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The Saccharomyces cerevisiae Rmil protein is a component of the highly conserved Sgs1-Top3-Rmil complex.
Deletion of SGS1, TOP3, or RMI1 is synthetically lethal when combined with the loss of the Mus81-Mms4 or
SIx1-SIlx4 endonucleases, which have been implicated in Holliday junction (HJ) resolution. To investigate the
causes of this synthetic lethality, we isolated a temperature-sensitive mutant of the RMI1 strain, referred to as
the rmil-1 mutant. At the restrictive temperature, this mutant phenocopies an rmilA strain but behaves like
the wild type at the permissive temperature. Following a transient exposure to methyl methanesulfonate, rmil-1
mutants accumulate unprocessed homologous recombination repair (HRR) intermediates. These intermedi-
ates are slowly resolved at the restrictive temperature, revealing a redundant resolution activity when Rmil is
impaired. This resolution depends on Mus81-Mms4 but not on either Slx1-Slx4 or another HJ resolvase, Yenl.
Similar results were also observed when Top3 function was impaired. We propose that the Sgs1-Top3-Rmil
complex constitutes the main pathway for the processing of HJ-containing HRR intermediates but that

Mus81-Mms4 can also resolve these intermediates.

The homologous recombination repair (HRR) repair path-
way involves the transfer of genetic information between two
identical, or highly similar, sequences (59). An important func-
tion of the pathway is in the restart of stalled or broken DNA
replication forks, but it is also required for double-strand-
break (DSB) and interstrand cross-link (ICL) repair (7, 47).
The first step in HRR repair is 5'-3' DNA end resection,
resulting in 3’ single-stranded DNA (ssDNA) that becomes
coated by Rad51 (7, 76). This Rad51 presynaptic filament
invades the sister chromatid or the homologous chromosome
to form a displacement loop (D-loop), and DNA synthesis then
occurs to restore the missing sequence from the invading
strand. Then, either the D-loop is dismantled, allowing com-
pletion of repair by the synthesis-dependent strand-annealing
(SDSA) pathway, or the DNA gaps are ligated, to form a
double Holliday junction (DHJ). DHIJs comprise two adjacent,
mobile, four-way DNA junctions and can be resolved by two
different pathways. The first is via conventional resolution cat-
alyzed by specialized nucleases known as HJ resolvases. HJ
resolvases theoretically produce a 1:1 mixture of crossover
products (where the flanking DNA is exchanged) and non-
crossover products (77). An alternative pathway is DHJ disso-
lution, in which convergent branch migration of the two HIJs
produces a hemicatenane structure that is decatenated to form
exclusively noncrossover products (86). The criteria used by
cells to determine whether mitotic DHJs are processed by
resolution or by DHJ dissolution are currently unclear.
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In human cells, DHJ dissolution is catalyzed by the hetero-
meric BLM complex. The BLM complex is composed of BLM
(a RecQ helicase), hTOPOIlla (a type IA topoisomerase),
hRMII1, and hRMI2 (69, 73, 85-87). The interactions between
BLM, hTOPOIIla, and hRMI1 are conserved with their S.
cerevisiae orthologs, Sgsl, Top3, and Rmil, although an
hRMI2 ortholog appears to be absent from yeast (6, 19, 20, 37,
38, 62, 65). The S. cerevisiae Sgs1-Top3-Rmil complex, which
has been termed the RTR (RecQ helicase-topoisomerase III-
Rmil) complex (2), appears to play a role similar to that of the
human BLM complex in HRR, because the RTR complex is
also able to catalyze DHIJ dissolution (17). Study of these
proteins is important not only because of their involvement in
the HRR pathway but also because mutations in the human
genes cause syndromes associated with chromosomal instabil-
ity, premature aging, and cancer predisposition (9, 22, 67). The
human BLM gene is orthologous to the Escherichia coli RecQ
helicase and has four paralogs, designated WRN, RECQI,
RECQ4, and RECQ5 (22, 82). Mutations in BLM cause the
rare autosomal recessive disorder Bloom’s syndrome (BS), and
mutations in WRN cause the progeroid disorder Werner’s syn-
drome (29, 90). RECQ4 mutations can cause three distinct
disorders, namely, Rothmund-Thomson syndrome, Baller-
Gerold syndrome, and RAPADILINO syndrome (46, 72, 81).
Recent studies have shown that a polymorphism in ARMII,
leading to a Ser455Asn substitution, confers an increased risk
of acute myeloid leukemia/myelodysplastic syndrome and ma-
lignant melanoma (13, 14). Although the frequency of this
allele in the general population is unknown, these findings
suggest that impairment of ARMII function leads to an in-
creased cancer risk.

hRMI1 contains a DUF1767 domain at the N terminus and
two OB fold domains, OB1 at the N terminus and OB2 at the
C terminus (87, 89). DUF1767 is required for the proper fold-
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ing of hRMI1 and has high sequence similarity with Mycobac-
terium tuberculosis MtRuvA domain III, which binds MtRuvB
and is required for HJ branch migration (64, 68, 84). OBl
interacts with BLM and hTOPOIIla and is essential for the
stimulation of DHJ dissolution by hRMI1 (70, 84). OB2 inter-
acts directly with both FANCM'%?7-13%2 and hRMI2 but is
dispensable for stability of the BLM complex (26, 41, 73, 84,
87). Although hRMI1 and the hRMI1/hRMI2 complex have
very weak ssDNA- and double-strand DNA (dsDNA)-binding
activities in vitro, hRMI1 specifically stimulates hTOPOIIl« in
DHJ dissolution and also stimulates hTOPOIIla to relax neg-
atively supercoiled plasmid DNA and to decatenate a single-
stranded catenane substrate (70, 85, 88). S. cerevisiae Rmil
lacks the C-terminal region, which in ZRMI1 contains the OB2
domain. Nevertheless, Rmil is required for Top3 to bind to
Sgs1 and enhances both binding of Top3 to HJs and the ability
of Top3 to relax negatively supercoiled plasmid DNA (20).
Detailed genetic analysis of RMI1 has been severely hampered
because rmilA deletion mutants exhibit poor growth, reduced
viability, and a rapid accumulation of second-site suppressor
mutations (19, 62).

HIJ resolution via an E. coli RuvC-like mechanism involves
symmetrical HJ cleavage on opposing strands to generate
products that can be ligated together (28). Human GEN1 and
SLX1-SLX4 and the S. cerevisiae GEN1 ortholog, Yenl, were
recently characterized as eukaryotic HJ resolvases (33, 36, 44,
63, 77, 78). HJ resolution activity has also been observed with
S. cerevisiae Slx1-SIx4, although this complex cleaves an HJ
asymmetrically (36). Another heterodimer capable of HJ res-
olution is the human 3’-flap endonuclease, MUS81-EMEI,
and its S. cerevisiae ortholog, Mus81-Mms4 (25, 80). It is well
documented that MUS81-EME1 and Mus81-Mms4 can effi-
ciently cleave nicked HJs, D-loops, and partially regressed
replication forks in vitro (21, 23, 24, 35), although it has been
demonstrated that these endonucleases are also able to pro-
cess intact HJs in vitro and in vivo (25, 79, 80). It was also
demonstrated recently that DHJs form during HRR of DSBs
in mitotic cells in vivo (15). However, it is not clear which of
these HJ resolvases are important for cleavage of DHIJs arising
during HRR in vivo, and whether different mechanisms are
invoked in different organisms to process HJs. For example,
there appears to be no Yenl/GEN1 homolog in Schizosaccha-
romyces pombe.

Due to their synthetic lethal interactions, it has not pre-
viously been possible to investigate the genetic interactions
between the RTR complex and the putative HJ resolvase
genes MUS81, MMS4, SLX1, and SLX4 (3, 4, 19, 31, 61, 62).
In order to conduct such analyses, we isolated a novel tem-
perature-sensitive mutant of the RMII strain, referred to as
the rmil-1 strain. Here, we used this mutant to show that
methyl methanesulfonate (MMS)-induced, Rad51-depen-
dent, RusA-sensitive, X-shaped DNA molecules persist dur-
ing a perturbed mitotic S phase when Rmil is impaired, and
that these structures are eventually removed by MusS81-
Mms4 in vivo.

MATERIALS AND METHODS

S. cerevisiae strains and plasmids. All strains were isogenic derivatives of T344
(42) or BY4741. All strains carrying gene deletions were either obtained from the
yeast deletion collection (EUROSCAREF, University of Frankfurt, Germany),
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TABLE 1. Strains used in this study

Strain or

mutation Genotype
BY4741.....cuene MATa his3A1 leu2A0 metl15A0 ura3A0
BY4743.....ccoe MATa/o his3A1/his3AL leu2A0/leu2A0 LYS2/lys2A0

met]SAO/METI5 ura3A0/ura3A0
BY4741 + rmil®%°K
....BY4743 + RMI1/RMII::KanMX4
BY4741 + RADS1::KanMX4
SSIA o BY4741 + SGSI1:KanMX4

.omil-1 + RADS1::KanMX4
rmil-1 + SGS1::KanMX4
BY4741 + RMI1-HA-KanMX4
..BY4741 + rmil®**“-HA-KanMX4
BY4741 + SLXI::KanMX4
BY4741 + SLX4::KanMX4
rmil-1 sixIA .........rmil-1 + SLX1::KanMX4
rmil-1 six4A ........ rmil-1 + SLX4::KanMX4
BY4741 + MUSS8I::KanMX4
....BY4741 + MMS4::KanMX4

rmil-1 mus8IA.....rmil-1 + MUSS8I::KanMX4
rmil-1 mms4A ... rmil-1 + MMS4::KanMX4
T344. ... MATa pep4-3 prb1-1122 ura3-52 leu2-3112 regl-

501 gall Atrpl::hisG
T344 + MUSS81::KanMX4
....T344 + SLXI1::KanMX
....T344 + YENI::KanMX4

constructed using a PCR-based gene disruption method (83), or obtained by
tetrad dissection. The rmilA haploid strain was obtained by sporulating a
heterozygous RMI1™/~ diploid strain. The pYES2-TOP3, pYES2-TOP3Y3%%F
PYES2-NLS-GFP, pYES2-NLS-RusA-GFP, and pYES2-NLS-RusAP7N plas-
mids were described previously (53, 55, 65). The pRS415 plasmid is available
from Stratagene (United Kingdom). The construction details of pADE2-RMI1
are available upon request. The strains used in this study are listed in Table 1.

To isolate a temperature-sensitive mutant of RMII, a mutagenized RMII
plasmid library was created by cloning the products of an error-prone PCR into
the pRS415 vector. The mutagenized RMI1 plasmid library was transformed into
a BY4741 rmil A ade2A strain containing a pADE2-RMI1 plasmid expressing the
wild-type RMI1, ADE2 and URA3 genes. The resulting strain was grown at 35°C,
producing a mixture of white and red colonies in the absence of selection for
ADE?2. We assumed that the white colonies contained pADE2-RMII and a
nonfunctional RMII gene on pRS415-RMI1, because these colonies were under
selective pressure to retain pADE2-RMI1 and were significantly larger than those
made by rmilA cells. In contrast, we assumed that the red colonies would contain
a functional RMII gene on pRS415-RMII but no pADE2-RMII plasmid. Con-
sequently, the white colonies were chosen and grown at 25°C on yeast-peptone-
dextrose (YPD) plates containing 0.005% MMS in order to select for cells
containing an RMII allele that is functional at 25°C. The resulting candidates
were plated onto agar containing 5-fluoroorotic acid (5-FOA) to force loss of the
pADE2-RMII plasmid, and then a spot dilution assay was performed to identify
strains that grew normally at 25°C but poorly at 35°C. One such pRS415-RMI1
plasmid candidate was identified, and DNA sequencing revealed that this RMI]
allele had a codon 69 mutation, altering Glu-69 to Lys (E69K). A PCR-based
allele replacement method was then used to integrate this allele into the genome
in a BY4741 background in order to create the rmil-I mutant (30).

Growth conditions, cell synchronization, and flow cytometry analysis. For
synchronization in Gy, strains were grown to early log phase at 25°C and incu-
bated with a-factor mating pheromone at either 25°C or 35°C, as indicated in the
figure legends. Where the G, arrest was performed at 35°C, the cells were
incubated at 35°C for a minimum of 1 h. For synchronization in G,/M, strains
were incubated with 15 wg/ml nocodazole (Sigma-Aldrich, United Kingdom). To
analyze recovery from MMS treatment, the cells were harvested, washed, and
then resuspended in fresh medium containing a-factor, which was added in order
to prevent a second round of replication. Cell cycle progression was monitored
using flow cytometry, as described previously (55, 57).

Two-dimensional (2D) gel electrophoresis. The hexadecyltrimethylammonium
bromide (CTAB) method of DNA extraction was used (51). The DNA extracts
were digested with Ncol and were resolved using two-dimensional gel procedures
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that were described previously (12, 48, 55, 57). The DNA was hybridized to a
probe that binds to the early-firing ARS305 replication origin.

Pulsed-field gel electrophoresis. Analysis of global replication was performed
using clamped homogeneous electrophoretic field (CHEF) gels to separate in-
tact chromosomes. Cells (6 X 107) were harvested by centrifugation, and chro-
mosomal DNA was prepared in gel molds according to the manufacturer’s
instructions (Bio-Rad). Proteinase K incubation was conducted at 37°C to pre-
vent chromosomal fragmentation, which occurs at 50°C (52). The following
parameters were used for electrophoresis: duration, 24 h; interval, 100 to 10 s log;
angle, 120° to 110° linear; voltage, 200 to 150 V log; temperature, 13°C; rotor
speed, 5. An ARS305 probe was used to detect chromosome III by Southern
hybridization (75).

Western blot analysis. Protein extraction, sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and Western blot analysis were per-
formed as described previously (55). The primary antibodies used were rat
antihemagglutinin (anti-HA) (clone 3F10; Roche, United Kingdom) at a 1:200
dilution, mouse antiactin at a 1:1,500 dilution (Abcam, United Kingdom), and
Rad53 mouse monoclonal (EL7) at a 1:10 dilution, which was a gift from Marco
Foiani (Institute of Molecular Oncology Foundation, Milan, Italy).

Microscopy. Yeast immunofluorescence was performed as described previ-
ously (1). To visualize mitotic spindles, the primary antibody used was rat anti-
alpha tubulin (ABD Serotech, United Kingdom), and the secondary antibody
was Alexa Fluor 555-conjugated goat anti-rat immunoglobulin (Invitrogen,
United Kingdom). Cells were stained with DAPI mounting medium
(Vectashield, United Kingdom) prior to microscopic analysis. Images were cap-
tured with a Nikon Eclipse 80i fluorescence microscope, using Lucia G/F soft-
ware. Samples in which 60%, 40%, or 20% of cells were in G,/M on the flow
cytometry trace were scored, which represented the 60-, 70-, and 80-min samples
for wild-type cells and the 80-, 90-, and 120-min samples for rmil-I cells.

RESULTS

Characterization of the temperature-sensitive rmil-I mu-
tant. S. cerevisiae rmilA deletion mutants have proven excep-
tionally difficult to study because they exhibit poor growth and
reduced viability and rapidly accumulate second-site suppres-
sor mutations (19, 62). To further investigate the phenotypic
consequences of acute inactivation of Rmil, we isolated a
temperature-sensitive mutant of the RMI1 strain, referred to as
the rmil-1 strain (described in Materials and Methods). DNA
sequencing revealed that this RMII allele had a codon 69
mutation, altering Glu-69 to Lys (E69K) (Fig. 1A). The rmil-1
mutant exhibited wild-type growth at the permissive tempera-
ture (25°C) but showed severe growth inhibition at the restric-
tive temperature (35°C) (Fig. 1B). Furthermore, rmil-1 cells
were highly sensitive to the alkylating agent methyl methane-
sulfonate (MMS) and the replication inhibitor hydroxyurea
(HU) at 35°C but not at 25°C (Fig. 1B). The MMS sensitivity
of rmil-1 cells at 35°C was suppressed by mutation of RADS51
or SGSI (Fig. 1C). These phenotypes exhibited by the rmil-I
temperature-sensitive mutant at 35°C mimic rmil A phenotypes
seen at all temperatures (19, 62).

To further characterize the phenotype of the rmil-Imutant,
we examined whether Rmil protein levels are altered in rmil-1
cells at 35°C. The 3’ end of RMI1 in both wild-type and rmil-1
strains was modified to encode an influenza virus hemaggluti-
nin (HA) epitope tag (50). There was no significant decrease in
Rmil protein levels in the resulting RMI1-HA and rmil-1-HA
strains after incubation for 180 min at 35°C (Fig. 1D). To
exclude the possibility that a high level of de novo protein
synthesis maintains Rmil protein levels in rmil-1-HA cells at
35°C, Rmil levels were examined in S-phase cells in the pres-
ence of cycloheximide to inhibit de novo protein synthesis (Fig.
1E). The Rmil protein had a half-life of approximately 30 min
in RMI1-HA cells but only 15 min in rmil-1-HA cells. A pos-
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sible reason for this discrepancy may be that the level of RMI1
transcription in rmil-1 cells is slightly higher than that in wild-
type cells in order to maintain equivalent Rmil protein levels
at 35°C. From these experiments, we conclude that the Rmil
protein is still present after an extended incubation at 35°C in
rmil-1 cells and at levels similar to those detectable in wild-
type cells.

The rmil-1 temperature-sensitive mutant was then used to
investigate the genetic interactions between RMII and the
MUS81, MMS4, SLX1, SLX4, and YENI genes, each of which
has been implicated in HJ resolution (25, 36, 44). Previous
studies showed that deletion of MUSS81-MMS4 or SLX1-SLX4
in sgsIA, top3A, and rmil A mutants causes synthetic lethality
(3, 4, 19, 31, 61, 62). Accordingly, synthetic lethality was ob-
served at 35°C when these resolvase genes were deleted in the
rmil-1 strain (Fig. 1F). Deletion of YENI in the rmil-I strain
did not cause synthetic lethality, and rmil-I yenIA mutants
exhibited a level of sensitivity to MMS similar to that of rmil-I
cells. This phenotype is consistent with that observed following
deletion of YENI in an sgs/A strain (8). These synthetic lethal-
ity profiles and the sensitivity of rmil-I cells to MMS and HU
at 35°C indicate that the rmil-I strain phenocopies loss of
RMII function at the restrictive temperature.

rmil-1 cells have an extended G,/M delay after completing a
perturbed S phase but are proficient in DNA damage check-
point activation. Asynchronous rmilA cells accumulate in
G,/M, as indicated by the development of large-budded cells
with a nucleus at the neck between the mother and daughter
cell (19). However, it is not clear whether the G,/M delay in
rmil A cells is caused by defects that occur in one cell cycle
or if they accumulate as the cells progress through succes-
sive cell cycles. We therefore utilized the rmil-1 strain to
investigate the consequences of acute Rmil impairment.
Wild-type and rmil-1 cells were grown at 25°C, arrested in
G, at 35°C, and then released into fresh medium (Fig. 2A).
a-Factor was added after 50 min to hold cells that were able
to successfully traverse mitosis in Gy, thus preventing a
second round of DNA replication. Both rmil-1 and wild-
type cells progressed through S phase with similar kinetics
and completed bulk DNA replication by 50 min. However,
there was a delay in the progression from G,/M to G, in
rmil-1 cells compared to wild-type cells (Fig. 2A). To fur-
ther examine the rmil-1 strain’s G,/M delay, microscopic
analysis was conducted, and the positions of the nucleus and
the mitotic spindle in budding cells were scored at various
time points (Fig. 2B). An average of 30% of rmil-1 cells had
DNA at the neck with the mitotic spindle passing through
the neck, compared to only 12% of wild-type cells (Fig. 2B).
Correspondingly, in the wild type there was a higher pro-
portion of cells with DNA in both the mother and daughter
(42% in the wild type and 21% in the rmil-I strain). We
propose that mitotic DNA segregation defects arise after
the first S phase in which Rmil is impaired.

MMS causes DNA lesions that lead to stalling of DNA
replication forks. Deletion of SGSI, TOP3, or RMII confers
MMS sensitivity (18, 19, 34, 60, 62). MMS sensitivity is also
observed in the absence of BLM or RMI2 in human cells (73,
74). To investigate if exposure to MMS exacerbates the G,/M
delay observed in rmil-1 cells, wild-type and rmil-1 cells were
transiently exposed to 0.0167% MMS at either 25°C or 35°C
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FIG. 1. rmil-1 encodes a temperature-sensitive allele of RMI1. (A) RMI1 homologs aligned by the OB-fold domain OB1. The position of the
E69K point mutation in the rmil-1 allele is indicated. (B) rmil-I cells exhibit normal growth at 25°C but growth inhibition at 35°C. Growth of
wild-type (BY4741), rmil-1, and rmil A strains was compared on plates in the absence of DNA-damaging agents (YPD) and on plates containing
either 0.0005% MMS or 20 mM HU. Tenfold serial dilutions of each strain were spotted onto plates, and plates were incubated at 25°C for 3 days
or at 35°C for 2 days. (C) Mutation of RAD51 or SGSI suppresses rmil-1 phenotypes. Growth of the indicated strains was compared on plates in
the absence of DNA damaging agents (YPD) and on plates containing either 0.002% MMS or 20 mM HU. (D) Rmil is not degraded at 35°C in
rmil-1 cells. Protein extracts were prepared from asynchronous wild-type (C), RMI11-HA, and rmil-1-HA strains grown at 25°C. The RMI1-HA and
rmil-1-HA strains were incubated at 37°C for 180 min. Levels of Rmil were analyzed by Western blotting. Actin was used as a loading control.
(E) Degradation of Rmil is slightly faster in rmil-1 cells when de novo protein synthesis is inhibited. RMI1-HA and rmil-1-HA strains were arrested
in G, at 25°C and released into fresh medium. Once the cells had reached S phase, cycloheximide was added, and the cells were incubated at 35°C
for 180 min. (F) Mutation of SLX1, SLX4, MUS81, and MMS4 causes synthetic lethality in rmil-1 cells at 35°C.

(Fig. 2C). After 1.5 h, the MMS was removed and the cells
were allowed to recover for 4 h in drug-free medium. Both
wild-type and rmil-1 cells traversed S phase with similar kinet-
ics, suggesting that bulk DNA replication is largely unaffected
in rmil-1 cells. The finding that rmil-1 cells are eventually able

to complete replication at 35°C is unsurprising, because top3A
cells released from a G, arrest are also able to do so (18). After
4 h of recovery from MMS treatment, the majority of rmil-I
cells at 25°C and of wild-type cells at both 25°C and 35°C had
traversed mitosis and accumulated in G, (Fig. 2C). However,
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FIG. 2. rmil-I cells have an extended G,/M delay after completing a perturbed S phase but are proficient in DNA damage checkpoint
activation. (A) rmil-1 cells exhibit a mild G,/M delay. Wild-type and rmil-I strains were arrested in G, (IN) at 35°C, washed, and resuspended
in fresh medium. Cell cycle progression was followed by flow cytometry. a-Factor was added to the cultures at 50 min to prevent cells from entering
a second S phase. The shaded peaks represent experimental data, and the unshaded peaks indicate a normal G,/M peak (2N). (B) Mitotic DNA
segregation defects arise after traversing the first S phase in which functional Rmil is absent. Fifty cells were scored blindly in three independent
experiments from the samples in which 60%, 40%, or 20% of the cells were in G,/M (60, 70, and 80 min in wild-type cells and 80, 90, and 120 min
in rmil-1 cells, respectively). The position of the nucleus was scored as follows: at the neck of the mother cell (at neck), elsewhere in the mother
cell (in mother only), in the daughter cell only, or in both the mother and the daughter cells. The spindle was stained using an anti-a-tubulin
antibody, and its position in each cell was also scored. (C) MMS exacerbates the G,/M delay in rmil-1 cells. Wild-type and rmil-1 cells were grown
at 25°C, arrested in G, at either 25°C or 35°C, and then released into medium containing 0.0167% MMS at the indicated temperature. After 1.5 h
the MMS was washed off, and the cells were allowed to recover for 4 h in drug-free medium. a-Factor was added to prevent any cells traversing
mitosis and entering a second round of DNA replication. (D) DNA damage checkpoint activation is proficient in rmil-I cells. Protein extracts were
prepared from the cultures in Fig. 2C. Rad53 phosphorylation status was monitored by Western blotting. The positions of unphosphorylated Rad53
and slower-migrating phosphorylated forms of Rad53 are shown on the right. o, a-factor-arrested sample; M, sample taken after 1.5 h exposure
to 0.0167% MMS. The numbers 1, 2, 3, and 4 refer to the number of hours after the MMS was removed from the cultures.

approximately 50% of rmil-1 cells at 35°C remained arrested venting them from entering mitosis. The Rad53 serine/threo-
in G,/M at this time. nine kinase is a DNA damage checkpoint effector protein that

One possible explanation for the G,/M delay is that a DNA is hyperphosphorylated in response to both DNA damage and
damage checkpoint may be hyperactivated in rmil-1 cells, pre- replication defects (66, 71). However, in rmil A and top3A cells,
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there is attenuated phosphorylation of Rad53 following expo-
sure to MMS (18, 19). To determine the phosphorylation sta-
tus of Rad53 in rmil-1 cells treated with MMS, samples were
taken for Western blotting during the experiment performed in
Fig. 2C. We observed that Rad53 was hyperphosphorylated in
wild-type cells at both 25°C and 35°C and in rmil-1 cells at
25°C (Fig. 2D). Moreover, Rad53 dephosphorylation occurred
by 2 h after removal of the MMS. In contrast to 7mil A mutants
(19), Rad53 was also hyperphosphorylated in rmil-1 cells at
35°C and remained phosphorylated even after 4 h of recovery
from the MMS treatment. Therefore, DNA damage check-
point activation is proficient in rmil-1 cells, and the persistent
activation of this checkpoint probably accounts for the G,/M
delay observed in rmil-1 cells following MMS treatment.

Replication-associated branched DNA structures persist in
rmil-1 cells after a perturbed S phase. The specific roles of
Rmil during S phase are poorly defined. Therefore, we used
pulsed-field gel electrophoresis (PFGE) analysis to monitor
the kinetics of completion of DNA replication in wild-type and
rmil-1 cells after MMS treatment. In this system, intact chro-
mosomes are resolved into distinct bands, which can be visu-
alized by ethidium bromide staining. However, replicating
chromosomes are unable to enter the gel because branched-
DNA replication/repair intermediates impair their electropho-
retic migration (27, 40). To investigate DNA replication kinet-
ics following a transient exposure to MMS, samples were taken
for PFGE analysis during the experiment in Fig. 2C. We ob-
served that, in contrast to the G;-arrested samples, the major-
ity of chromosomes were retained in the wells in the samples
taken after a 1.5 h treatment with 0.0167% MMS (Fig. 3A).
Following the removal of MMS, the majority of chromosomes
re-entered the gel within 2 h in wild-type and rmil-I cells at
25°C and in wild-type cells at 35°C. However, chromosomal
integrity was clearly perturbed in rmil-I cells at 35°C, with
reduced band intensities still evident after 4 h of recovery from
the MMS treatment (Fig. 3A). To quantify this effect, the DNA
was transferred to a membrane by Southern blotting and then
hybridized with a probe that binds to ARS305 on chromosome
IIT (Fig. 3B). The relative ratio of chromosome III in the gel to
chromosome III retained in the wells was then quantified (Fig.
3C). We observed that the majority of chromosome III was
retained in the wells in the presence of MMS in all strains
examined. Following the removal of MMS, chromosome III
had largely migrated into the gel by 2 h in wild-type cells at
25°C and 35°C and in rmil-1 cells at 25°C. However, 56% of
chromosome III DNA remained in the wells in rmil-I cells at
35°C after 4 h of recovery from the MMS treatment, compared
to only 21% in rmil-1 cells at 25°C. This suggests that more
branched DNA structures persist in rmil-1 cells at 35°C after
MMS treatment than in either wild-type cells (at both 35°C and
25°C) or rmil-I cells at 25°C (Fig. 3C). We propose that these
structures consist of unprocessed, postreplicative HRR inter-
mediates, late-stage DNA replication intermediates, or a com-
bination of the two.

X-shaped DNA molecules that are sensitive to the E. coli
RusA HJ resolvase persist when Rmil is impaired. Previous
studies have shown that RAD51-dependent, MMS-induced, X-
shaped DNA molecules accumulate in cells in which Sgsl,
Top3, or Rmil is impaired (48, 55, 58). Therefore, we used
neutral-neutral 2D gel electrophoresis technique to investigate

MoL. CELL. BIOL.

whether similar types of DNA molecules also accumulate in
rmil-1, mus81A, mms4A, slxlA, sl4A, or yenlA cells (12, 51).
Strains were released from G, arrest into medium containing
0.0167% MMS for 1.5 h. Origin firing at ARS305 was detect-
able in wild-type, rmil-1, and rmil-1 rad51A cells after incu-
bation in MMS for 15 min, as revealed by the presence of DNA
replication bubbles, Y-shaped structures, and origin-associated
X-shaped DNA molecules (Fig. 4B). All strains examined pro-
gressed through S phase with similar kinetics, apart from
rmil-1 rad51A cells, which exhibited impaired S-phase progres-
sion (Fig. 4C). This is consistent with the observation that
mutation of RAD5I causes impaired S-phase progression in
the presence of MMS, an effect that is largely due to hyperac-
tive checkpoint activation in these cells (55). We observed that
MMS-induced, X-shaped DNA molecules accumulated in
rmil-1 cells but not in rad51 rmil-IA cells (Fig. 4C). This
suggests that, unlike the origin-associated X-shaped DNA mol-
ecules observed after incubation in MMS for 15 min (Fig. 4B),
these intermediates are RAD51 dependent and are, therefore,
unprocessed HRR intermediates (51). The disappearance of
the majority of DNA replication intermediates from ARS305 in
wild-type and rmil-1 rad51A cells after 1.5 h exposure to MMS
can be explained by replication forks having progressed beyond
the boundaries of the genomic region being studied by this
time. These results are in agreement with published findings
for rmil A mutants (58) and further verify that our rmil-1 strain
phenocopies an rmilA mutant at 35°C. Importantly, MMS-
induced, X-shaped DNA molecules were not observed in
mus81A, slxIA, or yenlA strains (Fig. 4C). In addition, X-
shaped DNA molecules were not observed in mms4A or slx4A
cells (data not shown). Since X-shaped DNA molecules arise
only in the absence of a functional RTR complex, and not in
the absence of any single HJ resolvase, this suggests that the
processing of these structures is most likely performed primar-
ily by the RTR complex.

Recent findings from our laboratory indicate that the
RADS5I1-dependent, X-shaped DNA molecules forming in cells
lacking either functional Sgs1 or Top3 can be resolved in vivo
by the E. coli HJ resolvase, RusA (53). This suggests that these
X-shaped DNA molecules contain HJs. To investigate whether
the X-shaped DNA molecules that accumulate in rmil-1 cells
also contain HJs, pYES2 plasmids that express NLS-GFP (con-
trol), NLS-RusA-GFP, or the nuclease-defective allele NLS-
RusAP7N (10, 39) were transformed into rmil-I cells. These
proteins are referred to here as GFP, RusA, and RusAP""N,
respectively. Cells harboring these plasmids were grown to log
phase at 25°C and were then arrested in G, at 35°C. Protein
expression was induced by the addition of galactose during the
G, arrest and was maintained by the presence of galactose in
the growth medium throughout the experiment. The cells were
released from the G, arrest into medium containing 0.033%
MMS for 7 h (and switched to 37°C after 1 h to promote HJ
resolvase activity). The more prolonged, and higher dose of,
MMS treatment used causes a strong X-shaped DNA molecule
signal in rmil-1 cells and also allows a large window of time in
which RusA can act upon X-shaped DNA structures. At this
time, persistent X-shaped DNA molecules were detectable at
ARS305 in rmil-1 cells expressing GFP or RusAP7°N but not in
rmil-1 cells expressing RusA (Fig. 4D). We note, however, that
RusA expression exacerbated, rather than suppressed, the
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FIG. 3. Branched DNA structures persist in rmil-I cells after a perturbed S phase. (A) Chromosome integrity is impaired following MMS
treatment in rmil-1 cells. Samples were taken from strains in Fig. 2C, and analyzed at the indicated times by pulsed-field gel electrophoresis
(PFGE). C, yeast chromosomal DNA marker; o, a-factor-arrested sample; + M, sample taken after 1.5 h exposure to 0.0167% MMS; — M, sample
taken after 50 min in the absence of MMS. 1, 2, 3 and 4 refer to the number of hours after the MMS was removed from the cultures. (B) Branched
structures impair chromosome III electrophoretic mobility following MMS treatment in rmil-1 cells. The DNA was transferred by Southern
blotting and then hybridized with a probe that binds to ARS305 on chromosome III. (C) Quantification of chromosome III migration. The intensity
of chromosome III in the wells versus the gel in panel B was quantified for each time point. The data are from three independent experiments.

Error bars show standard errors.
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FIG. 4. Expression of the E. coli RusA HIJ resolvase diminishes MMS-induced X-shaped DNA molecules in rmil-1 cells. (A) DNA structures
detectable using the 2D electrophoresis technique. Bubble (light gray), Y-shaped (dark gray), and X-shaped DNA molecules (black) are indicated.
(B) Origin firing at ARS305 is unaffected in rmil-1 cells. Wild-type, rmil-1, and rmil-1 rad51A strains were released from G, arrest at 35°C into
medium containing 0.0167% MMS. After 15 min, DNA replication bubbles, Y-shaped structures, and origin-associated, X-shaped DNA structures
were detectable by 2D gel electrophoresis at the early-firing ARS305 origin on chromosome III. (C) RAD51-dependent, MMS-induced, X-shaped
DNA molecules persist in rmil-1 cells but not in strains lacking putative HJ resolvases. The indicated strains were released from G, arrest at 35°C
into medium containing 0.0167% MMS for 1.5 h. DNA replication intermediates were detected at ARS305 by 2D gel electrophoresis. RAD51-
dependent X-shaped DNA molecules are indicated by the arrow. The lower panels indicate that wild-type, rmil-1, mus8IA, slxIA, and yenlA cells
progress through S phase with similar kinetics, as measured by flow cytometry. (D) Overexpression of the RusA HJ resolvase diminishes
MMS-induced X-shaped DNA molecules in rmil-I cells. rmil-1-GFP, rmil-1-RusA, and rmil-1-RusAP7N strains were released from G, arrest
into medium containing 0.033% MMS. Protein expression was induced during the G, arrest, and throughout the subsequent incubation, by the
addition of 2% galactose. Cultures were released from G, arrest at 35°C and were then incubated at 37°C after 1 h to promote robust HJ resolvase
activity. Samples were taken for 2D gel electrophoresis after 7 h exposure to 0.033% MMS.

poor growth of rmil-1 strains (data not shown). We conclude
that RusA is able to cleave the RAD51-dependent, X-shaped
DNA molecules arising in rmil-1 cells. We propose, therefore,
that the X-shaped DNA molecules in rmil-I cells contain HJs.

Mus81-Mms4 can process the X-shaped DNA molecules
that persist in cells impaired for Top3 or Rmil. To further
investigate the genetic interactions between RMII and putative
HJ resolvase genes, rmil-1 mus8IA, rmil-1 mms4A, rmil-1
six1A, rmil-1 six4A, and rmil-1 yenlA strains were grown to log

phase at 25°C and then arrested in G, at 35°C (Fig. 5A).
Strains were then released from G, arrest into medium con-
taining 0.0167% MMS. After a 1.5-h exposure to MMS, similar
levels of X-shaped DNA molecules were detectable in all of
the strains analyzed (Fig. S5A). This suggests that loss of puta-
tive HJ resolvases does not noticeably cause increased forma-
tion of the X-shaped DNA molecules in rmil-1 cells. To ex-
amine if Mus81-Mms4, SIx1-SIx4, or Yenl has a role in
resolution of the X-shaped DNA molecules, the fate of these
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FIG. 5. Inactivation of Top3 or Rmil in the absence of Mus81-Mms4 impairs the resolution of MMS-induced X-shaped DNA molecules.
(A) Resolution of MMS-induced X-shaped DNA molecules is impaired in rmil-1 cells lacking MUSS8I or MMS4. The indicated strains were
released from G, arrest at 35°C into medium containing 0.0167% MMS for 1.5 h and then resuspended in drug-free medium as described for Fig.
2C. DNA replication intermediates arising at ARS305 were examined by 2D gel electrophoresis after a 1.5-h exposure to 0.0167% MMS and after
4 h of recovery following the removal of MMS. (B) Resolution of MMS-induced, X-shaped DNA molecules is impaired in mus8IA cells
overexpressing TOP3Y3%" The indicated strains were released from G, arrest into medium containing 0.0167% MMS for 1.5 h and then
resuspended in drug-free medium to allow recovery as described for Fig. 2C. DNA replication intermediates arising at ARS305 were examined by
2D gel electrophoresis after 4 h of recovery following the removal of MMS.

intermediates was examined following the removal of MMS, as
described for Fig. 2C. Although all of the strains analyzed were
able to traverse S phase with similar kinetics, the flow cytom-
etry traces for the rmil-1 mus81A, rmil-1 mms4A, rmil-1 slx1A,
and rmil-1 slk4A cells revealed a broadened peak of DNA
content by 4 h after the MMS treatment. This is indicative of
cell segregation defects during an aberrant mitosis (56) and
may explain the synthetic lethal genetic interactions observed
when these genes are mutated in cells with impaired Rmil

(Fig. 1F). As observed above (Fig. 2C), rmil-1 cells exhibited a
G,/M delay relative to wild-type cells. After 4 h of recovery
from the MMS treatment, the X-shaped DNA molecules were
reduced considerably in intensity in rmil-1, rmil-1 skxIA,
rmil-1 sle4A, and rmil-1 yenlA cells (Fig. SA). In contrast,
X-shaped DNA molecules were still detectable in rmil-1
mus81A and rmil-1 mms4A cells, and furthermore, these did
not decrease in intensity by this time (Fig. 5A). Taken to-
gether, these data reveal that rmil-1 mus8IA and rmil-1
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mms4A cells attempt to undergo mitosis with unprocessed
HRR intermediates following MMS treatment. Most signifi-
cantly, these data reveal an important role for the Mus81-
Mms4 endonuclease in the resolution of DNA damage-in-
duced HRR intermediates when Rmil is impaired.

TOP3Y3%°F is a dominant negative allele of TOP3 lacking the
catalytic (decatenation) activity of Top3, which causes persis-
tence of MMS-induced, X-shaped DNA molecules when over-
expressed (55). We utilized this to investigate whether Mus81-
Mms4 is also required to resolve MMS-induced X-shaped
DNA molecules when Top3 is impaired. The experiment was
conducted as described for Fig. 5A, using T344 wild-type,
mus8IA, sixIA, and yenIA strains overexpressing TOP3¥3°°F,
All of these strains progressed through S phase with similar
kinetics, as revealed by flow cytometry (Fig. 5B). After 4 h of
recovery from MMS, the X-shaped DNA molecules had
largely disappeared in wild-type, yenlA, and sixIA cells over-
expressing TOP3?°°F, However, the X-shaped DNA mole-
cules were still detectable in mus8IA cells overexpressing
TOP3Y3°°F (Fig. 5B). With these data, we reveal an important
role for Mus81-Mms4 in the resolution of damage-induced
HRR intermediates when Top3 or Rmil is impaired.

Branched DNA structures persist throughout the genome
when Mus81 and Rmil are both impaired. Given that Mus81-
Mms4 has an important role in the resolution of MMS-in-
duced, X-shaped DNA molecules at ARS305, we next investi-
gated the consequences of inactivating Rmil and Mus81 on a
genome-wide level using PFGE. Wild-type, rmil-1, mus8IA,
and rmil-1 mus8IA cells were grown to log phase at 25°C,
arrested in G, at 35°C, and then released from G, arrest into
medium containing 0.0167% MMS. After incubation for 1.5 h,
the MMS was washed off and the cells were allowed to recover
in drug-free medium for 4 h (as described for Fig. 2C). In each
of the strains, the chromosomes migrated into the gel in the
G, -arrested samples but not in the MMS-treated samples (Fig.
6). Following the removal of MMS, the majority of chromo-
somes re-entered the gel within 2 h in wild-type and mus81A
strains. As observed previously (Fig. 3C), branched DNA
structures that impede the electrophoretic mobility of the
chromosomes persist in rmil-1 cells (Fig. 6). Interestingly, this
defect was markedly exacerbated in rmil-1 mus81 cells and
affected all chromosomes, indicating that branched DNA
structures persist throughout the genome in this double mutant
(Fig. 6). These data reveal an important genome-wide role for
MusS81 in the resolution of replication-associated, branched
DNA structures when Rmil is impaired.

DISCUSSION

To examine phenotypes caused by loss of Rmil function, we
isolated a temperature-sensitive mutant (rmil-I mutant). The
rmil-1 strain exhibits wild-type growth at 25°C but severe
growth inhibition at 35°C. Similar to an rmil A mutant, rmil-I
cells are highly sensitive to MMS at 35°C, and this sensitivity is
suppressed by mutation of RADS5I or SGS1 (19, 62). Further-
more, it was demonstrated previously using 2D gel electropho-
resis that RAD51-dependent, MMS-induced, X-shaped DNA
molecules accumulate in rmilA mutants (58), and here we
demonstrate that they also accumulate in rmil-1 cells. Collec-
tively, these data indicate that the rmil-I temperature-sensitive
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FIG. 6. Deletion of MUSS! exacerbates defects in rmil-/ mutants.
The indicated strains were released from G, arrest at 35°C into me-
dium containing 0.0167% MMS for 1.5 h and then resuspended in
drug-free medium as described for Fig. 2C. Samples were taken fol-
lowing a-factor arrest (a), after 1.5 h exposure to 0.0167% MMS (+
M), after 2 h of recovery from MMS treatment (2), and after 4 h of
recovery (4). The samples were analyzed by PFGE.

mutant is a novel inducible system in which to analyze pheno-
types caused by acute Rmil impairment.

The DNA damage checkpoint effector kinase, Rad53, be-
comes hyperphosphorylated in response to MMS in wild-type
cells (66). However, this is partially defective in rmil A or top3A
cells, suggesting that the RTR complex can influence the DNA
damage checkpoint (18, 19). In addition, Top3 genetically in-
teracts with the checkpoint protein, Crb2, in S. pombe (16). To
examine DNA damage checkpoint activation in rmil-I strains,
we exposed rmil-1 cells to MMS and observed that, in contrast
to results reported for an rmilA mutant (19), Rad53 becomes
hyperphosphorylated to wild-type levels. We propose that the
Rmil protein is required for DNA damage checkpoint activa-
tion and, although the function of Rmil is clearly impaired in
rmil-1 cells at 35°C, the presence of even defective Rmil is
sufficient for normal DNA damage checkpoint activation. This
proposal is supported by the finding that Rad53 is hyperphos-
phorylated after MMS treatment in wild-type cells in which the
catalytically inactive TOP3¥3°%" allele is overexpressed (55). As
hRMI1 and hRMI2 are required for formation of BLM foci at
the site of DNA damage or replication blockage, it is possible
that S. cerevisiae Rmil also has a role in the recruitment of
Sgs1 and Top3 to replicons damaged by MMS (73, 89). Hence,
the ability of Rmil to influence checkpoint activation may
depend on its ability to stabilize the RTR complex.

Deletion of MUS81, MMS4, SLXI1, or SLX4 in an sgsiA,
top3A, or rmil A background causes synthetic lethality, preclud-
ing detailed analysis of these genetic interactions (3, 4, 19, 31,
61, 62). To investigate these genetic interactions further, we
deleted MUSS81, MMS4, SLX1, or SLX4 in the rmil-1 strain.
The resulting strains are viable at 25°C but exhibit synthetic
lethality and cell cycle defects at 35°C. Following a transient
exposure to MMS, the RADS5I1-dependent, X-shaped DNA
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molecules that accumulate in rmil-1 cells are eventually re-
solved, revealing a redundant resolution activity when Rmil is
impaired. The kinetics of X-molecule disappearance is unaf-
fected in cells lacking SLX1, SLX4, or YENI. In contrast, loss
of MUSS81 or MMS4 in rmil-1 cells impairs resolution of these
X-shaped intermediates, suggesting that Mus81-Mms4 is the
predominant activity responsible for their resolution. These
results were recapitulated when Top3 was impaired in mus81A,
slxIA, and yenlA strains. We conclude that the resolution of
HRR intermediates arising in mitotic cells in the absence of a
functional RTR complex primarily requires Mus81-Mms4. Al-
though this mechanism may be conserved in higher eukaryotes,
it is also possible that alternative mechanisms are invoked to
process HRR intermediates in these organisms.

Previously, it was proposed that the MMS-induced, RAD51-
dependent, X-shaped DNA molecules that arise in the absence
of RTR complex components are HJs, sister-chromatid junc-
tions, or hemicatenanes (11, 48, 54, 56). However, for the
following reasons, we propose that the unprocessed X-shaped
DNA molecules that accumulate when Top3/Rmil and Mus81-
Mms4 are both impaired consist of intact and/or nicked HIJs.
First, the X-shaped DNA molecules persisting in cells with
impaired Rmil can be resolved by E. coli RusA in vivo. Second,
Mus81 can resolve HJ-containing substrates both in vivo and in
vitro (25, 79, 80). Third, the RTR complex catalyzes DHJ
dissolution in vitro (5, 17, 49, 85), and the turnover of DHIJs
that form during DSB repair in diploid cells is defective in sgs/
mutants (15). Moreover, our data are consistent with the RTR
complex, rather than HJ resolvases, being the primary pathway
for the processing of HJ-containing DNA molecules that arise
following exposure to MMS, because these structures persist
only in cells impaired for components of the RTR complex, not
in mus81A, mms4A, sixIA, slx4A, or yenl A mutants (48, 55, 58).
Our analyses did not reveal a major role for Yenl in processing
MMS-induced X-shaped DNA molecules when Rmil or Top3
are impaired. This is perhaps not surprising because yenlA
sgsIA double mutants show a level of MMS sensitivity similar
to that of the sgs/A single mutant (8). However, our findings do
not exclude a role for Yenl in the resolution of HRR inter-
mediates. For example, Mus81 and Yen1 have redundant roles
in the resolution of an HJ-containing plasmid-based molecule
in vivo, and mus81A yenl A cells are more sensitive to MMS and
HU than is either of the single mutants (8, 79). It is likely that,
while each HJ processing enzyme plays a defined role in wild-
type cells, there may be some functional redundancy between
these proteins, which is revealed only when one or more of the
enzymes are inactivated. Nevertheless, if Yen1 does play a role
in the cleavage of X-shaped DNA molecules in mus81 rmil-1
cells, it must be quite inefficient, because these structures are
not resolved in mus81 rmil-1 cells even 4 h after the removal
of MMS. One possibility is that Yenl functions primarily in a
particular phase of the cell cycle and may not, therefore, pro-
mote the resolution of X-shaped DNA molecules in mus§I
rmil-1 cells in late-S/G, phase. In our system at least, the role
of SIx1-SIx4 in processing MMS-induced, X-shaped DNA mol-
ecules also appears to be a minor one in comparison with that
of the RTR complex or Mus81-Mms4. Consistent with this, the
synthetic lethality caused by deletion of MUS8! or MMS4 in
sgs1A, top3A, and rmilA strains is suppressed by deletion of
early HRR genes such as RAD51, whereas the synthetic lethal-
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ity caused by deletion of SLX7 or SLX4 is not (3, 19, 31, 62).
This indicates that the synthetic lethality probably relates to
functions of SIx1-SIx4 in processes other than HRR. Interest-
ingly, loss of Slx1-Slx4 or Mus81 causes defects in the faithful
replication of rDNA repeats in the absence of Sgsl (43, 45),
suggesting that chromosome XII integrity impacts the viability
of sgsl slx4 and sgs! mus8] mutants. However, defining the
specific problems occurring at this locus, and throughout other
regions of the genome, will require further investigation, as
discussed below.

Using the rmil-1 temperature-sensitive mutant, we demon-
strated that loss of Rmil function during S phase leads to a
G,/M delay and mitotic DNA segregation defects. A transient
exposure to MMS leads to an exacerbation of this G,/M delay
and causes a high level of branched DNA structures to arise.
These structures arise on a genome-wide level, not just at
specific loci, as revealed by PFGE. We propose that these
branched structures contain unresolved, postreplicative HRR
intermediates, as observed at ARS305. Although at least some
of the branched DNA structures could also contain late-stage
replication intermediates, such as those arising at sites of con-
verging replication forks, it has recently been shown that pro-
grammed replication termination at TER sites is mediated by
Top2 and is Top3 independent (32). However, it is still possible
that the RTR complex may have a role in replication termina-
tion at non-7ER sites, or in resolving topological constraints at
converging forks as they approach the zone in which replica-
tion termination occurs.

Our findings using the rmil-1 temperature-sensitive mutant
are consistent with a role for Rmil in the processing of HJ-
containing HRR intermediates that arise during S phase. It is
our proposal that the MMS-induced X-shaped DNA structures
consist largely of DHJs, and the most plausible source of these
DHIJs is during the HRR-mediated filling of postreplicative
ssDNA gaps. Furthermore, we propose that the DHJ dissolu-
tion pathway is dominant over Mus81-Mms4, or any other HJ
resolution pathways, in resolving DHJs. Indeed, it could be
advantageous for cells to favor DHJ dissolution by the RTR
complex over resolution by HJ resolvases, because DHJ disso-
lution produces exclusively noncrossover products, whereas HJ
resolution would produce a mixture of noncrossover and cross-
over products (77, 86). Preferential production of noncross-
overs as an endpoint for HRR would minimize potentially
deleterious effects of crossing-over during HRR, such as chro-
mosomal rearrangement, missegregation, and loss of heterozy-
gosity. It is also possible that DHJ dissolution is the primary
pathway because conventional HJ resolution is either error
prone or inefficient. Given the greater ability of Mus81-Mms4
to resolve nicked rather than intact HJs in vitro (21, 23, 24, 35),
it is possible that the X-shaped DNA molecules that are re-
solved by Mus81-Mms4 in cells impaired for Rmil or Top3
comprise either nicked HJs or intact HJs that are converted to
nicked junctions. Further work will be required to fully under-
stand the different physiological situations in which the RTR
complex, Mus81-Mms4, SIx1-SIx4, and Yenl are required.
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