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a b s t r a c t
The DNA glycosylase MutY is strongly conserved in evolution, and homologs are found in most eukaryotes and prokaryotes examined. This protein is implicated in repair of oxidative DNA damage, in particular
adenine mispaired opposite 7,8-dihydro-8-oxoguanine. Previous investigations in Escherichia coli, ﬁssion
yeast, and mammalian cells show an association of mutations in MutY homologs with a mutator phenotype and carcinogenesis. Eukaryotic MutY homologs physically associate with several proteins with a role
in replication, DNA repair, and checkpoint signaling, speciﬁcally the trimeric 9-1-1 complex.
In a genetic investigation of the ﬁssion yeast MutY homolog, myh1+ , we show that the myh1 mutation
confers a moderately increased UV sensitivity alone and in combination with mutations in several DNA
repair genes. The myh1 rad1, and to a lesser degree myh1 rad9, double mutants display a synthetic interaction resulting in enhanced sensitivity to DNA damaging agents and hydroxyurea. UV irradiation of myh1
rad1 double mutants results in severe chromosome segregation defects and visible DNA fragmentation,
and a failure to activate the checkpoint. Additionally, myh1 rad1 double mutants exhibit morphological
defects in the absence of DNA damaging agents. We also found a moderate suppression of the slow growth
and UV sensitivity of rhp51 mutants by the myh1 mutation.
Our results implicate ﬁssion yeast Myh1 in repair of a wider range of DNA damage than previously
thought, and functionally link it to the checkpoint pathway.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
In order to minimize the rate of genome alteration, several DNA
repair pathways combine to recognize and remove damaged sites.
The efﬁcacy of this process is not only dependent on the individual repair proteins, but also on coordination of DNA repair with
other cellular processes including regulation of transcription of
genes required for DNA repair and stress survival, and of cell cycle
progression. The requirement to eliminate damage before it could
potentially be ﬁxed into a mutation by DNA replication can be met
by increasing DNA repair efﬁciency, and by decreasing proliferation
rates, allowing more time to pass between successive replications.
Both these coordination tasks are performed in eukaryotes by the
DNA-dependent checkpoint pathway.
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The bulk of DNA repair is carried out by the nucleotide excision repair (NER) and base-excision repair (BER) pathways, both
of which operate on damage induced by external agents such as
irradiation, alkylating or oxidizing chemicals, or by replication
errors. The BER pathway relies on recognition of DNA damage
by DNA glycosylases, which excise the damaged base by breaking the glycosidic bond between base and the deoxyribose moiety.
In subsequent steps, the remaining sugar–phosphate residue is
removed, and the resulting gap can be either ﬁlled directly or
ﬁrst extended and subsequently ﬁlled. For a review of BER, see
[1]. The Escherichia coli MutY protein is a DNA glycosylase which
acts to remove adenine misincorporated opposite oxidatively damaged residues, mainly 7,8-dihydro-8-oxoguanine (8-oxoG), from
DNA. Another glycosylase, MutM, is capable of removing 8-oxoG
itself from 8-oxoG:C base pairs [2]. The E. coli mutY mutation was originally isolated on basis of its mutator phenotype
[3].
MutY homologs are highly conserved among both prokaryotes
and eukaryotes and are present in most sequenced genomes, with
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the notable exception of Saccharomyces cerevisiae. The Schizosaccharomyces pombe myh1+ gene encodes a 53-kDa protein with high
sequence similarity to both E. coli MutY and the human homolog
[4]. Like E. coli MutY, S. pombe Myh1 has activity in vitro towards
adenine mismatched with 8-oxoG [4,5] In keeping with the role
of MutY homologs in repair of oxidative damage, S. pombe myh1
mutants are moderately sensitive to hydrogen peroxide and have a
pronounced mutator phenotype like E. coli mutY mutants [6]. The
human and S. pombe MutY homologs have been reported to physically interact with all three members of the checkpoint “9-1-1”
sensor complex, Rad9, Rad1, and Hus1 individually [7,8]. Physical
interactions also exist between Myh1 and PCNA, the trimeric DNA
polymerase clamp [9], which has structural similarities to the “9-11” proteins [10]. Further, MutY homologs in E. coli and human cells
have been reported to bind the mismatch repair protein MutS and
its human homolog Msh6, respectively [11,12].
Inherited mutations in the human MutY homologous gene, MYH,
have been found associated with familial adenomatous polyposis
(FAP) [13–15]. The majority, ∼80%, of FAP cases carry mutations
in the APC gene; MYH mutations are found in a large fraction of
the remaining FAP cases [13,16]. Germline mutations in MYH may
account for up to 1–3% of all colorectal cancer [16,17]. The link
between MYH deﬁciencies and carcinogenesis is further strengthened by studies in mice, where MYH mutations in combination
with mutations in OGG1 result in predisposition to cancer, predominantly in the lung [18]. More recent work reports increased
disposition to intestinal malignancies in myh single mutant mice
[19].
Despite these demonstrations of physical interactions between
eukaryotic MutY homologs and members of the 9-1-1 complex on
one hand, and the genetic evidence linking human MYH mutations
to familial adenomatous polyposis, little is understood of the functional DNA repair pathways in which eukaryotic MutY homologs
participate, nor to which DNA damaging agents MutY homologs
are required for survival. In the present study, we set out to map
the role of the eukaryotic MutY homolog in DNA repair and checkpoint pathways, using genetic experiments in ﬁssion yeast where
the myh1 mutation is studied in combination with mutations in
other DNA repair and checkpoint genes. We ﬁnd that the S. pombe
myh1+ gene contributes to survival after UV irradiation in a number of genetic backgrounds, adding to its previously demonstrated
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role in repair of oxidative damage. In myh1 mutants, the checkpoint
response becomes activated by far lower UV doses than in wild-type
(wt) cells. Deletion of myh1+ and the checkpoint gene rad1+ yields
an extremely UV- and methyl methane sulfonate (MMS) sensitive
double mutant. In addition to its UV sensitivity, the myh1 rad1 double mutant displays very low viability in the presence of the replication inhibitor hydroxyurea (HU), and morphological aberrations.
2. Materials and methods
2.1. Fission yeast genetic techniques
All experiments were carried out in the haploid h− leul-32 ura4-D18 ade6M210/M216 background provided by the Korean Research Institute for Bioscience
and Biotechnology (KRIBB) and Bioneer Corporation. Gene deletion cassettes carrying the hphMX6 hygromycin resistance marker [20] were constructed with PCR using
hybrid primers with 80 nucleotide homology to the chromosomal locus Table 2.
Chromosomal gene deletions were introduced by homologous recombination and
transformation as described [21]. All gene deletions were veriﬁed by PCR using
primers in ﬂanking chromosomal DNA.
2.2. Exposure to DNA damage and DNA synthesis inhibition
For UV sensitivity measurements, cells were grown to stationary phase in synthetic complete (SC) medium [22] supplemented with histidine, tryptophan and
uracil at 40 mg/l each, adenine at 60 mg/l and leucine at 150 mg/l. Alternatively,
cells were grown to mid-exponential phase (A595nm = 0.5). The different strains were
adjusted to the same cell density, serially diluted, and 4 l droplets were deposited
on SC agar plates. Irradiation with 254 nm UV light was done with a UVGL-58 short
wave UV lamp (UV Products, San Gabriel, Calif.). The dose rate was 2 W/m2 , which
was monitored with a UVX digital UV meter (UV Products). HU sensitivity was
measured on SC agar plates containing 5 mM of HU.
2.3. Micro-cultivation and analysis of synergism
Single and double deletion strains were pre-cultivated in micro-scale (350 l) for
two serial rounds (2× 48 h) in liquid YES (0.5 % (w/v) yeast extract, 3 % (w/v) glucose,
225 mg/l each of histidine, lysine, uracil, adenine and leucine) medium. For experimental cultures, strains were inoculated to an optical density (OD) of 0.07–0.15 in
350 l of YES medium (as above, except when glucose was replaced with alternative
carbon sources as indicated below), with or without chemicals and micro-cultivated
for 72 h in 30 ◦ C in a Bioscreen Analyzer C (Growth Curve Oy, Finland) as earlier
described for S. cerevisiae strains [23]. Strain replicates in drugs n = 2 (n = 4 for wt),
strain replicates in no stress = 10 (n = 20 for wt). Drug concentrations were set as
to equal a 50–100% increase in population doubling time in the wt. This corresponded to the following concentrations: CoCl2 , 0.25 mM; BaCl2 , 8.5 mM, CdCl2 ,
0.25 M; CuCl2 , 0.75 mM; diamide 0.15 mg/ml; NaCl, 0.1 M; paraquat, 0.2 mg/ml;
MnCl2 , 0.1 mM; AlCl3 , 0.2 mg/ml; Pb(NO3 )2 , 0.4 mM; cycloheximide, 5 g/ml; mal-

Table 1
S. pombe strains used in this study
Strain

Genotype

Source

ED666
BG1190 216
BG0649 216
RAD1MYH1 110
BG0827 216
HUS1MYH1 102
BG1918 216
RAD9MYH1 103
BG0317 216
RAD17MYH1 105
CHK1 101
MYH1CHK1 115
BG1575 216
RAD2MYH1 101
BG3621 216
RAD13MYH1 104
BG1906 216
RHP51MYH1 109
RHP18 107
MYH1RHP18 102
BG4656 210
MSH6MYH1 102

h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−
h−

KRIBB/Bioneer
KRIBB/Bioneer
KRIBB/Bioneer
This work
KRIBB/Bioneer
This work
KRIBB/Bioneer
This work
KRIBB/Bioneer
This work
This work
This work
KRIBB/Bioneer
This work
KRIBB/Bioneer
This work
KRIBB/Bioneer
This work
This work
This work
KRIBB/Bioneer
This work

leul-32 ura4-D18 ade6-M210/M216
myh1::kanMX leul-32 ura4-D18 ade6-M210/M216
rad1::kanMX leul-32 ura4-D18 ade6-M210/M216
rad1::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
hus1::kanMX leul-32 ura4-D18 ade6-M210/M216
hus1::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rad9::kanMX leul-32 ura4-D18 ade6-M210/M216
rad9::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rad17::kanMX leul-32 ura4-D18 ade6-M210/M216
rad17::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
chk1:: hphMX6 leul-32 ura4-D18 ade6-M210/M216
myh1::kanMX chk1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rad2::kanMX leul-32 ura4-D18 ade6-M210/M216
rad2::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rad13::kanMX leul-32 ura4-D18 ade6-M210/M216
rad13::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rhp51::kanMX leul-32 ura4-D18 ade6-M210/M216
rhp51::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
rhp18:: hphMX6 leul-32 ura4-D18 ade6-M210/M216
myh1::kanMX rhp18::hphMX6 leul-32 ura4-D18 ade6-M210/M216
msh6::kanMX leul-32 ura4-D18 ade6-M210/M216
msh6::kanMX myh1::hphMX6 leul-32 ura4-D18 ade6-M210/M216
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tose, 3% (glucose substituted); galactose, 3% (glucose substituted); doxorubicin,
15 g/ml; tert-butyl hydroperoxide, 0.07 %; rafﬁnose, 3% (glucose substituted); 6azauracil, 0.2 mg/ml; CsCl, 4 mg/ml; NiCl2 , 0.2 mM; HqCl2 , 0.01 mM; anisomycin,
7.5 g/ml; triﬂuperazine, 50 M; tellurite, 0.5 mM; arsenite, 25 mM; selenite, 1 mM;
ethanol (tolerance), 7%; ethanol (growth), 3% (glucose substituted); glycerol, 3%
(glucose substituted); MMS, 0.015%; HU, 0.8 mg/ml; KCl, 0.9 M.
OD measurements were taken every 20 min during a 72–80-h period resulting
in growth curves. Growth curves were calibrated, and for each curve the variable
growth rate was extracted as described earlier [23]. For each condition, the growth
rate (doubling time) of each strain, single or double mutant, was compared and
normalized to that of the corresponding wt replicates, forming normalized growth
rate ratios referred to as Logarithmic Strain Coefﬁcient (LSC) [23] and roughly
corresponding to ln (doubling time wt/doubling time knockout). To distinguish
growth aberrations in the presence of drugs from general growth aberrations present
already in no stress conditions, a Logarithmic Phenotypic Index (LPI), was formed for
each knockout in each drug, likewise described earlier [23]. The LPI corresponds to

LSCdrug − LSCno stress . To investigate whether a given double deletion strain is more
or less sensitive to a given stress than what is expected from the behavior of the
individual single deletion strains, a multiplicative model (additive on log-scale) was
applied. LPIxy = LPIx + LPIy was thus considered to reﬂect no interactions between
genes, LPIxy < LPIx + LPIy reﬂected a synergistic interaction, and LPIxy > LPIx + LPIy an
antagonistic interaction, where LPIxy is the growth aberration of the double deletion relative the wt and LPIx and LPIy the growth aberration of the respective single
deletions relative to the wt.
2.4. Microscopy
All microscopy was done on a Zeiss Axioplan 2. General cell morphology was
visualized on native cells in bright-ﬁeld and Nomarski optics at 100× magniﬁcation.
For measurement of septation indices, cells were ﬁxed in 70% ethanol and scored in
bright-ﬁeld. Chromosomes were visualized at 100× magniﬁcation by staining with
4 ,6-diamidino-2-phenylindol dihydrochloride (DAPI) as described [24].

Fig. 1. UV and HU sensitivity of myh1 single and double mutants as measured on plate spot assays reveal an interaction between myh1 and rad1. Cells were grown to stationary
phase (except where indicated in top right panel), diluted on SC plates as indicated and UV irradiated or grown on SC plates containing 5 mM HU (as indicated). For each pair
of panels, untreated cells are shown to the left and irradiated or HU-treated to the right. The following doses of UV were used for the different mutant sets: rad1, 120 J/m2 ; rad1
log phase, 60 J/m2 rad2, 120 J/m2 ; rad13, 120 J/m2 ; rad17, 60 J/m2 ; rad9, 60 J/m2 ; chk1, 120 J/m2 ; msh6, 120 J/m2 ; rhp18, 240 J/m2 ; rhp51, 240 J/m2 . (A) 9-1-1 sensor complex
mutants. “Log rad1”, rad1 mutants in logarithmic phase growth. (B) Other checkpoint mutants and DNA repair mutants.

GTGATTATATATAGCGAAATAAACTAATAAGTTAATCTGATAATGAAAATTCGTTAAAACGAATCCAACGAAAATTAATGAGAATTCGAGCTCGTTTAAAC

GAGAGTGCTCTTACGAATCCCTAATTAAGTTTGAATATTAGTGCATATTAACTATTAATGGGTTTGCAATTTAAAATAAGCGGATCCCCGGGTTAATTAA

RHP18HphMXPR

RHP18HphMXPF

CHK1KanMXPR

CHK1KanMXPF

CCCTTCAACACTAGTTTTCTCTTTCTTTTCCGTTTCATGTTTACTTTCTTTTATTAATTGTATATATATATTTAATTTAGCGGATCCCCGGGTTAATTAA

−79 to 0 (MYH1) and −420
to −401 (HphMX6)
1527–1607 (MYH1) and
1262–1282 (HphMX6)
−81 to 0 (CHK1) and −416
to −396 (KanMX6)
1757–1838 (CHK1) and
1043–1063 (KanMX6)
−79 to 0 (RHP18) and −420
to −401 (HphMX6)
1164–1245 (RHP18) and
1262–1282 (HphMX6)
MYH1HphMXPF

MYH1HphMXPR

Sequence (5 –3 )

We wanted to see if our ﬁndings with UV radiation and HU could
be extended to other DNA-damaging agents, which would give
additional information about the types of DNA damage where Myh1
plays a role in repair. Thus, we exposed the wt, all single mutants,
and all myh1 double mutants to a range of genotoxic compounds
in liquid culture, and recorded the growth defects. As expected,
several checkpoint single mutants were highly sensitive to HU and
MMS (Fig. 2A). Among the myh1–x double mutants, a clear synthetic phenotype was seen for myh1 rad1, in agreement with the
results from plate tests. In addition, a synthetic phenotype was seen
for myh1 rad9 (Fig. 2B). As judged by this more sensitive test, both
myh1 rad1 and myh1 rad9 were more susceptible to both HU and
MMS than the rad1 or rad9 single mutants, respectively, which is

Homologies

3.2. Sensitivity proﬁling of double mutants with myh1 reveal
additional sensitivities and interaction with rad9

Name

In order to obtain an overview of the repair processes where
myh1+ might be involved, we created double null mutants with
homologous recombination combining myh1 with representatives
of different DNA repair pathways. Thus, myh1+ was deleted in
the rad1 (checkpoint-defective) background, as well as in the
rad2 (defective in long-patch BER and the alternative UV damage
excision repair pathway), rad13 (NER), rhp51 (homologous recombination), msh6 (mismatch repair), and rhp18 (postreplication repair)
backgrounds (Table 1). For each single and double mutant strain,
UV sensitivity was investigated by spot assays. In line with earlier
results [6], the myh1 single mutant was not visibly UV sensitive
(Fig. 1). For most of these mutant combinations, the double mutant
was equally sensitive or only slightly more sensitive than the more
sensitive of the single mutants. Two exceptions were obvious. First,
rhp51 myh1 double mutants were somewhat less UV sensitive than
rhp51 single mutants, indicating suppression of the rhp51 mutation by myh1. In line with this, the slow growth phenotype of rhp51
single mutants was rescued by the myh1 mutation (not shown).
Second, rad1 myh1 double mutants were signiﬁcantly more UV
sensitive than rad1 single mutants, indicating a strong synthetic
interaction between myh1 and this checkpoint mutation.
We wanted to further investigate the rad1 myh1 interaction, and
so created double mutants combining myh1 with other checkpoint
pathway mutations: hus1, rad9, rad17, and chk1. None of the other
combinations displayed a strong synthetic interaction; the double
mutants were either equally sensitive or slightly more sensitive
than the corresponding single checkpoint mutant (see Fig. 1). We
did note a slight growth rate defect for all myh1-checkpoint double
mutants, however, including rad1 myh1.
Checkpoint mutants are generally more sensitive to DNA damaging agents when actively passing through the cell cycle than in
a non-dividing state. We tested the UV sensitivity of rad1 myh1
mutants and the cognate single mutants in mid-exponential growth
phase. As expected, rad1 mutants appeared considerably more sensitive (Fig. 1). A slight sensitivity was also visible for the myh1 single
mutant under these conditions. Most strikingly, however, rad1
myh1 double mutants were extremely sensitive. We also wished to
examine if the myh1 mutation would affect sensitivity to replication
inhibitors such as HU, since many S. pombe checkpoint mutants are
also HU sensitive. As seen in Fig. 1, while rad1 mutants were sensitive to growth on HU-containing medium as expected, rad1 myh1
double mutants were exceedingly HU sensitive. The myh1 single
mutants displayed wt resistance.

Table 2
Sequences of oligonucleotides used for generation of genomic disruptions

3.1. Genetic interactions between myh1 and DNA repair
mutations

TTAATTTTGTGAAACATCTGTAAGAACAATCGGCTTCCCTATTGAACTGACAACGTTTTTAAAAAATTTTCTCCATTCAAGGAATTCGAGCTCGTTTAAAC

3. Results

CCTTACCATATTGGTAGAGAAATAGGTACTGGGGCTTTTGCTTCCGTCCGTTTATGTTACGATGATAATGCTAAAATATATGCGGATCCCCGGGTTAATTAA

51
TTGAAGAATGGGATAAAGATTATTTCCCAAAAAGGCTAATAGAAGAATTAAAAGGAGAATTGTCGAAAACAAAGGCGTGAGAATTCGAGCTCGTTTAAAC
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Fig. 2. Quantifying growth rate aberrations and gene–gene synergism of single and myh1–x double deletions in liquid culture reveals additional genetic interactions. (A)
Growth rate aberrations (LPI) of single deletion strains in an array of environmental conditions. Green = single deletion strain sensitivity, red = single deletion strain resistance.
(B) Gene–gene interactions, LPIxy –LPIx –LPIy where LPIxy is the growth aberration of the double deletion relative the wt and LPIx and LPIy the growth aberration of the respective
single deletions relative the wt. Green = synergistic interaction, red = antagonistic interaction. (C) Growth of wt, rad1, rad9, myh1 and hus1 single deletion strains and
the corresponding myh1 double deletion strains exposed to HU or MMS.

also seen in the individual growth curves for the respective mutants
(Fig. 2C). Neither myh1 rad1 nor myh1 rad9 double mutants were
sensitive to any of the non-genotoxic compounds tested, however
(Fig. 2B).
3.3. The myh1 rad1 double mutant displays aberrant morphology
Because of the consistent high sensitivity of the myh1 rad1 double mutant to DNA-damage and replication stress, we wanted to
investigate this mutant in more depth. In bright-ﬁeld and Nomarski
optics, we noticed that myh1 rad1 double mutants had greatly varying cell shapes, in the presence or absence of DNA damage. While
just over half the population appeared largely normal, a very large
fraction (about 40%) was not. This population was heterogeneous,
with club-like swollen, and shortened cells as the most common
types (Fig. 3A and data not shown). No such cells were found in
wt or myh1 mutants. The rad1 mutants appeared shorter and more
rounded than wt, as shown earlier [25]; however no rad1 cells displayed the club-like morphology characteristic of myh1 rad1 double
mutants (Fig. 3A and data not shown). This was unexpected, as
neither myh1 nor rad1 mutants, nor mutants of their homologous
genes in other organisms, have previously been implicated in cell
morphogenesis.
3.4. UV elicits a stronger checkpoint response in myh1 mutants
In response to DNA damage, wt S. pombe cells will delay cell
cycle progression as a result from activation of the checkpoint path-

way. Since most S. pombe cells in an asynchronous population are
in the G2 phase, this will be manifested as a reduced fraction of
cells passing through mitosis. The appearance of cells having laid
down a septum is used as a convenient marker for passage through
mitosis, and so asynchronous wt cells exposed irradiation will display a depression of the number of septated cells lasting for several
hours [26]. This expected behavior was seen in the wt strain (Fig. 4).
The myh1 mutants, exposed to the same UV dose, displayed a more
vigorous DNA damage response in that the reduction of septated
cells started earlier and reached lower septation indices than in the
wt (Fig. 4). Another aspect of the wt checkpoint response is cell
elongation, as cell growth continues in the absence of division [26].
We noted that myh1 cells exposed to the same UV dose (240 J/m2 )
elongate about 15% more than the wt; the average length of myh1
mutants was 17 m vs. 15 m for the wt (data not shown).
3.5. The myh1 rad1 double mutant has a severely defective DNA
damage response
Fission yeast mutants lacking an intact checkpoint pathway
do not elongate upon DNA damage and fail to delay cell cycle
progression [26,27]. Instead, they undergo a transient increase
in the number of cells passing mitosis (“mitotic burst”) [26,28].
This behavior was observed with rad1 single mutants, as expected
(Fig. 4). The myh1 rad1 double mutants, exposed to the same UV
dose as the other strains, displayed a very high proportion of cells
with failed mitoses, bisected nuclei, and fragmented chromosomes
(not shown). The number of mitotic cells did not decrease with
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Fig. 3. Morphological defects and chromosomal aberrations after DNA damage in rad1 myh1 double mutants. Micrographs of rad1, myh1, and rad1 myh1 mutant cells, as
indicated. Magniﬁcation is 100×, or 40× where indicated. (A) Bright-ﬁeld images of untreated cells →, severely shortened rad1 myh1 double mutant cell; *→, club-like
morphology. (B) Images of DAPI-stained UV-irradiated cells. →, missegregated chromosomes in rad1 myh1 double mutants; *→, fragmented chromosomal material; **→,
bisected nucleus.

time in these mutants (not shown), and so they may be the result
of catastrophic attempts at mitosis from which the cells cannot
recover. Because of this, to be able to analyze the impact of UV
irradiation on mitotic progression in these mutants, we decided to
reduce the UV dose for these double mutants to half of that for the
other strains. As seen in Fig. 4, even at half the dose given to the
other strains (120 J/m2 ), the myh1 rad1 double mutants undergo an
even more pronounced mitotic burst than rad1 mutants, starting
earlier and reaching higher septation indices.
When examined by DAPI staining, the myh1 rad1 double
mutants exposed to UV exhibited a very high proportion of chromo-

Fig. 4. The cell cycle checkpoint response is severely defective in rad1 myh1 double
mutants. Septation index graphs for wt, myh1, rad1, and myh1 rad1 mutants after UV
irradiation. Error bars show ±1 standard deviation from two counts. The UV dose
was 240 J/m2 for all strains except the myh1 rad1 double mutant, which was exposed
to 120 J/m2 .

somal aberrations; the fraction of cells carrying such aberrations
exceeded 25%. This ﬁgure includes cells with fragmented chromosomal material (12%), bisected nuclei (3%), and missegregated
chromosomes (7%) (Fig. 3B and data not shown). It should be noted
the other strains examined (wt, myh1, and rad1) displayed far lower
rates of chromosome aberrations (<0.5% total aberrations in wt and
myh1; 6% in rad1) even though they had been exposed to twice the
UV dose as myh1 rad1 (Fig. 3B and data not shown).
4. Discussion
Previous phenotypic investigations of E. coli mutY and S. pombe
myh1 mutants have focused on their sensitivity to oxidative agents,
in view of the demonstrated role of MutY homologs in elimination of mispaired bases opposite 8-oxoG, a recognized oxidative
DNA damage. We now show that Myh1 is also involved in repair
of UV-induced damage. This is demonstrated through the moderately enhanced UV sensitivity of many myh1 double mutants, and
also through the activation of the checkpoint response at lower UV
doses (or a more pronounced cell elongation at a ﬁxed dose) in
myh1 single mutants. The latter can be explained by a higher level
of residual DNA damage in the myh1 mutants at a certain UV dose.
We speciﬁcally found strong interactions between rad1 and rad9
on one hand, and myh1 on the other, but only a weak enhancement of sensitivity when combining myh1 with other checkpoint
mutations. We ﬁnd principally two ways of rationalizing this phenomenon. First, it is possible to speculate that Myh1 and these
sensor complex proteins function in different pathways, which
work towards the same goal of DNA damage elimination with some
redundancy. When one gene product is missing from both pathways, neither pathway is operative and the double mutant cell is
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highly sensitive to DNA damage. Second, one could think that Myh1
could bind asymmetrically to the 9-1-1 complex. Indeed, it has been
shown that Myh1 physically associates with the 9-1-1 complex in
ﬁssion yeast [7] and in mammalian cells [8]. Other asymmetric
associations between the 9-1-1 complex and Myh1 or other proteins are conceivable. It has been reported that the Myh1–Hus1
interaction is selectively enhanced by H2 O2 treatment [7]. Similarly,
human clamp loader hRad17 interacts more strongly with hHus9
than with the two other 9-1-1 complex components [29]. It has
been suggested that Myh1 acts as an adapter that is involved both
in DNA damage recognition and in recruiting 9-1-1 proteins to the
damaged site [7].
The gross morphological defects of the myh1 rad1 double mutant
are not readily explained, as neither myh1+ nor rad1+ have previously been associated with cell shape abnormalities. This could
indicate so far unrecognized roles in cell integrity maintenance
for the checkpoint pathway. It should be emphasized that the
myh1 rad1 double mutant is not obviously sensitive to several nongenotoxic agents (Fig. 2A), nor does it have a marked slow growth
phenotype (Fig. 2B), indicating that it does not have gross general defects. It is interesting to note, however, that homozygous
myh ogg1 double mutant mouse cells recently have been shown
to display multiple centrosomes and multipolar spindles [30]. This
indicates a possible explanation for the chromosome segregation
defects of the S. pombe myh1 rad1 double mutants upon DNA damage. Defects in the microtubular network may also impinge on the
cell shape abnormalities of this mutant.
The genetic interaction of myh1 with rhp51 is indicative of an
involvement of Myh1 in recombinative repair, possibly following
long-patch BER which requires ﬂap exonuclease (FEN) to create
a ligatable single-strand nick following strand displacement DNA
synthesis. Both Myh1 and FEN exonuclease physically interact
with the 9-1-1 complex; furthermore long-patch BER proteins also
interact with the DNA polymerase clamp loader, PCNA [31], and
hMYH interacts with proteins involved in long-patch BER including apurinic/apyrimidinic endonuclease 1, PCNA, and replication
protein A [32]. It is possible to imagine that Myh1 creates DNA
repair intermediates that are normally processed further by Rhp51.
For instance, this could consist of unrepaired single-strand breaks
in rhp51 single mutants, arising from Myh1 eliminating adenine
opposite 8-oxoG, given that UV produces a limited amount of intracellular oxidative stress. In an rhp51 single mutant, these potentially
cytotoxic intermediates would accumulate, in part explaining the
reduced UV resistance and slow growth. In the myh1 rhp51 double
mutant both would be alleviated. In support of the view that such
structures can affect long-patch BER, it has been shown that the
placement of an 8-oxoG residue juxtaposed to an abasic site will
inhibit FEN activity [33].
Our work extends the range of DNA damaging agents where
Myh1 has a role in repair. The fact that myh1 rad1 double mutants
are also highly sensitive to HU raises the question if Myh1 can also
play a role in activating recovery of DNA replication. It is known
that PCNA and the 9-1-1 complex co-localize and physically interact [34–36]. Binding of Myh1 to PCNA [32] could hypothetically
occur at the same time as to the 9-1-1 complex through different
protein domains. This could be instrumental in linking detection
of aberrant DNA structures arising during DNA replication block to
activation of checkpoint signaling. From this perspective, it will be
interesting to pursue potential genetic interactions between myh1+
and pcn1+ , encoding ﬁssion yeast PCNA. The selective genetic interaction of myh1 with rad1 and rad9 also raises the question if application of different external stress conditions and genotoxic agents
will reveal interactions between myh1 and other checkpoint mutations, primarily mutations affecting the third component of the
9-1-1 complex, hus1. Further elucidation of the role of eukaryotic

MutY homologs in different DNA repair pathways will be important
for understanding of its role in mutagenesis and carcinogenesis.
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