MOLECULAR AND CELLULAR BIOLOGY, May 2002, p. 3537-3548
0270-7306/02/$04.00+0 DOI: 10.1128/MCB.22.10.3537-3548.2002

Vol. 22, No. 10

Copyright © 2002, American Society for Microbiology. All Rights Reserved.

The Schizosaccharomyces pombe rad60 Gene Is Essential for Repairing

Double-Strand DNA Breaks Spontaneously Occurring during
Replication and Induced by DNA-Damaging Agents

1,2

Takashi Morishita,’ Yasuhiro Tsutsui,’ Hiroshi Iwasaki,"*} and Hideo Shinagawa'*

Department of Molecular Microbiology, Research Institute for Microbial Diseases, Osaka University," and PRESTO JST,>

Suita, Osaka 565-0871, Japan

Received 13 December 2001/Returned for modification 23 January 2002/Accepted 22 February 2002

To identify novel genes involved in DNA double-strand break (DSB) repair, we previously isolated Schizo-
saccharomyces pombe mutants which are hypersensitive to methyl methanesulfonate (MMS) and synthetic
lethals with rad2. This study characterizes one of these mutants, rad60-1. The gene that complements the MMS
sensitivity of this mutant was cloned and designated rad60. rad60 encodes a protein with 406 amino acids which
has the conserved ubiquitin-2 motif found in ubiquitin family proteins. rad60-1 is hypersensitive to UV and vy
rays, epistatic to rhp51, and defective in the repair of DSBs caused by y-irradiation. The rad60-1 mutant is also
temperature sensitive for growth. At the restrictive temperature (37°C), rad60-1 cells grow for several divisions
and then arrest with 2C DNA content; the arrested cells accumulate DSBs and have a diffuse and often
aberrantly shaped nuclear chromosomal domain. The rad60-1 mutant is a synthetic lethal with rad18-X, and
expression of wild-type rad60 from a multicopy plasmid partially suppresses the MMS sensitivity of rad18-X
cells. radl8 encodes a conserved protein of the structural maintenance of chromosomes (SMC) family (A. R.
Lehmann, M. Walicka, D. J. Griffiths, J. M. Murray, F. Z. Watts, S. McCready, and A. M. Carr, Mol. Cell. Biol.
15:7067-7080, 1995). These results suggest that S. pombe Rad60 is required to repair DSBs, which accumulate
during replication, by recombination between sister chromatids. Rad60 may perform this function in concert

with the SMC protein Rad18.

DNA double-strand breaks (DSBs) cause cellular lethality if
not repaired and can lead to chromosomal aberrations such as
deletions or translocations if repaired improperly. DSBs are
repaired mainly through two mechanisms in eukaryotes: ho-
mologous recombination (HR) and nonhomologous end join-
ing (NHEJ) (20). Studies of X-ray-sensitive mutants of the
budding yeast Saccharomyces cerevisiae identified a group of
genes involved in HR that contribute to the process of DSB
repair (9). These genes include RAD50, MREII, XRS2,
RADS51, RAD52, RAD54, RADSS, and RAD57. The first three
of these genes are involved in processing DSB ends, and the
other genes facilitate DNA strand exchange. The Rad51 pro-
tein is structurally and functionally homologous to the Esche-
richia coli RecA protein (44). In S. cerevisiae, HR is the major
pathway for DSB repair and NHEJ plays a role in tolerance to
ionizing radiation only when there is a deficiency in HR (45).
In contrast, both HR and NHEJ play important roles in the
repair of ionizing-radiation-induced DNA damage in verte-
brates (20).

In the fission yeast Schizosaccharomyces pombe, the rad32,
rhp51, rad22, rhp54, rhp55, and rhp57 genes are homologous to
the S. cerevisiae genes MREII, RAD51, RAD52, RAD54,
RADS5, and RADS7, respectively, and strains with a mutation
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in any of these genes are hypersensitive to ionizing radiation
(23, 33, 34, 40, 51, 53). In addition to these genes, the radl8
and rad2] genes have been implicated in DSB repair (25).
rad21 is essential for growth (3) and homologous to the S.
cerevisiae MCD1/SCCI/RHC21 gene. radl8 is essential for
growth and encodes a protein that belongs to the structural
maintenance of chromosomes (SMC) superfamily (26). The
SMC family proteins are structurally related to each other and
include N- and C-terminal globular domains, which possess
Walker A and B motifs for ATP binding, respectively, and two
central coiled-coil segments, which are separated by a flexible
hinge (for reviews, see references 12 and 48). The SMC family
proteins of eukaryotes form heterodimers with several non-
SMC proteins. The SMC protein complexes regulate higher-
order chromosome structures involving chromosome cohesion,
condensation, and dosage compensation. The Rad18 protein
of S. pombe forms a complex with the SMC family protein
Sprl8 and five other unidentified proteins (8).

The rad18-X mutant is sensitive to UV irradiation and re-
moves UV-induced DNA damage less efficiently than does the
wild type (26). rad18 is not epistatic to the conserved nucleo-
tide excision repair pathway but is involved in a secondary
nucleotide excision repair pathway that requires the rad2 and
rhp51 genes. rad2 encodes a structure-specific endonuclease
homologous to mammalian Fen-1, which is required for Oka-
zaki fragment maturation (37), and is involved in a second
excision repair pathway, in which repair is initiated by UV-
damage endonuclease in S. pombe (57). Nevertheless, rad18-X
is not epistatic to UV-damage endonuclease, and hence, rad18
is implicated in both a DNA damage tolerance pathway and
the second excision repair pathway (26, 36). A radl8 mutant,
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TABLE 1. S. pombe strains used in this study

Strain Genotype Source
972 h™ NCYC
NCYC1979 h™ radl8-X NCYC
NCYC1982 h™ rad21-45 NCYC
HM248 h™ his2 ade6-M210 Ch16 Niwa et al. (39)
MP2 ht This work
MP10 h~ leul-32 ura4-DI18 This work
MP11 h leul-32 ura4-D18 This work
MPR101 h™ leul-32 ura4-D18 rad60-1 This work
MPR104 h rad60-1 This work
MPR105 h' leul-32 ura4-D18 rad18-X This work
MPRI111 h leul-32 ura4-D18 rad60-1 This work
MPR113 h~ leul-32 ura4-D18 rad60-1 rad2::ura4™ This work
MPR114 h leul-32 ura4-D18 rad60-1 This work
MPR115 h* leul-32 ura4-D18 rad2::ura4™ This work
MPR116 h™ leul-32 ura4-D18 This work
MPR117 h~ smt-0 leul-32 ura4-D18 This work
MPR118 h~ smt-0 leul-32 ura4-D18 rad60-1 This work
MPR119 h~ smt-0 leul-32 ura4-D18 rad51::ura4™ This work
MPR120 h™ smt-0 leul-32 ura4-D18 rad60-1 rhp51:ura4™ This work
MPR121 h" matlPA17::LEU2 leul-32 ura4-DI18 rad60-1 rhp51::ura4™ This work
MPR122 h* matlPA17::LEU2 leul-32 ura4-DI18 rad60-1 This work
MPR123 h* matlPA17::LEU2 leul-32 ura4-DI18 This work
MPR124 h* matlPAI7:LEU2 leul-32 ura4-D18 rhp51:ura4™* This work
MPR125 h™ leul-32 ura4-D18 ade6-M210 Ch16 This work
MPR126 h™ leul-32 ura4-D18 ade6-M210 rad60-1 Ch16 This work
MPD1 h*/h~ leul-32/leul-32 ura4-DI18/ura4-D18 his7-366/+ ade6-M210/ade6-M216 This work
MPDRI101 h*/h~ leul-32/leul-32 ura4-D18/ura4-D18 his7-366/+ ade6-M210/ade6-M216 rad60::ura4/+ This work

the rad18-74 mutant, was isolated in a genetic screen for mu-
tants defective in DNA damage checkpoint control; this mu-
tant is impaired in the maintenance of checkpoint arrest (55).
Therefore, radl8 is also implicated in a DNA damage check-
point.

This study is part of our ongoing effort to characterize novel
genes involved in recombinational repair in S. pombe. Our
strategy is based on the fact that strains with mutations in
recombination genes are often synthetic lethals with rad2 (37,
51). In an earlier study, seven methyl methanesulfonate
(MMS)-sensitive mutants were isolated which were synthetical
lethals with rad2. The rhp57 gene, a homolog of S. cerevisiae
RADS57, complements the MMS sensitivity of one of the pre-
viously identified mutants (53). In this study, we isolated a
second gene, designated rad60, that complements one of the
previously identified MMS-sensitive mutants. rad60 interacts
genetically with rad18. The rad60-1 mutant is defective in DSB
repair, and the rad60 gene is essential for growth. Hence, rad60
appears to play a role in a cellular process that is required for
both DSB repair and normal DNA replication. rad60 may act
in concert with radIS8.

MATERIALS AND METHODS

S. pombe media and methods. S. pombe cells were grown in yeast extract-
supplemented (YES) medium or Edinburgh minimal medium (EMM), and stan-
dard genetic and molecular procedures were employed as described previously
(32). To measure the sensitivity of cells to y rays, exponential-phase culture was
harvested and irradiated with y rays from a ®°Co source at a dose of 21 Gy/min.
After irradiation, appropriately diluted samples were spread on YES plates and
incubated at 30°C for 5 days, and the colonies were counted. To measure the
sensitivity of cells to UV, exponential-phase cultures diluted to appropriate
concentrations were spread on YES plates. The plates were irradiated with the
indicated doses of UV light and incubated at 30°C for 5 days, and the colonies
were counted.

S. pombe strains and plasmids. The S. pombe strains used in this study are
listed in Table 1. Strains 972, NCYC1979, and NCYC1982 were obtained from
the National Collection of Yeast Cultures (NCYC; Norwich, United Kingdom).
Strain HM248 (39) was kindly provided by O. Niwa. All other strains were
constructed for this study. pUR19 (1) and pJK148 (21) were described previ-
ously. pU19 was constructed by deleting the Clal fragment containing ars! from
pURI9.

Chromosome segregation assay. Chromosome segregation was measured by
monitoring the transmission of linear minichromosome Ch16 (39) carrying the
ade6-M216 allele, which complements the ade6-M210 allele of chromosome III.
Cells that have lost Ch16 appear pink in color on medium containing a low
concentration of adenine. To determine the rate of minichromosome loss,
rad60-1 (MPR126) or rad60™ (MPR125) cells carrying Ch16 were cultured on
YES plates at 30°C for 3 days. A single colony was used to inoculate 5 ml of YES
medium and cultured at 30°C until cell density reached 3 X 107 to 5 X 107/ml.
The cultures were diluted and spread on YES plates containing 10 pg of adenine
sulfate/ml. The plates were incubated at 30°C for 5 days, and total and pink
colonies were counted. The rate of minichromosome loss (p) was determined by
the equation p = [1 — eM/* > IRw/Ro] x 100 , where R, and R, are the
percentages of Ade™ cells at generations 0 and n after transfer to nonselective
medium, respectively (28). In this case, R, was 100, since each of the cultures was
derived from a single cell.

Cloning of the rad60 gene. rad60-1 cells were transformed with the S. pombe
genomic library constructed from vector pUR19 (1) and spread on EMM plates
containing leucine (200 pg/ml) and MMS (0.004%). Transformants were exam-
ined for plasmid-dependent MMS resistance. Plasmids which complemented the
MMS sensitivity of rad60-1 cells were isolated, transformed into E. coli DH5a
cells, and recovered from the transformant.

Cloning of the rad60 ¢cDNA. The rad60 cDNA was constructed with RNA from
the wild-type strain 972 by using the RNeasy mini kit (Qiagen) and amplified by
using the RNA LA PCR kit, version 1.1 (Takara Shuzo). Primers had the
sequences 5'-TCACATATGGACAACCTAGATGAAG-3' and 5'-TCAGGAT
CCTTAATCCAAAACAACACTAACTTG-3', corresponding to the 5’ and 3’
ends of the rad60 coding region, respectively. The PCR fragment was cloned into
pUCI19 after cleavage with Ndel and BamHI, whose recognition sites were
engineered near the 5" ends of the PCR primers.

Disruption of the rad60 gene. pUC118 carrying the 2.6-kbp BamHI-Nrul
region of the rad60 gene was used to generate a construct for gene disruption.
The 0.8-kbp Xbal-Sphl fragment of the coding region was replaced with the
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1.8-kbp HindIIl fragment containing the ura4 gene from pREP2 (29). The
3.6-kbp fragment for gene disruption was released from the plasmid by digestion
with Sacl and Sall and used to transform the MPD1 cells and create the strain
MPDR101. Gene disruption was confirmed by Southern blot analysis, and
MPDR101 cells heterozygous for the disruption were sporulated and subjected
to tetrad analysis.

Recovery of the rad60-1 mutant allele. The rad60-1 mutant gene was recovered
by the eviction method (56). pU19 carrying the 3.6-kbp BamHI fragment includ-
ing the wild-type rad60 gene was linearized at the unique Munl site in the rad60
flanking region and used to transform the rad60-1 mutant. Genomic DNA of the
resulting transformant was extracted, digested with Sa/l, ligated, and used to
transform E. coli strain DH5a. The 3.6-kbp BamHI fragment of the recovered
plasmid was subcloned into pU19, and the nucleotide sequence was analyzed.

Pulsed-field gel electrophoresis. DNA plugs were prepared as described pre-
viously (46), with the exception that cells were lysed by incubation with Zymol-
yase 100T (Seikagaku Corporation) (0.5 mg/ml) for 30 min. Pulsed-field gel
electrophoresis was carried out with 0.6% chromosomal-grade agarose (Bio-
Rad) in 0.5X TAE buffer (20 mM Tris-acetate, 0.5 mM EDTA) by using a CHEF
Mapper apparatus (Bio-Rad). The settings were as follows: 2 V/cm; pulse time,
30-min; angle, 106°% 72 h.

Localization of Rad60 protein in the cell. A plasmid carrying a gene encoding
an enhanced green fluorescence protein (EGFP)-Rad60 fusion protein (EGFP-
rad60 fusion gene) was constructed as follows. An Ndel site was engineered at
the first ATG codon of the rad60 gene with a QuickChange site-directed mu-
tagenesis kit (Stratagene). The Ndel cassette of the EGFP-encoding gene from
pGEM-T-EGFP (5) was inserted into the Ndel site to create an EGFP-rad60
fusion. The Ncol-Sall region of pREP42EGFPN (5) was replaced with the
Ncol-Sall fragment of the EGFP-rad60 fusion gene. The resulting plasmid,
pErad60, was transformed into wild-type S. pombe MP11. The transformants
were recovered on an EMM plate containing leucine (200 pg/ml) and thiamine
(15 wM). Expression of the EGFP-Rad60 fusion protein was induced in EMM
medium containing leucine (200 wg/ml) for 20 h. Cells were fixed with 2.5%
glutaraldehyde, treated with 0.1% sodium borohydride three times for 5 min
each time, stained with 1 ng of 4’,6'-diamidino-2-phenylindole (DAPI)/ml, and
observed under an epifluorescence microscope (38).

RESULTS

rad60-1 cells are defective in DNA repair and temperature
sensitive for growth. This study characterizes a previously iden-
tified MMS- and vy-ray-sensitive mutant of S. pombe that is a
synthetic lethal with rad2 (53). This mutant, designated
rad60-1, was repeatedly backcrossed with wild-type strains, and
an MMS-sensitive segregant clone was selected. As shown in
Fig. 1A, the rad60-1 mutant is more sensitive to DNA-damag-
ing agents, UV and v rays, than is the wild type. The rad60-1
mutant is temperature sensitive for growth on YES plates at
37°C but grows normally at 26°C.

A rad60-1 rad2 double mutant was obtained by crossing
rad60-1 with rad2 and culturing the spores on YES plates at
26°C. The growth of the double mutant was examined at dif-
ferent temperatures (Fig. 1B). The rad60-1 rad2 double mutant
grows at 26°C, but growth is severely impaired at 30°C and
completely inhibited at 33 and 37°C. On the other hand,
rad60-1 grows at 33°C, and the rad2 mutant grows at all tem-
peratures tested. Thus, rad60-1 is a synthetic lethal with rad2 at
33°C and higher.

rad60-1 is epistatic to rip51. Homologous recombination is
a major pathway for the repair of radiation-induced DSBs in S.
pombe. rhp51, the S. pombe ortholog of S. cerevisiae RADS51, is
a key player in this process (19, 33). Therefore, the relationship
between rad60 and rhip51 was examined. As shown in Fig. 1A,
the rip51 mutant is more sensitive to UV and vy radiation than
is the rad60-1 mutant, but the rad60-1 rhp51 double mutant is
as sensitive as the single rip57 mutant. These results indicate
that rad60-1 is epistatic to rhp51 with respect to DNA repair.
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The rad60-1 mutant is defective in repairing DSBs. rad60-1
is hypersensitive to MMS and +y rays, suggesting that the rad60
gene is involved in repairing DSBs. This possibility was tested
by directly monitoring the efficiency of DSB repair in this
mutant. DSBs were induced by +y-irradiation at 500 Gy, and
DNA isolated at various times after irradiation was analyzed by
pulsed-field gel electrophoresis. In wild-type cells, fragmented
chromosomes were repaired and undamaged chromosomes
were detected within 3 h after irradiation; in contrast, frag-
mented chromosomes were repaired very inefficiently in
rad60-1 cells (Fig. 1C). This result indicates that rad60-1 cells
are defective in repairing DSBs.

The rad60-1 mutant is defective in maintaining chromosome
structure. Experiments were carried out to determine the
cause of the growth defect in the rad60-1 mutant. rad60-1 cells
were grown logarithmically at 26°C and shifted to the restric-
tive temperature of 37°C, and cell growth and viability (mea-
sured in CFU) were monitored (Fig. 2A). The rad60-1 mutant
stopped growing 8 h after the temperature shift, at which time
the cell number had increased 4.7-fold. The number of CFU
did not increase appreciably after the temperature shift and
started to decrease after approximately 6 h at 37°C. Conse-
quently, after 8 h at the restrictive temperature, more than
80% of the cells lost their ability to form colonies. rad60-1 cells
growing at 26°C or for 8 h at 37°C were fixed, stained with
DAPI to visualize chromosomal DNA, and observed under an
epifluorescence microscope. Hemisphere morphology of the
nuclear chromosomal domain (i.e., interphase morphology)
was observed in most of the rad60-1 cells at 26°C (Fig. 3A).
The nuclear chromosomal domain of most of the rad60-1 cells
grown at 37°C was more diffuse than that of cells grown at 26°C
(compare Fig. 3A and B), and nearly half of the cells had
aberrant morphology (Fig. 3B). In these cells, the chromo-
somal domain was extended and often dappled. This result
suggests that rad60 is required to maintain proper chromo-
some structure. In rad60-1 cells grown for 8 h at 37°C, about
5% had a “cut” phenotype (Fig. 3B), in which a septum forms
without complete chromosomal segregation (13), and about
12% had a biased nuclear position which would occur when cut
cells detached. Therefore, rad60-1 appears to be deficient in
preventing septum formation when DNA replication and/or
chromosomal segregation is incomplete.

The DNA content of rad60-1 cells was measured in cells
incubated for different lengths of time at 37°C by using a
fluorescence-activated cell sorter (FACS) (Fig. 2B). The DNA
content of most cells was approximately 2C until at least 6 h at
the restrictive temperature. At later time points, DNA content
increased slightly and the peak of the FACS analysis broad-
ened. This change was probably due to an increase in mito-
chondrial DNA or in cell size. Most rad60-1 cells divided sev-
eral times before arresting growth at 37°C (Fig. 2A), so the 2C
DNA content at arrest indicates that DNA synthesis proceeds
relatively normally in these cells.

The rad60-1 mutant accumulates DSBs at the restrictive
temperature. Chromosomal DNA in wild-type and rad60-1
cells was examined by pulsed-field gel electrophoresis after
incubation at 37°C (Fig. 2C). In wild-type cells, three chromo-
somes were detected at 37°C. In contrast, the three chromo-
somes in rad60-1 cells decreased in size and became a smeared
band of DNA after 6 or 8 h at 37°C. This result indicates that
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DSBs accumulate in rad60-1 cells at 37°C and that chromo-
somes become fragmented.

Elevated rate of minichromosome loss in the rad60-1 mu-
tant. The results presented above suggest that the rad60-1
mutant is defective in maintaining proper chromosome struc-
ture at the restrictive temperature. The role played by rad60 in
chromosome stability was examined further by measuring the
rate of loss of the nonessential minichromosome Chl6 in
rad60-1 cells. Ch16 was lost at a much higher rate in rad60-1
cells (0.17% per generation) than in wild-type cells (<0.005%
per generation) at 30°C. Incubation of rad60-1 cells at 37°C for
6 h caused a fourfold increase in the fraction of cells without
Ch16 (data not shown). This result indicates that chromosome
loss occurs more frequently in rad60-1 cells than in wild-type
cells and that chromosome loss in rad60-1 cells is elevated at
the restrictive temperature.

Cloning and sequencing of the rad60 gene. The rad60 gene
was cloned by complementing the MMS sensitivity of the rad60-1
mutant. rad60-1 cells were transformed with an S. pombe genomic
library, and plasmids were recovered from MMS-resistant trans-
formants and characterized in E. coli. Three complementing plas-
mids carried an overlapping genomic region from S. pombe (Fig.
4A). The nucleotide sequence of a 2.2-kbp region encompassing
an Munl site and an Nrul site was determined (Fig. 4D). Putative
exons and introns were identified and confirmed by amplifying
and analyzing rad60 cDNA by PCR (Fig. 4D). The cloned region
includes a sequence coding for a protein of 406 amino acids with
a calculated molecular weight of 46,077. This nucleotide sequence
is identical to a portion of cosmid c1920 (accession number
AL122033 in EMBL, GenBank, and DDBJ), and the predicted
amino acid sequence matches that of SPBC1921.02 (EMBL ac-
cession number T397868). No homologous proteins were found
by the SSEARCH program of DDBJ (http://www.ddbj.nig.ac.jp/).
However, a search for amino acid sequence motifs in the PROS-
ITE profile library (http://motif.genome.ad.jp/) (14) revealed a
significant match between amino acids 336 and 406 of Rad60 and
the ubiquitin-2 motif (PROSITE ID PS50053) (Fig. 4E).

The rad60-1 allele and its flanking genomic region were
recovered from the rad60-1 mutant by the eviction method,
and the nucleotide sequence was determined. rad60-1 has a
single A-to-G nucleotide change altering the AAA codon for
lysine 263 to a GAA codon for glutamic acid. This nucleotide
substitution was reconstructed in a chimeric rad60 gene in
which the 0.6-kbp NotI-Sphl region of the wild-type gene was
replaced with the corresponding region of the rad60-1 gene.
The chimeric construct was cloned into the S. pombe integrat-
ing vector pJK148 and linearized at the unique Ndel site in the
leul gene. The linear plasmid was transformed into the diploid
strain MPDR101, which is heterozygous for rad60::ura4™, such
that the plasmid was integrated into the leu! gene. The diploid
transformant was sporulated and subjected to tetrad analysis.
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Leu" Ura' segregants were obtained which carry the

rad60::.ura4”* allele and the chimeric rad60-1 construct de-
scribed above. These cells do not grow at 37°C or in the
presence of 0.005% MMS at 26°C. This result demonstrates
that the lysine-to-glutamic acid substitution at codon 263 of
rad60 is sufficient to cause the abnormal phenotype of rad60-1
cells.

rad60 is an essential gene. The 0.8-kbp Xbal-Sphl region
containing about two-thirds of the rad60 coding region was
replaced with the DNA fragment containing the ura4 gene
(Fig. 4A), and the resulting DNA fragment was used to disrupt
one of the chromosomal rad60 genes in a diploid strain. The
heterozygous diploid cells obtained were sporulated and sub-
jected to tetrad analysis. Twelve asci were dissected and al-
lowed to germinate on YES medium at 30°C, and only two
viable segregants arose from each of the 12 asci (Fig. 4B). All
24 viable segregants required uracil for growth, indicating that
these segregants did not carry the rad60::ura4™ allele. These
results indicate that rad60::ura4™ cells are lethal and that the
rad60 gene is essential for growth. Of the 24 nonviable putative
rad60::.ura4”* segregants, 21 formed microcolonies of more
than 10 cells and then stopped growing (Fig. 4C); the remain-
ing 3 segregants stopped growing at the two-cell stage. One
possible explanation for the limited and variable amount of
growth of these cells is that residual Rad60 in the mutant
spores supports several cycles of cell division. In most of the
rad60::ura4™ cells, the morphology of the nuclear chromo-
somal domain was aberrant. The following morphologies were
observed: amorphously extended (37%; Fig. 5Aa and b),
shrunk (17%; Fig. 5Ac), fragmented (9%; Fig. 5Ad), and bi-
ased in position (27%; Fig. 5Ae). The latter morphology could
result from the detachment of cut cells. This nuclear morphol-
ogy appears to be similar to but more extreme than the mor-
phology of rad60-1 cells at 37°C.

Rad60 protein is localized to the nucleus. Cellular localiza-
tion of the Rad60 protein was studied by examining S. pombe
expressing a fusion protein of Rad60 and EGFP. When the
EGFP-rad60 fusion gene was expressed from the rad60 pro-
moter, no fluorescent signal was detected (data not shown).
However, fluorescence was detected when the EGFP-rad60
fusion gene was expressed from the modified nm¢I promoter
on pREP42 (2, 29). In the absence of thiamine, the EGFP
signal colocalized with DAPI-stained chromosomal DNA (Fig.
5B). The EGFP-rad60 fusion gene produces a functional pro-
tein that complements the MMS sensitivity and temperature
sensitivity of rad60-1 cells (data not shown). Thus, these results
indicate that Rad60 protein is localized to the nucleus and
suggest that Rad60 carries out its biological function in the
nucleus.

Evidence that the rad60 gene is functionally related to the

FIG. 1. The rad60-1 mutant is defective in DSB repair. (A) Epistasis between rad60-1 and rhp51A. Midexponential phase cells were irradiated
with UV or +y rays at the indicated doses, and relative plating efficiencies were determined. (B) Synthetic lethality of rad60-1 and rad2A. Cells of
wild-type (MPR116), rad2 (MPR115), rad60-1 (MPR114), and rad60-1 rad2 (MPR113) strains were streaked on YES plates. The plates were
incubated at the indicated temperature for 6 days and photographed. (C) Repair of DSBs in wild-type and rad60-1 cells. Genomic DNA of
wild-type (MP2) and rad60-1 (MPR104) strains was subjected to pulsed-field gel electrophoresis. Samples were taken from unirradiated cells (U) or
cells incubated in YES medium at 30°C for the indicated number of hours after irradiation with 500 Gy of +y rays.
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to determine DNA content. (C) Genomic DNA of wild-type and rad60-1 strains was subjected to pulsed-field gel electrophoresis. Samples were

taken at the indicated time points.

radl8 gene. Two previously identified S. pombe rad genes,
radl8 and rad21, and rad60 are required for DSB repair and
are essential for growth. The relationship between rad60,
radl8, and rad21 was examined by constructing double mutants
between rad60 and these two genes. rad60-1 was crossed with
radl8-X or rad21-45, and the spores were subjected to tetrad
analysis at 26°C. In the cross between rad60-1 and rad18-X, the
numbers of viable colonies were 4, 3, 2, and 1 for 1, 8, 3, and
0 tetrads, respectively. Each clone with a four-viable-tetrad
showed parental ditype segregation, and all four segregants
were hypersensitive to MMS. Each of the three-viable-colony
tetrads had one wild-type segregant. One of the two-viable-

colony tetrads had two wild-type segregants and is likely to be
a nonparental ditype with two nonviable rad60-1 rad18-X seg-
regants. These results strongly support the conclusion that the
rad60-1 radl18-X double mutant is nonviable. In contrast, the
rad60-1 rad21-45 double mutant is viable.

When the rad60 gene was expressed in a radl8-X back-
ground from a multicopy plasmid, the MMS hypersensitivity of
rad18-X was partially suppressed (Fig. 6). This result suggests
that the rad60 and radl8 genes are functionally related. Ex-
pression of rad60 from a multicopy plasmid did not suppress
the leaky growth defect of the rad18-X mutant at 37°C (data
not shown).
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FIG. 3. Nuclear morphology of the rad60-1 cells at 37°C. rad60-1
cells growing at 26°C (A) or after 8 h at 37°C (B) were fixed with 2.5%
glutarardehyde and stained with 1 pg of DAPI/ml and 20 pg of cal-
cofluor white/ml. Fluorescence images obtained with an epifluores-
cence microscope are shown. In panel B, arrows indicate cells with
disorganized nuclear morphology and an arrowhead indicates a cut
cell. Scale bars, 10 m.

DISCUSSION

S. pombe radiation-sensitive mutants have mutations in
genes involved in nucleotide excision repair, checkpoint con-
trol, and recombinational repair (for a review, see reference
25). Earlier studies identified five DNA repair mutants that are
encoded by genes that are essential for growth in S. pombe:
these essential genes are rad4/cut5, radll, radl5, radl8, and
rad21. rad4/cut5 is homologous to S. cerevisiae DPBII and is
required for DNA replication and checkpoint control (7, 43).
radll encodes the largest subunit of replication protein A,
which is essential for DNA replication (41). radl5 is an or-
tholog of S. cerevisiae RAD3, encoding a component of general
transcription factor TFIIH which is required for nucleotide
excision repair (35, 42). rad21 is an ortholog of S. cerevisiae
MCDI1/SCCI/RHC21 which encodes a subunit of the cohesin
complex (11, 30, 50). rad18 encodes an SMC family protein
(26) which forms a complex with another SMC family protein,
Spr18, and five other unidentified proteins (8). This study de-
scribes rad60, another essential S. pombe gene that plays a role
in DNA repair.

The rad60-1 mutation changes lysine 263 of the Rad60 pro-
tein to a glutamic acid residue. The rad60-1 mutant is sensitive
to MMS and v rays (Fig. 1A) and synergistically impaired in

A FISSION YEAST DNA REPAIR GENE ESSENTIAL FOR GROWTH 3543

growth when combined with the rad2 mutation (Fig. 1B).
These phenotypes suggest that rad60-1 is defective in DSB
repair, because y rays and MMS cause DSBs (4, 16). The rad2
gene is the S. pombe ortholog of the mammalian FEN-1 gene
(37). The FEN-1 protein is thought to play a role in Okazaki
fragment maturation by removing RNA from the RNA-DNA
hybrid (27). In E. coli cells, DNA polymerase I encoded by
polA performs an analogous role, and a pol4 recA double
mutant is lethal (10, 31).

It has been postulated that a DSB forms in a pol4 mutant
cell when a replication fork reaches a nick or gap in the tem-
plate DNA, because this mutant has a defect in maturation of
Okazaki fragments; it is possible that DNA recombination is
required to repair the DSB and to restart replication in the
polA mutant (24). Consistent with this idea, recB, recG, and ruv
mutations are also synthetic lethals with pol4 (15, 17, 18, 31).

An analogous situation might occur in eukaryotic cells. In S.
cerevisiae, mutations that disrupt the FEN-1 ortholog RAD27
are synthetically lethal with mutations in genes of the RAD52
epistasis group (6, 49, 52). In S. pombe, the rad2 rhp51, rad2
rhp54, rad2 rad32, and rad2 rhp57 double mutants are lethal
(37,51, 53). Therefore, the synergistic growth defect of rad60-1
and rad?2 supports the hypothesis that rad60 is required for the
repair of DSBs caused by the collapse of the replication fork in
S. pombe.

DSBs in vy-irradiated rad60-1 cells are not repaired after
further incubation (Fig. 1C), and this observation directly
shows that rad60-1 is defective in DSB repair. The phenotype
of rad60-1 also involves an elevated rate of minichromosome
loss at 30°C (see “Elevated rate of minichromosome loss in the
rad60-1 mutant” above); this defect may result from the failure
to repair spontaneous DSBs in the minichromosome. An in-
creased rate of minichromosome loss has been observed for
other S. pombe DNA repair-deficient mutants (34, 37, 51, 55).

The fact that rad60 is essential for growth suggests that rad60
may play a role in some cellular process other than the repair
of DNA lesions caused by exogenous DNA-damaging treat-
ments. rad60-1 cells stop growing after 8 h at the restrictive
temperature of 37°C (Fig. 2A). After 8 h at 37°C, chromo-
somes become highly fragmented (Fig. 2C) and cells arrest
with 2C DNA content (Fig. 2B). These results suggest that in
the absence of functional Rad60 protein, spontaneous DSBs
occur during replication, remain unrepaired, and cause DNA
fragmentation. Nevertheless, DNA replication proceeds rela-
tively normally, with doubling of DNA content to 2C. The
nuclear chromosomal domain appears diffuse and has aberrant
morphology in the rad60-1 cells grown at 37°C (Fig. 3B), which
may be the consequence of accumulating DSBs. DSBs may
interfere with the compaction of interphase chromosomes and
cause a diffuse and apparently aberrantly shaped nuclear chro-
mosomal domain to exist. Extensive minichromosome loss (see
“Elevated rate of minichromosome loss in the rad60-1 mutant”
above) could also be the consequence of DSBs. Many rad60-1
cells may undergo checkpoint arrest, because approximately
70% of the cells did not form a septum after 8 h at 37°C, and
a small portion of the cells (17%) seem to escape checkpoint
arrest, because they develop the morphology of an aberrant
mitosis (i.e., cut or biased nuclear position). Spores carrying a
deletion of the rad60 gene germinate and in most cases cease
to grow after forming a microcolony of 10 cells or more. DAPI
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staining of the rad60::ura4™ cells revealed the presence of cells
with aberrant nuclear morphology, some of which were cut
cells or cells with biased nuclear position (Fig. 5A). These
arrest phenotypes largely coincide with those of the rad60-1
cells at 37°C. These observations suggest that rad60 is required
for replication to proceed normally and to prevent the accu-
mulation of spontaneous DSBs.

rad60-1 is a synthetic lethal with rad18-X, and overexpression of
rad60 suppresses the MMS sensitivity of rad18-X (Fig. 6); these
results suggest that there may be a functional link between rad60
and rad18. Both rad60 and radl8 are essential for growth, and
some rad mutants (e.g., rad60-1, radl§8-X, and radl8-74 mu-
tants) are defective in the repair of DSBs (26, 55). Cells that
overexpress dominant-negative rad18 alleles or have a disrup-
tion in spri8, an SMC partner of Rad18 (8), and rad60-1 cells
at 37°C often contain aberrant chromosomes or have a cut
phenotype. In addition, some rad8-disrupted cells show aber-
rant mitosis (55). rad60-1, rad18-X (37), and radl8-74 (55)
mutants have a higher rate of minichromosome loss than wild-
type S. pombe. Both rad60-1 and rad18-X (26) are epistatic to
rhp51A. Therefore, rad60 and radl8 appear to act in a cellular
process that is required for cell proliferation and DNA repair.

A protein complex has been purified which includes Rad18,
Sprl18, and five other unidentified proteins (8). Rad60 may be
one of the components of this Rad18 complex. We examined
the direct interaction between Rad60 and Radl18 proteins by
immunoprecipitation experiments. Epitope-tagged Rad60 and
Rad18 proteins were overexpressed in wild-type cells, but no
coprecipitaion of Rad60 and Radl8 by either antibody was
observed even though each protein was efficiently precipitated
(data not shown). Moreover, no interaction was detected be-
tween Rad60 and Radl8 by two-hybrid analysis. Therefore,
Rad60 and Rad18 are not likely to be directly associated. It is
still possible that Rad60 is included in the Rad18-Spr18 com-
plex described by Fousteri and Lehmann (8).

The brcl gene has been isolated as a multicopy suppressor of
rad18-74 (55). Cells with a deletion of brcl have a partial defect
in chromosome segregation, and double brcIA and rad18-X or
radl8-74 mutants are lethal, suggesting a functional relation-
ship between radl8 and brcl (55). It has been proposed that
brcl plays a role downstream of radl8 and is needed for a
subfunction of rad18. However, the functional relationship be-
tween brcl and rad60 remains to be elucidated.

As discussed above, rad60 and rad18 appear to participate in
the same cellular function, but the exact nature of that function
is not clear. radl8 encodes an SMC family protein, and pro-
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teins in this family form protein complexes that may regulate
higher-order chromosome structure. Examples of these pro-
tein complexes are the cohesin, condensin, and dosage com-
pensation complexes (12, 48). Fousteri and Lehmann propose
that the Rad18/Spr18 complex may be analogous to these com-
plexes. They suggest that the Rad18/Spr18 complex may facil-
itate recombinational repair by holding and/or bringing to-
gether damaged DNA and allowing the Rhp51 protein to
initiate strand exchange (8). This model explains the defect of
radl8 mutants in DNA repair.

In addition to their role in DNA repair, both rad60 and
radl8 are essential for growth. The rad60-1 mutant causes
DSBs at the restrictive temperature in cells not exposed to
exogenous DNA-damaging agents. Therefore, rad60 appears
to play a role in repairing spontaneous DSBs that occur during
DNA replication. By analogy to SMC complexes, Rad60 and
Rad18 may be required to hold newly replicated DNA du-
plexes together at a collapsed replication fork to facilitate
efficient recombinational repair. In E. coli, when a DSB occurs
at a stalled replication fork, homologous recombination is re-
quired to repair the DSB and assemble an alternative primo-
some (24). In vertebrate cells, RADS5! is essential for growth
(54), and chicken DT40 cells with a conditional RAD51 trans-
gene accumulate chromosomal breaks when RADS5I expres-
sion is suppressed (47). This result suggests that DSBs occur
during normal cell cycle progression and that the recombina-
tion machinery is needed to repair them to avoid their lethality.
The S. pombe RAD51 homolog rhp51 is not essential for
growth; however, S. pombe rhip51A cells grow slowly even in the
absence of exogenous DNA-damaging agents (34). Therefore,
a similar situation is likely to exist for S. pombe. In particular,
a stalled replication fork could lead to DSBs in dividing S.
pombe cells, and rhp51A cells may be partially impaired in
repairing DSBs and reassembling the replication fork. In con-
trast to rhp51A cells, which are viable, rad60A and rad18A cells
are lethal. It is possible that an inefficient rip5I-independent
recombination pathway repairs the breaks at the stalled repli-
cation fork in the absence of rAp51. In contrast, rad60A and
radl8A cells might be defective in rhp51-dependent and rip51-
independent recombination pathways, and these cells might
not survive the spontaneous DSBs that occur during normal
DNA replication.

The above model does not explain the fact that a small
fraction of cut cells are observed in the rad60-1 mutant at
37°C. Verkade et al. (55) isolated a radl8 mutant, radl8-74,
which is defective in the maintenance of checkpoint arrest

FIG. 4. Physical map of the rad60 genomic region and disruption and nucleotide sequence of the rad60 gene. (A) Restriction map of the rad60
region. Abbreviations for restriction enzymes are as follows: Bm, BamHI; Mn, Munl; Xb, Xbal; Nt, Notl; Sp, Sphl; Nr, Nrul. Lines represent three
overlapping genomic fragments which complement rad60-1. The arrow represents the rad60 coding region. The single intron is represented by a
protrusion downward within the arrow. The 2.6-kbp BamHI-Nrul region of the rad60 gene was used to disrupt the chromosomal rad60 gene. To
prepare this construct, the 0.8-kbp Xbal-Sphl segment of the coding region was replaced with a 1.8-kbp HindIII fragment containing the ura4 gene.
(B) The diploid strain MPDR101 (heterozygous for rad60 disruption) was sporulated and subjected to tetrad analysis. The segregants from the
dissected spores were grown on a YES plate at 30°C for 7 days and photographed. (C) Procedures were carried out as described for panel B, with
the exception that the segregants from the dissected spores were grown for 2 days. Images of microcolonies of two putative rad60::ura4* segregants
are shown. (D) Nucleotide and predicted amino acid sequences of the rad60 gene are shown. The exon sequence is shown in uppercase, and the
intron sequence is shown in lowercase. The amino acid sequence with homology to the ubiquitin-2 motif is underlined. (E) The sequence of the
C-terminal 73 amino acids of the Rad60 protein was aligned with the ubiquitin-2 motif. Identical amino acids are shown with a double dot, and
similar amino acids are shown with a single dot.
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FIG. 5. Nuclear morphology of the cells from the rad60A microcolo-
nies and cellular localization of the EGFP-Rad60 fusion protein. (A) The
diploid strain MPDR101 was sporulated and subjected to tetrad analysis,
and segregants from the dissected spores were grown on a YES plate at
30°C for 2 days. Cells of putative rad60A microcolonies were collected,
fixed with 70% ethanol, and stained with DAPI (1 pg/ml). Panels a and b
show fluorescence images of representative cells with extended, aberrantly
shaped nuclear chromosomal domains. Other aberrant morphologies
shown are as follows: shrunk (panel c), fragmented (panel d), and biased
in position (panel e). (B) Cells of the wild type (MP11) carrying pErad60
were fixed, stained with DAPI (1 pg/ml), and observed under an epiflu-
orescence microscope. Fluorescence images of EGFP (left) and DAPI
(right) are shown. Scale bars, 10 pm.

after DNA damage. Therefore, in addition to their roles in
repairing DNA damage, rad18 and rad60 may play roles in
maintaining checkpoint arrest until damage is repaired, and
the cut cells in rad60-1 might result from failure to maintain
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FIG. 6. Suppression of rad18-X by a multicopy plasmid expressing
rad60. rad18-X cells (MPR105) carrying the pUR19 vector or pUR19
with the rad18 or the rad60 gene were grown to saturation on EMM
medium with leucine (200 wg/ml). Serial 10-fold dilutions were spotted
on YES plates with the indicated concentrations of MMS. The plates
were incubated at 30°C for 3 days and photographed.

the checkpoint arrest. Several proteins play roles in DNA
replication and replication checkpoint response, including
replication factor C, Dpb11/Cut5, S. pombe DNA polymer-
ase «, and S. cerevisiae Orcl and DNA polymerase € (22).
Therefore, Rad60 and Radl8 could play roles in DNA re-
pair, DNA replication, and checkpoint arrest in response to
DNA damage.

Functional and physical interactions between Rad60 and
Rad18 should be further explored to better understand their
roles in DNA recombination and replication. These proteins
may contribute to unique functional features of eukaryotic
chromosomes, including maintenance of their complex higher-
order structure and organization. It is possible that novel re-
sults could emerge from these studies, because these enzymes
may help maintain chromosome stability and integrity by
mechanisms that are unique to eukaryotic cells.
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