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Abstract

Background: The Saccharomyces cerevisiae RecQ helicase Sgs1 is essential for mitotic and meiotic genome stability. The
stage at which Sgs1 acts during meiosis is subject to debate. Cytological experiments showed that a deletion of SGST leads
to an increase in synapsis initiation complexes and axial associations leading to the proposal that it has an early role in
unwinding surplus strand invasion events. Physical studies of recombination intermediates implicate it in the dissolution of
double Holliday junctions between sister chromatids.

Methodology/Principal Findings: In this work, we observed an increase in meiotic recombination between diverged
sequences (homeologous recombination) and an increase in unequal sister chromatid events when SGS1 is deleted. The first
of these observations is most consistent with an early role of Sgs1 in unwinding inappropriate strand invasion events while
the second is consistent with unwinding or dissolution of recombination intermediates in an MIh1- and Top3-dependent
manner. We also provide data that suggest that Sgs1 is involved in the rejection of ‘second strand capture’ when sequence
divergence is present. Finally, we have identified a novel class of tetrads where non-sister spores (pairs of spores where each
contains a centromere marker from a different parent) are inviable. We propose a model for this unusual pattern of viability
based on the inability of sgs7 mutants to untangle intertwined chromosomes. Our data suggest that this role of Sgs1 is not
dependent on its interaction with Top3. We propose that in the absence of SGST chromosomes may sometimes remain
entangled at the end of pre-meiotic replication. This, combined with reciprocal crossing over, could lead to physical
destruction of the recombined and entangled chromosomes. We hypothesise that Sgsi1, acting in concert with the
topoisomerase Top2, resolves these structures.

Conclusions: This work provides evidence that Sgs1 interacts with various partner proteins to maintain genome stability

throughout meiosis.
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Introduction

Meiotic Recombination

During meiosis, the process of homologous recombination is
critical for ensuring accurate chromosome segregation and in
generating genetic diversity. Homologous recombination 1is
mitiated by a double-strand break (DSB) catalysed by Spoll [1].
Following the formation of the DSB, 5’ strand resection generates
3" single-stranded overhangs that are then able to invade the
homolog [2]. Strand invasion is facilitated by the strand-exchange
proteins Rad51 and Dmcl [3] and leads to the formation of a
Single End Invasion (SEI) structure [4].

When breaks are repaired via the crossover pathway, the second
single-stranded end is captured by the D-loop following invasion
and DNA synthesis. Finally, ligation leads to formation of a double
Holliday junction (dHJ) [4,5]. Resolution of the dHJ yields a
crossover [6]. This pathway is promoted by the ZMM proteins
(Mer3, Msh4, Mshb, Zipl, Zip2, Zip3 and Zip4), as well as Exol,
Mihl and MIh3 (reviewed in [7]). Non-crossover products arise
from the Synthesis Dependent Strand Annealing (SDSA) pathway
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[8]. The invading strand is not captured as in the crossover
pathway, but is instead displaced. This is followed by strand
annealing to complementary sequences on the second DSB end,
and DNA synthesis, culminating in the formation of a non-
crossover product.

Crossovers lead to the establishment of chiasmata, which
provide the physical connections during meiotic prophase that
promote the accurate segregation of homologous chromosomes
(Figure 1A). Therefore, the absence of crossovers leads to the mis-
segregation defect known as meiosis I non-disjunction (Figure 1B)
[9]. Another class of segregation defect, known as precocious
separation of sister chromatids (PSSC), is thought to arise from
hyper-recombination at centromeres [10].

Homeologous recombination and its suppression

The process of homologous recombination allows the transfer of
genetic information between nearly identical stretches of DNA. In
contrast, homeologous recombination is the transfer of genetic
information between sequences that are diverged. In order to
maintain the integrity of chromosomes, and ultimately the
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Figure 1. Mis-segregation events during meiosis. During meiosis, crossing over ensures the accurate segregation of homologs at meiosis |I.
Sister chromatids separate at meiosis Il. In yeast, all four meiotic products are recovered as viable spores (A). The absence of crossovers may lead to
both homologs becoming pulled towards the same pole at meiosis |. Meiosis | non-disjunction leads to two disomic spores (B). The inability to
resolve entangled chromosomes can lead to chromosome breakage. A centromere marker on a pair of normally segregating chromosomes can be
used to identify the sister and non-sister spores. In the case of meiosis | non-disjunction, these are sister spores (B). In Figure 1C the inability to

resolve the crossover leads to the two viable spores being non-sisters (C).

doi:10.1371/journal.pone.0015380.g001

genome, crossing over between diverged sequences must be
regulated. Interactions between diverged tandem and/or inter-
spersed repeat sequences, such as the abundant Alu family found
In primates, must be suppressed in order to prevent translocations,
deletions or inversions [11-14]. While chromosomal rearrange-
ments of this type may be important for driving evolution,
adaptation and speciation, they are also responsible for causing
disease [15,16]. Thus despite potential evolutionary advantages,
preventing recombination between diverged repeats is important
[17].

Several studies have shown that the prokaryotic and eukaryotic
mismatch repair (MMR) systems (reviewed in [18]) are involved in
the regulation of homeologous recombination. One of the earliest
of these studies [19] demonstrated that mutation of mutS, mutL,
mutHH or mutU leads to an increase in recombination in
conjugational crosses between E. coli and S. yphimurium of up to
1000-fold. This led Rayssiguier et al. to suggest that the MMR
system enforces a barrier to inter-species recombination [19].

The eukaryotic MMR proteins Msh2, Msh3, Msh6, Mlhl and
Pmsl also enforce a barrier to both mitotic and meiotic
homeologous recombination in yeasts. Several studies in S.
cerevisiae have shown that mutations of mismatch repair genes
lead to an increase in mitotic homeologous recombination [20—
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22]. Hunter et al. [23] showed that mismatch repair proteins also
play an important role in preventing meiotic homeologous
recombination. They demonstrated that whie an inter-specific
hybrid between the sibling species . cerevisiae and S. paradoxus was
able to perfectly grow mitotically, it had severe meiotic defects.
Only 1% of the spore colonies were viable and they exhibited a
slow growth phenotype due to aneuploidy [23]. This aneuploidy
was attributed to increased meiosis I non-disjunction as a
consequence of a decrease in the rates of recombination [23].
However, mutation of PMSI or MSHZ2 leads to significant increase
in the rate of recombination, which is accompanied by a decrease
in the rates of meiosis I non-disjunction and an improvement in
overall spore viability [23]. These observations led them to
propose that the MMR system is involved in the assessment of the
degree of divergence when heteroduplex DNA is formed.

These data were confirmed and extended by Chambers et al.
[24], utilizing a partial hybrid strain in which the chromosome III
from S. cerevisiae was replaced by chromosome III from S. paradoxus.
This system facilitates the stuffy of the effects of sequence
divergence as it does not cause massive aneuploidy. The improved
viability allowed Chambers et al. [24] to notice an increase in the
number of three viable spore tetrads in the partial hybrid strain. By
inferring the genotype of the dead spore using the I Law of Mendel
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(which defines segregation), they noted that the majority of dead
spores would have contained a recombinant chromosome III. The
observation led to the proposal that it was the attempt to carry out
recombination between diverged sequences that resulted in spore
death [24]. The authors hypothesised that if one side of the DSB
successfully invaded, but double Holliday junction formation failed
at the strand capture stage [4] due to sequence divergence, the
result would be a ‘half-crossover’ with the unrepaired reciprocal
product leading to death of the spore containing it [24]. This
hypothesis was confirmed by the observation that deletion of

MSH?2 or PMSI abolished this phenotype.

Sgs1 is the S. cerevisiae homolog of the RecQ helicase
family

The RecQ) helicase family has been implicated in maintaining
the fidelity of both mitotic and meiotic recombination. Their
importance is indicated by the observation that mutations in three
of the five human orthologs have been associated in cancer
predisposition syndromes (reviewed in [25,26]). The S. cerevisiae
ortholog, Sgsl, is involved in the DNA damage response during
mitotic DNA replication as sgs/ cells are sensitive to the DNA
damaging agents methyl methanesulfonate (MMS) and hydroxy-
urea (HU) [27-30] and sgs/ diploids also display moderate levels of
sensitivity to UV and X-ray irradiation [31-33].

Replication forks may stall due to damage on either the leading
or lagging strand. Sgsl, through its association with Top3 and
Rmil, act in restarting stalled replication forks [34-36]. The
branch migration activity of Sgsl is proposed to form a Holliday
junction-like intermediate that is dissolved by Top3 and Rmil to
form a non-crossover product [37—41]. The role of Sgsl in this
process is mediated by its 3'-to-5" helicase domain [42—44], while
the N-terminus of Sgsl has been shown to interact with Top3,
with amino acids 4, 5 and 9 of Sgs1 being most important for this
interaction [45—49] (Figure 2).

Sgsl is also able to interact with the topoisomerase Top2
[50,51] (Figure 2). This interaction occurs in regions that overlap
both the acidic regions (ARs), and the helicase domain of Sgsl
(Figure 2) [52]. Top2 is the major mitotic post-replication
decatenase [53]. In its absence, chromosomes mis-segregate,
leading to both chromosome loss and disomy. Watt et al. [51]
demonstrated that Sgsl acts in the same pathway as Top2,
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suggesting that the interaction between Sgsl and Top2 is
important for the decatenation of sister chromosomes. Watt et al.
[51] also noted aneuploidy during meiosis which they attributed to
a similar failure to decatenate sister chromosomes.

Sgsl also negatively regulates crossovers during meiosis.
Deletion of SGSI leads to an increase in closely spaced crossovers
without an apparent increase in the number of gene conversions or
non-crossovers [54-56]. The data therefore implicate Sgsl as an
anti-crossover factor, whose actions are opposed by the pro-
crossover activities of the ZMM proteins [54-56]. Sgsl acts to
specifically inhibit the formation of closely spaced inter-sister and
multi-chromatid crossovers [55,57]. Failure to carry out this
inhibition may be detrimental to the cell, as their presence may
perturb chromosome segregation [58].

Sgs1 acts in the suppression of mitotic homeologous
recombination

As discussed above, several studies implicated heteroduplex
rejection by MMR proteins in the suppression of mitotic
homeologous recombination [19-22,59,60] and suggested that
heteroduplex rejection might require a helicase [59-61]. Consis-
tent with this, SGS7 mutations were found in screens for elevated
mitotic homeologous recombination where it was shown to act in
the same pathway to suppress mitotic homeologous recombination
as the MMR genes MSH2 and MLHI [14,62]. An increase in the
rate of mitotic homeologous recombination was also seen for a
truncation mutation that deleted the C-terminal 200 amino acids
of Sgsl, which contains the Mlhl interacting domain [63,64],
suggesting that the interaction with Mlhl may be important for
the suppression of mitotic homeologous recombination [62].
Studies by Myung et al. [65] and Putnam et al. [66] also implicate
the topoisomerase Top3 in suppressing rearrangements between
ectopic copes of diverged sequences. These data are consistent
with models in which Sgsl unwinds homeologous intermediates
and acts to dissolve crossovers between inappropriate substrates.
Recently, a second helicase, Mphl, has been shown to be partially
redundant to Sgsl in the suppression of mitotic homeologous
recombination [67].

The aim of this study was to further elucidate the mechanism by
which homeologous recombination is suppressed in meiosis.
Preliminary data obtained from a screen to identify genes whose
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Figure 2. Structural and functional domains of Sgs1. The interacting domains of SGST (shown with amino acid coordinates) highlighting the
point mutations used in this study that disrupt the Top3-interacting domain of Sgs1 (sgs7-top3-id) and disrupt the Mlh1-interacting domain of Sgs1
(sgs1-mlh1-id). The RecQ Conserved (RQC) domain facilitates protein-protein interactions. The Helicase-and-RNaseD-C-terminal (HRDC) domain is
required for DNA binding. The helicase domain facilitates the unwinding of recombination intermediates. Sgs1 also interacts with Top2 and the Top2-
interacting domain of Sgs1 overlaps the helicase domain and two highly acidic regions (AR) found in the protein (as described in the Introduction).

doi:10.1371/journal.pone.0015380.g002
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mutation leads to increased homeologous recombination suggested
Sgs] might be involved in this process [68]. The data presented
here indicate that Sgsl acts to suppress recombination between
diverged sequences at both the single-end invasion stage and at the
strand capture stage. Also, in some SGS/ mutant strains, we find
an elevated frequency of an unusual class of two viable spore
tetrads containing non-sister spores (as shown in Figure 1C). We
present a model showing how these might arise due to a failure to
decatenate sister chromatids after pre-meiotic DNA replication.
This work therefore highlights the importance of Sgsl during a
number of different stages of meiosis.

Results and Discussion

To investigate the role of Sgsl in the suppression of meiotic
homeologous recombination and sister chromatid exchange, we
created a variety of SGSI mutations in the partial hybrid strain in
which chromosome III from S. cerevisiae was replaced with
chromosome III from S. paradoxus [24] (see Figure 2 and Methods
and Materials for description, Table S1 for haploid strain list and
Table S2 for diploid strain list). We also replaced the endogenous
promoter of SGSI with the promoter of the CLB2 gene (pCLB2-
SGSI) to create a meiotic null of Sgsl [54,57,58,69] (as described
in Methods and Materials). In order to measure unequal sister
chromatid exchange we inserted a reporter construct on . cerevisiae
chromosome 111, as described in Methods and Materials.

Sgs1 acts in the suppression of meiotic homeologous
recombination

To investigate the involvement of Sgsl in the suppression of
homeologous recombination, we assessed the levels of crossing
over in three genetic intervals along chromosome III: HML:ADEI-
HIS4, HIS4-LEU2 and LEU2-MAT (Figure 3 and Tables S3
and S4) in various mutant strains. In addition we assessed the
levels of meiosis I non-disjunction for the partial hybrid diploids.
As shown in Figure 1, failure to cross over in a single
chromosome pair leads to meiosis I non-disjunction and inviability
of the two nullisomic spores. The two remaining viable spores are
disomic, and because the mating-type cassettes are located on
chromosome III, these will be non-maters. We measured the
proportion of the two viable spore class of tetrads that were caused
by non-disjunction of the homeologous chromosome Ills by
checking the mating status of the viable spore colonies (Figure 4
and Table S5).

As seen previously, the presence of sequence divergence
significantly decreases the levels of wild-type recombination
(ACD 94) 132-fold, 196-fold and 14-fold in HML-HIS4, HIS4-
LEU2 and LEU2-MAT respectively, when compared to the
homologous cross (ACD 97) (Figure 3 and Tables S3 and S4)
[24]. The greatest decrease is seen in the HIS4-LEU?2 interval.
Consistent with the decrease in crossing over observed for the
homeologous cross (Figure 3B), we saw a high level of meiosis I
non-disjunction (11.5%) similar to that seen previously for the wild
type hybrid diploid [24] (Figure 4 and Table 85 — ACD 94).

Previously, it has been shown that a deletion of SGSI causes a
modest yet significant increase in homologous recombination
[10,54,56]. We failed to reproduce these observations in two of the
three intervals studied (Figure 3A — ACD 95). This may be due to
the different strain backgrounds and sporulation conditions used in
these studies [70]. However, when sequence divergence was
present, we observed a significant increase in recombination for
sgslA/sgsIA (ACD 96), sgs1-AC795/sgs1Ad (ADA 6) and pCLB2-
SGS1/sgsI4 (ADA 2) in two of the three intervals analysed.
Furthermore, we also observed a significant decrease in the levels
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of meiosis I non-disjunction when SGS7 is deleted in the partial
hybrid (4.6% for pCLB2-SGSI1/sgsIA; p=2.11x10° — ADA 2)
(Figure 4 and Table S5). These data suggest that the absence of
Sgs1 facilitates recombination between diverged sequences and, in
doing so, decreases the likelihood of chromosome mis-segregation.

The failure to observe a significant effect on crossing over in the
HIS4-LEU?2 interval between the homeologous chromosomes
might be due to fewer successful strand invasions as a consequence
of a higher degree of sequence divergence present in this interval.
In order to determine whether the variation in the map distances
amongst the three intervals was related to different levels of
sequence divergence we calculated the sequence identity for each
mterval as described in the Methods and Materials. The sequence
identity for HML-HIS4, HIS4-LEU?2 and LEU2-MAT was 88.4%,
85.6% and 88.5%, respectively. While the degree of sequence
divergence between the intervals appears to be small, it still may be
sufficient to account for the variation in fold reduction in crossing
over, as large effects due to small changes in divergence have been
noted before [60]. Additionally, despite not seeing any significant
difference in the HIS4-LEU? interval, the data shown in
Figure 3B and Table S4 suggests that deletion of SGS! in the
HIS4-LEU? interval does cause an increase in map distance. Thus,
a second possible explanation as to why we do not observe any
significant difference may be due to the number of tetrads
analysed in this study. In order to increase the size of the data set,
we tested the data obtained for the different mutations of SGS7
(sgs1A/sgs1d,  sgs1-AC795/sgslA  and pCLB2-SGSI1/sgs1A)  for
homogeneity by comparing the distribution of PDs, NPDs and
TTs using the G-test. The data from these crosses were not
significantly different from each other for either the homologous or
homeologous diploids. This allowed us to pool the data for all
three SGSI mutant strains and to reanalyse the effect of deleting
SGS1 on homeologous recombination collectively (Table S4). We
observed a significant increase in recombination for the combined
SGST mutant data when compared to wild type in all three
intervals. This suggests that crossovers between diverged sequences
are rescued in the absence of SGSI in the HIS4-LEU? interval as
well as the other two intervals.

Sgsl is known to interact with the MMR protein Mlh1 [63,64].
We hypothesised that Mlh1 might act as a ‘molecular matchmak-
er’ between the MMR complex and Sgsl to facilitate the
unwinding of homeologous recombination intermediates. To test
this, we analysed the effects of a mutation that disrupts the ability
of Sgsl to interact with Mlhl (sgs/-mlhi-id) [64]. We saw a
significant decrease in the levels of meiosis I non-disjunction for
sgsI-mih1-id/ sgsIA (ADA 5; p=0.0003) when compared to wild
type, equivalent to that seen for pCLB2-SGSI1/sgsIA (ADA 2)
(Figure 4). These data indirectly suggest that the interaction
between Sgsl and MIhl is important for the ability of Sgsl to
suppress meiotic homeologous recombination. However, there is
no obvious effect on crossing over between the homeologous
chromosomes in the sgs/-mlhi-id/ sgsIA (ADA 5) strain (Figure 3B).

Does Sgs1 aid in the completion of reciprocal
homeologous recombination?

As described in the Introduction, Chambers et al. [24] proposed
that the MMR proteins Msh2 and Pmsl act to suppress meiotic
homeologous recombination at the strand capture stage. They
based this proposal on the observation that recombination was six-
fold higher in tetrads with only three viable spores than in the four
viable spore tetrads and that the dead spore was preferentially
recombinant. This phenotype was abolished in MMR defective
strains. To assess the potential role of Sgs1 in this phenomenon, we
determined if the increase in the rate of recombination for the
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Figure 3. Map distances on chromosome lll. (A) Homologous recombination. B) Homeologous recombination. Map distances were calculated
using the Perkins formula [85]. The distribution of PDs, NPDs and TTs for homologous diploids was compared using the G-test. After correcting for
multiple comparisons using the Benjamini-Hochberg correction [86], p-values <0.05 were considered significant. The standard error of the map
distances was calculated using Stahl Online Tools (http://molbio.uoregon.edu/~fstahl/compare2.php). * - significantly different from WT/WT; # -
significantly different from sgs14/sgsi4; 1 - significantly different from sgs1-4C795/sgs14; *+ - significantly different from pCLB2-SGS1/sgsi14.

doi:10.1371/journal.pone.0015380.g003

three viable spore class of tetrads compared to the four viable
spore class of tetrads was dependent on SGS/ (Table 1). As seen
previously [24], there was a significant increase in recombination
for the three viable spore class of tetrads in the wild type (ACD 94).
However, when Sgs1 was repressed during meiosis (pCLB2-SGS1/
sgsIA — ADA 2), this increase was no longer seen, suggesting that
Sgsl aids in rejecting strand capture of the reciprocal product in

@ PLoS ONE | www.plosone.org

the presence of mismatches. This activity does not seem to be
dependent on the interaction between Sgsl and MIh1 as crossing
over was still significantly enriched in the three viable spore class of
tetrads from the sgs/-mlhi-id/ sgsIA cross (ADA 5) (Table 1). This is
consistent with the observation that abolishing the interaction with
Mihl1 did not have any effect on increasing recombination in the
four viable spore class of tetrads discussed above.
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Figure 4. Frequency of meiosis | non-disjunction events for
homeologous diploids. Meiosis | non-disjunction events on chro-
mosome Il were identified in homeologous diploids as described in
Methods and Materials. Frequencies of meiosis | non-disjunction events
out of the total number of tetrads dissected were compared using the
G-test. After correcting for multiple comparisons using the Benjamini-
Hochberg correction [86], p-values <0.05 were considered significant.
* - significantly different from WT/WT; # - significantly different from
sgs1d/sgsiA.

doi:10.1371/journal.pone.0015380.g004

There are a number if possible explanations for why we do not
observe a significant improvement in crossing over for the sgs/-mihi-
«d mutant. One possibility is that because Sgsl also interacts with
MIh3 [71] and Msh6 [72], these interactions might be sufficient to
facilitate the formation of a stable complex in order to carry out
anti-recombination either by heteroduplex rejection (Msh6) or
dissolving (Msh3). Another possibility is that tetrad analysis only
measures crossovers across three intervals comprising approximate-
ly only 61% of the chromosome, while the meiosis I non-disjunction
gives an indication of a failure of crossing over across the entire
length of chromosome III. This would suggest that the levels of
meiosis I non-disjunction are a more accurate reflection of the need
for Sgsl to interact with Mlhl in the suppression of meiotic
homeologous recombination. Another possibility is that since Sgsl
needs to interact with Mlhl to unwind/dissolve sister chromatid
events (see below) it may be that the existence of these inter-sister
events somchow aids segregation in the homologue. Finally, we
cannot exclude the possibility that Sgsl plays a role in suppressing
the segregation of non-exchange chromosomes and that this activity
is dependent on an interaction with Mlhl.

Sgs1 suppresses sister chromatid exchange

Physical studies have implicated Sgsl in suppressing inter-sister
joint molecules [54,55,57,58]. In order to genetically investigate

@ PLoS ONE | www.plosone.org
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this role in melosis, we designed a reporter construct on
chromosome III that detects unequal intra-chromosomal recom-
bination events (described in Methods and Materials and Figure 5).
The frequencies and distributions of unequal recombination
events are given in Tables 2 and 3. The frequency of gene
conversion of the HYG-CYH? insert in the SGS/ mutations does
not significantly differ from wild type (ACD 97) (Table 2).
However, mutation of SGSI (ACD 116) leads to an increase in the
rates of unequal recombination when compared to wild type
(Table 3), as evaluated using the G-test for homogeneity
(p=0.0005). This is in agreement with previous genetic studies
that showed an elevation in sister-chromatid recombination during
mitosis [29], and with physical studies showing increases in inter-
sister joint molecules during meiosis [55,57] when SGST is deleted.
The sgsl-top3-id/sgsIA cross (ADA 12) and the sgsi-mihl-id/sgsIA
cross (ADA 4) also show a significant increase in the number of
unequal recombination events (both USCE and deletions)
compared to wild type (p=0.0267 and p =0.0079, respectively).
The data therefore suggest that the suppression of unequal
recombination by Sgsl is dependent on its interactions with Top3,
presumably by recruiting Top3 to dissolve dH]Js. Previous studies
have suggested that Msh4, Msh5, Mlh3 (and Mlhl by inference)
act to protect inter-homolog recombination intermediates from
dissolution by Sgsl [54,55]. In addition, Mlh3 (and presumably
Milhl), Sgsl and Top3 have been shown to form a complex during
meiosis [71] which is inconsistent with the sole function of Mlhl
and M1h3 being to block dissolution. Our observations suggest that
the interaction of Sgsl with Mlhl is important for Sgsl to carry
out its anti-recombination activity, at least as it relates to
preventing inter-sister recombination. We propose that the role
of Mlh1 may be to recruit Sgsl to unwind/dissolve inappropriate
inter-sister recombination events [71], perhaps mediated by
structures recognized by Msh2/Msh3 [73,74]. Thus, in the
absence of interactions between Sgsl and Mlh1/Top3, Top3-
mediated dissolution of these unequal recombination intermedi-
ates cannot be carried out.

Deletion of SGST leads to an increase in the number of

non-sister spores in the two viable spore class of tetrads

Using the centromere marker 7RPI, we were able to assess the
frequency of sister and non-sister spores in the two viable spore
class of tetrads (Figure 1C and Table 4). Sister spores contain
the same centromere allele and therefore both will either be
prototrophic or auxotrophic for growth on tryptophan. Both
classes arise with equal frequencies if spore death is due to random
causes. However, a significant bias toward the recovery of sister
spores is a hallmark of meiosis I non-disjunction. When analysing
spore viability in homologous SGS/ mutant strains, we noted a
significant increase in the number of two viable spore tetrads for
sgsIA/sgsIA (27.08%) and for pCLB2-SGS1/sgsIA (19.1%) com-
pared to wild type (0.9%). These could not be attributed to meiosis
I non-disjunction as they were significantly enriched for non-sister
spores (Figure 1C). An increase in non-sister spores has not been
reported previously but could be predicted based on the known
activities of Sgsl (Figure 6). As shown in Figure 6A, Sgs1 and
Top3 are proposed to act in the dissolution of dH]J structures [37—
41]. When SGS1 is deleted, these structures cannot be dissolved.
Thus, one possibility is that the failure to dissolve the interacting
homologues leads to breakage of the entangled chromosomes and
death of the spores containing them [57]. The two surviving spores
will be non-sisters. Alternatively, Sgsl is known to interact with
Top2 [50,51] and this interaction may be required for decatenat-
ing sister chromatids after pre-meiotic replication (Figure 6B). If
this is the case, when there is a crossover between the entangled
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region and the centromere, failure to decatenate would lead to
broken chromosomes and the death of two spores. The two
remaining spores would be non-sisters.

To test the model shown in Figure 6A, we assessed whether the
sgsl-top3-id mutation also results in an elevation of non-sister
spores. There is no significant difference between the frequency of
sister and non-sister spores in the sgsI-top3-id/sgsIA cross (ADA 12)
when compared to wild type (Table 4). This suggests that the
preferential death of non-sister spores in the absence of Sgs1 does
not result from a Top3-dependent inability to dissolve dH]Js.
Support for this idea comes from the analysis of the sgs/-AC795/
sgsIA cross (ADA 3) which also shows an increase in the number of
non-sister spores compared to sister spores (Table 4) despite Sgsl
retaining the ability to interact with Top3 [75]. However, the
Top2-interacting domain of Sgsl has been disrupted in this
mutant [50,51]. Therefore, it is possible that the inability of Sgsl
to interact with Top2 in both the sgs/A/sgsIA and sgsI-AC795/
sgsIA mutants leads to the increase in non-sister spores due to the
failure to decatenate sister chromatids after replication, as
suggested in Figure 6B.

Summary

The data presented in this study highlight the importance of
Sgsl in the early stages of meiosis. Firstly, based on the discovery
of an unusual type of tetrad class, we propose a role for Sgsl and
Top2 in the decatenation of entangled chromosomes prior to entry
into meiosis. Secondly, we propose that Sgsl unwinds recombi-
nation events between homeologous chromosomes at the strand
invasion stage and the strand capture stage. Finally, the data
presented here are most consistent with the role of Sgsl in the
prevention of unequal sister chromatid exchange being carried out
via Top3-mediated dissolution aided, in an unknown fashion, by
an interaction between Sgsl and Mlhl.

@ PLoS ONE | www.plosone.org 7

Table 1. Map distances in the four and three viable spore classes of tetrads in homeologous diploids.
Homeologous Diploid Interval Tetrad Class PD NPD TT Recombination (cM) p-value
WT/WT (ACD 94) HML-HIS4 4 Viable 626 0 4 0317 2.87x107°*
3 Viable 147 0 13 4.06
HIS4-LEU2 4 Viable 630 0 1 0.079 0.218
3 Viable 158 0 2 0.625
LEU2-MAT 4 Viable 611 1 19 1.981 497x1078*
3 Viable 126 2 24 11.84
pCLB2-SGS1/sgs1A (ADA 2) HML-HIS4 4 Viable 194 0 11 27 0.736
3 Viable 151 0 12 37
HIS4-LEU2 4 Viable 202 0 3 0.7 0.25
3 Viable 156 0 7 2.1
LEU2-MAT 4 Viable 179 2 24 8.8 0.86
3 Viable 140 2 22 10.4
sgs1-mlh1-id/sgs1A (ADA 5) HML-HIS4 4 Viable 744 0 13 0.9 0.0002 *
3 Viable 143 0 14 4.5
HIS4-LEU2 4 Viable 756 0 2 0.1 0.0065 *
3 Viable 153 0 5 1.6
LEU2-MAT 4 Viable 728 1 31 24 427x1078*
3 Viable 129 0 29 9.2
The distribution of PDs, NPDs and TTs for the three viable spore class of tetrads were compared to the four viable spore class of tetrads. p-values <0.05 were considered
significant using the G-test (denoted by *).
doi:10.1371/journal.pone.0015380.t001

Materials and Methods

Strains

All of the strains used in this study are in a Y55 background and
are listed in Table S1. Diploid strains are listed in Table S2.
Deletion strains were made by deleting the coding region of the
relevant gene with a KANMX4 cassette [76]. sgsI-4C795 [75] was
made by replacing the sequences downstream from amino acid
652 with a NATMX4 cassette [77]. As an sgs/ null leads to defects
during both mitosis and meiosis, in addition to analysing a
complete deletion of SGSI (ACT 2), we also investigated the effects
of eliminating meiotic transcription of SGSI by replacing the
native promoter of SGS7 with the promoter of the CLB2 gene (Y55
3565) [54,57,58,69]. sgsi-top3-id was made using site directed
mutagenesis (using the p7ET cloning kit by Fermentas) to change
the amino acids at positions 4, 5 and 9 into alanine residues [49].
sgs1-mlh1-id was made by changing the amino acids at positions
1383, 1385 and 1386 to alanine residues [64]. Mutations were
introduced into yeast by transformation [78] followed by selection
on 5-FOA [79]. The oligonucleotides used for the construction of
these strains are listed in Table S6.

In order to determine whether the mutant alleles made for this
study (Figure 2) were functional in mitosis, we assayed growth on
YEPD plates supplemented with 0.02% methyl methanesulfonate
(MMS) (Figure S1). As previously shown, deletion of SGSI
resulted in sensitivity to MMS [28,49,75]. In both the homologous
(Y55 3567) and homeologous (Y55 3565) strains expressing
pCLB2-SGS1, resistance to MMS was normal. Thus, pCLB2-
SGS1 expresses sufficient amounts of the Sgsl protein to fulfil its
mitotic roles. Jessop et al. [54] have demonstrated that expression
of the Sgsl protein in a pCLB2-SGSI strain is repressed
approximately 2 hours after the onset of sporulation, with no
noticeable traces of the protein after 4 hours. Other groups have
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Roles of SGS7 in Meiotic Recombination

Figure 5. Unequal Recombination. A strain containing the HYG-CYH/HYG cassette (in red) was mated to a strain that does not (in green) to assess
unequal recombination events. The genetic (drug resistance/sensitivity) phenotype and physical karyotype of all four spores from each type of
recombination event are illustrated. A: A reciprocal crossover event that occurs between HIS4 and LEU2, leading to 3 Hyg™: 1 Hyg® and 2 Cyh®: 2
Cyh®. B: Intra-chromatid events (or Deletion events). Crossing over between the hygromycin cassettes on the same sister strand lead to a deletion
event. This is seen as 2 Hyg": 2 Hyg® and 1 Cyh®: 3 Cyh® segregation patterns. Four lanes of a CHEF Gel are shown, each of which represents one spore
of a four viable spore tetrad. Chromosome Ill is indicated with an arrow (—). Due to the deletion event, approximately 27.5kb DNA will have been
lost. This results in the absence of a band where expected and a band of double intensity below, as chromosome Ill now migrates with chromosome
VI. When probed with URA3 and CYH2 sequences, the URA3 containing chromosome V (top band) and the CYH2 containing chromosome VII (middle
band) are labelled. Chromosome lIl (bottom band) is labelled when it retains the CYH2 insert. Thus, the smaller chromosome lll, which has deleted all
of the sequences between HIS4 and LEU2, is unlabelled. C: Inter-chromatid events (or Unequal Sister Chromatid Exchange events). When a
reciprocal crossover occurs between one hygromycin cassette on one sister strand and the other hygromycin cassette on the second sister strand, a
triplication event and a deletion event are seen as 2 Hyg": 2 Hyg® and 1 Cyh®: 3 Cyh® colonies. The triplication event results in chromosome Il
migrating more slowly, while the deletion event migrates faster (as discussed in B). Southern blot analysis is used as physical confirmation of the
genetic diagnosis, as discussed above (B). D: Gene Conversion events. Tetrads that are 2 Hyg®: 2 Hyg® and 1 Cyh®: 3 Cyh® can also arise by gene
conversion of the HYG-CYH region. Because a gene conversion event does not result in a major size change, the CHEF karyotype is normal. However,

Southern blotting indicates that one copy of the CYH2 gene has been replaced with wild-type sequences.

doi:10.1371/journal.pone.0015380.9005

also confirmed genetically that pCLB2-SGS1 is a meiotic null [57].
Several groups have shown that deletion or mutation of part of the
N-terminus of Sgsl, responsible for binding Top3, renders the
strains sensitive to MMS [28,49,75,80,81]. In agreement with this,
we saw that sgs/-K4A4,P54,L94, which fails to bind Top3 [49],
leads to sensitivity to MMS.

Sequence Alignment Between S. cerevisiae chromosome
Il and S. paradoxus chromosome I

The sequences for the HML-HI1S4, HIS#-LEU2 and LEU2-MAT
intervals were downloaded from the Saccharomyces Genome Database
(http://yeastgenome.org/). The sequence for chromosome III of
S. paradoxus was downloaded from the Wellcome Trust Sanger
Institute’s Saccharomyces Genome Resequencing webpage (http://www.
sanger.ac.uk/research/projects/genomeinformatics/sgrp.html).
For the HML-HIS4 interval, we used the S. cerevisiae sequences
outside of HML to the nucleotide before the stop codon of HIS4
(chromosomal co-ordinates 14850-65933). For the HIS4-LEU2
interval, we used the S. cerevisiae sequences that start at the H1S4 stop
codon and end at the stop codon of LEUZ (chromosomal co-
ordinates 65934-92418). For the LEU2-MAT interval, we used the
S. cerevisiae sequences from the nucleotide after the start codon of
LEU? to the nucleotide before the start codon of MAT-alpha
(chromosomal co-ordinates 92419-198667). This allowed us to
align non-overlapping intervals of . cerevisiae to chromosome III of
S. paradoxus. The sequences were aligned using the NUCmer
alignment software (Ver. 3.06), part of the open source mummer
suite [82] (http://mummer.sourceforge.net/), to determine the
degree of sequence identity for each interval. Each interval was
aligned to the S. paradoxus chromosome III using the NUCmer
default parameters and the —coords option to generate a table of
aligned sections.

Table 2. Gene conversion events for homologous diploids.

Tetrad Dissection and Analysis

Diploids were sporulated for 3-5 days at 23°C on complete 2%
potassium acetate solid medium (as described previously [83,84])
and asci were separated by micromanipulation using a Zeiss
dissecting microscope. After dissection, plates were replicated on
various synthetic media in order to study the segregation of
markers as described previously [84]. Map distances were
calculated using the Perkins formula [85]. To analyse three viable
spore tetrads, the genotype of the dead spore was predicated by
analysing the genotypes of the viable spores assuming Mendelian
segregation. The distribution of classes of tetrads were analysed
using the G-test. As multiple comparisons were made, the
Benjamini-Hochberg correction was applied [86] to limit the false
discovery rate (http://udel.edu/mcdonald/statmultcomp.html).

Sister and non-sister spores were classified by the pattern of the
centromere marker 7RP]. In the two viable spore class of tetrads,
sisters were identified if both viable spores were auxotrophic or
prototrophic for tryptophan. Non-sister spores were identified if
one spore was auxotrophic and the other was prototrophic for
tryptophan.

Mating phenotype was determined by crossing with appropriate
tester strains. Meiosis I non-disjunction (Figure 1B) leads to two
copies of chromosome III from each parent. This means that the
spores will contain both MATa and MATa information and will
therefore be non-maters.

Unequal Recombination Assay

One copy of a hygromycin resistance cassette [77] and one copy
of the CYH2 gene were inserted upstream of HIS (at
chromosomal co-ordinate 65822) and a single copy of the
hygromycin resistance cassette was inserted downstream of
LEU2 on chromosome III (at chromosomal co-ordinates 92654

Number of gene

Tetrads that did not

Total Number Percentage of gene

Homologous Diploid conversion events exhibit a gene conversion of tetrads conversion events
WT/WT (ACD 97) 1 244 255 43
sgs1A/sgs1A (ACD 116) 5 173 178 2.8
sgs1-AC795/sgs1A (ADA 3) 4 173 177 26
sgs1-mlh1-id/sgs1A (ADA 4) 8 413 421 1.9
sgs1-top3-id/sgs1A (ADA 12) 4 221 225 1.8

doi:10.1371/journal.pone.0015380.t002
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Table 3. Unequal recombination events for homologous diploids.

Unequal Recombination Events

Tetrads that did not

exhibit an unequal

Total Number Percentage of unequal

(ADA 12)

Homologous Diploid USCE Events Deletion Events recombination event of tetrads recombination events
WT/WT (ACD 97) 6 0 249 255 24

sgs1A/sgs1A (ACD 116) 13 5 160 178 10.1 *
sgs1-AC795/sgs1A (ADA 3) 4 8 165 177 6.8 *
sgs1-mlh1-id/sgs1A (ADA 4) 8 10 403 421 4.3 *#
sgs1-top3-id/sgs1A 9 4 212 225 5.78 *

* =significantly different from WT; # =significantly different from sgsi4.
doi:10.1371/journal.pone.0015380.t003

—92667). CYHZ2 is dominant to the ¢ph2-r allele on chromosome
VIIL The rates of unequal recombination can be measured using
the segregation of the Hyg™ and Cyh® phenotypes. As shown in
Figure 5, unequal recombination (caused by either a deletion
(Figure 5B) or by wunequal sister chromatid exchange
(Figure 5C)) can be determined by assessing the number of four
viable spore tetrads exhibiting 3 Hyg™: 1 Hyg® and 2 Cyh%: 2
Cyh®. However, 3 Hyg": 1 Hyg® and 2 Cyh®: 2 Cyh® can also be
caused by gene conversion (Figure 5D). As described below (in
the Methods and Materials section), CHEF Gel and Southern Blot
analysis allows us to differentiate between these events (Figure 5).
Deletions between the hygromycin cassettes can be recovered, as
there are no essential genes between the inserts.

Contour-Clamped Homogeneous Electric Field (CHEF)
Gels to separate S. cerevisiae chromosomes

The CHEF DRIII system (Bio-Rad) was used to separate the
chromosomes of S. cerevisiae. DNA was prepared for CHEF Gel
analysis as described by Louis and Haber [87]. To obtain good
separation of the smallest chromosomes gels were run for 15 hours
with a 60 second switching time followed by 9 hours with a 90
second switching time. Gels were run at 14°C in 0.5x TBE
(0.045M Tris-borate, 0.045M boric acid and 0.001M EDTA) at 6
volts/cm and at an angle of 120°.

Southern Blot Analysis

Southern blotting was carried out as described in Sambrook
et al. [88]. The DNA probe was prepared using the DIG-High Prime
system (Roche) as described in the manufacturer’s instructions.

Table 4. Distribution of sister and non-sister spores.

The distribution of classes of events amongst wild type and SGST mutant strains were compared using the G-test. p-values <0.05 were considered significant.

Supporting Information

Table S1 Haploid strain list. (DOC)

Table $2 Diploid strain list. (DOC)

Table 83 Map distance for intervals along chromosome III for
homologous diploids. The distribution of PDs, NPDs and T'T's for
homologous diploids were compared using the G-test. After
correcting for multiple comparisons using the Benjamini-Hoch-
berg correction [86], p-values <<0.05 were considered significant.
The map distances for both the homologous diploids are shown in
Figure 4A. * - significantly different from WT/WT; # - signi-
ficantly different from sgs/A4/sgsiA; T - significantly different from
sgs1-4C795/ sgs1d; £ - significantly different from pCLB2-SGS1/
sgs1A; 8 =significantly different from sgs/4 combined. (DOC)
Table S4 Map distance for intervals along chromosome III for
homeologous diploids. The distribution of PDs, NPDs and T'T’s for
homeologous diploids were compared using the G-test. After
correcting for multiple comparisons using the Benjamini-Hoch-
berg correction [86], p-values <<0.05 were considered significant.
The map distances for both the homeologous diploids are shown
in Figure 4B. * — sgs/4 combined represents the collective data
from the sgsiA4/sgsiA (ACD 96), sgsI-A4C795/sgs1A (ADA 6) and
pCLB2-SGS1/sgs1A (ADA 2) homeologous crosses. * - significantly
different from WT/WT; # - significantly different from sgs/4/
sgsld; - significantly different from sgs/-4C795/sgsid; * -
significantly different from pCLB2-SGS1/sgs1A; 8 = significantly
different from sgs/4 combined. (DOC)

Table S5 Meiosis I non-disjunction events in homeologous
diploids. Meiosis I non-disjunction events on chromosome I1I were
identified in homeologous diploids as described in Methods and

2 viable spore class of tetrads

Homologous Diploids Sisters Non-Sisters p-value
sgs1A/sgs1A (ACD 95) 110 (36.54%) 191 (63.46%) 3x107°*
sgs1-AC795/sgs1A (ADA 3) 56 (38.62%) 89 (61.38%) 0.006 *
pCLB2-SGS1/sgs1A (ADA 1) 3 (14.29%) 18 (85.71%) 0.001 *
sgs1-top3-id/sgs1A (ADA 12) 47 (43.52%) 61 (56.48%) 0.178

50:50.
doi:10.1371/journal.pone.0015380.t004
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p-values <0.05 were considered significant using y? test (significance denoted by *) which indicated that the ratio of sister : non-sister spores deviated significantly from
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Figure 6. Failure to decatenate sister chromatids can lead to spore inviability. A: Sgs1 acts in the decatenation of dHJ structures with Top3
late during meiosis. Sgs1 and Top3 act to dissolve double Holliday junctions (i). In the absence of this interaction, the double Holliday junction is not
dissolved leading to destruction of the entangled chromosomes and inviability of the non-sister spores (ii). B: Sgs1 interacts with Top2 to decatenate
sister chromatids arising from pre-meiotic replication. Failure to decatenate sister chromatids (iii) lead to the inability of recombined chromosomes to
segregate. The entanglement can lead to chromosome breakage and/or chromosome loss (iv). Because the crossover links the non-sister

centromeres, the two remaining viable spores are also non-sisters.
doi:10.1371/journal.pone.0015380.g006

Materials. Frequencies of meiosis I non-disjunction events out of the
total number of tetrads dissected were compared using the G-test.
After correcting for multiple comparisons using the Benjamini-
Hochberg correction [86], p-values <0.05 were considered
significant. * - significantly different from WT/WT; # -
significantly different from sgs/A/sgs1A; 7 - significantly different
from sgs1-4C795/sgs1A. (DOC)

Table S6 Oligonucleotides used in this study. Bold sequences, as
described by Longtine et al [89], are homologous to pA6a-KANMXG6-
pCLB2-3HA plasmid [69]. Underlined sequences are homologous to
the pAG25 (NATMX4) and pAG32 (HYGMX4) plasmid [77].(DOC)
Figure S1 Testing the growth of different sgs/ mutants with
respect to MMS resistance by spotting serial dilutions onto YEPD
plates (as a control) and YEPD plates supplemented with 0.02%

@ PLoS ONE | www.plosone.org 1

MMS. Failure to grow on YEPD media supplemented with 0.02%
MMS is indicative of an inability to repair lesions which lead to the
stalling of replication forks during mitosis. (TTFF)

Acknowledgments

We thank Rebecca Keelagher, Qudsia Malik and Maryam Rehan for their
technical support and assistance. We also thank Victoria Cotton, Alastair
Goldman, Ian Hickson and Eva Hoffmann for suggestions and advice.

Author Contributions

Conceived and designed the experiments: RHB ADA ABHC. Performed
the experiments: ADA ABHC RPM RMB. Analyzed the data: ADA RHB
ABHC. Contributed reagents/materials/analysis tools: ADA ABHC RPM
RMB. Wrote the paper: ADA RHB.

November 2010 | Volume 5 | Issue 11 | e15380



References

1.

21.

22.

23.

24.

29.

30.

Keeney S, Giroux CN, Kleckner N (1997) Meiosis-specific DNA double-strand
breaks are catalyzed by Spoll, a member of a widely conserved protein family.
Cell 88: 375-384.

Sun H, Treco D, Szostak JW (1991) Extensive 3’-overhanging, single-stranded
DNA associated with the meiosis-specific double-strand breaks at the ARG4
recombination initiation site. Cell 64: 1155-1161.

Shinohara A, Shinohara M (2004) Roles of RecA homologues Rad51 and Dmcl
during meiotic recombination. Cytogenet Genome Res 107: 201-207.

. Hunter N, Kleckner N (2001) The Single-End Invasion: An Asymmetric

Intermediate at the Double-Strand Break to Double-Holliday Junction
Transition of Meiotic Recombination. Cell 106: 59-70.

Schwacha A, Kleckner N (1995) Identification of double Holliday junctions as
intermediates in meiotic recombination. Cell 83: 783-791.

. Egel R (1978) Synaptonemal complex and crossing-over: structural support or

interference? Heredity 41: 233-237.

. Bishop DK, Zickler D (2004) Early decision; meiotic crossover interference prior

to stable strand exchange and synapsis. Cell 117: 9-15.

. Paques F, Haber JE (1'999) Multiple pathways of recombination induced by

double-strand breaks in Saccharomyces cerevisiae. Microbiol Mol Biol Rev 63:
349-404.

. Page SL, Hawley RS (2003) Chromosome choreography: the meiotic ballet.

Science 301: 785-789.

. Rockmill BM, Voelkel-Meiman K, Roeder GS (2006) Centromere-Proximal

Crossovers Are Associated with Precocious Separation of Sister Chromatids
During Meiosis in Saccharomyces cerevisiae. Genetics 174: 1745-1754.

. Britten R]J, Baron WF, Stout DB, Davidson EH (1988) Sources and evolution of

human Alu repeated sequences. Proc Natl Acad Sci U S A 85: 4770-4774.
Ouyang KJ, Woo LL, Ellis NA (2008) Homologous recombination and
maintenance of genome integrity: cancer and aging through the prism of

human RecQ helicases. Mech Ageing Dev 129: 425-440.

. Rossetti LC, Goodeve A, Larripa IB, De Brasi CD (2004) Homeologous

recombination between AluSx-sequences as a cause of hemophilia. Hum Mutat

24: 440.

. Myung K, Chen C, Kolodner RD (2001) Multiple pathways cooperate in the

suppression of genome instability in Saccharomyces cerevisiae. Nature 411:

1073-1076.

. Coghlan A, Eichler EE, Oliver SG, Paterson AH, Stein L (2005) Chromosome

evolution in eukaryotes: a multi-kingdom perspective. Trends Genet 21:
673-682.

. Rieseberg LH, Raymond O, Rosenthal DM, Lai Z, Livingstone K, et al. (2003)

Major ecological transitions in wild sunflowers facilitated by hybridization.
Science 301: 1211-1216.

. Radman M (1989) Mismatch repair and the fidelity of genetic recombination.

Genome 31: 68-73.

. Li GM (2008) Mechanisms and functions of DNA mismatch repair. Cell Res 18:

85-98.

. Rayssiguier C, Thaler DS, Radman M (1989) The barrier to recombination

between Escherichia coli and Salmonella typhimurium is disrupted in mismatch-repair
mutants. Nature 342: 396-401.

. Nicholson A, Hendrix M, Jinks-Robertson S, Crouse GF (2000) Regulation of

mitotic homeologous recombination in yeast. Functions of mismatch repair and
nucleotide excision repair genes. Genetics 154: 133-146.

Selva EM, New L, Crouse GF, Lahue RS (1995) Mismatch correction acts as a
barrier to homeologous recombination in Saccharomyces cerevisiae. Genetics 139:
1175-1188.

Selva EM, Maderazo AB, Lahue RS (1997) Differential effects of the mismatch
repair genes MSH2 and MSH3 on homeologous recombination in Saccharomyces
cerevisiae. Mol Gen Genet 257: 71-82.

Hunter N, Chambers SR, Louis EJ, Borts RH (1996) The mismatch repair
system contributes to meiotic sterility in an interspecific yeast hybrid. EMBO J
15: 1726-1733.

Chambers SR, Hunter N, Louis EJ, Borts RH (1996) The mismatch repair
system reduces meiotic homeologous recombination and stimulates recombina-
tion-dependent chromosome loss. Mol Cell Biol 16: 6110-6120.

. Bachrati CZ, Hickson ID (2008) RecQ) helicases: guardian angels of the DNA

replication fork. Chromosoma 117: 219-233.
Singh DK, Ahn B, Bohr VA (2008) Roles of RecQ helicases in recombination
based DNA repair, genomic stability and aging. Biogerontology.

. Frei C, Gasser SM (2000) The yeast Sgs1p helicase acts upstream of Rad53p in

the DNA replication checkpoint and colocalizes with Rad53p in S-phase-specific
foci. Genes Dev 14: 81-96.

. Miyajima A, Seki M, Onoda F, Shiratori M, Odagiri N, et al. (2000) Sgsl

helicase activity is required for mitotic but apparently not for meiotic functions.
Mol Cell Biol 20: 6399-6409.

Onoda F, Seki M, Miyajima A, Enomoto T (2000) Elevation of sister chromatid
exchange in Saccharomyces cerevisiae SGSI disruptants and the relevance of the
disruptants as a system to evaluate mutations in Bloom’s syndrome gene. Mutat
Res 459: 203-209.

Yamagata K, Kato J, Shimamoto A, Goto M, Furuichi Y, et al. (1998) Bloom’s
and Werner’s syndrome genes suppress hyperrecombination in yeast sgs/
mutant: implication for genomic instability in human diseases. Proc Natl Acad

Sci U S A 95: 8733-8738.

@ PLoS ONE | www.plosone.org

12

31.

32.

36.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

51.

52.

53.

54.

56.

57.

58.

Roles of SGS7 in Meiotic Recombination

Gangloff' S, Soustelle C, Fabre F (2000) Homologous recombination is
responsible for cell death in the absence of the Sgsl and Srs2 helicases. Nat
Genet 25: 192-194.

Onoda F, Seki M, Miyajima A, Enomoto T (2001) Involvement of SGS7 in DNA
damage-induced heteroallelic recombination that requires RAD52 in Saccharo-
myces cerevisiae. Mol Gen Genet 264: 702-708.

. Watt PM, Hickson ID, Borts RH, Louis EJ (1996) SGS/, a homologue of the

Bloom’s and Werner’s syndrome genes, is required for maintenance of genome
stability in Saccharomyces cerevisiae. Genetics 144: 935-945.

. Chang M, Bellaoui M, Zhang C, Desai R, Morozov P, et al. (2005) RMI1/

NCE4, a suppressor of genome instability, encodes a member of the RecQ
helicase/Topo IIT complex. EMBO J 24: 2024-2033.

. Mullen JR, Nallaseth FS, Lan YQ, Slagle CE, Brill SJ (2005) Yeast Rmil/Nce4

controls genome stability as a subunit of the Sgs1-Top3 complex. Mol Cell Biol
25: 4476-4487.

Chakraverty RK, Kearsey JM, Oakley TJ, Grenon M, de La Torre Ruiz MA,
et al. (2001) Topoisomerase III acts upstream of Rad53p in the S-phase DNA
damage checkpoint. Mol Cell Biol 21: 7150-7162.

. Ira G, Malkova A, Liberi G, Foiani M, Haber JE (2003) Srs2 and Sgs1-Top3

suppress crossovers during double-strand break repair in yeast. Cell 115:
401-411.

Karow JK, Constantinou A, Li JL, West SC, Hickson ID (2000) The Bloom’s
syndrome gene product promotes branch migration of holliday junctions. Proc
Natl Acad Sci U S A 97: 6504-6508.

Mankouri HW, Hickson ID (2006) Top3 Processes Recombination Intermedi-
ates and Modulates Checkpoint Activity after DNA Damage. Mol Biol Cell 17:
4473-4483.

Seki M, Nakagawa T, Seki T, Kato G, Tada S, et al. (2006) Bloom Helicase and
DNA Topoisomerase III{alpha} Are Involved in the Dissolution of Sister
Chromatids. Mol Cell Biol 26: 6299-6307.

Wu L, Hickson ID (2003) The Bloom’s syndrome helicase suppresses crossing
over during homologous recombination. Nature 426: 870-874.

Bennett RJ, Sharp JA, Wang JC (1998) Purification and characterization of the
Sgsl DNA helicase activity of Saccharomyces cerevisiae. J Biol Chem 273:
9644-9650.

Cejka P, Kowalczykowski SC (2010) The Full-length Saccharomyces cerevisiae
Sgs1 Protein Is a Vigorous DNA Helicase That Preferentially Unwinds Holliday
Junctions. J Biol Chem 285: 8290-8301.

Lu J, Mullen JR, Brill ], Kleff S, Romeo AM, et al. (1996) Human homologues
of yeast helicase. Nature 383: 678-679.

. Bennett R]J, Noirot-Gros MF, Wang JC (2000) Interaction between yeast Sgsl

helicase and DNA topoisomerase III. J Biol Chem 275: 26898-26905.
Bennett RJ, Wang JC (2001) Association of yeast DNA topoisomerase III and
Sgs1 DNA helicase: studies of fusion proteins. Proc Natl Acad Sci U S A 98:
11108-11113.

Fricke WM, Kaliraman V, Brill SJ (2001) Mapping the DNA topoisomerase 111
binding domain of the Sgs1 DNA helicase. ] Biol Chem 276: 8848-8855.
Gangloff' S, McDonald JP, Bendixen C, Arthur L, Rothstein R (1994) The yeast
type I topoisomerase Top3 interacts with Sgsl, a DNA helicase homolog: a
potential eukaryotic reverse gyrase. Mol Cell Biol 14: 8391-8398.

Ui A, Satoh Y, Onoda F, Miyajima A, Seki M, et al. (2001) The N-terminal
region of Sgsl, which interacts with Top3, is required for complementation of
MMS sensitivity and suppression of hyper-recombination in sgs/ disruptants.
Mol Genet Genomics 265: 837-850.

. Duno M, Thomsen B, Westergaard O, Krejci L, Bendixen C (2000) Genetic

analysis of the Saccharomyces cerevisiae Sgs1 helicase defines an essential function for
the Sgs1-Top3 complex in the absence of SRS2 or TOPI. Mol Gen Genet 264:
89-97.

Watt PM, Louis EJ, Borts RH, Hickson ID (1995) Sgs1: a eukaryotic homolog of
E. coli RecQ that interacts with topoisomerase II in vivo and is required for
faithful chromosome segregation. Cell 81: 253-260.

Bernstein KA, Shor E, Sunjevaric I, Fumasoni M, Burgess RC, et al. (2009) Sgs1
function in the repair of DNA replication intermediates is separable from its role
in homologous recombinational repair. EMBO J 28: 915-925.

Holm C (1994) Coming undone: how to untangle a chromosome. Cell 77:
955-957.

Jessop L, Rockmill B, Roeder GS, Lichten M (2006) Meiotic Chromosome
Synapsis-Promoting Proteins Antagonize the Anti-Crossover Activity of Sgsl.
PLoS Genet 2.

Oh SD, Lao JP, Hwang PY-H, Taylor AF, Smith GR, et al. (2007) BLM
Ortholog, Sgs1, Prevents Aberrant Crossing-over by Suppressing Formation of
Multichromatid Joint Molecules. Cell 130: 259-272.

Rockmill B, Fung JC, Branda SS, Roeder GS (2003) The Sgs1 helicase regulates
chromosome synapsis and meiotic crossing over. Curr Biol 13: 1954-1962.
Oh SD, Lao JP, Taylor AF, Smith GR, Hunter N (2008) RecQ helicase, Sgsl,
and XPF family endonuclease, Mus81-Mms4, resolve aberrant joint molecules
during meiotic recombination. Mol Cell 31: 324-336.

Jessop L, Lichten M (2008) Mus81/Mms4 endonuclease and Sgsl helicase
collaborate to ensure proper recombination intermediate metabolism during

meiosis. Mol Cell 31: 313-323.

November 2010 | Volume 5 | Issue 11 | e15380



59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

Chen W, Jinks-Robertson S (1998) Mismatch repair proteins regulate
heteroduplex formation during mitotic recombination in yeast. Mol Cell Biol
18: 6525-6537.

Chen W, Jinks-Robertson S (1999) The Role of the Mismatch Repair Machinery
in Regulating Mitotic and Meiotic Recombination Between Diverged Sequences
in Yeast. Genetics 151: 1299-1313.

Zahrt TC, Maloy S (1997) Barriers to recombination between closely related
bacteria: MutS and RecBCD inhibit recombination between Salmonella
typhimurium and Salmonella typhi. Proc Natl Acad Sci U S A 94: 9786-9791.
Spell RM, Jinks-Robertson S (2004) Examination of the roles of Sgsl and Srs2
helicases in the enforcement of recombination fidelity in Saccharomyces cerevisiae.
Genetics 168: 1855-1865.

Dherin C, Gueneau E, Francin M, Nunez M, Miron S, et al. (2009)
Characterization of a highly conserved binding site of Mlhl required for
exonuclease I-dependent mismatch repair. Mol Cell Biol 29: 907-918.

Gellon L, Werner M, Boiteux S (2002) Ntg2p, a Saccharomyces cerevisiae DNA N-
glycosylase/apurinic or apyrimidinic lyase involved in base excision repair of
oxidative DNA damage, interacts with the DNA mismatch repair protein
Mihlp. Identification of a Mlh1p binding motif. J Biol Chem 277: 29963-29972.

. Myung K, Datta A, Chen C, Kolodner RD (2001) SGSI, the Saccharomyces

cerevisiae homologue of BLM and WRN, suppresses genome instability and
homeologous recombination. Nat Genet 27: 113-116.

Putnam CD, Hayes TK, Kolodner RD (2009) Specific pathways prevent
duplication-mediated genome rearrangements. Nature 460: 984-989.

Tay YD, Sidebotham JM, Wu L (2010) Mphl requires mismatch repair-
independent and -dependent functions of MutSalpha to regulate crossover
formation during homologous recombination repair. Nucleic Acids Res 38:
1889-1901.

Chambers SR (1999) DNA mismatch repair and meiotic homeologous
recombination: PhD Thesis, University of Oxford.

Lee BH, Amon A (2003) Role of Polo-like kinase CDC5 in programming meiosis
I chromosome segregation. Science 300: 482-486.

Cotton VE, Hoffmann ER, Abdullah MF, Borts RH (2009) Interaction of
genetic and environmental factors in Saccharomyces cerevisiae meiosis: the devil
is in the details. Methods Mol Biol 557: 3-20.

Wang TT, Kung WM (2002) Supercomplex formation between Mlh1-Mlh3 and
Sgsl-Top3 heterocomplexes in meiotic yeast cells. Biochem Biophys Res
Commun 296: 949-953.

Pedrazzi G, Bachrati CZ, Selak N, Studer I, Petkovic M, et al. (2003) The
Bloom’s syndrome helicase interacts directly with the human DNA mismatch
repair protein hMsh6. Biol Chem 384: 1155-1164.

Goldfarb T, Alani E (2005) Distinct roles for the Saccharomyces cerevisiae mismatch
repair proteins in heteroduplex rejection, mismatch repair and nonhomologous
tail removal. Genetics 169: 563-574.

@ PLoS ONE | www.plosone.org

13

74.

~
ur

77.

78.

79.

80.

81.

82.

83.

84.

86.

87.

88.

89.

Roles of SGS7 in Meiotic Recombination

Sugawara N, Goldfarb T, Studamire B, Alani E, Haber JE (2004) Heteroduplex
rejection during single-strand annealing requires Sgsl helicase and mismatch
repair proteins Msh2 and Msh6 but not Pmsl. Proc Natl Acad Sci U S A 101:
9315-9320.

. Mullen JR, Kaliraman V, Brill 8] (2000) Bipartite structure of the SGS/ DNA

helicase in Saccharomyces cerevisiae. Genetics 154: 1101-1114.

. Wach A, Brachat A, Pohlmann R, Philippsen P (1994) New heterologous

modules for classical or PCR-based gene disruptions in Saccharomyces cerevisiae.
Yeast 10: 1793-1808.

Goldstein AL, McCusker JH (1999) Three new dominant drug resistance
cassettes for gene disruption in Saccharomyces cerevisiae. Yeast 15: 1541-1553.
Gietz D, St Jean A, Woods RA, Schiestl RH (1992) Improved method for high
efficiency transformation of intact yeast cells. Nucleic Acids Res 20: 1425.
Boceke JD, LaCroute F, Fink GR (1984) A positive selection for mutants lacking
orotidine-5'-phosphate decarboxylase activity in yeast: 5-fluoro-orotic acid
resistance. Mol Gen Genet 197: 345-346.

Miyajima A, Seki M, Onoda F, Ui A, Satoh Y, et al. (2000) Different domains of
Sgsl are required for mitotic and meiotic functions. Genes Genet Syst 75:
319-326.

Weinstein J, Rothstein R (2008) The genetic consequences of ablating helicase
activity and the Top3 interaction domain of Sgsl. DNA Repair (Amst) 7:
558-571.

Kurtz S, Phillippy A, Delcher AL, Smoot M, Shumway M, et al. (2004) Versatile
and open software for comparing large genomes. Genome Biol 5: R12.
Hunter N, Borts RH (1997) MIh1 is unique among mismatch repair proteins in
its ability to promote crossing-over during meiosis. Genes Dev 11: 1573-1582.
Abdullah MF, Borts RH (2001) Meiotic recombination frequencies are affected
by nutritional states in Saccharomyces cerevisiae. Proc Natl Acad Sci U S A 98:
14524-14529.

. Perkins DD (1949) Biochemical mutants in the smut fungus Ustilago maydis.

Genetics 34: 607-626.

Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing. Journal of the Royal
Statistical Society 57: 289-300.

Louis EJ, Haber JE (1990) The subtelomeric Y’ repeat family in Saccharomyces
cerevisiae: an experimental system for repeated sequence evolution. Genetics 124:
533-545.

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning: a laboratory
manual. New York: Cold Spring Habor.

Longtine MS, McKenzie A, 3rd, Demarini DJ, Shah NG, Wach A, et al. (1998)
Additional modules for versatile and economical PCR-based gene deletion and
modification in Saccharomyces cerevisiae. Yeast 14: 953-961.

November 2010 | Volume 5 | Issue 11 | e15380



