
The yeast Sgs1p helicase acts upstream
of Rad53p in the DNA replication
checkpoint and colocalizes with Rad53p
in S-phase-specific foci
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We have examined the cellular function of Sgs1p, a nonessential yeast DNA helicase, homologs of which are
implicated in two highly debilitating hereditary human diseases (Werner’s and Bloom’s syndromes). We show
that Sgs1p is an integral component of the S-phase checkpoint response in yeast, which arrests cells due to
DNA damage or blocked fork progression during DNA replication. DNA pole and Sgs1p are found in the same
epistasis group and act upstream of Rad53p to signal cell cycle arrest when DNA replication is perturbed.
Sgs1p is tightly regulated through the cell cycle, accumulates in S phase and colocalizes with Rad53p in
S-phase-specific foci, even in the absence of fork arrest. The association of Rad53p with a chromatin
subfraction is Sgs1p dependent, suggesting an important role for the helicase in the signal-transducing
pathway that monitors replication fork progression.
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As cells proliferate, the genome must be replicated and
segregated with high fidelity. To ensure this event, DNA
replication takes place in a defined temporal and spatial
order. Temporally, DNA synthesis is restricted to S
phase of the cell cycle, and spatially, synthesis is con-
centrated at distinct foci within the nucleus. Such foci
are thought to ensure a high local concentration of the
factors critical for DNA replication (for review, see Cov-
erley and Laskey 1994; Pasero and Gasser 1998). Surveil-
lance mechanisms, called checkpoints, detect damaged
or replicating DNA and block cell cycle progression to
allow adequate time to repair the damaged DNA or to
finish DNA replication (Weinert 1998). In humans, defi-
ciency for these checkpoints results in chromosome in-
stability and a propensity for cancer, which underscores
the fundamental importance that such surveillance
mechanisms have for ensuring the integrity of the ge-
nome (Kastan 1997).

Several years ago, a novel gene was isolated from Sac-
charomyces cerevisiae which, when mutated, led to an
increase in genome instability. This yeast gene, SGS1,
encodes a 38 to 58 DNA helicase, a structural homolog of
the RecQ helicase of Escherichia coli, which is impli-
cated in DNA recombination processes (Gangloff et al.

1994; Watt et al. 1995). Mutation of SGS1 leads to an
increase in mitotic recombination, particularly of re-
peated sequences, and elicits an increase in chromosome
loss of 10- and 37-fold in mitosis and meiosis, respec-
tively (Watt et al. 1996). Two-hybrid and in vitro binding
assays suggest that Sgs1p interacts with DNA topoisom-
erases (topo) II and III, whereas genetic studies reveal
synergism between Sgs1p and DNA topo I and topo III
(Gangloff et al. 1994; Watt et al. 1995; Lu et al. 1996).
Namely, an sgs1 top1 double mutant has a slower
growth rate than either single mutant (Lu et al. 1996),
whereas sgs1 mutations suppress the reduced growth
rate provoked by loss of topo III, a single-strand, type-I
topoisomerase (Gangloff et al. 1994). The physiological
relevance of the interactions between Sgs1p with these
enzymes is not yet clear, but it has been proposed that
the combination of DNA helicase and topoisomerase ac-
tivities could be used to facilitate aspects of DNA repli-
cation or recombination, by either introducing positive
supercoils or helping to resolve intertwined strands
where replication forks meet (Watt and Hickson 1996).

More recently, it has been shown that the life span of
a yeast carrying a sgs1::HIS3 disruption is reduced by
∼60%, probably because of the accumulation of circular
rDNA episomes, which result from enhanced recombi-
nation between direct rDNA repeats (Sinclair et al.
1997). The enhanced recombination rate may be an in-
direct product of Sgs1p inactivation, because this pheno-
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type was at least partially independent of RAD52 and
RAD1 (Watt et al. 1996), which contribute to most of the
recombination events in yeast. Rather, it was proposed
that mutation of the Sgs1 helicase leads to an accumu-
lation of DNA damage or other structures that favor re-
combination between direct repeats.

DNA helicases that are structurally and, in some
cases, functionally homologous to both the bacterial
RecQ and yeast SGS1 gene products, have been charac-
terized from many different organisms. These include
products of the human Bloom’s syndrome gene (BLM;
Ellis et al. 1995), the Werner’s syndrome gene (WRN; Yu
et al. 1996), the murine BLM homolog (Chester et al.
1998), the human helicase RecQL (Puranam and Black-
shear 1994), the Schizosaccharomyces pombe rqh1+ ho-
molog (Stewart et al. 1997), a Drosophila melanogaster
homolog DmBLM (Kusano et al. 1999), the Xenopus lae-
vis DNA helicase FFA-1 (Yan and Newport 1995; Yan et
al. 1998), as well as RecQ-like helicases from several
bacterial species (Kusano et al. 1999). All except for
RecQ and RecQL are fairly large proteins with a central
DNA helicase domain and an acidic amino-terminal do-
main, and all share significant homology beyond the
characteristic helicase motifs (Morozov et al. 1997; Ku-
sano et al. 1999).

Patients that are homozygous for mutations in the
Bloom’s syndrome (BS) gene, have an increase in geno-
mic abnormalities, including chromosome rearrange-
ments and breakage, and sister chromatid exchange and
recombination, leading to a dramatic predisposition to
cancer (for review, see German 1993). Disruption of the
murine BLM gene is embryonic lethal, yet embryonic
fibroblasts have similar defects as human BS cells
(Chester et al. 1998), arguing for a conservation of the
BLM gene function. Humans deficient for the closely
related WRN helicase age prematurely, manifesting the
typical signs of being old before the age of 40 (for review,
see Epstein et al. 1966). Strikingly, the genetic instability
and reduced life-span phenotypes of sgs1 mutants in
yeast are reminiscent of the phenotypes seen in BS and
WRN patients, respectively (Sinclair and Guarente
1997). Furthermore, expression of either human gene in
yeast is able to suppress the hyper-recombination phe-
notype of yeast lacking Sgs1p (Yamagata et al. 1998),
demonstrating that these genes are not only structurally
related, but are, at least in part, functional homologs. It
is likely, therefore, that an elucidation of the Sgs1p func-
tion in yeast is directly relevant to these human diseases.

The fission yeast gene that is most homologous to
SGS1, called variously rqh1+, hus2+, or rad12+, has also
been studied genetically. Mutants show increased re-
combination, hypersensitivity to UV and ionizing radia-
tion, and sensitivity to the inhibitor of deoxynucleotide
biosynthesis, hydroxyurea (HU; Murray et al. 1997;
Stewart et al. 1997; Davey et al. 1998). Overexpression,
as well as deletion of rqh1+, appears to decrease the vi-
ability of cells as they recover from a cell cycle arrest
provoked by HU (Stewart et al. 1997). These data do not
directly implicate rqh1+ in a checkpoint response, but
rather in the resumption of growth following genomic

insult, perhaps defining a pathway that allows the repli-
cation fork to bypass DNA damage (Murray et al. 1997).

Here, we ask whether the S. cerevisiae Sgs1p helicase
has a direct role in DNA replication and the cell cycle
control of S-phase progression. Cellular responses of the
sgs1 mutant in S phase are compared with those in G1

and G2. We find that the helicase activity is required for
DNA checkpoint functions exclusively in S phase. We
show that Sgs1p localizes to S-phase-specific nuclear foci
and that a significant fraction colocalizes with ORC and
with the signal-transducing kinase Rad53p. In a rad24
mutant, Sgs1p is required for Rad53p phosphorylation in
response to replication fork arrest. This and the observa-
tion that Sgs1p is required for the association of Rad53p
with an insoluble chromatin fraction, argues that Sgs1p
interacts directly with the activated checkpoint kinase.

Results

Several lines of evidence suggest that the family of
RecQ-like DNA helicases has a critical function in S
phase in eukaryotic cells. First, cultured cells from BS
and WRN patients have defects during S phase of the cell
cycle, showing an abnormal profile of DNA replication
intermediates (Lonn et al. 1990), retarded DNA chain
growth rate in BS cells (Hand and German 1975), and an
impaired S-phase progression in WRN cells (Poot et al.
1992). FFA-1, the Xenopus homolog, is essential for the
formation of RP-A foci on demembranated sperm chro-
matin, possibly implicating FFA-1 in the organization of
DNA replication foci prior to S phase (Yan and Newport
1995; Yan et al. 1998). A direct function of the Sgs1p
helicase during DNA replication could explain the chro-
mosome mis-segregation and hyper-recombination phe-
notypes (Watt et al. 1996). That is, aberrant DNA struc-
tures formed or stabilized during S phase might impair
proper chromosome segregation or induce improper re-
combination events. On the other hand, if Sgs1p serves
as a leading strand helicase during DNA replication, this
activity must be redundant with other helicases, because
the deletion of SGS1 in yeast, or of its homologs in hu-
man cells, is not a lethal event. In view of these consid-
erations, we have examined in detail the S-phase func-
tion of the Sgs1p DNA helicase in yeast.

sgs1 cells are sensitive to HU

FACS analysis shows that the progression through S
phase is not significantly altered in a S. cerevisiae strain
lacking full-length Sgs1p (sgs1::LEU2, Gangloff et al.
1994), see also Figure 2, below, (sgs1–MMS). The muta-
tion used in this study disrupts the SGS1 gene at amino
acid 408, eliminating expression of its helicase and to-
poisomerase-binding domains (see Materials and Meth-
ods). This suggests that the Sgs1p helicase activity is not
essential for S-phase progression in yeast. To examine
whether S-phase checkpoints are intact in this mutant,
we added HU to wild-type and sgs1 mutant yeast cells,
prior to plating them on medium lacking the inhibitor.
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Only ∼50% of the sgs1 cells are viable after an 8-hr ex-
posure to HU, whereas 90% of the isogenic wild-type
cells survive (Fig. 1A,B). The sensitivity of the sgs1 strain
is less pronounced than most bona fide DNA damage
checkpoint alleles, but the strain is as sensitive as others
that have defects in proteins that monitor replication
fork arrest, such as those encoded by the temperature-
sensitive alleles of pol2-11 or dpb11-1 (Araki et al. 1995;
Navas et al. 1995). To identify the pathway affected by
sgs1 mutations, we created double mutants of sgs1 with
pol2-11 (Navas et al. 1995) and with a rad24 deletion
(rad24::TRP1), which affects the integrity of the G1/S,
the G2/M, and the intra-S DNA damage checkpoints (Ly-
dall and Weinert 1997; Paulovich et al. 1997; de la Torre-
Ruiz et al. 1998). The HU assay reveals no additive or
synergistic effects between sgs1 and pol2-11 in the
double mutant, either at permissive (25°C, Fig. 1A) or
semipermissive (28°C, Fig. 1B) temperatures, whereas
sgs1 and rad24 show additive sensitivity (Fig. 1C). This
suggests that SGS1 and POL2 function in one epistasis
group, whereas SGS1 and RAD24 do not. The simplest
interpretation of this hypothesis is that Sgs1p functions
on the same pathway as DNA polymerase e (Pol2p), but
in parallel to Rad24p.

Passage through anaphase in HU

When DNA replication is blocked by HU, wild-type cells
arrest cell cycle progression at G2/M until S phase is
finished (S/M checkpoint). A strain defective in the S/M
checkpoint cannot arrest and proceeds through the meta-
phase–anaphase transition (Weinert 1998). To see
whether the HU sensitivity of the sgs1 mutant reflects a
loss of the S/M checkpoint, cells were arrested in G1

with a-factor and released into S phase either in the pres-
ence or the absence of HU. Aliquots were removed,
stained with DAPI, and cells were scored for nuclear di-
vision (chromosome segregation). In contrast to wild-
type cells in which >98% of the cells are blocked in S
phase by the presence of HU, ∼20% of the sgs1 cells fail
to arrest the cell cycle and proceed to divide their chro-
matin, indicating a partial escape from the HU-induced
S/M checkpoint (Fig. 1E). The pol2-11 mutant, as pub-
lished previously (Navas et al. 1995), is almost com-
pletely defective for the S/M checkpoint, and most cells
traverse G2/M. In contrast, rad24, a mutant that shows
a similar HU sensitivity as sgs1, is blocked at G2/M as
efficiently as a wild-type cell, consistent with previous
data suggesting that Rad24p is not required for the S/M
checkpoint (Weinert 1998). Thus, although the HU sen-
sitivity of sgs1 is not completely penetrant, it suggests
that the S/M checkpoint is impaired.

RAD53 encodes a signal-transducing kinase required
for the S/M checkpoint and for all other DNA damage
checkpoints identified so far. Previous studies indicate
that there is no direct correlation between passage
through anaphase and the percentage of rad53 cells that
die in the presence of HU (Desany et al. 1998). Similarly,
we show here that at 25°C, pol2-11 cells are less sensi-
tive to HU than sgs1 cells, although it has a more pro-

nounced effect on the S/M checkpoint. sgs1 and pol2-11
cells, released synchronously into HU, lose viability be-
fore they traverse anaphase (data not shown), suggesting
that cell death is due to defects in the recovery from
stalled replication forks, rather than from improper mi-
totic segregation events.

Sgs1p carboxy-terminal and helicase domains
are both necessary for recovery from HU arrest

Published data suggest that the large polypeptide en-
coded by Sgs1p may have more than one function. One
has been shown to require functional helicase motifs,
whereas the other maps to the carboxy-terminal third of
the protein, which lacks helicase function (Lu et al.
1996). To see which of these domains is sufficient to
complement HU sensitivity phenotype, a helicase mu-
tant (sgs1-hd; Lu et al. 1996), a carboxy-terminal trunca-
tion (sgs1-ct; Lu et al. 1996), and the full-length gene
were expressed from low copy number plasmids intro-
duced into a strain carrying a disrupted sgs1::hisG allele
(see Materials and Methods). When HU sensitivity is
compared with the strain carrying an empty vector, we
see that the full-length gene is able to suppress the sen-
sitivity of the sgs1 mutant in part (Fig. 1D). This incom-
plete suppression is not due to an additional mutation or
a dominant effect of the sgs1 allele, because slightly
higher expression of SGS1 (from a plasmid-borne Gal1
promoter on glucose) completely suppresses the HU sen-
sitivity (data not shown). On the other hand, galactose-
induced levels of Sgs1p again provoke hypersensitivity to
HU, arguing that Sgs1p may function in a complex from
which limiting factors can be titrated by an excess of
Sgs1p, thereby impairing recovery from HU-mediated ar-
rest (data not shown).

In Figure 1D, we show that the Sgs1p helicase activity
is necessary for the checkpoint function, because low-
level expression of the helicase mutant in the sgs1 strain
does not enhance survival. Moreover, expression of the
carboxy-terminally truncated form of Sgs1p actually in-
creases HU sensitivity, although the protein made is still
a functional helicase (Lu et al. 1996; Fig. 1D). This argues
for the importance of the carboxy-terminal domain in
Sgs1p function and is again consistent with a model in
which truncated Sgs1p sequesters or interferes with
other proteins involved in checkpoint function.

sgs1 mutants are not hypersensitive to UV
or g radiation, but are implicated
in the intra-S DNA damage checkpoint

Mutant alleles of checkpoint genes are often hypersen-
sitive to UV and ionizing radiation; mutant alleles of the
S. pombe rqh1 gene show hypersensitivity to both of
these types of DNA damage (Murray et al. 1997; Stewart
et al. 1997; Davey et al. 1998). To see if this character-
istic is shared by sgs1 cells, random cultures were treated
with UV (Fig. 1F) or g radiation (Fig. 1G). S. cerevisiae
strains lacking Sgs1p are not more sensitive than the
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isogenic wild-type strain, arguing against a direct role for
Sgs1p in nucleotide excision or double-strand break re-
pair.

When DNA damage occurs during S phase, an intra-S
checkpoint is activated (Paulovich and Hartwell 1995).
This checkpoint blocks initiation and elongation of
DNA replication by inhibiting pola/primase activity
(Marini et al. 1997) and by modifying ssDNA-binding
protein RP-A (Longhese et al. 1996). To test the integrity
of the intra-S checkpoint in sgs1 cells, cultures were re-
leased from an a-factor block into rich medium contain-
ing low amounts of the DNA alkylating agent MMS.
MMS was maintained at a concentration that precludes
activation of the G1/S DNA damage checkpoint, but
which is sufficiently high to activate the intra-S check-
point in wild-type cells (Sidorova and Breeden 1997).
FACS analysis shows that wild-type cells, as expected,
slow their progression through S phase in the presence of
MMS, requiring 2 hr to finish DNA replication as com-
pared with 30 min without MMS (see arrows, Fig. 2A). In
contrast, sgs1 cells complete S phase 30 min faster than
the isogenic SGS1 cells in the presence of damaged
DNA, and the rad24 deletion mutant completes replica-
tion 45 min faster than the wild-type strain (Fig. 2A).
Combining the sgs1 and rad24 mutations is synergistic,
and cells complete replication as rapidly as a strain mu-
tant for mec1 or carrying the mec1 sgs1 double mutation
(45 min, see Fig. 2A; data not shown). These results sug-
gest that sgs1 cells are partially defective for the intra-S
checkpoint, and that Sgs1p acts parallel to Rad24p, up-
stream of Mec1p, the central ATM1-like kinase of the
yeast checkpoint pathways. The fact that a rad24 sgs1
double mutant completes S phase on MMS as fast as the
mec1 mutant, argues that RAD24 and SGS1 define the
two major epistasis groups upstream of MEC1 in the in-
tra-S checkpoint. Because published data suggest that
the remaining checkpoint activity in a rad24 mutant de-
pends, at least in part, on RAD9 (Paulovich et al. 1997),
the SGS1 and RAD9 epistasis groups may be partially
redundant for the intra-S checkpoint, at least at the level
of resolution achieved by FACS analysis.

Although DNA pole (Pol2p) was shown to function in
the activation of Rad53p after DNA damage during S
phase (Navas et al. 1996), there is no report of its involve-
ment in the intra-S checkpoint. Performing time course
experiments like those shown in Figure 2A, but at 25°C,
we examined whether pol2-11 mutant is deficient in the
intra-S checkpoint when released into S phase with low
amounts of MMS. As shown in Figure 2B, pol2-11 cells
complete replication 60 min faster than wild-type cells
under identical conditions, implicating DNA pole, like
Sgs1p, in the intra-S checkpoint. The pol2-11 sgs1 double
mutant has no increased phenotype over the two single
mutants, whereas the pol2-11 rad24 double mutant and
the pol2-11 rad24 sgs1 triple mutant complete S phase
almost as rapidly as pol2-11 cells in the absence of MMS
(Fig. 2B). Again, this argues that DNA pole and Sgs1p
function together in one epistasis group, whereas Rad24p
acts on a parallel pathway. Similar data are obtaining
with random cultures exposed to high levels (0.1%) of

Figure 1. sgs1 cells are hypersensitive to HU but not to UV and
g radiation. (A–C) A total of 200 mM HU was added to exponen-
tially growing cells and aliquots were washed and plated in trip-
licate on rich medium without HU at the indicated times. After
2–3 days, viability was scored. Standard deviation was <5%; for
simplicity; error bars are not shown. All strains are isogenic to
GA-871 carrying the following indicated mutations: (l) wild type
(GA-871); (h) sgs1::LEU2 (GA-880); (m) pol2-11 (GA-1021); (n)
pol2-11 sgs1::LEU2 (GA-1022); (×) pol2-11 rad24::TRP1 (GA-1023);
(d) rad24::TRP1 (GA-872); (j) rad24::TRP1 sgs1::LEU2 (GA-881).
A and C were performed at 25°C (permissive temperature for the
pol2-11 allele). B was performed as A, but the cells were incubated
in HU at 28°C (semirestrictive temperature for pol2-11 allele), and
plated at 25°C. (D) HU sensitivity of sgs1 cells depends on the
helicase activity. sgs1::hisG (GA-737) were transformed with the
empty vector (pRS415; h), pSGS1 (pJL31; l), psgs1-hd (helicase
mutant; pJL37; s) or psgs1-ct (carboxy-terminal truncation;
pJM502; star). Plasmids are described in Lu et al. (1996). HU was
added and viability was scored as above. (E) sgs1::LEU2 cells are
partially defective for the S/M checkpoint. Cells were arrested in
G1 with a-factor and released into S phase with (right) or without
200 mM HU (left). Aliquots were taken at the indicated times,
stained with DAPI, and scored for cells that have undergone
nuclear division. Staining of mitotic spindles with an antitubulin
antibody gives an identical percentage of postanaphase cells (data
not shown). FACS analysis shows that >98% of the cells fail to
complete DNA replication during the course of the experiment
(data not shown). Symbols and strains as in A–C. (F) sgs1::hisG
cells are not hypersensitive to UV light. Cells were plated, UV
radiated with the indicated dose, and plated on rich medium. (l)
SGS1 (GA-59); (h) sgs1::hisG (GA-737). (G) sgs1::hisG cells are not
hypersensitive to g radiation. Cells were plated and radiated with
the indicated dose. All strains in D, F, and G are isogenic.
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the alkylating agent MMS; sgs1 cells are slightly, but
reproducibly, more sensitive than wild-type parental
cells, and the combined effects of sgs1 and rad24 are
additive (data not shown).

Sgs1p is not implicated in G2/M or G1/S DNA
damage checkpoint pathways

The best-characterized DNA damage checkpoint during
the yeast cell cycle is the G2/M checkpoint, which de-
tects damaged DNA during G2 and blocks progression
through metaphase by inhibiting Pds1p degradation (Co-
hen-Fix and Koshland 1997; Gardner et al. 1999). To see
whether Sgs1p takes part in this checkpoint, wild-type
and sgs1-disrupted cells were blocked in G2/M by noco-
dazole prior to the addition of MMS. They were subse-
quently released into fresh medium, and passage through
the metaphase–anaphase transition was monitored by
scoring post-metaphase segregation of the nuclei.
Whereas all strains tested show identical kinetics for the
recovery from the G2/M block in the absence of DNA
damage, only the wild-type and sgs1 cells remain
blocked for >100 min after nocodazole release in the
presence of damage (Fig. 3A). The rad24 mutant and
rad24 sgs1 double-mutant phenotypes are consistent
with the characterized role for RAD24 in the G2/M
DNA damage checkpoint (de la Torre-Ruiz et al. 1998).

DNA damage that occurs during G1 also blocks cell
cycle progression, impeding the G1/S transition

(Sidorova and Breeden 1997; de la Torre-Ruiz et al. 1998).
This situation is monitored by adding MMS to a phero-
mone-arrested culture. After release from the G1-phase
block, the DNA damage induced by MMS normally ar-
rests cells prior to S phase. Wild-type and sgs1 cells show
identical patterns of recovery, remaining arrested until
90 min after the release from a-factor, followed by a slow
S phase (Fig. 3B; Sidorova and Breeden 1997), whereas
rad24 strains are partially defective in the G1/S check-
point, entering S phase ∼70 min after a-factor release
(Fig. 3B). Because the rad24 sgs1 double mutant is indis-
tinguishable from the rad24 single mutant, we conclude
that SGS1 is not involved in the G1/S DNA damage
checkpoint.

Rad53p phosphorylation is compromised
in a rad24 sgs1 double mutant

The genetic analysis described above suggests that Sgs1p
functions together with DNA pole to generate the signal
which activates Mec1p and Rad53p, that subsequently
blocks cell cycle progression and induces repair of DNA
damage. This signal may be provoked either by arrest of
the replication fork (HU) or by other forms of DNA dam-
age during S phase, and can be monitored by a mobility
shift of Rad53p on an SDS gel due to its phosphorylation
(Sanchez et al. 1996; Sun et al. 1996). To test directly
whether Sgs1p functions upstream of the signal trans-
ducers Mec1p and Rad53p in the presence of HU, we

Figure 2. sgs1::LEU2 cells are partially defective for
the intra-S checkpoint. (A) Exponentially growing
cells were grown at 30°C and blocked in G1 with
a-factor for two-thirds of the generation time. a-factor
was washed away and the cells were incubated in
fresh medium containing 0.033% MMS. Aliquots for
FACS analysis were taken after the indicated time.
The 1N and 2N DNA content peaks were taken from
time point 0 and 30 min (without MMS) and indicated
for every FACS sample as small bars at the top of each
panel. In no case, were peaks other than 1N and 2N
observed. Isogenic strains were as follows: wild type
(GA-871); sgs1::LEU2 (GA-880); rad24::TRP1
(GA-872); rad24::TRP1 sgs1::LEU2 (GA-881); mec1
(mec1-1 sml1; GA-904); The end of S phase in the
presence of MMS is indicated by an arrow. (B) The
same as in A but all manipulations were done at 25°C,
which allows growth of pol2-11. The time required to
finish S phase as determined by a FACS scan is indi-
cated. Note that the pol2-11 mutants traverse S phase
more slowly than wild type in the absence of DNA
damage (Budd and Campbell 1993). pol2-11
(GA-1021); pol2-11 sgs1::LEU2 (GA-1022); pol2-11
rad24::TRP1 (GA-1023), and pol2-11 rad24::TRP1
sgs1::LEU2 (GA-1024).
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screened for the activation of Rad53p by a MEC1-depen-
dent phosphorylation event in sgs1 and wild-type

strains. Cells were blocked in G1 by the addition of a-fac-
tor and released into S phase in medium containing 200
mM HU. Aliquots were taken at the indicated times and
whole-cell extracts were analyzed by SDS-PAGE (Fig.
4A). Scoring for budding index ensures that cells entered
S phase synchronously (Fig. 4C), and FACS analysis con-
firms that the cells do not progress beyond S phase dur-
ing the experiment (data not shown). Cells lacking Sgs1p
are still able to phosphorylate Rad53p, as do wild-type
and rad24-deficient cells (Fig. 4A,B). However, the sgs1
rad24 double mutant strongly reduces the level of
Rad53p phosphorylation. The simplest interpretation of
these results, and the interpretation most consistent
with our genetic analyses, is that both Rad24p and Sgs1p
function upstream of Rad53p, independently of each
other. The activation of the Rad24p group by replication
fork arrest may be due to subsequent DNA strand breaks
that are recognized as DNA damage. Thus, RAD24 may
provoke Rad53p phosphorylation as a secondary re-
sponse to HU, independent of the SGS1-dependent phos-
phorylation event, which is presumably elicited directly
by polymerase arrest. The residual Rad53p phosphoryla-
tion in the sgs1 rad24 double mutant may depend on
DBP11 and/or DRC1, as published in Wang and Elledge
(1999).

Sgs1p levels peak in S phase

Because our data implicate SGS1 exclusively in S-phase
checkpoint events, we examined whether Sgs1 protein
levels fluctuate during the cell cycle. The endogenous
copy of SGS1 under its own promoter was tagged with
multiple Myc epitopes at its carboxyl terminus. Because
the strain with the tagged allele retains wild-type sensi-
tivity to HU (data not shown), we conclude that Sgs1p–
Myc remains functional. To synchronize the culture, the
cdc16-1 mutation was introduced into the Sgs1p–Myc
strain, cells were blocked at metaphase–anaphase at re-
strictive temperature, and then released synchronously
into G1 by a shift to permissive temperature. Aliquots
were taken at regular intervals for 2 hr postrelease, and
were probed by Western blot for Sgs1–Myc and tubulin,
which serves as a loading control (Fig. 5A). To judge pro-
gression through the G1/S transition, bud emergence
was scored microscopically. Normalized Sgs1p–Myc lev-
els are very low during M and G1 phases of the cell cycle,
and increase significantly as cells enter S phase, decreas-
ing again in G2 (Fig. 5A). Cells released into HU, which
gives an early S-phase block under these conditions, have
a similar amount of Sgs1p as nonblocked early S-phase
cells, suggesting that HU arrest does not induce Sgs1p
transcripts nor stabilize the protein. These data are con-
sistent with and extend microarray data that indicate
that SGS1 transcripts peak in S phase (Cho et al. 1998).

Sgs1p is localized in S-phase-specific foci

To confirm the cell cycle-dependent fluctuation of
Sgs1p, cells from the cdc16 release experiment carrying

Figure 3. sgs1::LEU2 cells are proficient for the G2/M (A) and
G1/S (B) DNA damage checkpoints. (A) Exponentially growing
cells in YPAD were arrested at G2/M with 15 µg/ml nocodazole
for 2 hr. For the last 30 min of the block, 0.15% MMS was added
to one-half of the culture. MMS was then inactivated by the
addition of 1 vol 10% Na-thiosulfate, cells were then washed
and released in medium lacking nocodazole and MMS. After the
indicated times, aliquots were removed, stained with DAPI, and
cells of each strain were scored microscopically separated chro-
matids (post-anaphase). Strains isogenic to GA-871 were as fol-
lows: (l) Wild type (GA-871); (h) sgs1::LEU2 (GA-880); (d)
rad24::TRP1 (GA-872); (j) rad24::TRP1 sgs1::LEU2 (GA-881).
(B) Exponentially growing cells were blocked in G1 with a-fac-
tor for 70 min and 0.2% MMS was added to one-half of the
culture and incubated for the last 10 min of the a-factor block.
The cells were then washed and released into medium lacking
both a-factor and MMS. Aliquots were taken after the indicated
time and FACS analysis was performed. Arrows indicate the
aliquot when the cells enter S phase. These mutant strains are
isogenic with wild type (GA-871) and contain full deletions or
disruptions as described in A.
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Sgs1–Myc were also processed for immunofluorescence
(Fig. 5B). At the metaphase–anaphase transition (cdc16
block), at cytokinesis (30 min after release), and during
G1 of the cell cycle (60 min release), Sgs1p is almost
undetectable (shown in green). Because a similarly
tagged Orc2p subunit, which is present in ∼400–500 cop-
ies per cell, is readily detected by immunofluorescence
(data not shown), it is reasonable to suggest that the
Sgs1p copy number drops significantly below this level
in M and G1 phases. However, during S phase (90 min
postrelease) Sgs1p was readily detected in the nucleus as
a punctate or focal-staining pattern. This was not an ar-
tifact of the arrest/release protocol, as immunolabeling
of a random culture revealed unbudded cells with very
low levels immunostaining, and small- or medium-bud-
ded cells with a strong punctate staining pattern (data
not shown). The foci of Sgs1p staining are lost as cells
pass through G2 (120 min postrelease), although they are
maintained in cells arrested by the addition of HU.
These results suggest that Sgs1p localizes to nuclear foci
during both a normal and an arrested S phase.

Earlier reports have suggested that Sgs1p is localized to
the nucleolus, where it is thought to play a role in sup-
pression of rDNA recombination (Sinclair et al. 1997).
We therefore counterstained all our preparations with
anti-Nop1p, an abundant nucleolar protein (Fig. 5B in
red; Gotta et al. 1997). Contrary to results published by
Sinclair et al. (1997), we do not find a significant enrich-
ment of Sgs1p in the nucleolus. Careful quantitation of
the overlap of the two signals in a single 0.4 µm focal
section reveals that 8.5% of Sgs1p is localized to the
nucleolus (Table 1). In addition to colocalization on a
single confocal section, quantitation for the colocaliza-
tion of Sgs1p–Myc and Nop1p was performed on three-
dimensional reconstituted and deconvolved images
(Imaris, Bitplane, see Material and Methods; Table 1; Fig.
5B). This technique is more accurate than the single con-
focal section, as out-of-plane fluorescence is removed
and the entire nuclear space is evaluated rather than a
single focal section. By quantifying the overlapping re-

gions, 6% of the Sgs1p–Myc was found to colocalize with
Nop1p (Table 1). The small amount of Sgs1p–Myc found
in the nucleolus localizes to discrete S-phase-specific
foci, probably representing sites of rDNA replication (see
below). Because the nucleolus constitutes at least 15% of
the nuclear volume, we conclude that Sgs1p–Myc is not
enriched in the nucleolus.

To rule out artifacts that might have arisen from use of
a Myc-tagged Sgs1p, we obtained the previously pub-
lished anti-Sgs1p serum (Sinclair et al. 1997) and used
affinity-purified anti-Sgs1p antibodies to probe for their
ability to colocalize with Myc-tagged Sgs1p. Double
staining indicates that the two signals efficiently overlap
(Fig. 5B), and again confirms that <10% of the nuclear
Sgs1p is nucleolar.

Sgs1p colocalizes with Rad53p

We have shown above that Sgs1p is involved in the ac-
tivation of Rad53p in cells blocked in S phase. To test
whether the two proteins colocalize within the nucleus,
double labeling was performed and analyzed as described
above. Similar to Sgs1p, Rad53p is detected in nuclear
foci (Fig. 6A) and a substantial fraction of the Sgs1p and
Rad53p signals do overlap during a normal S phase.
Quantitation of two-dimensional focal sections reveal
that 47% of Sgs1p colocalizes with Rad53p and 45% of
Rad53p with Sgs1p, respectively (Table 1). This is likely
to be significant, for if two signals each stain between
one-fourth and one-third of the volume of the nucleus, a
random distribution of the two would result in <10%
coincidence. As a control for the significance of this ap-
proach, a strain expressing the Rad53p–Myc tagged pro-
tein was labeled with both anti-Myc and an antibody
specific to Rad53p (inset, Fig. 6A, gift of M. Schwartz,
Yale University, New Haven, CT). In this case, 60%–
66% of Rad53p–Myc is also detected by the anti-Rad53p
antibody, indicating that the methods used for colocal-
ization are ∼65% efficient. Thus, if we were to normalize

Figure 4. SGS1 and RAD24 are both required for
Rad53p phosphorylation in HU. (A) Exponentially
growing cells were blocked in G1 with a-factor for
two-thirds of the generation time. a-factor was in-
activated by the addition of pronase (50 µg/ml;
Sigma) and HU was added to 200 mM. Aliquots were
removed from the exponential growing cultures and
at 0, 60, 80, and 100 min after release. Total cell
extracts were prepared, run on a 7.5% SDS–poly-
acrylamide gel and blotted with the 9E10 antibody
(a-Myc) for Rad53p–Myc. Wild-type extracts from an
exponential culture and from cells 100 min after re-
lease were run on every gel and are shown in the last
two slots (underlined). Isogenic strains with indi-
cated mutations were as follows: wild type

(GA-1040); sgs1::LEU2 (GA-1041); rad24::TRP1 (GA-1042); rad24::TRP1 sgs1::LEU2 (GA-1043); mec1-1 sml1 (GA-1048). The slower
migrating band is the phosphorylated form of Rad53p. (B) Western blots were scanned and the percentage of phosphorylated Rad53p
was quantified (Aida 200). (C) Aliquots were removed after the indicated time and after release into HU, fixed with Na-azide (0.0325%;
Fluka), and budding index was scored under a light microscope. (l) wild type; (h) sgs1::LEU2; (d) rad24::TRP1; (j) rad24::TRP1
sgs1::LEU2; (+) mec1-1.
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to this value, the calculated overlap of Rad53p and Sgs1p
would represent ∼70% of the Sgs1p pool.

Extending this analysis with the three-dimensional re-
constitution and deconvolution method, we confirm
that 44% of the Sgs1p–Myc signal colocalizes with
Rad53p, an amount similar to the value obtained for two
antibodies recognizing the same protein (Rad53p–Myc
detected by both 9E10 and anti-Rad53p; Table 1). In con-
trast, after applying identical deconvolution programs to
double labeling of Sgs1p–Myc and Rap1p, only 1.5%–
4.5% of the signals coincide (Fig. 6D; Table 1). We con-
clude that there is a significant colocalization of Sgs1p
and Rad53p, whereas Sgs1p is excluded from telomeres
and is only minimally present in the nucleolus.

In mammalian cells as well as in yeast, DNA replica-
tion takes place in replication foci, which appear to con-
tain between 30 and 300 replication forks in mammalian
cells (Nakamura et al. 1986), or 20–30 in yeast (Pasero et
al. 1997). Proteins that are directly involved in the pro-
cess of DNA replication are usually concentrated at

these sites, notably ORC, PCNA, and RP-A (Coverley
and Laskey 1994; Pasero et al. 1999). To see whether the
S-phase-specific Sgs1p foci are replication foci, we per-
formed combined immunofluorescence for Sgs1p and
Orc2p, as well as Rad53p and Orc1p. Orc1 and Orc2 pro-
teins are components of the origin recognition complex
(ORC), which remains DNA bound throughout the cell
cycle, coinciding with sites of DNA synthesis in S phase
(Pasero et al. 1999). Quantitation in S-phase cells shows
that between 40% and 50% of the Sgs1p and Rad53p
signals colocalizes with ORC subunits (Fig. 6B,C; Table
1). Thus, taken together, quantitative immunofluores-
cence data suggest that Sgs1p colocalizes with Rad53p at
most, but perhaps not all, replication foci during a nor-
mal S phase.

Fractionation of Rad53p into an insoluble nuclear
scaffold depends on SGS1

To reinforce the immunofluorescence data, a cell frac-

Figure 5. Sgs1p protein levels peak in S phase and Sgs1p
localizes to nuclear foci. Diploid cdc16-1 SGS1-Myc strain
(GA-1151) was blocked at the metaphase–anaphase transi-
tion by shifting to nonpermissive temperature (36°C) for 2
hr. Cells were released by shifting back to 25°C. Aliquots
were removed at the indicated times postrelease for total
cell extracts, scoring of the budding index (A), and for im-
munofluorescence (B). (A) Total cell extracts were run on
an 8% SDS–polyacrylamide gel and blotted for Sgs1p–Myc.
Sgs1p was quantified and normalized with tubulin. The
budding index (l) indicates re-entry into S phase. (B)
Sgs1p–Myc was detected as described in Materials and
Methods with 9E10 (green) and cells were counterstained
for the abundant nucleolar antigen Nop1p (red; Gotta et al.
1997). A single 0.4 µm confocal microscope section is
shown and colocalization is indicated in yellow. A control
strain lacking the Myc epitope (GA-174) is shown for HU-
arrested cells in the inset of HU blocked cells. For higher
resolution analysis, 30–40 Z sections of 0.1-µm were cap-
tured on identical stained S-phase cells. Deconvolution
was done with Huygans and the staining was reconstituted
in 3 dimensions (Bitplane; see Materials and Methods). Co-
localization is shown in yellow (bottom). Double labeling
of Sgs1–Myc in the diploid strain GA-1151 was performed
with anti-Myc (9E10) and an affinity-purified chicken anti-
Sgs1p (Sinclair et al. 1997; bottom, last three pictures),
with distinct fluorescent markers. Regions in which the
two staining patterns coincide are shown in the bottom
right panel. Bar, 2 µm.
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tionation assay was used that permits isolation of a
nuclear subfraction enriched in ORC and other proteins
of the pre-replicative complex (Materials and Methods;
Pasero et al. 1999). In brief, spheroplasted cells are lysed
on ice by the addition of a nonionic detergent, and the
lysate is centrifuged. The vast majority (85%–95%) of
the total cellular protein remains in the supernatant
(Sup) as soluble protein, whereas tightly associated chro-
mosomal proteins sediment as a nuclear pellet, which
contains all the genomic DNA as well as structural pro-
teins of the nucleus. By digestion of the DNA with
DNase I, this pellet can be further fractionated into a
soluble chromatin (Chr) and an insoluble nuclear scaf-
fold fraction (Sc). The soluble fraction contains most of
the histones and nucleosome-associated enzymes,
whereas the insoluble fraction is enriched for putative
structural proteins such as topo II and ORC (Fig. 7A;
Pasero et al. 1999).

Samples from the chromatin fractionation assay per-
formed on an unsynchronized population of wild-type
cells were blotted for Sgs1p–Myc. Sgs1p is almost com-
pletely absent in the first supernatant, which is consis-
tent with a tight association with chromatin. The effi-
ciency of this binding is similar to that of topo II and
ORC, and distinguishes it from other replication factors
such as RF-C and RP-A, which are largely soluble in this
assay (Fig. 7A; Pasero et al. 1999). Further processing of
the first pellet into soluble and insoluble fractions re-
veals that roughly one-half of Sgs1p associates with the
insoluble scaffold material. This is in contrast to his-
tones or MCM proteins, which are released with solubi-
lized nucleosomes (Fig. 7A; Pasero et al. 1999). By blot-
ting the same fractions for Rad53p, we see a very similar
fractionation pattern as that observed for Sgs1p. Rad53p
is absent from the first supernatant and is found to dis-
tribute between soluble chromatin and the insoluble
scaffold pellet (Fig. 7A). In view of the minor amount of
total protein that is represented in this latter fraction
(<10%), this indicates a considerable copurification of
Sgs1p and Rad53p, and is consistent with the degree of
colocalization detected by immunofluorescence.

Because the insolubility of Sgs1p precludes the use of
coimmunoprecipitation assays to demonstrate protein–
protein interactions, we asked whether the association
of Rad53p with the insoluble chromatin fraction depends
on Sgs1p. To test this hypothesis, isogenic wild-type and
sgs1 mutant strains were synchronized in S phase and
submitted to the fractionation protocol. A slightly larger
subpopulation of Sgs1p and Rad53p proteins are released
in the first fractionation step, probably reflecting the
overall increase in Sgs1p and Rad53p protein levels in S
phase. On the other hand, a large fraction of each protein
still cofractionates with topo II in the insoluble scaffold
fraction (Fig. 7B). The release of nuclear pore proteins
and Mcm2p indicates that this pattern of fractionation is
not due to a general insolubility of large complexes of
protein. Strikingly, in the sgs1::hisG strain, Rad53p loses
its association with the scaffold, whereas the recovery of
topo II remains relatively stable (Fig. 7B). When quanti-
fied and normalized to a loading standard (Nup97p), the
amount of Rad53p in the insoluble scaffold fraction is
found to drop fourfold in the absence of Sgs1p (Fig. 7C).
This suggests that the association of Rad53p with the
scaffold fraction in S phase requires SGS1, consistent
with the data presented above that Sgs1p is required for
Rad53p activation in S phase.

We also note that although the vast majority of topo II
is recovered in the insoluble scaffold fraction indepen-
dent of the status of SGS1, there is a subpopulation of the
enzyme that is reproducibly released to the supernatant
in the sgs1::hisG strain (Fig. 7B,C). This may represent a
fraction of topo II that, like Rad53p, is normally associ-
ated with the helicase (Watt et al. 1995).

Discussion

The survival of an organism depends on the proper du-
plication and segregation of its genome. Mutations in
genes required for DNA replication and chromosome
segregation generally lead to a rapid cell death. Those
affecting DNA repair, recombination, or the genetic sur-
veillance systems that monitor the integrity of the ge-

Table 1. Quantitation of two- and three-dimensional colocalization data

Rad53p Orc1/2p Nop1p Rap1p

2D
Sgs1p–Myc 45.0 ± 6.5 49.0 ± 11.5 12.0 ± 4.0 13.5 ± 6.0

47.0 ± 7.5 42.0 ± 11.0 8.5 ± 4.0 9.5 ± 4.5
Rad53p–Myc 66.0 ± 9.0 31.0 ± 7.5 N.D. N.D.

60.0 ± 8.5 50.0 ± 5.0 N.D. N.D.
3D

Sgs1p–Myc 39.5 ± 8.0 N.D. 8.5 ± 3.5 4.5 ± 0.5
44.0 ± 13.0 N.D. 6.0 ± 2.5 1.5 ± 0.5

Rad53p–Myc 54.0 ± 2.0 40.0 ± 15.0 N.D. N.D.
74.5 ± 7.0 51.0 ± 4.0 N.D. N.D.

Immunofluorescence labeling shown in Figs. 5 and 6 was digitalized by confocal microscopy, and the overlap of the two indicated
staining patterns in a single 0.4-µm focal section (2D) was quantified using Adobe Photoshop (pixels × intensity). Three dimensional
(3D) double-stained images were reconstituted and refined by deconvolution (see Materials and Methods). Three dimensional colo-
calization was quantified as voxel (pixel3) × density. For each pair of antigens, the top number indicates the amount of the protein
indicated at top that colocalizes with the protein designated at left. The bottom number indicates the inverse. The number of cells
analyzed is 13–20 for 2D and 4–8 for 3D. Numbers indicate percentages rounded to 0.5.
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nome (DNA damage checkpoints) result in a more subtle
genome instability, hastening senescence or provoking
death indirectly through accumulated mutation. Several
heritable human diseases, such as ataxia telangiectasia,
xeroderma pigmentosum, the Nijmegen breakage syn-
drome, Fanconi anemia, Cockayne’s, and Bloom’s and
Werner’s syndromes (for review, see Auerbach and Ver-
lander 1997), are due to defects in checkpoint or DNA
damage repair functions. In most cases, humans affected
with these diseases have a high incidence of cancer, most
likely reflecting their inability to deal with genomic in-
sult. SGS1, the S. cerevisiae homolog to the genes mu-
tated in BLM and WRN syndromes, was isolated through
its genetic interaction with yeast topo III (Gangloff et al.
1994) and its biochemical interaction with topo II (Watt
et al. 1995). Cells lacking this 58 to 38 helicase are viable,
but show an increase in DNA recombination and chro-
mosome mis-segregation (Watt et al. 1996).

Here we present data implicating the Sgs1p DNA he-
licase directly in S-phase-specific checkpoints. We find
that the protein is tightly cell cycle regulated, associat-
ing in S phase with foci that contain the ORC and
Rad53p. Genetically, SGS1 and POL2 appear to form one
epistasis group that acts upstream of Rad53p, a kinase
essential for the cellular response to replication fork ar-

rest and DNA damage. A significant fraction of Sgs1p
colocalizes with Rad53p, and promotes the association
of Rad53p with an insoluble nuclear fraction in S-phase
cells. This suggests a direct role for Sgs1p in a checkpoint
function. Possible roles for Sgs1p in DNA replication or
in replication-linked repair are discussed below.

Sgs1p functions in S-phase-specific checkpoints

Strains lacking functional Sgs1p are partially deficient
for S-phase checkpoints that respond to DNA damage
and/or arrested replication forks. The defect may be at
the level of detection of stalled replication forks or in the
recognition or repair of resulting DNA damage. On the
other hand, the G1/S and G2/M DNA damage check-
points are fully functional in sgs1 cells. Consistent with
an exclusive role in S phase, Sgs1p levels vary dramati-
cally through the cell cycle, and the protein localizes to
subnuclear foci during DNA replication (Fig. 5). These
S-phase-specific foci label for both ORC and Rad53p, and
analysis of the phosphorylation state of Rad53p in the
presence of HU suggests that Sgs1p functions upstream
of Rad53p, cooperating with Rad24p to stimulate Rad53p
phosphorylation under conditions of fork arrest (Fig. 4).
One means to function in this pathway would be to sim-

Figure 6. Sgs1p colocalizes with Rad53p
and replication foci, but not with Rap1p. (A)
A MATa/a diploid Sgs1p–Myc-tagged strain
(GA-878) was blocked in G1 with a-factor
and released into S phase. Immunofluores-
cence was performed as described in Mate-
rials and Methods by double labeling for
Sgs1p–Myc (9E10) and Rad53p (rabbit anti-
Rad53p). As a control, a diploid Rad53p–
Myc-tagged strain (GA-1126) was double la-
beled with 9E10 (green) and affinity-puri-
fied rabbit anti-Rad53p (red), inset. The
signal of Rad53p overlaps precisely with ei-
ther Myc-tagged protein and is shown in
the panel labeled Coloc. Z sections for
three-dimensional reconstitution were
taken and deconvolved as in Fig. 5B, but
only one focal section of the reconstituted
image is shown. In the merge of Sgs1p–Myc
(9E10; green) and rabbit anti-Rad53p (red);
the colocalization is yellow. (B) Tempera-
ture-sensitive diploid cdc4-3/cdc4-3
ORC1–HA/ORC1–HA cells (GA-1222)
were blocked in G1 by shifting to 36°C for 2
hr. Cells were released by shifting back to
permissive temperature (23°C) for 1 hr until
cells entered S phase as judged by FACS
analysis (data not shown). Double labeling
was performed with HA.11 antibodies
(Orc1–HA, green) and rabbit anti-Rad53p
(red). (C) S-phase cells (as in A) were double
labeled for Sgs1p–Myc (9E10) and goat anti-Orc2p (Santa Cruz, CA). Potential background staining by Orc2p antiserum was eliminated
by a preincubation with the antigenic Orc2p peptide (inset). Because of the weak staining of the goat anti-Orc2p antiserum, we could
not perform three-dimensional reconstitution. (D) Double labeling was performed with rabbit anti-Rap1p (red) and Sgs1p–Myc (9E10,
green) in GA-878 released into S phase as in A. A single focal section of the deconvolved image is shown as in A. Overlapping regions
are yellow. Bar, 2 µm.
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ply recruit Rad53p to its site of action. This is supported
by a change in the fractionation properties of Rad53p in
Sgs1p-deficient cells. However, recruitment is unlikely
to be the only function of Sgs1p, because the helicase-
deficient point mutant in sgs1-hd cannot rescue the HU
sensitivity of the sgs1 disruption strain (Fig. 1D).

The localization and cell cycle regulation of Sgs1p are
consistent with at least two models for Sgs1p function in
S phase in addition to its potential role in Rad53p re-
cruitment. In the first scenario, Sgs1p would be an inte-
gral replication fork helicase, whereas in the second,
Sgs1p function would be restricted to surmounting im-
pediments to fork progression (imposed by DNA dam-
age, low nucleotide concentration, or proteins com-
plexes) that might lead to single-strand gaps in the newly
synthesized complementary strand (Bierne and Michel
1994). Sgs1p, in this situation, could function together
with topo III or other topoisomerases to facilitate sister
chromatid-mediated repair of gaps or deletions in the
replicated DNA (for review, see Chakraverty and Hick-
son 1999).

Is Sgs1p part of the replication machinery?

It is striking that all proteins in the S/M replication

checkpoint identified to date have an integral function in
DNA replication. It has been proposed that the replica-
tion machinery signals continuously to Rad53p to delay
M phase until replication is finished (Li 1995; Elledge
1996). The colocalization of both Rad53p and Sgs1p with
ORC subunits, and their coincidence with sites of de
novo DNA synthesis in isolated nuclei (data not shown;
Pasero et al. 1999), fulfills the temporal and spatial re-
quirements for a protein involved directly in DNA rep-
lication. However, as neither SGS1, nor its mammalian
counterparts WRN (Yu et al. 1996) and BLM (Ellis et al.
1995), are essential genes, we must propose that either
Sgs1p plays another role at these foci, or else it is redun-
dant with other replication fork helicases.

As a partial test for a redundant function as the repli-
cation fork helicase, SGS1 was disrupted in strains car-
rying temperature-sensitive deficiencies in CDC47, a
member of the MCM family that is itself a candidate for
a replicative helicase (Aparicio et al. 1997), or DNA2, a
helicase involved in Okazaki fragment processing (Budd
and Campbell 1997). We detect no synergy between the
sgs1 and cdc47-1 mutations, and in combination with
the temperature-sensitive dna2-1 allele, we observe only
a modest decrease in viability at semirestrictive tem-
peratures (lethal at 28°C, rather than 32°C, data not

Figure 7. Rad53p cofractionates with Sgs1p in an in-
soluble chromatin fraction. (A) Scheme of the cell frac-
tionation assay (left; see Materials and Methods for de-
tails). A random culture of GA-990 (Sgs1p–Myc) was
used. One volume, representing the same number of
starting cells for WCE and Sup samples, and fivefold
equivalent volumes of Chr and Sc were used for Western
blot analysis with different antibodies. Antibodies used
were as follows: 9E10 for Sgs1p–Myc; anti-tubulin (gift of
V. Simanis, ISREC) and mAb414 for Nup97 (BAbCO,
Berkeley CA), while rabbit sera included, anti-Rad53p
(gift of M. Schwartz), anti-topo II (Klein et al. 1992), anti-
histone H3 (gift of D. Allis, University of Virginia), and
anti-Rfc3p (gift of P. Burgers). All detections shown are
performed sequentially on one membrane except histone
H3, Rfc3p, and tubulin, which are from a parallel experi-
ment. Bradford readings were taken to determine the
protein concentration in each fraction, and are shown as
percent of total protein per fraction. (B) SGS1–Myc (GA-
990) and sgs1::hisG (GA-737) cells were blocked in G1

with a-factor and released into S phase. Cell fraction-
ation was performed and blotted as in A. (Arrow) topo II;
(d) an unidentified cross-reacting protein detected by the
anti-topo II serum. (C) Western blots from B were quan-
tified and normalized with pore staining and the distri-
bution of each protein in the different fractions is shown
as percent of total protein.
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shown). Although this may indicate a minor degree of
synergy between Dna2p and Sgs1p functions, these are
clearly not redundant enzymes. A definitive answer as to
whether Sgs1p functions as a replication fork helicase
might be obtained through a genetic screen for synthetic
lethality with the sgs1 disruption and the identification
of another redundant DNA helicase among the 40–50
DNA helicases encoded in the yeast genome.

Is Sgs1p involved in the repair of DNA damage
provoked by DNA replication?

It has been proposed that low levels of DNA damage may
occur as a result of normal replication fork movement,
necessitating repair as S phase proceeds. In agreement
with this, Ddc1p, a protein of the Rad24p DNA damage
epistasis group, was observed to be phosphorylated and
presumably activated, like Rad53p, during normal
S-phase progression (Longhese et al. 1997). This suggests
that normal DNA replication may be a discontinous pro-
cess with replication forks being blocked either by lim-
iting dNTP concentrations or by DNA-bound proteins.
In E. coli, there is good evidence that a blocked replica-
tion fork induces DNA strand breaks (Bierne and Michel
1994; Kuzminov 1995); in yeast these could then be rec-
ognized as damaged DNA leading to complete Rad53p
activation. Alternatively, the paused polymerase itself
could send a signal to prevent cell cycle progression, con-
sistent with roles assigned to POL2 and RFC in this
event. In this model we propose that Sgs1p is important
both for signal transmission to Rad53p and for recovery
from replication fork arrest by helping in the repair of
gaps, like those that are produced during normal DNA
synthesis. For instance, Sgs1p may work together with
DNA topoisomerases to resolve recombination events
during S phase that allow sister chromatids to serve as
templates for repair. Related functions have been pro-
posed for the S. pombe homolog rqh1+ (Stewart et al.
1997).

Implications for Bloom’s and Werner’s syndromes

Perhaps the most significant new finding presented here
is that both Rad53p phosphorylation and its subnuclear
fractionation in S phase depend on Sgs1p. This provides
a direct link between replication and/or repair proteins
and a kinase that is essential for checkpoint function.
This is consistent with the observation that one of the
human homologs of Sgs1p, the BLM helicase, like the
signal-transducing ATM1 kinase, colocalizes with Rep-
lication Protein A in meiotic mammalian cells (Plug et
al. 1997, 1998; Walpita et al. 1999). It also is consistent
with various replication defects associated with loss of
the BLM helicase (Hand and German 1975; Lonn et al.
1990). A role for this class of helicase in checkpoint sig-
naling is consistent with the cancer predisposition phe-
notypes associated with the BLM and WRN helicases,
and underscores the importance of DNA replication-
coupled damage surveillance mechanisms for the genetic

integrity of a complex organism. However, it is less clear
how the DNA damage checkpoint function might be re-
sponsible for the early aging and shortened life-span phe-
notypes found in Werner’s syndrome patients and Sgs1p-
deficient yeast cells (Salk et al. 1985; Sinclair et al. 1997).

Shortened life span in yeast is thought to be caused by
the excision and accumulation of extrachromosomal
circles containing rDNA repeats (Sinclair and Guarente
1997). However, in contrast to immunofluorescence data
published by Sinclair et al. (1997), we do not find Sgs1p
enriched in the nucleolus, but in S-phase-specific foci, of
which a few localize to the nucleolus. We propose that
the importance of Sgs1p for rDNA stability reflects a
high level of gap-filling or sister-mediated recombina-
tional repair found in the nucleolus (see also Chakra-
verty and Hickson 1999). Thus, the sgs1-induced short-
ening of life span would result from defects either in
DNA replication or replication-associated checkpoints,
rather than a specific nucleolar recombination defect. It
remains unclear where the mammalian WRN helicase
functions, as its reported localization to the nucleolus of
mammalian cells has also been questioned (Marciniak et
al. 1998; Shiratori et al. 1999). The work presented here
raises the possibility that the WRN deficiency, like that
of BLM, reflects loss of an S-phase surveillance mecha-
nism, rather than loss of a specific nucleolar function.

Materials and methods

Strains and plasmids

All strains used are listed in Table 2. Unless stated otherwise,
the disrupted allele sgs1-4 was used (sgs1::LEU2; Watt et al.
1995). This allele has the amino-terminal 408 amino acid intact,
but the helicase and topo II interaction domains are down-
stream of the LEU2 insert. Expression of Sgs1p carboxy-termi-
nal regions fused to Leu2p can be excluded because of stop
codons (Watt et al. 1995), and Western blot analysis confirms
that there is no translation of the carboxy-terminal 867 amino
acid (data not shown). In GA-737, the LEU2 gene of sgs1::LEU2
was disrupted with hisG-URA-hisG. Counterselection to elimi-
nate URA3 was performed on 5-FOA. Low-level expression of
full-length SGS1 completely complements sgs1::LEU2 (data not
shown), indicating that the truncated protein has no dominant
phenotype. SS111-2-11 (pol2-11; Budd and Campbell 1993) was
backcrossed three times to the A364a background (GA-871) to
produce GA-1021–GA-1024. Sgs1p and Rad53p were tagged
with 13 Myc epitopes at their carboxyl termini (Longtine et al.
1998), leaving them under the control of their endogenous pro-
moters. Alleles of SGS1 carrying a helicase or a carboxy-termi-
nal mutation are on a low-copy number plasmid (pRS415) under
the control of the endogenous promoter. sgs1-hd (helicase mu-
tant; Lu et al. 1996) has a mutation in the Walker A motif of the
helicase domain and abolishes helicase activity in vitro. sgs1-ct
is truncated at the carboxyl terminus downstream of the heli-
case domain (amino acid 1245; Lu et al. 1996).

HU, UV, and g radiation assay

Where indicated, HU (Sigma) was added to 200 mM. Aliquots
were removed and either plated in triplicate or fixed in formal-
dehyde and the concentration was determined with a cell
counter (Schärfe System). Growing colonies versus plated cells
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were quantified. The 0-min time point was set as 100%. A UVC
(254 nm) or a 137Cs 4000Ci source was used for UV or g radia-
tion, respectively. Viability was scored as with HU.

G1/S, G2/M, and intra-S checkpoint

MMS (Sigma) was added to create DNA damage and check-
points were tested as in Sidorova and Breeden (1997) for G1/S;
Xu and Norris (1998) for G2/M; and Paulovich and Hartwell
(1995) for intra-S.

Immunofluorescence

Immunofluorescence was performed as described previously
(Gotta et al. 1999) except that in all cases, cells were fixed with
formaldehyde before spheroplasting. The polyclonal sera
[chicken anti-Sgs1p, gift of D. Sinclair (MIT, Cambridge, MA);
rabbit anti-Rad53p, gift of M. Schwartz; rabbit anti-Rap1p] were
affinity purified. Goat anti-Orc2p (Santa Cruz) was blocked by
incubation with the peptide against which the antibody was
raised. Mouse anti-Nop1 and rabbit anti-Rap1 were described
earlier (Klein et al. 1992; Gotta et al. 1997). The secondary an-
tibodies labeled with the fluorochromes DTAF (green) and Cy-5
(red) show no crossreaction. Single focal sections were taken on
a Zeiss LSM 410 confocal microscope and signal over back-
ground was determined with Adobe Photoshop. When double
labeling was performed, only the areas in which the two signals
perfectly coincide are shown and labeled Coloc.

Image analysis

Two-dimensional quantification was performed as described in
Table 1 and in Gotta et al. (1996). For three dimensional recon-

stitution, 30–40 100 nm Z-sections were taken per nucleus with
a Zeiss LSM 410 confocal microscope with a 63×/1.40 oil ob-
jective (Plan-Apochromat, Zeiss). Deconvolution done by Huy-
gans with 10–12 iterations and overlapping regions was deter-
mined by Colocalization, quantified by VoxelShop Pro as mass
(volume × density) and visualized by Imaris (Bitplane, Inc.,
Zürich, Switzerland).

Cell fractionation

One-half of an exponentially growing culture was blocked with
a-factor and released into S phase. Random and S-phase cells
were centrifuged, resuspended in 100 mM K-EDTA, 1 mM DTT,
and incubated for 10 min at 30°C. Cells were recovered and
spheroplasted in 1.2 M sorbitol in 0.4× YPAD at 30°C with
gentle shaking. Cells were washed once in Sorbitol and once in
wash buffer (5 mM Tris-Cl at pH 7.4, 20 mM KCl, 2 mM K-EDTA,
0.125 mM spermidine, 0.05 mM spermine, 0.4 M sorbitol, 1%
thiodiglycol, 1% Trasylol, and 0.5 mM PMSF). A total of 100 µl
of the cell pellet was resuspended in 500 µl of wash buffer and
cells were lysed by the addition of 1 volume of lysis buffer (wash
buffer plus 2% Triton X-100, 300 µg/ml benzamidine, 1 µg/ml
pepstatin, 2 µg/ml anti-pain, 0.5 µg/ml leupeptin, 100 µg/ml
TPCK, and 50 µg/ml TLCK). Lysis was performed on ice for 3–5
min and complete breakage was verified under a light micro-
scope. An aliquot (WCE) was removed and the remaining cells
were spun at 13,500 rpm at 4°C for 15 min, the Sup was saved
and the pellet was resuspended and incubated at 4°C in 50 mM

Tris-Cl at pH 7.4, 125 mM KCl, 7.5 mM MgCl2, 0.5% Triton
X-100, with 7.5 µg DNase I and protease inhibitors. The super-
natant, after centrifugation for 5 min at 13,500 rpm, was saved
(soluble chromatin; Chr) and the pellet was resuspended in di-

Table 2. Saccharomyces cerevisiae strains used in this study

Strain Genotype Source

GA-871 MATa his3 leu2 ura3 trp1 (7830-2-4a) Paulovitch et al. (1997)
GA-872 GA-871 with rad24<TRP1 (yMP10366a) Paulovitch et al. (1997)
GA-904 GA-871 with mec1-1 sml1 (yMP10847) Paulovitch et al. (1997)
GA-880 GA-871 with sgs1<LEU2 this study
GA-881 GA-871 with rad24<TRP1 sgs1<LEU2 this study
GA-1021 GA-871 with pol2-11 this study
GA-1022 GA-871 with pol2-11 sgs1<LEU2 this study
GA-1023 GA-871 with pol2-11 rad24<TRP1 this study
GA-1024 GA-871 with pol2-11 sgs1<LEU2 rad24<TRP1 this study
GA-1040 GA-871 with RAD53–13Myc this study
GA-1041 GA-871 with sgs1<LEU2 RAD53–13Myc this study
GA-1042 GA-871 with rad24<TRP1 RAD53–13Myc this study
GA-1043 GA-871 with rad24<TRP1 sgs1<LEU2 RAD53–13Myc this study
GA-1048 GA-871 with mec1-1 sml1 RAD53–13Myc this study
GA-1127 MATa/a trp1/TRP1 ura3/URA3 leu2/LEU2 lys27LYS2 this study
GA-1126 GA-1127 with RAD53–13Myc/RAD53–13Myc this study
GA-174 MATa/a ura1/ura1 his7/his7 cdc16-1/cdc16-1 L. Hartwell (University

of Washington; Seattle)
GA-1151 GA-174 with SGS1–13Myc/SGS1–13Myc this study
GA-878 MATa/a ade1/ade1 his2/his2 leu2/leu2 trp1/trp1 ura3/ura3 this study

bar1/bar1 SGS1–13Myc/SGS1–13Myc
GA-59 MATa leu2 ura3-52 trp1 prb1-1122 pep4-3 prc1-407 gal2 E. Jones (Carnegie Mellon

University, Pittsburgh, PA)
GA-737 GA-59 with sgs1<hisG this study
GA-990 GA-59 with SGS1–13Myc this study
GA-1222 MATa/a cdc4-3/cdc4-3 ade2/ade2 leu2/leu2 ura3/ura3 this study

trp1/trp1 ORC1–3HA<URA3/ORC1–3HA<URA3
SS111-2-11 MATa trp1-289 ura3-1,2 ade2-101 gal2 can1 pol2-11 Budd and Campbell (1993)
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gestion buffer without DNase I (insoluble scaffold fraction; Sc).
The protein concentration of each fraction was determined and
SDS–polyacrylamide sample buffer was added. For Western
blots, equivalent volumes, representing the same number of
starting cells, are loaded for WCE and Sup, and five times this is
used for Chr and Sc fractions. Nup97p (mAb 414; BAbCO) frac-
tionates in a reproducible manner and is used as a loading con-
trol.

FACS analysis

Cells were fixed overnight in 70% ethanol at 4°C. After cen-
trifugation, 200 µg/ml RNase A (Sigma) in 50 mM Tris-Cl at pH
7.4 was added for 2 hr at 37°C. Cells were spun and resuspended
in 10 µg/ml propidium iodide (Sigma) in 50 mM Na-citrate (pH
7.0) and incubated overnight in the dark at 4°C. Samples were
analyzed in a FACS scan.
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