
Viewpoint: Putting the Cell Cycle in Order 
Kim Nasmyth 

"All things began in order, so shall they end ,  
and so shall the? be8n  again; according to the 
ordainer of order and mystical mathematics of 
the city of heaven." -Sir Thomas Browne, 
1658 

And so ~t 1s for the cell cycle. Most 
eukaryotic cells never re-duplicate their 
chromosomes before sister chromatids have 
been segregated at the previous mitosls, 
never embark on mitosls beicre DNA du- 
plication is completed, nor attempt to seg- 
regate sister chromatids until all palrs are 
aligned on the mitotic spindle at meta- 
phase. How cells ensure that cl~romosome 
duplication and segregation occur in the 
correct order and only when the previous 
events ha1.e been successf~~lly completed 
have been called the "alternation" and 
“completion" problems (1) .  A series of Ar- 
ticles in this Issue of Science describe major 
progress in understanding them. 

A bit of history. Early light microscopic 
studies recognized that cell division was 
preceded by mitosis ( M  phase), during 
which cells condensed their chromosomes, 
aligned them on a microtubular spindle, 
and segregated sister chromatids to opposite 
poles of the cell. Little could be seen during 
the interval between succeeding mitoses 
(known as interphase) except that cells 
grew in volume. Interphase remained a 
black box until the discovery that DNA 
carries the inforlnatlon stored in chromo- 
somes. Chromosome duplication u7as then 
detecteil and shown to occur durino a nar- 
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row window of tlme during interphase (2 ) .  
This snllt internhase into three intervals: 
G I ,  the gap between lnitosls and the onset 
of DNA replication; S phase, the period of 
DNA synthesis; and GZ,  the gap between S 
and M phases. 

G I ,  S, G,, and M gradually came to be 
thought of as major cell cycle states, and 
[dentitying the factors that trigger the tran- 
sitions between these states became one of 
the major goals of cell cycle research. Their 
first sighting came from experiments in 
~vhich cells at different stapes of the cell 
c\cle were tused (3) .  T h ~ s  was ln~tiallj  done 
\\ ~ t h  unicellular nrotozoa \\hose large cells 
were easily manipulated and with the huge 
syncitial cells of Physarum polycephalum. 
The results indicated that late G, or M 
phase cells contained an M phase-promot- 
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ing factor (MPF) capable of accelerating 
the onset of mitosis In early G, cells. These 
particular experimental organisms have 
very short G I  and S perlods and it was 
therefore not possible to investigate other 
cell cycle transitions. The subsequent dis- 
covery that S phase cells might contain an 
S phase-promoting factor (SPF) capable of 
accelerating S phase in G ,  nuclei had to 
a\vait techniques to fuse tissue culture cells 
(4). These cell f ~ ~ s i o n  studies suggested that 
MPF could induce chromosome condensa- 
tion in nuclei at all stages of the cell cycle 
but that SPF could only induce G1, not G,, 
nuclei to enter S phase. Unfortunately, n o  
assay to purity SPF or MPF emerged from 
this field of inquiry. 

The discoverv of an activity in meiotic 
frog eggscapable of inducing 'M phase in 
immature G, oocytes ( 5 )  led to a robust 
assay tor factors capable of inducing nuclear 
disassembly and chromosome condensation, 
and an MPF was eventually purltied (6) .  
Genes for S phase- and M phase-promot- 
ing proteins had meanxhile been identified 
by genetic studies in yeast (7, 8) and shown 
to encode a special class of protein kinases. 
The symbiosis bet\veen yeast genetics, trog 
biochemistry, and mammalian tlssue culture 
led rapidly to the current notion that DNA 
replication and mitosis are induced by the 
activation of S phase- and M phase-spe- 
cific cyclin-dependent protein kinases 
(CDKs). The MPF purified from frog eggs 
was an M-phase CDK. The catalytic sub- 
units of these kinases are onlv active when 
complexed u~i th  unstable regulatory sub- 
units \\hose fluctuations in abundance dur- 
ing the cell cycle led to their being called 
crclins (9).  In animal cells, S phase is in- 
duced by CDK2 colnplexed wit11 S-phase 
cyclins (E  or A types) and M phase by 
CDKl colnplexed with M-phase cyclins ( A  
and B types), \vhereas in both buddlng and 
fission yeast, S and M phases are induced by 
CDKl associated with S phase- and M 
phase-specific B-type cyclins. Both yeast 
and mammalian cells also have G I  -specific 
CDKs that promote synthesis of proteins 
needed fix chromosome duplication and 
trigger activation of S-phase CDKs (see Ar- 
tlcles by R. W .  King et al., p. 1652; C. J.  
Slherr, p. 1672; and B. Stillman, p. 1659). 

Successive waves of S- and M-promoting 
CDKs occur in most eukaryotic cells and 
they clearly go some \vay to~vard explaining 
"alternation." Furthermore, we now under- 
stand Inany of the regulatory mechanisms 

that cause S-phase CDKs to accumulate in 
late G I  - and M-phase CDKs to do so in late 
G,. The regulation of CDKs during devel- 
opment has also been explored. These stud- 
ies, particularly on Drosophrla, have ad- 
vanced our understanding of the control of 
proliteratlon during early development and 
pattern formation (see Article by B. A. 
Edgar and C.  F. Lehner, p. 1646). CDKs are 
not, hou~ever, the only conserved factors 
whose changes in activity promote S and M 
phase. Actil~ation in late G ,  of the Cdc i  
protein kinase, which depends on a regula- 
tory subunit Dbf4 (and which might there- 
fore be called a Dbf4-dependent kinase or 
DDK), is also necessary for the initiation of 
DNA replication (see B. Stillman, p. 1659), 
whereas act~vation of the Polo/Cdcj kinase 
in late G, is essential for mitosis (10). 

Checkpoints: new concept or shibbo- 
leth? Crucial insight into the completion 
problem can be traced to studies on bacte- 
ria. In Escherichia coli, DNA damage or in- 
hibition of DNA replication generates a 
signal that activates the RecA nrotein to u 

proteolyse the LexA repressor. This allows 
induction of a large battery of SOS genes, 
some o i  which part~cipate in DNA repair 
whereas others block cell division 11  1 ). The 
key point is that cell cycle arrest caused by 
damage or incompletion of earlier cell cycle 
events can he caused not by damage o r  
incompletion per se, but instead by specific 
surveillance mechanisms that detect mis- 
takes and induce inhibitors of key cell cycle 
transitions. Similar phenomena were also 
found in mammalian cells, u~hose cell cycle 
arrest in response to DNA damage depends 
on the ATM gene (1 2 ) ,  and in fission yeast, 
whose delay of lnltosls until cells reach a 
critical cell'size depends on the Wee1 pro- 
tein kinase (1 3) .  

The significance of this way of thinking 
was not f~ully appreciated until the discovery 
that a slmilar set of surveillance mecha- 
nisms in the budding yeast Saccharomyces 
ceret~isiae are responsible for the arrest of 
many DNA replication mutants and irradi- 
ated cells in a G,-like state (14) and for 
delays in the onset of anaphase in colls 
\vhose chromosomes have not properly 
aligned on mitotic spindles (15, 16). The 
iliscovery that human tumor suppressing 
genes, such as p53 or ATM, are required tor 
blocking entry into S phase when DNA is 
damaged or for blocking re-replication 
when mitotlc sp~ndles are damaged suggests 
that defective cell cycle surveillance mech- 
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anisms also col-irrll?l~te to the l ~ i ~ l ~ l v  ahnor- hi~1c1-i recent attention has t h e r e f ~ r e  1-ee1-i 
ma1 1~aryi)type. of I-ium,~n tunlor cella (see 
Article 117- S. Elleiige, 11. 1664).  There ha\ 
11eel-i rapiLi progress in iiientifyi~lg compo- 
nents ot these 1 -a r io~~s  ~rvei l la l - ice  mecha- 
mrms 1-ut there are few ins t ance  I\-hsre \\-e 
~ ~ n d e r s t a n d  ho\\- the\- inhibit kc\- cell cycle 
transitions. 

T h e  s~lrveillance mechanialns that check 
c o m p l f i ~ o n  h,i\-e hee1-i likened to r o d  
l~locks vhe re  travelers are S C ~ I I ~ L I I L I ~ ~ ~  anii 
t h u  are otte1-i called checkpolnty (1 7 ) .  This 
term is \viilely used but there is muc1-i con- 
t ~ ~ z l o n  as to \\-hat exactlv it me,il-is. Check- 
poil-its are current1)- tl-ie shibholetl-i o t  the 
cell cycle. T h e  c o ~ ~ f ~ ~ s i o n  stems partly tro11-i 
the  inl-ierel-it a m b i c ~ ~ i t \ -  of the \vk~rii to 
check. Does it refer to hlockinu the cycle i,r 
mc-initiirinu conltlletioni It also arises he- 
cause \\-e are alread\- useJ to the 1-iut1o1-i of 
point> in the  cell c\-cle. Chec1qx)ints ha\-e 
been tl-iiought o t  as pi)ints in the cell cycle at  
\vhich processes bein: monitoreLi are com- 
pleted (18 )  or as p u n t s  in the cell cycle at  
~ v l - i ~ c l ~  tra~-isit~o~-is are blocked (1 ). F~~rtl-ier- 
more, though cl-ieckpoil-its started life as csll 
cycle sur\.eill,~nce mecha~-iisms, they were 
later re-defineLi a> any control t h ~ t  ensures 
the order of cell ci-cle e i - e n t  ( 1 7 ) .  This 
\v i )~ l l~ i  include the tunctions a t  most cell 
cycle r ee~~ la to r \ -  proteins, includini. CLJKs. 
renlicatlon in~t la t ion factors, and factors 
that proll-iote ana~~l-iase, \v111ch lecii,es us 
\\-it11 not  \.er\- muc1-i to check. Besides, those 
\vho actuall\- s t l~dy the col-itrols that el-i>l~re 
the  "alternation" of 5 anLi h l  yl-iasei as 
opposeLi to their "coml?leti,)n" Jo not us~l- 
ally refer to the111 as checkpoints. T h e  
cl-ieclqpoint jaryon is prol-al~ly here to stay 
b ~ ~ t  it ;houl,i re1l-iall-i s\-nol-iymous \vitl-i "sur- 
velllance mecl-ia~lia~l~s that block cell cycle 
transitions" al-iii not  la!- claim to the  soul of 
the cell cycle. 

Cracks  in  the  system? 1del-itiflcatic11-i of 
5- and hl - rhase  CDKs and uniierstan~lil-iu 
their rei'u1atio1-i has made it possible to alter 
the t ~ m ~ n c  and il-ideed the ordel. of CDK 
actix-ation. Such experi1llel1ts re\-eal that 
hi-phase CLIKs can assu~lle the i 'unct~on of 
5-phase CDKs anLi trleger chromosome ,ill- 
p l ~ c ~ i t ~ o n  in G, cells (19,  2C)l .As a conse- 
w e n c e ,  it 1x1s become clear tl-iat CDKs 
capable of p ~ ~ i n o t ~ n g  S ~ 1 1 a w  in G: cells are 
present trom the heg i~nn~ng  o t  S phase until 
the enLi o t  mitohls anii vet o r l a~ns  of LIKA 
replication fire once and only once i l~~r i~- ig  
this rxriod. This echoes the fin,i~ng from 
cell ii~siol-i stuiiies that S-phase cells trigger 

G but not G1 n u c l e ~  to enter 5 phase (4) .  
T h e  implication is tl-iat tl-ie order o t  S- and 
h1-CLIK naves cannot alone 1-e resl,o~-isihle 
for ordering S anil h l  phases. Tl-ie state of 
their sul-.strates must he equallv if not n o r e  
importa~nt in determ~ning whether a cell 
duplicates or seeregates its chromosomes. 

f i~c~ l sed  o n  a~-ialy:l~-i~l-ianges that occur at  
origil-is o t  D N X  replication i i ~ ~ r i n i '  the cell 
ci-cle ( w e  B. Stillmal-i, 11. 1659).  

X well-prepared chromosome is the key 
to  its duplication. Recent \vork in yeast and 
frogs sucgest; that initiatiol-i t r iqered by 
activation of 5-phase CLJKs and LJLIKs Je -  
pen~is  o n  tl-ie prior assenll-ly at iil-igins o t  a 
pre-repllcat~on complex (pre-RC) com- 
L~oseLi of three sets i ~ t  proteins: O R C ,  
Cdcbp, and hlcms. T h r ~ i ~ l g h o u t  moyt of tl-ie 
cell cycle, or@.; are markeLi hy tl-ie site- 

specific binciiny of a group of protein.; called 
the  0rlgil-i Recog~lit ion Complex ( O R C ) .  
Origins are occ~ lp ie~ i  by O R C  aliine d u r l q  
G and, 111 \-east, even d~lr ing h1 phase; h ~ ~ t  
they a c q u m  a second set of proteil-is either 
as cells exit 1;-0111 m ~ t o s ~ s  or later ~ L I ~ L I - ~ P  G . 

< .  

O n e  of theie 1s an ~lnstable protein called 
CLicbp, n.l-iich IS s\-~-ithesi:ed Liuring G.. 
C d c 6 p ' ~ i r r i v a l  at  01-igi1-i~ cCitaly:~s the as- 
sembly onto  ~~eighl lor ing LINA sequences 
ot a second iet  of comclexes c i~m~iosed  of 
Llcm proteins. Ho\v pre-RCs cata ly:~  rep11- 
cation il-iitiation is not  kno\\-~-i. 

5-phase CLIKs not only trigger initiation 
tiom orlgil-is that have formed pre-RCs hut 
also prevent the Lie 11ovo asseml1l\- of pre- 
RCs. h l - p h a e  CDKs also ~nl-iibit tl-iia pro- 
cess, wl-iich 11-iea1-i~ tl-iat pre-RCs cannot he 
t;,rineJ fro111 tl-ie point o t  5-phase CLIK ac- 
tl\.at~c~l-i 111 late G, until th;decraJation of 
hi-pl-ia>e cyclil-is at anaphase. Initiatlc~n ot 
D N A  replication thrrehre  iiepenLis o n  a pe- 
riod of lo\\- CLJK activit\- iluril-iq xvhic1-i sy1-i- 
thesis of Cdchy can dri\.e the a>sembly ot  
pre-RCs, folloneii by a ycriod ot  high CDK 
(and LILIK) activity, i\-hich perinits origin 
firing. T h e  t\\-a opposini. effects of CLJKs 
yrevel-it coniiitions trolll ever arising that 
permit hotl-i tl-ie assembly i)f tire-RCs ani{ 
ilrll-ig of origins tl-iat have &)rm;ii them. Tl-ie 
consequence Is that origin> cannot fire mi>~-e 
t1-ial-i once dl~ril-ig a11 5- and hi-phase CDK 
c\-cle. T h e  Liisassernl.l\- of p r e - R C  dllring 5 
phase inicht be caused 1.v initiatiol-i ~tself or 
passage i)f a 11eighl~oring replicatio~n i;?rk. 
This picture pro\-ides a sat~sf\-ing explana- 
tion for manv asLTects of initiation 11ut it , L 

s h o ~ ~ l d  still be regarded as a working hypot11- 
esis because 11-ia1-i.; important ;letails ha\.e yet 
to l-.e establihl-ie~i (see R. Stillman, p.  1659). 

Severing the  bond that  holds sisters 
together. Ha\-lng d ~ ~ ~ i l i c a t e i i  its cl-iromo- 
somes, the cell's nes t  task is to cenerate a 
1-ipolar mitotic spil-idle, to attach slster kl- 
~letochores to microtubulei that associate 
\ v ~ t h  op'oslte of this spiniile, ci~nii-bJ 
lneans of tens i i~n exerted o1-i sister kil-ieto- 
chores-to align each pair (-it sister chroma- 
tiLis o1-i the inetaphase plate. It 1s key to note 
that chromosc-ime alignme~nt i iur~ng meta- 
Chase iieyends not  only o n  splitting torces 
eserteL1 h\- m ~ c r o t r ~ h ~ ~ l e s  o n  k~~ le tochores  

hut also 311 an  oppo ing  cohesive force es-  
erteLi 1~y tethers that hol,i sister chromatlds 
together. This Ne1vto11ial-i acti(31-i ~ I I J .  reac- 
tion is the essence of mitosis, for it is the 
llleal-is by n.hic1-i cells deterln~l-ie n.1-iicl-i 
LJNA molec~~ les  n~ i th in  a cell are sisters. 
Cl-iromo>ome alignmel-it is preceLied 'y tl-ie 
partial reso1~1tio1-i of sister cl-irolnatids from 
each other. hv chromatid condensatiol-i. , , 

Linil bv ,ii>,ia>ernbly of the  n ~ ~ c l e a r  mem- 
hrane. All  these events depend on activa- 
t1ol-i of M-pl-iase CLIKs, ~vhose  regulation by 
cyclln synthesis and pl-iosphorylation is 
o u ~ t e  \yell 1111derstoo~1. Surveillal-ice nlecl-ia- 
nlsms that  detect incomplete LIN.4 replica- 
tion lilock ac t iva t~on  of Ll-phase CDKs in 
some organis~l-is (see S. J .  Elledge, p. 1664).  

T h e  s l~hseql~ent  separation of sister clhro- 
nlati~is to opposite poles, k1-ion.1-i as a11- 
aphaie, marks the polnt of n o  return in tlle 
mitotic cycle. Two sorts o t  processes are 
involved: liiss o t  co1-iesio1-i hetneel-i sister 
cl-iri)matids, n.hic1-i leads to movement of 
slsters to opposite poles anii c h a n g e  in the  
dy~namics of spinJle gro\\-th al-iLi iiisaz>en-il~ly 
that enable separation of spi~liile poles . T h e  
seyregation o t  sister chromaticis is acconlpa- 
nieLi I>\-, l-.ut is  not ,iepencient on,  inactiva- 
t1i.n ot hl-phaae CDK through cycli1-i pro- 
teolysis (see R. W. Kil-ig z t  id., p. 1652).  

W e  still l - i~ve little idea how sister chro- 
matids are held t o ~ e t h e r ,  let alone l-io\v 
their col-ie\ion 15 looe~-ieil  at  the  metapl-ia>e 
to anapl-iase t r a n s ~ t ~ o n .  Nevertheless, recent 
re>earcl-i has iiientified a very laree multi- , ,> 

s ~ ~ ~ l ~ l - i i t  c o i ~ ~ p l e x  called the anaphase-pro- 
motil-ig complex ('\PC) or cyclosonle tl-iat 
is essel-itial for both chromosome splitting 
and destruction ot hi-phase cyclins. It pro- 
motes ~ ~ h i i l l ~ i t ~ ~ ~ i ~ t i o ~ ~  of tiroteins that con- 
tain speciflc sequences calleLi iieztruction 
lyoses and thereby targets them for proteol- 
yaia by the 265 proteoson-ie (see R .  W. King 
2r  id., p. 1652).  Many different prote11-i~ are 
L ie~raL ie~ l  via XPC-nlediate~l ~~biil~~iri~-i~riol . i- i  u 

duri1-i: a~~apl-iase,  including hl-phase cyc- 
ILIIS, proteil-is like P ~ i s l p  anL{ C~1t211 ~vhose  
destruction is essential for sister separation, 
prote11-i like Ase lp  tl-iat asocia te  with ,411- 

apl-iase spindles, and even tl-ie Ll pl-iase- 
promot~ng protein killare Polo/Cdcj (Ll. 
Sl-iarab-ama, rersii~-ial c o r n m ~ ~ n i c a t ~ o n ) .  

It is cl~rrentl\-  thought that allayhare is 
trii'gered I-.\- actlvatio~n o t  tl-ie X P C  and that 
,iegraiiatio~-i of proteins like Pcislp and 
CutZp might have a11 ~myor tan t  role 111 

allowing separation of sister ~ h r o m a t i ~ i s .  
T h e  A P C  remai~-is active tor nn1c1-i of the 
iu1-.seiluent G ,  Cerioil anL{ is not t r~rned off 
unrll accumu1atio1-i of GI-CLIKs, which e1-i- 
sures that  Ll-phase c ~ c l i n s  and presllmahly 
ma~-iy otl-ier A P C  sul~strates l-ieeded for ml- 
tc-isls iio not  acc~~~l l r l l a t e  prenla t~~rely  (see R. 
W. Kil-ig e t  nl., p. 1652). Once  a cell has 
severeii the bc-inJ h o l d ~ n g  sister cl-iromatids 



together, it has no means of ensuring that 
sister kinetochores attach to opposite 
poles of the mitotic spindle. It is therefore 
imperative that anaphase not be .initiated 
before all pairs of sister chromatids have 
aligned on the mitotic spindle. Two sorts 
of mechanism ensure this. The APC is 
only activated after cells have first acti- 
vated M-phase CDKs and kept them ac- 
tive for long enough to form mitotic spin- 
dles and to align chromosomes on them. 
How activation of M-phase CDKs leads to 
APC activation is one of the least well 
understood steps in the eukaryotic cell 
cycle, even though this connection is fun- 
damental to mitosis. In addition, most eu- 
karyotic cells have surveillance mecha- 
nisms that detect sister kinetochores 
which have not been properly aligned on 
the mitotic spindle and block APC func- 
tion (see S. J. Elledge, p. 1664). 

0 Centromeres I S-CDK 

\ D& 

1 + 1 
APC \ 

Fig 1. Major transitions during the chromosome 
cycle of eukaryotic cells. During G, there exists a 
period of low CDK activity due to the presence of 
cyclin kinase inhibitory proteins (CKls), the activity 
of the APC, and the lack of transcription of cyclin 
genes. Synthesis of Cdc6 protein during this pe- 
riod promotes the binding of Mcm proteins to 
chromatin and the cell assembles a pre-replica- 
tion complex at future origins of replication. Acti- 
vation of S-phase CDKs triggers the firing of ori- 
gins that had previously formed pre-RCs, while at 
the same time it blocks any further assembly of 
pre-RCs. Replication produces pairs of sister 
chromatids that are attached to each other; they 
can be aligned on the metaphase plate once ac- 
tivation of M-phase CDKs promotes the formation 
of a mitotic spindle. M-phase CDKs also promote 
activity of the APC, which leads to loss of sister 
chromatid cohesion and to the destruction of M- 
phase cyclins. The APC remains active during the 
subsequent G, period and is turned off by the 
accumulation of G, -CDKs. 

Linking duplication and segregation. In 
addition to promoting anaphase by degrad- 
ing inhibitors of sister chromatid separa- 
tion, the APC degrades M-phase cyclins 
and proteins that stabilize anaphase spin- 
dles. It thereby mediates the disassembly of 
the mitotic spindle once anaphase has been 
completed. Proteolysis of M-phase cyclins 
also relieves the block to pre-RC assembly 
exerted by S-phase and M-phase CDKs, and 
this may be a key aspect of the mechanism 
by which eukaryotic cells ensure that re- 
duplication of chromosomes does not pre- 
cede separation of sister chromatids pro- 
duced at the previous S phase. By using the 
APC to regulate degradation of both an- 
aphase inhibitors and M phase cyclins, the 
cell prevents preparations for S phase before 
anaphase is initiated. 

The restriction of origin firing to once 
per cycle stems from initiation of DNA 
replication being a two step process, in 
which the second step, activation of CDKs, 
also inhibits the first step, formation of 
pre-RCs. A similar principle governs mito- 
sis, which must also be a singular event. 
Mitosis involves two fundamental steps- 
alignment of sister chromatids on bipolar 
spindles and splitting of sister chromatids. 
The enzyme responsible for the second step, 
the APC, also destroys the M-phase cyclins 
needed for the first step. Such phenomena 
are ubiquitous in engineering and are anal- 
ogous to the cocking and firing cycle of a 
gun or the cycle of piston movement in a 
reciprocating steam engine. 

The old order changeth. The new in- 
sights described in this issue of Science give 
us cause to reflect on our current thinking 
about GI ,  S, G,, and M phases. These 
started life as an operationally convenient 
means of dividing the interval between suc- 
ceeding divisions. They were as it were the 
cell cycle's four "seasons." However, they 
soon acquired the status of major cell cycle 
states (in the mathematical sense of the 
word) and the factors that promoted tran- 
sitions between these states became the 
holy grail of cell cycle research. This notion 
has had its flaws (in budding yeast, S and M 
phases overlap under certain conditions!), 
but the successful identification of S- and 
M-phase promoting factors shows that it 
served a useful purpose. Nevertheless, its 
period of utility may be drawing to a close. 
Chromosomes do indeed undergo a series of 
key transitions in their state during the cell 
cycle, but these transitions do not corre- 
spond exactly to our old friends Gl-S and 
G2-M (Fig. 1). The chromosomes of G1 
cells that have formed pre-RCs are clearly 
in a fundamentally different state from 

those that have not. Likewise, "G1" cells 
that have not activated S-whase CDKs are 
clearly in a fundamentally different state 
from those that have done so, but have not 
yet initiated S phase because DDKs have 
not yet become active. One of the most 
irreversible transitions durine the cell cvcle 
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is the onset of proteolysis mediated by the 
APC, but this occurs within M phase! Just 
as the sun's inclination and not season is 
the primary cause of our weather, so it is the 
formation of pre-RCs and not whether a 
cell is in G1 or G, that determines whether 
cells enter S phase upon activation of 
CDKs. The time is ripe to return the four 
cell cycle phases to their rightful status, as 
cell cycle seasons and to cease thinking of 
them as states. Seasons are not variables 
that determine weather but merely intervals 
during which there occur changes in the 
state of the weather and in the state of its 
determining variables, such as the sun's in- 
clination. This applies also to concepts such 
as Start (21) or the restriction point (see C. 
J. Sherr, p. 1672), which helped in the past 
to guide the cell cycle field through a phe- 
nomenological minefield, but are probably 
best considered as periods of the cell cycle 
rather than defined processes. Such an em- 
phasis on mechanism is a sign of the field's 
growing maturity. 
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