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T h e c ell is t h e b asi c st r u ct u r al a n d f u n cti o n al u nit of all li vi n g o r g a nis ms, t h e

s m all est e ntit y t h at e x hi bits all t h e c h a r a ct e risti cs of lif e. C ells r e p r o d u c e b y

m e a ns of t h e c ell c y cl e, t h e s e ri es of e v e nts w hi c h l e a d t o t h e di visi o n of a c ell

i nt o t w o d a u g ht e rs. T his p r o c ess u n d e rli es g r o wt h a n d d e v el o p m e nt i n all 

li vi n g  o r g a nis ms,  a n d  is  c e nt r al  t o  t h ei r  h e r e dit y  a n d  e v ol uti o n.  U n d e r-

st a n di n g h o w t h e c ell c y cl e o p e r at es a n d is c o nt r oll e d is t h e r ef o r e a n i m p o r-

t a nt p r o bl e m i n bi ol o g y. It als o h as i m pli c ati o ns f o r m e di ci n e, p a rti c ul a rl y

c a n c e r w h e r e t h e c o nt r ols of c ell g r o wt h a n d di visi o n a r e d ef e cti v e. I n t his a c-

c o u nt I d es c ri b e t h e c o nt ri b uti o ns m y l a b o r at o r y h as m a d e t o u n d e rst a n di n g

c ell c y cl e c o nt r ol, f o c ussi n g o n t h e m aj o r r e g ul at o rs of t h e e u k a r y oti c c ell 

c y cl e, t h e c y cli n d e p e n d e nt ki n as es.

E V E N T S A N D C O N T R O L O F T H E C E L L C Y C L E

T h e m ost i m p o rt a nt e v e nts of t h e c ell c y cl e a r e t h os e c o n c e r n e d wit h r e pli c a-

ti o n  of  t h e  g e n o m e  a n d  s e g r e g ati o n  of  t h e  r e pli c at e d  g e n o m es  i nt o  t h e

d a u g ht e r c ells f o r m e d at di visi o n ( Mit c his o n 1 9 7 1 ). I n e u k a r y oti c c ells t h es e

e v e nts a r e s e p a r at e d i n ti m e; c h r o m os o m e r e pli c ati o n o c c u rs d u ri n g S- p h as e

e a rl y i n t h e c ell c y cl e, a n d s e g r e g ati o n of t h e r e pli c at e d c h r o m os o m es o c c u rs

d u ri n g M- p h as e o r mit osis at t h e e n d of t h e c ell c y cl e. T h e p h as e b ef o r e S-

p h as e is c all e d G 1 a n d t h e p h as e b ef o r e mit osis is c all e d G 2. T h e r e pli c ati o n

of t h e c h r o m os o m es is b as e d o n t h e d o u bl e h eli x st r u ct u r e of D N A w hi c h

u n wi n ds d u ri n g S- p h as e t o g e n e r at e t w o t e m pl at es us e d f o r t h e s y nt h esis of

t w o n e w c o m pl e m e nt a r y D N A st r a n ds. D u ri n g mit osis a bi p ol a r s pi n dl e is f o r-

m e d a n d t h e t w o d o u bl e h eli x D N A m ol e c ul es m a ki n g u p e a c h r e pli c at e d

c h r o m os o m e b e c o m e c o n d e ns e d a n d o ri e nt e d t o w a r ds o p p osit e p ol es of t h e

c ell. T h e D N A m ol e c ul es att a c h t o mi c r ot u b ul es e m a n ati n g f r o m t h e s pi n dl e

p ol es a n d m o v e a w a y f r o m e a c h ot h e r t o w a r d o p p osit e p ol es t o b e s e g r e g at e d

at c ell di visi o n. T h us t h e f o r m ati o n of t w o g e n o m es d u ri n g t h e c ell c y cl e o c-

c u rs at t h e m ol e c ul a r l e v el d u ri n g S- p h as e a n d at t h e c ell ul a r l e v el d u ri n g mi-

t osis. 

T o e ns u r e t h at e a c h n e wl y f o r m e d d a u g ht e r c ell r e c ei v es a c o m pl et e g e n o-

m e t h e o ns et a n d p r o g r essi o n of S- p h as e a n d mit osis a r e c o nt r oll e d s o t h at
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t h e y o c c u r i n t h e c o r r e ct s e q u e n c e o n c e e a c h c ell c y cl e, a r e c o r r e ct e d f o r e r-

r o rs i n t h ei r e x e c uti o n, a n d a r e c o- o r di n at e d wit h c ell ul a r g r o wt h. M y l a b o r a-

t o r y h as w o r k e d o n h o w t h es e c ell c y cl e c o nt r ols o p e r at e i n t h e si n gl e c ell e d

e u k a r y ot e  fissi o n  y e ast  o r  Sc hiz os acc h ar o myces  p o m be,  a n d  h as  als o  e xt e n d e d  

t h es e st u di es t o m et a z o a n c ells.

FI S SI O N Y E A S T A N D C E L L C Y C L E C O N T R O L

T h e fissi o n y e ast w as fi rst d e v el o p e d as a n e x p e ri m e nt al m o d el f o r st u d yi n g

t h e c ell c y cl e b y M u r d o c h Mit c his o n i n t h e 1 9 5 0s ( Mit c his o n 1 9 7 1 ). It is a c y-

li n d ri c all y  s h a p e d  c ell,  1 2 – 1 5  µ m  l e n gt h  a n d  3 – 4  µ m  di a m et e r,  t y pi c all y  

e u k a r y oti c a n d y et wit h a g e n o m e of l ess t h a n 5 0 0 0 g e n es ( W o o d, G willi a m et

al . 2 0 0 2 ). M u r d o c h us e d fissi o n y e ast t o st u d y h o w c ells g r o w d u ri n g t h e c ell

c y cl e, d e visi n g p r o c e d u r es f o r p h ysi ol o gi c al a n al ysis a n d t o s y n c h r o nis e c ells

s o t h e y p r o c e e d e d t o g et h e r t h r o u g h t h e c y cl e. A n ot h e r a p p r o a c h t o st u d yi n g

t h e c ell c y cl e i n y e asts w as t a k e n b y L e e H a rt w ell i n t h e e a rl y 1 9 7 0s, usi n g t h e

b u d di n g y e ast S acc h ar o myces cere visi ae ( H a rt w ell 1 9 7 4 ). H e is ol at e d t e m p e r at u-

r e s e nsiti v e c ell di visi o n c y cl e ( c d c ) m ut a nts w hi c h w e r e u n a bl e t o c o m pl et e

t h e c ell c y cl e w h e n i n c u b at e d at t h ei r r est ri cti v e t e m p e r at u r e. A si mil a r a p-

p r o a c h  w as  als o  p ossi bl e  i n  p ri n ci pl e  wit h  t h e  fissi o n  y e ast,  b e c a us e  U rs

L e u p ol d w o r ki n g i n B e r n, S wit z e rl a n d h a d est a blis h e d t h e t e c h ni q u es n e e d e d

f o r cl assi c al g e n eti c a n al ys es of t his o r g a nis m. T h us it w as st r ai g htf o r w a r d f o r

m e t o f oll o w L e e’s a p p r o a c h b y is ol ati n g c d c m ut a nts i n fissi o n y e ast w h e n I

j oi n e d M u r d o c h’s E di n b u r g h l a b o r at o r y i n 1 9 7 3, h a vi n g h a d a b ri ef p e ri o d of

p ost- d o ct o r al t r ai ni n g t o l e a r n g e n eti cs i n B e r n wit h U rs.

T h e fi rst m ut a nts c oll e ct e d w e r e m ai nl y d ef e cti v e i n t h e e v e nts of mit osis

a n d  c ell  di visi o n  a n d  s u bs e q u e nt  s c r e e ns  c a r ri e d  o ut  t o g et h e r  wit h  Ki m

N as m yt h i d e nti fi e d m o r e m ut a nts d ef e cti v e i n S- p h as e ( N u rs e, T h u ri a u x et al.

1 9 7 6 ). T h es e c d c m ut a nts i d e nti fi e d g e n es r e q ui r e d f o r t h e e v e nts of S- p h as e,

mit osis a n d c ell di visi o n, b ut it w as n ot p ossi bl e t o d et e r mi n e w hi c h, if a n y, of

t h es e g e n es w e r e i n v ol v e d i n c o nt r olli n g t h es e e v e nts. H o w e v e r, t h e c h a n c e

o bs e r v ati o n t h at m ut a nts c o ul d b e is ol at e d w hi c h di vi d e d at a r e d u c e d c ell 

si z e p r o vi d e d a n a p p r o a c h t o i d e ntif y s u c h c ell c y cl e c o nt r olli n g g e n es. T h e

r e as o n s u c h w e e m ut a nts ( w e e is t h e S c ottis h w o r d f o r s m all ) w e r e us ef ul is

b e c a us e p r o g r essi o n t h r o u g h t h e fissi o n y e ast c ell c y cl e is c o- o r di n at e d wit h

c ell g r o wt h s o t h at i n c o nst a nt g r o wt h c o n diti o ns di visi o n o c c u rs at a fi x e d

c ell si z e. M ut a nts alt e r e d i n g e n e f u n cti o ns w hi c h a r e r at e li miti n g f o r c ell 

c y cl e p r o g r essi o n r es ult i n m o r e r a pi d p r o g r essi o n t h r o u g h t h e c ell c y cl e, a n d

as a c o ns e q u e n c e c ells u n d e r g o di visi o n b ef o r e t h e n o r m al a m o u nt of g r o wt h

h as t a k e n pl a c e a n d di vi d e at a s m all si z e. All t h e i niti al w e e m ut a nts is ol at e d

w e r e f o u n d t o m a p t o a si n gl e g e n e wee 1 ( N u rs e 1 9 7 5 ). O n e of t h es e w as t e m-

p e r at u r e s e nsiti v e, b ei n g of al m ost n o r m al c ell si z e at a l o w t e m p e r at u r e a n d

w e e at a hi g h t e m p e r at u r e. S hift e x p e ri m e nts f r o m l o w t o hi g h t e m p e r at u r e

d e m o nst r at e d t h at t h e wee 1 g e n e a ct e d i n G 2 a n d c o nt r oll e d t h e c ell c y cl e 

ti mi n g of mit osis ( Fi g 1 ). E x p e ri m e nts wit h P et e r F a nt es a n al ysi n g t his a n d 

ot h e r m ut a nts a n d wil d t y p e c ells i n diff e r e nt g r o wt h c o n diti o ns ( F a nt es a n d
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N u rs e 1 9 7 7 ), ( F a nt es a n d N u rs e 1 9 7 8 ), r e v e al e d t h at t h e o ns et of b ot h S- p h a-

s e a n d mit osis w e r e c o- o r di n at e d wit h att ai n m e nt of a c riti c al c ell si z e.

Pi e r r e T h u ri a u x usi n g cl assi c al g e n eti c p r o c e d u r es s h o w e d t h at t h e wee 1

g e n e  p r o d u ct  a ct e d  as  a n  i n hi bit o r  of  mit oti c  o ns et  ( N u rs e  a n d  T h u ri a u x

1 9 8 0 ). T h e g e n eti c p r o c e d u r es i n cl u d e d s u p p r essi o n of t h e w e e p h e n ot y p e

b y n o ns e ns e s u p p r ess o rs a n d t h e a n al ysis of d o mi n a nt a n d r e c essi v e m ut a nts,

a n d l e d t o t h e c o n cl usi o n t h at t h e w e e m ut a nt p h e n ot y p e w as ass o ci at e d wit h

l oss of t h e wee 1 g e n e f u n cti o n. As w ell as t h e l a r g e n u m b e rs of wee 1 m ut a nts

t h e r e w as o n e d o mi n a nt m ut a nt w hi c h m a p p e d t o a s e c o n d g e n e c all e d wee 2

w hi c h w as s h o w n b y fi n e st r u ct u r e m a p pi n g t o b e i d e nti c al wit h t h e g e n e c dc 2.

T h e c dc 2 g e n e f u n cti o n h a d p r e vi o usl y b e e n s h o w n t o b e r e q ui r e d f o r mit osis

( N u rs e, T h u ri a u x et al. 1 9 7 6 ), a n d s o t h es e n e w e x p e ri m e nts est a blis h e d t h at

c dc 2 c o ul d b e m ut at e d i n o n e of t w o w a ys: ( 1 ) t o a l oss of f u n cti o n bl o c ki n g

mit osis, a n d ( 2 ) t o a g ai n of f u n cti o n a d v a n ci n g mit osis at a s m all c ell si z e. W e

c o n cl u d e d t h at t h e c dc 2 g e n e p r o d u ct f u n cti o n e d as a n a cti v at o r of mit oti c

o ns et a n d p r o p os e d t h at wee 1 a n d c dc 2 a ct e d t o g et h e r i n a r e g ul at o r y n et w o r k

c o nt r olli n g t h e o ns et of mit osis.

N e xt it w as s h o w n t h at c dc 2 h a d a r ol e c o nt r olli n g t h e o ns et of S- p h as e. T his

c a m e a b o ut as a c o ns e q u e n c e of a s u r v e y of c d c m ut a nts t o l o o k f o r t h os e 
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Fi g u r e 1. W e e M ut a nt s i n Fi s si o n Y e a st

T h e p h ot o mi c r o g r a p h s h o ws fissi o n y e ast c ells di vi di n g at wil d t y p e si z e ( A ) a n d at a s m all si z e as
i n a w e e m ut a nt ( B ). T h e g r a p h s h o ws a t e m p e r at u r e s e nsiti v e w e e 1 m ut a nt a n d wil d t y p e c ells
s hift e d t o hi g h t e m p e r at u r e at ti m e 0. T h e fill e d t ri a n gl es f oll o w t h e p e r c e nt a g e of w e e 1 m ut a nt
c ells u n d e r g oi n g di visi o n a n d t h e fill e d ci r cl es t h ei r c ell si z e at di visi o n. P et e r F a nt es w as a n
E di n b u r g h c oll e a g u e w h o h el p e d w o r k o ut t h e r el ati o ns hi p b et w e e n c ell si z e a n d c ell c y cl e p r o-
g r essi o n i n fissi o n y e ast.



w hi c h bl o c k e d i n G 1 p h as e p ri o r t o c o m mit m e nt t o t h e c ell c y cl e. T h e a p-

p r o a c h f oll o w e d w as t h at of L e e H a rt w ell, w h o h a d r e as o n e d t h at b u d di n g

y e ast m ut a nts bl o c k e d e a rl y i n t h e c ell c y cl e p ri o r t o c o m mit m e nt w o ul d still

b e a bl e t o c o nj u g at e if c h all e n g e d t o d o s o. C d c 2 ts m ut a nts w e r e us e d as n e-

g ati v e c o nt r ols f o r t h e fissi o n y e ast e x p e ri m e nts b e c a us e t h e y bl o c k e d i n G 2

a n d t h e r ef o r e it w as ass u m e d t h at t h e y w o ul d b e c o m mitt e d t o t h e c ell c y cl e.

A l o w b ut si g ni fi c a nt p e r c e nt a g e of t h es e c d c 2 ts m ut a nt c ells di d c o nj u g at e, a

r es ult i niti all y t h o u g ht t o b e d u e t o s o m e m ut a nt c ells l e a ki n g p ast t h e bl o c k

p oi nt. H o w e v e r, a si g ni fi c a nt p e r c e nt a g e of c o nj u g ati o n c o nti n u e d t o b e o b-

s e r v e d wit h t h e c d c 2ts m ut a nt a n d s o t h e alt e r n ati v e b ut u nli k el y e x pl a n ati o n

t h at s o m e c ells w e r e bl o c ki n g i n G 1 p ri o r t o S- p h as e w as t est e d. S u r p risi n gl y

t h es e t ests est a blis h e d t h at c dc 2 w as u n us u al i n b ei n g r e q ui r e d t wi c e d u ri n g

t h e c ell c y cl e, fi rst i n G 1 f o r o ns et of S- p h as e a n d t h e n a g ai n i n G 2 f o r o ns et

of mit osis ( N u rs e a n d Biss ett 1 9 8 1 ).

T h es e e x p e ri m e nts s h o w e d t h at c dc 2 h a d a c e nt r al r ol e c o nt r olli n g t h e fis-

si o n y e ast c ell c y cl e. I n G 1 it w as r e q ui r e d t o c o m mit t h e c ell t o o ns et of S- p h a-

s e, a n d i n G 2 it a ct e d as a m aj o r r at e li miti n g st e p d et e r mi ni n g t h e o ns et of

mit osis. T his w as u n e x p e ct e d b e c a us e t h e bi o c h e mi c al p r o c ess es of S- p h as e

a n d mit osis a r e v e r y diff e r e nt a n d y et a p p e a r e d t o b e c o nt r oll e d b y t h e s a m e

g e n e f u n cti o n. F r o m t his ti m e c dc 2 b e c a m e m y m aj o r t o pi c of st u d y.

M O L E C U L A R C H A R A C T E RI S A TI O N O F C E L L C Y C L E C O N T R O L

T h e a b o v e g e n eti c e x p e ri m e nts w e r e a bst r a ct i n t h ei r a p p r o a c h a n d h a d r e-

v e al e d n ot hi n g a b o ut t h e m ol e c ul a r r ol e of c dc 2 i n c ell c y cl e c o nt r ol. T his

c o ul d o nl y b e est a blis h e d b y cl o ni n g t h e c dc 2 g e n e b ut b ef o r e t h es e e x p e ri-

m e nts c o ul d b e c a r ri e d o ut a D N A t r a nsf o r m ati o n p r o c e d u r e n e e d e d t o b e

d e v el o p e d f o r fissi o n y e ast. T h es e p r o c e d u r es w o ul d e n a bl e g e n e li b r a ri es t o

b e i nt r o d u c e d i nt o c d c 2 ts c ells all o wi n g t h e c dc 2 g e n e t o b e cl o n e d b y r es c u e

o r  c o m pl e m e nt ati o n  of  t h e  t e m p e r at u r e  s e nsiti v e  m ut a nt  p h e n ot y p e.

D e v el o pi n g a t r a nsf o r m ati o n p r o c e d u r e a n d ot h e r m et h o ds f o r m ol e c ul a r g e-

n eti cs  b e c a m e  m y  fi rst  p ri o riti es  o n  s etti n g  u p  m y  o w n  l a b o r at o r y  at  t h e

U ni v e rsit y  of  S uss e x  n e a r  B ri g ht o n,  w h e r e  I  w o r k e d  i n  c oll a b o r ati o n  wit h

D a vi d B e a c h. T h e D N A t r a nsf o r m ati o n p r o c e d u r e d e v el o p e d w as b as e d o n

m et h o ds al r e a d y a v ail a bl e f o r b u d di n g y e ast usi n g b ot h A R S ( o ri gi ns of r e pli-

c ati o n )  el e m e nts  a n d  s el e ct a bl e  m a r k e rs  f r o m  t h at  o r g a nis m  ( B e a c h  a n d

N u rs e 1 9 8 1 ). G e n e r e pl a c e m e nt p r o c e d u r es w e r e d e v el o p e d, alt h o u g h t h e ef-

fi ci e n c y of h o m ol o g o us r e c o m bi n ati o n i n fissi o n y e ast is l ess t h a n i n b u d di n g

y e ast. T h e c dc 2 g e n e w as cl o n e d b y c o m pl e m e nt ati o n a n d t h e cl o n e d g e n e

w as  f o u n d  t o  f ull y  r es c u e  t h e  c d c 2 ts m ut a nt  d ef e cts  at  b ot h  t h e  G 1 / S  a n d

G 2 / M b o u n d a ri es ( B e a c h, D u r k a c z et al. 1 9 8 2 ).

T o c h e c k if a g e n e r el at e d t o c dc 2 w as als o p r es e nt i n b u d di n g y e ast w e

t r a nsf o r m e d a c d c 2ts m ut a nt wit h a b u d di n g y e ast li b r a r y a n d f o u n d a s e g-

m e nt of D N A t h at c o ul d r es c u e t h e c d c 2 ts m ut a nt. St e v e R e e d h a d cl o n e d

f o u r c d c g e n es f r o m b u d di n g y e ast a n d p r o vi d e d t h es e t o us p ri o r t o t h ei r

p u bli c ati o n s o w e w e r e a bl e t o c h e c k if t h e c d c 2 ts c o m pl e m e nti n g s e g m e nt of
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D N A w as o n e of t h es e g e n es. H y b ri dis ati o n w as f o u n d wit h t h e b u d di n g y e ast

C D C 2 8 g e n e, i n di c ati n g t h at t h e fissi o n y e ast c dc 2 g e n e a n d t h e b u d di n g y e ast

C D C 2 8 g e n e w e r e f u n cti o n all y e q ui v al e nt ( B e a c h, D u r k a c z et al. 1 9 8 2 ). T his

w as a n ot h e r u n e x p e ct e d r es ult b e c a us e C D C 2 8 w as t h o u g ht o nl y t o a ct at t h e

G 1 / S b o u n d a r y i n b u d di n g y e ast, alt h o u g h a c d c 2 8 ts m ut a nt h a d b e e n d e-

s c ri b e d w hi c h b e c a m e bl o c k e d at mit osis ( Pi g g ott, R ai et al. 1 9 8 2 ). W e p r o p o-

s e d t h at c dc 2 / C D C 2 8 a ct e d at b ot h t h e G 1 / S a n d G 2 / M t r a nsiti o ns i n b ot h

y e asts, b ut i n b u d di n g y e ast it h a d b e e n dif fi c ult t o d et e ct t h e G 2 / M bl o c k

p oi nt b e c a us e it o c c u r r e d v e r y e a rl y i n t h e c ell c y cl e j ust aft e r t h e G 1 / S bl o c k

p oi nt d u e t o t h e b u d di n g m o d e of c ell di visi o n ( N u rs e 1 9 8 5 ). T h e si mil a rit y

of t h e c o nt r ols b et w e e n t h e r at h e r dist a ntl y r el at e d y e asts als o e n c o u r a g e d us

t o s p e c ul at e t h at t h e r e mi g ht b e si mil a r c o nt r ols i n m a m m ali a n c ells ( B e a c h,

D u r k a c z et al. 1 9 8 2 ).

T h e  m o v e m e nt  of  m y  l a b o r at o r y  f r o m  S uss e x  t o  t h e  I m p e ri al  C a n c e r

R es e a r c h F u n d’s Li n c ol n’s I n n Fi el ds l a b o r at o ri es i n c e nt r al L o n d o n i n 1 9 8 4

p r o vi d e d t h e e n vi r o n m e nt a n d r es o u r c es f o r a p r o p e r m ol e c ul a r c h a r a ct e ri-

s ati o n of t h e c dc 2 g e n e f u n cti o n. T h e g e n e w as s h o w n t o e n c o d e a p r ot ei n 

ki n as e  b y  t w o  p ost- d o ct o r al  w o r k e rs  Vi est u rs  Si m a nis  a n d  S e r gi o  M o r e n o.

Vi est u rs d e v el o p e d a nti b o di es a g ai nst t h e C d c 2 p p r ot ei n a n d s h o w e d t h at i m-

m u n o p r e ci pit at es h a d p r ot ei n ki n as e a cti vit y a n d t h at t his a cti vit y w as t e m p e-

r at u r e s e nsiti v e i n vitr o i n e xt r a cts m a d e f r o m c d c 2ts m ut a nts ( Si m a nis a n d

N u rs e 1 9 8 6 ). T his r es ult c o n fi r m e d e a rli e r w o r k f r o m St e v e R e e d’s l a b o r at o r y

s h o wi n g t h at t h e b u d di n g y e ast C D C 2 8 g e n e e n c o d e d a p r ot ei n ki n as e ( R e e d,

H a d wi g e r et al. 1 9 8 5 ). S e r gi o o pti mis e d t h e p r ot ei n ki n as e ass a y a n d d e m o n-

st r at e d t h at a cti vit y v a ri e d c o nsi d e r a bl y d u ri n g t h e c ell c y cl e ( Fi g. 2 ), p e a ki n g

j ust at t h e o ns et of mit osis ( M o r e n o, H a yl es et al. 1 9 8 9 ).

T h e m ol e c ul a r b asis of t h e p e ri o di c r e g ul ati o n of t h e C d c 2 p p r ot ei n ki n a-

s e w as w o r k e d o n b y t w o f u rt h e r p ost- d o ct o r al w o r k e rs, P a ul R uss ell a n d K at h y

G o ul d. P a ul cl o n e d b ot h t h e wee 1 a n d c dc 2 5 g e n es b y c o m pl e m e nt ati o n, a n d

s h o w e d t h at t h e y a ct e d u pst r e a m of c dc 2. W e e 1 p h a d s e q u e n c e si mil a rit y wit h

p r ot ei n ki n as es, s u g g esti n g t h at it mi g ht p h os p h o r yl at e C d c 2 p di r e ctl y t o i n-

hi bit C d c 2 p p r ot ei n ki n as e a cti vit y ( R uss ell a n d N u rs e 1 9 8 7 ). T h e c dc 2 5 g e n e

w as s h o w n t o a ct i n a p ositi v e m a n n e r a nt a g o nisti c all y t o t h e W e e 1 p i n hi bit o r

( Fi g. 3 ), b ut t h e f ail u r e t o fi n d a n y s e q u e n c e si mil a riti es wit h p r e vi o usl y i d e n-

ti fi e d g e n es m e a nt t h at it c o ul d o nl y b e s p e c ul at e d t h at C d c 2 5 p w as n e c ess a r y

f o r a p r ot ei n p h os p h at as e a cti vit y t h at c o u nt e r e d t h e W e e 1 p p r ot ei n ki n as e

( R uss ell a n d N u rs e 1 9 8 6 ).

Aft e r  m y  l a b o r at o r y  m o v e d  t o  t h e  Bi o c h e mist r y  D e p a rt m e nt  at  O xf o r d

U ni v e rsit y  K at h y  G o ul d  c a r ri e d  o ut  a  bi o c h e mi c al  a n al ysis  of  C d c 2 p  p h os-

p h o r yl ati o n. A m aj o r p h os p h o r yl ati o n sit e i d e nti fi e d w as t y r osi n e 1 5, t h e fi rst

ti m e t y r osi n e p h os p h o r yl ati o n h a d b e e n d et e ct e d i n a mi c r o bi al e u k a r y ot e

( G o ul d a n d N u rs e 1 9 8 9 ). P h os p h o r yl ati o n of t his r esi d u e w as ass o ci at e d wit h

t h e G 2 p h as e of t h e c ell c y cl e w h e n C d c 2 p p r ot ei n ki n as e a cti vit y w as at a l o w

l e v el. Ty r osi n e 1 5 is l o c at e d n e a r t h e A T P bi n di n g sit e of t h e p r ot ei n ki n as e,

s u g g esti n g t h at p h os p h o r yl ati o n of t his r esi d u e mi g ht i n fl u e n c e c at al yti c a cti-

vit y. T h e p h ysi ol o gi c al r el e v a n c e of t his p h os p h o r yl ati o n w as c o n fi r m e d b y
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Fi g u r e 2. T h e C d c 2 p C D K A cti vit y T h r o u g h t h e C ell C y cl e

T h e g r a p h s h o ws C D K a cti vit y i n a s y n c h r o n o us c ult u r e of wil d-t y p e c ells. T h e o p e n ci r cl es a r e
t h e p e r c e nt a g e of di vi di n g c ells a n d t h e cl os e d ci r cl es t h e C d c 2 p p r ot ei n ki n as e a cti vit y p e a ki n g
at mit osis. S e r gi o M o r e n o w o r k e d i n l a b o r at o r y f o r o v e r si x y e a rs c o nt ri b uti n g m u c h t o C d c 2 p
a n d its r e g ul ati o n.

Fi g u r e 3. T h e G 2 / M R e g ul at o r y N et w o r k

W e e 1 p a cts as a n e g ati v e r e g ul at o r a n d C d c 2 5 p as a p ositi v e r e g ul at o r of t h e C d c 2 p p r ot ei n ki-
n as e at t h e G 2 / M t r a nsiti o n. T h e wee 1 a n d c dc 2 5 g e n es w e r e cl o n e d a n d t h ei r r e g ul at o r y r el a-
ti o ns hi ps  w e r e  d et e r mi n e d  b y  P a ul  R uss ell  w h e n  h e  w as  a  p ost- d o ct o r al  w o r k e r  wit h  m e  i n
B ri g ht o n a n d L o n d o n.



c o nst r u cti n g a n u n p h os p h o r yl at a bl e p h e n yl al a ni n e 1 5 m ut a nt w hi c h a d v a n-

c e d c ells p r e m at u r el y i nt o mit osis. C d c 2 5 p w as als o s h o w n t o b e r e q ui r e d t o

r e m o v e t h e p h os p h at e f r o m t h e t y r osi n e 1 5 r esi d u e i n C d c 2 p. T his w o r k s u g-

g est e d  t h at  t h e  C d c 2 p  p r ot ei n  ki n as e  a cti vit y  w as  r e g ul at e d  b y  t y r osi n e  1 5

p h os p h o r yl ati o n, a n d t h at t h e l e v el of p h os p h o r yl ati o n w as r e g ul at e d b y t h e

b al a n c e of a cti viti es b et w e e n t h e W e e 1 p p r ot ei n ki n as e mit oti c i n hi bit o r a n d

C d c 2 5 p mit oti c a cti v at o r.

O n e f u rt h e r g e n e i m p o rt a nt f o r c dc 2 r e g ul ati o n is c dc 1 3. T his w as cl o n e d b y

B o o h e r a n d B e a c h ( 1 9 8 8 ) a n d b y m y l a b o r at o r y ( H a g a n, H a yl es et al. 1 9 8 8 ),

a n d t h e p ut ati v e g e n e p r o d u ct w as s h o w n t o h a v e si g ni fi c a nt si mil a rit y wit h

c y cli ns. Ti m H u nt a n d J o n Pi n es h a d c h a r a ct e ris e d s e a u r c hi n c y cli n ( Pi n es

a n d H u nt 1 9 8 7 ), a n d Ti m h a d p r o p os e d c y cli n as a c ell c y cl e r e g ul at o r d u ri n g

e a rl y  e m b r y o ni c  cl e a v a g e.  C d c 1 3 p  c y cli n  v a ri e d  i n  l e v el  d u ri n g  t h e  fissi o n

y e ast  c ell  c y cl e,  a n d  w as  r e q ui r e d  f o r  C d c 2 p  p r ot ei n  ki n as e  a cti v ati o n

( M o r e n o, H a yl es et al. 1 9 8 9 ) est a blis hi n g t h at t h e C d c 1 3 p c y cli n is n e c ess a r y

f o r C d c 2 p t o b ri n g a b o ut t h e G 2 / M t r a nsiti o n.

U NI V E R S A L R O L E F O R C D C 2 P I N C E L L C Y C L E C O N T R O L

I n p a r all el wit h t h es e st u di es o n t h e m ol e c ul a r c h a r a ct e ris ati o n of C d c 2 p, m y

l a b o r at o r y w as als o att e m pti n g t o est a blis h if t h e r e w as a C d c 2 p i n m et a z o a n

c ells. T w o m aj o r a p p r o a c h es w e r e us e d, t h e fi rst b ei n g t h e cl o ni n g of t h e h u-

m a n c dc 2 g e n e  a c hi e v e d  b y  M el a ni e  L e e  ( L e e  a n d  N u rs e  1 9 8 7 ).  I niti all y

M el a ni e h a d t ri e d t o cl o n e a h u m a n h o m ol o g u e of c dc 2 o n t h e b asis of st r u c-

t u r al si mil a rit y. T h es e a p p r o a c h es i d e nti fi e d p r ot ei n ki n as es, b ut as t h e r e a r e

at l e ast 5 0 0 p r ot ei n ki n as es i n t h e h u m a n g e n o m e it w as dif fi c ult t o k n o w 

w h et h e r t h e cl o n e d g e n es w e r e c dc 2 c a n di d at es o r n ot. B e c a us e of t his dif-

fi c ult y  M el a ni e  t ri e d  a  diff e r e nt  a p p r o a c h  of  cl o ni n g  t h e  g e n e  b y  c o m pl e-

m e nt ati o n of a c d c 2 ts fissi o n y e ast m ut a nt usi n g a h u m a n c D N A li b r a r y f r o m

Hi r ot a O k a y a m a. C o m pl e m e nti n g cl o n es w e r e is ol at e d ( Fi g 4 ), a n d a t e ns e

p e ri o d of a m o nt h o r s o f oll o w e d w hilst alt e r n ati v e l ess i nt e r esti n g e x pl a n a-

ti o ns of t his r es ult w e r e eli mi n at e d. T h e dis c o v e r y of a h u m a n h o m ol o g u e of

c dc 2 h a d i m p o rt a nt i m pli c ati o ns a n d s o w e w e r e all w o r ri e d t h at o u r h o p es

w e r e b ei n g r ais e d o nl y t o b e d as h e d at t h e fi n al h u r dl e! M el a ni e c a r ef ull y

c o m pl et e d t h e n e c ess a r y c o nt r ols, s e q u e n c e d t h e h u m a n c D N A, a n d o n e e x-

citi n g m o r ni n g w e w e r e all h u d dl e d r o u n d t h e c o m p ut e r w h e n t h e s e q u e n c e

c o m p a ris o ns b et w e e n t h e h u m a n a n d y e ast p r ot ei ns i n di c at e d t h at t h e r e w as

a 6 3 % i d e ntit y b et w e e n t h e m. T h e h u m a n C D C 2 g e n e c o ul d f ull y s u bstit ut e

f o r t h e d ef e cti v e fissi o n y e ast c dc 2 g e n e, d es pit e t h e e v ol uti o n a r y di v e r g e n c es

of t h es e o r g a nis ms of b et w e e n 1 0 0 0 – 1 5 0 0 M y e a rs. T his r es ult st r o n gl y s u p-

p o rt e d t h e i d e a t h at c ell c y cl e c o nt r ol w as c o ns e r v e d i n y e ast a n d h u m a ns,

a n d t h e r ef o r e p r o b a bl y i n all ot h e r e u k a r y ot es. W e s p e c ul at e d t h at h u m a n

C D C 2 mi g ht a ct at t w o p oi nts i n t h e c ell c y cl e, at t h e G 1 r est ri cti o n p oi nt

k n o w n t o o p e r at e i n m a m m ali a n c ells, a n d at t h e G 2 / M t r a nsiti o n w h e r e it

a ct e d as m at u r ati o n p r o m oti n g f a ct o r ( M P F ) k n o w n t o c o nt r ol M- p h as e i n

m et a z o a n e g gs a n d o o c yt es.
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T h e s e c o n d a p p r o a c h di r e ctl y i n v ol v e d M P F its elf. Y os hi o M as ui w o r ki n g i n

T o r o nt o h a d i d e nti fi e d M P F as a f a ct o r w hi c h i n d u c e d f r o g e g g m at u r ati o n

w hi c h i n v ol v e d m ei oti c M- p h as e ( M as ui a n d M a r k e rt 1 9 7 1 ). Y os hi o als o d e-

v el o p e d c ell f r e e ass a ys t o m o nit o r M P F ( L o h k a a n d M as ui 1 9 8 3 ) w hi c h w e r e

f u rt h e r d e v el o p e d b y Ji m M all e r a n d F r e d L o k h a i n D e n v e r w h o p u ri fi e d M P F

f r o m t h e X e n o p us f r o g ( L o h k a, H a y es et al. 1 9 8 8 ). T h e p u ri fi e d p r e p a r ati o n

c o nt ai n e d t w o p r ot ei ns o n e of w hi c h w as 3 2 k D, a m ol e c ul a r m ass r at h e r si mi-

l a r t o C d c 2 p. W est e r n bl ot a n d i m m u n o p r e ci pit ati o n e x p e ri m e nts usi n g a nti-

b o di es a g ai nst a c o ns e r v e d C d c 2 p p e pti d e d e m o nst r at e d t h at t h e 3 2 k D c o m-

p o n e nt of M P F w as i n d e e d a h o m ol o g u e of C d c 2 p ( G a uti e r, N o r b u r y et al.

1 9 8 8 ). S u bs e q u e nt c oll a b o r ati v e w o r k wit h M a r c el D o r é e’s g r o u p i n M o nt-

p elli e r est a blis h e d t h at a p e ri o di c mit oti c ki n as e i n st a r fis h e m b r y os, als o c o n-

t ai n e d  a  C d c 2 p  h o m ol o g u e  ( L a b b e,  L e e et  al.  1 9 8 8 )  as  di d  st a r fis h  M P F

( L a b b e, C a p o n y et al. 1 9 8 9 ). M a r c el’s w o r k als o g r e atl y h el p e d o u r o w n bi o-

c h e mi c al i n v esti g ati o ns of C d c 2 p i n fissi o n y e ast. 

T h e li n k wit h M P F w as i m p o rt a nt b e c a us e it est a blis h e d t h at t h e bi o c h e mi-

c al m e c h a nis ms u n d e rl yi n g mit oti c o ns et w e r e t h e s a m e i n y e asts, st a r fis h a n d
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Fi g u r e 4. T h e Cl o ni n g o f H u m a n C D C 2

T h e p h ot o mi c r o g r a p h s h o ws c d c 2 ts m ut a nt c ells b ei n g c o m pl e m e nt e d b y t h e h u m a n C D C 2 g e n e.
T h e h u m a n g e n e is o n a pl as mi d a n d w h e n t his is l ost f r o m c ells t h e y a r e u n a bl e t o di vi d e a n d b e-
c o m e hi g hl y el o n g at e d. T his b ol d e x p e ri m e nt w as c a r ri e d o ut b y M el a ni e L e e at t h e I C R F ( n o w
C a n c e r R es e a r c h U K ) Li n c ol n’s I n n l a b o r at o ri es.



f r o gs. M P F h a d b e e n s h o w n t o ‘ bi o c h e mi c all y’ a d v a n c e st a r fis h a n d f r o g e g gs

i nt o m ei oti c M- p h as e w hilst C d c 2 p h a d b e e n s h o w n t o ‘ g e n eti c all y’ a d v a n c e

y e ast c ells i nt o mit oti c M- p h as e. E vi d e n c e f r o m t his a n d ot h e r w o r k e rs w as s uf-

fi ci e ntl y st r o n g t o p r o p os e t h at t h e r e w as a u ni v e rs al c o nt r ol m e c h a nis m r e-

g ul ati n g t h e o ns et of M- p h as e i n all e u k a r y ot es ( N u rs e 1 9 9 0 ). T his o p e r at es

t h r o u g h a G 2 / M C D K wit h a c at al yti c C D K s u b- u nit c o m pl e x e d wit h a c y cli n

s u b- u nit, r e g ul at e d b y a W e e 1 p p r ot ei n ki n as e p h os p h o r yl ati n g a t y r osi n e r e-

si d u e ( a n d s o m eti m es t h e a dj a c e nt t h r e o ni n e ) n e a r t h e c at al yti c sit e, a n d a

C d c 2 5 p p r ot ei n p h os p h at as e w hi c h r e m o v e d t h e p h os p h at es t o a cti v at e t h e

C D K. C D Ks w e r e als o f o u n d t o r e g ul at e t h e G 1 t o S- p h as e t r a nsiti o n i n m ulti-

c ell ul a r e u k a r y ot es, b ut a diff e r e nt C D K t o t h e o n e a cti n g at G 2 / M is us e d i n

t h es e o r g a nis ms. I n c o nt r ast fissi o n y e ast C D K c a n b ri n g a b o ut b ot h t h e G 1 / S

a n d t h e G 2 / M t r a nsiti o ns.

T h e u ni v e rs alit y of c ell c y cl e c o nt r ols i n e u k a r y ot es s h o ul d h a v e b e e n a nti-

ci p at e d gi v e n t h e hi g h c o ns e r v ati o n al r e a d y n ot e d f o r bi o c h e mi c al p at h w a ys

a n d f o r m a n y p r o c ess es of m ol e c ul a r bi ol o g y. P ossi bl y t h e r at h e r diff e r e nt a p-

p e a r a n c e  of  c ells  a n d  c ell  di visi o n  i n  mi c r o bi al  e u k a r y ot es,  pl a nts  a n d

M et a z o a  m a d e  u ni v e rs alit y  s e e m  l ess  li k el y  t h a n  t h es e  ot h e r  p r o c ess es.

H o w e v e r, S c h w a n n, o n e of t h e e a rl y p r o p o n e nts of t h e c ell t h e o r y h a d al r e a-

d y r e c o g nis e d t his p ossi bilit y i n 1 8 3 9 w h e n h e st at e d “ W e h a v e s e e n t h at …

c ells  a r e  f o r m e d  a n d  g r o w  i n  a c c o r d a n c e  wit h  ess e nti all y  t h e  s a m e  l a ws;  

h e n c e, t h at t h es e p r o c ess es m ust e v e r y w h e r e r es ult f r o m t h e o p e r ati o n of t h e

s a m e f o r c es ” ( Wils o n 1 9 2 5 ).

F U R T H E R R O L E S F O R C D Ks

I n m o r e r e c e nt y e a rs t w o f u rt h e r r ol es f o r C D Ks h a v e e m e r g e d. T h e e v e nts of

t h e c ell c y cl e us u all y o c c u r i n a fi x e d s e q u e n c e, a n d if a n e a rl y e v e nt s u c h as

S- p h as e is i n c o m pl et e t h e n a l at e r e v e nt s u c h as mit osis b e c o m es bl o c k e d. I n

p ri n ci pl e t h e r e a r e t w o g e n e r al t y p es of m e c h a nis m t h at c a n a c c o u nt f o r t h e-

s e d e p e n d e n ci es. T h e r e c o ul d b e a h a r d wi ri n g of t h e t w o e v e nts s u c h t h at t h e

l at e r  e v e nt  is  u n a bl e  t o  o c c u r  p h ysi c all y  o r  c h e mi c all y  wit h o ut  t h e  e a rli e r

e v e nt. T his is a n al o g o us t o a m et a b oli c p at h w a y, wit h t h e p r o d u ct f r o m t h e

fi rst  e n z y m e  a cti n g  as  t h e  s u bst r at e  f o r  t h e  s e c o n d.  Alt e r n ati v el y  t h e  t w o

e v e nts c o ul d b e li n k e d b y a r e g ul at o r y l o o p t h at i n hi bits t h e s e c o n d u ntil t h e

fi rst is c o m pl et e. L e e H a rt w ell d e v el o p e d t h e s e c o n d of t h es e t w o alt e r n ati v es

i nt o t h e i d e a of c h e c k p oi nts w h e r e b y t h e c ell m o nit o rs o r “ c h e c ks ” c ell c y cl e

p r o g r essi o n at c e rt ai n “ p oi nts ” i n t h e c ell c y cl e, a n d if e v e nts p ri o r t o t h at

p oi nt  a r e  i n c o m pl et e  t h e n  f u rt h e r  p r o g r essi o n  is  d el a y e d  ( H a rt w ell  a n d

W ei n e rt  1 9 8 9 ).  T h e  c h e c k p oi nt  i d e a  is  als o  e xt r e m el y  us ef ul  f o r  t hi n ki n g

a b o ut c ell c y cl e d el a ys i n r es p o ns e t o D N A d a m a g e, a n d h as h el p e d u n d e r-

st a n di n g of h o w g e n o m e st a bilit y is m ai nt ai n e d d u ri n g c ell r e p r o d u cti o n. 

Ta m a r E n o c h i n v esti g at e d t h e d e p e n d e n c y of mit osis u p o n c o m pl eti o n of

S- p h as e i n fissi o n y e ast. S h e s h o w e d t h at t his d e p e n d e n c y w as l ost i n c ells wit h

s p e ci fi c c dc 2 m ut ati o ns, o r i n m ut a nts wit h hi g h l e v els of t h e C D K a cti v at o r

C d c 2 5 p  ( E n o c h  a n d  N u rs e  1 9 9 0 ).  T h es e  m ut a nts  c o ul d  u n d e r g o  mit osis

3 1 6



w h e n D N A s y nt h esis w as i n hi bit e d wit h h y d r o x y u r e a, a n d s o w e c o n cl u d e d

t h at t h e c h e c k p oi nt c o nt r ol m o nit o ri n g t h e c o m pl eti o n of S- p h as e l e d t o i n-

hi biti o n of t h e G 2 / M C D K, p r e v e nti n g mit osis u ntil S- p h as e w as c o m pl et e.

T his est a blis h e d t h at C D Ks w e r e a p a rt of t h e c h e c k p oi nt c o nt r ol e ns u ri n g

t h at mit osis o nl y t a k es pl a c e w h e n t h e g e n o m e is f ull y r e pli c at e d.

A n ot h e r r ol e f o r C D Ks is t o e ns u r e t h at t h e r e is o nl y o n e S- p h as e i n e a c h

c ell  c y cl e.  W h e n  a  c ell  c o m pl et es  S- p h as e  a n d  e nt e rs  G 2,  a n ot h e r  S- p h as e  

d o es n ot t a k e pl a c e u ntil t h e mit osis of t h at c ell c y cl e is c o m pl et e. T o i n v esti-

g at e t his c o nt r ol, fissi o n y e ast m ut a nts w e r e s o u g ht w hi c h u n d e r w e nt m o r e

t h a n o n e r o u n d of S- p h as e e a c h c ell c y cl e g e n e r ati n g c ells of hi g h e r pl oi d y.

T h es e w e r e f o u n d t o b e alt e r e d i n t h e G 2 / M C D K C d c 2 p / C d c 1 3 p ( B r o e k,

B a rtl ett et al. 1 9 9 1 ), s u g g esti n g t h at t h e st at e of t his C D K is i m p o rt a nt f o r r e-

st r ai ni n g S- p h as e d u ri n g G 2. C o nsist e nt wit h t his, o v e r- e x p r essi o n of t h e C D K

i n hi bit o r R u ml p w as f o u n d t o i n hi bit t h e G 2 / M C D K, a n d als o t o b ri n g a b o ut

r e p e at e d r o u n ds of S- p h as e ( M o r e n o a n d N u rs e 1 9 9 4 ). Fi n all y J a c k y H a yl es

s h o w e d t h at d el eti n g t h e C d c 1 3 p G 2 / M c y cli n f r o m c ells r es ult e d i n r e p e at e d

r o u n ds of S- p h as e est a blis hi n g t h at t h e p r es e n c e of t h e G 2 / M C D K i n G 2

c ells i n hi bit e d S- p h as e ( Fi g 5 ). O nl y aft e r mit osis w h e n t his C D K w as d est r o y e d
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Fi g u r e 5. R e p e at e d S- p h a s e i n C ell s L a c ki n g G 2 / M C D K A cti vit y

T h e p h ot o mi c r o g r a p h s h o ws c ells l a c ki n g t h e G 2 / M c y cli n C d c 1 3 p. T h ei r n u cl ei a r e st ai n e d wit h
D A P 1 a n d a r e t h e l a r g e n u cl ei wit h hi g h D N A c o nt e nt. T h e n u cl ei a r e s m all e r i n wil d t y p e c ells.
T h e p r es e n c e of t h e G 2 / M C D K p r e v e nts a f u rt h e r r o u n d of S- p h as e d u ri n g G 2. J a c k y H a yl es h as
w o r k e d i n m y l a b o r at o r y f o r 2 0 y e a rs, a n d h as c o nt ri b ut e d m u c h t o m a n y of t h e diff e r e nt p r oj e cts
i m p o rt a nt f o r u n d e rst a n di n g h o w C D Ks r e g ul at e t h e c ell c y cl e i n fissi o n y e ast.



c o ul d  a n ot h e r  S- p h as e  t a k e  pl a c e  ( H a yl es,  Fis h e r  et  al.  1 9 9 4 ),  i m pli c ati n g

C D Ks i n t h e c o nt r ol m e c h a nis m m ai nt ai ni n g o n e S- p h as e p e r c ell c y cl e.

T h es e t w o r ol es f u rt h e r e m p h asis e t h e i m p o rt a n c e of C D Ks i n r e g ul ati n g

t h e o r d e rl y p r o g r essi o n t h r o u g h S- p h as e a n d mit osis d u ri n g t h e c ell c y cl e.

T h e o ns et of S- p h as e is t h o u g ht t o r e q ui r e t w o s e q u e nti al st e ps: t h e fi rst of

t h es e o nl y t a k e pl a c es if n o C D K a cti vit y is p r es e nt w hilst t h e s e c o n d r e q ui r es

t h e p r es e n c e of C D K a cti vit y ( W u a ri n a n d N u rs e 1 9 9 6 ). I n e a rl y G 1 t h e r e is

n o  C D K  a cti vit y  all o wi n g  p r o g r essi o n  t h r o u g h  st e p  o n e.  L at e r  i n  t h e  c ell  

c y cl e at t h e G 1 / S b o u n d a r y C D K a cti vit y a p p e a rs w hi c h all o ws p r o g r essi o n

t h r o u g h st e p t w o a n d b ri n gs a b o ut t h e i niti ati o n of S- p h as e. D u ri n g G 2 t h e

c o nti n u e d p r es e n c e of C D K a cti vit y p r e v e nts st e p o n e f r o m o c c u r ri n g a g ai n

a n d t his bl o c ks o ns et of a f u rt h e r S- p h as e. At t h e G 2 / M b o u n d a r y t h e r e is a

f u rt h e r i n c r e as e i n C D K a cti vit y w hi c h b ri n gs a b o ut mit osis. E xit f r o m mit osis

a n d  t h e  e n di n g  of  t h e  c ell  c y cl e  r e q ui r es  d est r u cti o n  of  C D K  a cti vit y,  a n d

b e c a us e t h e s u bs e q u e nt G 1 c ells l a c k C D K a cti vit y t h e y a r e a bl e t o c a r r y o ut

st e p o n e f o r S- p h as e a n d t h e w h ol e s e ri es of e v e nts c a n b e r e p e at e d ( St e r n

a n d N u rs e 1 9 9 6 ).

W h at li es i n t h e f ut u r e f o r C D Ks a n d c ell c y cl e c o nt r ol ( N u rs e 2 0 0 0 ) ? It r e-

m ai ns a n e m b a r r ass m e nt t h at s o f e w C D K s u bst r at es h a v e y et b e e n i d e nti fi e d.

U ntil t his sit u ati o n i m p r o v es u n d e rst a n di n g of t h e m ol e c ul a r m e c h a nis ms u n-

d e rl yi n g  t h e  o ns et  of  b ot h  S- p h as e  a n d  mit osis  will  r e m ai n  i n c o m pl et e.

S ol uti o n of t his p r o bl e m will n e e d t h e d e v el o p m e nt of n e w p r o c e d u r es t o

i d e ntif y i n vi v o s u bst r at es f o r p r ot ei n ki n as es. C D K r e g ul ati o n h as b e e n r el ati-

v el y w ell c h a r a ct e ris e d b ut n e e ds t o b e f u rt h e r r e fi n e d gi v e n t h e i m p o rt a n c e

of  ti g htl y  r e g ul at e d  ki n as e  a cti vit y  at  diff e r e nt  st a g es  of  t h e  c ell  c y cl e.

T h e o r eti c al  m o d elli n g  will  b e  r e q ui r e d  t o  u n d e rst a n d  h o w  t h e  t e m p o r al

c h a n g es of C D K a cti vit y a n d s p ati al l o c ati o n a r e r e g ul at e d t h r o u g h t h e c ell

c y cl e. R e g ul ati o n of C D Ks d u ri n g d e v el o p m e nt a n d t h e r ol e t his m a y pl a y i n

g e n e r ati n g tiss u e a n d o r g a n f o r m is a n ot h e r i nt e r esti n g p r o bl e m. T h e m ei o-

ti c c ell c y cl e is m o di fi e d f r o m t h e mit oti c c ell c y cl e s o S- p h as e is s u p p r ess e d

b et w e e n M- p h as e I a n d M- p h as e II, a n alt e r e d r e g ul ati o n li k el y t o b e d u e t o

diff e r e n c es i n C D K b e h a vi o u r b et w e e n t h e t w o t y p es of c ell c y cl es. S u c h dif-

f e r e n c es  m a y  als o  b e  r el e v a nt  f o r  t h e  s wit c h  t o  r e d u cti o n al  c h r o m os o m al  

s e g r e g ati o n d u ri n g m ei osis.

W o r ki n g o ut h o w C D Ks a ct as m aj o r r e g ul at o rs of t h e c ell c y cl e h as b e e n a n

e x citi n g e n d e a v o u r a n d I f e el f o rt u n at e t o h a v e b e e n at t h e ri g ht pl a c e a n d 

ti m e t o h a v e c o nt ri b ut e d t o t his e nt e r p ris e. As is cl e a r f r o m m y a c c o u nt t his

h as b e e n a c oll a b o r ati v e v e nt u r e i n v ol vi n g m a n y f ri e n ds a n d c oll e a g u es, s o m e

w o r ki n g i n m y l a b o r at o r y a n d ot h e rs w o r ki n g i n ot h e r c ell c y cl e l a b o r at o ri es

a r o u n d t h e w o rl d. Wit h o ut t h ei r eff o rts t h e w o r k d es c ri b e d h e r e w o ul d n ot

h a v e b e e n p ossi bl e. Fi n all y it is a r e al pl e as u r e t o a c k n o wl e d g e m y t w o c o-

a w a r d e es  L e e  H a rt w ell  a n d  Ti m  H u nt  a n d  m y  l o n g-t e r m  c oll e a g u e  J a c k y

H a yl es, a n d t o t h a n k t h e m f o r t h ei r c oll e gi alit y a n d i ns pi r ati o n f o r m o r e t h a n

t w o d e c a d es.
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