io n .  Devi Biol. 2 5 ,  2 3 2 - 2 4 7 .
S o l o m o n , M . ,  B o o h e r , R . ,  K i r s c h n e r , M .  a n d  B e a c h , D .  (1 9 8 8 ).  C y c l in  in  f is s io n  y e a s t . Cell 

5 4 , 7 3 8 - 7 3 9 .

S t a n d a r t , N . ,  M i n s h u l l , J . ,  P i n e s , J .  a n d  H u n t , T .  (1 9 8 7 ) .  C y c l in  s y n t h e s is ,  m o d if ic a t io n  a n d  

d e s t r u c t io n  d u r in g  m e io t ic  m a t u r a t io n  o f  t h e  s t a r fis h  o o c y t e .  Devi Biol. 1 2 4 , 2 4 8 - 2 5 8 .
S t a n d a r t , N .  M . ,  B r a y , S .  J . ,  G e o r g e , E .  L . ,  H u n t , T .  a n d  R u d e r m a n , J .  V .  (1 9 8 5 ) .  T h e



Cyclins and cell divis ion 97

s m a ll s u b u n it  o f r ib o n u c le o t id e  r e d u c t a s e  is  e n c o d e d  b y  o n e  o f t h e  m o s t  a b u n d a n t  t r a n s la t io n a lly  

r e g u la t e d  m a t e r n a l R N A s  in  c la m  a n d  s e a  u r c h in  e gg s . J. Cell Biol. 1 0 0 , 1 9 6 8 - 1 9 7 6 .
S w e n s o n , K .  I . ,  F a r r e l l , K .  M .  a n d  R u d e r m a n , J .  V .  (1 9 8 6 ) .  T h e  c la m  e m b r y o  p r o t e in  c y c lin  

A  in d u c e s  e n t r y  in t o  M - p h a s e  a n d  t h e  r e s u m p t io n  o f  m e io s is  in  Xenopus o o c y t e s . Cell 4 7 , 
8 6 1 - 8 7 0 .

W a g e n a a r , E .  B .  (1 9 8 3 ) .  T h e  t im in g  o f s y n t h e s is  o f p r o t e in  r e q u ir e d  fo r  m it o s is  in  t h e  c e ll c y c le  o f 

t h e  s e a  u r c h in  e m b r y o .  Expl Cell. Res. 1 4 4 , 3 9 3 - 4 0 3 .
W e s t e n d o r f , J .  M . ,  S w e n s o n , K .  I .  a n d  R u d e r m a n , J .  V .  (1 9 8 9 ) .  T h e  r o le  o f c y c lin  B in  m e io s is  

l.J. Cell Biol. 1 0 8 , 1 4 3 1 - 1 4 4 4 .
W h i t f i e l d , W .  G .  F . ,  G o n z á l e z , C . ,  S á n c h e z - H e r r e r o  a n d  G l o v e r , D .  (1 9 8 9 ) T r a n s c r ip t s  o f 

o n e  o f t w o  Drosophila c y c lin  g e n e s  b e c o m e  lo c a liz e d  in  p o le  c e lls  d u r in g  e m b r y o g e n e s is .  Nature, 
Lond. 3 3 8 , 3 3 7 - 3 4 0 .

W i l s o n , E .  B .  (1 8 9 6 ) .  The Cell in Development and Inheritance. C h a p t e r  2 ,  p p .  4 5 - 8 7 . N e w  Yo r k :  

T h e  M a c m il la n  C o m p a n y .  (R e p r in t e d  1966  b y  J o h n s o n  R e p r in t  C o r p o r a t io n ,  N e w  Yo r k ) .

W i l t , F .  H . ,  S a k a i , H .  a n d  M a z i a , D .  (1 9 6 7 ) .  O ld  a n d  n e w  p r o t e in  in  t h e  fo r m a t io n  o f  t h e  

m it o t ic  a p p a r a t u s  in  c le a v in g  s e a  u r c h in  e g g s . J. molec. Biol. 2 7 ,  1 - 7 .




