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Protection of telomeres protein 1 (Pot1) binds to single-stranded telomere overhangs and protects chromosome ends. RecQ heli-
cases regulate homologous recombination at multiple stages, including resection, strand displacement, and resolution. Fission
yeast pot1 and RecQ helicase rqh1 double mutants are synthetically lethal, but the mechanism is not fully understood. Here, we
show that the synthetic lethality of pot1� rqh1� double mutants is due to inappropriate homologous recombination, as it is sup-
pressed by the deletion of rad51�. The expression of Rad51 in the pot1� rqh1� rad51� triple mutant, which has circular chro-
mosomes, is lethal. Reduction of the expression of Rqh1 in a pot1 disruptant with circular chromosomes caused chromosome
missegregation, and this defect was partially suppressed by the deletion of rad51�. Taken together, our results suggest that Rqh1
is required for the maintenance of circular chromosomes when homologous recombination is active. Crossovers between circu-
lar monomeric chromosomes generate dimers that cannot segregate properly in Escherichia coli. We propose that Rqh1 inhibits
crossovers between circular monomeric chromosomes to suppress the generation of circular dimers.

DNA double-strand break (DSB) ends are repaired by nonho-
mologous end joining (NHEJ), homologous recombination

(HR), or single-strand annealing (SSA) (1, 2). In yeasts, HR is the
preferred pathway (3). It uses the sister chromatid as a template
for repair and requires a homology search and strand invasion,
mediated by Rad52 and the RecA homologue Rad51, to form a D
loop. The invading strand is extended, using the homologous se-
quence as a template, and then displaces and reanneals to the
original strand, a process known as synthesis-dependent strand
annealing, or the second end of the DSB is captured to form a
double Holliday junction. The repair is completed by the resolu-
tion of the Holliday junctions by resolvase, Yen1, or the structure-
specific nuclease, Mus81/Eme1, or by dissolution by the RecQ
helicase-topoisomerase III complex (4, 5). If regions of homology
are exposed by resection of the DSB, SSA can be used for repair.
This requires Rad52 but is independent of Rad51 (6). The initial
step of both HR and SSA is the resection of DSB ends, and several
nucleases are suggested to be involved in this. In Saccharomyces
cerevisiae, the Mre11-Rad50-Xrs2 complex with Sae2 initiates
resection. Then, longer single-stranded DNAs (ssDNAs) are gen-
erated by two nucleases, Exo1 and Dna2, the latter acting in con-
junction with the RecQ helicase-topoisomerase complex Sgs1-
Top3-Rmi1 (7–10). The exo1� sgs1� double mutant has very low
HR and SSA efficiency (10). S. cerevisiae Sgs1 and Schizosaccharo-
myces pombe RecQ helicase rqh1 mutants have a high frequency of
recombination, suggesting that Sgs1 and Rqh1 inhibit unsched-
uled recombinogenic events (11–16).

Telomeres protect chromosome ends from DNA repair activ-
ities, such as HR, NHEJ, and SSA (17). Protection of telomeres
protein 1 (Pot1) binds to single-stranded telomere DNA to inhibit
DNA repair activity at telomeres (18). In S. pombe, the deletion of
pot1� causes rapid telomere loss and chromosome circularization
by SSA, suggesting that the chromosome ends are resected in the
absence of Pot1 (19, 20). However, the nuclease(s) responsible for
the resection remains unknown. In S. pombe, pot1� is syntheti-
cally lethal with deletion of the RecQ helicase rqh1 gene (rqh1�)

(20). As the S. cerevisiae homologue Sgs1 is involved in SSA (10),
one explanation for the lethality of the pot1� rqh1� double mu-
tant might be its inefficient SSA. To test this hypothesis and to
understand the mechanism of synthetic lethality of the pot1�
rqh1� double mutant, we sought to identify the genes that sup-
press its lethality. We found that its lethality is suppressed by the
deletion of either rad51� or exo1�. Moreover, Rqh1 was not re-
quired for chromosome circularization when the expression of
Pot1 was reduced. An analysis of the phenotypes of the pot1�
rqh1� rad51� triple mutant suggests that Rqh1 is required for the
maintenance of circular chromosomes.

MATERIALS AND METHODS
Strain construction and growth media. The strains used in this report are
listed in Table 1. The pot1� rqh1� double mutant (pot1::KanMX rqh1::
hphMX) expressing Pot1 from a plasmid (pPC27-pot1�-hemagglutinin
[HA], containing the ura4 gene, a gift from Peter Baumann) was created
by the transformation of pot1� cells (YI002) expressing Pot1 from the
plasmid pPC27-pot1�-HA, with the rqh1::hphMX disruption fragment,
in which the complete rqh1 open reading frame (ORF) is replaced by the
hphMX gene. The pot1� rqh1� rad51� and pot1� rqh1� exo1� triple
mutants, containing the Pot1 plasmid pPC27-pot1-3HA, were created by
transforming the pot1� rqh1� double mutant expressing Pot1 from
pPC27-pot1-3HA with the rad51::LEU2 or exo1::aur1 (aureobasidin A
resistance gene) disruption fragments. The pot1� rqh1� rad51� and
pot1� rqh1� exo1� triple mutants that do not have pPC27-pot1-3HA
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were selected on yeast extract-agar (YEA) plates containing 2 g/liter
5-fluoroorotic acid (FOA). The promoter of rqh1 was replaced by the
nmt81 promoter, according to the previously described procedure, result-
ing in nmt-rqh1 (KTA030, h� leu1-32 ura4-D18 ade6-704 rqh1::sup3-5-
nmt81-rqh1�) (21). The pot1� nmt-rqh1 strain expressing Pot1 from the
plasmid pPC27-pot1�-HA (KTA031) was created by mating nmt-rqh1
(KTA030) with the pot1� rqh1-hd double mutant expressing Pot1 from
the plasmid pPC27-pot1�-HA (GT000). The loss of pPC27-pot1-3HA
(KTA032) was selected on YEA plates containing FOA. The loss of telo-
meric repeats and chromosome circularization were confirmed by South-
ern hybridization and pulsed-field gel electrophoresis (PFGE) (data not
shown). To tag the Rad11 protein in pot1� nmt-rqh1 cells with mono-
meric red fluorescent protein (mRFP) at the C terminus, pFA6a-mRFP-

natMX6-rad11 was linearized with NspV and used in the transformation
of KTA032, resulting in strain KTA035 (22, 23). The auxin-inducible (24)
nmt-pot1-aid strain was created by the same procedure. Cells were grown
in YEA medium (0.5% yeast extract, 3% glucose, and 40 �g/ml adenine)
or Edinburgh minimal medium (EMM) with required supplements at the
indicated temperature (25).

Measurement of telomere length. Telomere length was measured us-
ing Southern hybridization with an AlkPhos direct kit module (GE
Healthcare), according to a previously described procedure (26).

Pulsed-field gel electrophoresis. PFGE was performed as described
by Baumann et al. (27). For the detection of NotI-digested chromo-
somes, NotI-digested S. pombe chromosomal DNA was fractionated in
a 1% agarose gel with 0.5� TBE (50 mM Tris-HCl, 5 mM boric acid,

TABLE 1 Schizosaccharomyces pombe strains used in this study

Strain Genotype
Source or
reference

JY741 h� leu1-32 ura4-D18 ade6-M216 M. Yamamoto
JY746 h� leu1-32 ura4-D18 ade6-M210 M. Yamamoto
MGF809 h� leu1-32 ura4-D18 ade6-M216 rad11-GFP::kanMX6 M. Ferreira
RY004 h� leu1-32 ura4-D18 ade6-M210 rqh1::hphMX6 This study
GT000 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA 32
YI002 h� leu1-32 ura4-D18 ade6 pot1::kanMX6 pPC27-pot1�-HA This study
TK115 h� leu1-32 ura4-D18 cdc25-22 exo1::aur1 This study
FY18537 h� leu1-32 ura4-D18 rad51::hphMX6 NBRP
501 h� leu1-32 ura4-D18 ade6-704 A. Carr
KTA023 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 pPC27-pot1�-HA This study
KTA024 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 rad51::LEU2 pPC27-pot1�-HA This study
KTA025 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 rad51::LEU2 This study
KTA026 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 exo1::aur1 pPC27-pot1�-HA This study
KTA027 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 exo1::aur1 This study
KTA028 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 pPC27-pot1�-HA This study
KTA029 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 rad51::hphMX6 pPC27-pot1�-HA This study
KTA030 h� leu1-32 ura4-D18 ade6-704 rqh1::sup3-5-nmt81-rqh1� This study
KTA031 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� pPC27-pot1�-HA This study
KTA032 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� This study
KTA033 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� rad51::LEU2 pPC27-pot1�-HA This study
KTA034 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� rad51::LEU2 This study
KTA035 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� rad11-mRFP::natMX6 This study
KTA036 h� leu1-32 ura4-D18 ade6-704 pot1::kanMX6 rqh1::sup3-5-nmt81-rqh1� rad51::LEU2 rad11-mRFP::natMX6 This study
KTA037 h� leu1-32 ura4-D18 ade6 pot1::kanMX6 This study
KTA038 h� leu1-32 ura4-D18 ade6 pot1::kanMX6 rad11-mRFP::natMX6 This study
KTA028 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 pPC27-pot1�-HA This study
KTA029 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 rad51::hphMX6 pPC27-pot1�-HA This study
TN001 h� leu1-32 ura4-D18 ade6-704 rqh1::sup3-5-nmt81-rqh1� rad11-mRFP::natMX6 This study
TN004 h� rad11-mRFP::natMX6 This study
NH001 h� leu1-32 ura4-D18 pot1::sup3-5-nmt81-pot1�-IAA17::ura4� ade6::ade6�-Padh15-skp1-AtTIR1-2NLS-9myc This study
NH002 h� ura4-D18 pot1::sup3-5-nmt81-pot1�-IAA17::ura4� rqh1::hphMX6 ade6::ade6�-Padh15-skp1-AtTIR1-2NLS-9myc This study
KTA039 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 rad51::hphMX6 This study
KTA040 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A top3::LEU2 rad51::hphMX6 This study
TN040 h� ura4 leu1 pot1::kanMX rqh1::hphMX6 rad51::his3 pPC27-pot1�-HA This study
TN042 h� ade6 ura4 leu1 pot1::kanMX rqh1::hphMX6 rad51::his3 This study
KTA041 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA rad11-mRFP::natMX6 This study
KTA042 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA rad11-mRFP::natMX6 pREP41-Top3 This study
KTA044 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A rad11-mRFP::natMX6 pREP41-Top3 This study
KTA043 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA rad11-mRFP::natMX6

pREP41-Top3-Y330F
This study

KTA045 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A rad11-mRFP::natMX6 pREP41-Top3-Y330F This study
KTA046 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pPC27-pot1�-HA pREP41-HA This study
KTA047 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1-K547A pREP41-HA This study
KTA048 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 pPC27-Leu-pot1�-HA This study
TN076 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 pPC27-Leu-pot1�-HA sfr1::ura4 This study
TN077 h� leu1-32 ura4-D18 ade6-M210 pot1::kanMX6 rqh1::hphMX6 pPC27-Leu-pot1�-HA rad57::ura4 This study
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and 1 mM EDTA [pH 8.0]) buffer at 14°C using the CHEF Mapper
PFGE system at 6 V/cm (200 V) and a pulse time of 60 to 120 s for 24
h. DNA was visualized by staining with ethidium bromide (1 �g/ml)
for 30 min.

Microscopy. Microscope images of living cells were obtained using an
AxioCam digital camera (Zeiss) connected to an Axio Observer.Z1 micro-
scope (Zeiss) with a Plan-Apochromat 63� objective lens (numerical
aperture, 1.4). Pictures were captured and analyzed using AxioVision Rel.
4.8.2 software (Zeiss). A glass-bottom dish (Iwaki) was coated with 5
mg/ml lectin from Bandeiraea simplicifolia BS-I (Sigma).

Western blot analysis. Cells were lysed in 10% trichloroacetic acid
(TCA) with glass beads at 4°C. After centrifugation at 15,000 � g for 10
min at 4°C, the precipitate was washed with acetone and suspended in SDS
sample buffer. For the detection of Rqh1, the lysate was subjected to West-
ern blot analysis using anti-Rqh1 as a primary antibody at a dilution of
1:5,000 and anti-rabbit IgG– horseradish peroxidase (GE Healthcare) as a
secondary antibody at a dilution of 1:5,000. Signals were detected using
the ECL Plus detection system (GE Healthcare).

RESULTS
The synthetic lethality of the pot1� rqh1� double mutant is
suppressed by deletion of rad51� or exo1�. As published previ-
ously, the pot1� rqh1� double mutant is lethal (20). The lethality
of the rad60-1 rqh1� and rad3� rqh1� double mutants is sup-
pressed by the deletion of rad51� (28, 29) (Rad51 is encoded by
rhp51 in S. pombe, but for clarity, the new designation rad51 is
used throughout). The deletion of rad51� also improves cell
growth in the srs2� rqh1� double mutant (30). We thus investi-
gated whether the synthetic lethality of the pot1� rqh1� double
mutant was suppressed by the deletion of rad51�, and we created
a pot1� rqh1� rad51� triple mutant carrying a plasmid contain-
ing pot1� and the ura4� gene, which is a negative selection
marker. Loss of the plasmid was selected on plates containing
5-fluorodeoxyuridine (FOA), where only cells that did not express
ura4� were viable. The pot1� rqh1� rad51� triple mutant was
able to grow on the plate containing FOA, demonstrating that the
deletion of rad51� suppressed the synthetic lethality of the pot1�
rqh1� double mutant (Fig. 1A). We also found that the pot1�
rqh1� exo1� triple mutant was viable (Fig. 1A), although its col-
ony formation efficiency was very low compared to that of the
pot1� rqh1� rad51� triple mutant.

Both pot1� rqh1� rad51� and pot1� rqh1� exo1� triple
mutants lose telomeric DNA completely, and the chromosomes
are circularized. The pot1 disruptant loses telomeric DNA com-
pletely, and survival depends on the circularization of chromo-
somes via SSA (20). Since Rad51 is not required for SSA and re-
section can still occur, albeit inefficiently, in the absence of exo1
and sgs1 (Rqh1 homologue) (7–10), the above data suggest that
SSA can still occur in these backgrounds and that the lack of chro-
mosome circularization is not the cause of lethality in the pot1�
rqh1� double mutant. We therefore analyzed telomere length in
the triple mutants by using Southern blotting. Both the pot1�
rqh1� rad51� and pot1� rqh1� exo1� triple mutants had com-
pletely lost telomeric DNA (Fig. 1B and C). Next, we analyzed the
chromosome structure by pulsed-field gel electrophoresis (PFGE)
(Fig. 2A and B). The NotI-digested fragments M, L, I, and C,
which are located at the ends of chromosomes I and II, were de-
tected in wild-type cells. In contrast, the M�I and C�L bands can
be detected in both the pot1� rqh1� rad51� and pot1� rqh1�
exo1� triple mutants. This is similar to the pot1� single mutant,
which has circular chromosomes (Fig. 2A and B). These results

demonstrate that the chromosomes of both the pot1� rqh1�
rad51� and pot1� rqh1� exo1� triple mutants are circularized.

Chromosomes of the pot1� rqh1� rad51� and pot1� rqh1�
exo1� triple mutants are circularized by single-strand anneal-
ing. Chromosomes in the pot1� single mutant are circularized by
SSA. There are five subtelomeric homology regions (H1 to H5)
and these regions, apart from H4, can be used for SSA in the pot1
disruptant (Fig. 2C) (20). We first attempted to amplify DNA
sequences surrounding junctions using two primers that were 8 kb
(primer 7226) and 31 kb (primer 31268) from the intact chromo-
some ends (Fig. 2C). PCR products were obtained from two inde-
pendent pot1� rqh1� rad51� triple mutants (Fig. 2D and data not
shown). Sequencing of the PCR products shows the junction to be
in H3, suggesting that circularization results from SSA in the two
independent pot1� rqh1� rad51� triple mutants (data not shown;

FIG 1 pot1� rqh1� rad51� and pot1� rqh1� exo1� triple mutants are viable
and lose telomeric DNA. (A) Spotting assay of 10-fold serial dilutions of cells.
The pot1�, pot1� rqh1-hd, pot1� rqh1�, pot1� rqh1� rad51�, and pot1�
rqh1� exo1� cells expressing Pot1 from plasmid (YI002, GT000, KTA023,
KTA024, and KTA026) were plated on EMM plus adenine and leucine
(EMM�AL) and YEA�FOA at 25°C. The Pot1 plasmid is retained on
EMM�AL, and cells that lost the plasmid were selected against on YEA�FOA
at 25°C. (B) The telomere lengths of the three independent pot1� rqh1�
rad51� and pot1� rqh1� exo1� strains were analyzed using Southern hybrid-
ization at 25°C. pot1� rqh1� rad51� cells and pot1� rqh1� exo1� cells that
express Pot1 from plasmid (�Pot1p) were used as controls that have telomeric
DNA. Genomic DNA was digested with EcoRI and separated by 1.5% agarose gel
electrophoresis. A telomere fragment (Telomere) plus telomere-associated se-
quence (TAS1) derived from pNSU70 (72) was used as a probe. To assess the total
amount of DNA, the gel was stained with ethidium bromide (EtBr) before blotting
onto the membrane was performed. (C) Restriction enzyme sites around the telo-
mere and TAS1 of 1 chromosome arm cloned in the plasmid pNSU70 (72).
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see Fig. S1 in the supplemental material). A PCR product was not
obtained from the pot1� rqh1� exo1� triple mutant when two
primers, 8 kb (7226) and 31 kb (31268), were used but was ob-
tained when primers 15 kb (14206) and 31 kb (31268), from the
intact chromosome ends, were used (Fig. 2C and D). Sequencing
of the PCR product suggests that H5 is used for SSA in the pot1�
rqh1� exo1� triple mutant (see Fig. S2 in the supplemental mate-
rial). These results suggest that the chromosomes of the pot1�
rqh1� rad51� and pot1� rqh1� exo1� triple mutants are circular-
ized by SSA. Although the pot1� rqh1� rad51� and pot1� rqh1�
exo1� triple mutants analyzed here used different homology re-
gions for SSA, the difference might be due simply to the isolates
characterized here and might not reflect differences in the geno-
types.

Expression of Rad51 in the pot1� rqh1� rad51� triple mu-
tant with circular chromosomes is lethal. The fact that the pot1�
rqh1� rad51� triple mutant is viable, but the pot1� rqh1� double

mutant is not, implies that Rad51 creates toxic intermediates or
recombination products in the latter. This might occur after cir-
cularization. If this were the case, expression of Rad51 in the pot1�
rqh1� rad51� triple mutant with circular chromosomes would be
lethal. To test this possibility, we transformed the plasmid express-
ing Rad51 from the nmt81 promoter or empty vector to the pot1�
rqh1� rad51� triple mutant (31). The pot1� rqh1� rad51� triple
mutant with circular chromosomes was able to maintain both
empty vector and the plasmid expressing Rad51 from the nmt81
promoter in the presence of thiamine (data not shown). Then two
independent pot1� rqh1� rad51� triple mutants with the empty
vector or the plasmid expressing Rad51 were streaked on a plate
without thiamine (Fig. 2E). The pot1� rqh1� rad51� triple mu-
tants with the empty vector can grow on the plate, but the pot1�
rqh1� rad51� triple mutants with the plasmid expressing Rad51
lost their viability when streaked two times (Fig. 2E). This suggests
that Rad51 creates toxic intermediates or recombination products

FIG 2 Chromosomes of the pot1� rqh1� rad51� and pot1� rqh1� exo1� cells are circularized by single-strand annealing. (A) NotI-digested S. pombe
chromosomal DNA from the wild type, a pot1� isolate, two independent pot1� rqh1� rad51� isolates, and one pot1� rqh1� exo1� isolate were analyzed
using PFGE. Probes specific for the telomeric NotI fragments (M, L, I, and C) were used (66). (B) NotI restriction site map of S. pombe chromosomes.
Chromosomes I, II, and III (Ch. I, Ch. II, and Ch. III) are shown. (C) Schematic of two chromosome ends in head-to-head orientation. Five homology
regions (H1 to H5 and H1= to H5=) are shown in gray. The matching orientations of repeats for single-strand annealing are shown by the arrows. The
positions and orientations for PCR primers 7926, 14206, and 31268 used to amplify the junctions are shown by dotted arrows. (D) Amplification of DNA
fragments flanking the junctions of circular chromosomes. Primers 7926 and 31268 and primers 14206 and 31268 were used in the PCR, as described
previously (20), with genomic DNAs from pot1� rqh1� rad51� and pot1� rqh1� exo1� cells, respectively. (E) Expression of Rad51 in the pot1� rqh1�
rad51� cells is lethal. Empty vector (pREP1) or plasmid expressing Rad51 (pREP81x-Rhp51, a gift from Greg A. Freyer) was introduced into the pot1�
rqh1� rad51� cells with circular chromosomes and was selected on EMM plus adenine and uracil (EMM�AU) in the presence of thiamine (30 �g/ml) to
suppress Rad51 expression. Then, two independent pot1� rqh1� rad51� isolates with either empty vector or plasmid expressing Rad51 were streaked on
EMM�AU to induce the expression of Rad51.
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in the pot1� rqh1� double mutant with circular chromosomes,
resulting in cell death.

Reduction of Rqh1 expression in pot1� cells with circular
chromosomes inhibits growth. To study the primary defects as-
sociated with rqh1 loss of function in pot1� cells with circular
chromosomes, the rqh1 promoter was replaced with the nmt81
thiamine-repressible promoter (21). The pot1� cells in which the
rqh1 promoter was replaced with the nmt81 promoter, designated
pot1� nmt-rqh1, had circular chromosomes, similarly to pot1�
cells (Fig. 3A). pot1� nmt-rqh1 cells lost their telomeric DNA
completely (data not shown). The reduction in Rqh1 protein lev-
els in the presence of thiamine was checked by Western blotting
using an antibody against Rqh1. Rqh1 protein levels were reduced
after 12 h incubation in the presence of thiamine and were almost
undetectable after 24 h incubation (Fig. 3B). Next, nmt-rqh1,
pot1�, pot1� nmt-rqh1, and pot1� nmt-rqh1 rad51� cells were

grown in liquid culture in the presence or absence of thiamine (30
�g/ml), and the cell numbers were measured every 24 h. nmt-rqh1
and pot1� cells did not lose viability. In contrast, the nmt-rqh1
pot1� cells lost viability in the presence of thiamine (Fig. 3C). This
indicates that Rqh1 is required for maintaining the viability of cells
with circular chromosomes. Interestingly, pot1� nmt-rqh1
rad51� cells did not lose viability in the presence of thiamine (Fig.
3C). These data further support our model in which Rqh1 is re-
quired for circular chromosomes, but this requirement is canceled
by the deletion of rad51�.

Reduction of Rqh1 expression in pot1� cells induces chro-
mosome segregation defects and DNA damage foci. Next, repli-
cation protein A (RPA)-mRFP (Rad11-mRFP)-expressing cells
were used to monitor simultaneously the chromosome segrega-
tion defects and the DNA damage foci. rad11 encodes the large
subunit of RPA, a single-stranded DNA-binding protein complex

FIG 3 Reduction of rqh1 expression in pot1� cells causes growth defects, and the defect is suppressed by deletion of rad51�. (A) NotI-digested S. pombe
chromosomal DNA from the pot1� and pot1� nmt-rqh1 strains was analyzed using PFGE. (B) Anti-Rqh1 Western blotting of protein extracts from pot1�
nmt-rqh1 and pot1� nmt-rqh1 rad51� cells collected at time zero, 12 h, and 24 h following promoter repression in the presence of thiamine (30 �g/ml) at 25°C.
The arrowhead indicates nonspecific bands that serve as loading controls. (C) Growth characteristics of nmt-rqh1, pot1�, pot1� nmt-rqh1, and pot1� nmt-rqh1
rad51� cells (KTA030, KTA037, KTA032, and KTA034) in liquid culture. Cells were diluted to 1.25 � 106 cells/ml in 10 ml of EMM plus adenine, leucine, and
uracil in the absence (�Thiamine) or presence (�Thiamine) of thiamine (30 �g/ml). These cultures were grown for 24 h at 25°C, at which point the cell density
was determined by counting in a hemocytometer, and the cells were diluted to a cell density of 1.25 � 106 cells/ml in 10 ml of the same medium and were
incubated at 25°C. These procedures were repeated every 24 h for 3 days.
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that is present in the nucleus and localizes to a DNA damage site
(32). The percentage of chromosome segregation defects, includ-
ing the cut phenotype where the septum bisects the nucleus, chro-
mosome nondisjunction, and other defects, including lagging
chromosome and displaced nuclei (displace), increased in pot1�
nmt-rqh1 cells but not in the pot1� single mutant when cells were
grown in liquid medium in the presence of thiamine (Fig. 4A and
B); this indicates that Rqh1 is required for the proper segregation
of circular chromosomes. The deletion of rad51� partially sup-
pressed the chromosome segregation defects, suggesting that the
major cause of lethality of the circular chromosome-containing
Rqh1 shutoff and rqh1� strains is chromosome segregation de-

fects. The percentage of RPA focus-containing cells increased in
pot1� nmt-rqh1 cells but not in wild-type, nmt-rqh1, or pot1� cells
36 h after promoter repression in the presence of thiamine
(Fig. 4C). This suggests that Rqh1 prevents DNA damage in cir-
cular chromosomes. The deletion of rad51� did not reduce the
percentage of RPA foci, suggesting that the suppression of chro-
mosome segregation defects by the deletion of rad51� is not due to
the prevention of DNA damage (Fig. 4C).

Reduction of Pot1 expression in rqh1� cells causes chromo-
some fusions. Our results clearly demonstrate that Rqh1 is re-
quired for the maintenance of circular chromosomes. However, it
remains unclear whether Rqh1 is required for chromosome circu-

FIG 4 Chromosome segregation defects of pot1� nmt-rqh1 cells in the presence of thiamine. (A) Examples of the chromosome segregation defects in pot1�
nmt-rqh1 cells, in which RPA (Rad11) is endogenously tagged with mRFP, 36 h following promoter repression in the presence of thiamine at 25°C. Fluorescence
micrograph images of Rad11-mRFP and differential interference contrast (DIC) images are shown. Each bar under the diagram represents 5 �m. Examples of cut,
nondisjunction, lagging chromosome (Lag.chrom), and displaced nuclei are shown. The arrows indicate RPA foci. (B) Percentages of defects in chromosome
segregation in cells at time zero and 12 h, 24 h, and 36 h following promoter repression in the presence of thiamine are shown. pot1�, pot1� nmt-rqh1, and pot1�
nmt-rqh1 rad51� cells, in which RPA (Rad11) is endogenously tagged with mRFP, were observed at 25°C. Other segregation defects include lagging chromo-
somes and displaced nuclei. The y axis indicates the percentage of cells that show chromosome segregation defects in the total number of cells. The numbers of
cells examined (N) are shown at the top. (C) Percentages of RPA focus-containing cells at time zero and 36 h of the total number of cells following promoter
repression in the presence of thiamine are shown. Wild-type, nmt-rqh1, pot1�, pot1� nmt-rqh1, and pot1� nmt-rqh1 rad51� cells, in which RPA (Rad11) is
endogenously tagged with mRFP (TN004, TN001, KTA038, KTA035, and KTA036), were observed at 25°C.
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larization. To test this, we created the nmt-pot1-aid strain by add-
ing the auxin-inducible degron (aid) tag to the C terminus of the
Pot1 to deplete Pot1 efficiently (33). The pot1 promoter was re-
placed by the nmt81 thiamine-repressible promoter to achieve a
more efficient depletion by the addition of both auxin and thia-
mine (24). We first preincubated both nmt-pot1-aid cells and
nmt-pot1-aid rqh1� cells in the presence of thiamine for 24 h to
reduce the expression of pot1 (0 h). Then, both thiamine and
auxin were added and cells were incubated for 12 h and 48 h. The
chromosomal structures of these cells were analyzed by PFGE
(Fig. 5A). The NotI-digested fragments M, L, and I were detected
in both nmt-pot1-aid cells and nmt-pot1-aid rqh1� cells in the
presence of only thiamine for 24 h (0 h in Fig. 5A). Telomere
signals were detected under these conditions (0 h) using a South-
ern hybridization assay (Fig. 5B). In contrast, most of the M, L,

and I fragments disappeared in both kinds of cells after 12 h in the
presence of both thiamine and auxin (Fig. 5A). The L�I bands
were detected in both strains in the presence of both thiamine and
auxin for 48 h, demonstrating that Rqh1 was not required for
chromosome circularization, when the expression of pot1 was re-
duced. We also detected I�M and L�M bands in nmt-pot1-aid
rqh1� cells and an L�M band in nmt-pot1-aid cells in the pres-
ence of both thiamine and auxin for 48 h, suggesting that inter-
chromosome fusions also occur under these conditions. The telo-
mere signals at 6 h and 9 h in both strains became very weak,
suggesting the reduction of pot1 expression (Fig. 5B). Although we
have not succeeded in detecting Pot1 using Western blotting, the
loss of telomeric DNA and chromosome fusion strongly suggest
the reduction of pot1 expression in the presence of both thiamine
and auxin.

FIG 5 Rqh1 is not required for chromosome fusion when Pot1 expression is reduced. (A) NotI-digested S. pombe chromosomal DNA from the wild-type, pot1�,
nmt-pot1-aid, and nmt-pot1-aid rqh1� strains (JY746, KTA037, NH001, and NH002) was analyzed using PFGE. Probes specific for the telomeric NotI fragments
(I, L, and M) were used (66). Cells were preincubated in the presence of thiamine (15 �g/ml) for 24 h to reduce the expression of pot1 (0 h) at 30°C. Then, both
thiamine and auxin (0.5 mM 1-naphthaleneacetic acid) were added and incubated for 12 h and 48 h. (B) The telomere lengths of the wild-type, nmt-pot1-aid, and
nmt-pot1-aid rqh1� strains were analyzed using Southern hybridization at 30°C. Cells were incubated as described for panel A.
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pot1� rqh1-hd top3� triple mutant is lethal but is sup-
pressed by deletion of rad51�. Rqh1 binds to type 3 topoisomer-
ase (Top3) and functions as a Rqh1-Top3-Rmi1 complex (34, 35).
We asked whether Top3 was also required for the viability of
pot1� cells and, if so, whether this requirement was also canceled
by the deletion of rad51�. The top3 disruptant is lethal, but this
lethality can be suppressed by a deletion or mutation of rqh1� (34,
36). We used a top3 disruptant in an rqh1-hd mutant background
because both the pot1� rqh1-hd and top3� rqh1-hd double mu-
tants are viable, which enabled us to test whether the pot1�
rqh1-hd top3� triple mutant was viable (32, 37). We first created a
pot1� rqh1-hd top3� triple mutant expressing Pot1 from a plas-
mid, and cells that lost the plasmid were selected on FOA. The
pot1� rqh1-hd top3� triple mutant was not viable, demonstrating
that Top3 is required for the viability of pot1� cells in the rqh1-hd
background (Fig. 6A). Interestingly, lethality of the pot1� rqh1-hd
top3� triple mutant was also suppressed by the deletion of rad51�

(Fig. 6A). These genetic interactions are very similar to those of the
pot1� rqh1� double mutant. Our results suggest that Top3 and
Rqh1 function together to maintain viability under these condi-
tions.

The chromosome structures of two independent pot1�
rqh1-hd top3� rad51� strains were analyzed by PFGE. Similar to
the pot1� rqh1� rad51� triple mutant, which has circular chro-
mosomes, the NotI-digested L�I fragment bands were detected in
both strains (Fig. 6B). Moreover, M, L, I, and C bands disappeared
in both strains. However, the C�M band was not detected in
either strain. One of the pot1� rqh1-hd top3� rad51� strains had a
new band, which has a mobility similar to that of the I band. These
results suggest that, in these cells, at least chromosome I is circu-
larized. But additional chromosome rearrangements might hap-
pen in these cells. Telomere and subtelomere signals were com-
pletely gone in two independent pot1� rqh1-hd top3� rad51�
strains, further supporting the notion that the chromosomes were
circularized in these cells (Fig. 6C). The different PFGE patterns
between pot1� rqh1� rad51� cells and pot1� rqh1-hd top3�
rad51� cells might suggest that Top3 plays a more important role
in maintaining chromosome integrity in the absence of both Pot1
and Rad51.

Inactivation of Top3 by overexpression of a Top3-Y330F mu-
tant in pot1� rqh1-hd cells, which have circular chromosomes,
causes cell death. Reduction of Rqh1 expression in pot1� cells

FIG 6 Top3 is required for viability of pot1� when Rad51 is active. (A) Spotting assay of 10-fold serial dilutions of cells. pot1� rqh1-hd, pot1� rqh1-hd top3�, and
pot1� rqh1-hd top3� rad51� cells expressing Pot1 from a plasmid (GT000, KTA028, and KTA029) were plated on EMM�AL and YEA�FOA at 25°C. The Pot1
plasmid is retained on EMM�AL, and cells that lost the plasmid were selected for on YEA�FOA at 25°C. (B) NotI-digested S. pombe chromosomal DNA from
the wild type, two independent pot1� rqh1-hd top3� rad51� isolates, and one pot1� rqh1� rad51� isolate (JY746, KTA039, KTA040, and TN042) was analyzed
using PFGE at 25°C. (C) The telomere lengths of the same strains were analyzed using Southern hybridization at 25°C.
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with circular chromosomes inhibits growth. If Rqh1 functions
together with Top3, inactivation of Top3 in the cells with circular
chromosomes would also inhibit growth. When overexpressed in
wild-type cells, the Top3-Y330F active-site mutant displays a
dominant negative phenotype, including a growth defect, which is
suppressed by the deletion of rqh1 (37). To test whether the inac-
tivation of Top3 in the pot1� rqh1-hd double mutant causes cell
death, we overexpressed Top3-Y330F in the pot1� rqh1-hd double
mutant. First, we checked whether the chromosomes in the pot1�
rqh1-hd double mutant are linear in the presence of empty vector,
Top3 vector, or Top3-Y330F vector in the presence of thiamine.
Under these conditions, only a very small amount of Top3 or
Top3-Y330F is expressed. The chromosomes of the pot1� rqh1-hd
double mutant are not circularized when they are grown on YEA
medium (32). Surprisingly, the chromosomes in the pot1�
rqh1-hd double mutant were circularized in all three cases
(Fig. 7A). To maintain the plasmid, which has the LEU2 marker,
cells were grown on minimum medium. Although the mechanism
is unclear, we assume that minimum medium makes the pot1�

rqh1-hd double mutant, which has circular chromosomes, viable.
In contrast, the pot1� rqh1� double mutant is not viable even on
minimum medium (data not shown). Next, the pot1� rqh1-hd
double mutants that have circular chromosomes and also the
empty vector, Top3 vector, or Top3-Y330F vector were streaked
on the plates in the absence of thiamine. Under these conditions,
the expression of either Top3 or Top3-Y330F is highly induced
from the nmt-41 promoter. The expression of Top3-Y330F caused
a significant growth defect on the second streak in the absence of
thiamine (Fig. 7B). This demonstrates that Top3 is required for
the viability of cells with circular chromosomes. Both Rqh1 and
Top3 are required for the viability of cells with circular chromo-
somes, strongly suggesting that the Rqh1-Top3 complex plays an
important role in the maintenance of circular chromosomes.

Deletion of rad57�, but not swi5�, suppresses cell death in
pot1� rqh1� cells. In S. pombe, Rad51-dependent HR has two
subpathways, Rad55-Rad57 (Rad55 and Rad57 are encoded by
rhp55 and rhp57 in S. pombe, but for clarity, the new designations
Rad55 and Rad57 are used throughout) and Swi5-Sfr1. Deletion

FIG 7 Top3 is required for viability of pot1� rqh1-hd double mutants with circular chromosomes, and reduction of crossover frequency significantly suppressed
the lethality of a pot1� rqh1� double mutant. (A) Chromosomes of the pot1� rqh1-hd double mutant were circularized when cells were incubated in EMM
medium. NotI-digested S. pombe chromosomal DNA from the wild type, a pot1� mutant, a pot1� rqh1-hd double mutant plus pREP41 empty vector, a pot1�
rqh1-hd double mutant plus pREP41-Top3 vector, and a pot1� rqh1-hd double mutant plus pREP41-Top3-Y330F vector (JY746, KTA037, KTA047, KTA044,
and KTA045) was analyzed using PFGE at 25°C. Cells were cultivated throughout in EMM medium in the presence of thiamine (30 �g/ml) to suppress Rad51
expression. (B) Expression of Top3-Y330F in the pot1� rqh1-hd cells with circular chromosomes is lethal. The pot1� rqh1-hd double mutant plus pREP41 empty
vector, pot1� rqh1-hd double mutant plus pREP41-Top3 vector, and pot1� rqh1-hd double mutant plus pREP41-Top3-Y330F vector were streaked on EMM plus
adenine and uracil (EMM�AU) to induce the expression of Top3 or Top3-Y330F. (C) Spotting assay of 10-fold serial dilutions of cells. pot1� rqh1�, pot1� rqh1�
rad51�, pot1� rqh1� rad57�, and pot1� rqh1� sfr1� cells expressing Pot1 from plasmid (KTA048, TN040, TN077, and TN076) were plated on YEA and YEA
plus 5-fluorodeoxyuridine (YEA�FUDR) at 25°C. The Pot1 plasmid is retained on YEA medium, and cells that lost the plasmid were selected against on YEA plus
50 �M FUDR at 25°C.
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of either rad57� or swi5� does not completely block homologous
recombination (38, 39). High crossover frequency in rqh1� cells is
decreased to 0% with the deletion of rad57�. In contrast, the de-
letion of swi5� only slightly decreases the crossover frequency in
rqh1� cells (40). Crossing-over between sister chromatids in cir-
cular chromosomes creates circular chromosome dimers, which
inhibit chromosome segregation (41, 42). If this were a reason for
the lethality of the pot1� rqh1� double mutant, deletion of the
Rad57 pathway would suppress this lethality. To test this possibil-
ity, we created the pot1� rqh1� rad57� and pot1� rqh1� sfr1�
triple mutants, which carry the plasmid expressing Pot1. The
pot1� rqh1� rad57� triple mutant and the pot1� rqh1� sfr1�
triple mutant, both of which carry the plasmid expressing Pot1,
grow well on YEA plates (Fig. 7C). The pot1� rqh1� rad57� triple
mutant that had lost the Pot1 plasmid was obtained very effi-
ciently (Fig. 7C). In contrast, pot1� rqh1� sfr1� triple mutant cells
that lost the Pot1 plasmid were not obtained. This suggests that
crossing-over between sister chromatids in circular chromosomes
is the reason for lethality.

DISCUSSION

In pot1� cells, survival of the loss of telomere function is due to
chromosome circularization that is dependent on SSA. S. cerevi-
siae Sgs1 is involved in SSA, and it has been recently suggested that
the S. pombe homologue Rqh1 has a similar involvement (43).
This led us to test the hypothesis that the synthetic lethality of the
pot1� rqh1� double mutant was due to a defect in SSA, which
would result in the inability to form circular chromosome survi-
vors. However, SSA is not completely blocked in an sgs1 dis-
ruptant (10). Moreover, SSA is suggested to occur in the rqh1�
single mutant (43). These facts suggest that chromosomes might
be circularized by SSA in the pot1� rqh1� double mutant. Indeed,
we found that Rqh1 was not required for chromosome circular-
ization when Pot1 expression was reduced (Fig. 5A). We also
found that the deletion of rad51� or exo1� might suppress the
lethality of the pot1� rqh1� double mutant (Fig. 1A). The chro-
mosomes in both the pot1� rqh1� rad51� and the pot1� rqh1�
exo1� triple mutants, as in the pot1� single mutant, were circu-
larized, with the junctions in homologous regions consistent with
generation by SSA (Fig. 2A and D); this demonstrates that Rqh1 is
not essential for SSA. These results strongly suggest that chromo-
somes can be circularized in the pot1� rqh1� double mutant.
Thus, the synthetic lethality of the pot1� rqh1� double mutant is
not due to a defect in SSA but rather to an inability to maintain
circular chromosomes.

The Rqh1 shut-off experiments demonstrate that Rqh1 is re-
quired for the viability of pot1� cells when Rad51 is active
(Fig. 3C). We also found that the pot1� rqh1� rad51� triple mu-
tant with circular chromosomes could not maintain viability
when Rad51 was expressed (Fig. 2E), demonstrating that the ex-
pression of Rad51 is toxic in pot1� cells when Rqh1 is not present;
this further supports the hypothesis that Rqh1 is required to main-
tain circular chromosomes. How does the circular chromosome
cause Rad51-dependent lethality in the absence of Rqh1? Stable
maintenance of a large circular minichromosome in S. pombe re-
quires a high level of type II DNA topoisomerase (44), suggesting
that circular chromosomes have topological stress, possibly dur-
ing DNA replication, which might stall or collapse replication
forks (45). In both S. cerevisiae and S. pombe, Sgs1 and Rqh1 have
been implicated in the stabilization of stalled replication forks, the

activation of the S phase checkpoint, and repair and replication
restart (35). Loss of Rqh1 would lead to an increase in fork collapse
under the conditions of replication stress and increased depen-
dence on HR for replication restart. Consistently, we found that
the reduction of Rqh1 protein levels in the pot1 disruptant in-
creased the RPA foci, suggesting that Rqh1 prevents DNA damage
in the absence of Pot1 (Fig. 4C).

HR between sister chromatids in circular chromosomes might
cause crossing-over, creating a chromosome dimer and resulting
in chromosome segregation defects. In E. coli, those dimeric chro-
mosomes are converted to monomers by Xer site-specific recom-
bination (46, 47). The defects of Xer mutants are suppressed by
the inactivation of RecA (Rad51 homologue in E. coli), suggesting
that RecA-dependent HR creates a chromosome dimer that is
toxic in E. coli (48, 49). E. coli, S. cerevisiae, and human RecQ
helicases suppress crossover recombination products both in vitro
and in vivo (50–54). S. pombe Rqh1 also suppresses crossing-over
(40). In addition, there is no GEN1 homologue in S. pombe (55),
and therefore, in the absence of Rqh1, the resolution of recombi-
nation can only occur through the action of Mus81, which favors
crossing-over (40, 56–58). Therefore, one cause of lethality in the
pot1� rqh1� double mutant might be the formation of chromo-
some dimers by crossing-over and the resulting chromosome seg-
regation problems. Consistently, a Rad51-dependent increase in
chromosome missegregation was seen in the Rqh1 shut-off strain
(Fig. 4B). Moreover, the deletion of rad57�, which should sup-
press the high crossover frequency in the pot1� rqh1� double
mutant, significantly suppressed lethality, further supporting this
possibility (Fig. 7C). The second cause of lethality in the pot1�
rqh1� double mutant might be the accumulation of the recombi-
nation intermediates, as RecQ helicases promote the resolution of
recombination intermediates (4, 35, 50, 59). These recombination
intermediates might be removed by the Mus81-Eme1 complex, E.
coli RusA, or human GEN1 (12, 60, 61). To test this possibility, we
overexpressed the Mus81-Eme1 complex, E. coli RusA, or human
GEN1 from the nmt promoter in the pot1� rqh1� double mutant.
However, they did not suppress lethality (data not shown), sug-
gesting that the second possibility is not likely. The third cause of
lethality in the pot1� rqh1� double mutant might be the accumu-
lation of catenanes between circular chromosomes, which might
also lead to chromosome missegregation and lethality. DSBs and
their repair by HR might create catenanes between two circular
chromosomes if one DNA strand passes the broken DNA strand
before DSB repair. These catenanes might be removed by type II
topoisomerase (Top2) (62). To test this possibility, we overex-
pressed Top2 from the nmt81 promoter in the pot1� rqh1� dou-
ble mutant (63). However, it did not suppress lethality (data not
shown), suggesting that the third possibility is less likely. Thus, we
propose that the main cause of lethality in the pot1� rqh1� double
mutant is the formation of chromosome dimers. If the probability
of dimer formation for each circular chromosome is 50%, we
calculated the probability of cell survival to be 25% in each cell
division (Fig. 8). This means that only about one cell of one mil-
lion cells can survive after 10 cell divisions. We assume that the
Mus81-Eme1 complex is responsible for generating crossovers
and lethal chromosome dimers in the absence of Rqh1-Top3 com-
plexes (40). However, this cannot be tested directly because the
mus81� rqh1� double mutant is synthetically lethal (64). Further
investigation is necessary to understand the function of the
Mus81-Eme1 complex in the pot1� rqh1� double mutant.
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The next question is whether the requirement of Rqh1 for the
maintenance of circular chromosomes is pot1 disruptant specific.
In S. pombe, the catalytic subunit of telomerase is encoded by the
trt1� gene. The deletion of trt1� produces circular survivors or
survivors that maintain telomeres by HR (65, 66). We found that
the trt1� rqh1� double mutant is not lethal, but the telomeres of
the double mutant are maintained by HR, and we could not obtain
a double mutant with circular chromosomes (23). This suggests
that Rqh1 is required for the maintenance of any circular survi-
vors. It remains unclear why no survivors of the pot1� rqh1 double
mutant that maintain telomeres by HR were obtained. One pos-

sible explanation is that Pot1 inhibits SSA, and high SSA activity
promotes chromosome circularization dominantly in the pot1�
rqh1 double mutant. This idea is supported by the fact that survi-
vors of the pot1� mutant that maintain telomeres by HR were not
obtained.

Similar to the requirement for Rqh1, Top3 was also required
for the viability of the pot1� rqh1-hd double mutant when Rad51
was active (Fig. 6A). Surprisingly, the helicase activity of Rqh1 was
not required for the maintenance of circular chromosomes when
cells were grown in minimum medium to select the cells that have
plasmid, including the empty vector (Fig. 7A). This suggests that
the helicase activity of Rqh1 is not required for the maintenance of
circular chromosomes. This allowed us to test whether the inacti-
vation of Top3 by overexpression of the dominant negative Top3-
Y330F in the pot1� rqh1-hd double mutant, which has circular
chromosomes, causes significant growth defects. Indeed, it caused
significant growth defects (Fig. 7B). One possible explanation for
these results is that the topoisomerase activity of the Rqh1-Top3-
Rmi1 complex is essential for maintaining the viability of the pot1
disruptant. However, we cannot exclude the possibility that Top3
is required for the helicase-independent activity of Rqh1. The re-
quirement of both Top3 and the helicase-independent activity of
Rqh1 strongly suggests that Top3 and Rqh1 function together to
maintain viability of the cells that have circular chromosomes. We
detected chromosome fusion bands by PFGE when Pot1 expres-
sion was reduced in an rqh1-hd background (data not shown).
These data demonstrate that the helicase-independent activity of
Rqh1 does not inhibit chromosome circularization.

We also found that the deletion of exo1� can suppress the
lethality of the pot1� rqh1� double mutant (Fig. 1A). In S. cerevi-
siae, the exo1� sgs1� double mutant has very low efficiency of HR
and SSA (10). In S. pombe, Exo1 is critical for extended resection,
and the remaining resection activity in exo1� cells is attributable
to Rqh1 (67). These facts suggest that there is no or little HR
activity left in the absence of both Exo1 and Rqh1, similar to what
occurs in the rad51 disruptant. This might be the reason for the
suppression of lethality of the pot1� rqh1� double mutant by the
deletion of exo1�. Interestingly, SSA can occur in the absence of
both Exo1 and Rqh1 (Fig. 2D), suggesting that the resection of
telomere ends also can occur in the absence of both Rqh1 and
Exo1. However, the nuclease(s) responsible for the resection of
telomere ends in the absence of both Rqh1 and Exo1 remains
unclear.

Ring chromosomes have been identified for all human chro-
mosomes. The phenotypes associated with ring chromosomes are
variable, probably because of their instability (68). In the case of
ring chromosome 22, which contains tumor suppressor gene NF2,
the loss of the whole ring chromosome 22 has been suggested to
increase the risk of cancer (69). Our results suggest that the sup-
pression of crossing-over might stabilize human ring chromo-
somes and thus reduce the risk of cancer. The function of RecQ
helicase is conserved from E. coli to humans (53, 70, 71). This
implies that human RecQ helicases might be required for the
maintenance of ring chromosomes.
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sister chromatids, the probability of dimer formation increases, resulting in a
lower chance of survival than is estimated here.
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