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Saccharomyces cerevisiae mre11D mutants are profoundly deficient in double-strand break (DSB) repair,
indicating that the Mre11-Rad50-Xrs2 protein complex plays a central role in the cellular response to DNA
DSBs. In this study, we examined the role of the complex in homologous recombination, the primary mode of
DSB repair in yeast. We measured survival in synchronous cultures following irradiation and scored sister
chromatid and interhomologue recombination genetically. mre11D strains were profoundly sensitive to ionizing
radiation (IR) throughout the cell cycle. Mutant strains exhibited decreased frequencies of IR-induced sister
chromatid and interhomologue recombination, indicating a general deficiency in homologous recombination-
based DSB repair. Since a nuclease-deficient mre11 mutant was not impaired in these assays, it appears that
the role of the S. cerevisiae Mre11-Rad50-Xrs2 protein complex in facilitating homologous recombination is
independent of its nuclease activities.

Repair of DNA double-strand breaks (DSBs) by homolo-
gous recombination requires a sister chromatid or a homolo-
gous chromosome as a template. In Saccharomyces cerevisiae,
the sister chromatid is the preferred template for the repair of
damaged DNA (20). Consequently, ionizing radiation (IR)
resistance of wild-type haploid and diploid cells is maximal
in the G2 phase of the cell cycle when sister chromatids are
present (8, 9). However, wild-type diploid strains are more
resistant to IR-induced DNA damage than haploid strains,
reflecting that chromosomal homologues can also serve as tem-
plates for repair (28, 33).

Genetic and biochemical analyses have implicated the
Mre11-Rad50-Xrs2 protein complex in nonhomologous end
joining (NHEJ) (14, 21, 29, 31). The rate of spontaneous het-
eroallelic recombination is increased in mre11D, rad50D, and
xrs2D diploid strains relative to that of the wild type (1), indi-
cating that deficiency in the complex does not abrogate homol-
ogous recombination. However, the extent to which DSB re-
pair is impaired in mre11D mutants (7, 26) suggests that the
impact of Mre11 deficiency extends beyond NHEJ. Therefore,
we hypothesized that mre11D mutants are deficient in homol-
ogous recombination and that this defect results from a dimin-
ished ability to utilize the sister chromatid as a template for
recombinational DNA repair.

We tested this hypothesis by measuring cell survival of syn-
chronous cultures following irradiation and by scoring sister
chromatid recombination (SCR) and interhomologue recom-
bination genetically. We found that Mre11 deficiency leads to
a decrease in homologous recombination-based DSB repair.
Both SCR and interhomologue homologous recombination
are affected by Mre11 deficiency, but the defect is most pro-
nounced with respect to SCR. Since SCR and interhomologue
recombination were normal in hdf1D mutants, the defects ob-

served in mre11D strains are not a general feature of NHEJ
mutants. Further, the data indicate that the nuclease activity of
the S. cerevisiae Mre11-Rad50-Xrs2 protein complex is not
required for homologous recombination, as SCR and inter-
homologue recombination were normal in a nuclease-deficient
mre11 strain.

The phenotypic features of mre11D mutants described
herein are consistent with the hypothesis that the S. cerevisiae
Mre11-Rad50-Xrs2 protein complex stabilizes chromatid in-
teractions, and thus plays a structural role in the homologous
recombination process. The data also suggest that the complex
may regulate resection of DSB ends to facilitate homologous
recombination.

MATERIALS AND METHODS

Yeast strains. The genotypes of yeast strains used in this study are listed in
Table 1. MATa/2 diploid strains JPY145, JPY146, JPY260, and JPY264, capable
of arresting the cell cycle in response to the mating pheromone a-factor, were
constructed by transformation of strains JPY41, JPY45, JPY84, and JPY259,
respectively, with plasmid pFP18 (a gift of Jim Haber) linearized with PvuII.
Integrative transformation of this construct results in replacement of the HO-
site-containing 138-bp BglII/BsaAI fragment of the MATa locus with the hisG-
URA3-hisG cassette (2). Disruption was assessed morphologically by response to
a-factor and was confirmed by Southern blotting. The hdf1D disruption was
introduced into diploid strains JPY45, JPY67, and JPY115 using plasmid pHSX-
YKuLEU2 as described (5). Double mutant haploids were obtained by sporu-
lation and tetrad dissection of double heterozygotes. For XRS2 disruption in
diploid strain JPY115 by one-step gene replacement, a hisG-URA3-hisG cassette
(2) was inserted into the HincII/BglII site in XRS2, deleting all but 213 bp at the
59 end and 383 bp at the 39 end of the coding sequence.

SCR was monitored in haploid spores derived from strain JPY104, obtained by
the integration of MFp102 (11) into diploid strain JPY102, which resulted in the
replacement of the TRP1 locus with the MFp102 SCR construct (see Fig. 3). The
his3-D200 mutation in JPY102 deletes HIS3 sequences contained in the SCR
construct so that histidine prototrophy can be generated only by an unequal SCR
event. All strains were cultured at 30°C. Disruptions were confirmed by Southern
blotting. Yeast media were prepared and strain manipulations were carried out
according to standard procedures (4, 13).

Plasmids. For construction of pScM11-314, a 2.9-kb BamHI/KpnI MRE11
fragment was subcloned from pSK-MRE11-BNX (pSK-ScMRE11 [7] digested
with NruI and XhoI, blunted, and reclosed, deleting sequences 39 of the MRE11
stop codon) into the centromeric vector pRS314 (34). MRE11 expression from
this construct is under the control of the native MRE11 promoter. The ADH1
promoter-driven MRE11 and mre11-3 expression constructs have previously been
described (7).
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Cell cycle arrest. Cultures were grown to a density of approximately 5 3 106

cells/ml and arrested in G1 with a-factor (3 mM final concentration, incubated for
2 to 3 h) (U.S. Biologicals) or in G2 with carbendazim (150 mg/ml final concen-
tration, incubated for 2 to 3 h) (Aldrich). Synchronization was assessed morpho-
logically and by flow cytometry (see below).

Flow cytometry. Cells were fixed in 70% ethyl alcohol at 4°C for at least 12 h,
were pelleted, were resuspended in 1 ml of 50 mM sodium citrate (pH 7.5), and
were sonicated for 15 s. Cells were resuspended in sodium citrate containing 0.25
mg of RNase A per ml, were incubated at 50°C for 1 h or at 37°C overnight, and
were resuspended in sodium citrate containing 1 mM Sytox Green (1:5,000
dilution) (Molecular Probes). Samples were kept in the dark at room tempera-
ture for at least 1 h prior to flow cytometric analysis.

Irradiation studies. Strains were irradiated in mid-log phase (approximately
107 cells/ml) or following cell cycle arrest (see above) as previously described (7).

Sister chromatid recombination. To monitor spontaneous SCR, approxi-
mately 100 cells from an overnight culture were used to inoculate fresh 50-ml
yeast extract-peptone-dextrose (YEPD) cultures, and the cultures were then
grown to a density of approximately 5 3 107 cells/ml. Approximately 5 3 107 cells
per synthetic complete (SC) medium plate lacking His (SC-His) and 500 cells per
nonselective plate were plated in triplicate. The rate of spontaneous SCR was
determined from at least nine independent cultures per strain by fluctuation
analysis (23) with modifications as previously described (7).

To measure IR-induced SCR, cultures were grown to mid-log phase (approx-
imately 107 cells/ml) in YEPD. Approximately 3 3 108 cells were harvested for
each strain and were resuspended in 900 ml of double-distilled water (ddH2O).
Each cell suspension was split into two aliquots, one of which was irradiated on
ice with 50 Gy while the other served as the unirradiated control. Cells were then
diluted 10-fold into fresh YEPD, were allowed to recover for 30 min at 30°C, and
were plated as described above. The number of IR-induced SCR events was
determined by subtracting the ratio of histidine prototrophs to total viable cells
in the unirradiated sample from the same value in the irradiated sample.

Interhomologue recombination. To measure IR-induced interhomologue re-
combination, cultures of JPY264 transformants were grown to early log phase

(approximately 5 3 106 cells/ml) in SC-Trp-Met media. Cultures were then split
into three aliquots for asynchronous and G1- and G2-synchronized samples as
described above. Each was then resuspended in ddH2O and split into three
aliquots, two of which were irradiated on ice with 50 Gy and 150 Gy while the
third served as the unirradiated control. Cells were then diluted 10-fold into fresh
SC-Trp media, were allowed to recover for 30 min at 30°C, and were plated onto
SC-Trp and SC-Trp-Met canavanine plates. The number of IR-induced interho-
mologue recombination events was determined by subtracting the ratio of cana-
vanine-resistant methionine prototrophs to total viable cells in the unirradiated
sample from the same value in the irradiated sample.

RESULTS

Synchronous cultures of haploid and diploid strains provide
a means to examine the ability of cells to utilize different
homologous templates for recombinational DSB repair. In G1-
synchronous cultures, cells must rely on NHEJ to repair DSBs
in the absence of homology (Fig. 1). Haploid cells contain a
homologous template, in the form of a sister chromatid, only
during the G2 phase. In contrast, diploid cells contain homol-
ogous templates, in the form of homologous chromosomes,
throughout the cell cycle. Additionally, sister chromatids are
present in the G2 phase and are the preferred template for
repair (20). We monitored the contribution of each of these
templates to the survival of mre11D cells following irradiation
using synchronous cultures of haploid and diploid strains.

Radiation sensitivity of haploid mre11D strains. Given the
DSB repair deficiency observed in mre11D strains (7, 26), we

TABLE 1. Yeast strains used in this study

Strain Genotype Referencea

JPY27 MATa ura3-52 lys2-801 ade2-101 trp1-D63 his3-D200 leu2-D1
JPY35 MATa ura3-52 lys2-801 ade2-101 trp1-63 his3-200 leu2-1 mre11::hisG 7
JPY41 MATa/MATa his7/his7 leu2/leu2 ura3/ura3 trp1/trp1 hom3/1 can1/1 7
JPY45 MATa/MATa his7/his7 leu2/leu2 ura3/ura3 trp1/trp1 hom3/1 can1/1 mre11::hisG/mre11::hisG 7
JPY67 MATa/MATa his7/his7 leu2/leu2 ura3/ura3 trp1/trp1 hom3/1 can1/1 mre11::hisG/1 7
JPY69 MATa his7 leu2 ura3 trp1 mre11::hisG (spore of JPY67)
JPY70 MATa his7 leu2 ura3 trp1 (spore of JPY67)
JPY84 MATa/MATa his7/his7 leu2/1 ura3/ura3 trp1/trp1 hom3/1 can1/1 mre11::hisG/mre11::hisG
JPY92 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 (spore of JPY104)
JPY94 MATa ura3-52 lys2-801 ade2-101 trp1-D63 his3-D200 leu2-D1 (spore of JPY104)
JPY97 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 mre11::hisG (spore of JPY104)
JPY98 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 mre11::hisG (spore of JPY104)
JPY102 MATa/MATa ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1-D63/trp1-D63 his3-D200/his3-D200 leu2-D1/leu2-D1

mre11::hisG/1 (JPY27 3 JPY35)
JPY104 Same as JPY102 except trp1-D63/trp1::SCE
JPY115 MATa/MATa ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1-D63/trp1::SCE his3-D200/his3-D200 leu2-D1/leu2-D1

(JPY92 3 JPY94)
JPY145 Same as JPY45 except MATa/mata::hisG
JPY146 Same as JPY41 except MATa/mata::hisG
JPY154 Same as JPY115 except xrs2::hisG-URA3-hisG/1
JPY155 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 xrs2::hisG-URA3-hisG (spore of JPY154)
JPY156 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 xrs2::hisG-URA3-hisG (spore of JPY154)
JPY169 Same as JPY67 except hdf1::LEU2/1
JPY170 Same as JPY115 except hdf1::LEU2/1
JPY174 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 hdf1::LEU2 (spore of JPY170)
JPY176 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 hdf1::LEU2 (spore of JPY170)
JPY177 MATa/MATa ura3-52/ura3-52 lys2-801/lys2-801 ade2-101/ade2-101 trp1::SCE/trp1::SCE his3-D200/his3-D200 leu2-D1/leu2-

D1 mre11::hisG/1 hdf1::LEU2/1 (JPY97 3 JPY174)
JPY181 MATa his7 leu2 ura3 trp1 hdf1::LEU2 (spore of JPY169)
JPY202 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 (spore of JPY177)
JPY205 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 mre11::hisG hdf1::LEU2 (spore of JPY177)
JPY206 MATa ura3-52 lys2-801 ade2-101 trp1::SCE his3-D200 leu2-D1 mre11::hisG hdf1::LEU2 (spore of JPY177)
JPY247 Same as JPY45 except hdf1::LEU2/1
JPY250 MATa his7 leu2 ura3 trp1 mre11::hisG (spore of JPY247)
JPY254 MATa his7 leu2 ura3 trp1 mre11::hisG hdf1::LEU2 (spore of JPY247)
JPY255 MATa his7 leu2 ura3 trp1 mre11::hisG hdf1::LEU2 (spore of JPY247)
JPY259 MATa/MATa his7/his7 leu2/leu2 ura3/ura3 trp1/trp1 mre11::hisG/mre11::hisG hdf1::LEU2/hdf1::LEU2 (JPY254 3 JPY255)
JPY260 Same as JPY259 except MATa/mata::hisG-URA3-hisG
JPY264 Same as JPY84 except MATa/mata::hisG-URA3-hisG

a All strains listed were generated during this study except where indicated by a reference.
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asked whether homologous recombination was impaired by
Mre11 deficiency, as suggested by previous work using rad50D
and xrs2D strains (18). In order to determine whether mre11D
strains were defective in SCR, we examined the IR sensitivity
of synchronous cultures of wild-type (JPY70) and mre11D
(JPY69) haploid strains. Cells were grown to early log phase
and arrested in G1 or G2 by treatment with a-factor or carben-
dazim, respectively. Synchronization of cultures was confirmed
morphologically and by flow cytometry. Cells were irradiated
in suspension at 150 Gy and were plated onto rich media to
score cell survival relative to that of unirradiated cultures.

The wild-type haploid strain JPY70 exhibited 37% survival
following irradiation during asynchronous growth, and the
mre11D haploid strain JPY69 exhibited 0.7% survival (Fig. 2).
Whereas wild-type cells arrested in G1 exhibited 1.5% survival,
cells in G2 exhibited 70% survival, indicating that the presence
of a sister chromatid in G2-synchronous cultures increases the
survival of wild-type cells.

In contrast to the wild-type strain, the presence of the sister
chromatid in the G2-arrested mre11D cells did not increase
survival following IR. G2-synchronous mre11D cells exhibited
less than a twofold increase in survival upon irradiation relative
to that of G1-synchronous cells (1 and 0.6% survival, respec-
tively) (Fig. 2). Hence, the IR sensitivity of asynchronous hap-

loid mre11D strains can primarily be attributed to the increased
sensitivity of the G2 population. These data suggest that use of
the sister chromatid for recombinational repair is substantially
reduced in mre11D mutants.

The IR sensitivity of wild-type haploid cells in G1 demon-
strates that NHEJ does not contribute significantly to cell sur-
vival following IR. Indeed, a substantial fraction of the surviv-
ing cells are unlikely to have received any DSBs at the IR dose
used. A dose of 150 Gy is predicted to impart four to six DSBs
per cell (32). Since IR-induced breaks are distributed stochas-
tically, 0.25 to 2% of cells were predicted to sustain less than
one DSB at the level of irradiation employed in this experi-
ment—a dose at which we observed approximately 1.5% sur-
vival. Hence, most of the surviving cells in the G1-synchronous
populations may not have sustained DSBs.

Radiation-induced sister chromatid recombination. To as-
sess SCR genetically, we used a chromosomal substrate con-
sisting of a tandemly repeated HIS3 gene in which the first
repeat is truncated at the 59 end and the second is truncated at
the 39 end (11). In this configuration, a functional HIS3 gene
can be generated only by an unequal SCR event (Fig. 3). The
wild-type (JPY92 and JPY202) and mre11D (JPY97 and JPY98)
haploid strains exhibited similar rates of spontaneous SCR
([1.4 to 2.0] 3 1026 per generation).

We next assessed radiation-induced unequal SCR following
irradiation at 50 Gy. The wild-type strains exhibited an IR-
induced increase in SCR frequency of 13.3 3 1026 (Table 2).
We consistently observed significantly smaller increases in
SCR frequency following irradiation of the mre11D strains
JPY97 and JPY98 (4.8 3 1026). Similar data were obtained
with a mutant of another member of the complex. The xrs2D
strains JPY155 and JPY156 exhibited an IR-induced increase
in SCR frequency of 5.4 3 1026 (Table 2). At this IR dose, the
decrease in survival of these mutant strains relative to the
survival of the wild type (1.5-fold) is of similar magnitude to
the decrease in the number of recombinants scored (2.6-fold).

Previous studies have shown that mre11D strains are defi-
cient in NHEJ (14, 21, 31). We asked whether the decrease in
SCR in mre11D cells was a general, and presumably indirect,
outcome of NHEJ deficiency. We analyzed the IR sensitivity of
synchronous cultures and the IR-induced frequency of SCR in

FIG. 1. Schematic representation of asynchronous and synchronous cultures.
The genotype shows that cells in G1 rely on NHEJ (haploids) or interhomologue
recombination (diploids) for recombinational DNA repair. Cells in G2 can also
undergo sister chromatid recombination (haploids and diploids). The petal-shaped
figures represent chromosome arms; the gray dots represent the centromeres.

FIG. 2. Radiation sensitivity of haploid mre11D and hdf1D strains. Asynchronous cultures and cells synchronized with a-factor (G1 synchronous) or carbendazim
(G2 synchronous) were irradiated at a dose of 150 Gy as described in Materials and Methods. Cell survival was scored for 5 days following irradiation. Values plotted
represent the average of triplicate platings from at least three experiments. Error bars represent standard deviations. Haploid strains were JPY70 (MRE11), JPY69
(mre11D), JPY181 (hdf1D), and JPY254 (mre11D hdf1D).
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the haploid hdf1D strains JPY181, JPY174, and JPY176, which
are also impaired in NHEJ (6, 25). Haploid hdf1D cells were no
more IR sensitive than wild-type cells, exhibiting survival of
38% in asynchronous cultures, 1.5% in G1-synchronous cul-
tures, and 81% in G2-synchronous cultures (Fig. 2). The rate of
spontaneous SCR in the haploid hdf1D strains JPY174 and
JPY176 was 1.5 3 1026 per generation, not significantly dif-
ferent from those of the other mutant and wild-type strains
examined in this assay (data not shown). However, in contrast
to the mre11D and xrs2D strains, the hdf1D strains showed an
IR-dependent increase in SCR frequency equivalent to that of
the wild type (16.3 3 1026) (Table 2).

The IR sensitivity of haploid mre11D cells was partially sup-
pressed by the hdf1D mutation. Survival of the mre11D hdf1D
strain JPY254 was 5.7-fold greater than that of the mre11D
strain JPY69 following irradiation of asynchronous cultures,
with G1- and G2-synchronous cultures displaying 2.2- and 4.6-
fold increases in survival, respectively (Fig. 2).

Radiation sensitivity of diploid mre11D strains. We previ-
ously showed that diploid mre11D strains exhibit higher radi-
ation resistance than their haploid counterparts (7), consistent
with the behavior of rad50D and xrs2D strains (18). As in
wild-type cells, this effect is presumably due to the presence of
homologous chromosomes for repair of DSBs (33). To assess
the ability of Mre11-deficient diploid cells to use interhomo-
logue recombination for DSB repair, MATa/mata::hisG dis-
ruptions were established in wild-type (JPY41) and mre11D
(JPY45) diploid strains to allow G1 synchronization with a-fac-
tor. The IR sensitivity of synchronous populations of these
diploid strains was examined as described above.

The wild-type diploid strain JPY146 was more resistant to IR
than its haploid counterpart JPY70, exhibiting survival of 51%
following irradiation of asynchronous cultures (Fig. 4). As with
the wild-type haploid strain, G2-synchronous diploid cultures ex-
hibited increased IR resistance relative to the resistance of G1-
arrested cells (90 and 59%, respectively). Although asynchronous
cultures of the mre11D JPY145 strain did exhibit an increase in IR
resistance relative to its haploid counterpart JPY69 (compare Fig.
2 and Fig. 4) (7), the G2-synchronous mre11D diploid culture did
not show increased survival relative to that of the G1-synchronous
culture (Fig. 4). Instead, we reproducibly observed a two- to
threefold decrease in survival of mre11D diploid cells in G2 (1.5%
survival) relative to that of G1-synchronous cultures (3.3% sur-
vival) (Fig. 4). This effect was not due to mating-type hemizygos-
ity, as MATa/MATa strains synchronized in G1 by growth to
saturation exhibited an even more dramatic increase in survival
following IR (data not shown).

As in haploid strains, the hdf1D mutation partially sup-
pressed the IR sensitivity of the diploid mre11D strain JPY145.
Survival of the homozygous mre11D hdf1D diploid strain
JPY260 was 6.3-fold greater than that of the diploid mre11D
strain following irradiation of asynchronous cultures (Fig. 4).
mre11D hdf1D diploid cells arrested in G1 and G2 exhibited 1.7-
and 4-fold increases in survival, respectively, relative to that of
mre11D cells.

The IR sensitivity of mre11D diploid cells suggested that
mre11D strains are defective in IR-induced interhomologue
recombination, as shown previously for rad50D strains (33).
We measured the induction of interhomologue recombination
by IR in the diploid strain JPY264 transformed with either a
wild-type MRE11 expression construct (pScM11-314) or an
empty vector. JPY264 is an Mre11-deficient MATa/mata::hisG
diploid strain heterozygous for can1 and hom3 on opposite
arms of chromosome V. In this strain, the frequency of inter-
homologue recombination can be determined by scoring the
frequency of canavanine-resistant methionine prototrophs (7,
16). Heteroallelic (intragenic) recombination cannot be distin-
guished from intergenic recombination by this assay.

As in previous studies, we found that spontaneous interho-
mologue recombination was increased in mre11D diploid cells
relative to that of the wild type, with frequencies of 4.0 3 1023

and 3.7 3 1024 recombinants per viable cell, respectively (1).
We observed greater IR induction of interhomologue recom-
bination in both wild-type and mre11D G1-synchronous cells
relative to that of asynchronous and G2-synchronous cultures
(Table 3), consistent with the observation that sister chroma-
tids are preferred over homologous chromosomes as templates
for recombinational repair (20). However, the IR-induced fre-
quency of interhomologue recombination in the mre11D strain
was indistinguishable from that of the wild type at a dose of 50
Gy (Table 3).

We found that IR induction of interhomologue recombina-
tion following irradiation at 150 Gy was reduced in asynchro-
nous cultures of the mre11D strain relative to that of the wild-
type (pScM11-314) transformants (Table 3), with frequencies
of 24.7 3 1024 and 7.3 3 1024 recombinants per viable cell,
respectively. In contrast, the frequency of IR-induced interho-
mologue recombination observed in G1-synchronous mre11D
cultures (31.5 3 1024) was not different from that of the wild
type (35.0 3 1024) following irradiation at 150 Gy (Table 3).
The extent to which IR-induced interhomologue recombina-

FIG. 3. Sister chromatid recombination assay. Integrative transformation of
MFp102 (11) results in the replacement of the TRP1 locus with the SCR sub-
strate. Striped bars indicate the location of his3 fragments (his3-D59 and his3-
D39) in a head-to-tail arrangement along the sister chromatids (solid horizontal
lines). The arrowhead and shaded box represent regions of HIS3 deleted in the
opposite allele. A functional HIS3 gene can be generated only by an unequal
sister chromatid recombination event as indicated by the diagonal line. An
intrachromatid recombination event will produce a HIS3 circle (not shown).

TABLE 2. Effect of mre11 and hdf1 mutations on radiation-induced
sister chromatid recombination

Genotype Strain IR-induced
frequency (n)a

% Sur-
vival

MRE11 JPY92 and JPY202 13.3 6 5.9 (13) 48
mre11D JPY97 and JPY98 4.8 6 2.8 (8) 31
xrs2D JPY155 and JPY156 5.4 6 2.2 (8) 35
hdf1D JPY174 and JPY176 16.3 6 5.3 (12) 46
mre11D hdf1D JPY205 and JPY206 6.1 6 4.7 (15) 52
mre11D trans-

formantsb
mre11D:DB-MRE11-TRP 13.1 6 5.2 (7) 58
mre11D:DB-mre11-3-TRP 14.6 6 6.5 (7) 51
mre11D:DB-P-TRP 3.7 6 2.6 (7) 43

a Frequencies were calculated by subtracting the spontaneous frequency of
histidine prototrophs in the unirradiated sample from the frequency in the
irradiated sample. Values are given as 1026 recombinants per viable cell 6
standard deviations. Numbers in parentheses indicate the number of indepen-
dent cultures used to determine the given value. IR dose 5 50 Gy.

b Haploid mre11D strains JPY97 and JPY98 were transformed with an ADH1
promoter-driven MRE11 or mre11-3 expression construct (DB-MRE11-TRP or
DB-mre11-3-TRP) or an empty vector (DB-P-TRP). Details of plasmid con-
struction are given in Materials and Methods.
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tion was reduced in the asynchronous and G2-synchronous
mre11D cells is consistent with the decrease in cell survival at
this dose. The negative IR induction of recombinants in the
mre11D strain reflects that the degree of cell killing at this dose
exceeds the frequency of viable recombinants.

Mre11 nuclease activity in homologous recombination. The
data described above indicates that Mre11 deficiency pro-
foundly impairs homologous recombination. Since nucleolytic
processing is required for homologous recombination (15, 35),
we asked whether the role of the Mre11-Rad50-Xrs2 complex
in homologous recombination was dependent upon the nucle-
ase activity of Mre11 (12, 27, 29, 36, 37). For this analysis, we
used the mre11-3 mutant, in which the conserved histidine
residue at position 125 is altered (7). Alteration of this residue
in the Scmre11 H125N allele inactivates the nuclease function
of Mre11 and disrupts the early stages of meiotic recombina-
tion (27). Like Scmre11 H125N, mre11-3 mutants are unable to
produce viable spores (data not shown).

The haploid mre11D strains JPY69, JPY97, and JPY98 were
each transformed with a centromeric plasmid containing no
insert (empty vector) or MRE11 or mre11-3 (both expressed
from the ADH1 promoter) (7). Transformants were examined
with respect to cell survival of synchronous cultures following
irradiation and IR-induced SCR as described above.

As with the wild-type JPY69 transformants, the presence of
the sister chromatid in the G2-synchronous mre11-3 transfor-
mants increased cell survival following IR relative to that of

G1-synchronous cultures. Asynchronous and G2-synchronous
cultures of mre11-3 transformants exhibited 37 and 42% sur-
vival, respectively, whereas G1-synchronous cells exhibited 2%
survival (Fig. 5). Consistent with cell survival, we found that
the frequency of IR-induced SCR in the haploid JPY69
mre11-3 transformants was 14.6 3 1026 (Table 2), indistin-
guishable from that of the wild type (13.1 3 1026).

DISCUSSION

We examined the response of mre11D mutants to DSBs
using cell survival, SCR, and interhomologue recombination
assays. We found that Mre11 deficiency leads to a dramatic
reduction in homologous recombination, as evidenced by de-
creased survival following irradiation of synchronous cultures
and by decreased frequencies of IR-induced sister chromatid
and interhomologue recombination. Although previous studies
have implicated the S. cerevisiae Mre11-Rad50-Xrs2 protein
complex in NHEJ, this study clearly indicates that the primary
role of the complex in the cellular DNA damage response is in
facilitating homologous recombination. This role in the dam-
age response does not appear to depend upon the nuclease ac-
tivities exhibited by the complex, as a nuclease-deficient allele of
mre11 did not affect homologous recombination in our assays.

It is likely that deficiency in the S. cerevisiae Mre11-Rad50-
Xrs2 protein complex destabilizes the association of homolo-
gous chromatids during recombinational DNA repair, thereby

FIG. 4. Radiation sensitivity of diploid mre11D and mre11D hdf1D strains. Methods of synchronization and irradiation are as described in the legend to Fig. 3 and
in Materials and Methods. IR dose 5 150 Gy. Values plotted represent the averages of triplicate platings from at least three experiments. Error bars represent standard
deviations. Diploid strains were JPY146 (MRE11), JPY145 (mre11D), and JPY260 (mre11D hdf1D).

TABLE 3. Radiation-induced interhomologue recombination in mre11D/mre11D transformants

Plasmida

IR-induced frequency (n)b

50 Gy 150 Gy

Asynchronous G1 arrested G2 arrested Asynchronous G1 arrested G2 arrested

pScM11-314 7.7 6 2.5 (14) 33.5 6 16.7 (16) 7.1 6 3.5 (16) 7.3 6 1.4 (5) 35.0 6 8.4 (6) 4.8 6 2.2 (6)
pRS314 11.1 6 12.1 (10) 49.0 6 15.6 (8) 8.5 6 15.9 (8) 24.7 6 1.9 (6) 31.5 6 6.9 (5) 23.2 6 6.9 (6)

a Diploid mre11D strain JPY264 was transformed with a native promoter-driven MRE11 expression construct (pScM11-314) or an empty vector (pRS314). Details
of plasmid construction are given in Materials and Methods.

b IR-induced frequencies were calculated by subtracting the spontaneous frequency of canavanine-resistant methionine prototrophs in the unirradiated sample from
the frequency in the irradiated sample. Values are given as 1024 recombinants per viable cell 6 standard deviations. Numbers in parentheses indicate the number of
independent cultures used to determine the given value.
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impairing homologous recombination as well as NHEJ (26). In
homologous recombination, the effect is more severe for SCR
than for interhomologue recombination. For example, we ob-
served that G1-synchronous mre11D diploid cultures were more
IR resistant than G2-synchronous diploid cultures (Fig. 4).

The mechanistic basis for the putative reduction in chromatid
interactions in S. cerevisiae Mre11-Rad50-Xrs2 protein complex-
deficient cells is not clear. In mre11D cells, the induction of inter-
homologue recombination by IR treatment is reduced in G2-
synchronous cultures relative to that of G1-synchronous cultures
(Table 3), as shown previously for wild-type cells (10). This sug-
gests that the bias toward the use of sister chromatids for homol-
ogous recombination is intact in mre11D cells. The increased
survival of G1-synchronous cultures relative to that of G2-synchro-
nous diploid cultures (Fig. 4) is consistent with this interpretation.
The increased sensitivity of G2 cultures suggests that the comple-
tion, rather than the initiation, of SCR events is affected by Mre11
deficiency and that reduced survival relative to that of G1 cultures
may be caused by abortive SCR events.

The spontaneous hyperrecombination phenotype observed
in mre11D, rad50D, and xrs2D strains is seemingly paradoxical
in light of the homologous recombination defects in these
mutant strains (1, 3, 18). Two factors may interact to influence
the frequency of spontaneous interhomologue recombination.
First, Mre11 deficiency may result in an increased steady-state
level of recombinogenic lesions and thereby lead to an elevated
frequency of interhomologue recombination. Second, the slow
resection of DSB ends in mre11D strains may lead to shorter
heteroduplex tracts during gene conversion. The result would
be an apparent increase in gene conversion between heteroal-
leles in a diploid strain (14, 30). This scenario can also explain
the observation that at low doses of IR (50 Gy), both wild-type
and mre11D mutants exhibited an induction of can1 recombi-
nants (Table 3), despite a relative decrease in survival of the
mre11D strain (data not shown). That is, although IR-induced
DNA damage is repaired inefficiently in the mre11D strain, the
decreased number of successful recombination events that do
occur do so with DNA ends that are minimally resected and
are thus more likely to result in a conversion of the heteroal-
lele. At higher doses of IR (150 Gy), the frequency of cell death

in mre11D cells exceeds the frequency of successfully com-
pleted interhomologue recombination events. Consequent-
ly, we observed a negative induction of interhomologue recom-
bination in mre11D cells at this dose (Table 3).

In contrast, the spontaneous rates of SCR among null mu-
tants of the S. cerevisiae Mre11-Rad50-Xrs2 protein complex
are indistinguishable from each other and from rates in wild-
type cells. However, the frequency of IR-induced SCR events
is reduced in mre11D cells relative to that in the wild type
(Table 2). Although the magnitude of the observed effects is
subtle, these data offer evidence that the repair of IR-induced
DNA damage may be mechanistically distinct from the repair
of DNA lesions that lead to spontaneous SCR. In this regard,
it is important to consider the possibility that spontaneous SCR
events occur in close proximity to the replication fork to repair
spontaneously occurring DSBs (22), whereas IR-induced
events occur at essentially random locations.

The homologous recombination defects we observed may
not be fully explained by the hypothesized reduction in chro-
matid association. Rather, data presented here and elsewhere
suggest that the S. cerevisiae Mre11-Rad50-Xrs2 protein com-
plex also plays a role in facilitating end resection at DSB sites.
Resection in the 59 to 39 direction to create a protruding 39 end
is a requisite first step in the homologous recombination pro-
cess (15, 35). A number of studies have shown that the rate of
59 to 39 end resection at HO-induced DSBs is reduced in mre11,
rad50, and xrs2 deletion mutants (14). The magnitude of IR sen-
sitivity we observed is disproportionate to the relatively modest
end resection defects at HO-induced DSBs in these mutants
(19, 24). However, IR-induced DSBs exhibit a significant de-
gree of chemical and structural heterogeneity (17); therefore
the end resection defects associated with Mre11 deficiency may
be much more pronounced at IR- than at HO-induced DSBs.

In contrast to Mre11 deficiency, Hdf1 deficiency is associ-
ated with a sharp increase in the rate of end resection at
HO-induced DSBs. Mre11 deficiency is apparently epistatic to
Hdf1 deficiency in this regard, since resection rates are similar
in mre11D and mre11D hdf1D mutants (24). However, we ob-
served partial suppression of mre11D IR sensitivity in mre11D
hdf1D mutants. We have hypothesized that homologous re-

FIG. 5. Radiation sensitivity of synchronous mre11-3 cultures. Methods of synchronization and irradiation are as described in the legend to Fig. 3 and Materials
and Methods. IR dose 5 150 Gy. Haploid mre11D strain JPY69 was transformed with an ADH1 promoter-driven MRE11 or mre11-3 expression construct
(DB-MRE11-TRP or DB-mre11-3-TRP) or an empty vector (DB-P-TRP) (7). Asynchronous, G1-synchronous, and G2-synchronous cultures of JPY69 transformants
were plated onto SC-Trp media and scored for cell survival for 5 days following irradiation. Values plotted represent the averages of triplicate platings. Error bars
represent standard deviations. The standard deviation for the asynchronous MRE11 culture (1.2%) is not visible at the scale of this plot.
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combination defects in mre11D mutants result from impaired
DSB end resection. We infer that the partial suppression of IR
sensitivity in mre11D hdf1D double mutants may indicate that
Hdf1 deficiency does indeed lead to a subtle increase in the
rate of end resection at IR-induced DSBs. Given the relatively
subtle degree of suppression observed, the increased rate of
end resection imparted by Hdf1 deficiency in the mre11D back-
ground would not necessarily have been detectable by the
physical methods employed by Lee et al. (24).

In this context, it is noteworthy that mre11-3-expressing strains,
in which Mre11 nuclease activity is presumably abolished, are not
grossly deficient in the resection of HO-induced DSBs (23a), do
not exhibit mitotic homologous recombination defects, and do
not show markedly increased IR sensitivity (references 7 and 27
and this study). Hence, although deficiency in the S. cerevisiae
Mre11-Rad50-Xrs2 protein complex reduces the rate of DSB end
resection in vivo, the complex may not be directly responsible for
resection activity. The complex does specify nuclease activity,
although Mre11 homologues from S. cerevisiae and humans ex-
hibit 39 to 59 rather than 59 to 39 exonuclease activity in vitro. The
reduction of 59 to 39 exonuclease activity in mre11D, rad50D, and
xrs2D mutants suggests the possibility that the complex regulates
or otherwise facilitates the activity of a bona fide 59 to 39 exonu-
clease in vivo (12, 27, 29, 36, 37).

In summary, these data illustrate the central importance of
the S. cerevisiae Mre11-Rad50-Xrs2 protein complex in homol-
ogous recombination. The phenotypic features of mutations
affecting the complex suggest that the complex is required
to establish chromatid interactions and suggest a structural,
rather than enzymatic, role in the recombinational DNA repair
process. The data are also compatible with a substantial role
for the complex in DSB end resection to facilitate homologous
recombination.
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