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Sgs1 Helicase Activity Is Required for Mitotic but Apparently
Not for Meiotic Functions

ATSUKO MIYAJIMA,' MASAYUKI SEKI,> FUMITOSHI ONODA,> MIWA SHIRATORI,?
NAO ODAGIRI? KUNIHIRO OHTA,? YOSHIKO KIKUCHIL* YASUO OHNO,"
AND TAKEMI ENOMOTO?*

Division of Pharmacology, Biological Safety Research Center, National Institute of Health Sciences, Setagaya-ku,
Tokyo 158-8501," Molecular Cell Biology Laboratory, Graduate School of Pharmaceutical Sciences,
Tohoku University, Sendai, Miyagi 980-8578, Laboratory of Cellular and Molecular Biology,

Institute of Physical and Chemical Research (RIKEN), Wako, Saitama 351-0198,>
Department of Biological Sciences, Graduate School of Sciences,

University of Tokyo, Bunkyo-ku, Tokyo 113-0033,* Japan

Received 20 April 2000/Returned for modification 23 May 2000/Accepted 7 June 2000

The SGS1 gene of Saccharomyces cerevisiae is a homologue for the Bloom’s syndrome and Werner’s syndrome
genes. The disruption of the SGS1 gene resulted in very poor sporulation, and the majority of the cells were
arrested at the mononucleated stage. The recombination frequency measured by a return-to-growth assay was
reduced considerably in sgs! disruptants. However, double-strand break formation, which is a key event in the
initiation of meiotic DNA recombination, occurred; crossover and noncrossover products were observed in the
disruptants, although the amounts of these products were slightly decreased compared with those in wild-type
cells. The spores produced by sgs! disruptants showed relatively high viability. The sgs! spol3 double dis-
ruptants sporulated poorly, like the sgs! disruptants, but spore viability was reduced much more than with
either sgs! or spol3 single disruptants. Disruption of the REDI or RAD17 gene partially alleviated the poor-
sporulation phenotype of sgs1 disruptants, indicating that portions of the population of sgs! disruptants are
blocked by the meiotic checkpoint. The poor sporulation of sgs! disruptants was complemented with a mutated
SGS1 gene encoding a protein lacking DNA helicase activity; however, the mutated gene could suppress neither
the sensitivity of sgs/ disruptants to methyl methanesulfonate and hydroxyurea nor the mitotic hyperrecom-

bination phenotype of sgs! disruptants.

Proteins having DNA helicase activity play important roles
in many processes involving DNA, such as replication, repair,
and recombination. The product of the Escherichia coli recQ
gene, which has DNA helicase activity, is a member of the
RecF pathway of recombination. The recF mutants lack con-
jugal recombination proficiency and UV resistance in the back-
ground of recBCD (lacking active endonuclease V) and sbcBC
(lacking active exonuclease I), and recQ deletion mutants in
the background of recBC sbeBC display UV and methyl meth-
anesulfonate (MMS) sensitivity (22, 30).

We (38) and Puranam and Blackshear (32) cloned cDNAs
encoding a RecQ homologue of human cells, DNA helicase Q1
and RECQL, respectively. Since these are the same gene, we
tentatively designated this gene RECQLI. We also cloned a
gene of Saccharomyces cerevisiae encoding a protein having
DNA helicase motifs with high homology to those of E. coli
RecQ and human ATPase RECQL 1. This gene soon was found
to be identical to the SGSI (slow growth suppressor 1) gene.

A mutant allele of the SGSI gene was identified as a sup-
pressor of the slow-growth phenotype of top3 mutants (11).
Two-hybrid experiments indicated that the yeast Sgs1 protein
interacts with DNA topoisomerase III (Top3) (11) as well as
DNA topoisomerase II (50). The protein encoded by the SGS!
gene has seven conserved helicase motifs, and Sgs1 was shown
to actually have DNA helicase activity (3, 23). Deletion mu-
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tants of the SGSI gene showed a reduction in the fidelity of
chromosome segregation during mitosis and meiosis (50, 51);
mitotic hyperrecombination phenotypes in interchromosomal
homologous recombination, intrachromosomal excisional re-
combination, ectopic recombination (51), unequal sister chro-
matid recombination (31), and illegitimate recombination (53);
and premature aging (44). The sgs/ mutants were shown to be
moderately sensitive to MMS (10) and hydroxyurea (HU) (53)
but not to ionizing radiation or UV light (51).

Four human genes encoding a RecQ homologue have been
identified in addition to RECQLI. These are the Bloom’s syn-
drome (BLM) gene (8), the Werner’s syndrome (WRN) gene
(54), RECQL4 (19, 20), and RECQL)5 (19). The representative
clinical manifestations of Bloom’s syndrome (BS) are cancer
predisposition, immunodeficiency, and male infertility (13, 16).
In BS cells, the interchanges between homologous chromo-
somes are increased and an abnormally large number of sister
chromatid exchanges are present (13). Werner’s syndrome
(WS) patients prematurely develop a variety of major age-
related diseases, such as arteriosclerosis, malignant neoplasms,
melituria, and cataracts (9). The cells derived from WS pa-
tients show chromosome instability and a shorter life span in
cultures (28). However, it remains unclear how the dysfunction
of the gene products is related to the observed phenotypes of
cells derived from these patients.

To date, a number of RecQ homologues have been reported
from prokaryotes, such as Bacillus subtilis (L47648 in Gen-
Bank) and Haemophilus influenzae (HI32756 in GenBank);
eukaryotes, such as S. pombe (45) and S. cerevisiae; and higher
eukaryotes, including humans. Although significant homology
is present within the consensus helicase domains, these RecQ
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TABLE 1. Experimental strains of S. cerevisiae

Strain Genotype Reference or source
W303-1A MATa ura3-1 leu2-3,112 trp1-1 his3-11 ade2°° canl-100 Gal™ Thomas and Rothstein (48)
WwQ701 MATa/MATo W303-1A4 but sgs1::URA3 This study
YPH499 MATa/MAT« ade2-100°° leu2A his3A200 lys2-801°"" ura3-52 trpl A63 Gal™ Sikorski and Hieter (43)
YQ401 MATa/MATo YPH499 but sgs1::URA3 This study
MRI66 MATa/MATo ura3-52 leu2-3,112 trpl-289 hisl-7 Resnick et al. (33)
MR93-28C MATa/MATo ura3-52 leu2-3,112 trp1-289 hisl-1 Resnick et al. (33)
MR101 MATa/MATo MR966/MR93-28c This study
MR202 MATa/MATa MR966 but sgs1::URA3/MR93-28c but sgsl::LEU2 This study
MR301 (ds1) MATa/MATo MR966 but sgsIA::AUR/MR93-28¢ but sgs/A::AUR This study
ds13 MATa/MATo MR966 but spol3::URA3/MR93-28¢ but spol3::URA3 This study
dslml1 MATa/MATo MR966 but sgsIA::AUR mrell::URA3/MR93-28c but sgsIA::AUR mrell::URA3 This study
ds1s13 MATa/MATo MR966 but sgsIA::AUR spol3::URA3/MR93-28c but sgsl1A::AUR spol3::URA3 This study
ds13ml11 MATa/MATa MR966 but mrell::URA3 spol3::hisG/MR93-28¢ but mrell::URA3 spol3::hisG This study
drl MATa/MATo MR966 but redl::URA3/MR93-28c but red1::URA3 This study
drl7 MATa/MATo MR966 but rad17::LEU2/MR93-28¢ but rad17::LEU2 This study
dsirl MATa/MATa MR966 but sgsIA::AUR red1::URA3/MR93-28c but sgsI/A::AUR red1::URA3 This study
dslirl7 MATa/MATo MR966 but sgsIA::AUR radl7:LEU2/MR93-28c but sgs/A::AUR radl7::LEU2 This study
NKY1303 MATa/MATo lys2 ho::LYS2 ura3 leu2::hisG arg4-bgl his4B::LEU2 Storlazzi et al. (46)
NKY1543 MATa/MATo lysl ho::hisG ura3 leu2::hisG arg4-nsp his4X::LEU2 (BamHI)-URA3 Storlazzi et al. (46)
RKH112 MATa/MATa NKY1303 but sgs/::AUR This study
RKH113 MATa/MATo NKY1543 but sgsl::AUR This study
NKY2846 MATa/MATo NKY1303/NKY1543 This study
RKH225 MATa/MATo RKH112/RKH113 This study
S754 MATa/MATo ura3 lys2 ho::LYS2 leu2A (asp718-ecoRI) arg4A(eco4711I-hpal) his4::URA3-(arg4-bgl) Bishop et al. (4)

rad50S-KI81::URA3
S756 MATa/MATo ura3 lys2 ho::LYS2 leu2A(asp718-ecoRI) arg4A(eco47111-hpal) his4::URA3-(arg4-nsp) Bishop et al. (4)
rad50S-KI81::URA3
RKH110 MATa/MATo S754 but sgsl::AUR This study
RKHI111 MATa/MATo S756 but sgsl::AUR This study
S1510 MATa/MATo S754/S756 This study
RKH221 MATa/MATo RKH110/RKH11 This study

homologues are classified into two groups, according to size.
One group includes prokaryotic RecQ homologues, E. coli
RecQ, human RecQL1, and RecQLS5, which consist of about
600 to 650 amino acids; the other group includes Sgs1, Hus2/
Rqh1/Rad12 of S. pombe, RecQL4, BLM, and WRN, consist-
ing of about 1,400 amino acids. The latter RecQ homologues
have a highly charged N- or C-terminal domain (19). A search
of the entire genome of S. cerevisiae revealed that SGS1 is the
sole homologue of recQ in S. cerevisiae. Thus, it seems likely
that SGS1 is a functional homologue of one or several human
RECQ genes.

To clarify the functions of Sgs1 and to obtain insight into the
functions of BLM and WRN, we analyzed in detail the cause of
the poor-sporulation phenotype of sgs! disruptants in relation
to meiotic processes, including meiotic recombination.

MATERIALS AND METHODS

Yeast strains and plasmids. The origins and relevant genotypes of the strains
used are listed in Table 1. The strains designated MR966 and MR93-28C (33),
NKY1303 and NKY1543 (46), and S754 and S756 (rad50S) (4) are SK1 deriva-
tives. Yeast manipulations were carried out as described by Sherman et al. (42).
Plasmids were constructed by standard procedures (37). The full-length SGSI
gene was isolated by PCR using a genomic DNA isolated from strain W303. PCR
products were cloned into pBluescript SK(+). pYCp1305 contains the full-length
SGS1 gene (nucleotides [nt] —207 to 5558, from the Xhol site to the Sacl site)
of the YCp vector, pRS314, which includes a centromere element, an autono-
mously replicating sequence, and a TRPI marker (43).

Gene disruption. The SGS1 gene was disrupted by the one-step gene substi-
tution method (36). A 0.7-kbp (nt 2258 to 3048) fragment containing URA3,
LEU2, or AUR (for aureobasidin 1-C) at the Stul site in the middle of the
helicase domain was introduced into desired strains by a conventional transfor-
mation method. The resultant transformants were selected on synthetic complete
medium (SC) plates lacking uracil or leucine or on yeast extract-peptone-ade-
nine-dextrose (YPAD) plates containing aureobasidin A. sgs/ null deletion dis-
ruptants (sgs/A::AUR) were made by replacing 4,365 bp of the SGSI sequence
(nt —207 to 4158, from the Xhol site to the Ehel site) with the aureobasidin 1-C
(AUR) gene. The resultant transformants were selected on YPAD plates includ-

ing aureobasidin A. Plasmids pNKY58 (from N. Kleckner), HT16 (from H.
Ogawa), pHSS6 (from R. E. Malone), and pWLS8 (from T. Weinert) were used
to generate spol3, mrell, redl, and radl7 disruptants, respectively. Gene disrup-
tion was confirmed by PCR or Southern blot analysis. Diploid sgs! disruptants of
W303-1A and YPH499 were constructed using the HO plasmid on WQ701 and
YQ401, respectively. In the case of SK1 background strains, MR966, MR93-28C,
NKY1303, NKY1543, S754, and S756, a and « haploid gene disruptants were
constructed and then mated to make diploids.

Sporulation and return-to-growth assay. For sporulation on plates, cells were
incubated on yeast extract-peptone-dextrose (YPD) plates for 2 days and allowed
to sporulate for 5 days on plates containing 1% potassium acetate (KAC plates).
Sporulation was monitored with a phase-contrast microscope, and the percent-
age of cells forming asci was calculated. For sporulation in liquid medium,
sporulation and the return-to-growth assay were performed essentially as de-
scribed by Dykstra et al. (7). Cells were grown with vigorous aeration at 28°C in
presporulation medium (SPS) containing 0.5% yeast extract, 1% peptone, 0.17%
yeast nitrogen base without amino acids, 0.05 M potassium phthalate, 1% KAC,
0.5% ammonium sulfate, and the required amino acids. Cells were grown to a
density of 2 X 107 to 5 X 107 cells/ml, washed twice with warmed 1% KAC, and
suspended in warmed sporulation medium (SPM) (1% KAC, one-fifth the stan-
dard concentration of required amino acids, 0.005% Nonidet P-40) at a density
of 2 X 107 cells/ml. Cells were incubated with vigorous shaking; the volume of the

TABLE 2. Poor sporulation of sgs/ disruptants

Strain Genotvpe Sporulation efficiency
background P (% of asci formed)*
W303-1A SGS1/SGS1 16.2 + 3.7
sgsl::URA3/sgs1::URA3 22+14
YPH499 SGS1/SGS1 11.0 £ 2.1
sgs1::URA3/sgs1::URA3 05*03
MR966/MR93-28C SGS1/SGS1 528 £ 9.1
sgs1::URA3/sgs1::LEU2 42+22

“ Diploid cells incubated on YPD plates for 2 days were transferred to 1%
KAC plates and incubated for 5 days to allow sporulation. Sporulation was
monitored with a phase-contrast microscope.
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FIG. 1. Poor sporulation and reduction in the level of intergenic recombina-
tion of sgs/ disruptants. Cells treated as described in Materials and Methods
were removed after transfer to SPM. Aliquots of 1 ml were removed at various
times after the shift, and sporulation, recombination, and cell viability were
assessed. YCp vectors, pRS314 (vector only), and pYCp1305 (containing full-
length SGSI) were transfected into disruptants to confirm the effect of SGSI.
Symbols: @, MR101 (SGSI/SGSI); O, MR202 (sgsl::URA3/sgs1::LEU2); [,
MR202 plus pRS314; m, MR202 plus pYCp1305. (A) Sporulation was monitored
with a phase-contrast microscope, and the percentage of cells which formed asci
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cell suspension was less than one-eighth the capacity of the flask to ensure good
aeration. The frequency of recombination between the AisI-1 and hisI-7 alleles
was examined at different times after the shifting to SPM by inoculating cells on
SC plates lacking histidine [SC-His(—)] or containing histidine [SC-His(+)]. The
recombination frequency was determined by comparing the number of colonies
on SC-His(—) plates with the number of colonies on SC-His(+) plates.

Flow cytometry. Cells were fixed with 70% ethanol, washed with 0.2 M Tris-
HCI (pH 7.5), and exposed to 0.1 mg of RNase A per ml for 3 h at 37°C. Cells
were washed with 0.2 M Tris-HCI (pH 7.5), stained with 0.1 mg of propidium
iodide per ml for 15 min on ice, and analyzed with a FACScan/CellFIT system
(Becton Dickinson).

Preparation of DNA and detection of DSBs or physical recombinants. DNA
was isolated from yeast cells using the Zymolyase method (14). For the detection
of double-strand breaks (DSBs) in MR and rad50S strains, 5 pg of DNA samples
was digested with Xhol and fractionated in an 0.8% agarose gel. Hybridization
was performed using rapid-hyb buffer (Amersham) essentially as described by
Sambrook et al. (37) and using the XhoI-Nhel fragment from a plasmid having
the YCR47C-YCR48W region in chromosome III (51a). The detection of phys-
ical recombinants of strains NKY2846 and RKH225 was performed essentially as
described by Storlazzi et al. (46). For the detection of physical recombinants of
RKH strains, 5 pg of DNA samples was digested with Xhol or XhoI-Mlul and
fractionated in a 0.6% agarose gel. Hybridization was performed using probe B
(see Fig. SA). Probes were labeled with 3P using a Rediprime random primer
labeling kit (Amersham). Bands were visualized and quantified with a BAS-Mac
system (Fuji Film).

Site-directed mutagenesis. pYCp1306 was constructed by converting the PstI
site (CTGCAG) of SGS1 in pRS314 to a Sacll site (CCGCGG) without a change
in amino acid sequence. pYCp1309 (sgs1-hd) was constructed by replacing the
HindIII-PstI fragment of SGSI in pYCp1306 with a fragment encoding alanine
(GCA) instead of lysine (AAA) at amino acid position 706 in helicase motif I.
The mutagenized fragment was made by PCR, and the mutation was confirmed
by DNA sequencing.

RESULTS

Poor sporulation of sgs! disruptants of various strains. Dip-
loid sgs! disruptants were constructed using three yeast strains,
W303, YPH, and MR, to investigate the function of SGSI in
meiosis. Sporulation on KAC plates was assessed by counting
the cells containing asci. The sporulation frequencies of the
W303 and YPH strains on KAC plates were 16.2 and 11.0%,
respectively. Those of the MR strain, a derivative of SK1, were
52.8% on KAC plates and about 90% in SPM. The sporulation
frequencies of the sgs! disruptants derived from the W303,
YPH, and MR strains were decreased by about 1/7, 1/22, and
1/13, respectively, compared with that of the corresponding
wild-type cells (Table 2).

Spore formation and premeiotic DNA replication in MR
strains. At 24 h after the change to SPM, the sporulation
frequency of sgs/ disruptants (MR202) reached only 9.3%,
while that of wild-type cells (MR101) attained 89% (Fig. 1A).
We also examined the effect of disruption of the SGS1 gene on
the frequency of recombination between heteroalleles at the
HISI locus during meiosis. The frequency of recombination,
measured by a return-to-growth assay, was reduced by 8.2-fold
in sgs/ disruptants compared to that of wild-type cells (Fig.
1B). The increased recombination frequency of sgs! disrup-
tants compared with that of wild-type cells at time zero seems
to correspond to the hyperrecombination phenotype of sgs/
disruptants during mitotic growth, as reported previously (51).
The viability of sgs/ disruptants at 24 h after the transfer to
SPM was 74%, while that of wild-type cells was 84% (Fig. 1C).
These poor-sporulation and reduced-recombination pheno-
types were complemented with SGSI on either a single-copy

containing any spores was measured. (B) The frequency of recombination be-
tween the hisI-1 and hisI-7 alleles was measured by a return-to-growth assay. The
frequency was determined by comparing the number of colonies formed on SC-
His(—) plates with the number formed on SC plates after incubation for 3 days at
28°C. (C) The viability of the cells was measured by enumerating colonies that
appeared on SC plates after incubation for 3 days at 28°C, taking the viability of
the cells at time zero as 100%.
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FIG. 2. Flow cytometric analysis of DNA content. MR101 (SGS1/SGSI) and MR202 (sgs1::URA3/sgs1::LEU2) cells were removed at various times after the shift
to SPM and fixed with 70% ethanol. The DNA content of the samples was analyzed with a FACScan/CellFIT system.

plasmid (pYCp1305) (Fig. 1A and B) or a multicopy plasmid
(data not shown).

Most of the sgsi disruptants were arrested at the mononucle-
ated stage after the shift to SPM, raising the possibility that
premeiotic DNA replication is affected in sgs/ disruptants.
Thus, DNA replication in sgs/ disruptants (MR202) and wild-
type cells (MR101) after transfer to SPM was monitored by
flow cytometric analysis. The majority of disruptants and wild-
type cells had 2C DNA before induction of sporulation (Fig.
2). At 10 h after the shift, the majority of disruptants and
wild-type cells had 4C DNA, indicating that the bulk of DNA
replication was completed in most cells, even disruptants.
These results suggest that Sgs1 is not involved until after most
of the DNA is synthesized.

Analysis of meiosis-specific DSBs in sgs! disruptants. The
formation of DSBs is considered the initial event in meiotic
recombination (2, 5, 47). We examined DSB formation during
meiosis in sgs! disruptants. As shown in Fig. 3, transient DSB
signals in the YCR47C-YCR48W region, which is the THR4
centromere-proximal region on chromosome III, were visual-
ized by using the YCR48W probe (51a). DSB signals were
observed in wild-type cells 2 h after the shift to SPM, reached
a maximum level at 4 h, and gradually decreased. In sgs/
disruptants, the number of DSBs was considerably decreased.

To elucidate whether the formation of DSBs was really re-
duced in sgs/ disruptants, we examined the accumulation of
DSBs at the YCR47C-YCR48W loci in chromosome III in the
rad50S (rad50S-KI81) background (4), in which the processing
but not the formation of DSBs is blocked (2, 5). As shown in
Fig. 4, DSBs appeared about 5 h after the shift to SPM and
accumulated gradually in rad50S cells (S1510). In rad50S sgs!
disruptants (RKH?221), the appearance of DSBs was delayed
about 1 h and the maximum level attained was slightly lower
than that in rad50S cells.

Physical analysis of the recombination products in sgsi dis-
ruptants during meiosis. The physical recombinants at the
his4-LEU2 loci were examined (Fig. 5A) (46). Bands corre-
sponding to crossover-type recombination can be discrimi-
nated from parental fragments by restriction site polymor-
phism of the Xhol site between homologous chromosomes.
The bands derived from crossover-type recombination were
detected 8 h after the shift to SPM in wild-type cells and sgs/
disruptants. The intensities of the bands reached 20 and 13%
that of the parental bands by 12 h for wild-type cells and sgs/
disruptants, respectively (Fig. 5B). Bands derived from non-
crossover-type recombination (gene conversion) are detectable
with the same specific probe by Southern blotting with DNA
samples digested with XAhol and Mlul (46). We examined non-
crossover-type recombination and found that it occurred in
sgsl disruptants as well as in wild-type cells (data not shown).

Analysis of SGS1 function during sporulation by deletion of
SPO13 and MRE11. Spo13 is required for meiosis I, and dele-
tion of the SPO13 gene results in a single meiosis II-like divi-
sion, producing dyad asci, and rescues the meiotic lethality of
early recombination-deficient mutants by bypassing meiosis I
division (29). Mrell is required in the early stages of meiotic
recombination, including DSB formation, and mrell mutants
produce nonviable spores (1, 15). To analyze the function of
SGS1 during sporulation, we constructed double disruptants,
spol3 sgsl, mrell sgsl, and spol3 mrell (Table 1), and exam-
ined whether these cells were capable of sporulation. These
double disruptants were analyzed for mitotic recombination
frequency, sporulation, spore viability, and meiotic recombina-
tion frequency, as measured by the return-to-growth assay (Ta-
ble 3). spol3 mrell double disruptants produced dyad asci with
63.2% spore viability and showed a remarkably reduced mei-
otic recombination frequency, as reported by Ajimura et al.
(1). For sgsI spol3 double disruptants, 10% of the cells formed
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FIG. 3. Detection of DSB in sgsI disruptants. MR101 (SGS7) and MR301 (sgs/A::AUR) cells were treated as described in Materials and Methods and harvested
at various times after transfer to SPM. DNA samples were isolated from the cells, and aliquots (5 pug) of the DNA were separated on an agarose gel. DSB signals in

the YCR47C-YCR48W region were analyzed by Southern blotting.

dyad asci at 24 h after the shift to SPM; this value was the same
as that for sgs! disruptants and was 5.2- and 3.3-fold lower than
those for spol3 and spol3 mrell cells, respectively. The spore
viability of sgsI spol3 cells was 5.0- and 3.4-fold lower than
those of sgs! and spol3 cells, respectively. Very few sgsl mrell
double disruptants sporulated, and the spores were nonviable.
All the single and double disruptants except for spol3 showed
mitotic hyperrecombination.

Either the red1 or the radl7 mutation partially alleviates the
prophase arrest of sgs! disruptants. The facts that the majority
of sgs1 disruptants remained in the mononucleated stage after
transfer to SPM and showed relatively high viability indicate
that the defect due to the dysfunction of Sgs1 produces a signal
to arrest cells at or before meiosis I. Thus, we examined the
possibility that mononucleated sgs! cells were arrested by mei-
otic checkpoint control.

The disruption of either the REDI or the RAD17 gene, both
of which are involved in meiotic checkpoint control (25, 52),
resulted in partial alleviation of the poor-sporulation pheno-
type of sgs/ disruptants (Fig. 6).

Missense mutation in the ATP binding motif of SGS1 affects
sensitivity to MMS and HU but not sporulation. DNA helicase
motif I is known to be involved in ATP binding. Lu et al.
reported that a missense mutation of Sgsl in helicase motif I at
amino acid position 706, from lysine to alanine, abolished
helicase activity (23). To determine the requirement of heli-
case activity for various functions of Sgs1, a plasmid carrying an
sgsl gene encoding Sgsl having the same missense mutation
(sgs1-hd) was transformed into sgs/ disruptants. As shown in
Fig. 7, sgsl-hd was not able to complement the sensitivity to
MMS or HU of the sgs! partial disruptant (MR202) or null
mutant (MR301). In contrast, the poor-sporulation phenotype
and reduced frequency of meiotic recombination monitored by
the return-to-growth assay were rescued by sgs1-hd in the sgs/
null mutant (MR301) as well as the partial disruptant (MR202)
(Table 4). The increased recombination in sgs/ disruptants at
time zero, which corresponds to mitotic recombination, was
not suppressed by sgsl1-hd.

DISCUSSION

It has been reported that sgs/ mutants show a poor-growth
phenotype in the fopl mutant background (23), suppression of
top3-associated poor growth (11), hypersensitivity to HU (53)
and MMS (10), defects in faithful chromosome segregation in
mitosis as well as meiosis (50), mitotic hyperrecombination
phenotypes (31, 51, 53), poor sporulation (12, 51), and prema-
ture aging (44). In this study, we analyzed in detail the poor-
sporulation phenotype of sgs/ disruptants in relation to meiotic
recombination.

Meiotic recombination in an sgs/ mutant examined by phys-
ical analysis. We observed poor-sporulation phenotypes in
sgsl disruptants from several strains with different genetic
backgrounds (Table 2), as reported previously (12, 50, 51). The
apparent frequency of meiotic recombination, measured by a
return-to-growth assay, was decreased severalfold in sgs/ dis-
ruptants compared with wild-type cells (Fig. 1). Thus, we ex-
amined recombination intermediates of sgs/ disruptants by
physical analysis. Although the number of DSBs was reduced
severalfold in sgs! disruptants compared with wild-type cells,
almost the same number of DSBs accumulated in sgs/ rad50S
cells as in rad50S cells. Similar results were reported for red!
and mek1/mre4 mutants (52). In red] and mek1/mre4 mutants,
the steady-state level of DSBs was reduced, but the number
of DSBs that accumulated in red! rad50S and mekl rad50S
cells was almost the same as that in rad50S cells. Xu et al.
proposed that in red! and mekl/mre4 mutants, the kinetics of
DSB formation are negatively regulated by meiosis-specific
surveillance mechanisms, and the conversion of DSBs to dou-
ble Holliday junctions would be one of the most important
checkpoints (52). Thus, we speculated that the kinetics of DSB
formation, rather than the machinery to form DSBs, are some-
how affected in sgs disruptants.

Meiotic recombination products of either the crossover type
or the gene conversion type appeared in sgs/ disruptants as
well as wild-type cells. Since the appearance of recombinant
molecules does not necessarily require the resolution of Hol-
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FIG. 4. Accumulation of DSBs in rad50S sgsI mutants. (A) Wild-type cells and sgs/ disruptants with the rad50S background, S1510 (SGSI) and RKH221
(sgs1::AUR), were treated as described in Materials and Methods and harvested at various times after transfer to SPM. DNA was isolated from the cells, and aliquots
(5 ng) of the DNA were separated on an agarose gel. DSB signals in the YCR47C-YCR48W region were analyzed by Southern blotting. (B) The intensity of the band
corresponding to the DSB signal was quantified and expressed as a percentage of the intensity of all bands in the lane.

liday junctions, the possibility remains that the defect of Sgsl
function affects the recombination process itself.

The frequency of meiotic recombination measured by the
return-to-growth assay was decreased severalflold in sgsi dis-
ruptants compared with wild-type cells (Fig. 1). Watt et al. re-

ported no decrease in the meiotic recombination frequency in
spores formed by sgs/ mutants (51). This discrepancy can be
explained by the differences in the populations analyzed; that
is, Watt et al. dealt with only viable spores, and the return-to-
growth assay dealt with the whole population, most of which
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6406 MIYAJIMA ET AL. MoL. CELL. BIOL.
TABLE 3. Sporulation, spore viability, and recombination in sgs! spol3 and sgsI mrell double disruptants
Mitotic recombination Sporulation (%) at’: Meiotic recombination
Strain Genotype (His™ frequency B — Spore viability” (His* frequency,
107%)7 24 h 96 h 1073) at 24 h?

MR101 SGSI SPOI3 MRE11 5.8 81 88 75/84 (89.3) 37.9
dsl sgsIA 57.6 8 10 72/124 (58.1) 3.9
ds13 spol3 9.5 52 79 48/120 (40.0) 6.5
dsls13 sgsIA spol3 56.3 10 15 15/128 (11.7) 3.9
dsIml1 sgsIA mrell 38.8 0.6 0.1 0/120 (0.0) 0.2
ds13ml1 spol3 mrell 44.6 33 55 86/136 (63.2) 0.1

“ The frequency of mitotic recombination between the hisI-1 and hisI-7 alleles was determined by comparing the number of colonies on SC-His(—) plates with the

number on SC plates.

® Diploid cells were precultured in SPS and inoculated into SPM at a density of 2 X 107 cells/ml with vigorous shaking. Aliquots of 1 ml were taken at the times
indicated, sporulation was monitored at 24 or 96 h after the shift to SPM with a phase-contrast microscope, and the percentage of tetrad asci or dyad asci (boldface

values) for spol3 disruptants relative to total cell number was calculated.

¢ Spore viability was determined after dissection by dividing the number of spores forming colonies by the total number dissected. Numbers in parentheses are

percentages.

4 The frequency of meiotic recombination between the hisI-1 and hisi-7 alleles was determined at 24 h after the shift to SPM by comparing the number of colonies

on SC-His(—) plates with the number on SC plates.

was not able to form spores (Fig. 1). However, the physical
assay of amounts of meiotic recombinants showed little differ-
ence between sgs/ and wild-type cells. The decrease in meiotic
recombination in the return-to-growth assay was also observed
in top3 disruptants, and the low level of meiotic recombination
in this assay was explained to be due to the loss of viability of
meiotic cells following DSB formation in zop3 mutants (12).
However, this explanation cannot be applied for the sgsI dis-
ruptants in this study, because only a slight reduction in via-
bility was observed with sgs/ disruptants in the return-to-
growth assay (Fig. 1).

In most sgs! disruptants, meiosis I is not bypassed upon
disruption of SPO13. On deletion of the SPO13 gene, meiosis
I is bypassed and dyad asci are produced (29). Deletion of the
SPO13 gene in a rad52, rad50S, or dmcl background, which is
defective at a point after DSB formation, produced dead or
very-low-viability dyad asci (4, 27). The viability of spores
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o
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Sporulation (%)
8
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Time in SPM (h)

formed in either rad52, rad50S, or dmcl single mutants also
was very low (4, 27). Disruptants of the genes required before
or for DSB formation during meiotic recombination, such as
spoll, mrell, and rad50, sporulate with almost normal effi-
ciency but produce nonviable spores, and disruption of
SPO13 in spoll, mrell, or rad50 mutants results in the forma-
tion of viable dyad asci without meiotic recombination (1, 21,
26).

In fact, spol3 mrell mutants sporulated and produced dyad
asci containing viable spores (Table 3), as reported previously
(1). The results obtained with sgs/ and sgs! spol3 disruptants
were quite different from those obtained with the above mu-
tants. The sgs! disruptants showed low sporulation efficiency,
but the spores produced showed relatively high viability, and
the disruption of SPOI3 in sgsI disruptants did not alleviate
the low sporulation efficiency of the sgs/ disruptants. Thus, it
must be emphasized that the majority of sgs/ disruptants have
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FIG. 6. Partial suppression of poor sporulation of sgs/ null mutants by the deletion of REDI or RAD17 gene function. Cells treated as described in Materials and
Methods were harvested after transfer to SPM. Aliquots (1 ml) were removed at various times after the shift to SPM, and the cells were examined for sporulation. (A)
Symbols: m, wild-type cells (MR101); A, sgsI cells (MR301); O, redl cells (drl); @, redl sgsl cells (dslrl). (B) Symbols: m, wild-type cells (MR101); A, sgs cells

(MR301); O, rad17 cells (dr17); @, rad17 sgs1 cells (dslr17).
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FIG. 7. Ansgsl gene coding for a protein defective in DNA helicase activity cannot complement the MMS and HU sensitivities of sgs/ disruptants. Wild-type cells
(MR101), sgs! disruptants (MR202), and sgs/ null deletion disruptants (MR301) were transformed with pRS314 (vector only), pYCp1309 (sgs1-hd), and pYCp1305
(containing full-length SGST). Cells were streaked onto SC plates containing MMS (0.02%) or HU (100 mM) and were photographed after 3 days at 28°C.

a defect that renders them unable to bypass meiosis I on
disruption of SPOI3. A similar result was obtained with fop3
disruptants (12). A small portion of the sgs/ population under-
went meiosis almost normally, and the spores showed relatively
high viability. However, a defect in segregation was observed in
this population, since a considerable number of the asci
formed by sgs! disruptants contained odd numbers of spores
(data not shown), as reported previously (51).

The rad50S mutants, unable to process DSBs, showed a
poor-sporulation phenotype, and both dmc! and top2 mutants,
which are defective in reciprocal recombination and the reso-
lution of recombination intermediates, respectively, were ar-
rested at meiotic prophase under meiosis-specific checkpoint
control. The introduction of mutations in either MREII or
RADS50 in the above mutants to form mrell rad50S, rad50

dmcl, and rad50 top2, which eliminates DSB formation, re-
sulted in the restoration of sporulation and the production of
dead spores (1, 4, 35). Thus, if Sgs1 is required only after DSB
formation in meiotic recombination, sgs! mrell double mu-
tants should show phenotypes similar to those of mrell single
mutants. However, this was not the case, because the reduced
level of spore formation by sgs/ mutants could not be alleviated
by introducing the MRE11 mutation, that is, eliminating DSBs.
Similar results were obtained for fop3 mutants by Gangloff et
al. (12), who reported that disruption of SPO11, which encodes
the enzyme essential to form DSBs (17), could not alleviate the
top3 sporulation defect.

Arrest of sgsl disruptants in the mononucleated stage is
caused partially by meiotic checkpoint function. The facts that
the majority of sgs/ disruptants remained in the mononucle-

TABLE 4. Analysis of Sgs1 functions”

Mitotic recombination

Sporulation

(% of asci d) at Meiotic recombination
o of asci formed) at:

Strain Plasmid (His™ frequency, (His™ frequency,
107%) at0 h 12 h 24 h 1073) at 24 h
MR101 (WT) Vector 2.7 82 89 27.8
SGS1 3.1 82 89 26.1
sgsl-hd 35 81 89 24.1
MR202 (sgsI) Vector 234 49 7.4 42
SGS1 6.0 36 64 22.3
sgsl-hd 16.3 23 50 15.5
MR301 (sgsIA) Vector 20.1 7.0 9.2 55
SGS1 2.2 25 58 24.8
sgsl-hd 27.2 28 51 17.3

¢ Wild-type (WT) cells (MR101), sgsI disruptants (MR202), and sgs/ null deletion disruptants (MR301) were transformed with pRS314 (vector only), pYCp1305
(containing full-length SGST), and pYCp1309 (sgs1-hd). Sporulation was monitored with a phase-contrast microscope at 12 and 24 h after the shift to SPM. The
frequency of recombination between the hisI-I and hisl-7 alleles was examined at 0 h (for mitotic recombination) and 24 h (for meiotic recombination by a

return-to-growth assay) after the shift to SPM.



6408 MIYAJIMA ET AL.

ated stage after transfer to SPM and showed relatively high
viability indicate that the defect due to the dysfunction of Sgs1
produces a signal to arrest cells at or before meiosis I. Gangloff
et al. (12) showed that sgs/ disruptants of strain W303 could
sporulate but that the process was delayed and inefficient com-
pared to that of wild-type cells, and they argued that the Sgsl
defect generates a checkpoint signal. We also monitored the
sporulation of sgs/ disruptants (MR301) for up to 12 days. The
percentage of asci that were formed gradually increased but at
12 days was still only 18.5%, compared with 85% for wild-type
cells. For dmcl mutants, lacking Dmc1, which is the meiosis-
specific Rad51 homologue, cells with recombination interme-
diates arrested in the prophase without a loss of viability (4).
The disruption of REDI in dmcl mutants released the pro-
phase arrest of the dmcl mutants and restored spore formation
(52). Cells lacking Red1, which is the meiosis-specific compo-
nent of the axial element, failed to form a synaptonemal com-
plex (34) and to check aberrant DNA recombination (52). In
addition, the disruption of RADI7 in dmcl mutants alleviated
the prophase arrest of the dmcl mutants (25), suggesting the
existence of single-stranded DNA regions in uncompleted re-
combination intermediates in dmcl cells, because Radl7 is
able to sense single-stranded DNA regions (24).

The disruption of either REDI or RAD17 in sgsI disruptants
partially alleviated the poor-sporulation phenotype of sgs mu-
tants. The reason why the effect was partial is not clear. One
explanation is that cells in which the phenotype was not alle-
viated by the disruption of either REDI or RADI17 have defects
that cause the suppression and that can be alleviated only by
disruption of both RED1I and RADI7 or defects that are sensed
by sensors other than Red1 and Rad17. Another is that cells in
which the phenotype was alleviated by the red! or radl17 mu-
tation are of different populations. Thus, it seems that sgs/
disruptants are arrested at multiple points rather than at a
single unique point. The partial suppression caused by the
disruption of R4AD17 indicates the existence of single-stranded
DNA regions in a portion of the arrested population of sgs/
cells (24, 25). It seems likely that sgs/ disruptants contain
incomplete homologous recombination intermediates in which
single-stranded DNA regions exist. The suppression of the late
S/G, delay of fop3 mutants by an SGSI mutation suggests that
both Sgsl and Top3 are involved in the late stage of DNA
replication in the mitotic cell cycle (11). Although premeiotic
DNA synthesis followed a normal time course even in sgs/
disruptants (Fig. 2), the possibility cannot be excluded that
DNA replication is inhibited at a late stage and single-stranded
DNA regions remain in sgs/ disruptants.

Relationship between Top3 and Sgs1 functions in meiosis.
The protein encoded by SGSI was shown to have DNA heli-
case activity (3, 23). It has been reported that a missense
mutation of lysine to alanine at amino acid position 706 abol-
ishes the DNA helicase activity of Sgsl in vitro (23). The
plasmid carrying the gene with this missense mutation, sgs1-hd,
rescued neither MMS sensitivity nor HU sensitivity in sgs/
disruptants, indicating that repair of certain types of DNA
damage requires the DNA helicase activity of Sgs1 (Fig. 7).
Similar results were reported recently (10). In addition, sgs1-
hd could suppress neither elevated homologous recombination
between heteroalleles (Table 4) nor elevated unequal sister
chromatid exchanges in sgs/ mutants (31). In contrast, it was
reported that the sgs-hd allele behaves just like the wild-type
allele: it decreases the rate of growth of top3 sgsI mutants and
improves the poor growth of fop! sgs! mutants (23). In other
words, DNA helicase activity is not required for complemen-
tation of fopI- and top3-related sgsI phenotypes. In addition,
we found that sgsl-hd almost completely rescued the poor-
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sporulation phenotype and the reduced frequency of meiotic
recombination of sgs disruptants. Thus, two different mecha-
nisms underlie the functions of Sgs1; one requires DNA heli-
case activity, and the other does not. This finding should help
us to analyze the molecular mechanisms producing the pleio-
tropic phenotypes of sgs/ disruptants.

Budding yeast Top3 has a weak ability to relax negatively
supercoiled double-stranded DNA and preferentially binds to
single-stranded DNA regions (18). Both genetic and physical
interactions have been demonstrated for Sgsl and Top3, indi-
cating that these proteins function as a complex in the mitotic
cell cycle (11). Gangloff et al. (11) proposed that movement of
the Sgs1 helicase along the DNA melts the duplex, providing a
preferential single-stranded substrate for Top3, and that the
Sgs1-Top3 complex might act as a reverse gyrase (6). The
observation that Sgsl devoid of DNA helicase activity could
carry out its role in sporulation indicates that the postulated
reverse gyrase activity of the Sgs1-Top3 complex is dispensable
from the meiotic process, because helicase activity is essential
for introducing positive supercoils. Thus, it seems likely that
one of the possible functions of Sgs1 in the meiotic process is
to recruit Top3. In this context, it is interesting that mouse
Top3oa and Top3B as well as Blm mRNAs were highly ex-
pressed in the testis and that the levels of their expression in
the testis were increased simultaneously and markedly by 17
days after birth, when numbers of the cells in pachytene phase
increase (39, 40, 41). In addition, it was reported recently that
BLM, one of the Sgs1 homologues in higher eukaryotes, was
localized on mouse meiotic chromosomes during meiotic DNA
recombination (49). Taken together with the report that male
BS patients are infertile (16), these results suggest that BLM
plays roles in meiotic recombination.

Recently, the sporulation of fop3 mutants as well as sgs/
mutants has been reported (12). Although the frequency of
sporulation of sgs/ mutants is low, it is higher than that of top3
mutants, which make no spore. In addition, deletion of the
SGS1 gene restores sporulation in fop3 mutants to a level be-
low that in sgs! single mutants. Thus, Sgsl does more than
simply recruit Top3; an unknown protein has the ability to
recruit Top3, or Top3 itself can access the meiotic chromo-
some at a low efficiency.
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