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Abstract. The mechanisms responsible for correct tim-gether this summary by recent reviews written by other
ing of DNA synthesis within the cell cycle and for limit- authors (Diffley 1995; Muzi-Falconi et al. 1996b;
ing replication to one round per cell cycle are basicallyWuarin and Nurse 1996).
similar in the two model yeastSaccharomyces cerevisi- The points | shall discuss are summarized in Figs. 1
ae and Schizosaccharomyces pomloespite many dif- and 2, which show the key pathways involved in S phase
ferences in detail. In both cases, the timing of initiationregulation inS. cerevisia@ndS. pombegrespectively. In
and the prevention of additional rounds are controlled byhese figures, the cell cycle phases are indicated on the
the activity levels of B-type cyclins. These similarities outer black circle. The inner yellow and red circle indi-
are likely to extend to other eukaryotic organisms. cates the type of protein complex present at replication
origins (see next section). The cell cycle proportions
should not be considered accurate. However, they are
sufficiently realistic to make apparent the fact that G1
and S phase i8. pombeccupy a smaller portion of the
How initiation of DNA synthesis is regulated in the cell cell cycle than irs. cerevisiaeProteins and pathways of
cycle — so that each chromosome is replicated once durirsgmilar structure or function in the two yeasts are shown
each S phase — is a fascinating problem. Recent progressnith matching colors in the two diagrams.
this field has led to significant advances in our understand- In this review all gene names are italicized, but pro-
ing, but it has also produced the potential for confusiotiein names are not. | have named genes according to the
owing to the sheer abundance of details being discoveredpnventions employed Wfy. cerevisia@ndS. pombeye-
details that are frequently specific to a single organismmeticists. All dominant (usually wild type§. cerevisiae
The purpose of this brief review is to sift through the degene names are in upper case, but recessive genes (usu-
tails of S phase regulation in two model eukaryotic organally mutants) are in lower case. AB. pombegene
isms, Saccharomyces cerevisiaad Schizosaccharomyces names are in lower case. Specific proteins are named af-
pombe in order to separate out important conserved feder the genes that encode them. Thus, the names of spe-
tures and also to identify gaps in our understanding of thigific S. cerevisiag@roteins are capitalized, while those of
process in one or both yeasts. Although this review is sp&. pomberoteins are lower case. The names of generic
cific for S. cerevisia@andS. pombegit is likely that the fea- proteins (not named after specific genes) begin with a
tures found to be conserved between these two yeasts aapital letter, followed by lower case.
also present in other eukaryotic organisms.

To maximize brevity, | have minimized references O ormation of prereplicative complexes
older or well-established papers. The missing references
can be found in the bibliographies of the papers that The presence during G1 of a large protein complex at
have cited here. | have been greatly aided in putting tareplication origins was first suggested by chromatin
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Fig. 1 Cell cycle regulation of DNA replication iaccharomyces able. In the remainder of the diagram, each group of proteins en-
cerevisiae Theblack outer circlerepresents the phases of the cell closed in asolid ovalis thought to be part of a multi-protein com-
cycle. Theinner circlerepresents changes in the proteins bound toplex. Proteins enclosed dashed ovalare degraded by proteoly-

a typical replication origin during the cell cyclBed indicates sis. Arrowheadsindicate stimulationsmall solid rectangleidi-

that the origin is bound by a “prereplicative complex” (pre-RC), cate inhibition.Thicker linesindicate processes that appear to be
consisting of ORC plus additional proteins (see tese)lowindi- more important or more fundamental for replication control with-
cates the postreplicative state, when only ORC binding is detectin the cell cycle

footprinting studies from the Diffley laboratory (Diffley evidence, discussed below, suggests that establishment
et al. 1994; Diffley 1995; Cocker et al. 1996), which of pre-RCs is an essential step in the initiation process.
showed that the proteins boundSatcerevisiageplica- The CDC6 protein, which is required for replication,
tion origins change during the cell cycle. For the originss essential for formation and maintenance of pre-RCs
studied, which are thought to fire near the beginning of {Diffley 1995; Cocker et al. 1996). CDC6 is synthesized
phase, the footprint during the bulk of S phase, duringn late mitosis and early G1; another burst of synthesis
all of G2, and during the pre-anaphase stages of mitostakes place near the G1/S boundary in cells with pro-
is very similar to the footprint produced in vitro by puri- longed G1 phases, and CDC6 disappears during S phase
fied origin recognition complex (ORC) binding to naked (Piatti et al. 1995).

origin DNA (Diffley et al. 1994). However, from late mi- It is not yet known whether pre-RCs exist3npom-

tosis until the G1/S transition, the footprint is broader,be, but since a key S-phase regulatory protei§.ipom-

with fewer hypersensitive regions, suggesting that addibe, the cdc18 protein, is similar in structure to CDCB6, it
tional proteins bind at this time (Diffley et al. 1994). The seems likely that pre-RCs are also preserf.ipombe

time during which the suggested “prereplicative com-Unlike CDC6, however, cdcl8 is not synthesized until
plex” (pre-RC) is present is indicated by the red portiormid-G1, after the cdcl0-sctl transcription factor has
of the inner circle in Fig. 1. The yellow portion repre- been activated (Nishitani and Nurse 1995; Muzi-Falconi
sents the time when the “postreplicative complex,’et al. 1996a). Consequently, if cdc18 is essential for for-
which may consist simply of ORC, is present. Abundanimation of pre-RCs irf5. pombeas it is inS. cerevisiag
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Fig. 2 Cell cycle regulation of DNA
replication inSchizosaccharomyces
pombe The symbols have the same
meanings as in Fig. 1. Proteins with
functions similar td5. cerevisiag@ro-
teins are shown with the same colors

s ' as the correspondirfg. cerevisiae
Schizosaccharomyces pombe proteins (seepFig. {5@

then formation ofS. pombere-RCs would not be com- are components of the machinery that “licenses” replica-
pleted until mid-G1 (fully red portion of the inner circle tion, limiting it to one round per cell cycle. B cerevi-
in Fig. 2). Like CDCB6, cdc18 is unstable and disappearsiaeand in animal cells, Mcm proteins bind to chromatin
during S phase (Nishitani and Nurse 1995; Muzi-Falconduring G1 phase, roughly the period when pre-RCs are
et al. 1996a), and so, presumably Sigpombere-RCs. present (reviewed in Kearsey et al. 1996), suggesting
In the absence of cdc18 activity, tBe pombeheck- that Mcm proteins might be components of pre-RCs.
point that normally inhibits mitosis until replication is However, the large stoichiometric excess of Mcm pro-
complete does not function, and cells go through a lethakins over pre-RCs ii$. cerevisiaecells suggests that,
mitosis with 1IN DNA content (the “cut” phenotype) even if Mcms are components of pre-RCs, they may in
(Kelly et al. 1993). This behavior could be explained ifaddition bind to other chromatin regions (Diffley 1995).
pre-RCs are required to generate the signal that replic&hromatin binding o6. pombé&lcm proteins has, to my
tion is incomplete; in the absence of cdcl8, pre-RC&nowledge, not yet been directly tested. Since at least
could not be made, and no signal indicating incomplet®ne of theS. pombeéMcm proteins is present in the nu-
replication would be generated (Kelly et al. 1993). Twocleus in early G1 prior to cdcl0-sctl activation (Maio-
additional proteins — cdtl (Hofmann and Beach 1994fano et al. 1996), it is possible that,Sf pombeMcms
and cut5 (also called rad4) (Fenech et al. 1991; Saka amde components of pre-RCs at origins, they may bind to
Yanagida 1993; Saka et al. 1994) — are known to sharrigins independently of cdc18 in late mitosis and early
with cdc18 the property of being essential both for repli-G1 (as suggested by the gradient from yellow to red,
cation and for generation of the incomplete replicationfrom late mitosis to early G1, in Fig. 2).
checkpoint signal. It is possible that one or both of these
proteins may also be involved in formation and/or main-
tenance of pre-RCs. Other G1 events
The six members of the Mcm protein family appear to
be essential for initiation in both yeasts (reviewed in Ke-During G1 a decision is made concerning whether to
arsey et al. 1996Xenopushomologues of these proteins continue with preparations for replication and cell divi-
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sion or to exist from the cell cycle. In this review, | shallthe level of CLB5,6-CDC28 kinase activity sufficient to
not deal with that important decision. Instead, | shall aspermit initiation of DNA replication.

sume that the decision has been made to continue cy- A major difference between G1 B. cerevisiaeand
cling — to replicate DNA and then divide — permitting G1 inS. pombés the nature of the cyclins that drive pro-
me to focus on the events in G1 that culminate in the inigression through G1. Although all cyclins are structurally
tiation of DNA synthesis. related, theS. cerevisia&s1 cyclins form a subfamily of

In both yeasts, early preparations for replication (pretheir own, distinct from the B cyclin subfamily. In con-
sumably formation and/or maintenance of pre-RCs) aré&rast, theS. pombeyclins capable of promoting passage
inhibited by high concentrations of a cyclin-dependenthrough G1 — cig2, cigl and cdcl13 — are members of the
kinase (Cdk: CDC28 is. cerevisia@and cdc2 irS. pom- B cyclin subfamily. Although cig2 is the B cyclin nor-
be) complexed with a B-type cyclin (CLB1-CLB6 & mally responsible for initiating replication, that role can
cerevisiae cdcl13 inS. pombg The B cyclins are pres- also be assumed by cigl or cdc13 (which are not normal-
ent at very high concentrations during early mitosisly present in high concentration until G2) (Fisher and
Their destruction by targeted ubiquitin-mediated proteNurse 1996; Mondesert et al. 1996). Another major dif-
olysis during anaphase permits the formation of preference is the specificity of the Cyclin B-Cdk inhibitor.
RCs. B-cyclin proteolysis irs cerevisiaedepends on a Whereas SIC1 08. cerevisiaeppears to inhibit all Cy-
protein complex that contains CDC16, CDC23 andclin B-Cdk complexes, ruml o8. pombecan inhibit
CDC27. InS. cerevisiageat least, the potential for B-cy- cdc13-cdc2 completely, cig2-cdc2 only partially, and
clin proteolysis continues until late G1 (Amon et al. cigl-cdc2 not at all (Correa-Bordes and Nurse 1995).
1994). In both yeasts, an inhibitor specific for B cyclins  The cig2-cdc2 kinase accumulates during G1, activat-
(SIC1 inS. cerevisiaeand ruml inS. pombgalso helps ing the cdc10-sctl transcription factor, which stimulates
to keep the Cyclin B-Cdk activity low during most of transcription of thedc18gene among others. Eventual-
Gl1. ly, it accumulates sulfficiently to overcome partial inhibi-

At the end of G1 Cyclin B-Cdk activity must rise, be- tion by ruml and to stimulate initiation of replication
cause it is required for triggering initiation of replica- (Jallepalli and Kelly 1996; Martin-Castellanos et al.
tion. Consequently, both yeasts have developed mech&996; Fisher and Nurse 1996; Mondesert et al. 1996).
nisms that permit Cyclin B-Cdk activity to increase in
late G1. InS. cerevisiagand presumably also B. pom-
be, targeted B cyclin proteolysis is turned off. However, Triggering replication
the two yeasts deal with their Cyclin B-Cdk inhibitors in
different ways. IrS. cerevisiagthe same G1 cyclins that In S. cerevisiagthe actions of at least two protein kin-
inhibit B-cyclin proteolysis also stimulate SIC1 proteol- ases, CDC7 and CLB5,6-CDC28, are required in late G1
ysis. InS. pombga B-type cyclin is produced that is rel- to trigger initiation of replication. CDC7 is not a mem-
atively resistant to rum1 inhibition. Additional G1 eventsber of the family of cyclin-dependent kinases (Cdks),
also differ between the two yeasts. Therefore, it is helpbut, like the Cdks, to become active it must associate
ful to keep in mind, as one reads more about the detailsith a protein partner, DBF4, whose abundance is cell-
of G1 events in these two yeasts in the next few parasycle regulated and is greatest in late G1 (Chapman and
graphs, that the goals of these G1 events are the same:Jwhnston 1989; Jackson et al. 1993). CDC7 activation
keep Cyclin B-Cdk activity low in early G1 and to per- also requires phosphorylation by an as yet unindentified
mit it to rise in late G1. kinase, possibly a Cdk (Yoon et al. 1993).

During early G1 phase . cerevisiagthe G1 kinase, Evidence from a 1-hybrid assay suggests that the
CLN3-CDC28, promotes the synthesis of two transcrip-DBF4 protein associates with replication origins (Do-
tion factors, MBF and SBF, each of which stimulates thavell et al. 1994). Presumably it does so in late G1, when
transcription of a set of cell-cycle-regulated genes (Didit is most abundant, and subsequently recruits CDC7 to
rick et al. 1995). MBF activates many genes, includingorigins. The critical substrate(s) of the CDC7 kinase
the genes encoding the CLB5 and CLB6 cyclins. Notéhave not yet been identified, but are likely to be proteins
that there are 6 B cyclins 1. cerevisiaeCLB1-CLB6. present at origins.

Under normal conditions, CLB5 and/or 6 are responsible The other kinase whose action is essential to trigger S
for activating DNA synthesis, but when the genes encodphase is the Cdk, CDC28, associated with a B-type cy-
ing these two cyclins are deleted, any of the remaining 4lin. As in the case of CDC7-DBF4, the critical sub-
B cyclins can play the role (Schwob and Nasmyth 1993strate(s) of the CLB5,6-CDC28 kinase have not yet been
Schwob et al. 1994). identified.

Among the genes activated by SBF are those encod- The importance of CLB5,6-CDC28 action for pro-
ing the G1 cyclins, CLN1 and CLN2. After binding to gression into S phase is underscored by the fact that, in
CDC28 to generate active kinases, CLN1 and CLNZ2he presence of normal amounts of the Cyclin B-CDC28
have two effects important for progression into S phasenhibitor, SIC1, there is insufficient residual CLB5,6-
(1) they inhibit the targeted proteolysis of B cyclins me-CDC28 activity to permit initiation of replication. For
diated by CDC16, CDC23 and CDC27 and (2) theythis reason, proteolysis of SIC1 at the end of G1 is es-
stimulate the targeted proteolysis of SIC1 by CDC4-sential for initiation of replication (Schwob et al. 1994).
SKP1, CDC34 and CDC53 (Dirick et al. 1995; Bai et al. The order, relative importance and interdependence
1996). The net result of all these actions is an increase of the CLB5,6-CDC28 and CDC7-DBF4 phosphorylat-
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ions are not yet known. Under normal conditions, botmome, in some cases for multiple rounds, without an in-
are essential. However, a cellular mutatibopl has tervening mitosis. The types of mutations that permit
been discovered in which the requirement for CDC7such unregulated replication include certain Cdk muta-
DBF4 is eliminated (Jackson et al. 1993). In this mutantiions that appear to affect interactions with B cyclins
phosphorylation by CLB5,6-CDC28 is still required (Broek et al. 1991), deletion of the gene(s) encoding the
(Jackson et al. 1993), suggesting that phosphorylation bypajor B cyclins (Hayles et al. 1994), and inhibition of
CLB5,6-CDC28 may act downstream of CDC7-DBF4. Cyclin B-Cdk complexes (Correa-Bordes and Nurse
Whether homologs of CDC7 and DBF4 are requiredl996; Dahmann et al. 1995).
to initiate replication inS. pombds not yet known. In- Thus, high levels of Cyclin B-Cdk are needed to pre-
terestingly, inS. pombeverexpression of cdc18 appears vent initiation of replication during G2 and M phases.
to bypass both the known requirement for cig2-cdc2 and@his suppression of abnormal initation may well be me-
the possible requirement for homologs of CDC7 andliated by interactions between Cyclin B-Cdk and
DBF4, because it permits rereplication without an intercdc18/CDC6, which prevent the formation of, or desta-
vening mitosis (Nishitani and Nurse 1995; Muzi-Falconibilize, pre-RCs. This conclusion is based on the observa-
et al. 1996a). In fact, overexpression of cdcl8 permitsions that: (1) pre-RCs can be formed in G2/M if B cy-
uncontrolled reinitiation of replication even in the ab-clins are inhibited (Dahmann et al. 1995), (2) CDC6 and
sence of protein synthesis (Nishitani and Nurse 1995)dc18 are in vitro substrates for Cyclin B-Cdk (Piatti et
suggesting that cdc18 function (perhaps abnormal owingl. 1996; Jallepalli and Kelly 1996), (3) inhibition of Cy-
to overexpression) is sufficient for a very late step in thelin B-Cdk leads to massive accumulation of cdcl8
overall process of initiation. (Jallepalli and Kelly 1996), and (4) Cyclin B-Cdk physi-
cally associates with CDC6 (Piatti et al. 1996).
Based on these observations, it is tempting to specu-
S phase events late that one of the actions of Cyclin B-Cdk complexes
may be to bind to and/or phosphorylate CDC6/cdc18,
During S phase 5. cerevisiagpre-RCs are converted thereby simultaneously (1) rendering CDC6/cdc18 active
to postreplicative complexes, apparently owing to loss ofor an essential, perhaps final, S phase promoting function
most or all proteins bound to the origin except for ORCand (2) rendering it incapable of forming pre-RCs, per-
(Diffley et al. 1994). Because all origins whose foot-haps even marking it for destruction by proteolysis.
prints have been examined to date are ones that fire in Although this simple speculation may ultimately
early S phase, it is not yet clear when this conversioprove to be correct, several results suggest that what is
takes place for late-firing origins. It seems likely that theactually going on may be more complicated. One such
conversion will prove to take place at the time during Sesult is the observation that overproduction of CDC6
phase when the origin fires. For that reason, the transappears incapable of inducing reinitiation without an in-
tion from pre-RCs to post-RCs is shown as a graduakrvening mitosis (Piatti et al. 1996), whereas, as men-
transition (red to yellow) during S phase in Figs. 1 andioned above, overproduction of cdc18 $n pombeis
2. sufficient to induce reinitiation (Nishitani and Nurse
Since most or all origins are associated with ORC1995; Muzi-Falconi et al. 1996a). In fact, CDC6 is capa-
during S phase (Diffley and Cocker 1992; Diffley et al.ble of stimulating the formation of pre-RCs only from
1994), it is likely that new ORC binds to new origins late mitosis to a point in late G1 that roughly corre-
within S phase, shortly after origin replication. sponds to the time when Cyclin B-Cdk activity becomes
high enough to permit initiation of replication. When
CDC6 expression is induced in later cell cycle stages,
Resetting the clock pre-RCs are not formed and DNA synthesis is not initiat-
ed (Piatti et al. 1996). It is not yet clear whether this ap-
During S, G2 and early M phases, high levels of Cyclinparent difference between the consequences of cdcl8
B-Cdk kinase inhibit the formation of new pre-RCs andand CDC6 overproduction reflects major differences be-
prevent rereplication. I1&. cerevisiagtargeted proteoly- tween the functions of the two proteins or is simply a
sis of the B cyclins takes place in anaphase and is medionsequence of quantitative differences between the two
ated by the evolutionarily conserved “anaphase promotyeasts in the efficiency with which Cyclin B-Cdk inhib-
ing complex (APC),” which contains CDC16, CDC23, its CDC6/cdc18 function.
CDC27 and perhaps additional proteins (Irniger et al. Another result suggesting possible complications is
1995; King et al. 1995; Zachariae and Nasmyth 1996)the finding that mutants in tw8. cerevisiagyenes en-
The resulting dramatic reduction in cyclin-Cdk activity coding components of AP@CDC16and CDC27, over-
is important for resetting many aspects of the cell cyclereplicate their DNA despite the continued presence of
not just those relating to DNA replication. high levels of Cyclin B-Cdk (Heichman and Roberts
1996). This overreplication resembles the overreplica-
tion induced inS. pombéyy cdc18 overproduction (Ni-
Overreplication shitani and Nurse 1995; Muzi-Falconi et al. 1996a) and
is distinct from the overreplication induced $n pombe
In both yeasts, mutations leading to loss of Cyclin B-(Broek et al. 1991; Hayles et al. 1994; Correa-Bordes
Cdk activity during G2 permit rereplication of the ge- and Nurse 1995) dB. cerevisiagDahmann et al. 1995)
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by reduction of Cyclin B-Cdk activity, in the sense thatsince 1988 in our understanding of replication control in
the overreplication resulting from these APC mutationsS. cerevisia@ndS. pombereviewed above, suggest that
does not produce discrete genome doublings (Heichmathe licensing hypothesis is basically valid but can now
and Roberts 1996). Consequently, an attractive hypothdse restated in a more sophisticated fashion: passage
sis (Heichman and Roberts 1996; Wuarin and Nurs¢hrough mitosis reduces Cyclin B-Cdk activity suffi-
1996) is that APC activity is required for targeted prote-ciently to permit formation of pre-RCs, which are essen-
olysis of CDC6 during S phase and that, in the absendgal for replication; preRCs are destroyed by replication;
of such proteolysis, CDC6 accumulates and, like itsand the high level of Cyclin B-Cdk prevalent during G2
cousin, cdcl8 inS. pombe stimulates new initiation and early M phases prevents their reformation.

events. This hypothesis may ultimately prove to be cor- Recent experiments witKenopusextracts have im-
rect, but several obstacles stand in the way of its immeplicated the Mcm proteins in licensing (reviewed in Ke-
diate acceptance: (1) intentional overexpression o#rsey et al. 1996). It is to be hoped that future yeast ex-
CDC6 does not appear capable of inducing overreplicggeriments will contribute to clarification of the role of
tion (Piatti et al. 1996); (2) there is no evidence thathe Mcm proteins in this process.

APC is involved in CDC6 proteolysis; and (3) there is

evidence that a different set of proteins — CDCA4,
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