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Cell Cycle Control of DNA 
Replication 

Bruce Stillman 

do not re-replicate DNA until they pass 
through mitosis. The key goals of current 
research are to understand the molecular 
nature of the competent state and how is it 
established; the nature of the activator or 
activators present in S-phase cells; what 
prevents G2 nuclei from re-replicating, and 
how the competent state is erased during 
mitosis. This review focuses on these issues, 
primarily through discoveries in yeast that 
have general relevance to control of DNA 
replication in all cells. 

Initiation: Replicators 
and Initiators 

A key starting point to understanding the 
cell cycle controls that are imposed on the 
process of DNA replication is the origin of 
DNA replication. In eukaryotes, just as in 
bacteria, the location of the oriein of DNA 
replication is determined by cis-acting DNA 
sequences (the replicator element in the 
DNA) and a trans-acting protein (the initi- 

The initiation of DNA replication in eukaryotic cells is a highly regulated process that leads ator protein) that binds to the replicator 
to the duplication of the genetic information for the next cell generation. This requires (4-6). Eukaryotic chromosomes are to6 large 
the ordered assembly of many proteins at the origins of DNA replication to form a to replicate from a single origin and so con- 
competent, pre-replicative chromosomal state. In addition to this competent complex, tain multiple origins, more than are actually 
at least two cell cycle regulated protein kinase pathways are required to affect a transition needed to replicate each chromosome (7). 
to a post-replicative chromosomal state. Protein kinases required to establish mitosis Although best understood at the present 
prevent re-replication of the DNA. As cells exit mitosis, the cell cycle is reset, allowing time in the yeast Sacchmomyces cereuisiae, 
the establishment of a new, competent replication state. replicators and potential initiator proteins 

are beginning to be characterized in a wide 
variety of eukaryotes (4, 7, 8-18). In S. 
cerevisiae, replicators consist of multiple 

T h e  transmission of genetic information ately initiated DNA replication, much ear- functional DNA elements, only one of 
from one cell generation to the next requires lier than if the cell had not been fused (Fig. which is essential (A) (19-22). Adjacent to 
the accurate duplication of the DNA during 1). Other cell fusions demonstrated that G2 the essential element are two or three func- 
the S phase of the cell cycle and the faithful cells could not activate G1 nuclei, nor tionally conserved DNA elements (Bl, B2, 
segregation of the resultant sister chromatids could G2 nuclei initiate DNA replication and B3) that, although not individually' es- 
during mitosis. In most eukaryotic cells, when fused to S-phase cells. sential, are necessary for initiation and influ- 
these two events are normally dependent on The cell fusion experiments revealed ence the frequency with which an origin is 
each other and thus the replication of the three important phenomena. First, only used (19-22). The A, B1, and B2 elements 
genome and mitosis occur in alternative, chromosomes from G1 cells are competent form the core of the replicator and bind 
oscillating cycles. The molecular mecha- to initiate DNA replication. Second, S- essential DNA replication proteins, whereas 
nisms that determine how DNA replication phase cells, but not cells in G1 or G2, the B3 element functions as a replicator 
is initiated, how it is restricted to S phase, contain an activator of initiation of DNA enhancer by binding a protein called auton- 
and how replication occurs only once per replication that can work on the competent omously replicating sequence (ARS)-bind- 
cell cycle in most eukaryotic cells have be- (GI) chromosomal state. Third, G2 nuclei ing Factor 1 [Abflp, (23)]. 
come major areas of attention. In this re- 
view, recent progress in these exciting areas Experiment Observation Conclusion 
is discussed. More detailed reviews on these 
issues can be found elsewhere (1, 2). GI n ~ i c e u s  rep~cates GI nucleus s cnrc3etent 

The groundwork for understanding the Ea:lv 5 ~ h a s e  nucleus S phase cells COltalr 
co!?:l!i~les replica:~o.i actvator 

control of DNA replication came from cell 
fusion experiments (2, 3). Cells were syn- 1 GI riucleus doe. nol G2 q t , ~ ~ e ~  arc IIC! c o n ~ e t e r ~ :  
chronized at various stages of the cell cycle, 4+*-. replicate S chase dnd do 'lei rc-reptcate 

then fused, and the marked nuclei were A !ILIC.~LIS C O ~ I I ~ U ~ S  G2 cells do rlc.: n k b ~ :  

maintained to direct DNA replication and repca11at' 

mitosis. For example, when a cell in the G1 A ' G I  nucleus repltcates G2 cells lack ictivatcr 
phase of the cell cycle was fused to a cell in at norrria t~n le  arici G2 
S phase, the GI-derived nucleus immedi- I'LICICLIS does not 

repca:e 

The author is at the  old *ring Harbor Laboratory, p.0. Fig. 1. Cell fusion experiments. Human Hela cells that had been synchronized at different Stages Of the 
Box 100, Cold Spring Harbor, NY 11724, USA. cell cycle were fused and the fate of the marked nuclei was followed. Data from (3). 
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A n  imprlirtant aJvance \\'AS tlie discover\- 
c > f  the eukar\-otic cell initiator nroteln, a 
~ i i ~ ~ l t i - s ~ ~ l x ~ n i t  pi-ote~n cLilleii the i>rlqin rec- 
oynition complex [ORC (24)] tli,~t binds ti> 
the '4 and 61 ele~ilellts in S, ce,-zt,~siiii. r e p  
licators (24-26). O R C  contains > i s  polypey- 
tides that are all essential tor cell i i i~~ision 
anJ  for the initiation of L3K.I replicatii~n 
(2-t-29). O R C  serves as a landing pad h r  
protein-protein interactions that are regulat- 
cil during the cell c\-cle and is thus one of the 
fi~c'11 p ~ ~ i n t s  for reylicat~on control. 

T h e  .truiture L>t  replicators a n J  tile 
~ i ~ e c h a ~ i i c ~ i ~ s  that determine ori51n location 
in e~lkarvotes other than S. ir~e111siae aLmear 

A 

t c  be inore comylicated, l7~it solile general 
trenii> are emerging. It 1s clear that Inltia- 
tion is scqllence zpec~tic I ~ e c a ~ ~ s e  in d~\.erse 
orpan~.;ms such as fission yeast, Ph \ - sa r~~i i~ .  
~nsects,  a n ~ l   mammal^, orig111s are loc;111re~i 
to discrete reyion of cllrumu~omes ( 4 ,  9 .  
1 L?.  12. 14, 1 h ,  IS ,  -32, 31 ) .  .41though there 
IS still some ~~ncer ta in tv  about lion. localired 
the start sites of DN.4 replicar~nn are in 
mammalian cells, initiation generally oc- 
curs in intragenic reglons. 111 ccxltrast ti) the 
small, iliscrete (lL?i? to ZGL? l ~ p !  orig~ns in 3 .  
ic.~c.~sis~rci., initiation zones, the regions 
\\-liere initiation tales place. 1laT.e heen re- 
purted that ranye f~-om 0.7 to 50 l<~l~>l-ase 
pairs of LINX 111 mammal~an cliroi~~nsnmes 
( 4 ,  -5. 14).  

Studies of LIN,4 replication in Nenopzts 
eiii1~r\-os revealed t l ~ a t  the :one ~vhere rel~li- 
cation in~tiates changes idl1r11iq ile~eli)~:lilellt 
(32).  111 the ver\- early embi-yi~nic cell cii~.~- 
sions, init~atioll occurs over a liroad region 
in the ril-osiimal LIN.4 irLIN.4) locus, hut 
during tlie m~ii-blastula transition, t h ~ s  zone 
becomes resrr~cteJ. This switcll may reflect a 
reLk~ction in lnaterllal stores of O R C  anil 
other illitiatio~l proteins and ylobal changes 
in chromosome structure. X similar phe- 
Ilomenon may occur Juring every cell cycle 
in ~naliiillalian cells. \Y;lien 1-erv early G I -  
r~hase ~lllclei fro111 h~111~all cells \\ere Incu- 
bated In a Xenopzcs egg extract, ~n i t i a t~o l l  
near the dihydrofolate reductase (LIHFR) 
gene n;as Llisl:erseci, ho\yever, ~ v h e n  nuclei 
fi-om cells in late G1 \yere s~milarly ~ncuhat-  
e~1, in~ t i a t io~ l  m s  inore localirecl (3.3). 

I ~ l ~ t i a t i o n  can also occur on reconstitl~t- 
eii cliromat~n in extracts from activated 
?(i.iioplis eegs. but tlle illitiatio~l is not lo- 
ca1i:eil to a 21:ecitic DK.4 reolon (34).  Rut 
paradosicallv, i l l i t ia t~o~l  of LIN,4 replica- 
tion requires the X\(i'nop~is O R C  (35-37). 
One  po~sil~ili t \-  I< that 111 the earl\- eml~r\-o, 
high cnncentrat~ons of maternally i~lherited 
O R C  call interact n-it11 D N A  sequences 
that occur ijulte t req~~ent ly  111 the genoine 
beca~l>e the chn~mat in  strLlcture that is es- 
tahliahed in the early emhryo dnes not re- 
strict O R C  1-~ndi~ly to 1ila1iy potellrial hind- 
i ~ l g  sites. Later Ld~~ring L1evelop~nent, O R C  

niay be restr~cteii to spec~iic cl~romosomal 
regions 1.y liigller order chromat~n  structure, 
neces~itating a depe~ldence ot origins on  
i>tlier chromosomal elements s~ ich  2s en- 
hancers. Even ni thin  a region that is acti- 
vated hv theqe cliromusoinal elements, 
O R C  may still have m~~ltir?le sites to select 
and this might esl>lain \\-h\- in a poplllatio~l 
of liia~il~llalian cells, ~ ~ l i t i a t i o n  call (occur in 
LI I.roaLi i~litiatioll ronc ( 4 ,  5 ) .  Beca~lse an 
active oriyin call suppress the activity of a 
nearh\- ~ - o r e ~ i t ~ a l  origin (38), 111 a sin$le cell 
the site c ~ t  initiation \vithin any given :one 
is ~:rol~ahl\- L I I I I ~ ~ L I ~  and Lietermineil 1.v the 
loca t~on  o t  O R C  011 the DNA. 

,4yart fro~ll  5. ii'ret i s m ,  in only n fell- 

oryanisms have the LINZ4 seipences that 
are reiqu~reil k ~ r  origill f i ~ ~ l c t i o ~ l  been char- 
acterizeil 111 Jetail h\- genetic analys~s. I11 the 
fission yeast S i h ~ : c ~ s ~ l c c h a ~ i j ~ ~ ~ ~ i e s  po~nhi., the 
replicator.; are longer, of the order o t  jL?L? tic 
lL?L?L? lip, and as in the l ~ ~ ~ ~ l i i ~ n g  yeast, are 
locateil ~n inter-genic rey~ons ( 9 ,  I:?).  111 
~na i~~i l i a l s ,  the l i~lman P-gli)l~iil 1i)cus has 
been the focus of intense stuily beca~lse of 
the eslstence of chromnsomal deletio~ls in 
thalassemia patlent< (31, 39). 7n.o non- 
overlappiny L1eletionz that remove sequelic- 
es e ~ t h e r  near the promi>ter tor the p-globin 
gene or sequences that cover the locus con- 
tri>lliny I-egion (LCR) e l i~ l l~na te  the o r ig~n  
Incate~i ~vi thin  the P-glob111 locus (31, 39) .  
T h e  latter observation is interesting he- 
came the LCR controls the de~-elopmental- 
I\- regulated actil-ation (of the P-globin locus 
that iq required for gene espressii>n and 
possihlv DK.4 repl~cation. 7111.; suggests 
t h ~ t  quite illverse LIN,4 sequence e le ine~~ts  
can control the pos~ t~on ing  of oripins of 
DN.4 rerl~catioll to qpecif~c sites \y i th~n  
cllromnsnmes, even elements that affect 
large chromosomal L1nmains. 

Two States of the 
Replication Complex 

Early s t~~i i ies  of the l -~~di l i~ig  yeast clemon- 
strated that a nun-n~~cleosoi~ial chromatin 
structure existed in origins of IlK.4 repli- 
cation (42). Furthermore, the chromatin 
s t r ~ c t ~ ~ r e  at tn-o chromnsi~inal origins chany- 
es durins the cell cycle (41).  Estens~on of 
these obser\-ations by high resc~lution analy- 
sia of the chrornat~n structure ,lt orloills of 
LIKX replicatio~l has qeatly contrib~~teil  ti) 
our ~ ~ n i l e r s t a n ~ l ~ n g  of cell cycle control of 
LIN,4 repl~cation (42. 43).  Genomic foot- 
printing at the nl~cleoti~ie le\,el reveals a 
pattern that is remarkably qimilar to the 
fcootpr~nt ohtained by O R C  (011 naked LINX, 
s ~ ~ q g e s t ~ ~ l g  that O R C  is bo~1ni1 to repl~cators 
throughout the cell c\-cle (24. 42). Tlie pat- 
tern of tlie tootprint, l l o ~ \ ~ e ~ - e r ,  changes 
tlirc)~~irhout tlie cell cycle. \vith a n~lclease 
hyl>er,ens~tive slte in the R1 region chany~ng 

most i>hvic>~~siy (43).  The  liypersensitlve site 
is present 111 the S, G2,  and early 14 (hefore 
anaphase) stages of the cell c\-cle, hut disap- 
pears as cells exit mitosis or in early G I .  
hloreover, the appearance of the site requires 
the Cdc'ip protein kinase. 

Theze stuLdies support the idea that there 
are at least t a n  .;tares of the chromcoscome 
i i ~ ~ r i n ~  DN,4 replicatinn. One  state is deter- 
mineJ h \  hinding (of a pre-reylicatinn corn- 
plex (pre-RC) at the origin and 
corresponils to the cnlnpetellt state of G1 
chrc~mosomes. In S .  ii.~i.~,isine. the  re-RC is 
estahlisheii after cells pass through an- 
aphase a ~ i d  tlie sister chromatids separate 
(43) .  The  pre-RC m ~ ~ s t  he inher~ted ~y i th  
the cllroinozomes into the t ~ y o  iiaughter 
cells, but lxca~lse  C1 cells lack the S-phase 
activator, ~ ~ l i r ~ a t i o l l  of L3NX rel:lication 
cannot occur. Once ~ l l i t i a t ~ o ~ l  does occur, 
l ~ o \ \ ~ e ~ ~ e r ,  it is probahle that the pre-RC IS 

d ~ s r ~ l p t e J ,  I:erhapsby the act of initiatinn 
itself, a1iJ a second state, the pnst-RC, 
\I-hich also c i>n ta in  O R C ,  is estahl~slied. 

It appears that O R C  1s a 1,iniiiny pail for 
the assemhly of a pre-RC that can he 
ti>rmed only at certaln stages of the cell 
cycle. 711~1s ~~lliiersta~ldillg cell cl-cle co~l t rol  
of initi,ltic~n boils lio\vll to ldentify~llg the 
proteins that form the pre-RC and deter- 
m ~ n i n g  ho\y the pre-RC is ac t i~~n te~d  by 
cell-cycle reg~~lated activatnrs. Progress in 
t h ~ s  area has l3een quite rapid. 

Cdc6, cdcl8+, and the 
Replication Complex 

T h e  S. ie~eeisi i~i .  Cdc6 protein (CLlc6p) is 
essential for DN.4 replicatioll anid has se- 
quence sim~larity to the large s ~ ~ b u n i t  of 
O R C  ( 2 9 ,  44) .  I t  cells enter the cell cycle 
in the absence of the CLic6p, LIKA repli- 
cation i l ~ e s  not OCCLII- b ~ t  the cell cycle 
continues anii cells enter i ~ i t o  a11 abortive, 
pseeudo-miti>tic state ~\-it l lnut i l u p l ~ c a t i n ~  
them DN.4 (45) .  7111s ahllor~ilal situatinn 
leads tn a reductional anaphase i l ~ ~ r i n y  
n-hich the unreplicated chromnsaliles seg- 
regate to the i l a ~ ~ g h t e r  cells. Conseq~lent-  
ly, each ilau:hter cell ends L I ~  w ~ t h  less 
than a ill11 complenie~lt  (of chrnmnsomes, 
resulting in cell iieath. X s i ~ l l ~ l a r  situation 
occurs in the f~ssi(on yeast S. ponibe where 
the lack of sg~ltheais of the CL1c6L--relate~i 
cdc l i i -  protell1 in late G1 causes cells to 
enter lllitosis in the absence of LIXX rep- 
l~ca t ion  (4h) .  These anid other s t ~ ~ J i e s  (47 ,  
48)  suggest that the C ~ i c 6 p  and the 
ciiclii-  protein are recl~iireii for DN,4 r e p  
lication, hlit also that the\- play a role in 
ensuring that DN.4 replication occurs be- 
fL3re tilitosiz. 

Rc>tli the Cdc6p and the cclcliq- protein 
call be synthesi~ed in late GI  (45-47, 49).  
T h e  Ccic6p (anid perhap. cdclii'.) is also 



synthesized in late G2, allowing it to assem- 
ble on to the pre-RC as cells exit mitosis 
and enter G1 (45). This cell cycle-con- 
trolled transcription of the genes is appar- 
ently not essential for regulation of DNA 
replication because constitutive expression 
of either the Cdc6p or the cdcl8+ protein 
in normal amounts does not result in unre- 
stricted DNA replication (45, 46). Gross 
over-expression (10- to 20-fold) of the 
cdcl8+ protein in S. pombe, however, in- 
hibits mitosis and allows a number of cycles 
of DNA replication, resulting in polyploidy 
without nuclear division (49, 50). The 
over-replication, however, requires very 
large amounts of the cdcl8+ protein. 

Both the Cdc6 and the cdcl8+ proteins 
have a very short half-life, on the order of 
less then five min (4.5, 47, 49). When the 
gene encoding Cdc6p is placed under con- 
trol of a promoter that can be repressed, the 
amount of Cdc6p drops rapidly when the 
gene is turned off (45). Using this technol- 
ogy, it has been demonstrated that the 
Cdc6p is essential for formation of the pre- 
RC (52). Furthermore, Cdc6p can only 
function to establish the pre-RC during a 
specific time window, from exit from mito- 
sis until late G1 (51). Most interestingly, 
the window is bracketed by the destruction 
of the mitotic cyclins at anaphase and the 
activation of S-phase cyclin (Clb5 and 
Clb6)-CDK activity after START [the 
commitment point in the cell cycle to cell 
division (51 )I. Thereafter, the pre-RC can- 
not be formed (Fig. 2). 

The most probable scenario is that 
Cdc6p loads onto the ORC that is bound to 
the replicator. Indeed evidence for both 
genetic and physical interactions between 
ORC and Cdc6p in S. cerevisiae or cdcl8+ 
protein in S. pombe have been obtained 
(15, 53, 54). Moreover, recent studies on 
the replication of chromatin in a Xenopus 
egg extract demonstrate that the loading of 
the essential Xenopus Cdc6p onto chroma- 
tin requires the Xenopus ORC (35). Thus, 
an interaction between ORC and Cdc6 de- 
termines the formation of the pre-RC. Con- 
sistent with this, when the functional 
amounts of ORC or Cdc6p are lowered 
compared to the amount present in wild- 
type cells, as occurs in mutants at the per- 
missive or semi-permissive temperatures, 
the frequency of firing origins of DNA rep- 
lication along the chromosomes is lower 
than normal (54). 

The MCM Family and 
Licensing Replication 

Studies on the replication of DNA in ex- 
tracts from Xenopus eggs have been valuable 
for understanding the biochemistry of the 
initiation of DNA replication because this 

system reproduces many aspects of the cell 
cycle control observed in cultured cells. A 
"licensing factor" model has been proposed 
on the basis of the above-mentioned cell 
fusion studies and more recent studies using 
the Xenopus egg extract replication system 
(5.5). For example, G1 nuclei from human 
HeLa cells are competent to replicate in a 
Xenopus egg extract, but G2 nuclei are not 
(56). When, however, the G2 nuclei were 
permeabilized and then repaired, they rep- 
licated again to yield tetraploid nuclei. The 
model posited that replication licensing fac- 
tors (RLFs) would bind to chromatin when 
the nuclear envelope was disassembled dur- 
ing mitosis (or in an experimental situation 
when chromatin was exposed to the egg 
extract). During interphase, however, when 
the nuclear envelope was intact, the RLFs 
would not be able to assemble onto chro- 
matin. The binding to the chromatin of the 
licensing factor or factors causes the chro- " 
matin to become competent for DNA rep- 
lication, but once initiation of DNA repli- 
cation has occurred, the licensing factor 
would be destroyed, thereby preventing re- 
replication of the DNA. Although the orig- 
inal model may not be entirely correct, 
manv studies have re~orted results that are 
consistent with the licensing factor model 

in general and it remains an important 
guide (34). For example, recent studies de- 
signed to test the model have demonstrated 
links to genetic studies in the yeasts that 
have pointed to a role for the MCM family 
of proteins in contributing to the compe- 
tent state of replication in G1 (57-60). 

The MCM proteins were first identified 
by genetic studies in S. cerevisiae but are 
now known to be present in all eukaryotes 
(58, 61 ). The phenotype of yeast cells that 
have a mis-sense mutation in any one of 
these essential genes is a high rate of loss of 
plasmids (mini-chromosome), or an arrest 
of the cell cycle consistent with a proposed 
role in DNA replication. There are six 
MCM proteins in the yeast S. cerevisiae 
[(58, 62, 63); MCM2; MCM3; CDC46/ 
MCM5; CDC541MCM4; CDC47lMCM7; 
and the yeast genome project has identified 
a protein that is related to the S. pombe 
mis5+ protein]. 

The MCM proteins, such as MCM3 and 
MCM7, are essential for DNA replication 
in Xenopus egg extracts (3.5, 36,.57,59, 60, 
64). Furthermore, two activities called 
RLF-M and RLF-B have been identified 
that are required to modify or "license" 
chromatin (57). This modified chromatin is 
then capable of replicating in extracts where 

I After anaphase 
of early G I  

Window of 
opportunity 

I-d Late G1 

Activation 
a t G 1 - S  

Fig. 2. Proposed model for the chromosome replication cycle in eukaryotes. ORC is bound to the 
chromosomes throughout the cell cycle. The ordered assembly of the pre-RC containing ORC, CdcGp, 
and the MCM proteins occurs during a window of opportunity that is defined by the state of cyclin-CDK 
activity. Initiation of replication requires cyclin-CDK and Cdc7p-Dbf4p activities. After initiation, a post- 
RC is formed and cyclin-CDK activity blocks assembly of the pre-RC. 
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licensing has been blocked by treatment 
with a protein kinase inhibitor. RLF-M is a 
complex that contains some (and perhaps 
all) of the MCM proteins, but the identity of 
the RLF-B has not been determined (57). 
The MCM proteins interact with each other 
to form a multi-protein complex (57, 59, 
64), but the subunit composition of the 
complex has not been determined. 

The MCM proteins become bound to 
chromatin during late mitosis and remain - 
there until they are gradually removed as S 
phase progresses (59, 64, 65). This is ob- 
served clearly in cultured Xenopus or mam- 
malian somatic cells where the MCM pro- 
teins localize to the chromatin in the G1 
phase of the cell cycle, but not to sites of 
ongoing DNA replication. These observa- 
tions are consistent with a role for the 
MCM proteins in helping to establish a 
competent state for chromosome replica- 
tion in the G1 phase. Recently, a pathway 
for assembly of a competent state for DNA 
replication has been demonstrated by stud- 
ies using Xenopus egg extracts (35-37). The 
interaction of the MCM proteins with a 
nuclear structure that is vrobablv chromatin 
is dependent on the ~ e i p u s  ~ d L 6 ~ ,  and the 
interaction of Cdc6v with chromatin is in 
turn dependent on the prior association of 
the ORC with the nuclear structure (Fig. 2). 
Apart from ORC, however, the assembly of 
the various protein complexes on to the 
replicator DNA has not been demonstrated. 

CDKs and Cyclins: 
Regulating Competency 

The picture that has emerged recently is 
that the competent state of G1 chromo- 

APC 

Anaphase 

S phase 

Pre-RC 

t 
:Ib)CDK CdofpDbt4p 

T 

Fig. 3. Oscillating states of the chromosome repli- 
cation cycle. See text for details. The dashed lines 
represent an additional pathway for controlling an- 
aphase, or the existence of a pathway that regu- 
lates Cdc7p-Dbf4p protein kinase activity for entry 
into S phase. 

somes requires the establishment, during a 
window of the cell cycle, of a pre-RC, that 
probably contains ORC, Cdc6p, the MCM 
complex and other proteins. This window 
corresponds to the time when the Cdc6p 
can function to establish the pre-RC (51, 
52). It is now clear that active cyclin- 
dependent kinase (CDK) complexes func- 
tion both to activate DNA replication and 
block reassembly of the pre-RC after initi- 
ation. Indeed, the state of activity of the 
mitotic cyclin-CDKs defines the window of 
opportunity. 

The CDK (cdc2+ protein) in S. pombe 
associates with the mitotic cyclin (cdcl3+) 
and kinase activity peaks during late G2 
and early mitosis (66). Inhibition of the 
mitotic CDK activity by either inactivation 
of the CDK itself, by inactivation of the 
cyclin or by over-expression of the cdc2+- 
cyclin inhibitor protein ruml+, causes a 
block in mitosis, but interestingly, under 
these conditions, the cells enter multiple 
rounds of DNA replication (50, 67). These 
observations provide evidence that, in ad- 
dition to their role in activating mitosis, the 
mitotic cyclin-CDKs also function to block 
the initiation of DNA replication. But par- 
adoxically, cyclin-CDK activity is required 
for the initiation of DNA replication (66). 

Further insight into the role of the 
mitotic-like cyclin-CDK complexes has 
come from studies in S. cerevisiae. The 
S-phase cyclins (Clb5p and Clb6p) are 
apparently required for the initiation of 
DNA replication because removing them 
causes a delay in the onset of S phase (68). 
Without these cyclins, initiation becomes 
dependent on the true mitotic Clbl 
through 4-CDK activities that are present 
later in the cell cycle. The activity of the 
Clb5-CDK (and other mitotic cyclin- 
CDKs) is blocked specifically by the in- 
hibitor Siclp, which is present in cells 
from late mitosis until shortly after 
START (69, 70). Thus it is necessary to 
get rid of the Siclp to activate the S-phase 
cyclin-CDK and allow initiation of DNA 
replication. This is accomplished by the 
ubiquitin-dependent proteolysis of Siclp 
after START that requires the Cdc34p, 
Cdc53p, Cdc4p, and Skplp proteins. Fur- 
thermore, the G1-phase cyclin-CDKs 
(Clnlp-Cdc28p, Cln2p-Cdc28p) that re- 
spond to cell growth signals are essential 
for marking Siclp for degradation (70- 
73). 

After DNA replication, the Clb-CDK 
complexes block the establishment of the 
pre-RC and hence re-initiation of DNA 
replication (74). This may be accomplished 
by the binding of the Clb-CDK complexes 
either to the Cdc6 (or Cdcl8+) proteins, to 
the ORC, or to both (15, 17, 50, 51). 
Consistent with these observations, if the 

Siclp was expressed in the G2 phase of the 
cell cycle for a period of time, then the 
pre-RC could be established because cyclin- 
CDK activity was suppressed (74). Striking- 
ly, when the Siclp was then removed from 
these G2 cells, initiation of DNA replica- 
tion occurred without cells progressing 
through mitosis. Now the G2 nucleus was 
rendered competent for DNA replication! 
Deletion of the Siclp CDK inhibitor is not 
lethal, but the initiation of DNA replica- 
tion becomes uncoupled from other cell 
cycle events such as cell budding (cytoki- 
nesis) and the initiation of DNA replica- 
tion occurs very soon after cell exit from 
mitosis (72). 

The cyclins and CDKs appear to have 
multivle roles in the control of the chromo- 
some replication cycle. They ensure coordi- 
nation of S phase with other cell cycle 
events by; first, activating DNA replica- 
tion; second, preventing re-replication by 
blocking formation of the pre-RC in G2; 
and third, allowing establishment of meta- 
phase. By performing these multiple func- 
tions, they ensure that mitosis occurs after 
the DNA has been replicated only once per 
cell cycle. After metaphase has been estab- 
lished correctly, chromosome separation oc- 
curs and the cycle is reset when the mitotic 
cyclins are degraded by the anaphase pro- 
moting complex (APC) and ubiquitin de- 
pendent proteolysis (73). For an unknown 
reason, mutations in either the APC pro- 
teins or a ubiquitin hydrolase can cause 
over-replication of the genome (75). 

Cdc7-Dbf4: Another Pathway? 

The initiation of DNA re~lication also re- 
quires the activity of another protein ki- 
nase, Cdc7p-Dbf4p (76-79). This kinase 
may represent a cyclin-CDK independent 
regulatory pathway that activates the com- 
petent G1 state. Mutations in the CDC7 
gene block the initiation of DNA replica- 
tion even though the cells have passed 
through START and Clb-CDKs are acti- 
vated. This gene product encodes a protein 
kinase whose activity depends on Dbf4p 
and fluctuates throughout the cell cycle, 
being activated at the GI- to S-phase 
boundary (78, 80, 81). The Cdc7 protein 
kinase is conserved in S. pombe and mam- 
mals (82). The targets of the Cdc7p-Dbf4p 
protein kinase are not known, but the 
MCM proteins have been implicated as 
candidates (61 ). There is genetic evidence 
that Cdc7p interacts with ORC and that 
Dbf4p interacts with the origin of DNA 
replication (28, 83). The Dbf4p also inter- 
acts with the Cdc5p, another protein kinase 
that participates in the control of late mi- 
totic events (84). This latter observation 
raises another potential link between the 
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initiation of D N A  replication and the  sep- 
aration of sister chromatids ci~lring M phase. 

Oscillating States of S and M 

Once initiation of D N A  replication has 
been accon~plished, the  control over this 
process does not stop. As  discussed in  the  
accoinpan\-ing review (85), there are check- 
point controls that oversee the  progression 
through S phase and link the  completion of 
S phase to entry into M phase. These con- 
trols may require some of the  above men- 
tioned proteins. 

For t h e  chromosolne replication cycle 
in eukaryotes, there are two important 
states tha t  need to  be established; one  is 
the  competent state for initiation of D N A  
replication (pre-RC) and t h e  other  is the  
a l i g ~ ~ m e n t  of ti12 chromosomes a t  the  
metaphase plate during ~nitosis (Fig. 3 ) .  
T h e  cell cycle regulatory n~achinery en-  
sures that  both states cannot  he estab- 
lished at the  salue time. bloreover, there 
are two separate transitions that occur 
during the  cell c\-cle; first is t h e  transition 
from the  pre-RC at individual origins of 
D N A  replication to  a post-RC-a transi- 
tion that leads to new sister chromatids- 
and second, the  metaphase-to-anaphase 
transition that causes separation of the du- 
plicated chrolnatids (horlrontal arrows, Fig. 
3). Agaln, these transitloll events cannot 
occur at the same time. This situation has 
been likened to the tivo states of a ciston in 
a reciprocating stearn engine (51 ). 

T h e  competent G1 re~llication state 
cannot  be established \\,hen the  factors 
that  are necessary to  establish metaphase 
are active in  the  cell (such as the  mitotic 
CDK-cyclins). Loglc n.oulii predict that  
the  reciprocal might be the  case, tha t  
metaphase cannot  be established ~ v h e n  
factors necessarl- to  form the  pre-RC are 
present. Perhaps the  C~ich-cdcl8 '  pro- 
teins or RLF-B fit this hill. Superimposed 
o n  this simple picture are the  tn.0 states of 
the  mitotic c\-clin-CDK kinase activity. 
W h e n  the  activity is on, tra~lslt ioll  from 
t h e  me-RC to  the  nost-RC call occur and 
lnetaphase can be estal~lished. But activa- 
t ion of a CDK-cycli11 is not  sufficient for 
replication to  occur anii another activat- 
lng pathway, the  Cdc7p-Ilbf.il3 protein ki- 
nase path\va\-, is necessary. O n  the  other 
hand,  \\,hen the  mitotic CDK-cyclin activ- 
ity is off, t he  pre-RC can be estahlisheil 
and exit from initosis call occur. But the  
metaphase-to-anapl~ase transition still 
needs another cat11n.a~ that  leads to  the  
degradation of the  sister-chromatid "glue" 
that  holds the  sister chromatids together 
(73, 86). T h e  degradation of PLislp in  S. 
ctiret~lsiae or the  cut2- p r o t e n  in S po~rtbe 
represent components of this pathrvay. 
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Cell Cycle Checkpoints: 
Preventing an Identity Crisis 

Stephen J. Elledge 

Cell cycle checkpoints are regulatory pathways that control the order and timing of cell 
cycle transitions and ensure that critical events such as DNA replication and chromo- 
some segregation are completed with high fidelity. In addition, checkpoints respond to 
damage by arresting the cell cycle to provide time for repair and by inducing transcription 
of genes that facilitate repair. Checkpoint loss results in genomic instability and has been 
implicated in the evolution of normal cells into cancer cells. Recent advances have 
revealed signal transduction pathways that transmit checkpoint signals in response to 
DNA damage, replication blocks, and spindle damage. Checkpoint pathways have 
components shared among all eukaryotes, underscoring the conservation of cell cycle 
regulatory machinery. 

T h e  cell cycle is a collection of highly 
ordereii nrocesses that result in the dunlica- 
tion of a cell. As cells progress through the 
cell cycle, they undergo se\reral discrete 
transitions. A cell cycle transition is a uni- 
directional change of state in which a cell 
that was performing one set of processes 
shifts its activity to a different set of 
processes. A current focus of cell cycle re- 
search concerns how theae transltlons are 
coorii~nated to occur at a preclse tlme and 
In a deflned order In prlnc~ple, the order- 
lnrr of cell clcle events could he accorn- 
plished by requiring the next elrent to 
physically reqi11i-e the co~npletion of the 
previous elrent, rnuch like building a 
house-the roof cannot go up until the 
walls are built. This has heen referred to as a 
substrate-product relationship ( I  ). Alterna- 
tively, depeniiency could be establisheii by 
poaltn e or negatlve regulator) clrcults, anii 
t h ~ a  annears to be the nreiiorn~nant mecha- 
nism. A n  example of a pathway of cell cycle 
events that is subject to positive anii nega- 
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rive control is shown in Fig. 1A. A negative 
circuit is shown leaiiing from h to a step in 
the ii to e pathway. A pos~tive circuit, shown 
linking events b and c, cannot he easily 
distingi~isheii frrorn a substrate-product rela- 
tionship and depeniis upon the biochernical 
function of the step in question. These reg- 
 lato tory circuits are surveillance ~nechanls~ns 
that monitor the completion of critlcal cell 
cycle events anii allow subsequent cell cycle 
transitions to occur. There are two classes of 
regulatory circuits, termed here intrinsic and 
extrinsic. Intrlnslc rnechanisrns act in each 
cell cycle to order events. Extrinsic mecha- 
nisms are iniiuceii to act only when a defect 
is detected. Both rnechanisrns may use the 
same components to enforce cell cycle arrest. 
A n  exarnple of how some of these circuits 
are integrated into a typical cell cycle is 
shown in Fig. 1B. These pathways are of 
considerable interest hecause their loss leads 
to reiiilceii fidelity of cell cycle elrents such 
as chrornosorne duplication and segregation. 
Such alterations iiecrease the reproductive 
fitness of unicellular organisms and in mul- 
ticellular organisms may lead to i~ncontrolleii 
proliferation and cancer. 

Checkpoint is the narne glven to a par- 

t~cular suhset of these intrins~c or extrinsic 
rnechanisrns ( 1 ) .  A checkpoint is a hio- 
chemical pathway that ensures depeniience 
of one process upon another process that is 
otherwise hioche~nicallv unrelated. A null 
allele in a checkpoint gene results in a loss 
of this dependency and, thus, checkpoints 
are inhibitory pathways. Thls definition of a 
checkpoint is broad and can apply to many 
situations that occur in ~nulticellular organ- 
isms, particularly during de\.elopment. How- 
ever, its most common usage IS In reference 
to control of cell cycle trans~tions. The worii 
checkpin t  conjures \,is~ons of hoth a place 
(a border) and a process (examination) and 
this duality has led to some confusion. The 
word is often used In a manner suggesting 
that checkpoints are points in the cell cycle 
or are cell cycle transitions, but the usage 1s 
best restricted to refer to the biochernical 
pathwdj that ensures dependent) For ex- 
ample, the DNA-damage checkpoint 1s the 
rnechan~arn that detects damageii DNA and 
generates a signal that arrests cells in the G1 
phase of the cell cycle, slows down S phase 
(DNA synthesis), arrests cells in the G2 
nhase, and induces the transcrintion of re- 
pair genes. The posit~on of arrest within the 
cell cycle \raries depeniiing upon the phase 
in which the darnage is sensed. Whether the 
loss of a checkpoint has an irnrnediate con- 
sequence for an organlsln iiuring a norrnal 
cycle depends on the particular pathway and 
the inherent timing of the processes them- 
selves Tlmlng anii checkpoints can act as 
reduniiant controla to enaure the nroner or- 
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iier of events. Thus, there are no constraints 
on whether checkpoints are essential or In- 
iiucible (extrins~c). 

The first ~ndicat~ons that the cell cvcle 
was not controlled strictly by a substrate- 
proiiuct relationship came from cell fusion 
experiments in Physarium polycephalum that 
showeii that tirn~ng of rnltotlc entry could 
he influenceii by the ratio of the nuclear 
volume to cytoplasmic volume (2 ) .  Slmilar 
experiments with rnarnrnal~an cells showed 
that when cells In S anii G2 phases of the 
cvcle were fused, the G2 nucleus delaved 
mitotic entry until the S-phase nucleus fin- 
 shed DNA renlication: then both nuclei 
synchronously entered rn~tosis (3). This was 
interpreted to mean that S-phase nuclei 
produceii an inhihitor of mitosis. The first 
exarnple of a iiependency relationship re- 
lie\red hv mutation was from bacterial stuii- 
ies. DNA iia~nage and certaln rnutatlons 
cause a hlock to sentation resultine in fila- 
rnentation of Escherichia coli (4), and muta- 
tions in the recA, l e d  and sulA(sfiA) genes 
relieve this septatlon block (5). SulA is an 
inhibitor of septation iniiuced in response 
to DNA damage as part of the SOS re- 
sponse (6)  controlled by recA and the re- 
pressor l e d .  In eukaryotes, cells frorn hu- 
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