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Esc2 is a member of the RENi family of SUMO-like domain proteins and is implicated in gene silencing in Saccharomyces
cerevisiae. Here, we identify a dual role for Esc2 during S-phase in mediating both intra-S-phase DNA damage checkpoint
signaling and preventing the accumulation of Rad51-dependent homologous recombination repair (HRR) intermediates.
These roles are qualitatively similar to those of Sgs1, the yeast ortholog of the human Bloom’s syndrome protein, BLM.
However, whereas mutation of either ESC2 or SGS1 leads to the accumulation of unprocessed HRR intermediates in the
presence of MMS, the accumulation of these structures in esc2 (but not sgs1) mutants is entirely dependent on Mphl, a
protein that shows structural similarity to the Fanconi anemia group M protein (FANCM). In the absence of both Esc2 and
Sgsl, the intra-S-phase DNA damage checkpoint response is compromised after exposure to MMS, and sgslesc2 cells
attempt to undergo mitosis with unprocessed HRR intermediates. We propose a model whereby Esc2 acts in an
Mphl-dependent process, separately from Sgs1, to influence the repair/tolerance of MMS-induced lesions during S-phase.

INTRODUCTION

Homologous recombination repair (HRR) is a conserved
cellular process that is required for the maintenance of
genomic stability in all organisms. More specifically, HRR is
required for the repair of double-strand DNA breaks and
single-strand DNA (ssDNA) gaps that can arise in S-phase
due to replication fork collapse or the bypass of lesions in
the template. Many of the key proteins involved in HRR
have been identified, but their roles are not yet fully under-
stood (Paques and Haber, 1999; West, 2003; Krogh and Sym-
ington, 2004). Most HRR factors belong to the so-called
“RADS52 epistasis group” of proteins, which are able to effect
repair of DNA lesions via a variety of different mechanisms,
including synthesis-dependent strand annealing, break-in-
duced replication, single-stand annealing, and gene conver-
sion (Paques and Haber, 1999). Precisely how cells regulate
HRR and determine the optimal choice of repair pathway or
course of action is poorly understood, but this probably
depends on the type of initiating lesion, the cell cycle stage,
and the availability of HRR proteins/mediators (Sung et al.,
2003; West, 2003; Krogh and Symington, 2004). Increasing
evidence also suggests that posttranslational modification of
HRR proteins/mediators by phosphorylation, by ubiquiti-
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nation, or by the covalent attachment of small ubiquitin-like
modifiers (SUMO) may be an additional way in which HRR
is regulated and coordinated with other cellular functions,
such as cell cycle progression, DNA damage checkpoint
signaling, and DNA replication (Branzei and Foiani, 2008).

In humans, deficiencies or defects in HRR may be associ-
ated with an increased predisposition to the development of
cancer and/or premature ageing. This is best exemplified by
the RecQ family of DNA helicases, which appear to perform
evolutionarily conserved roles in HRR (Hanada and Hick-
son, 2007). In particular, the cancer-prone disorder Bloom's
syndrome (BS) is caused by mutations in the human RecQ
helicase gene, BLM (German, 1993; Ellis et al., 1995). BLM
also associates with the Fanconi anemia (FA) complex, de-
fects that lead to developmental abnormalities, progressive
bone marrow failure, and a predisposition to the develop-
ment of acute myeloid leukemia and some solid cancers
(Wang, 2007). Therefore, BLM appears to be a central com-
ponent of the DNA damage response network that is critical
for the maintenance of genome stability and prevention of
cancer in humans.

At the cellular level, BS cells classically demonstrate ele-
vated levels of mitotic recombination, sister chromatid ex-
changes, and genome instability (Hanada and Hickson,
2007). Evidence that these phenotypes arise because of de-
fects in HRR is suggested by the fact that the BLM protein
(either alone or in conjunction with its associated proteins,
hTOPOIIla and RMI1; Johnson et al., 2000; Wu et al., 2000;
Yin et al., 2005) can resolve different types of HRR interme-
diates, such as D-loops and single or double Holliday junc-
tions in vitro (Karow ef al., 2000; van Brabant et al., 2000; Wu
and Hickson, 2003; Bachrati ef al., 2006; Raynard ef al., 2006;
Wu et al., 2006; Mankouri and Hickson, 2007). Mutation of
the Saccharomyces cerevisine (budding yeast) or Schizosaccha-
romyces pombe (fission yeast) orthologues of BLM, called
SGS1 and rqhl™, respectively, similarly causes genome in-
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stability, hyper-recombination and sensitivity to DNA-dam-
aging agents (Gangloff et al., 1994; Watt et al., 1996; Murray
et al., 1997; Stewart et al., 1997; Yamagata et al., 1998). More
specifically, unprocessed HRR intermediates have been di-
rectly observed in methylmethanesulfonate (MMS)-treated
s5gs1, top3, and rmil mutants using two-dimensional (2D) gel
electrophoresis (Liberi et al., 2005; Branzei et al., 2006, Man-
kouri and Hickson, 2006; Mankouri et al., 2007). Because
many of the phenotypes of sgs1 or rghl mutants can be
suppressed, or prevented, by the mutation of genes involved
in the early steps of HRR (e.g., RAD51 in S. cerevisiae and
rhp51* in S. pombe; Gangloff et al., 2000; Fabre et al., 2002;
Laursen et al., 2003; Hope et al., 2005; Miyabe et al., 2006), this
suggests that the deleterious phenotypes of cells lacking
RecQ helicases arises, at least in part, due to unregulated or
incomplete HRR.

Because cells lacking RecQ helicases demonstrate genomic
instability, and yet often retain near normal levels of viabil-
ity, one challenge has been to identify proteins that cooper-
ate with and/or compensate for deficiencies in RecQ heli-
cases in HRR (Mullen ef al., 2001; Tong et al., 2001). Several
genes have been successfully identified in both S. cerevisiae
and S. pombe that cause synthetic growth defects/lethality
when combined with mutation of SGS1 or rghl*. Examples
of these include MUS81 /mus81*, MMS4/emel™*, and SRS2/
srs2* (Gangloff et al., 2000; Boddy ef al., 2000; Mullen et al.,
2001; Wang et al., 2001). Because these synthetic growth
defects can also be suppressed by mutation of genes in-
volved in the early steps of HRR (Gangloff et al., 2000; Fabre
et al., 2002; Maftahi ef al., 2002; Bastin-Shanower et al., 2003;
Hope et al., 2007), it seems likely that these proteins regulate
HRR and/or function redundantly with RecQ helicases to
process HRR intermediates.

When mutated, the S. pombe rad60" gene demonstrates
synthetic growth defects in conjunction with mutation of
rghl* (Boddy et al., 2003). Similar findings have been re-
ported for the homolog of rad60" in S. cerevisine, ESC2, in
large-scale genetic analyses (Tong et al., 2001), suggesting
that this genetic interaction is evolutionarily conserved.
Rad60 has been implicated in the processing of DNA repair
intermediates after DNA damage or replication fork arrest in
S. pombe (Morishita et al., 2002; Miyabe et al., 2006). After
release from replication arrest or exposure to UV in the G,
phase of the cell cycle, rad60-1 mutants undergo an aberrant
mitosis in which septation occurs despite incomplete chro-
mosomal segregation (Miyabe et al., 2006). Deletion of
rhp51™" suppresses the aberrant mitosis of rad60-1 cells (Miy-
abe et al., 2006), suggesting that unprocessed, or aberrant,
Rhp51-dependent HRR intermediates may be responsible
for some of the abnormalities in rad60-1 mutants. Further-
more, consistent with the theory that Rad60 and Rqghl co-
operate in HRR, rad60-1 rqhl synthetic lethality can be pre-
vented by mutation of rhip51* (Miyabe et al., 2006).

ESC2 was initially identified in a screen for genes that can
restore defective sirl silencing phenotypes when overex-
pressed in S. cerevisiae (Dhillon and Kamakaka, 2000). Con-
sistent with a role for Esc2 in the control of gene silencing,
Esc2 binds to Sir2, an NAD *-dependent histone deacetylase,
and also restores certain sir2 silencing defects when overex-
pressed (Cuperus and Shore, 2002). A homolog of rad60*
and ESC2, called NIP45, has been identified in human cells
(Novatchkova et al., 2005). Although no obvious biochemical
function is apparent based on their primary sequences, these
proteins contain two carboxy-terminal SUMO-like domains
and comprise the so-called RENi (Rad60-Esc2-NIP45) family
of SUMO-like domain proteins (Novatchkova et al., 2005).
Because posttranslational modification of target proteins by
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SUMO has been implicated in the regulation of numerous
cellular processes, including HRR (Branzei and Foiani,
2008), it is possible that RENi proteins might mimic SUMO
and share some of its interaction partners. Intriguingly, both
Sgs1l and BLM are posttranslationally modified by SUMO
(Eladad et al., 2005; Branzei et al., 2006), and this modification
appears to be important for the correct cellular localization
of BLM after DNA damage (Eladad et al., 2005). However,
the functional significance of SUMOylation of RecQ heli-
cases, and their relationship to RENi proteins in general,
remains poorly characterized. Furthermore, there is no cur-
rent evidence to suggest that Esc2 or NIP45 function in HRR
in their respective organisms.

Here, we have characterized the phenotypic effects of
deletion of the S. cerevisize ESC2 gene and reveal a role for
Esc2 in the repair/tolerance of MMS-induced lesions during
S-phase. Furthermore, we demonstrate that Esc2 acts in a
process distinct from that of Sgs1 to influence HRR, because
the accumulation of unprocessed HRR intermediates in esc2
(but not sgs1) mutants requires Mphl, the yeast ortholog of
the Fanconi anemia group M protein (FANCM; Meetei et al.,
2005). In the absence of both Esc2 and Sgs1, MMS-treated
cells fail to fully activate the intra-S-phase DNA damage
checkpoint, and sgslesc2 double mutants attempt to traverse
mitosis with unprocessed HRR intermediates. We propose
that RENi proteins perform evolutionarily conserved roles
during S-phase that are critical for viability in the absence of
RecQ helicases.

MATERIALS AND METHODS

S. cerevisiae Strains

Unless stated otherwise, all strains used in this study were W303 strains
derived from YMK165 (EUROSCAREF, University of Frankfurt, Germany).
Key findings were verified in the BY4741 or T344 strain backgrounds. All
strains carrying gene deletions were constructed using a PCR-based gene
disruption method (Wach et al., 1994). A table of strains used in this study and
their relevant genotypes can be found in Supplemental Table S1.

Gene Conversion and Gross Chromosomal Rearrangement
Assays

To determine rates of gene conversion, stationary phase (RDKY3615) cells
were washed and spread onto plates lacking arginine for selecting Arg*
recombinants. To determine rates of gross chromosomal rearrangements
(GCRs), stationary phase (D325-7D) cells were washed and spread onto plates
lacking arginine and uracil and supplemented with canavanine and 5-fluoro-
orotic acid (5FOA) (Sigma-Aldrich, Poole, UK), for the selection of canl ura3
recombinants. Viability of cultures was determined in both cases by plating
cells onto YPD plates without any selection pressure. Plates were incubated at
30°C. Spontaneous rates of gene conversion and GCRs were measured by
fluctuation analysis (Spell and Jinks-Robertson, 2004). Experiments were re-
peated three times using at least five independent cultures in each case, and
the average value of the median from the experiments was calculated.

Growth Conditions, Cell Synchronization, and Flow
Cytometry Analysis

Strains were grown and synchronized with a-factor mating pheromone, as
described previously (Mankouri and Hickson, 2006; Mankouri et al., 2007).
After release from a-factor, all subsequent experiments were performed at
25°C. For the analysis of recovery of S-phase cells from exposure to 0.0167%
MMS, cells were incubated at 30°C, and medium was supplemented with
a-factor to arrest cells that had traversed mitosis in the G1 stage of the cell
cycle, and hence prevent initiation of a second round of DNA synthesis.
Release of cells from MMS treatment was achieved by centrifugation, wash-
ing, and resuspension in drug-free medium. For analysis of the G2/M check-
point, cells were arrested with 10 ug/ml nocodazole (Sigma-Aldrich, Poole,
UK) for 2 h at 30°C, and 0.15% MMS was added for the final 30 min of the
nocodazole arrest to elicit a G2/M checkpoint response. After release from
nocodazole arrest, cells were incubated at 25°C in fresh medium supple-
mented with a-factor. Cell cycle progression was monitored using flow
cytometry, as described previously (Mankouri and Hickson, 2006; Mankouri
et al., 2007).
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2D Gel Electrophoresis

The hexadecyltrimethylammonium bromide (CTAB) method of DNA extrac-
tion and 2D gel procedures were described previously (Brewer and Fangman,
1987; Allers and Lichten, 2000; Lopes et al., 2003; Liberi et al., 2005; Mankouri
and Hickson, 2006; Mankouri et al., 2007). DNA was digested with Ncil and
Ncol before running the 1D gels. Quantification of X-molecules on 2D gels
was performed as described previously (Mankouri et al., 2007).

Western Blot Analysis

Protein extraction, SDS-PAGE, and Western blot analysis were performed as
described previously (Mankouri and Hickson, 2006). The Rad53 mouse mAb
(EL7) was a gift from Dr. Marco Foiani (Institute of Molecular Oncology
Foundation, Milan, Italy).

Microscopy

Cells were harvested and fixed with 70% ethanol. The fixed cells were
rehydrated, washed in distilled water, and stained with Vectashield mount-
ing medium (Vector Laboratories, Burlingame, CA) with DAPI before micro-
scopic analysis. Images were captured with a Nikon Eclipse 80i fluorescence
microscope (Melville, NY), using Lucia G/F software.

RESULTS

Mutation of ESC2 Causes Genomic Instability

Rad60 (S. pombe), Esc2 (S. cerevisiae), and NIP45 (humans)
belong to the RENi family of SUMO-like domain proteins
(Novatchkova et al., 2005). Previous studies in S. pombe sug-
gested that Rad60 is required for the maintenance of genome
stability and viability, particularly in strains lacking the
RecQ helicase, Rqhl (Morishita et al., 2002; Boddy et al.,
2003). ESC2 was initially identified in S. cerevisiae in a screen
for genes that restore certain sirl-silencing defects when
overexpressed (Dhillon and Kamakaka, 2000). To further
examine the physiological role(s) of RENi proteins in eu-
karyotes, we examined the effects of mutating ESC2 in S.
cerevisiae. Although rad60™" is an essential gene in S. pombe
(Morishita et al., 2002), mutation of ESC2 does not compro-
mise viability in S. cerevisine (Figure 1 and Supplemental
Figure S1). To investigate if Esc2 is required for the mainte-

A

Figure 1. Mutation of ESC2 causes genomic
instability in S. cerevisiae. (A) Deletion of ESC2
causes an increase in gross chromosomal re-
arrangements (GCRs). GCR rate was mea-
sured by the simultaneous loss of two marker
genes, URA3 and CANI. The average and SEs
of three fluctuation tests are shown for wild-
type (RDKY3615) and esc2 strains. (B) Deletion B
of ESC2 causes a synergistic increase in sensi-
tivity to MMS when combined with mutation
of 5GS1. Growth of wild-type (W303), esc2,
sgsl, and sgslesc2 strains was compared on
plates containing the indicated doses of MMS.
Tenfold serial dilutions of each strain were
spotted onto plates, and plates were incubated
at 30°C for 3 d. Genotypes of strains are indi-
cated on the left.

GCR rate

Mo. events per cell per generation x10-
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nance of genome integrity in S. cerevisiae, we analyzed if esc2
mutants demonstrate chromosomal instability. For this, we
utilized an established assay for the measurement of rates of
GCRs (Myung and Kolodner, 2002). This assay measures the
stability of a chromosome arm containing both the URA3
and CANTI genes, loss of which confer resistance to 5SFOA
and canavanine, respectively. Consistent with previous analy-
ses (Myung and Kolodner, 2002), we observed that the wild-
type (RDKY3615) strain demonstrated a GCR rate of ~10719
per cell per generation. Interestingly, deletion of ESC2
caused a 77-fold increase in GCRs (Figure 1A). Similar find-
ings were reported in an independent study that examined
GCRs at a different genomic region (Kanellis et al., 2007). We
conclude that Esc2 is required for the suppression of GCRs,
which implies that Esc2, like Rad60 in S. pombe, normally
functions to preserve genomic integrity in vivo.

ESC2 Genetically Interacts with the S. cerevisiae RecQ
Helicase, SGS1

Next, we examined if esc2 mutants demonstrate any sensi-
tivity to DNA-damaging agents. We observed that esc2 mu-
tants were slightly sensitive to the DNA alkylating agent
MMS (Figure 1B). This phenotype was more pronounced in
the T344 or BY4741 genetic backgrounds (Supplemental Fig-
ure S1 and data not shown, respectively) than in the W303
background in which most of our analyses were performed.
However, esc2 mutants were not sensitive to hydroxyurea
(HU), UV light, camptothecin, or ionizing radiation (data
not shown). Therefore, we propose that Esc2 likely acts to
prevent, or process, only limited types of DNA damage in S.
cerevisiae that, in this case, are elicited by treatment with
MMS.

Previous large-scale genetic analyses suggested that mu-
tation of ESC2 and SGSI causes a synthetic growth defect
(Tong et al., 2001). In the W303 and T344 strain backgrounds,
we found that the sgslesc2 double mutant was viable, but
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Figure 2. Esc2 influences Rad51-dependent
homologous recombination repair. (A) Muta-
tions in RAD51, ESC2 and SGS1 are epistatic
for MMS sensitivity. Growth of wild-type
(W303), esc2, sgsl, sgslesc2, rad51, rad5lesc2,
rad51sgs1, and rad51sgslesc2 strains was com-
pared on plates containing the indicated doses
of MMS. Tenfold serial dilutions of each strain
were spotted onto plates, and plates were in-
cubated at 30°C for 3 d. Genotypes of strains
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are indicated on the left. (B) Deletion of ESC2
or SGS1 causes an additive increase in gene
conversion rate. (i) Gene conversion rate was
measured between two arg4 alleles located on
chromosomes V and VIIL. (ii) The average and
SD of three fluctuation tests are shown for
wild-type (D325-7D), sgs1, esc2, and sgslesc2
strains. The fold increase (relative to the wild-
type strain) is stated below each strain in pa-
rentheses. (C) esc2 mutants accumulate
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slower growing compared with either single mutant control
strain (data not shown). The W303 and T344 sgslesc2 double
mutants also demonstrated a synergistic increase in sensi-
tivity to MMS compared with either an sgs1 or an esc2 single
mutant (Figure 1B and Supplemental Figure S1, respec-
tively). We propose that there is a strong dependence on
Esc2 for robust growth and the repair/tolerance of MMS-
induced DNA damage when Sgs1 is mutated and vice versa.
Furthermore, a similar genetic relationship is observed be-
tween rad60* and rghl* in S. pombe (Boddy et al., 2003),
which suggests that the genetic interactions between RENi
proteins and RecQ helicases are likely to be conserved in all
organisms.

RAD51, ESC2, and SGS1 Are Epistatic for MMS
Sensitivity

RecQ helicases have been strongly implicated in HRR
(Karow et al., 2000; van Brabant et al., 2000; Wu and Hickson,
2003; Bachrati ef al., 2006; Raynard et al., 2006; Wu et al., 2006;
Mankouri and Hickson, 2007). Rad60 has also been impli-
cated in some aspect of HRR in S. pombe, because mutations
in rhp51+, which is required for HRR strand invasion events,
and rad60™" are epistatic (Morishita et al., 2002). We therefore
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damage. Wild-type (W303) and esc2 and
rad51esc2 strains were released from G1 arrest
into fresh medium containing 0.033% MMS.
DNA replication intermediates were analyzed
around ARS305 by 2D gel electrophoresis at
the times indicated. The key on the right de-
notes DNA structures that can be identified by
the 2D gel technique. The arrow denotes X-
shaped structures present in esc2 mutants at
150 min. (D) Mutation of ESC2 and/or SGS1
causes the accumulation of MMS-induced
X-molecules at ARS305 after DNA damage.
DNA replication intermediates at ARS305
were analyzed in wild-type (W303) and esc2,
sgsl, and sgslesc2 strains by 2D gel electro-
phoresis after a 150-min exposure to 0.033%
MMS.

sgs1 sgslesc?

N

examined the relationship between ESC2 and HRR in S.
cerevisiae by mutating RAD51 (the S. cerevisiae homolog of
rhp51+). Mutation of RADS51 causes a pronounced sensitivity
to MMS, indicating that Rad51-dependent HRR is important
for cell survival after exposure to MMS (Figure 2A). In
contrast to the data shown in Figure 1B using sgs1 strains,
mutation of ESC2 did not exacerbate the MMS sensitivity of
a rad51 mutant. Rather, the rad51esc2 mutant was phenotyp-
ically indistinguishable from a rad51 mutant on plates con-
taining MMS (Figure 2A). Similar findings were observed in
the T344 and BY4741 genetic backgrounds (Supplemental
Figure S1 and data not shown, respectively). Therefore, in
agreement with the findings in S. pombe (Morishita et al.,
2002), rad51 is epistatic to mutation of ESC2 for MMS sensi-
tivity, suggesting that the genetic relationship between RENi
proteins and HRR is evolutionarily conserved. A similar
genetic (epistatic) relationship was also observed between
rad51 and sgsl (Figure 2A and Supplemental Figure S1).
Furthermore, the rad5Isgslesc2 triple mutant closely resem-
bles the rad51 single mutant on plates containing MMS
(Figure 2A and Supplemental Figure S1). Taken together, we
propose that Esc2 and Sgs1 both act in, or influence, Rad51-
dependent HRR of MMS-induced DNA damage.
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Mutation of ESC2 and SGS1 Reveals Two Distinct
Mechanisms That Affect Recombination

Previous analyses have demonstrated that esc2 and sgsl
mutants demonstrate an increased rate of inter-homolog
recombination in diploid cells (Alvaro et al., 2007). To ana-
lyze whether this was a general effect of Esc2 on recombi-
nation rates, we analyzed gene conversion rates in haploid
esc2, sgs1, and sgslesc2 mutants using a different recombina-
tion assay. For this, we measured the rate of ectopic recom-
bination between arg4-Bg and arg4-RV heteroalleles in the
D325-7D genetic background (Robert et al., 2006). In agree-
ment with previous findings (Robert et al., 2006), we ob-
served an elevated rate of gene conversion (Arg* recombi-
nants) in sgs1 mutants (Figure 2B). Consistent with a role for
Esc2 in influencing HRR, we also observed an elevated rate
of gene conversion in the esc2 mutant (Figure 2B). We note,
however, that the effect was less pronounced in the esc2
mutant than in the sgs1 mutant (Figure 2B). Interestingly, in
our assay, the sgslesc2 double mutant showed an additive
increase in gene conversion rate, compared with either the
esc2 or sgs1 single mutant (Figure 2B). We propose, there-
fore, that Esc2 and Sgsl may function via two separate
mechanisms to influence HRR reactions. Furthermore, Esc2,
like Sgs1, probably plays a general role in HRR, because
both proteins affect the rate of interhomolog recombination
in diploid cells (Alvaro et al., 2007), as well as gene conver-
sion rate in haploid cells.

esc2 Mutants Accumulate Unprocessed Rad51-dependent
Recombination Intermediates after DNA Damage

Previous studies demonstrated an accumulation of unre-
solved HRR intermediates in MMS-treated sgsI mutants
using neutral-neutral 2D gel electrophoresis (Liberi et al.,
2005; Branzei et al., 2006; Mankouri et al., 2007). In S. pombe
rad60-1 mutants, Rhp51-dependent structures that are not
recognized by the checkpoint cause an aberrant mitosis after
exposure to HU or UV (Miyabe et al., 2006). However, the
putative abnormal structures arising in rad60-1 mutants
have not yet been detected. Therefore, we examined if esc2
mutants accumulate any abnormal HRR intermediates after
exposure to MMS using 2D gel electrophoresis. Wild-type
and esc2 and rad5lesc2 strains were synchronized in G1 with
a-factor and then released into medium containing 0.033%
MMS. Samples were taken at fixed intervals to observe DNA
replication intermediates on 2D gels originating from an
early firing replication origin, ARS305. Genomic DNA was
prepared using the CTAB method of DNA extraction to
restrain branch migration of joint (X-shaped) molecules
(Lopes et al., 2003). Origin firing at ARS305 was detectable
after 20 min in all strains by the appearance of bubbles,
Y-molecules, and origin-associated X-spikes (Figure 2C).
Previous analyses have demonstrated that the origin-associ-
ated X-spikes are normal DNA replication intermediates
that are not dependent on HRR proteins for their formation
and are not, therefore, HRR intermediates (Lopes et al.,
2003). By 150 min, the majority of replication intermediates
detectable at ARS305 had disappeared in wild-type strains,
consistent with completion of DNA replication at this
genomic locus (in the presence of MMS) by this time. In
contrast, although esc2 mutants also demonstrated compa-
rable kinetics of origin firing, bulk DNA replication (see
Figure 4A below), and bubble and Y-molecule disappear-
ance (at 150 min), a structure corresponding to a joint (X-
shaped) molecule was evident after 150 min (Figure 2C).
Similar kinetics of DNA replication and the persistence of
X-shaped molecules in MMS-treated esc2 mutants were also
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observed in a second (BY4741) yeast background (Supple-
mental Figure S2), and independently verified in the com-
panion article by Sollier ef al. (2009). Therefore, mutation of
ESC2 causes abnormal (X-shaped) replication intermediates
to accumulate at ARS305 after exposure to MMS. Further-
more, because these structures do not arise/persist in
rad5lesc2 mutants (Figure 2C), we propose that Rad51 is
required for their formation and/or stabilization and that
these structures are likely to be Rad51-dependent HRR in-
termediates. Similar types of RAD5I-dependent structures
are detectable in MMS-treated sgs1 and sgslesc2 mutants
(Figure 2D and Supplemental Figure S3; Liberi et al., 2005;
Mankouri et al., 2007). We note, however, that the intensity
of the X-molecule signal was less pronounced in esc2 mu-
tants compared with sgs1 or sgslesc2 mutants. Taken to-
gether with the results from Figure 2A, our data are consis-
tent with Esc2 and Sgs1 acting to prevent the accumulation
and/or persistence of Rad51-dependent HRR intermediates.

X-Molecules Arising in MMS-treated esc2 or sgs1 Mutants
Are Attenuated by the Mutation of SHU1

Our previous findings demonstrated that the MMS-induced
X-molecules arising in sgs1 mutants are attenuated by mu-
tation of any one of the SHU genes (comprising CSM2, PSY3,
SHUT1, and SHUZ2; Shor et al., 2005; Mankouri ef al., 2007). We
therefore investigated if the MMS-induced X-molecules aris-
ing in esc2 mutants were also affected by mutation of SHUI.
Consistent with our previous findings, we observed that
shul was epistatic to mutation of SGSI for MMS sensitivity
(Supplemental Figure S4A; Mankouri et al., 2007). Similarly,
mutation of ESC2 did not exacerbate the MMS sensitivity of
a shul mutant strain, and shulesc2 mutants resembled shul
mutants on plates containing MMS (Supplemental Figure
S4). To test if the MMS-induced X-molecules arising in esc2
or sgs1 mutants (Figure 2D) were affected by mutation of
SHUI1, we compared the intensity of X-molecules at ARS305
after a 150-min exposure to 0.033% MMS in esc2, shulesc2,
sgs1, and shulsgsl strains. Interestingly, we observed that
MMS-induced X-molecules were attenuated in both the
shulesc2 and shulsgs1 double mutants, compared with either
the esc2 or the sgs1 single mutants, respectively (Supplemen-
tal Figure S4B). Taken together, our data are consistent with
both Esc2 and Sgsl1 acting downstream of Shul in Rad51-
dependent HRR of MMS-induced lesions.

MMS-induced X-Molecules That Accumulate in esc2 or
sgs1 Mutants Can Be Genetically Distinguished by
Mutation of MPH1

To further examine the roles of Esc2 and Sgs1 in influencing
HRR, we analyzed the genetic relationship between ESC2,
SGS1, and other genes implicated in HRR. One such candi-
date gene analyzed was MPH1, which encodes a 3'-5" DNA
helicase homologous to human FANCM protein (Meetei et
al., 2005), that is proposed to act downstream of the Shu
complex in HRR (Schurer et al., 2004; St. Onge et al., 2007).
Consistent with this proposal, we observed that mutation of
MPH1 caused MMS sensitivity that was hypostatic to mu-
tation of RAD51 (data not shown). We also observed that
mphl was epistatic to mutation of ESC2 or SGS1 for MMS
sensitivity, suggesting that Mph1, Esc2, and Sgs1 may act in
a common pathway to process MMS-induced DNA lesions
(Figure 3A).

We then examined if the MMS-induced X-molecules aris-
ing in esc2 or sgsl mutants (Figure 2D) were affected by
mutation of MPHI1. Wild-type, mphl, esc2, mphlesc2, sgs1,
and mphlsgsl strains were released from G1 arrest into
medium containing 0.033% MMS, and DNA was harvested
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Figure 3. Mutation of MPHI prevents the
accumulation of MMS-induced X-molecules
at ARS305 in esc2, but not sgs1, mutants. (A)
Growth of wild-type (W303), esc2, sgs1, mphl,

mpht mphiesc2

mphisgsti

mphlesc2, and mphlsgsl strains was compared
on plates containing the indicated doses of
MMS. Tenfold serial dilutions of each strain
were spotted onto plates, and plates were in-

cubated at 30°C for 3 d. Genotypes of strains
are indicated on the left. (B) DNA replication
intermediates at ARS305 were analyzed in the
indicated strains by 2D gel electrophoresis af-
ter a 3-h exposure to 0.033% MMS. X-shaped
structures are denoted by arrows. Note the
lack of MMS-induced X-molecules in mphlesc2
mutants.

for 2D gel analysis of ARS305 after 3 h. At this time point, all
replication intermediates normally associated with origin
firing had largely disappeared from ARS305 in wild-type
and mphl cells, consistent with the completion of DNA
replication at or around ARS305 by this time (Figures 2, C
and D, and 3B). In esc2 or sgs1 mutants, we again observed
persistent MMS-induced X-molecules at ARS305 after MMS
exposure (Figure 3B). Interestingly, however, we observed
that the MMS-induced X-molecules normally observed in
esc2 mutants at this time were not detectable in mphlesc2
mutants (Figure 3B). Therefore, Mphl is required for the
acute formation and/or stabilization of MMS-induced X-
molecules in esc2 mutants. Interestingly, we observed that
mphlsgsl mutants largely retained MMS-induced X-mole-
cules (Figure 3B). Nevertheless, quantification of the average
intensity of X-molecules arising in sgs1 and mphlsgsl mu-
tants revealed that X-molecule intensity was reduced in
mphlsgsl mutants by ~30%, suggesting that a fraction of the
X-molecules arising in sgs1 mutants were Mphl-dependent.
We propose that the X-molecules that arise in esc2 and sgs1
mutants after 2-3 h of MMS treatment can be distinguished
genetically by mutation of MPH1, suggesting that, although
they appear qualitatively similar on 2D gels, they likely
represent different types of HRR intermediates. Taken to-
gether with the data in Figures 1 and 2, we propose that
mutation of ESC2 or SGS1 reveals two distinct processes that
influence Rad51-dependent HRR of MMS-induced DNA le-
sions.

sgslesc2 Double Mutants Exhibit Defects in the
intra-S-Phase Checkpoint Response after MMS-induced
DNA Damage

Because esc2 and sgs1 mutants apparently accumulate dis-
tinct types of unprocessed HRR intermediates after exposure
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to MMS, we analyzed other aspects of the sgslesc2 double
mutant phenotype. Wild-type, esc2, sgs1, and sgslesc2 strains
were synchronized in G1 with a-factor and then released
into medium containing 0.0167% MMS. This lower dose of
MMS was used to allow visualization of any additive/syn-
ergistic consequences of mutating ESC2 and SGS1. Samples
were taken to analyze bulk DNA replication by fluores-
cence-activated cell sorting (FACS; Figure 4A), as well as
DNA damage checkpoint activation, as monitored by the
phosphorylation status of the Rad53 checkpoint effector ki-
nase (Figure 4B). Similar kinetics of S-phase progression in
the absence of MMS were observed in all strains (data not
shown). In the presence of MMS, wild-type cells apparently
completed bulk DNA replication by ~2-3 h (Supplemental
Figure S5A). Consistent with this prolongation of S-phase
occurring as a consequence of MMS-induced activation of
the intra-S DNA damage checkpoint (Branzei and Foiani,
2007), DNA damage-induced Rad53 phosphorylation was
detectable in wild-type cells that did not occur during an
unperturbed S-phase (Figure 4B). Both esc2 and sgs1 single
mutants demonstrated comparable (and wild-type-like) ki-
netics of S-phase progression in the presence of MMS (Fig-
ure 4A). However, both mutants demonstrated a mild re-
duction in the extent of Rad53 activation in the presence of
MMS (Figure 4B; note the reduced proportion of the upper-
most, hyperphosphorylated Rad53 band in esc2 and sgsl1
extracts). Interestingly, the sgslesc2 double mutant traversed
S-phase slightly faster than wild-type or esc2 or sgs1 cells in
the presence of 0.0167% MMS (Figure 4A and Supplemental
Figure S5A). Consistent with this observation, the sgslesc2
double mutant also demonstrated a failure to fully activate
Rad53 in the presence of MMS (Figure 4B and Supplemental
Figure S5B). We note, however, that sgslesc2 mutants do
retain the ability to partially activate Rad53 in response to a
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Figure 4. sgslesc2 double mutants fail to fully activate Rad53 in response to DNA damage and attempt to traverse mitosis with unresolved
recombination intermediates. (A) sgsIesc2 mutants undergo an aberrant mitosis after recovery from 0.0167% MMS. Wild-type (W303) and esc2, sgs1,
and sgslesc2 strains were released from GI arrest into fresh medium containing 0.0167% MMS. After 90 min, cells were harvested, washed, and
resuspended in fresh medium. e-factor was added to all cultures to prevent initiation of a second round of DNA replication. Cell cycle progression
after the removal of MMS was monitored at fixed intervals by flow cytometry. The shaded peaks represent experimental data, whereas the
unshaded peak is a reference to indicate a normal G2/M peak (at 90 min release from G1 arrest). The positions of the IN (G1) and 2N (G2/M) peaks
are indicated below. (B) sgslesc2 mutants fail to fully activate Rad53 after DNA damage. Protein extracts were prepared from wild-type, esc2, sgs1,
and sgslesc2 strains 90 min after release from a-factor arrest in the presence or absence of 0.0167% MMS. Rad53 phosphorylation status was
monitored by Western blotting. The positions of the unphosphorylated Rad53 and slower migrating phosphorylated forms of Rad53 are shown on
the right. (C) sgslesc2 mutants exhibit morphological defects. (i) Representative image of DAPI-stained wild-type and sgslesc2 cells after recovery
from exposure to 0.0167% MMS. Examples of common abnormalities observed in sgslesc2 populations are denoted by white arrows. These include
(ii) cells with little or no DNA, (iii) cells exhibiting morphological defects and evidence of DNA fragmentation, and (iv) multibudded cells exhibiting
gross morphological abnormalities. (D) Onset of the aberrant mitosis in sgslesc2 mutants correlates with the persistence of MMS-induced
X-molecules. DNA replication intermediates at ARS305 were analyzed by 2D gel electrophoresis after a 90-min exposure to 0.0167% MMS and after
6 h of recovery after the removal of MMS. X-shaped structures are denoted by arrows.
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higher dose (0.033%) of MMS, suggesting that the intra-S-
phase checkpoint is not completely defective in the sgslesc2
double mutant (Supplemental Figure S6). Taken together,
our data are consistent with Esc2 and Sgsl defining two
distinct mechanisms for the activation of Rad53 during S-
phase after MMS exposure. Previous studies have identified
mild checkpoint signaling defects in sgs1 mutants after treat-
ment with MMS (Frei and Gasser, 2000; Bjergbaek et al.,
2005; Liberi et al., 2005), but a role for Esc2 in checkpoint
signaling has not been demonstrated previously. Intrigu-
ingly, Sgs1 interacts with Rad53 (Bjergbaek et al., 2005), and
Rad60 interacts with Cds1 (the Rad53 ortholog) in S. pombe
(Boddy et al., 2003). Therefore, it is conceivable that both
proteins directly modulate checkpoint status while engaged
in HRR via direct protein—protein interactions with check-
point kinases or their associated factors.

The sgslesc2 Double Mutant Undergoes an Aberrant
Mitosis with Unresolved Recombination Intermediates

Next, we investigated the fate of wild-type, esc2, sgs1, and
sgslesc2 strains during a 6-h recovery period after a 90-min
exposure to 0.0167% MMS. MMS-treated cells were har-
vested, washed, and resuspended in fresh medium. a-factor
was added to the fresh medium to arrest any cells in G1 that
had successfully traversed mitosis during the recovery pe-
riod in order to prevent initiation of a second round of DNA
replication. Under these experimental conditions, wild-type
cells began to traverse mitosis (as revealed by FACS as a
decrease in the 2N population of cells coupled with a con-
comitant build-up of 1N cells) by 2 h after removal of MMS
(Figure 4A). Verification of this phenomena being due to
mitotic progression was provided by the observation that
the mitotic spindle poison, nocodazole, delayed the build-up
of cells with a IN DNA content (data not shown). By 4 h of
recovery from MMS, the majority of wild-type cells had
successfully traversed mitosis (Figure 4A). In esc2 and sgs1
mutants, we observed that a population of cells with 1IN
DNA content began to accumulate ~2-4 h after removal of
MMS (Figure 4A). Although their recovery from MMS was
slightly delayed, it was clear that a significant proportion of
esc2 and sgs1 cells had successfully traversed mitosis after
6 h of recovery from MMS (Figure 4A). Interestingly, how-
ever, a much more drastic phenotype was observed in the
sgslesc2 double mutant. Although the population of sgslesc2
cells with a 2N DNA content began to decrease between 2
and 4 h after release from MMS (i.e., with similar kinetics to
wild-type cells), there was no corresponding build-up of
cells with a IN DNA content (Figure 4A). Instead, the FACS
traces revealed a broadened peak of DNA content, indica-
tive of cell segregation defects occurring during an aberrant
mitosis (Miyabe et al., 2006). Consistent with this hypothesis,
microscopic analysis of DAPI-stained sgslesc2 cells after 6 h
of recovery from MMS revealed a significant proportion of
cells with little or no DNA, as well as a number of cells
exhibiting unusual cellular morphologies, and evidence of
DNA fragmentation (Figure 4C).

To determine if mitotic progression is influenced by the
MMS-induced X-molecules that accumulate in esc2 or sgsl
mutants (Figures 2, C and D, and 3B), we analyzed DNA
replication intermediates at ARS305 in cells after 6 h of
recovery from MMS (Figure 4D). After a 90-min exposure to
0.0167% MMS, we could detect MMS-induced X-molecules
at ARS305 in esc2, sgs1, and sgslesc2 mutants (Figure 4D). We
note, however, that the MMS-induced X-molecules were
reduced in intensity in esc2 mutants relative to those ob-
served in Figures 2, C and D, and 3B, presumably because of
the lower dose of MMS used in this protocol. After 6 h of
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recovery from MMS, we could no longer detect MMS-in-
duced X-molecules in esc2 or sgsl mutants (Figure 4D),
indicating that mitotic progression of esc2 and sgs1 mutants
(Figure 4A) correlates with the level of unprocessed HRR
intermediates falling below a detection threshold level.
Therefore, the MMS-induced X-molecules that arise in esc2
and sgs1 cells during S-phase can be resolved after removal
of MMS, presumably via redundant repair pathways oper-
ating during late S-phase and/or G2/M. Interestingly, in
contrast to esc2 or sgs1 mutants, unprocessed HRR interme-
diates did not significantly decline in intensity at ARS305 in
the sgslesc2 double mutant after 6 h of recovery from MMS
(Figure 4D). Given that the absolute levels of unprocessed
HRR intermediates arising during exposure to MMS appear
very similar in sgs1 and sgslesc2? cells (Figure 4D), we pro-
pose that the processing of HRR intermediates is impaired in
sgslesc2 mutants, relative to that in esc2 or sgsl single mu-
tants. Taken together with the data in Figures 4, A-C, we
propose that MMS-treated sgslesc2 double mutant cells fail
to adequately activate Rad53 during S-phase, and then at-
tempt to traverse mitosis with unresolved HRR intermedi-
ates. Furthermore, because the G2/M checkpoint response
appears intact in the sgslesc2 double mutant (Supplemental
Figure S7), we propose that the X-molecules that arise, and
persist, in the sgslesc2 double mutant, are not recognized by
the G2/M checkpoint machinery.

Mutation of RAD51 Causes a Checkpoint Arrest and
Prevents the Aberrant Mitosis Normally Observed in
sgslesc2 Cells

Because the unresolved HRR intermediates that persist in
MMS-treated esc2, sgs1 or sgslesc2 cells are Rad51-depen-
dent (Figure 2C and Supplemental Figure S3; Liberi ef al.,
2005; Branzei et al., 2006; Mankouri et al., 2007), we examined
if mutation of RAD51 prevented any of the abnormal phe-
notypes of sgslesc2 mutants. Wild type, sgslesc2, rad51, and
rad51sgslesc2 strains were treated with 0.0167% MMS for 90
min and were then allowed to recover in fresh medium as
described in Figure 4A. Samples were taken at regular in-
tervals to analyze cell cycle progression (Figure 5A) and
Rad53 phosphorylation status (Figure 5B). Mutation of
RADA51 has previously been demonstrated to cause impaired
S-phase progression in the presence of MMS due to persis-
tent activation of the DNA damage checkpoint (Supplemen-
tal Figure S5A; Mankouri and Hickson, 2006; Mankouri et
al., 2007). Interestingly, we observed that the FACS profile of
the rad51sgslesc2 triple mutant was indistinguishable from
that of the rad51 single mutant (Figure 5A and Supplemental
Figure S5A). This is consistent with our observation that
mutation of RAD51 predominates over mutation of ESC2
and/or SGS1 (Figure 2A and Supplemental Figure S1). Dur-
ing the period of recovery from MMS exposure, we again
observed that the majority of wild-type cells successfully
traversed mitosis by 4 h, whereas the sgslesc2 double mutant
underwent an aberrant mitosis (Figure 5A). Although rad51
and rad51sgslesc2 mutants appeared to traverse S-phase
more slowly than did wild-type or sgslesc2 mutants (Sup-
plemental Figure S5A), they do not attempt to traverse mi-
tosis even after 6 h of recovery from MMS (Figure 5A).
Rather, rad51 and rad51sgslesc2 mutants appeared to un-
dergo a prolonged arrest in late S or G2 phase. To test this
further, the phosphorylation status of Rad53 was analyzed
at various time points in the strains shown in Figure 5A. We
observed that Rad53 was phosphorylated in wild-type cells
after exposure to 0.0167% MMS, whereas the DNA damage
checkpoint response was defective in sgslesc2 mutants (Fig-
ure 5B and Supplemental Figure S5B). Interestingly, the
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progression of wild-type cells through mitosis (Figure 5A)
correlated with the resetting (dephosphorylation) of Rad53
(Figure 5B), suggesting that the DNA damage checkpoint
becomes deactivated either before the onset of, or during,
mitosis. In sgslesc2 mutants, however, robust Rad53 activa-
tion was not evident either during S-phase (in the presence
of 0.0167% MMS; Supplemental Figure S5B), or during the
subsequent recovery period (Figure 5B). In the presence of
MMS, mutation of RAD51 reversed the checkpoint defi-
ciency of sgslesc2 mutants (Figure 5A and Supplemental
Figure S5). Consistent with the mitotic delay observed in
rad51 and rad51sgslesc2 mutants being due to a checkpoint
mediated arrest, we observed persistent phosphorylation of
Rad53 in both rad51 and rad51sgslesc2 mutants after 6 h of
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phorylation status was monitored by Western blotting.

recovery from MMS exposure (Figure 5B). We propose that
loss of RAD51 abolishes HRR at a early stage, thus prevent-
ing the accumulation of the unprocessed HRR intermediates
in sgslesc2 mutants, causing prolonged checkpoint activa-
tion, and thereby preventing the aberrant mitosis normally
observed in sgslesc2 mutants.

DISCUSSION

Mutation of ESC2 and SGSI has revealed two genetically
distinct mechanisms that influence Rad51-dependent HRR
and Rad53 activation after DNA damage, leading us to
propose a model in which Esc2 and Sgsl act in two func-
tionally separate processes to repair/tolerate MMS-induced
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Figure 6. Proposed model for the role of Mphl, Esc2, and Sgs1 in
processing recombination intermediates and mediating checkpoint
signaling. MMS-induced DNA lesions cause discontinuous DNA
synthesis, leading to the accumulation of postreplicative ssDNA
gaps. These ssDNA gaps become coated with RPA, which directly
activates the DNA damage checkpoint. ssDNA gaps can be repaired
by Rad51-dependent homologous recombination repair (HRR) or by
other redundant repair pathways (e.g., translesion synthesis). Esc2
and Sgsl act downstream of Rad51 to process distinct HRR inter-
mediates (denoted as 1 and 2, respectively) and communicate with
the checkpoint machinery. Mphl may act at an intermediate step,
downstream of Rad51, to control the overall balance between the
putative Esc2- and Sgsl-dependent processes. The Esc2 arm of the
pathway (left) is entirely Mphl-dependent, whereas the Sgs1 path-
way (right) is largely independent of Mph1, although a fraction of
Sgs1 substrates are Mphl-dependent. In the absence of both Esc2
and Sgs1, checkpoint activation is impaired after DNA damage, and
cells attempt to traverse mitosis with unprocessed HRR intermedi-
ates, leading to an aberrant mitosis. Mutation of RAD51 abolishes
HRR of MMS-induced DNA lesions and leads to the accumulation
of unrepaired RPA-coated ssDNA gaps. These cause prolonged
activation of the DNA damage checkpoint, leading to a checkpoint-
mediated arrest.

lesions during S-phase (Figure 6). Inactivation of either Esc2
or Sgs1 results in accumulation of unprocessed HRR inter-
mediates, and a mild defect in DNA damage checkpoint
activation. Although we do not currently know the precise
nature of the HRR intermediates arising in either single
mutant, we propose that they likely represent different
forms of X-shaped structures, because the X-molecules aris-
ing in esc2 mutants after 2-3 h of MMS exposure, were
prevented by mutation of MPHI, whereas only a proportion
(~30%) of sgs1 X-molecules appeared to be Mphl-depen-
dent. A corollary of this observation is that it raises the
possibility that the X-shaped molecules detectable in sgs1
mutants may not be homogeneous in structure. Indeed, Sgs1
has been implicated in the processing of various different
HRR intermediates (reviewed in Mankouri and Hickson,
2007), and the structures we detect on 2D gels could theo-
retically be a mixture of any two (or more) of these. Al-
though both Mphl and Sgsl are able to branch migrate
Holliday junctions in vitro (Karow ef al., 2000; Prakash et al.,
2005), it remains undetermined if this also holds true in vivo,
where the local chromatin environment is likely to be more
complex. Future studies should therefore be aimed at fur-
ther investigating, and comparing, the relative substrate
specificities of Mphl and Sgs1.
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Further evidence that Esc2 and Sgs1 may act separately to
influence HRR and checkpoint signaling is also suggested by
the observation in the accompanying manuscript by Sollier
et al. (2009) that Esc2 and Sgs1 exhibit distinct elution pro-
files when yeast protein extracts are fractioned by gel filtra-
tion after MMS treatment. Taken together with our data, this
may explain why the combined loss of both of the Esc2- and
Sgs1-dependent functions results in the poor growth pheno-
type of the sgslesc2 double mutant. More specifically, we
propose that the failure of the intra-S-phase checkpoint ma-
chinery to recognize unprocessed HRR structures that arise
in the absence of Esc2 and Sgs1 results in a breakdown in the
coordination between cell cycle progression and DNA dam-
age repair/tolerance in sgslesc2 double mutants. As a con-
sequence of this, sgslesc2 mutants attempt to traverse mito-
sis with unprocessed HRR intermediates, and the aberrant
mitosis that ensues leads to chromosome segregation de-
fects, extensive genome rearrangements and poor growth.
However, we cannot rule out the alternative possibility that
an entirely new species of X-molecule(s) arises in sgslesc2
double mutants, which is distinct (and more persistent/
toxic) from those arising in esc2 or sgs1 mutants, although we
consider this unlikely. When RADS51 is mutated, it is likely
that the DNA damage checkpoint becomes persistently ac-
tivated because of an accumulation of RPA-coated ssDNA
gaps that activate Mecl and Rad53 (Branzei and Foiani,
2007). The failure to initiate HRR-mediated postreplication
gap filling also prevents any accumulation of later-stage
unprocessed HRR intermediates in esc2, sgsl, or sgslesc2
mutants. As a consequence of this, rad51sgslesc2 triple mu-
tants do not undergo an aberrant mitosis and demonstrate a
prolonged checkpoint-mediated arrest, similar to that ob-
served in rad51 mutants. This prolonged arrest period pos-
sibly provides the time necessary for alternative repair pro-
cesses, such as direct gap filling DNA synthesis, to take
place.

Previous studies suggested a role for Esc2 in the establish-
ment of silent chromatin (Dhillon and Kamakaka, 2000; Cu-
perus and Shore, 2002), indicating that Esc2 may affect chro-
matin structure. We do not currently know if this function of
Esc2 is related, or distinct, from its putative roles in HRR
and the maintenance of genome stability reported here.
However, one speculative possibility is that Esc2 could mod-
ify the chromatin structure of Mph1 products to make these
HRR intermediates accessible for late-stage processing activ-
ities. Although no obvious biochemical activity is evident
based on primary sequence analysis, one intriguing feature
of Esc2, and of RENi proteins in general, is the presence of
two carboxy-terminal SUMO-like domains (Novatchkova et
al., 2005). Additionally, Esc2 interacts with both SUMO and
Ubc9 (a SUMO-conjugating enzyme), and Esc2 also contains
several consensus sites that might be targets for SUMO-
conjugation; see companion article by Sollier et al. (2009).
Given that the posttranslational modification of Sgsl and
BLM by SUMO has also been implicated in the maintenance
of genome integrity (Eladad et al., 2005; Branzei et al., 2006),
it is likely that SUMOylation of Esc2 and Sgsl is an impor-
tant mechanism required for regulating and/or coordinat-
ing the abilities of these proteins to recognize key substrates
and/or protein-binding partners. Consistent with this hy-
pothesis, it is interesting to note that mutation of ESC2
causes synthetic growth defects when combined with mu-
tations in UBC9 or MMS21 (which encodes a SUMO-conju-
gating ligase; Supplemental Figure S8). Furthermore, muta-
tion of UBC9 or MMS21 also results in the accumulation of
X-shaped structures in the presence of MMS (Branzei et al.,
2006). Taken together, these findings further highlight the
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importance of SUMOylation of target proteins as a central
theme in the regulation of HRR (Branzei and Foiani, 2008).

Given that the genetic interaction between RENi proteins
and RecQ helicases appears to be evolutionarily conserved,
we propose that NIP45 (the human Rad60/Esc2 ortholog)
may similarly be essential for the viability of Bloom’s syn-
drome cells. Therefore, it will be of interest to investigate the
effects of mutating BLM and NIP45 in mammalian cells in
future studies. Another important ramification of this study
comes from the demonstration that MPHI, the putative
yeast homolog of the human FANCM protein (Meetei ef al.,
2005), is required for the accumulation of HRR intermediates
in MMS-treated esc2 mutants. Although Mphl in yeast and
the FA proteins in humans have been implicated previously
in some aspect of HRR (Wang, 2007), our results are the first
demonstration of a direct role of Mphl in the in vivo pro-
cessing of HRR intermediates. Based on our findings, further
analysis of the relationship between MPH1, SGS1, and ESC2
homologues in human cells may therefore reveal novel av-
enues for alleviating symptoms in BS and/or FA individu-
als, including cancer predisposition.
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