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DNA damage that is not properly repaired during genomic

replication is a major source of gross chromosomal

rearrangements and sequence loss during cell proliferation. In

higher eukaryotes such mutations increase the risk of cancer.

Eukaryotic cells have multiple checkpoint responses activated

by DNA damage and stalled replication forks. We focus here

on fork-associated events that activate and respond to S-phase

checkpoint kinases.
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Abbreviations
Cdk cyclin-dependent kinase

ChIP chromatin immunoprecipitation

DSB double-strand break

FHA forkhead homology-associated

HU hydroxyurea

MMS methylmethane sulfonate

RDS damage-resistant DNA synthesis
RPA replication protein A

Sc Saccharomyces cerevisiae

SCC sister chromatid cohesion

Sp Schizosaccharomyces pombe

ssDNA single-stranded DNA

Introduction: DNA replication and
checkpoints
The DNA damage checkpoint response can be broken

down into three basic steps: first, a sensing (which often

entails processing) of the DNA lesion; second, amplifying

the signal to elicit a response; and third, a cellular reaction

to the signal transmitted through an ‘effector’ kinase,

which generally phosphorylates target proteins to slow

cell-cycle progression, stabilize fork structure, and acti-

vate repair [1��]. Defining the proteins involved in the

S-phase checkpoint response has been particularly chal-

lenging because different insults provoke activation of

the kinase cascade through different pathways, and a

single insult can activate parallel pathways. The complex-

ity of the S- phase checkpoint is further compounded by

the fact that components of the replisome themselves are

implicated at all three levels of the checkpoint response

[2]. For example, replication forks participate in check-

point activation: DNA polymerase e (pol e) and its asso-

ciated protein Dpb11 (TopBP1 or Cut5 in humans or

fission yeast, respectively; see Table 1) act upstream to

signal kinase activation, as does the ssDNA binding

protein RPA. Yet DNA polymerases and RPA are also

downstream targets for phosphorylation by checkpoint

kinases, which ensure proper resumption of DNA synth-

esis. Finally, adding a new twist to the story, recent data

suggests that the S-phase checkpoint requires a threshold

level of damage prior to activating the checkpoint signal,

allowing the cell to ‘tolerate’ a certain level of fork-

associated ssDNA without provoking cell-cycle arrest

[3�]. Later in the cell cycle, this ‘tolerance’ appears to

be lost, and the persistence of unique strand breaks or

replication forks in G2 phase prevents progression into

mitosis.

In this review, we focus on new components of the

S-phase checkpoint response, which help explain how

fork-associated damage and stalled forks produce a check-

point-activating signal. The signal is then amplified

through fork-associated adaptors, often containing BRCT

domains. This ultimately stabilizes the replisome and

prevents mitosis. Results obtained with genetically com-

promised budding and fission yeast strains have been

instrumental in sorting out redundant pathways, and have

often proven to be excellent paradigms for mammalian

cells.

Sensing damage in S phase
The ‘sensor’ kinases in the S-phase checkpoint signaling

cascade are the ATM/ATR kinases (ataxia-telangiectasia

mutated-and Rad3 related), called ScTel1/Mec1 or

SpTel1/Rad3 in budding and fission yeast, respectively

(see Table 1). These are necessary for the activation of

the Chk2 ‘effector’ kinase (termed ScRad53 or SpCds1)

in response to DNA damage during S-phase. A second

effector kinase, Chk1, responds primarily to processed

breaks and is important for the arrest of progression into

mitosis, but not for of replication fork stability [1��]. An

S-phase-specific checkpoint response is activated when

replication forks stall as a result of nucleotide depletion

(i.e. elevated concentrations of hydroxyurea [HU]), or

when they collide with lesions in DNA treated with

alkylating agents, such as methylmethane sulfonate

(MMS). In budding yeast, the detection of MMS-induced

damage requires replication, as its damage is ‘revealed’
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only when moving forks encounter modified nucleotides

[4��]. This agent is therefore specific for inducing fork-

localized damage, in contrast to other agents, such as

phleomycin, bleomycin or g irradiation, which engender

modifications and double-strand breaks (DSBs) in non-

replicating DNA, as well as at replication forks. The

superposition of DSB-induced and fork-associated sig-

naling pathways may be responsible for the complexity

of the mammalian checkpoint response to ionizing

radiation [5�].

In the case of both irradiation- and MMS-induced lesions,

damage-resistant DNA synthesis (RDS) occurs in check-

point-deficient cells. Recent work in yeast suggests that

rather than a reduced fork rate, the checkpoint-mediated

drop in DNA synthesis reflects a delay in the firing of late

origins of replication [4��,6]. This slows the completion

of S phase indirectly, providing a longer period of time

for repair and the completion of genomic replication. A

recent extension of this study suggests that although late-

origin inhibition extends S phase, it is the preservation of

fork integrity that is critical for cell viability [4��]. Spe-

cifically, it was shown that the role of ScMec1 in suppres-

sing origin firing in the presence of MMS could be

genetically separated from its role in preventing fork

collapse [4��]. Thus, the suppression of origin activation

and fork stabilization are independent functions of the

ScMec1 kinase. Moreover, the stabilization of existing

forks was shown to be the more crucial event for cell

survival. This separation of function was shown using the

mec1-100 allele, which has a significantly delayed and

reduced level of ScRad53 activation in response to both

HU and MMS [7]. One can conclude, therefore, that the

role of ScRad53 kinase is also distinct from that of ScMec1

in the maintenance of fork stability. These results under-

score the importance of using specific assays, and not

simply cell survival, to monitor the checkpoint response.

The biochemical characterization of replication forks

suggests that extended ssDNA regions are produced

during fork stalling and contribute to checkpoint activa-

tion. Indeed, kinase recruitment to an ssDNA–RPA

complex could itself be the critical event that triggers

the checkpoint signaling cascade (Figure 1). This is

supported by recent microscopy and chromatin immuno-

precipitation (ChIP) experiments showing a recruitment

of ScMec1–Ddc2 to the replication fork shortly after

treatment with genotoxic agents [4��,8��,9��]. Once

Table 1

Conserved damage and replication checkpoint genes.

S. pombe S. cerevisiae Homo sapiens Protein function

rad1 RAD17 RAD1 PCNA-like protein
rad9 DDC1 RAD9 PCNA-like protein

hus1 MEC3 HUS1 PCNA-like protein

rad17 RAD24 RAD17 RFC1-like protein binds Rfc2-5

rad26 DDC2/LCD1 ATRIP PIK-related kinase binding protein

rad3 MEC1 ATR PIK-related kinase

tel1 TEL1 ATM PIK-related kinase

chk1 CHK1 CHK1 Downstream protein kinase

cds1 RAD53 CHK2/CDS1 Downstream kinase w/FHA domains

swi1 TOF1 TIM? Fork-associated adaptor

mrc1 MRC1 MRC1, Claspin Fork-associated adaptor

rad4/cut5 DPB11 TopBP1, p53BP BRCT domain protein, pol e associated

rhp9/crb2 RAD9 BRCA1 BRCT domain protein

? ? MDC1 BRCT domain protein

rad32 MRE11 MRE11 MRX/MRN complex, endonuclease

rad50 RAD50 RAD50 MRX/MRN complex

nbs1 XRS2 NBS1 MRX/MRN complex, BRCT- and FMA-containing

cut2 PDS1 Securin Target of checkpoint to maintain SCC

cut1 ESP1 Separase Activator of SC separation

smc1 SMC1 SMC1 Cohesin subunit that binds SMC3

rad21 SCC1 SCC1 Non-SMC cohesin subunit

srs2 SRS2 ? Recombination suppressing helicase

rqh1 SGS1 BLM RecQ helicase family member

hsk1 CDC7 CDC7 S phase inducing kinase

dfp1 DBF4 DBF4/ASK Regulatory subunit of Cdc7 kinase

This table summarizes the most universal S phase checkpoint factors, presented with their names in budding yeast, fission yeast and

mammalian/vertebrate systems, based on work from many laboratories. In the main text, reference to species-specific proteins is designated

by the prefix ‘Sc’ or ‘Sp’ for budding and fission yeasts, respectively. PCNA, proliferating cell nuclear antigen; RFC, replication factor C;

PIK, phosphoinositol-3-kinase; FHA, fork-head-associated.
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recruited, the kinase is thought to modify and stabilize

components of the replication machinery [9��,10�]. In

mammalian cells association of the ScMec1–Ddc2 homo-

logue ATR–ATRIP (ATR-interacting protein) at the fork

presumably involves the sensing of DNA damage through

ATRIP, which appears to recognize replication protein A

(RPA)–ssDNA complexes in vitro [11��]. This model is

consistent with genetic studies from budding yeast and

the analysis of a response to etoposide in replicating

Xenopus egg extracts [12,13,14��]. It raises the question

of what is unique about RPA bound to damage-containing

or stalled replisomes, as opposed to normal forks.

During unperturbed replication, RPA binds both leading

and lagging strands, yet the recruitment of ScMec1–Ddc2

is not observed [8��,9��]. It is proposed that only replica-

tion forks undergoing unusual or prolonged stress, possi-

bly accumulating abnormally long stretches of ssDNA-

bound RPA, become sites of ScMec1–Ddc2 recruitment

(Figure 1). Support for this comes from the study of a

point mutation in the largest RPA subunit, Rfa1. The Sc
rfa1–t11 mutant is proficient for replication but is partially

defective for the checkpoint response to the stretches of

ssDNA that accumulate at telomeres in a cdc13 mutant

[15]. Cells carrying this allele are defective for recruiting

ScDdc2 to ssDNA in response to a DSB [11��] and are

partially compromised for ScDdc2 recruitment to replica-

tion forks on HU [16�]. This correlates with the reduced

activation of ScRad53 in response to HU, and may reflect

the inability of rfa1–t11 to load or promote the stable

binding of ScMec1–Ddc2 at stalled forks. In a variant of

this model based on two thermosensitive mec1 alleles

(Scmec1–4 and –40), the ScMec1–Ddc2 complex is pro-

posed to stabilize forks in chromosomal zones through

which the replication fork proceeds slowly, even in the

absence of external insult [17].

S-phase-specific responses
As ssDNA and RPA are also implicated in the activation

of the checkpoint response at processed DSBs [18], it

remains unclear how the sensing of ssDNA at a replica-

tion fork differs from a G2-specific DSB response. Two

explanations seem likely. The first involves cell-stage-

specific modifications of components in the checkpoint

signaling pathway. The second invokes the physical

proximity of replication fork enzymes as modifiers of

the response. With respect to the former, not only

damage-dependent, but cell-cycle-specific modifications

are likely to influence the activity of adaptor proteins such

as ScRad9, ScMrc1 or RFA itself [1��]. This most likely

affects proteins involved in the amplification of the signal,

and often involves proteins containing the conserved

BRCT domain, such as ScRad9, TopBP1 (SpCut5 or

ScDpb11), and the BRCA1 protein [19��,20��,21]. The

BRCT domains of BRCA1 and TopBP1 were recently

shown to be phospho-specific domain recognition motifs,

whose specificity varies among the different BRCT-

domain-containing proteins. TheBRCA1 partner,BACH1,

for example, undergoes a cell-cycle specific modification

in G2 (probably by a Cdk), which is necessary for the

interaction [19��]. In other cases, the recognition motif

may be an ATM/ATR target site [20��]. These studies and

the documented presence of ScDpb11 (TopBP1) at repli-

cation forks [21], suggest that the modification of BRCT

domain-containing proteins contributes to the cell-cycle

specificity of the checkpoint response.

The second argument is based on the fact that the Mre11

complex — MRX or MRN, for ScMre11–Rad50–Xrs2, or

Mre11–Rad50–Nbs1 in mammalian cells — is implicated

Figure 1
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In budding yeast, ScTof1 and ScMrc1 are components of the replication

machinery (a) during normal S phase progression. (b) The activation of

the S-phase checkpoint signals through the PI3-kinase Mec1, and when

replication forks stall increasing levels of RPA-bound ssDNA recruits

ScMec1–Ddc2 to the replication fork through the binding of Ddc2 to

ssDNA. Once at the fork, ScMec1 phosphorylates the ‘adaptor’ ScMrc1

(indicated by asterisks). This signaling event mediates the activation and

possible recruitment of ScRad53 to the replication fork, where it

stabilizes components of the replisome. (c) ScMec1 activation also

prevents spindle elongation and the premature loss of sister chromatid

cohesion through dual pathways, either signaling through Rad53 early in

S-phase or by stabilizing the Securin ScPds1 late in S phase.
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in DSB processing in both S and G2 phases, although it

leads to the activation of ScTel1 and ScChk1 in G2 phase

[22�,23��,24] and not ScRad53 (CHK2 or SpCds1), which

is stimulated during the S-phase response. The MRX–

Tel1 signal is activated in parallel to the ScMec1 (ATR)

response to ssDNA [24] (Figure 2). Similar parallel

pathways appear to function in Xenopus extracts [14��].
In fission yeast, an unbranched checkpoint response to

MMS-induced fork-associated damage was shown to

require SpRad3 and SpCds1, but not MRX or SpTel1

[25��]. This is consistent with an MRX-independent

checkpoint pathway being stimulated by fork-associated

damage in Saccharomyces cerevisiae. It is striking that

SpMre11 is not required for the response to fork arrest

by HU, and that MMS does not provoke the Tel1-

activated modification of either Mre11 or Xrs2 in budding

yeast [23��,24,25��]. This allows us to differentiate fork-

associated damage that activates through the ScMec1–

Mrc1–Dpb11–Rad53 pathway from non-fork-associated

DSBs or damage that cannot be repaired by events at the

replication fork. These latter appear to be processed by

MRN (MRX) and to activate the checkpoint through

Tel1 (ATM; see Figure 2). In mammalian cells the

MRN complex acts through a BRCT domain-containing

protein called Mdc1 to suppress RDS in response to

irradiation in S phase [26�,27�]. The MRN–Mdc1 inter-

action is apparently needed for the recruitment of Mre11

to repair foci. We propose that the close proximity of

checkpoint adaptors such as ScMrc1 and ScTof1 at the

replication fork, or the rapid and efficient repair by either

translesion synthesis or nonreciprocal recombination

pathways, may disfavor use of the MRN/MRX pathway

for fork-associated damage.

Novel ‘adaptors’ are fork-associated
in S phase
An increasing number of S-phase-specific checkpoint

proteins have been shown to be integral components of

the replisome, being present both at stalled and normal

replication forks [8��,9��,10�,16�]. Two proteins, ScTof1

or SpSwi1 [28,29�] and Sc/SpMrc1 [8��,30,31] have

recently been shown to be fork-associated and are

contenders for the role of the fork specific ‘adaptor’

or ‘amplifier’ in the checkpoint signaling cascade. In

both budding and fission yeasts, Mrc1 is required for the

activation of ScRad53 and SpCds1 during replication

stress [30,31], and SpMrc1 physically interacts with

SpCds1 in yeast two-hybrid studies [31]. A model has

been proposed in which phosphorylation of ScMrc1 by

ScMec1–Ddc2, which is recruited to abnormal stalled

Figure 2
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A model for checkpoint activation in response to a DSB. (a) The induction of a DSB is followed by the recruitment of the MRX (S. cerevisiae) or

(b) MRN (mammalian) complex that processes the break. This may be a transient or reversible step, and it is not known whether MDC1 is

required here or only at a later step in the formation of mammalian repair foci. At this point, the full checkpoint response is silent. Extended
ssDNA (dashed line), which is generated by MRX/N nuclease activity, may be required to trigger a global checkpoint response. (c) In S. cerevisiae,

the binding of two sensor kinases Tel1 and Mec1–Ddc2 and subsequent MRX phosphorylation by Tel1 leads to the activation of effector kinases

Rad53 and Chk1 through the Rad9 mediator. In mammalian cells, ssDNA generation and/or chromatin modification appears to convert ATM from

an inactive to an active form (monomer). The active ATM phosphorylates H2AX (gH2AX, or histone H2A in yeast) early in the response. The formation

of repair foci requires MDC1 and is followed by the recruitment of other mediators 53BP1 and BRCA1. Although the molecular nature of focus

formation is not known, the stable assembly of these factors near a DSB coincides with checkpoint activation and recruitment of repair proteins.
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forks, in turn recruits and activates ScRad53 [8��]
(Figure 1). Indeed, in fission yeast, SpMrc1 is phos-

phorylated by SpRad3 in response to replicational

stress, and mutation of its potential SpRad3/Tel1 target

sites strongly impairs both SpMrc1 modification and its

interaction with SpCds1 [32��]. In budding yeast, the

mutation of the potential ScMec1 S/TQ phosphoryla-

tion sites compromises its ability to activate ScRad53

in response to replicational stress [8��]. Thus, mrc1
mutants have checkpoint defects similar to ScRad53

and SpCds1 mutants, resulting in increased sensitivity

to HU [8��,32��].

In addition, mrc1 cells exhibit a slow and damage-

inducing S-phase [30] that can not be suppressed by

upregulating RNR1. This suggests a role for ScMrc1 in

replication that might be independent of ScRad53 activa-

tion [8��]. Consistently, ScMrc1 is loaded in a Cdc45-

dependent manner at normal replication forks, shortly

after origin firing [8��,9��]. The reduced level of check-

point activation in strains with reduced origin activity

(e.g. orc2-1) may thus reflect a reduced presence of the

ScMrc1-mediated signal [3�,4��]. Importantly, when all

ScMec1-phosphorylation consensus sites are mutated in

ScMrc1, cells progress normally through an unperturbed S

phase despite an inability to mount a checkpoint response

[8��]. This confirms that ScMrc1 has two distinct func-

tions: one that ensures fork progression and a second that

ensures the checkpoint response.

The second S-phase-specific ‘adaptor’ candidate for

checkpoint signalling is ScTof1 or SpSwi1. ScTof1 was

identified in a screen for genes that had a synergistic

effect with ScRad9, showing increased sensitivity to

DNA-damaging drugs [28]. The contribution of ScTof1

to ScRad53 activation appears to be restricted to S-phase

and does not contribute to UV-induced transcription of

RNR3 during G1 or to the cdc13-1 induced block to

anaphase in G2/M [28]. ScTof1, like ScMrc1, is present

at replication forks during normal S-phase progression,

and remains associated with the fork through HU chal-

lenge [9��]. Both ScMrc1 and ScTof1 correlate with

replication fork movement, a process that is Mec1/

Tel1-independent [9��]. In fission yeast, SpSwi1 is essen-

tial for the proficient activation of SpCds1, and is neces-

sary to prevent fork collapse in the rDNA and the newly

identified programmed fork pausing site that is necessary

for mating type switching [29�]. Limiting levels of SpSwi1

or ScTof1 may also be responsible for the threshold

needed for Rad53 activation in S phase [3�].

During a checkpoint response, only extremely low levels

of the ‘effector’ kinase ScRad53 have been detected at

replication sites [9��]. Clearly, however, ScRad53 activa-

tion does protect stalled forks from pathological rearran-

gements that produce extensive single-stranded gaps,

hemi-replicated intermediates, and the accumulation of

Holliday junctions through fork reversal [33]. Moreover,

irreparable structures appear to form in rad53 mutants

that result in fork collapse [4��,6,34]. It is not known if

ScRad53 is a ‘hit and run’ enzyme or is simply insensitive

to formaldehyde fixation. In a strain bearing a mutation

that eliminates kinase activity (Scrad53-K227A) the asso-

ciation of DNA polymerases a and e with stalled forks was

reduced, yet RFA and ScDdc2 accumulate at these same

sites [16�]. This suggests that the absence of ScRad53

kinase activity contributes to a progressive degeneration

of stalled fork structures. It is possible, on the other hand,

that polymerase destabilization under these conditions

reflects the low dNTP levels in this strain. Indeed, in a

rad53 null allele bearing an sml1 deletion — which leads

to ribonucleotide reductase upregulation — did not

reduce polymerase recovery at stalled replication forks

[10�]. Intriguingly, recent data suggests that the two FHA

domains of ScRad53 are involved differentially in the

DNA damage and DNA replication checkpoint responses

[35��]. Whereas FHA2 is required in vivo for ScRad9-

dependent Rad53 phosphorylation and activation in G2

phase, mutation of FHA1 specifically compromised the

response to HU arrest [35��]. It is of major interest to

identify the relevant ligand for the ScRad53 FHA1

domain, and to determine whether this interaction helps

recruit ScRad53 to forks, or may be responsible for the

high threshold of damage required for checkpoint activa-

tion in S-phase cells [3�].

DNA replication and the S/M checkpoint
When DNA replication is incomplete, an S/M checkpoint

also prevents the onset of mitosis by maintaining sister

chromatid cohesion (SCC) and preventing spindle forma-

tion. Budding yeast has the unique characteristic that

intranuclear microtubules begin elongating throughout

G2 phase in preparation for mitosis. This explains why

budding yeast cells, and not other species, downregulate

spindle elongation in response to the S-phase checkpoint.

Recent work suggests that checkpoint control over spin-

dle formation consists of dual pathways: an ScMec1–

ScRad53 branch that is necessary in early S-phase, and

an ScMec1–ScPds1 branch that is essential in late S phase

[36] (Figure 1c). ScPds1 is also called Securin or Cut2 in

humans and fission yeast, respectively.

The ScMec1p–ScRad53-dependent pathway suppresses

the premature accumulation of the anaphase promoting

complex (APC) specificity factor, ScCdc20 [37��]. This

study shows that ScCdc20 can act independently of the

APC and that one of its downstream targets may be

ScAsk1, a protein originally identified in a genetic screen

aimed at finding new S-phase checkpoint genes that have

phenotypes similar to rad53 mutants [38]. ScAsk1 is both

a target of the cyclin-dependent kinase Cdc28 and is a

component of the DASH complex. DASH resides at

kinetochores and is necessary for the interaction between

the kinetochore and spindle microtubules [39]. The

Redundancy, insult-specific sensors and thresholds Cobb, Shimada and Gasser 5
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second checkpoint branch is ScRad53- and ScChk1-

independent, and appears to be biochemically distinct

from the G2 DNA damage pathway. Replication arrest in

late S phase results in the ScMec1-dependent stabiliza-

tion of ScPds1, which normally remains bound to a highly

conserved protease called ScEsp1 or Separase (Cut1 in

fission yeast) throughout G1 and S phase [40]. ScPds1 is a

target for ubiquitination and is degraded at the meta-

phase-to-anaphase transition. This event, in turn, frees

ScEsp1 to cleave the cohesion subunit Scc1, and to bind

the spindle apparatus, promoting microtubule elongation

[41]. Activation of the checkpoint late in S phase leads to

the inhibition of ScEsp1, and thereby restrains spindle

formation and prevents a premature loss of SCC

(Figure 1). The mechanism for ScPds1 control remains

unclear, yet there is a link between two HU-inducible

genes, ScRad23 and ScDdi1 [42] and ScPds1 levels. Both

of these proteins bind ubiquitin through ubiquitin-

associated domains [43], which are essential for the rescue

of HU sensitivity in pds1-128 mutant cells [42].

It is not clear whether this role for ScPds1 is specific to

budding yeast. In cells ranging from humans to fission

yeast, the S/M checkpoint response appears to activate

Chk1 through ATR to prevent entry into mitosis [1��].
This is achieved at least in part by inhibiting cyclin/Cdk1

activation. A role for the Securin (Pds1) has not yet been

demonstrated. Nonetheless, after ionizing irradiation,

human ATM phosphorylates Smc1, another essential

subunit of the cohesin complex, and site-directed muta-

tion of Smc1 acceptor serines (aa957 and aa966) compro-

mises the intra-S-phase checkpoint [44]. Interestingly

these same sites become modified in an ATM-indepen-

dent manner after UV irradiation or HU treatment. The

other PI3-like kinase, ATR, seems to be an attractive

candidate effector for this modification.

Coordinating replication and mitosis
As the checkpoint functions of ScMec1 and ScRad53

are not essential, and because ScPds1 is dispensable for

normal cell growth, we can assume that these factors do

not regulate entry into mitosis during an unchallenged

cell cycle. To prevent mitotic entry, a eukaryotic cell may

either restrain Cdk1 activation by monitoring replication

forks, or it may detect improperly duplicated and paired

chromatids, or both. Recent data suggests a tight coordina-

tion between the replication machinery and factors

involved in SCC (reviewed in [41] see also [45��,46��]).
Notably, Saccharomyces cerevisiae DNA pol e (Pol2) phys-

ically interacts with pol s — encoded by redundant genes

TRF4 and TRF5 [47] formerly called Pol k — which is

necessary for efficient cohesin loading [46��]. In addition,

ScEco1/Ctf7, which plays a critical role in the establish-

ment of SCC [41], participates in a complex with Ctf18–

Ctf8–Dcc1–Rfc2-5, an alternative RFC complex [45��,
48,49]. Surprisingly, ScEco1 interacts as well with the

Rfc1–Rfc2-5 complex and the Rad24–Rfc2-5 (9-1-1 com-

plex), the central DNA damage checkpoint sensor [45��].
Finally, recent genetic interaction screens in S. cerevisiae
strains bearing deletions of ctf4 or ctf8, suggest that several

checkpoint proteins, including ScTof1, ScMrc1, and

ScMre11, may contribute to efficient SCC [50�,51�].

In conclusion, the bridging of sister chromatids by cohe-

sin may itself be linked to damage sensing and thus

might help delay mitotic entry in the presence of geno-

toxic stress. It also has been proposed that in fission yeast

the sensing of correctly paired sister chromatids requires

SpSwi6, the HP1 homologue that is necessary for cen-

tromeric heterochromatin and sister chromatid cohesion

[52��,53,54]. How (and if) these signals feed back to the

Cdc25-dependent activation of the Cdk1/cyclin com-

plex remains to be shown. Nonetheless, SpSwi6 was

shown to be a target of the conserved S phase kinase

Cdc7 (SpDfp1/Hsk1 in fission yeast [52��]). In verte-

brates, budding and fission yeasts, the Cdc7 regulatory

subunit Dbf4/Dfp1 is a target of the replication check-

point. Its modification is implicated in the downregula-

tion of origin firing in response to DNA damage and

stalled forks [14��,55]. Further functions of this kinase

may involve other Dbf4-related proteins like Drf1, a

novel Cdc7 regulatory subunit recently discovered in

Xenopus [56].

Conclusions
In summary, research in various systems has begun to

clarify sensors and signaling partners that mediate the

checkpoint response in S phase of the cell cycle. One can

distinguish pathways that respond to fork-associated

damage induced by MMS, by HU-arrested forks, and

by DSBs. Cyclin and Orc2 mutants have been used to

show that a higher threshold level of damage is tolerated

in S phase for checkpoint activation. Studies reviewed

here have implicated ssDNA and RPA in signaling acti-

vation of the checkpoint, however, it remains unclear

how the sensing of ssDNA at a replication fork during S

phase differs from the RPA–ssDNA complex formed at a

processed DSB in G2. Moreover, it is unclear what dis-

tinguishes an aberrant fork from normal replication struc-

tures. Progress has been made on the identification of

components that propagate the signal. The recent char-

acterization of two ‘adaptor’ proteins, Sc/SpMrc1 and

ScTof1 or SpSwi1, which are components of the repli-

some, has been instrumental in defining a distinctive

S-phase signaling pathway to checkpoint activation.

Future studies that would help clarify details of the

S-phase checkpoint will include a further characterizaiton

of separation of function mutants in these proteins. This

should provide insight into their molecular mechanisms,

discriminating essential roles in cell viability from non-

essential roles that preserve genomic integrity. Potential

sensors and signals for completed replication, which may

or may not involve correct sister chromatid alignment,

provide still-fertile grounds for research.
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