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The RecQ helicase Sgs1p forms a complex with the type 1

DNA topoisomerase Top3p that resolves double Holliday

junctions resulting from Rad51-mediated exchange. We

find, however, that Sgs1p functions independently of

both Top3p and Rad51p to stimulate the checkpoint kinase

Rad53p when replication forks stall due to dNTP depletion

on hydroxyurea. Checkpoint activation does not require

Sgs1p function as a helicase, and correlates with its ability

to bind the Rad53p kinase FHA1 motif directly. On the

other hand, Sgs1p’s helicase activity is required together

with Top3p and the strand-exchange factor Rad51p, to help

stabilise DNA polymerase e at stalled replication forks. In

this function, the Sgs1p/Top3p complex acts in parallel to

the Claspin-related adaptor, Mrc1p, although the sgs1 and

mrc1 mutations are epistatic for Rad53p activation. We

thus identify two distinct pathways through which Sgs1p

contributes to genomic integrity: checkpoint kinase acti-

vation requires Sgs1p as a noncatalytic Rad53p-binding

site, while the combined Top3p/Sgs1p resolvase activity

contributes to replisome stability and recovery from ar-

rested replication forks.
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Introduction

Genomic stability reflects both the ability to avoid DNA

breakage and the promotion of efficient repair (Kolodner

et al, 2002). In order to ensure complete repair, eukaryotic

cells induce a checkpoint response that delays division and

favours recovery from a range of genotoxic insults (reviewed

in Nyberg et al, 2002). Many genes implicated in DNA

checkpoint responses are found mutated in human disorders

that lead to increased genetic instability and cancer. Among

these are RecQ DNA helicases, a family of enzymes conserved

from bacteria to man (reviewed in Khakhar et al, 2003). Of

the five RecQ helicases in the human genome, mutations in

three are responsible for genetic disorders (Bloom’s, Werner’s

and Rothmund–Thomson syndromes) that correlate with

enhanced frequency of chromosomal loss and rearrange-

ment, leading to cancer or premature aging (reviewed in

Mohaghegh and Hickson, 2001).

Both budding and fission yeast have but one RecQ heli-

case, encoded by SGS1 or Rqh1þ , respectively (Gangloff et al,

1994; Murray et al, 1997; Stewart et al, 1997). Although

neither gene is essential, ablation of SGS1 function leads to

increased rates of mitotic and meiotic recombination, gross

chromosomal rearrangements, chromosome loss and cellular

senescence (Watt et al, 1996; Sinclair et al, 1997; Myung et al,

2001). In both yeast species, cells that lack the RecQ helicase

show an increased sensitivity to DNA-damaging agents, such

as ionising radiation, methylmethane sulphonate (MMS)

and bleomycin (Murray et al, 1997; Stewart et al, 1997; Frei

and Gasser, 2000). RecQ mutants are also hypersensitive to

hydroxyurea (HU) and in budding yeast the absence of Sgs1p

correlates with a reduction in the stability of DNA poly-

merases a and e (pol a and pol e) at stalled replication

forks (Cobb et al, 2003).

Sgs1p/Rqh1p, like the human homologue BLM, interacts

genetically and physically with DNA topoisomerase Top3p,

a type IA enzyme that unlinks single-strand catenanes

(Gangloff et al, 1994; Goodwin et al, 1999; Wu et al, 2000).

In budding yeast, deletion of TOP3 results in slow growth and

high levels of recombination and chromosome loss (Wallis

et al, 1989; Myung et al, 2001), while gene disruption is lethal

in fission yeast and mice (Li and Wang, 1998; Goodwin et al,

1999). Surprisingly, the slow growth phenotypes of top3

mutants can be suppressed by additionally ablating Sgs1p

function (Gangloff et al, 1994). Forms of Sgs1p that are

unable to bind Top3p are unable to suppress the hypersensi-

tivity of the sgs1 mutant to MMS, nor do they suppress the

synthetic lethality between sgs1 and the endonuclease slx4

(Mullen et al, 2000). Indeed, when double Holliday junction

(HJ) structures form at strand breaks, Sgs1p/Blm and Top3p/

hTop3a work together to reduce reciprocal exchange events

(Ira et al, 2003; Wu and Hickson, 2003). In summary,

extensive evidence suggests that Sgs1p and Top3p act as a

complex when they counter reciprocal genetic exchange or

unfavourable recombination events in the face of strand

breaks.

On the other hand, Sgs1p also seems to fulfil unique

replication fork-associated functions. Indeed, the levels of

Sgs1p peak in S phase unlike Top3p, and the helicase

colocalises with sites of DNA replication both in the absence

and presence of damage (Frei and Gasser, 2000; Cobb et al,

2003). In fission and budding yeast, the intra-S-phase check-

point is partially compromised by deletion of Sgs1p or Rqh1pReceived: 3 August 2004; accepted: 19 November 2004
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(Frei and Gasser, 2000; Marchetti et al, 2002). Although the

Saccharomyces cerevisiae top3 deletion was reported to impair

Rad53p activation in response to MMS (Chakraverty et al,

2001), defects in cell cycle progression were not taken into

account in this study, and our work argues against such a role

for HU (see below). Indeed, XBlm or XTop3 depletion does

not impair CHK1 or CHK2 kinase induction by replication

arrest in Xenopus egg extracts (Li et al, 2004). From these

data, we concluded that the relationship between Sgs1p,

Top3p and S-phase checkpoint activation required further

investigation.

The intra-S-phase checkpoint response in budding yeast is

mediated largely by activation of the Rad53p kinase (equiva-

lent to CHK2 in human cells). This occurs in response to fork

stalling by high concentration of HU, or in response to strand

breaks that arise from replication fork collision with MMS-

induced alkylation (reviewed in Nyberg et al, 2002). Recent

papers argue that both the HU- and MMS-induced S-phase

checkpoint responses require a sufficient density of replica-

tion forks to achieve a threshold level of damage sufficient for

Rad53p activation (Shimada et al, 2002; Tercero et al, 2003).

It is therefore necessary to suppress defects in cell cycle

progression in order to determine whether or not a protein

contributes directly to checkpoint kinase activation. Keeping

this in mind, we re-examine here the contributions of Top3p,

Sgs1p and Rad51p to Rad53p checkpoint kinase activation in

S-phase cells exposed to HU, under conditions that guarantee

uniform S-phase progression. Their potential roles in check-

point activation are compared with their roles in the stabili-

sation of DNA polymerases at stalled forks and the cellular

recovery from arrest.

Using quantitative autophosphorylation and chromatin

immunoprecipitation (ChIP) assays, we find that Sgs1p func-

tions on at least two pathways when replication is blocked.

First, it contributes to the appropriate checkpoint response

by binding Rad53p. This function requires neither its helicase

activity, Top3p nor Rad51p. Second, Sgs1p contributes to the

stabilisation of DNA pol e at stalled forks, acting together

with Top3p and Rad51p. These mechanistically distinct func-

tions for Sgs1p at replication forks contribute to genomic

integrity.

Results

Sgs1p functions independently of Top3p to promote

Rad53p activation by HU

Earlier studies based on a Rad53p mobility shift assay sug-

gested that Sgs1p contributes to the activation of this check-

point kinase in response to HU-induced fork arrest, although

in the absence of Sgs1p, Rad53p could be stimulated through

a Rad24p/Rad17p pathway (Frei and Gasser, 2000). In bud-

ding yeast, Rad24 protein (equivalent to RAD17Sp or

RAD17Hs) forms a complex with the core Rfc complex to

load a PCNA-like complex comprising Ddc1p, Rad17p and

Mec3p (also called 9-1-1, after the homologues Rad9, Rad1

and Hus1), at strand breaks. Deletion of the Rad24p subunit

compromises this pathway, reducing but not eliminating the

checkpoint response mediated by Mec1p (ATRHs) and Rad53p

(CHK2Hs; Paulovich et al, 1997; Pellicioli et al, 1999). It is

assumed that in the absence of Sgs1p, strand breaks accu-

mulate in HU-treated cells to stimulate Rad53p kinase activity

through Rad24p and the 9-1-1 complex, as shown for XBlm-

depleted Xenopus extracts (Li et al, 2004). Less clear, how-

ever, is the mechanism through which Sgs1p contributes to

Rad53p activation in the absence of Rad24p.

Here we monitor Mec1p-stimulated, Rad53p autophos-

phorylation using an in situ autophosphorylation assay

(ISA). ISA shows excellent correlation between [g-32P]ATP

incorporation and the Rad53p mobility shift, and monitors

kinase activity quantitatively, due to the vast excess of

substrate (Rad53p) present on the filter (Pellicioli et al,

1999). The kinetics of Rad53p activation can be compared

among different mutants if one normalises for loading effi-

ciency by probing an unrelated protein on the same filter

(i.e. Rnase42), and includes an internal activity standard

on each gel (described further in Materials and methods;

Figure 1A and B).

Results from ISA agree with mobility shift assays (Frei and

Gasser, 2000), and show that Rad24p and Sgs1p define parallel

pathways that can both stimulate Rad53p activity as cells

progress synchronously from a G1 arrest into 0.2 M HU

(Figure 1A and B). In wild-type cells, the maximal level of

Rad53p autophosphorylation is reached 60 min after release

into HU. A similar level is achieved in an sgs1 or rad24 single

mutant with a slight delay, while elimination of the two

pathways significantly reduces maximal Rad53p activation

(Figure 1A). Quantitation of Rad53p autophosphorylation is

shown in Figure 1B. This supports the model that Sgs1p is

essential on one of two pathways leading to Rad53p activation.

We next asked whether Sgs1p requires Top3p to activate

the checkpoint on HU. If so, the deletion of top3 should

similarly compromise Rad53p activation in cells lacking

Rad24p. Although Rad53p activation is reduced in the top3

single mutant, we see that the Rad53p response is actually

improved in a top3 rad24 double mutant (Figure 1A and B).

The dissimilar response to HU for the double top3 rad24

and sgs1 rad24 mutants provides a first indication that Sgs1p

and Top3p do not act comparably upstream of Rad53p

stimulation.

Lack of Top3p impairs progression into and through

S phase

Although the top3 single mutant appears to be checkpoint

compromised and fails to reach wild-type levels of Rad53p

activation after 90 min on HU (Figure 1A), the defect was

suppressed rather than enhanced in a top3 rad24 strain. This

required explanation. Recent studies have shown that the

efficiency of S-phase checkpoint activation in yeast correlates

with fork number and efficient entry into S phase (Shimada

et al, 2002; Tercero et al, 2003). Because strains lacking Top3p

have a pronounced slow growth phenotype, we suspected

that their delayed entry into S phase might indirectly reduce

Rad53p activation by HU in the top3 mutant cells.

Drop assays on rich media in the absence of damage

confirmed that the top3 mutant is indeed slow growing

and that slow growth is suppressed by deletion of either

sgs1 or rad24 (Figure 1C; Gangloff et al, 1994; Chakraverty

et al, 2001). This was confirmed by FACS analysis (data not

shown). To show that the top3-associated slow growth re-

flects impaired entry into S phase, we monitored bud emer-

gence in a synchronised population, when cells are released

from an a-factor block into 0.2 M HU. We see that top3 cells

delay entry into S phase, and again this delay can be

suppressed by deleting either sgs1 or rad24 (Figure 1D).

Multiple roles for Sgs1 at stalled replication forks
L Bjergbaek et al
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Figure 1 S-phase checkpoint response requires Sgs1p but not Top3p. (A) ISA analysis of Rad53p autophosphorylation was performed on GA-
1020, GA-1748, GA-1761, GA-1799, GA-1800, GA-2047, GA-2056 and GA-2060 for which the relevant genotype is indicated beside each data set.
For each strain, the upper box shows the incorporation of [g-32P]ATP into Rad53p, and the bottom panel a Western for RnaseH42 on the same
blot (*). Time (min) after a-factor release is indicated above each panel. std is 5ml of a sample containing a fixed amount of an HU-activated
Rad53p standard that is used to normalise all gels after identical exposure times (see Materials and methods). (B) Quantification of Rad53p
autophosphorylation displayed as percentage of std. The quantification shown is an average of two experiments with standard derivations
between 5 and 15%. (C) Five-fold serial dilutions for the indicated strains were plated onto YPAD and incubated at 301C for 3 days. (D) Bud
emergence was scored on 100 cells in cultures released into 0.2 M HU after a-factor block. (E) ISA analysis of Rad53p autophosphorylation
was performed in GA-2057 bearing either pRS415 (vector), pRS415 with full-length SGS1 (SGS1-FL) or pRS415 expressing helicase-deficient
protein (sgs1-hd) on HU, and on random and S-phase cultures without HU. (F) Quantitation of ISA for GA-2057 with vector, SGS1-FL or sgs1-hd
as in (E).

Multiple roles for Sgs1 at stalled replication forks
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Using this efficient suppression of the top3 growth pheno-

type, we could test whether slow growth per se is the source

of Top3p’s effect of Rad53p. Indeed, we find a complete

restoration of the Rad53p response in the double top3 sgs1

mutant (Figure 1A and B). Importantly, we confirm the

redundancy of Rad24p and Sgs1p pathways, and show that

this redundancy is independent of Top3p, by further deleting

rad24 in the top3 sgs1 strain: any coupling of rad24 and sgs1

mutations abolishes checkpoint activation on HU (Figure 1A).

In summary, the combined deletion of sgs1 and rad24 in

budding yeast systematically compromises the checkpoint

response, while Top3p is implicated in neither pathway.

The checkpoint function of Sgs1p is independent

of its helicase activity

Sgs1p has been shown by ChIP to localise to replication forks,

where its helicase activity contributes to DNA polymerase

stabilisation in the presence of HU (Cobb et al, 2003). We

therefore next checked whether or not Sgs1p helicase activity

contributes to checkpoint activation. A helicase-deficient

mutant of Sgs1p (sgs1-hd) was introduced into the sgs1

rad24 background to see if it could suppress the observed

reduction in Rad53p activation. As a control, we monitored

Rad53p activity in the same background supplemented

with the full-length SGS1 on a plasmid (SGS1-FL) or an

empty vector. Intriguingly, levels of Rad53p autophosphor-

ylation are nearly identical when expressing either full-length

or the helicase-dead version of Sgs1p in the sgs1 rad24

mutant, while only low levels of autophosphorylation are

detected in the empty vector control (Figure 1E and F). To

ensure that expression of full-length or helicase-dead ver-

sions of Sgs1p does not artificially activate Rad53p, we also

monitored Rad53p activity in plasmid bearing strains syn-

chronised in S phase or in random culture without adding

HU. As shown in Figure 1E and F, no checkpoint activation

results from the protein expression alone. The fact that the

Sgs1p is necessary but its helicase activity dispensable sug-

gests that Sgs1p may promote checkpoint activation through

protein–protein interactions at stalled forks. This stands in

contrast to data showing that RecQ helicase activity is indeed

required for DNA polymerase stabilisation and efficient cell

recovery after HU treatment (Frei and Gasser, 2000; Cobb

et al, 2003).

In vivo interaction between Sgs1p and Rad53p

Human BLM and WRN helicases, like Sgs1p, interact with

a wide range of proteins including FANCD2, Rad51p, Top3p

and the ATM/ATR kinases (reviewed in Mohaghegh and

Hickson, 2001). Given that its helicase activity is dispensable

for checkpoint activation, we next determined whether Sgs1p

functions by directly recruiting Rad53p to the replication fork.

Initial support for this hypothesis arose from a co-immuno-

precipitation assay in cell extracts of a yeast strain that

expresses cMyc-tagged Sgs1p and HA-tagged Rad53p under

their endogenous promoters (Figure 2A). When Rad53p is

immunoprecipitated by aHA-coated Dynabeads, we detect

Myc-tagged Sgs1p in the precipitate, while it is not recovered

in control precipitations (Figure 2A, upper panel).

Surprisingly, this interaction is independent of the phosphor-

ylation status of Rad53p, being unchanged by the addition of

HU (note Rad53p shift on HU; Figure 2A).

To substantiate the interaction and map the domains of

Sgs1p and Rad53p responsible for this interaction, subdo-

mains of SGS1 and RAD53 were cloned for two-hybrid inter-

action analysis (Figure 2B). Results indicate a strong

interaction between the helicase domain of Sgs1p and the

FHA1 domain of Rad53p (20-fold increase over background)

A

B

C

−

×

Figure 2 Specific interaction between Sgs1p and the Rad53p FHA1
domain. (A) Immunoprecipitation experiment performed with
whole-cell extracts (WCEs) from GA-1142 cells (expressing Myc-
tagged Sgs1p and HA-tagged Rad53p). WCEs were obtained from
either random or HU-blocked cultures and a-HA (12CA5)-coupled
Dynabeads were used for co-immunoprecipitation. Blots were
probed with a-Myc (9E10) for Sgs1p (upper panel) or a-HA
(Rad53, lower panel). (B) Scheme of Sgs1p and Rad53p domains
used to fuse to the B42 activator domain in pJG46 or to the lexA
DNA binding domain in pGAL-lexA. (C) The two-hybrid assay
shows strong interactions between Sgs1-helicase and Rad53-FHA1
(20-fold), and Rad53-FHA2 (12-fold). Point mutations in FHA1
(R70A) or FHA2 (R605A) eliminate this interaction in pull-down
assays (data not shown). b-Galactosidase units are described in
Materials and methods.

Multiple roles for Sgs1 at stalled replication forks
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and a significant but weaker affinity for the FHA2 domain

(12-fold increase; Figure 2C). Both interactions are compro-

mised by point mutations in the FHA domains (e.g.

FHA1R70A, data not shown). To see whether Top3p also

binds Rad53p, we screened for interaction between endogen-

ously tagged Top3p and either wild-type or mutant Rad53

FHA1 domains, using a GST pull-down assay (GST-FHA1 and

GST-FHA1R70A). We detect interaction between FHA1 and

Top3p, which is lost in the absence of Sgs1p (see

Supplementary Figure S1). These data indicate that Sgs1p

has the potential to recruit Rad53p to the fork directly, even

if bound to Top3p, although Top3p has no essential role in

Rad53p activation.

Sgs1p and Mrc1p work on the same pathway

for checkpoint activation

Mrc1p and the vertebrate Claspin protein define a class of

proteins that, like scRad9p, serve as mediators or adaptors for

Rad53p activation, responding specifically to stalled replica-

tion forks (Kumagai and Dunphy, 2000; Alcasabas et al,

2001). Like Sgs1p, both are found associated with replication

forks with or without damage (Katou et al, 2003; Lee et al,

2003; Osborn and Elledge, 2003). Because our data implicate

Sgs1p in the HU checkpoint response, we next examined

whether Sgs1p acts on the same pathway as Mrc1p for

Rad53p activation.

As reported, Rad53p activation in response to HU is

reduced but not eliminated in strains lacking the adaptor

Mrc1p (Figure 3A and B). Combining sgs1 and mrc1 muta-

tions is not synergistic and does not fully compromise

Rad53p activation, as in the case of the sgs1 rad24 double

mutant. Instead, we observe a very minor additive effect that

correlates strictly with a reduction in growth rate. Figure 3C

shows that sgs1 mrc1 cells have a significant increase in

doubling time even in the absence of genotoxic stress. Since

we know that slow growth can reduce checkpoint activation,

it seems likely that sgs1 and mrc1 are not additive but are

epistatic for Rad53p activation. If true, the mrc1 rad24 double

mutant should show a pronounced defect in Rad53p activa-

tion, like the sgs1 rad24 strain.

To create the mrc1 rad24 double mutant, appropriate rad24

and mrc1 haploid cells were mated. This, however, yielded no

viable spores of mrc1 rad24 phenotype (Supplementary

Figure S2), consistent with a previous report showing that

mrc1 rad9 double mutants are inviable (Alcasabas et al,

2001). Because mrc1 rad9 lethality could be suppressed by

upregulation of dNTP pools (i.e. RNR1 overexpression), we

attempted to restore viability to the mrc1 rad24 mutant by

upregulating Rnr1p through deletion of its repressor SML1

(Supplementary Figure S2). Indeed, the resulting mrc1 rad24

sml1 cells were viable and allowed us to test the epistasis of

mrc1 and rad24 mutations with respect to Rad53p activation.

As for sgs1 rad24, the double rad24 mrc1 mutation fully

abrogates Rad53p activation on HU, unlike either single

mutant (Figure 3A and B). Since the sml1 mutation alone

has no effect on Rad53p activation, the simplest explanation

is that Mrc1p and Sgs1p act in parallel to Rad24p (Figure 3D).

Sgs1p works independently of Rad51p in the checkpoint

pathway

Yeast Sgs1p and human BLM protein both interact with

Rad51p, a conserved strand-exchange protein (Wu et al,

2001), and the synthetic lethality observed for the coupling

of sgs1 with various other mutations can be suppressed by

rad51 deletion (Fabre et al, 2002). This places Rad51p up-

stream of many Sgs1p-mediated functions, and raises the

question whether strand invasion events are necessary for

Sgs1p-mediated activation of Rad53p. To test this, we

P

A

B

C

D

Figure 3 Mrc1p and Sgs1p work on the same pathway for check-
point activation on HU. (A) Rad53p autophosphorylation was
performed as in Figure 1A on isogenic strains GA-2071, GA-2135,
GA-2223 and GA-2500. (B) Bar graph showing quantification of
Rad53p autophosphorylation as in Figure 1B. (C) Growth curves for
the indicated mutants. Cell density (OD600) was measured every
hour for 7 h. (D) Schematic summary of the data presented in (A).

Multiple roles for Sgs1 at stalled replication forks
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monitored Rad53p activation in strains lacking rad51

alone, or coupled with sgs1 and rad24 deletions. We find

that the rad51 deletion does not reduce the HU-induced

activation of Rad53p, alone or when combined with rad24

or sgs1 (Figure 4A and B). Indeed, rather than reducing

Rad53p activation, the rad51 mutation actually elevates the

checkpoint response slightly (Figure 4A and B), probably

reflecting reduced repair efficiency. In the rad24 background,

kinase activation is identical irrespective of RAD51 status,

and sgs1 deletion in either rad24 background compromises

Rad53p activation. We conclude that on HU, Sgs1p contri-

butes to Rad53p activation independently of Rad51p-

mediated recombination events.

Pathways for efficient recovery from HU arrest

do not parallel checkpoint activation

We note that poor recovery after HU arrest is not necessarily

correlated with the loss of checkpoint activation. This is

documented for various mutations in the recombinational

repair machinery, such as rad51, which impair recovery

without diminishing checkpoint activation (Paulovich

et al, 1997; Stewart et al, 1997; Marchetti et al, 2002).

On the other hand, it is known that the checkpoint

response contributes to recovery by preventing irreversible

breakdown of stalled replication forks (Lopes et al, 2001;

Tercero and Diffley, 2001; Osborn and Elledge, 2003; Tercero

et al, 2003).

To examine the relative effects and epistatic nature of

Sgs1p, Top3p and Rad24p for recovery after exposure to

HU, single and double mutants were synchronously released

into HU for increasing amounts of time. Unlike its effects

on Rad53p activation, the top3 defect, like that of sgs1, is

additive with rad24 in survival assays after transient HU

exposure (Figure 4C and D), while top3 and sgs1 mutations

are epistatic (data not shown). Although other interpretations

are possible, the simplest explanation of these results is that

Sgs1p and Top3p work together in a process that increases

polymerase stability, or else promotes fork restart, which

are essential for recovery from HU arrest. Thus the

dependence of Sgs1p on Top3p for cellular recovery from

P
A B

C D

E F

Figure 4 Sgs1p functions independently of Rad51p to achieve Rad53p induction on HU. (A) Rad53p autophosphorylation induced by 0.2 M HU
was performed as in Figure 1A on isogenic strains GA-1762, GA-1911, GA-2049 and GA-2051. The sgs1 rad24 panel from Figure 1A is added to
facilitate comparison. (B) Bar graph showing quantification of Rad53p autophosphorylation, as in Figure 1B. (C–F) The viability assays were
performed on synchronised cultures released into 0.2 M HU for indicated times, as described in Materials and methods, using the following
isogenic strains: GA-1020, GA-1748, GA-1761, GA-1762, GA-1799, GA-1911, GA-2047, GA-2056, GA-2135 and GA-2223.

Multiple roles for Sgs1 at stalled replication forks
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HU arrest contrasts with its independent role in checkpoint

activation.

Does Rad51p cooperate with Sgs1p in events that allow

recovery? The survival of sgs1 and rad51 single mutants was

compared with that of the double mutant. The rad51 cells

were more severely impaired than those lacking sgs1; yet,

combining the two mutations did not further reduce survival

rates (Figure 4E). This suggests an epistatic relationship

between SGS1 and RAD51. Finally, we examined the relation-

ship between Mrc1p and Sgs1p for survival on HU.

Intriguingly, although epistatic for Rad53p activation, the

sgs1 and mrc1 defects are additive for the resumption of

growth after HU arrest (Figure 4F). We conclude that Sgs1p is

engaged in a recovery process that acts parallel to Mrc1p and

that relies on the function of Top3p and Rad51p. This path-

way is therefore clearly distinct from the role of Sgs1p in

checkpoint activation.

Top3p is required for DNA pol e stabilisation

at stalled forks

Recovery from HU-induced arrest requires that DNA poly-

merases are engaged and can resume replication after a

prolonged delay. Mutant phenotypes suggest that the main-

tenance of stable fork structures and suppression of strand

breakage are active processes, and quantitative ChIP analysis

implicates the helicase activity of Sgs1p in the preservation

of DNA polymerases at stalled forks (Cobb et al, 2003).

Furthermore, recent data in the Xenopus system suggest

that XBlm acts together with XTop3 to suppress strand breaks

upon fork arrest (Li et al, 2004). We therefore tested whether

DNA polymerase stabilisation requires Top3p and/or recom-

bination events.

Appropriate strains were synchronised with a-factor, re-

leased into 0.2 M HU and fixed at the indicated times. The

Myc-epitope-tagged DNA pol e was recovered by ChIP, and

quantitative real-time PCR was used to analyse the enrich-

ment of fragments at sites within 1 kb of early-firing origin

ARS607, and at þ 4 and þ 14 kb from the origin (Figure 5A).

We also measured the enrichment of DNA pol e at a late-firing

origin ARS501 (Figure 5A), which should be detected on HU

only if the Rad53p checkpoint is compromised. Our ChIP data

are presented as ratios of real-time PCR product accumulation

rates, comparing DNA recovered through a specific antibody

with the nonspecific association to control beads.

To see if the loss of Top3p influences DNA pol e stabilisa-

tion, it was necessary to assess a situation in which both the

control and the test strains traverse S phase with similar

kinetics. This could be achieved by using the double mutant

top3 rad24 to eliminate the slow entry into S phase associated

with the top3 mutant. The proper control for the top3 rad24

strain was then the rad24 single mutant. We show that the

kinetics of S-phase progression are unchanged by the rad24

mutations, as is the stable association of DNA pol e at forks

stalled by HU (Figure 5B and C). In the double mutant top3

rad24, however, despite wild-type kinetics for entry into and

progression through S phase, we observe a two- to three-fold

reduction in the amount of DNA pol e recovered at ARS607

and the þ 4 kb adjacent site (Figure 5D). This implicates

Top3p in DNA polymerase stabilisation and is consistent with

results showing a reduced survival for top3 mutants after

exposure to HU (Figure 4D).

To examine whether Sgs1p and Top3p cooperate for DNA

pol e stabilisation, we performed ChIP experiments in a top3

sgs1 double mutant and compared this with the single sgs1

and double top3 rad24 mutants. As seen in the top3 sgs1

strain, DNA pol e stabilisation is not further compromised

beyond that observed in the sgs1 or top3 rad24 mutants

(Figure 5D–F). This suggests an epistatic relationship be-

tween SGS1 and TOP3; that is, the two either act as a complex

or separately on one pathway. We note that in these mutant

backgrounds the late-firing origin ARS501 remains inactive

on HU, consistent with our observations that Rad53p kinase

is properly activated by either the Rad24p-mediated pathway

in the sgs1-deficient strains or by the Sgs1p-mediated path-

way in rad24 disrupt strains.

DNA pol e stabilisation requires Rad51p

Stalling of replication forks has been proposed to induce

homologous or illegitimate recombination in several organ-

isms, even in the absence of accumulated double-strand

breaks (DSBs; reviewed in Michel et al, 2001). Since Sgs1p

and Top3p work downstream of Rad51p to resolve HJ, and

since their activity as a complex is required for polymerase

stability on HU, we next tested whether the contribution of

Sgs1p/Top3p involves recombination at stalled forks.

DNA pol e ChIP was performed in rad51 and sgs1 rad51

cells synchronously traversing S phase. In strains lacking

Rad51p (Figure 5G), we see a reduction in the amount of

DNA pol e recovered at both the ARS607 and the þ 4 kb

fragment, very similar to the pattern obtained in the sgs1

mutant (Figure 5E–G). Importantly, in the sgs1 rad51 double

mutant, DNA pol e stabilisation is not significantly lower

until the latest time points (Figure 5H). While the latter may

indicate some separation of function for Sgs1p and Rad51p,

our data suggest that Rad51p helps maintain DNA pol e stably

associated at stalled replication forks by working together

with the Sgs1/Top3 complex. This is further supported by the

fact that the triple top3 sgs1 rad51 mutant shows a similar

pattern of pol e stabilisation (Supplementary Figure S3). It

remains possible that the effect of rad51 on pol e stabilisation

and the epistatic relation between RAD51 and SGS1 in this

activity simply reflect protein–protein interactions. We there-

fore tested whether the C-terminally truncated version of

Sgs1p, which lacks the Rad51 interaction domain (Wu et al,

2001), can complement full-length Sgs1p for polymerase

stabilisation. We see that the truncated version of Sgs1p

behaves as full-length Sgs1p for pol e stabilisation on HU

(Supplementary Figure S4), suggesting that the destabilisa-

tion observed in the rad51 strain does not stem merely from

a loss of Sgs1p–Rad51p interaction.

Sgs1p and Mrc1p act synergistically to stabilise DNA pol

e at stalled forks

Given the synergistic effect for recovery after HU treatment in

the sgs1 mrc1 double mutant (Figure 4F), one might predict

that Sgs1p and Mrc1p, unlike Sgs1p and Rad51p, work on

parallel pathways to ensure stabilisation of DNA pol e at HU-

arrested forks. This was tested in the appropriate mutants on

HU. In contrast to the wild-type control, yet similar to the

sgs1 null allele, we see a two- to three-fold reduction in the

amount of DNA pol e recovered at ARS607 in the mrc1 mutant

(Figure 6A–C). However, we recover more DNA pol e at the

þ 4 kb fragment at all time points (Figure 6C), which is
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consistent with results from chromosome-wide ChIP in mrc1

cells showing that DNA polymerases move along the chro-

mosome beyond sites of nucleotide incorporation (Katou et al,

2003). We also note that the late-firing origin ARS501 is

activated in mrc1 cells, unlike sgs1 cells, reflecting the more

pronounced drop in Rad53p kinase activation associated with

mrc1 deficiency (Figure 3A).

In the double sgs1 mrc1 mutant, the destabilisation of DNA

pol e is clearly additive: very low levels of polymerase are

recovered at ARS607 throughout the time course (Figure 6D).

Again, it is not an artefact of cell cycle progression: FACS

profiles for mrc1 and sgs1 mrc1 cells show similar rates of

progression from G1 to G2 in the absence of damage, and

similar budding indices (Figure 6E; data not shown), and,

neither mutation affects origin firing efficiency (Cobb et al,

2003; Katou et al, 2003). This additive effect on DNA pol e

stabilisation at stalled forks suggests that Sgs1p and Mrc1p

act on different pathways in the presence of HU, contributing

to fork integrity and cell survival in an additive fashion.

Discussion

In this study, we have shown using a combined genetic and

biochemical approach that the budding yeast RecQ helicase

Sgs1p suppresses genomic instability resulting from HU-

induced fork arrest in two independent ways. Extending

earlier work, we show that Sgs1p requires the strand-cleaving

enzyme Top3p to help stabilise DNA pol e at stalled replica-

tion forks. The complex also requires the RecQ helicase

activity, and acts epistatic to Rad51p, suggesting that the

complex may reverse nonphysiological pairing events at

stalled forks. This would restore or maintain single-stranded
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Figure 5 Top3p and Rad51p are required for DNA pol e stabilisation. (A) Primers that amplify genome regions corresponding to an early-firing
origin ARS607 (black bars), a nonorigin site at þ 4 kb (grey bars) and þ 14 kb (white bars) as well as a late-firing origin ARS501 (light grey
bars) are shown. (B–H) ChIP was performed on Myc-tagged DNA pol e as described in Materials and methods, on synchronised isogenic
cultures of GA-2448, GA-2449, GA-2455, GA-2456, GA-2457, GA-2458 and GA-2796. The height of the bars represents the ratios of real-time PCR
signals as fold increase of immunoprecipitation over beads alone, based on duplicate runs and multiple independent experiments. Standard
deviation is calculated from all experiments.
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template, which is an essential prerequisite for maintaining

engaged replication enzymes. We see a strong correlation

between replisome maintenance and successful resumption

of the cell cycle once HU is removed, and we predict that the

stability of polymerases on HU will correlate with the sup-

pression of fork-associated strand breaks. In this context, the

role we propose for Sgs1p is conceptually similar to that

ascribed to the mammalian Rad51-binding protein BRCA2

(Lomonosov et al, 2003). When cells are exposed to HU, fork-

associated strand breaks are significantly more frequent in

the absence of BRCA2, even though activation of the check-

point kinases, CHK1 and CHK2, is normal. Similar to this, we

find no consistent correlation between the loss of DNA

polymerase stability in sgs1, top3 or rad51 mutants and an

impaired activation of Rad53p. Indeed, DNA polymerases

remain stably bound to HU-arrested forks both in rad24-

(Figure 5C) and in rad53 sml1-deficient strains despite the

strong reduction in checkpoint activation (Aparicio et al,

1999; Cobb et al, 2003). Similarly, the helicase Srs2p con-

tributes to Rad53p activation in response to strand breaks

(Liberi et al, 2000) but not to polymerase stability in the

presence of HU (data not shown).

We further show that the contribution that Sgs1p makes to

Rad53p activation at stalled forks is a mechanistically distinct

pathway. Although the reduced checkpoint signal is only

evident when a break-induced pathway is compromised

(i.e. rad24-deficient cells), the Sgs1p-dependent activation

occurs in the absence of Top3p and Rad51p, and with no

need for RecQ helicase activity. We consider a direct recruit-

ment mechanism to be the most likely, given the strong

interaction between Sgs1p and Rad53p FHA1 domain

(Figure 2). In vivo studies reinforce this conclusion by show-

ing that mutation of the Rad53p FHA1 domain compromises

its ability to respond to fork arrest, although it does not affect

the G2/M Rad9-dependent damage response (Schwartz et al,

2003).

By being bound at the stalled fork, Sgs1p may help attract

Rad53p, such that Mrc1p can contribute to its activation. This

function of Sgs1p is independent of and parallel to Rad24p/

9-1-1 (Rad17p, Mec3p, Ddc1p; Figures 4 and 6). We propose

that Rad24p acts primarily at forks that have incurred break-

age, while Sgs1p may help activate Rad53p at stalled but

nonbroken forks. We cannot rule out, however, that both

pathways recognise stalled forks as well as breaks, and that

they are simply redundant. Arguing against simply redun-

dancy is the fact that the checkpoint response to MMS (which

induces replication-dependent strand breaks) relies almost

entirely on Rad24p and not on Sgs1p (LB and SMG, unpub-

lished observations). The different modes of checkpoint

activation are also manifested when chronic (low level) and

acute (high level) HU arrest responses are compared

(Schollaert et al, 2004). We propose that this may also reflect

breakage versus stalled fork signals.

Whereas sgs1 is epistatic to mrc1 for Rad53p activation,

the two contribute to polymerase stabilisation on separate

pathways. Their different modes of action are underscored

by the observation that polymerases progress beyond the

initial site of stalling in mrc1, but not in sgs1, strains

(see Supplementary Figure S5; Katou et al, 2003). These

pathways are summarised in Figure 7.

Efficient polymerase stabilisation correlates

with efficient recovery from replicational stress

We see a strong correlation of cellular recovery from HU

exposure with activities that ensure the initial stability of

polymerases at forks, that is, during the first hour. These

critical events occur prior to Rad53p activation. Support of
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Figure 6 Sgs1p and Mrc1p act synergistically to stabilise DNA pol e
at stalled forks. (A–D) ChIP was performed on Myc-tagged DNA pol
e as described in Figure 5 on synchronised isogenic strains GA-2448,
GA-2449, GA-2451 and GA-2452. (E) FACS analysis during S-phase
progression in the absence of damage for GA-1020, GA-2135 and
GA-2223.
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this interpretation comes from the demonstration that Sgs1p

acts together with Top3p to suppress both spontaneous and

induced gross chromosomal rearrangements (Myung et al,

2001). Furthermore, XBlm and XTop3 act as a complex to

suppress the accumulation of strand breaks in both normal

and aphidicolin-impaired replication events, without affect-

ing checkpoint kinase activation (Li et al, 2004).

While Rad53p-mediated checkpoint responses also contri-

bute to cell survival in the face of genotoxic stress (Lopes

et al, 2001; Tercero and Diffley, 2001, Tercero et al, 2003), we

place events ensuing from Rad53p activation downstream of

the DNA polymerase stabilisation that we monitor. Indeed,

the accumulation of collapsed fork structures in rad53 mu-

tants is observed after 2–3 h on HU, rather than during the

first hour (Tercero and Diffley, 2001; Sogo et al, 2002).

Although we rule out a role for Rad53p, the ATR homologue

Mec1p is recruited to stalled forks and is essential for DNA

pol e stabilisation (Cobb et al, 2003).

Regulating recombination at stalled forks: essential

for fork restart and fork protection

The impact of Rad51p on stalled fork stability was unex-

pected, yet it sheds light on the mechanism of Sgs1p/Top3p-

dependent polymerase stabilisation. It has been suggested

that the open helix at stalled replication forks can reanneal,

reversing fork movement to form four-way DNA junction

structures (Michel et al, 2001). These have been detected by

electron microscopy (Sogo et al, 2002), and in bacteria, either

RecG helicase or RecA can mediate this process (McGlynn

and Lloyd, 2001; Robu et al, 2001). The resulting four-way

junction can be resolved either with cleavage or without.

Cleavage requires a helicase–endonuclease complex such as

RuvABC in Escherichia coli, which then produces a DSB. The

noncleaved pathway involves homologous recombination

and formation of a double HJ (Figure 7). Together with

Sgs1p/Top3p, Rad51p may promote the resolution of these

structures without cleavage, thereby protecting replication

forks from DSBs.

Cellular recovery or survival after acute HU treatment is

strongly dependent on Rad51p, even though Rad51p has no

role in checkpoint activation. No additive lethality is ob-

served in the sgs1 rad51 strain, suggesting again that Sgs1p

and Rad51p work together. Yet Rad51p has additional func-

tions that are likely to reflect its role in homologous recom-

bination, which in bacteria helps reinitiate replication at

broken forks (discussed in Merrill and Holm, 1999; Michel

et al, 2001). Here, Sgs1p/Top3p activity may avoid inap-

propriate exchanges mediated by Rad51p during a restart

process (Ira et al, 2003). We conclude that Rad51p must be

tightly regulated during DNA replication, both to avoid un-

favourable types of DNA exchange and to provide a means to

facilitate recombination-mediated repair. The control of re-

combination events during replication, a task partly attribu-

table to Sgs1p, will indeed be key for maintaining genomic

integrity in eukaryotic cells.

Materials and methods

Yeast strains and cell cultures
All strains used (Table I) are W303 derived, except the strain used
for the Rad53p and Sgs1p immunoprecipitation experiment.
Genomic deletions of SGS1 and RAD51 were performed with
plasmid-borne sgs1-3::TRP1 (Lu et al, 1996) and rad51::URA3
(Aboussekhra et al, 1992), while all others are complete deletions
using pFA6a PCR-based cassettes (Longtine et al, 1998), verified by
PCR and phenotypic analyses. GA-2057 bearing empty plasmid
pRS415, or pRS415 with full-length SGS1 (SGS1-FL) or a helicase-
deficient allele sgs1-hd (K704A; Lu et al, 1996) were grown on
selective media and then synchronised with a-factor in YPAD, prior
to ISA described below. All other culture conditions were in YPAD
at 301C.

In situ autophosphorylation assay
Cultures at 0.5�107 cells/ml were synchronised with a-factor (Lipal
Biochem, Zürich, Switzerland) during one generation, followed by
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Figure 7 Different pathways use the RecQ helicase in response to replication stalling. Stalled replication forks activate Rad53p kinase in the
absence of strand breaks in an Sgs1p-, Mrc1- and Mec1-dependent pathway that is independent of Top3p and Rad51p. Forks are stabilised by
two mechanisms, including one that requires Rad51p and the Sgs1p/Top3p complex. We proposed that the Rad51p-dependent pathway leads to
the formation of a four-way DNA junction due to fork reversal. DSBs will form at some of the stalled replication forks, and will activate the
intra-S damage pathway (breakage pathway) for checkpoint activation, which relies on Rad24p and the 9-1-1 complex.
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release into prewarmed YPADþ 0.2 M HU. All steps of ISA are as
described (Pellicioli et al, 1999) except that 5 mCi/ml [g-32P]ATP was
used. For every sample, protein concentration was determined by
Coomassie blue prior to equal loading on 10% SDS–polyacrylamide
gels along with 5 ml of a standard (standard, std), containing a
known amount of activated Rad53p. Dried filters were exposed for
equal times on a Biorad Phosphorimager. After exposure, filters
were reprobed with rat anti-RnaseH42 (kindly provided by U
Wintersberger, Vienna, Austria) to check loading and allow
comparison among different gels and mutants. By normalising
exposures to have comparable autophosphorylation standard
signal, one can directly compare Rad53p activation kinetics from
gel to gel. All experiments were performed 2–3 times with similar
results. Quantification of the Rad53p autophosphorylation was
performed using the Quantity One software, by normalising to the
loading control (Rnase42) and the kinase standard (std), which was
taken as 100%. The quantifications shown are average over 2–3
experiments with standard derivations of 5–15%.

Survival and drop assays
Synchronised cultures (0.5�107cells/ml) were released into fresh
YPADþ 0.2 M HU for indicated times, and survival ratios were
determined as described (Frei and Gasser, 2000). Drop assays were
a 1:5 dilution series of uniformly diluted cultures on YPAD plates.

Two-hybrid interaction
The two-hybrid analyses were performed as described previously
(Aushubel et al, 1994). The lacZ reporter pSH1834, the bait and the
prey plasmids were transformed into EGY191. Exponentially
growing, glucose-depleted cells were exposed to 2% galactose for
6 h to induce the fusion proteins, and protein–protein interactions
were detected by the quantitative b-galactosidase assay for

permeabilised cells (Adams et al, 1997); b-galactosidase units are
as defined therein. Four independent transformants were analysed
for each interaction with a range of error of B10%.

Co-immunoprecipitation and ChIP
Co-immunoprecipitation was performed with GA-1142 cells and HA-
coupled Dynabeads M-450 (Dynal AS, Norway) as described (Cobb
et al, 2003). Stringent washes were performed (10 mM Tris pH 8.0,
250 mM NaCl, 1 mM EDTA, 1% NP-40, 2.5 mM deoxycholate). ChIP
was performed as described by Cobb et al (2003) with the same sets
of primers, and DNA was quantified by real-time PCR using the
Perkin-Elmer ABI Prism 7700 Sequence Detector System and
software. Dynabeads without antibody were used as background
controls. ChIP data are averaged over three independent experi-
ments with real-time PCR performed in duplicate (standard
deviation is shown by error bars). The height of the bars represents
the ratio of the difference of signal accumulation rates for
immunoprecipitation versus input, divided by the difference in
rates for Dynabeads alone.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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Table I S. cerevisiae strains used in this study

Strain Genotype Source

GA-180 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100 R Rothstein (W303-1A)
GA-181 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100 R Rothstein (W303-1B)
GA-1020 MATa, ade2-1, trp1-1, his3-11, -15, ura3-1, leu2-3, -112, can1-100, pep4HLEU2 R Rothstein (W303-1A)
GA-1142 MATa, leu2, trp1, ura3-52, lys, SGS1-13MYCHKanMX6, RAD53-3HAHKanMX6 This study
GA-1699 GA-1020 with SGS1-13MycHHIS3 Cobb et al, 2003
GA-1748 GA-180 with rad24HTRP1 This study
GA-1761 GA-1020 with sgs1-3HTRP1 This study
GA-1762 GA-1020 with rad51HHIS3 This study
GA-1799 GA-1020 with top3HHIS3 This study
GA-1800 GA-1020 with top3HHIS3, sgs1-3HTRP1 This study
GA-1801 GA-1020 with TOP3-13MycHHIS3 This study
GA-1911 GA-1020 with sgs1-3HTRP1, rad51HURA3 This study
GA-1913 GA-1020 with TOP3-13MycHHIS3, sgs1-3HTRP1 This study
GA-2047 GA-1020 with top3HHIS3, rad24HURA3 This study
GA-2049 GA-1020 with sgs1-3HTRP1, rad24HURA3, rad51HHIS3 This study
GA-2051 GA-1020 with rad24HURA3, rad51HHIS3 This study
GA-2056 GA-1020 with sgs1-3HTRP1, rad24HURA3 This study
GA-2057 GA-181 with sgs1-3HTRP1, rad24HURA3 This study
GA-2060 GA-1020 with top3HHIS3, sgs1-3HTRP1, rad24HURA3 This study
GA-2071 GA-180 with smlHKanMX6 This study
GA-2127 GA-1020 with sgs1-3HTRP1, rad9HHIS3 This study
GA-2135 GA-180 with mrc1-2HHIS3 S Elledge (Y1122)
GA-2223 GA-1020 with sgs1-3HTRP1, mrc1-2HHIS3 This study
GA-2448 GA-1020 with POL2-13MycHKanMX6 This study
GA-2449 GA-1020 with sgs1-3HTRP1, POL2-13MycHKanMX6 This study
GA-2450 GA-180 with sgs1-3HTRP1, POL2-13MycHKanMX6 This study
GA-2451 GA-1020 with mrc1-2HHIS3, POL2-13MycHKanMX6 This study
GA-2452 GA-1020 with sgs1-3HTRP1, mrc1-2HHIS3, POL2-13MycHKanMX6 This study
GA-2455 GA-180 with rad24HURA3, POL2-13MycHKanMX6 This study
GA-2456 GA-180 with top3HHIS3, rad24HURA3, POL2-13MycHKanMX6 This study
GA-2457 GA-1020 with rad51HURA3, POL2-13MycHKanMX6 This study
GA-2458 GA-180 with sgs1-3HTRP1, rad51HURA3, POL2-13MycHKanMX6 This study
GA-2495 GA-181 with rad24HTRP1, sml1HKanMx6 This study
GA-2500 GA-180 with rad24HTRP1, sml1HKanMx6, mrc1-2HHIS3 This study
GA-2504 GA-181 with rad51HURA3 This study
GA-2796 GA-1020 with sgs1-3HTRP1, top3HHIS3, POL2-13MycHKanMX6 This study
GA-3033 GA-180 with sgs1-3HTRP1, top3HHIS3, rad51HURA3, POL2-13MycHKanMX6 This study
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