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Hrq1 Functions Independently of Sgs1 to Preserve Genome Integrity 
in Saccharomyces cerevisiae

Maintenance of genome stability in eukaryotes involves a 
number of conserved proteins, including RecQ helicases, 
which play multiple roles at various steps in homologous 
recombination and DNA repair pathways. Sgs1 has been 
described as the only RecQ helicase in lower eukaryotes. 
However, recent studies revealed the presence of a second 
RecQ helicase, Hrq1, which is most homologous to human 
RECQL4. Here we show that hrq1Δ mutation resulted in 
increased mitotic recombination and spontaneous mutation 
in Saccharomyces cerevisiae, and sgs1Δ mutation had additive 
effects on the phenotypes of hrq1Δ. We also observed that 
the hrq1Δ mutant was sensitive to 4-nitroquinoline 1-oxide 
and cisplatin, which was not complemented by overexpre-
ssion of Sgs1. In addition, the hrq1Δ sgs1Δ double mutant 
displayed synthetic growth defect as well as a shortened 
chronological life span compared with the respective single 
mutants. Analysis of the type of age-dependent Canr muta-
tions revealed that only point mutations were found in 
hrq1Δ, whereas significant numbers of gross deletion mu-
tations were found in sgs1Δ. Our results suggest that Hrq1 
is involved in recombination and DNA repair pathways in 
S. cerevisiae independent of Sgs1.
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Introduction

Eukaryotic cells contain a number of conserved proteins 
involved in DNA repair pathways in order to maintain ge-
nome integrity against various kinds of exogenous and/or 
endogenous environmental threats, such as genotoxic agents 
and aberrant DNA structures generated during DNA meta-
bolism. RecQ helicases are evolutionary conserved from 
bacteria to humans and play multiple roles at various steps in 
homologous recombination (HR) and DNA repair pathways 
(Chu and Hickson, 2009; Bernstein et al., 2010). Bacteria 
have only a single RecQ helicase, whereas human cells contain 

five RecQ proteins (RECQL1, BLM, WRN, RECQL4, and 
RECQL5). BLM and WRN are linked to autosomal recessive 
diseases, Bloom syndrome and Werner syndrome, respec-
tively (Bohr, 2008; Monnat, 2010). Mutations in RECQL4 
are responsible for three rare genetic disorders, Rothmund- 
Thomson syndrome (RTS), Baller-Geroid syndrome, and 
RAPADILINO syndrome. These heritable diseases are charac-
terized by cancer predisposition and premature aging phe-
notypes resulting from increased genome instability (Bohr, 
2008). In contrast, the remaining two helicases, RECQL1 and 
RECQL5, have not been implicated in any human disease.
  Sgs1 and Rqh1, most homologous to human BLM, are mem-
bers of the RecQ helicase family in Saccharomyces cerevisiae 
and Schizosaccharomyces pombe, respectively, and have mul-
tiple roles in double strand break (DSB) repair by HR (Ashton 
and Hickson, 2010; Singh et al., 2012). Their homologies are 
not limited to amino acid sequence but extend to protein- 
protein interactions. BLM physically interacts with type IA 
topoisomerase, hTOPOIIIa, hRMI1, and hRMI2. Sgs1 and 
Rqh1 also form a similar complex with Top3 and Rmi1. This 
complex plays a role in the dissolution of double Holliday 
junctions to form exclusively non-crossover products (Ashton 
and Hickson, 2010). Sgs1 and Rqh1 also suppress illegiti-
mate recombination by unwinding aberrantly paired DNA 
molecules at regions of limited homology (Chu and Hickson, 
2009; Ashton and Hickson, 2010; Bernstein et al., 2010). This 
is consistent with the hyper-recombination phenotypes of 
sgs1 mutants (Onoda et al., 2000, 2004a). Recent studies sug-
gested that BLM and Sgs1 collaborate with Dna2 and exonu-
clease 1 for extensive 5 -end resection to form a 3 -single- 
stranded DNA (ssDNA) tail, a key early step in HR (Mimitou 
and Symington, 2008; Zhu et al., 2008). Since HR is the most 
important error-free mechanism of DSB repair, absence of 
BLM and Sgs1 function affects the initiation of DSB repair 
by HR and hence elevates genome instabilities in human 
and S. cerevisiae, respectively (Singh et al., 2012). BLM and 
Sgs1 also play important roles in DNA replication to main-
tain genome stability. They are required for stabilization of 
polymerases at stalled replication forks and HR-mediated 
replication restart (Cobb et al., 2005; Davies et al., 2007; 
Wu, 2007).
  Until recently, Sgs1 and Rqh1 were considered as the only 
RecQ orthologues in S. cerevisiae and S. pombe, respectively 
(Ashton and Hickson, 2010; Bernstein et al., 2010). Although 
S. pombe contains other RecQ-like proteins (Tlh1 and Tlh2), 
they appear to participate in telomere metabolism only dur-
ing crisis of telomere erosion (Mandell et al., 2005). However, 
another highly conserved RecQ-homologous protein, Hrq1, 
has been found in fungal genomes by bioinformatics analyses 
and is most similar to human RECQL4 (Barea et al., 2008). 
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Table 1. Yeast strains used in this study
Strain Genotype Reference

YPH499 MAT a ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 Sikorski and Hieter (1989)
YSH40 MAT a ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 hrq1Δ::HIS3 This study
YDH920 MAT a ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 sgs1Δ::HIS3 This study
YSH45 MAT a ura3-52 lys2-801 ade2-101 trp1-Δ63 his3-Δ200 leu2-Δ1 hrq1Δ::TRP1 sgs1Δ::HIS3 This study
SCRMTL2 MAT a ade2 ade3-130 leu2 trp1 ura3 cyh2 SCR::LEU2 Onoda et al. (2004b)
YSH79 MAT a ade2 ade3-130 leu2 trp1 ura3 cyh2 SCR::LEU2 hrq1Δ::TRP1 This study
YLN8 MAT a ade2 ade3-130 leu2 trp1 ura3 cyh2 SCR::LEU2 sgs1Δ::URA3 This study
YLN17 MAT a ade2 ade3-130 leu2 trp1 ura3 cyh2 SCR::LEU2 hrq1Δ::TRP1 sgs1Δ::URA3 This study
MR101 MAT a/α ura3-52/ura3-52 leu2-3,112/leu2-3,112 trp1-289/trp1-289 his1-7/his1-1 Resnick et al. (1984)

YLN6 MAT a/α ura3-52/ura3-52 leu2-3,112/leu2-3,112 trp1-289/trp1-289 his1-7/his1-1 
hrq1Δ::TRP1/hrq1Δ::URA3 This study

YLN5 MAT a/α ura3-52/ura3-52 leu2-3,112/leu2-3,112 trp1-289/trp1-289 his1-7/his1-1 
sgs1Δ::URA3/sgs1Δ::LEU2 This study

YLN7 MAT a/α ura3-52/ura3-52 leu2-3,112/leu2-3,112 trp1-289/trp1-289 his1-7/his1-1 
hrq1Δ::TRP1/hrq1Δ::URA3 sgs1Δ::URA3/sgs1Δ::LEU2 This study

Recent genetic studies have shown that Hrq1 is a functional 
gene in S. pombe (Groocock et al., 2012). Hrq1-deficient cells 
suffer spontaneous genome instability and exhibit hyper- 
recombination and mutator phenotypes. Genetic epistasis 
analysis suggested that Hrq1 is involved in nucleotide ex-
cision repair (NER) pathway (Groocock et al., 2012). Very 
recently, we have reported the biochemical properties of S. 
cerevisiae Hrq1 protein (Kwon et al., 2012). Purified recom-
binant Hrq1 protein exhibits moderately processive 3 -5
helicase activity and requires a long 3 -ssDNA tail for effi-
cient unwinding of duplex DNA. It also has potent DNA 
strand annealing activity similar to other RecQ helicases, 
suggesting that Hrq1 is another conserved RecQ helicase in 
yeast.
  Here we attempted to gain insights into the in vivo func-
tions of Hrq1 in S. cerevisiae and determine whether Hrq1 
and Sgs1 have overlapping roles in DNA metabolism. For 
this purpose, we constructed hrq1Δ and sgs1Δ mutations 
and investigated their effects on recombination and DNA 
repair. In this report, we demonstrate that Hrq1 and Sgs1 
function in parallel pathways for maintenance of genome 
stability. We also show that Hrq1 is important in regulating 
chronological life span (CLS) of yeast.

Materials and Methods

Yeast strains and plasmids
All S. cerevisiae strains used in this study are listed in Table 1. 
The yeast media, YPD and synthetic drop-out (SD), were 
prepared as described (Chris et al., 1994). Gene disruptions 
were conducted by one-step gene replacement methods as 
previously described (Sikorski and Hieter, 1989; Baudin et 
al., 1993). In order to disrupt HRQ1 and SGS1, selective 
markers were PCR-amplified using primers harboring 55 
base-pairs (bp) homologous to the 5 or 3 flanking region of 
each open reading frame (ORF), and transformed into yeast 
cells to replace the target genes. Yeast colonies that grew on 
selective medium were analyzed by PCR for correct disrup-
tion. To construct diploid gene disruptants, MATa and MATα 
haploid gene disruptants were made and mated.

  To construct a single copy plasmid containing a constitutive 
promoter, the ADH1 promoter region was PCR-amplified 
and cloned into the SacI-NotI sites of pRS315 (New England 
Biolabs, USA). The resulting plasmid was named pRS315- 
ADH1. Then, the entire HRQ1 ORF was PCR-amplified and 
cloned into the PstI-XhoI sites of pRS315-ADH1 in order 
to obtain pRS315-ADH1-HRQ1, which expresses Hrq1 pro-
tein under the control of ADH1 promoter. The multi-copy 
plasmid pRS325-ADH1-HRQ1 was constructed by subclon-
ing the SacI-XhoI fragment from pRS315-ADH1-HRQ1 into 
pRS325. The hrq1K318A mutant gene, containing a base sub-
stitution mutation in the ATP-binding motif of Hrq1 protein, 
was described previously (Kwon et al., 2012). The multi- 
copy plasmid pRS325-ADH1-SGS1 was constructed by 
cloning the PCR-amplified SGS1 ORF into the BamHI-SalI 
sites of pRS325-ADH1.

Measurement of recombination and spontaneous mutation 
frequencies
The strains derived from SCRMTL2 (Onoda et al., 2004b) 
were used to measure the frequencies of unequal sister chro-
matid recombination (USCR). These strains contain two 
truncated ADE3 genes, 5 and 3 deletions. These two partial 
genes have a short overlap, and reciprocal recombination 
or gene conversion in this overlap results in restoration of 
functional ADE3 gene (Kadyk and Hartwell, 1992). Since the 
product of ADE3 participates in histidine prototropy, the 
recombination frequency can be monitored by counting 
colonies on SD plates lacking histidine. The strains derived 
from MR101 (Resnick et al., 1984) were used to measure 
inter-chromosomal recombination frequencies. These dip-
loid strains contain hetero-alleles, his1-1/his1-7, and recom-
bination between these two mutations allows the restoration 
of histidine prototropy (Onoda et al., 2004b). To measure 
recombination frequencies, cells from saturated cultures were 
spread onto SD plates lacking histindine and YPD plates in 
order to determine recombination events and the total num-
ber of viable cells, respectively.
  Spontaneous mutation frequencies were determined by 
counting CAN1 mutations. CAN1 gene encodes arginine per-
mease, and mutation of this gene confers resistance to the 
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Table 2. Doubling time and recombination frequencies of hrq1Δ cells

Strain Doubling time (min)
Recombination frequency (×10-5)

Unequal sister chromatid exchange Inter-chromosomal recombination
WT 121.8 ± 4.2a 2.3 ± 0.3a 1.7 ± 0.3a

hrq1Δ 139.8 ± 1.6 3.1 ± 1.0 1.6 ± 0.2
sgs1Δ 137.2 ± 1.4 6.4 ± 1.2 12.8 ± 4.0

hrq1Δ sgs1Δ 166.2 ± 7.8 11.0 ± 2.1 19.4 ± 10.4
a The averages and standard deviations from three independent experiments are presented.

arginine analogue canavanine, which makes it easy to detect 
CAN1 mutations by selection of canavanine-resistant (Canr) 
colonies. Cells were spread onto canavanine-containing (60 
μg/ml) SD plates, and mutant colonies were counted after 
3–4 days incubation at 30°C. Cell viability was measured by 
plating appropriate dilutions onto YPD plates and count-
ing colony-forming units (CFUs).

Measurement of sensitivity to chemical agents and UV-irra-
diation
Yeast cells were grown to stationary phase in liquid SD media, 
diluted 1:1,000, and then grown to mid-log phase until all 
strains reached a similar OD600. For exposure to DNA-da-
maging agents, 10-fold serial dilutions of cell culture from 
107 cells/ml were spotted onto SD plates containing the se-
lected chemicals. The plates were then incubated for 3–4 days 
at 30°C. Hydroxyurea (HU, 20–100 mM), methyl methane-
sulfonate (MMS, 0.01%), 4-nitroquinoline 1-oxide (4-NQO, 
0.02–0.3 μg/ml), and cisplatin (20–50 μg/ml) were added to 
SD plates. For the UV sensitivity tests, SD plates spotted 
with yeast cells were irradiated with various UV dosages (40– 
100 J/m2) and incubated in the dark at 30°C.

Measurement of CLS and age-dependent mutation frequency
Yeast cells were picked from fresh colonies and grown to 
stationary phase in liquid SD media. Cultures were diluted 
to OD 0.05 with SD media and incubated at 30°C with con-
tinuous shaking. Aliquots were removed at different time 
points, diluted appropriately, and spread onto YPD plates 
to count CFUs and canavanine-containing (60 μg/ml) SD 
plates to measure age-dependent spontaneous mutation fre-
quency. The number of CFUs on day 1 was considered as 
the initial survival (100%), and the relative ratios of surviv-
al were plotted.

CAN1 sequencing
Canr clones from wild-type and hrq1Δ strains were collected 
on day 7 of the CLS study. Genomic DNA was isolated using 
the standard glass beads/choloroform-phenol procedure, 
and the entire CAN1 ORFs were PCR-amplified using the 
following primer set: CAN1-1 (5 -TAA TCT GTC GTC AAT 
CGA AAG-3 ) and CAN1-2 (5 -GGG AGC AAG ATT GTT 
GTG GT-3 ). The PCR products were gel-purified and se-
quenced using the amplification primers and the following 
additional primers: CAN1-3 (5 -TGC CTG GGG TCC AGG 
TAT AA-3 ) and CAN1-4 (5 -ACG CAG TCC TTG GGT 
GAA ATG GC-3 ).

Results

The hrq1Δ sgs1Δ double mutant displays synthetic growth 
defect and hyper-recombination phenotype
We recently reported that Hrq1 is an active RecQ helicase 
in S. cerevisiae (Kwon et al., 2012). To gain further insights 
into the in vivo functions of Hrq1, we constructed various 
hrq1Δ mutant strains and investigated their phenotypic 
changes in terms of growth rates and frequencies of mitotic 
recombination (Table 2). First, we investigated growth of 
the mutant strains by estimating doubling time. Compared 
with the wild-type strain (YPH499), the single mutant strains 
hrq1Δ and sgs1Δ of the same genetic background showed 
slightly slower growth rates. On the other hand, the hrq1Δ 
sgs1Δ double mutant strain showed significant inhibition 
of growth (Table 2), indicating that the hrq1Δ and sgs1Δ 
mutations have additive effects on the growth of yeast cells. 
This result implies that the slower growth observed in in-
dividual mutant strains most likely arise from distinct defects.
  The sgs1Δ and rqh1Δ (Sgs1 orthologue of S. pombe) mu-
tants display hyper-recombination phenotype (Ashton and 
Hickson, 2010). This is most probably due to the anti-re-
combination activity of Sgs1, which resolves illegitimate re-
combination intermediates for suppression of aberrant HR. 
Recently, hyper-recombination phenotype was also observed 
in S. pombe hrq1 mutant strains (Groocock et al., 2012). 
Therefore, we investigated whether hrq1 mutation also affects 
recombination frequency in S. cerevisiae. We first measured 
frequency of recombination between sister chromatids using 
tester strains constructed from SCRMTL2 (Onoda et al., 
2004b) as described in ‘Materials and Methods’. This is based 
on the restoration of histidine prototrophy produced by re-
ciprocal recombination or gene conversion (Kadyk and 
Hartwell, 1992). The hrq1Δ strain displayed a slightly elevated 
frequency of His+ colony formation in comparison with wild- 
type, whereas the frequency was lower compared to the sgs1Δ 
strain (Table 2). While each individual mutation had only 
a marginal effect on USCR frequency, simultaneous deletion 
of HRQ1 and SGS1 resulted in a synergistic increase in USCR 
frequency compared with the respective single mutants (Table 
2). To confirm these findings, we determined whether inter- 
chromosomal recombination frequencies are elevated in 
the hrq1Δ sgs1Δ double mutant using strains derived from 
diploid strain MR101. Recombination between his1-1/his1-7 
heteroalleles in this strain can be detected by the restora-
tion of histidine prototrophy (Onoda et al., 2004b). Consistent 
with previous observations (Watt et al., 1996), the sgs1Δ 
mutant showed increased recombination frequency, whereas 
hrq1Δ mutation had no effect on the inter-chromosomal 
recombination frequency (Table 2). Nevertheless, additional 
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  (A)

  (B)

Fig. 2. Synergistic effects of hrq1Δ and sgs1Δ on sensitivities to 4-NQO and 
cisplatin. (A) Strains YPH499 (WT), YSH40 (hrq1Δ), YDH920 (sgs1Δ), 
and YSH45 (hrq1Δ sgs1Δ) were spotted in serial 10-fold dilutions onto SD 
media containing 4-NQO (0.02 μg/ml) or cisplatin (20 μg/ml), followed 
by incubation for 3 days at 30°C. (B) Complementation tests by multi- 
copy expression of HRQ1 and SGS1. Strains YSH40 (hrq1Δ) and YSH45 
(sgs1Δ) were transformed with multi-copy plasmids pRS325-ADH1-SGS1
(SGS1MC) and pRS325-ADH1-HRQ1 (HRQ1MC), respectively. Transfor-
mants were grown to saturation, and serial dilutions were spotted onto SD
media containing the indicated amounts of 4-NQO and cisplatin. Vector 
alone controls (vector) indicate YPH499 (WT), YSH40 (hrq1Δ), and YSH45 
(sgs1Δ) transformed with pRS325-ADH1.

(A)

(B)

Fig. 1. Sensitivity of hrq1Δ mutant to DNA-damaging agents. (A) Strains 
YPH499 (WT) and YSH40 (hrq1Δ) were spotted in serial 10-fold dilu-
tions onto SD media containing 4-NQO (0.3 μg/ml), followed by incu-
bation for 3 days at 30°C. HRQ1SC and hrq1KASC denote YSH40 trans-
formed with single-copy plasmids pRS315-ADH1-HRQ1 and pRS315- 
ADH1-hrq1K318A, respectively. (B) Dominant negative effects of hrq1KA
mutant. Strains YPH499 (WT) and YSH40 (hrq1Δ) were transformed 
with multi-copy plasmids pRS325-ADH1 (vector), pRS325-ADH1-HRQ1
(HRQ1MC), and pRS325-ADH1-hrq1K318A (hrq1KAMC). Transformants 
were grown to saturation, and serial dilutions were spotted onto SD media
containing 4-NQO (0.1 μg/ml), cisplatin (50 μg/ml), MMS (0.01%), and 
hydroxyurea (HU, 50 mM). To test UV sensitivity, cells spotted on SD 
media were irradiated with UV (50 J/m2).

deletion of HRQ1 in the sgs1Δ mutant resulted in further el-
evation of the recombination frequency, demonstrating that 
hrq1Δ and sgs1Δ mutations have additive effects on the hy-
per-recombination phenotype. If Hrq1 and Sgs1 proteins 
sequentially function in the same pathway, one mutation 
should be epistatic to the other. The synergistic effects of 
hrq1Δ and sgs1Δ rule out this possibility and imply that 
HRQ1 and SGS1 independently influence the recombina-
tion frequency.

The hrq1Δ mutant is sensitive to DNA damage induced by 
4-NQO and cisplatin
We next examined the sensitivities of hrq1Δ mutant cells to 
various DNA-damaging agents. This was determined by 
UV-irradiation or continuous exposure to MMS, HU, cis-
platin, and 4-NQO using drop-dilution assay. The hrq1Δ 
mutant was found to be slightly sensitive to 4-NQO (Fig. 
1A) and cisplatin (Fig. 1B) but not to MMS, HU, or UV-ir-
radiation (Fig. 1B). In addition, the growth defect of hrq1Δ 
mutant was rescued by the expression of wild-type HRQ1 
gene but not by the hrq1K318A helicase-deficient mutant 
gene (Fig. 1A), indicating that 4-NQO sensitivity is caused by 
a lack of Hrq1 helicase activity. Previously, we have shown 
that Hrq1K318A mutant protein is completely devoid of 
both ATPase and helicase activities (Kwon et al., 2012).

  The genotoxin sensitivity profile of S. cerevisiae hrq1Δ mu-
tant is likely to be similar to that of S. pombe Hrq1 mutant 
cells. The S. pombe hrq1Δ mutant was hypersensitive to cis-
platin but showed negligible sensitivity to UV-irradiation, 
HU, and MMS (Groocock et al., 2012). In addition, S. pombe 
mutant cells containing the helicase-dead form of Hrq1, 
Hrq1-HD, were more sensitive to cisplatin than hrq1Δ cells, 
suggesting that Hrq1-HD dominantly interferes with other 
repair processes (Groocock et al., 2012). However, the hrq1-
K318A mutant gene expressed in the single-copy plasmid 
did not have any deleterious effect in our experiment (Fig. 
1A). This prompted us to examine whether hrq1K318A in 
the multi-copy plasmid displayed dominant negative phe-
notypes. For this purpose, hrq1Δ mutant cells were trans-
formed with multi-copy plasmids expressing either wild-type 
Hrq1 or Hrq1K318A mutant proteins, after which their sen-
sitivities to DNA-damaging agents were assessed. Multi- 
copy expression of wild-type Hrq1 protein did not affect the 
growth of yeast cells on control plates but rather suppressed 
the 4-NQO and cisplatin sensitivities of hrq1Δ cells (Fig. 1B). 
Overexpression of Hrq1K318A mutant protein did not re-
duce growth either, indicating that elevated levels of Hrq1 
wild-type and Hrq1K318A mutant proteins were not harm-
ful to yeast cells. However, overexpression of Hrq1K318A 
strongly inhibited growth of hrq1Δ strain in the presence of 
4-NQO and cisplatin at much lower levels than those used 
in Fig. 1A and rendered cells as slightly sensitive to UV-irra-
diation (Fig. 1B). In contrast, overexpression of Hrq1K318A 
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(A)                                                                          (B) Fig. 3. Chronological survival and 
age-dependent mutation frequencies 
of hrq1Δ and sgs1Δ. Chronological 
survival (A) and age-dependent spon-
taneous mutation frequencies in CAN1
gene (B) of YPH499 (wild-type, �), 
YSH40 (hrq1Δ, �), YDH920 (sgs1Δ, 
�), and YSH45 (hrq1Δ sgs1Δ, �) were 
measured in SD media as described in
‘Materials and Methods’. The averages
and standard deviations from five in-
dependent experiments are shown.

protein did not alter the sensitivity to MMS or HU, imply-
ing that the increased sensitivities to 4-NQO and cisplatin 
are not due to general toxicity of protein overexpression. The 
dominant negative phenotype of hrq1K318A on 4-NQO or 
cisplatin sensitivity implies that Hrq1 is involved in a minor 
DNA damage repair pathway, and the elevated level of mu-
tant Hrq1 protein impedes other major repair pathways by 
occupying the damaged sites, thereby hindering the access of 
other repair proteins. Hrq1 is not likely to have a major role 
in 4-NQO or cisplatin-induced DNA damage repair since the 
phenotype of the hrq1Δ mutant was not strong, and single- 
copy expression of hrq1K318A did not exhibit a dominant 
negative phenotype (compare Figs. 1A and 1B).

Multi-copy expression of Sgs1 does not complement the 4- 
NQO- and cisplatin-sensitive phenotype of hrq1Δ mutant
We next compared DNA-damaging agent sensitivities of 
the hrq1Δ sgs1Δ double mutant with those of respective 
single mutants. The sgs1Δ single mutant was much more 
sensitive to 4-NQO and cisplatin than hrq1Δ (Fig. 2A). The 
growth of sgs1Δ was strongly inhibited at much lower levels 
of 4-NQO (0.02 μg/ml) and cisplatin (20 μg/ml) (compare 
Figs. 1 and 2). This indicates that Sgs1 plays an important role 
in DNA damage repair induced by these chemicals. Although 
the hrq1Δ single mutation had no detectable effect at low 
levels of 4-NQO and cisplatin, the hrq1Δ sgs1Δ double mutant 
displayed an additive effect. The double mutant was synergi-
stically more sensitive than either of the single mutants (Fig. 
2A), suggesting that Hrq1 functions independently of Sgs1 
in DNA repair pathways against 4-NQO- and cisplatin-in-
duced DNA damage. However, the hrq1Δ sgs1Δ mutant did 
not display a synergistic growth defect upon MMS treatment 
(0.02%) or UV-irradiation (50 J/m2) (data not shown), im-
plying that Hrq1 is not involved in repair of MMS- or UV- 
induced DNA damage.
  The data shown in Fig. 2A do not rule out the possibility 
that Hrq1 and Sgs1 have overlapping functions in repair path-
ways. To explore this possibility, we performed complemen-
tation tests using multi-copy plasmids expressing Hrq1 or 
Sgs1 proteins. We found that multi-copy expression of Sgs1 
did not suppress the susceptibility of hrq1Δ cells to 4-NQO 
or cisplatin, and vice versa (Fig. 2B). Overexpression of Sgs1 
was rather slightly inhibitory to cell growth. These results 
demonstrate that Hrq1 and Sgs1 cannot displace each other 
and have independent and different roles in DNA repair.

Hrq1 and Sgs1 function in parallel pathways for regulation 
of CLS and maintenance of genome stability
RTS is the best characterized of human RECQL4 diseases, 
and patients display many symptoms, including premature 
aging and susceptibility to cancer development (Bernstein 
et al., 2010). On the basis of sequence homology and genetic 
evidence (Barea et al., 2008; Groocock et al., 2012), Hrq1 is 
thought to be functional orthologue of RECQL4 in yeast. 
Thus we surmised that mutation of HRQ1 might also affect 
the life span of yeast cells. To explore this possibility, we com-
pared CLS of wild-type strain with those of the hrq1Δ and 
sgs1Δ strains. While wild-type and sgs1Δ cells showed similar 
CLS, hrq1Δ cells displayed a consistently shortened CLS in 
multiple independent experiments (Fig. 3A). Unexpectedly, 
additional deletion of SGS1 in hrq1Δ resulted in a dramati-
cally shortened CLS, although sgs1Δ single mutation did not 
affect CLS. The viability of a 5-day-old hrq1Δ sgs1Δ double 
mutant was less than 1%, whereas more than 75% of wild- 
type cells of the same age were viable. This result indicates 
that both Hrq1 and Sgs1 have important roles in delaying 
chronological aging. However, we cannot exclude the pos-
sibility that shortened CLS is due to general sickness of the 
double mutant rather than chronological aging.
  Mutations of RecQ helicases generally increase genomic 
instability (Seki et al., 2008; Chu and Hickson, 2009; Croteau 
et al., 2012). In the case of human RECQL4, cancer cells from 
RTS patients show increased chromosomal rearrangement 
(Bernstein et al., 2010). Mutations in SGS1 increase the rate 
of accumulating gross chromosomal rearrangement (GCR) 
in yeast (Myung et al., 2001). Our results in Table 2 suggest 
that Hrq1 may also play a role in the maintenance of ge-
nome stability in that hrq1Δ and sgs1Δ mutations displayed 
a synergistic hyper-recombination phenotype. Thus, the 
shortened CLS of the hrq1Δ sgs1Δ double mutant may be a 
consequence of increased genome instability. To gain fur-
ther insights into genome instability during chronological 
aging of hrq1Δ cells, we measured spontaneous mutation 
frequencies by monitoring Canr mutations as described in 
Materials and Methods. The mutation frequency of hrq1Δ 
strain was about 1.5-fold higher than wild-type strain on 
day 1 of chronological aging, and it increased progressively 
with age to about 6~8-fold higher on day 13 (Fig. 3B). The 
sgs1Δ mutant also displayed higher mutation frequency than 
wild-type strain, but the age-dependent increase in muta-
tion frequency was similar to that of wild-type. This discre-
pancy between the hrq1Δ and sgs1Δ mutants resulted in 
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Table 3. Spectrum of mutations observed in Canr colonies from day 7
Mutation type Mutation type

Wild type Nucleotide Amino acid hrq1Δ Nucleotide Amino acid
1 Transition G→A (550)a E→K (183) 1 Deletion AD (969) Frameshift
2 Transversion G→C (361) G→R (121) 2 Transition C→T (899) T→I (300)
3 Transition G→A (1262) G→D (421) 3 Transversion A→T (1180) I→F (393)
4 Transversion G→C (1189) G→R (397) 4 Transition C→T (899) T→I (300)

5 Transition
Deletion

A→G (790)
AΔ (794)

R→G (264)
Frameshift

5 Transversion A→C894 Q→H (298)
6 Transition T→C1213 S→P (405)

6 Transversion T→A (146) L→Stop (49) 7 Unidentified
7 Deletion GΔ (544) Frameshift 8 Unidentified
8 Transition G→A (958) A→T (320) 9 Transition T→C1213 S→P (405)
9 Transversion G→T (550) E→Y (184) 10 Transition T→C484 S→P (162)

10 Transition G→A (389) G→D (130)
a The numbers in parentheses are positions of mutations from ATG or the first amino acid.

higher mutation frequency in hrq1Δ at the late stage of chro-
nological aging. Consistent with the synergistic effects of 
hrq1Δ and sgs1Δ mutations on recombination frequencies 
(see Table 2), the spontaneous mutation frequency also 
synergistically increased in the hrq1Δ sgs1Δ double mutant 
(Fig. 3B), but we were unable to measure the mutation fre-
quency after day 7 due to the extremely low chronological 
survival of the double mutant (Fig. 3A). Our results shown 
in Fig. 3 also demonstrate that Hrq1 and Sgs1 function in 
parallel pathways for the maintenance of genome stability.
  To characterize the types of age-dependent mutations during 
chronological aging, we analyzed mutations in Canr mutant 
colonies. For this purpose, we PCR-amplified and sequenced 
the CAN1 genes in Canr colonies from 7 day-old cultures. 
When CAN1 ORFs were amplified in 50 Canr colonies from 
sgs1Δ, only 42 colonies gave rise to the PCR products (data 
not shown). We were not able to obtain any PCR products 
in the remaining eight Canr colonies even in the presence of 
various combinations of primers annealed to 5 - and 3 - 
flanking regions of CAN1 ORF (data not shown). This is 
consistent with the previous observation that many Canr 
mutants from sgs1Δ contain GCRs that prevent PCR-am-
plification of CAN1 gene (Madia et al., 2008). In contrast, 
intact CAN1 genes were successfully PCR-amplified in all 
50 Canr colonies from hrq1Δ (data not shown), indicating 
that they were all point mutations rather than gross deletions. 
Therefore, Hrq1 is not likely to be involved in the suppression 
of GCRs during chronological aging. Sequence analyses of 
10 randomly selected CAN1 PCR products from hrq1Δ 
Canr colonies revealed that eight mutants carried a single 
point mutation (Table 3). The remaining two mutants con-
tained no mutations in the CAN1 ORF. Since we analyzed 
only ORF regions, they may carry mutations in non-coding 
regions of CAN1 gene. One Canr mutant from hrq1Δ con-
tained a single nucleotide deletion mutation, whereas the 
others contained base substitutions. Wild-type and hrq1Δ 
showed different patterns of base substitutions. In hrq1Δ, 
the majority of base substitutions were C T transitions, 
whereas most mutations in wild-type were G A transitions 
(Table 3). The importance of this discrepancy could not be 
elucidated at present.

Discussion

In this study, we have presented evidence that Hrq1 and Sgs1 
function in parallel pathways in mitotic recombination and 
DNA repair. Firstly, hrq1Δ and sgs1Δ have synergistic effects 
on hyper-recombination and mutator phenotypes. Although 
the mutant phenotype of hrq1Δ alone was not strong, the 
hrq1Δ sgs1Δ double mutant clearly displayed elevated fre-
quencies of recombination and spontaneous mutation (Table 
2 and Fig. 3). Secondly, the sensitivity of hrq1Δ mutant to 
4-NQO and cisplatin was not rescued by overexpression of 
Sgs1, although the sgs1Δ mutant was much more sensitive to 
these chemicals than the hrq1Δ mutant (Fig. 2). This result 
suggests that the defect of hrq1Δ is distinct from that of 
sgs1Δ. Thirdly, many age-dependent mutations in sgs1Δ 
arose from GCR, whereas we were only able to detect point 
mutations in hrq1Δ Canr colonies (Table 3), implying that 
Hrq1 functions to suppress point mutations but not gross 
deletion mutations. Taken together, our results indicate that 
Hrq1 contributes to genome stability in a different way from 
Sgs1.
  Sgs1 is a versatile and vigorous helicase that utilizes a broad 
range of DNA substrates, although it prefers Holliday junc-
tions (Cejka and Kowalczykowski, 2010). The unwinding 
of various DNA intermediates generated during HR is the 
key function required for suppression of illegitimate recom-
bination. Sgs1 has been proven to be a suitable enzyme for 
this activity (Cejka and Kowalczykowski, 2010). Our results 
that the frequency of mitotic recombination is elevated in 
hrq1Δ (Table 2) suggest that Hrq1 also plays a role in the 
suppression of illegitimate recombination. However, the sub-
strates for Hrq1 are restricted to partial duplex DNA con-
taining a long 3 -ssDNA tail (Kwon et al., 2012). Hrq1 is 
absolutely dependent on the length of the 3 -tail, and no 
substrates without a long 3 -tail were unwound by Hrq1 in 
this study. This biochemical property suggests that Hrq1 is 
unlikely to unwind DNA intermediates of recombination 
lacking a 3 -tail. The purified S. pombe Hrq1 has been shown 
to readily unwind a bubble structure (Groocock et al., 2012), 
whereas S. cerevisiae Hrq1 has not (Kwon et al., 2012). Thus, 
we speculate that S. cerevisiae Hrq1 may require specific DNA 
structures for substrate targeting. A recent study showed 
that human RECQL4, which is most homologous to yeast 
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Hrq1, can displace telomeric D-loops (Ghosh et al., 2012). 
This observation hints that S. cerevisiae Hrq1 may unwind 
D-loops rather than bubble structures. Otherwise, Hrq1 may 
require specific interactions with proteins involved in HR 
for activation of its helicase activity.
  RecQ helicases are involved in various DNA repair path-
ways, including base excision repair (BER), DSB repair, 
and inter-strand cross-link (ICL) repair (Singh et al., 2012). 
Although the involvement of RecQ helicases in NER is not 
clear yet, one finding has suggested a role for human RECQL4 
in NER of UV- and 4-NQO-induced DNA damage (Fan and 
Luo, 2008). In this study, RECQL4 formed discrete nuclear 
foci in response to UV-irradiation and 4-NQO. In addition, 
RECQL4 directly interacted with XPA, a key protein involved 
in NER, and UV-irradiation induced nuclear colocalization 
of these two proteins. This is consistent with the UV-sensi-
tive phenotype of human RTS cells lacking RECQL4 function. 
Hrq1 also appears to be implicated in NER. Epistasis analyses 
between S. pombe Hrq1 and ICL repair genes in response 
to cisplatin-induced DNA damage suggested that S. pombe 
Hrq1 functions within the NER pathway involving Rad16 
and Rhp14 (Groocock et al., 2012). Considering that UV- 
and 4-NQO-induced DNA damage is primarily repaired by 
NER (Jones et al., 1989; Ide et al., 2001), 4-NQO sensitivity 
of S. cerevisiae hrq1Δ (Fig. 1A) also implies the involvement 
of Hrq1 in NER. Although the hrq1Δ mutant did not display 
a UV-sensitive phenotype, overexpression of Hrq1K318A 
mutant protein rendered yeast cells to be slightly sensitive to 
UV-irradiation (Fig. 1B), suggesting that the repair mecha-
nism of UV-induced DNA damage is partially impaired by 
hrq1 mutation. In conclusion, we speculate that Hrq1 pro-
bably plays an auxiliary role in NER. To test this hypothesis, 
further studies are required such as epistasis analysis and 
identification of Hrq1-interacting proteins. Hrq1 has ad-
vantages over human RECQL4 for biochemical and genetic 
studies of these enzymes. Therefore, studies on Hrq1 will 
provide important clues for understanding the in vivo func-
tions of RECQL4 and the genetic diseases linked to RECQL4 
mutations.
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