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ABSTRACT

Schizosaccharomyces pombe Rhp55 and Rhp57 are RecA-like proteins involved in double-strand break (DSB)
repair. Here we demonstrate that Rhp55 and Rhp57 proteins strongly interact in vivo, similar to Saccharomyces
cerevisiae Rad55p and Rad57p. Mutations in the conserved ATP-binding/hydrolysis folds of both the Rhp55
and Rhp57 proteins impaired their function in DNA repair but not in cell proliferation. However, when
combined, ATPase fold mutations in Rhp55p and Rhp57p resulted in severe defects of both functions,
characteristic of the deletion mutants. Yeast two-hybrid analysis also revealed other multiple in vivo interac-
tions among S. pombe proteins involved in recombinational DNA repair. Similar to S. cerevisiae Rad51p-
Radb4p, S. pombe Rhp51p and Rhpb54p were found to interact. Both putative Rad52 homologs in S. pombe,
Rad22p and Rtilp, were found to interact with the C-terminal region of Rhp51 protein. Moreover, Rad22p
and Rtilp exhibited mutual, as well as self-, interactions. In contrast to the S. cerevisiae interacting pair
Radb1p-Radbbp, S. pombe Rhpb1 protein strongly interacted with Rhp57 but not with Rhp55 protein. In
addition, the Rtil and Rad22 proteins were found to form a complex with the large subunit of S. pombe
RPA. Our data provide compelling evidence that most, but not all, of the protein-protein interactions
found in S. cerevisiae DSB repair are evolutionarily conserved.

NA double-strand breaks (DSBs) are the major ge-
notoxic lesions to cellular DNA and can be re-
paired in eukaryotes by several DNA repair pathways.
Homologous recombination is one of the important
pathways to repairing DSBs. Studies in Saccharomyces cere-
visiae established that the genes comprising the RAD52
epistasis group are responsible for faithful repair of
DSBs by homologous recombination. At least 10 genes
belong to this group: RAD50, MREI1, XRS2, RADS51,
RAD52, RAD54, RAD55, RAD57, RAD59, and RFAI (re-
viewed in PAQUESs and HABER 1999). Mutations in these
genes cause pleiotropic defects in DNA damage repair,
including high sensitivity to ionizing radiation (IR) and
the alkylating drug methyl methanesulfonate (MMS),
and moderate UV sensitivity (GAME 1993; FRIEDBERG el
al. 1995; SHINOHARA and OGAawA 1995; BAT and SYMING-
TON 1996). Mitotic and/or meiotic recombination is
also impaired in the mutants, although considerable
heterogeneity of their phenotype exists, depending on
the assay used (reviewed in PAQUES and HABER 1999).
Rad50, Mrell, and Xrs2 proteins form a higher-order
complex in vivo, which is believed to play a dual role
as a structural component of a DSB repair complex and
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as a nucleolytic activity processing DNA ends (reviewed
in HABER 1998; HoPFNER et al. 2000). RAD52 is the
most important gene in the group as it is required for
recombinational DSB repair and the full level of all
types of homologous recombination events in the cell.
In wvitro it stimulates the Radblp-catalyzed strand ex-
change reaction (SUNG 1997a; NEw e al. 1998; SHINO-
HARA and Ocawa 1998; SuGiyama et al. 1998) . Together
with the structurally similar Rad59p, Rad52 protein also
has a major role in single-strand annealing (SSA; Suca-
WARA and HABER 1992; Ba1 et al. 1999; SUGAWARA et
al. 2000). Consistent with this, both Rad52 and Rad59
proteins can mediate the annealing of complementary
DNA strands in vitro (MORTENSEN et al. 1996; PETUK-
HOVA el al. 1999a). The RAD51 gene encodes the func-
tional homolog of Escherichia coli RecA protein and was
shown to form a nucleoprotein filament similar to the
RecA-DNA filament (OGAwA et al. 1993). Rad51p is able
to mediate homologous pairing and strand exchange
in vitro (SUNG 1994; SUNG and RoBBERSON 1995). Two
other genes, RAD55 and RAD57, also encode proteins
with structural similarity to RecA. Radb5p and Rad57p
form a stable heterodimer and promote Rad51p-medi-
ated strand exchange in the presence of RPA but are
not able to promote this reaction on their own (SUNG
1997b). It is believed that the Radb5p:Rad57p hetero-
dimer helps Radb1 protein to overcome the inhibitory
binding of RPA to single-stranded DNA (Sunc 1997b),
the role hypothesized also for Rad52p (Sunc 1997a;
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NEw et al. 1998; SHINOHARA and Ocawa 1998). The
product of the RAD54 gene belongs to the Snf2p/Swi2p
family of putative helicases involved in chromatin re-
modeling (GORBALENYA and KooniN 1993). Radb4p
possesses a DNA-dependent ATPase activity (PETUK-
HOVA et al. 1998) but has not been demonstrated to
have helicase activity. It is suggested that Rad54 protein
can facilitate Radblp-mediated in vitro recombination
reactions via its ability to remodel target DNA through
specific interaction with Rad51-ssDNA (PETUKHOVA et
al. 1999b; MAzIN et al. 2000; VAN KoMEN et al. 2000).

Besides the stable complex of Radb5 and Rad57 pro-
teins, other associations including Rad51-Rad52, Rad51-
Radb54, Rad51-Rad55, and Rad52-RPA interacting pairs
have been detected by two-hybrid, co-immunoprecipita-
tion, and biochemical experiments (DONOVAN et al.
1994; HAYS et al. 1995; JOoHNSON and SYMINGTON 1995;
CLEVER ¢f al. 1997). Genetic and biochemical studies of
these protein-protein interactions provided compelling
evidence that they are important for recombinational
DNA repair.

In the distantly related fission yeast Schizosaccharomyces
pombe, the mechanisms of recombinational repair have
been studied less than in S. cerevisiae. However, a number
of genes involved in DSB repair in this microorganism
have been identified in the last decade. Homologs of
RAD51 and RAD54 have been isolated and named
rhp51" and rhp54", respectively (MURIS et al. 1993, 1996;
SHINOHARA el al. 1993). rhp55" and rip57" have been
found to be putative homologs of RAD55 and RADS57,
respectively (KHASANOV et al. 1999; TsuTsul et al. 2000).
In addition, the radlI* and rad32" genes were found
to be homologs of the large subunit gene of RPA (PARr-
KER ¢f al. 1997) and MREII (TAVASSOLI el al. 1995),
respectively. Two putative homologs of S. cerevisiae
RAD52 have been identified in S. pombe, namely rad22*
and 117 (OSTERMANN et al. 1993; Suto et al. 1999).
Similar to the mutations of the budding yeast RAD52
group members, mutations in fission yeast genes, except
rti1, confer sensitivity to IR and MMS and cause moder-
ate defects in mitotic and/or meiotic recombination.
However, there are noticeable differences in the func-
tion of S. pombe DSB repair proteins compared to their S.
cerevisiae counterparts. The S. pombe mutants are highly
sensitive to UV, implicating DSB repair mechanisms in
an active UV damage response, presumably through
involvement in the second UV excision repair (UVER)
pathway and UV damage tolerance/recovery mecha-
nism (reviewed in McCREADY et al. 2000). Moreover,
the mitotic phenotypes of rad32, rad22, rhp51, rhp54,
rhp55, and rhp57 mutants suggest a high degree of geno-
mic instability and proliferation defects, even in the
absence of exogenous damage, which is less observed
in the corresponding S. cerevisiae mutants (OSTERMANN
et al. 1993; TAVASSOLI et al. 1995; MURIS et al. 1996;
KnasaNov et al. 1999). Epistasis analysis placed all these
genes except rad22* in one pathway of DSB repair

(TavassoLl et al. 1995; KHAsANOV et al. 1999; TsuTsul
et al. 2000). However, more recent characterization of
the phenotypes of rad22 and rti1 deletion mutants (VAN
DEN BoscH et al. 2001) suggests that the results of previ-
ous analysis were the consequence of the partial func-
tional redundancy of these two Rad52p homologs and
of the hypomorphic nature of the rad22 allele used.
Thus, it is likely that in S. pombe both rad22* and rtil*
are also in the recombinational repair epistasis group.
Taken together, these observations suggest that the re-
combinational repair pathway in S. pombe might be orga-
nized on the whole similarly to that of S. cerevisiae. The
fact that the phenotypes of Rad52~/~ mutants in verte-
brates (RIJKERS et al. 1998; YAMAGUCHI-IWATI et al. 1998)
are more reminiscent of those found in fission yeast 7t/
mutants suggests the existence of a Rad22-like protein
in higher eukaryotes and that the mechanism of DSB
repair in S. pombe might provide a useful insight into
that of higher eukaryotes. However, comparably few
biochemical and molecular studies have been done with
the S. pombe DSB repair proteins.

As a first step in the molecular characterization of
the recombinational repair mechanism of S. pombe, we
have undertaken a systematic analysis of protein-protein
interactions. Here we report that Rhp55 and Rhp57
proteins strongly interact in vivo, suggesting that they
represent an equivalent to the budding yeast Rad-
55p:Radb7p heterodimer. However, by mutating the
conserved amino acid residues in ATP binding/hydroly-
sis motifs of Rhp55p and Rhp57p, we demonstrate a
functional difference between the heterodimers in bud-
ding and fission yeast. Moreover, we show that certain
interactions among seven S. pombe proteins appear to
differ from those in S. cerevisiae, suggesting the mecha-
nistic differences in DSB repair in these two distantly
related yeasts.

MATERIALS AND METHODS

Strains, media, and growth conditions: The S. pombe strains
used in this study were: BVY5 ™ smt-0 ura4-D18 leu1-32; IBGY84
B~ smi-0 rhp55A::um4+ wra4-D18 lewl-32; BVY233 h™ smit-0 rhp55
K57A ura4-D18 leul-32; BVY234 b~ smt-0 rhp55K57R wra4-D18
lewl-32, BVY246 L~ smt-0 rhp55K57A rhp57K106A ura4-D18
lewI-32; BVY247 h™ smt-0 rip55K5 7R vlyp57K106R wra4-D18 leul-
32, MP11 " wa4-DI8 leul-32; TMP761 I* wra4-DI8 leul-32
rhp57K106R; TMP762 h* ura4-D18 leul-32 rhp57K106A; TMP-
T11 B vlp57A:uradt wra4-D18 lewl-32 his3-766 ade6-M216;
and TMP754 h~ smi-0 vhip55A::arg3™ vip57A:: his3* ura4-D18
leul-32 his3-D1 arg3-D1. The media, yeast extract agar (YEA),
minimal media (MMA and EMM)), yeast extract liquid (YEL),
and genetic manipulations with S. pombe have been described
elsewhere (GuTz el al. 1974; ALFA et al. 1993). MMS was added
to precooled media before pouring and the plates were used
the same day. Strain DH5a was used as a host for gene manipu-
lations in E. coli.

Yeast two-hybrid analysis and genetic methods: Pairwise
combinations of DNA-binding domain and activator fusions
were transformed into the reporter strain, and three colonies
grown on selective medium were used for quantitative 3-galac-
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tosidase assays in each case (HARSHMAN et al. 1988). B-Galac-
tosidase activity was expressed in Miller units. Two-yeast two-
hybrid systems were employed. The first consists of LexA fu-
sion and activator fusion plasmids and reporter S. cerevisiae
strain EGY48 (GyURIs et al. 1993; GoLEMIS et al. 1994). This
system was used for analysis of pairwise interactions between
full-length Rad22, Rhp51, Rhp54, Rhp55, and Rhpb7 proteins.
The second system was based on LexA DNA-binding domain
(DBD) and B42 activation domain (AD) fusions and S. cerevis-
iae reporter strain L40 (Invitrogen, San Diego). It was em-
ployed for analysis of interactions among Rhpb51AN,
Rhp51AC, Rad22, Rtil, and Rpal proteins.

The sensitivity to MMS of wild-type and mutant cells was
tested by the drop assay. Sequential 10-fold dilutions of expo-
nentially growing cells were spotted on the appropriate plates
with or without MMS, and plates were incubated at the indi-
cated temperatures.

Plasmid construction and DNA manipulations: The cDNAs
of rhp51+, rh[)57+, rad22*, and radll" were amplified by PCR
from an S. pombe cDNA library. The cDNAs of rip54*, rhp55*,
and rti1" were synthesized by reverse transcription (RT)-PCR
using 1 pg of total RNA with the RNA LA PCR kit (TaKaRa,
Japan) according to manufacturer’s instructions. To generate
an Ndd site at the ATG initiation codon and a BamHI site
downstream from the termination codon of each cDNA, the
following PCR primers were used: 5'-TCACATATGGCAGATA
CAGAGGTGG-3' (TW51-1) and 5-TCAGGATCCTTAGACAGG
TGCGATAATTTCCTTGGG-3' (TW51-2) for rhp51*; 5'-TCA
CATATGTCTTTTGAGCAAAAACAG-3" (TW22-1) and 5-TCA
GGATCCTTATCCTTTTTTGGCTTTCTTATCCAC C-3’
(TW22-2) for rad22"; 5'-TCACATATGATTCAGCAACCAA
CAAG-3" (TW54-1) and 5'-TCAGGATCCTTAATGAGATTTG
TATTGG-3' (TW54-2) for »ip54*; 5'-TCACATATGCTTGTC
TAGTCAACATGC-3" (TWb5-1) and 5-TCAGGATCCCTAGG
ACTCACATTCC-38' (TW55-2) for rip55"; 5" TCACATATGG
ATATTTCGAATTATG-3" (TW57-1) and 5'-TCAGGATCCTA
GCACGAATATATCCCAACC-3' (TW57-2) for rhp57"; 5'-TCA
CATATGGGCTCGCTACCTG-3" (TWRTII-1) and 5'-TCAG
GATCCTTATTTCGTTGAGAACG-3' (TWRTIL-2) for rtil*;
and 5'-TCACATATGGCTGAGCGATTATCG-3' (TW11-1) and
5'-CCTTATTGAGCAGACTCAATG-3' (TW11-2) for radlI™.
The PCR products were digested with Ndel (partially in the
case of rhp51") and BamHI and cloned into the Ndel-BamHI
site of pUCI9 to result in the following plasmids: pYS201 for
rhp51", pYS202 for rad22", pYS203 for rip54", pYS204 for
rhp55", pYS205 for rhp57%, pYS206 for radll™ (RPAL), and
pYS207 for rtiI*. The primary sequences of cloned cDNAs
were confirmed by sequencing. To construct the plasmids with
truncated ip517 alleles, the 28-mer (5'-CTGCATATGTACCA
TATTCGAAGAAGTG-3") and TW51-2 primer together with
pYS201 DNA as a template were used to amplify the coding
region, which lacked 340 bases of the 5’ end of ip51" cDNA.
The PCR product was cloned into the Ndel-BamHI of pUCI19 to
result in the rap5IAN plasmid named pYS208. For C-terminal
truncation, the 0.7-kb region between NspV and Styl of pYS201
was excised to generate the rip5IAC plasmid named pYS209.

Two sets of yeast two-hybrid plasmids were employed in this
study. The first consists of LexA DBD fusion plasmid pEG202
and AD fusion plasmid pJG4-5 (GYURISs et al. 1993). The sec-
ond consists of DBD fusion plasmid pHybLex/Zeo and AD
fusion plasmid pYESTrp2 (Invitrogen).

The first set was used for construction of DBD and AD
fusions of the full-length vhp517", rhp54™, vhp55", vip57%, and
rad22" genes. This was performed by in-frame cloning of cod-
ing sequences (cds) of the respective genes generated by Pfu
polymerase-mediated PCR on the S. pombe cDNA library. The
rhp51" cds was amplified using 5'-GGCCTCGAGATGGCAGA
TACAGAGGTGG-3" and 5'-GGCCTCGAGTTAGACAGGTG

CGATAATTTCC-3" primers and cloned in the Xhol site to
produce pEG202-ip51" and pJG4-5-rip51*. The rip54* cds
was amplified with either 5'-GGCGTCGACTAATGATTCAG
CAACCAACAACTG-3" and 5'-GGCGTCGACTTAATGAGAT
TTGTATTGGAAAACGG-3' or 5'-GGCGTCGACATGATTCA
GCAACCAACAACTG-3" and 5'-GGCGTCGACTTAATGAGA
TTTGTATTGGAAAACGG-3' primers and cloned into the Sall
site of pEG202 or the Xhol site of pJG4-b to generate pEG202-
rhp54" and pJG4-5-rhp54*, respectively. The rhp55" cds was
amplified using either 5'-GGCGAATTCATGCTGTCTAGT
CAACATC-3" and 5'-GGCGGATCCTAGGACTCACATTCC or
5-GGCGAATTCATGCTGTCTAGTCAACATC-3' and 5"-GGCC
TCGAGCTAGGACTCACATTCCAAAATG primers and cloned as
the EcoRI-BamHI or EcoRI-Xhol fragment, respectively, to pro-
duce pEG202-1yp55" or p]G4-5-rhp55" plasmids. The cds of
the vhp57" gene was amplified by PCR using 5'-GGCCTCGA
GATGGATATTTCGAATTATGTTG-3" and 5'-GGCCTCGAG
CTAGCACGAATATATCCCAACC-3" primers and cloned as
an Xhol fragment to construct pEG202-rip57" and p]G4-5-
rhp57" plasmids. The rad22" cds was amplified with primers
5'-GGCGAATTCATGTCTTTTGAGCAAAAACAGC-3" and 5'-
GGCCTCGAGCCAATCATCACATTTTGCCTC-3" and cloned
as an EcoRI-Xhol fragment to construct pEG202-rad22* and
pJG4-5-rad22". All fusion constructions were sequenced across
the fusion junctions.

The second set of plasmids was first modified by generating
an Ndel site to allow in-frame recloning of cDNAs from pUC19-
based constructs. The EcoRI-Ndel-Sad adaptor (5'-AATTCCA
TATGGAGCT-3'/5'-CCATATGG-3") and a HindIII-Ndel-Kpnl
adaptor  (5'-AGCTTCATATGGGTAG-3'/5"-CCATATGA-3")
were inserted into the EcoRI-Sad site of pHybLex/Zeo and
the HindIII-Kpnl site of pYESTrp2, respectively, resulting in
pHybLex/ZeoN and pYESTrp2N. Then, for DBD fusion con-
struction each Ndel-Sall ¢cDNA fragment excised from the
pYS20X series plasmids was ligated into the Nde-Sall site of
pHybLex/ZeoN. This resulted in plasmid pYS211 for rap517,
pYS212 for rad22*, pYS213 for rhp54*, pYS214 for rhp557,
pYS215 for rhp57*, pYS216 for radll*, pYS217 for vtil*,
pYS218 for rap57AN, and pYS219 for rap5IAC. For the AD
fusion constructs, each Ndel-BamHI ¢cDNA fragment excised
from the pYS20X series plasmids was ligated into the Nde-
BamHI site of pYESTrp2N. The resultant plasmids were desig-
nated pYS221 for wp51", pYS222 for rad22", pYS223 for
rhp54%, pYS224 for rhp55", pYS225 for mip577, pYS226 for
radl1*, pYS227 for ril*, pYS228 for rip51AN, and pYS229
for rhp5IAC.

The construct for overexpression of Hisg-tagged Rhpb5p in
E. coli was made by PCR cloning of cDNA between the Ndel
and BamHI sites of pET-14b vector (Novagen). The following
primers were employed for PCR of rp55" cds: 5'-AGGCCA
TATGCTGTCTAGTCAACATCG-3" and 5-GGCGGATCCTA
GGACTCACATTCG-3'. To produce Rhp57p in E. coli, the
Ndel-BamH] rhp57+ fragment excised from pYS205 was ligated
into the Nde-BamHI site of pET15b to result in pYS275.

Two plasmids were constructed for performing co-immuno-
precipitation experiments. Recloning of the Nded-BamHI
rhp57+ fragment from pYS205 into the Nde-BamHI site of
pREPI resulted in the pYS235 plasmid. To construct the
pYS255 plasmid two primers, 5'-GCTCAGTGCGGCCGCATG
CTGTCTAGTCAAC-3" and 5'-CTCTGTCGACTAGGACTCA
CATTCG-3', and pYS204 template were used for PCR to gener-
ate a new Noll site upstream of the ATG initiation codon and
a Sall site downstream from the TAG termination codon of
rhp55" ¢DNA, respectively. The PCR product was digested
with Nod and Sall and ligated into the Notl-Sall site of pSLF173
(FORSBURG and SHERMAN 1997) to give pYS255.

Site-directed mutagenesis of the rip55" gene cloned into
the pIRT2 vector [plasmid pIBG81 (KHASANOV et al. 1999)]
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was performed using the QuickChange system from Stra-
tagene (La Jolla, CA). Two sets of synthetic oligonucleotide
primers were used: (1) to generate the rhp55K57R mutant
gene, 5'-ACCTGGGATGGGAAGAACAAGTTTGGC-3" and 5'-
GCCAAACTTGTTCTTCCCATCCCAGGT-3', and (2) to gen-
erate the rip55K57A mutant gene, 5'-CACCTGGGATGGGAG
CAACAAGTTTGGCTTTAC-3" and 5'-GTAAAGCCAAACTT
GTTGCTCCCATCCCAGGTG-3'. Site-directed mutagenesis and
construction of pREP1-7ap57K106A and pREP1-rip57KI106R
were described in TsuTsut et al. (2000).

Generation of the rhip55K57A and -K57R and rhp57K106A
and -K106R alleles in a chromosome: To construct strains
with chromosomal mutations rhp55K57A and rip55K57R, the
plasmid pIBG81 with the mutated 755" gene was cut with
Sall-Kpnl and the DNA fragment containing the rhp55" pro-
moter region, mutated 1p55" cds, and 3" UTR was isolated.
This fragment was cotransformed together with the pIRT2
vector into the IBGY84 strain, followed by selection for Leu™
transformants. The chromosomal integrants with the mutated
rhp55" gene were selected by replica plating on 5-fluoroorotic
acid (6-FOA) plates as Ura™ colonies, and the presence of the
desired mutations was verified by genomic sequencing.

To generate chromosomal rhp57 point mutant genes with
K106A or K106R alterations in Walker A motif, the pop-in/
pop-out method was used (SCHERER and Davis 1979). Briefly,
pYS298 (1hp57K106A) or pYS299 (rhp57 K106R), both of which
carry the ura4" gene and the Dral-Kpnl fragment of the rhp57
mutant gene, was digested with Munl, and the wild-type strain
MP11 was transformed with the linearized plasmid. Ura® trans-
formants were plated onto EMM plates containing 5-FOA,
uracil, and leucine to select the “pop-out” of the ura4" marker.
The Ura™ clones were confirmed by genomic Southern analy-
sis. Then the rhp57 mutants with the KI0O6R (TMP761) or
K106A (TMP762) mutation were identified by genomic se-
quencing.

Protein methods: Polyclonal antibodies against Rhp55p
(generated in rabbits) and against Rhp57p (generated in rab-
bits and rats) were produced using the immunization protocol
described previously (SANTOS RosaA et al. 1996). Hisgtagged
Rhpb5 protein was purified on Ni-NTA agarose (QIAGEN,
Valencia, CA) under denaturing conditions after overexpres-
sion in E. coli. The crude extract of E. coli cells overexpressing
Hisg-tagged Rhpb57 protein was fractionated by ammonium
sulfate precipitation (50% saturation), and the protein was
further purified by preparative SDS-PAGE and electroeluted
from the gel. The antibodies were affinity purified from the
immune serum as described (PRINGLE ef al. 1991).

For immunoprecipitation experiments, strain TMP754 was
transformed with plasmid pHA-Rhpb55 (pYS255) and/or
pRhp57 (pYS235). The cells were grown in EMM medium
containing 10 wg/ml thiamine and selected for the presence
of plasmids. Eighteen hours after the depletion of thiamine,
cells were harvested and washed with water. Fifty OD;o; units
of cells were resuspended in 300 wl of lysis buffer (25 mm
Tris-HCl pH 7.5, 1% Triton X-100, 50 mm NaCl, 2 mm EDTA,
1 mm dithiothreitol (DTT), 1 mmM phenylmethylsulfonyl fluo-
ride, 5 pl/ml leupeptin, and 5 pl/ml aprotinin) and extracted
using acid-washed glass beads (0.45 pm). After lysate was clari-
fied by centrifugation, the protein extract was diluted 1:10
with T buffer (50 mm NaCl, 20 mm Tris-HCI pH 7.5, and 10%
glycerol) containing 0.1% BSA, 0.5% NP-40, and 1 mm DTT.
Anti-hemagglutinin (HA) antibody (12CA5; Roche Molecular
Biochemicals, Indianapolis), or anti-Rhp57 rabbit antibody
was added, and extracts were rocked for 1 hr at 4°. Ten microli-
ters of 50% slurry of protein A-Sepharose 4FF (Amersham
Pharmacia Biotech) prewashed in T buffer was added, and
incubation was continued for 1 hr at 4°. Immunoprecipitates
were washed three times with T buffer, resuspended in 40 pl

of 5% SDS, and incubated for 10 min at 37°. After centrifuga-
tion, the supernatant was mixed with 10 pl of SDS-PAGE
sample buffer, boiled for 5 min, separated by SDS-PAGE, and
subjected to Western blotting. Immunodetection was per-
formed using ECL substrate (Amersham Pharmacia Biotech).

RESULTS

Rhp55p and Rhp57p interact in vivo: We previously
reported the identification and cloning of two S. pombe
genes, rip55" and rip57", with similarity to E. coli RecA
(KaAsANOV et al. 1999; Tsutsurt et al. 2000). Genetic
characterization of the corresponding mutations and
analysis of amino acid (aa) sequences suggested that
Rhpb5p and Rhp57p are likely to represent the S. pombe
homologs of S. cerevisiae Rad55p and Rad57p, respec-
tively. As Radb5p and Rad57p were shown to form a
stable heterodimer in vivo (SUNG 1997b), we tested the
interaction between their S. pombe counterparts using a
yeast two-hybrid system. Figure 1A shows that the AD-
Rhpb5 construct activated transcription of the lacZ re-
porter 24-fold when present in the cell together with
DBD-Rhp57. Reciprocally, an even higher increase in
B-galactosidase activity (147-fold) was observed when
the AD-Rhp57 fusion was combined with the DBD-
Rhp55 construct. No evidence of Rhpb55p-Rhpb5p or
Rhpb57p-Rhp57p interaction was found. Thus, Rhpb5p
appears to interact with Rhp57p, regardless of whether
Rhpb55p or Rhp57p is fused to AD or DBD.

To corroborate this result, we demonstrated the exis-
tence of the Rhpb5p:Rhpb7p complex in the cell by
immunoprecipitation. We used anti-Rhp57p antibodies
for immunoprecipitation and showed that Rhp55 and
Rhp57 proteins can be coprecipitated (Figure 1B, lanes
6). Detection of Rhpb55p was performed using anti-HA
antibodies, as the Rhpb55 protein was tagged with the
HA epitope. In a control strain lacking Rhp57p, no
Rhpb55p was precipitated (Figure 1B, lanes 4), indicating
that the HA-tagged Rhp55p is not simply precipitated
by itself. In a strain lacking HA-Rhp55p, Rhpb7 protein
was precipitated (Figure 1B, lane 5, left), but HA-specific
signal was not detectable (Figure 1B, lane 5, right). The
specificity of the antibodies used was demonstrated by
direct probing of crude cell extracts with anti-Rhp57
antibodies (Figure 1B, lanes 1-3, left) or anti-HA anti-
bodies (Figure 1B, lanes 1-3, right).

Rhp55p:Rhp57 complexes were also identified in re-
ciprocal immunoprecipitation experiments using anti-
HA antibodies to precipitate Rhpb5 protein (Figure 1C,
lanes 6). Again, the control experiments demonstrated
the specificity of interaction (Figure 1C, lanes 4 and 5)
and the specificity of antibodies (Figure 1C, lanes 1-3).

Mutations in Walker motif A of Rhp55 and Rhp57
proteins result in impaired DNA repair: The in vivo
interaction between Rhp55p and Rhp57p together with
previously published genetic analyses of the rip55A and
rhp57A mutants (KHASANOV el al. 1999; TsUTSUI et al.
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2000) suggests that the Rhp55p:Rhp57 pair may be func-
tionally similar to the budding yeast Rad55:Rad57 heter-
odimer. It has been shown that mutations affecting
highly conserved residues in the ATP-binding/hydroly-
sis Walker A box (GxxxxGKT/S) of S. cerevisiae Radbbp,
but not Rad57p, completely abolished its function in
DNA damage repair (JoHNSON and SYMINGTON 1995).
We asked whether equivalent mutations in box A of
Rhpb55p and Rhpb7p would affect the repair of MMS-
induced DNA damage. The conserved lysine residue
within the GKT motif of Rhpb5p box A was changed
by site-directed mutagenesis to alanine or arginine, gen-

erating two mutant alleles, rhip55K57A and rhp55K57R.
The generation of Walker A box mutations KI106A and
KI106R in Rhp57p was described previously (TsuTsul et
al. 2000). The effect of mutations of Walker A box on
DNA repair in S. cerevisiae was examined in complemen-
tation experiments with mutant rad55 and rad57 genes
expressed from a centromeric vector in the correspond-
ing mutant strain, thus approximating the situation with
the single-copy genes expressed from their chromo-
somal loci. As there is no centromeric vector available
in S. pombe, we generated strains with chromosomal mu-
tations in Walker A box of vhp55" and rhp57" genes by
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FIGURE 2.—Mutations in Walker A box of Rhp55p and Rhp57p cause a defect in repair of MMS-induced DNA damage. Serial
dilutions of late-log phase cultures were spotted on YEA plates with or without MMS. Plates were incubated at 30° for 4 days or
at 22°-23° for 7 days. (A) Drop assay of wild-type (BVYb), vap55A (IBGY84), rhp55K57A (BVY233), and rip55K57R (BVY234)
strains. (B) Drop assay of wild-type (MP11), »ip57A (TMP711), rhp57K106R (TMP761), and rhp57K106A (TMP762) strains. (C)
Drop assay and quantification of the fraction of elongated cells of wild-type (BVY5), rhp55K57A (BVY233), vip55K57R (BVY234),
rhp55A (IBGY84), rhp55K57A rhp57K106A (BVY246), and rhp55K57R rhp57K106R (BVY247) strains. The fraction of elongated
cells was counted in the exponentially growing cultures at 23°. At least 1000 cells were examined microscopically.

transplacement of the wild-type alleles, as described in
MATERIALS AND METHODS. The sensitivity of the resul-
tant mutants to MMS-induced damage was tested in a
drop assay along with that of wild-type and rhp55A and
rhp57A cells (Figure 2, A and B). The K57A and K57R
mutations in #p55" resulted in sensitization of cells to
MMS in comparison with the isogenic wild-type cells,
and this effect was more pronounced at low-incubation
temperature (Figure 2A). However, the mutant strains
were significantly more resistant to MMS than the strain
with a complete deletion of the rhp55" gene. Likewise,
rhp57K106A and rhp57K106R mutants were more sensi-
tive to MMS than the isogenic wild-type strain, and the
deficiency was more severe at lower temperature (Figure
2B). Again, as with 7p55 mutants, the p57 mutants
were not as sensitive to MMS as the r2p57A mutant at
either 30° or 22°. However, when combined, KA muta-
tions in both subunits of the heterodimer sensitized
cells to the level of the rhp55 deletion mutant (Figure
2C). Likewise, KR double mutants also showed a syner-

gistic increase in sensitivity to MMS (Figure 2C). This
indicates that the ATP binding/hydrolysis folds of both
proteins are the major determinants of functionality of
the Rhpb5p:Rhph7p complex in the repair of MMS-
induced DNA damage.

Remarkably, in both 7p55 and rhp57 mutants the
substitution of lysine by arginine had a stronger effect
on cell viability in the presence of MMS than the change
of lysine to alanine (Figure 2, A and B). However, when
overexpressed from high-copy-number plasmids, the
mutant Rhp55K57A or Rhp55K57R and Rhp57K106A
or Rhp57K106R proteins were all able to restore the
deficiency in repair of MMS-induced damage of the
corresponding rhp55 and rhp57 deletion mutants (Fig-
ure 3, A and B). This indicates that the requirement
for the ATP binding/hydrolysis function of Rhp55p and
Rhp57p in the repair of MMS damage can be overcome
by simple mass action of the mutated protein. This also
demonstrates that the level of the mutant protein is
crucial for the resultant cellular phenotype and suggests
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FicURE 3.—Overexpression of mutant Rhpb5 and Rhpb7
proteins suppresses the sensitivity of the corresponding p55
and rhp57 deletion mutants. (A) Drop assay of rp55A strain
(IBGY84) transformed with pIRT2 empty vector, pIRT2-
rhp55" (pIBG81), pIRT2-Ap55K57A, and pIRT2-rhp55K57R.
(B) Drop assay of rip57A strain (TMP711) carrying pREPI,
pREP1-rap57" (pYS235), pREP1-rhp57K106A, and pREPI-
rhp57K106R. Serial dilutions of late-log phase cells were spot-
ted on the selective minimal media with or without MMS
(0.004%). Plates were incubated at 30° for 5 days or at 22°
for 10 days. (C) Cellular levels of the wild-type and mutant
Rhp57 proteins under the overexpression conditions. Strain
and plasmids used for the overexpression of wild-type and
mutated Rhp57 proteins are the same as in B. Protein expres-
sion was induced in the EMM media without thiamine for 18
hr at 30° or for 48 hr at 22°. Protein extracts were prepared
as described in MATERIALS AND METHODS. The equal amount
of protein extract from each strain was separated by SDS-
PAGE. Wild-type and mutated Rhp57p were visualized by West-
ern blotting using anti-Rhp57 antibodies.

that the difference in repair defects between chromo-
somal KA and KR mutations could be the consequence
of altered protein stability. As Rhpb5 and Rhp57 are
proteins of very low abundance and cannot be directly
detected in the total cellular protein extract using anti-
Rhpb5 or anti-Rhp57 antibodies (data not shown), we
decided to evaluate the levels of wild-type and mutant
Rhp57 proteins under the overexpression conditions.
The same strains as in the drop assay (Figure 3B) were

used to induce the protein expression at two tempera-
tures, 22° and 30°, and Rhp57 protein was directly immu-
nodetected in the cellular extracts. Figure 3C shows that
Rhp57K106A and Rhp57K106R mutant proteins are less
stable (lanes 2-3 and 6-7) than the wild-type protein
(lanes 4 and 8) at both temperatures. Lanes 1 and 5
represent a control for the specificity of the antibodies
used. Moreover, while at 30° both mutant proteins ex-
hibit similar expression levels, the Rhp57K106R was
much less stable at 22° than Rad57K106A (lanes 6 and
7). Nevertheless, the produced amount of Rad57K106R
protein was sufficient to complement the repair defi-
ciency of rip57A cells at 22° (Figure 3B). These data
strongly correlate with the small difference in MMS
sensitivity between KI06A and KI0O6R mutants at 30°
and with the more severe repair defect of KI06R than
K106A cells at 22° (see Figure 2B).

Taken together, our results show that the nucleotide-
binding motifs of Rhp55 and Rhp57 proteins are criti-
cally important for the heterodimer function in DNA
damage repair. Also, our data suggest that the difference
between the repair phenotypes conferred by the Walker
box A KRand KA mutations in vhp57" and, by inference,
in vip55" genes is due to the different stability of the
corresponding mutant proteins.

Effect of mutations in ATP binding/hydrolysis fold
on the function of Rhp55p:Rhp57p complex in cell pro-
liferation: A cell proliferation defect in r2p55A and
rhp57A mutants is manifested in vegetatively growing
cultures by the accumulation of highly elongated cells
with aberrant nuclear contents (KHASANOV ef al. 1999).
We tested whether K57A- and K57R-mutated vhp55 and
K106A- and K106R-mutated rhp57 strains retain the cell
proliferation defect of the corresponding deletion
strains. In exponentially growing rp55A and rhp57A
cultures at 30°, ~17 and 18%, respectively, of cells were
elongated at least twofold, a much larger fraction than
in the wild-type cells (<1.2%). The mutant rhp55K57A
and rhp55K57R, as well as vip57K106A and rhp57K106R,
cells did not show the elevated level of highly elongated
cells (<1.1%). The cell elongation phenotype of gene
deletion mutations was enhanced by growing cells at
23°, as shown in Figure 2C for the rip55A strain (27.2%
of elongated cells). There was no increase in the fraction
of elongated cells in both KA and KR rhp55 mutants at
low temperature (see Figure 2C). Thus, mutations in the
nucleotide-binding motif of the Rhp5b5, or Rhp57, subunit
alone do not affect the function of the heterodimer in
cell proliferation. However, the double mp55K57A rhp57
K106A and rhp55K57R rhp57K106R mutants manifested
the same severe defectin cell proliferation (24 and 17%,
respectively), as the rip55A mutant (27%; Figure 2C).
From these data we conclude that ATPase function of
both subunits of the heterodimer is required not only
for the repair of induced DNA damage but also for
faithful replication. However, in contrast to the repair
defect, one functional ATP binding/hydrolysis domain
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TABLE 1

Two-hybrid assay with full-length rhp51*, rhp54*,
rhp55*, rhp57*, and rad22*

DBD fusion AD fusion B-Gal activity” Fold increase’
Rad22 — 3.4 1
Rad22 1.4 0.4
Rhp51 495 146
Rhpb4 3.2 0.9
Rhpb5 8.4 2.5
Rhp57 5.9 1.7
Rhpb51 — 1.3 1
Rad22 0.7 0.6
Rhpb51 0.8 0.6
Rhpb54 1 0.7
Rhpb5 4 3.1
Rhp57 1.3 1
Rhpb4 — 0.9 1
Rad22 0.9 1
Rhp51 148.5 168.8
Rhpb4 1.5 1.7
Rhpb5 1.6 1.8
Rhp57 1.3 1.5
Rhpb5 — 2.3 1
Rad22 5.2 2.2
Rhpb51 5.8 2.5
Rhpb54 2.3 1
Rhp57 — 34 1
Rad22 70 2
Rhp51 280 8.1
Rhpb4 70 2

The DBD fusion plasmids pEG202:17p51", pEG202:7hp54™,
pEG202:7hp55", pEG202:7hp57", and pEG202:7ad22" and AD
fusion plasmids p]G4-5:vhp5 17, pJG4A-5:rhp54™, p]G4A-5:rhp55T,
pJG4-5:vhp57", and pJG4-5:rad22" were used.

“B-Gal activity was determined as described in MATERIALS
AND METHODS.

"Fold increase was determined by expressing the specific
activity of strains bearing both DBD and AD fusion plasmids
relative to the specific activity of strains with DBD fusion plas-
mid only and AD empty vector.

per heterodimer is sufficient to support normal cell
proliferation.

S. pombe DSB repair proteins are involved in mutual
interactions: In S. cerevisiae, the Rad55p:Rad57p hetero-
dimer has been shown to interact with strand-exchange
protein Rad51 via the Rad55p moiety (HAYS et al. 1995;
JounsoN and SymiNGTON 1995). Moreover, multiple
interactions between other recombinational repair pro-
teins of the RAD52 group have been demonstrated (re-
viewed in PAQUES and HABER 1999). Using the yeast
two-hybrid system, we performed a systematic analysis
of interactions between S. pombe proteins involved in
DSB repair. The N-terminal fusions of the full-length
Rad22, Rhp51, Rhp54, Rhpb5, and Rhpb7 proteins with
DBD (bait) and AD (prey) of yeast two-hybrid vectors
were constructed and pairwise interactions were tested.
As shown in Table 1, no detectable interaction between
Rhpb55p and Rhpblp was found, in contrast to the

Radb5p-Radb1p interaction observed in budding yeast.
However, significant interaction (8-fold increase in 3-galac-
tosidase activity) of Rhp57 bait with Rhp51 prey was
detected. Similar to the equivalent proteins in S. cerevis-
iae, Rhp54p strongly interacted with Rhpblp (169-fold
increase). Moreover, Rad22 protein, the putative homo-
log of S. cerevisiae Rad52p, showed a strong interaction
with Rhp51p prey (146-fold increase). These data show
that Rhpblp-Rhp54p/Radblp-Radb4p and Rhpblp-
Rad22p/Radb1p-Radb2p interactions are evolutionarily
conserved, while the interaction between Rhp51p and the
putative Rhp55p:Rhp57p heterodimer occurs through the
Rhp57p moiety in contrast to S. cerevisiae, where Rad51p
forms a complex with the Rad55p:Rad57p heterodimer
via the Radbb protein.

Surprisingly, we did not find interaction between bait
and prey constructs bearing full-length Rhp5lp (see
Table 1). However, as Radb1lp was shown to form a
nucleoprotein filament (OGAwA et al. 1993) and interac-
tion between Rad51 monomers was seen in the two-
hybrid system (DONOVAN et al. 1994), we had expected
to observe self-self interaction for Rhp51p. We exam-
ined the intracellular level of DBD-Rhpb1 fusion by
Western blotting using anti-LexA antibodies and found
the fusion protein to be very unstable (data not shown).
Therefore, we extended our analysis of interactions in-
volving Rhpb1p by using truncated versions of the pro-
tein. The N-terminal domain of Rhp51p (aa 1-117) was
fused with DBD and AD to generate Rhp51AC bait and
prey plasmids (Figure 4). Likewise, the core and C-termi-
nal domains of Rhp5lp (114-365) were used to con-
struct Rhp51AN bait and prey. The results of two-hybrid
analysis with these constructs are shown in Table 2. Both
Rhp51AN and Rhp51AC were found to interact strongly
with the full-length Rhp51p (763-fold and 2300-fold in-
creases, respectively), which is consistent with the ability
of RecA/Rad51-family members to polymerize on DNA
via monomer-monomer interaction. Moreover, both
bait and prey Rhp51AC constructs showed more visible
interaction with Rhp57p (13-fold and 73-fold, respec-
tively) than did full-length Rhp51p (see Table 1). This
indicates that the Rhp57-binding domain of Rhp5l1p is
located in the N-terminal region of the protein (aa
residues 1-117). However, like full-length Rhp51p (Ta-
ble 1), neither Rhp51ANp nor Rhp51ACp interacted
with Rhpb55p. In addition, both bait and prey Rhp51AN
fusions showed strong interaction with Rad22p (78- and
1125-fold, respectively), corroborating the results with
the full-length Rhpb1 prey (Table 1).

Interactions involving Rad22, Rtil, and Rpal pro-
teins: Two homologs of Rad52 protein have been identi-
fied in fission yeast: Rad22p and Rtilp (OSTERMANN et
al. 1993; SuTo et al. 1999; vaN DEN BoscH et al. 2001).
As Rad52p has been shown to interact with RPA (Hays
et al. 1998; SHINOHARA et al. 1998), we tested in the yeast
two-hybrid system the possible interaction of S. pombe
Rad22p and Rtilp with Rad11p, which encodes the large
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subunit of RPA (PARKER ef al. 1997). Rtilp was also
tested for interaction with Rhpb51p, as the high homol-
ogy of Rtilp to Rad22p suggests that it could potentially
also cross talk with Rhp51p. Indeed, strong interaction
between Rtilp and Rhp51ANp was detected with both
bait and prey Rtilp constructs (49-fold and 539-fold,
respectively), which implicates the region of Rhp51 pro-
tein between amino acids 114 and 365 in binding with
Rtilp (Table 3). Thus, not only Rad22p (see Tables 1
and 2) but also its homolog, Rtilp, is able to interact
with Rhpb1 protein.

When Rad22p was used as the DBD and Rtilp as the
AD fusion, their interaction was manifested by a 111-
fold increase in B-galactosidase activity compared to the
control (Table 3). This suggests that the two S. pombe
homologs of Rad52 protein may form a complex in vivo.
Moreover, moderate but significant self-interactions of
Rad22p-Rad22p (38-fold increase) and Rtilp-Rtilp (10-
fold increase) were observed, suggesting that in vivo
these proteins may exist as oligomers. Finally, we found
that Rad1l1p (= Rpalp) bait could interact strongly with
Rtilp (73-fold increase) and less strongly with Rad22p
(12-fold increase). No interaction of Radllp with
Rhp55p or Rhp57p was detected.

DISCUSSION

Our previous work established that the two fission
yeast proteins, Rhpb5p and Rhp57p, with structural sim-
ilarity to RecA are important for recombinational repair
of DNA damage and required for genomic stability and
faithful meiosis (KHASANOV et al. 1999; TsuTsul et al.
2000). In this study, we extended our examination of
these two S. pombe proteins by analyzing their interaction
in vivo and the role of their putative nucleotide-binding
motifs for their functions in repair and mitosis. Yeast
two-hybrid analysis and co-immunoprecipitation experi-
ments demonstrated that Rhp55p and Rhp57p interact
in vivo (Figure 1) and are likely to form a stable hetero-

RhpSIAC

dimer similar to that formed by S. cerevisiae Rad55 and
Rad57 proteins. Thus, the heterodimeric complex of
two RecA-like proteins is evolutionarily conserved, as it
is found in two distantly related yeasts. However, in
vertebrates, besides Radbl, five additional RecA-like
proteins, often referred to as Rad51 paralogs (Rad51B,
Radb51C, Rad51D, Xrcc2, and Xrcc3) have been identi-
fied and their roles in DNA damage repair and genome
stability have been demonstrated (reviewed in MOR-
RISON and TAkEDA 2000). Unlike RAD51~/~, knockouts
of paralogs in a chicken cell line are viable, suggesting
that they may play roles as accessory factors to Radbl
protein, similar to yeast Rad55 and Rad57 (TAKATA et
al. 2001). Each human Radb51 paralog has been shown
to be involved in a unique set of interactions with other
paralogs in yeast two- and three-hybrid systems (re-
viewed in THoMPsON and ScHILD 1999; ScHILD et al.
2000). It seems that two or three component complexes
of Radbl paralogs may exist in higher eukaryotes.
Among them, Rad51p-Xrcc3p-Rad51Cp is the only com-
plex that contains Radbl strand exchange protein
(ScHILD et al. 2000). Xrcc3p is phylogenetically related
to Rhp57p (TsuTsul et al. 2000) and interacts with both
Rad51Cp and Radb51p. Therefore, the Rad51C:Xrcc3
complex is a possible candidate for the functional homo-
log of the Rhp55:Rhp57 heterodimer.

Proteins belonging to RecA/Radb51 family have two
motifs, Walker A and B boxes, which are the signature
of the nucleotide cofactor binding/hydrolysis function.
The purified S. cerevisiae Rad55:Rad57 heterodimer has
the ability to hydrolyze ATP (Sunc 1997b), but this
activity is not stimulated by ss- or dsDNA, unlike the
activity of Rad51 ATPase. The biological significance
of ATPase function was demonstrated by generating
Walker box A mutations in the Radb5 protein (JOHNSON
and SYMINGTON 1995). However, the equivalent muta-
tions in the Rad57 subunit did not affect repair and
meiosis. We show here that the nucleotide-binding mo-
tifs of both subunits of the S. pombe Rhp55:Rhpb7 com-
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TABLE 2
Two-hybrid assay with truncated rhp51*

TABLE 3

Interactions involving Rad22, Rtil, and Rpal proteins

DBD fusion ~ AD fusion  B-Gal activity"  Fold increase’ DBD fusion  AD fusion  B-Gal activity"  Fold increase’
Rhp51AN — 0.1 1 Rtil — 2.23 1
Rhpb1 76.33 763 Rhp51 0.41 0.2
Rhp51AN 0.43 4.3 Rhp51AN 108.7 49
Rhp51AC 260.66 2606 Rhp51AC 0.3 0.1
Rhpb4 0.09 0.9 Radll 0.67 0.3
Rhpb5 0.17 1.7 Rad22 8.13 3.7
Rhp57 0.29 2.9 Rtil 21.25 9.5
Rad22 7.84 78 Rhp51 — 0.006 1
Rhp51AC — 0.08 1 Rtil 0.002 0.3
Rhp51 183.97 2299 Radll 0.024 4
Rhp51AN 142.45 1780 Rhp51AN — 0.1 1
Rhp51AC 0.08 1 Rtil 53.92 539
Rhpb4 0.1 1.3 Radll 0.26 2.6
Rhpb5 0.05 0.6 Rhp51AC — 0.08 1
Rhpb7 1.07 13.4 Rtil 0.02 0.3
Rad22 0.03 0.4 Radll 0.07 0.9
Rhpb54 — 0.06 1 Rhpb5 — 0.018 1
Rhpb1 20 333 Rtil 0.008 0.4
Rhp51AN 0.02 0.3 Radl1 0.015 0.8
Rhp51AC 0.03 0.5 Rhp57 — 0.02 1
Rhpb5 — 0.018 1 Rtil 0.004 0.2
Rhp51 0.004 0.2 Radll 0.038 1.9
Rhp51AN 0.013 0.8 Radll — 0.05 1
Rhp51AC 0.017 0.9 Rtil 3.64 73
Rhpb57 — 0.02 1 Rad22 0.6 12
Rhpb1 0.11 5.5 Rad22 — 0.06 1
Rhp51AN 0.01 0.5 Rtil 6.67 111
Rhp51AC 1.45 73 Radll 0.05 0.8
Rad22 — 0.06 1 Rad22 2.28 38
Rhp51 5.29 88 .
Rhp51AN 67.5 1125 pHybLex/ZeoN derivatives pYS211 g pYS212, pYS2}4,
Rhp51AC 0.06 1 pYS215, pYS216, pYS217, pYS218, and pYS219 and pYESTrp2N

pHybLex/ZeoN derivatives pYS212, pYS213, pYS214,
pYS215, pYS218, and pYS219 and pYESTrp2N derivatives
pYS221, pYS222, pYS223, pYS224, pYS225, pYS228, and pYS229
were used in the assay.

“B-Gal activity was determined as described in MATERIALS
AND METHODS.

"Fold increase was determined by expressing the specific
activity of strains bearing both DBD and AD fusion plasmids
relative to the specific activity of strains with DBD fusion plas-
mid only and AD empty vector.

plex are important for its function in repair (see Figure
2), which is different from the results obtained with S.
cerevisiae. However, it has not been excluded that the
observed difference between the two yeasts is a conse-
quence of different expression levels of the mutant pro-
teins rather than a real difference. Indeed, in S. cerevis-
iae, Rad57 mutant proteins have been expressed from
a centromere-containing plasmid, which may result in
a higher protein level as compared to expression of
Rhpb57 mutant proteins in S. pombefrom the endogenous
chromosomal locus. As we have demonstrated for the
overexpression in S. pombe of mutant Rhpbb and Rhp57
proteins, the elevated protein level has the potential to

derivatives pYS221, pYS222, pYS226, pYS227, pYS228, and
pYS229 were used in the assay.

“B-Gal activity was determined as described in MATERIALS
AND METHODS.

"Fold increase was determined by expressing the specific
activity of strains bearing both DBD and AD fusion plasmids
relative to the specific activity of strains with DBD fusion plas-
mid only and AD empty vector.

suppress the repair phenotype of the corresponding
deletion mutant (see Figure 3, A and B), which could
explain the “no phenotype” of Walker box A mutation
in the Radb7 protein.

Studies of bacterial RecA and yeast Rad3 and Radbl
DNA-dependent ATPases established that changing the
invariant lysine residue to arginine in Walker A box
abolished their nucleotide hydrolytic activity without
affecting the ability to bind ATP, while changing it to
alanine diminished their affinity for ATP (SUNG et al.
1988; REHRAUER and KowALczyYRKOwWSKI 1993; SUNG and
STRATTON 1996). As anticipated, the equivalent KR mu-
tation in yeast RecA homologs Rad51p and Rad55p was
more proficient than the KA mutation in complement-
ing the repair and recombination defects of rad51 and
rad55 null alleles (SHINOHARA et al. 1992; JoHNSON and
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SYMINGTON 1995). Consistent with this, Rad51KI191R
protein was able to carry out extensive strand exchange
in vitro in the absence of ATP hydrolysis (SUNG and
STRATTON 1996). Surprisingly, in contrast to S. cerevisiae
rad51 and rad55, S. pombe rhp55 and rhp57 KR mutants
consistently showed more severe impairment of DNA
repair than corresponding KA mutants (see Figure 2).
The difference was most striking for the 7p57 mutants
at 22° (see Figure 2B). One explanation could be that
ATP binding without subsequent hydrolysis might give
rise to some kind of unproductive intermediate and,
thus, affect the recombination repair reaction in S.
pombe more severely than the absence of ATP binding
caused by the KA mutation. However, this explanation
seems to be unlikely, as one would expect the KR muta-
tion to be dominant negative, which is not the case (see
Figure 3, A and B). Another more reasonable explana-
tion is the stability of the mutant proteins, as we have
shown in the overexpression experiment that the
Rhp57K106R mutant protein is much less stable than
Rhp57K106A protein at 22° (see Figure 3C). Thus, it is
possible that under normal expression conditions KR
mutant protein is also less stable than KA mutant pro-
tein, which would explain the repair phenotypes of the
corresponding mutants.

Interestingly, we found that the mutations in the ATP
binding fold of either Rhp55p or Rhp57p did not affect
cell proliferation, unlike the corresponding gene dele-
tions, which had significant impact on the DNA repair
capability of the cell (Figure 2). However, when the
ATPase domains of both subunits were mutated, the
cell proliferation defect was as strong as in the rp55A
mutant (see Figure 2C). Recombination is important for
the repair of spontaneous replication-associated DNA
damage (MICHEL e al. 1997; SoNoDA et al. 1999) and
one would expect DSB repair proteins, including Rhp55
and Rhp57, to work during replication restart. However,
spontaneous DNA damage during replication is a rare
event, as compared to massive MMS-induced damage.
Our data suggest that the cellular levels of proteins with
mutated Walker box A could be lower compared to the
wild type (Figure 3C). Perhaps even the low intracellular
level of the mutated subunit of the heterodimer, com-
plexed with the functional partner subunit, is capable
of supporting the replication, but it is not sufficient to
cope with the extensive drug-induced DNA damage.
When the ATPase function of both subunits is de-
stroyed, the Rhp55p:Rhp57p heterodimer is no more
functional and both cell proliferation and DNA damage
repair are severely impaired.

We found that both KA and KR mutations in either
of the two subunits resulted in Rhp55p:Rhp57p hetero-
dimers with some residual activity in DNA repair and
replication. In contrast, concurrent mutations in both
subunits completely abolished this activity, similar to
the deletion of the gene (see Figure 2). This may indi-
cate that one functional ATPase domain per hetero-

dimer is still sufficient to carry on the function of the
Rhp55p:Rhp57p complex, albeit less efficiently, and the
observed differences in the phenotypes of single mu-
tants may be due partially to the altered protein stability.
This also suggests that ATPase function is crucial for
heterodimer function in DSB repair. It is likely that the
heterodimer acts in DSB repair via binding to DNA and
interaction with the Rhp51-DNA filament (Tables 1 and
2). If the binding of the heterodimer to DNA is provided
by ATP binding/hydrolysis function of both subunits,
it probably has two DNA-binding sites. When the KA or
KRmutation abrogates the DNA binding of one subunit,
the other subunit can still provide this function, which
would result in partial activity of the complex in DSB
repair. When the ATP binding/hydrolysis domains of
both subunits are mutated, the Rhp55p:Rhp57p com-
plex cannot bind the DNA, and thus the damaged DNA
will remain unrepaired, as in the absence of the com-
plex.

Taken together, our data suggest that S. cerevisiae Rad-
55p:Radb7p and S. pombe Rhp55p:Rhp57p complexes
might be similar in the requirement for ATP binding/
hydrolysis for their function in DNA repair, and the
observed experimental differences are likely due to dif-
ferent expression levels of the mutant proteins. How-
ever, biochemical studies of wild-type and mutant heter-
odimers from both yeast species are necessary to finally
clarify the issue.

At present, several lines of evidence suggest that re-
combinational repair proteins function as protein com-
plexes both in budding yeast and human cells. Our
two-hybrid analysis of protein-protein interactions shows
that this is also the case in fission yeast, indicating that
some of these complexes are highly conserved from
yeast to mammals. As with S. cerevisiae (JIANG et al. 1996;
CLEVER ¢t al. 1997), mouse (TAN et al. 1999), and human
(GoLuB et al. 1997; TANARA et al. 2000) Radb4p and
Rad51p, we found that S. pombe Rhp54p exhibits strong
interaction with Rhp51 protein (Table 1). This interac-
tion was detected only if the full-length Rhp51 AD fusion
was used. As the truncated fusion proteins were stably
expressed in the cells (data not shown), this may suggest
that the amino acid residues in both the N-terminal
and C-terminal halves of Rhp5lp are important for the
interaction with Rhpb4p. This is consistent with the
rather complex Radb1p interface involved in the associ-
ation with Radb4 in S. cerevisiae (KrgjCI et al. 2001).
Alternatively, the functional Rad51-DNA filament may
be required for interaction with Rad54 protein (MAzIN
et al. 2000).

Like the self-association of RecA protein, the self-
association of Rad51p monomers is thought to be essen-
tial for the formation of nucleoprotein filament, which
performs the homology search and strand exchange.
Self-association of S. cerevisiaeand human Rad51 protein
is supported by two-hybrid data with full-length proteins
(DoNoOVAN et al. 1994; TANAKA et al. 2000). Our data
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(Table 2) also show that S. pombe Rhpb1 interacts with
itself. Remarkably, very strong interaction between the
amino-terminal one-third and carboxy-terminal two-
thirds of Rhpb51p, which have only three overlapping
amino acid residues, was detected. This suggests that the
Rhp51p monomers interact in a head-to-tail manner, as
was found for RecA based on the crystal structure
(STORY et al. 1992). NMR analysis of the structure of
human Radb1p also implies that there is little possibility
that the N-terminal regions interact with each other
(ATHARA et al. 1999). In contrast, two-hybrid studies in
budding yeast led to a suggestion of head-to-head associ-
ation of Rad51p monomers (DONOVAN et al. 1994). How-
ever, taking into consideration the high structural con-
servation of Rad51 homologs from the two types of yeast,
it is unlikely that there is a fundamental difference in
their manner of polymerization on DNA.

S. cerevisiaeRad52p plays a key role in recombinational
repair (reviewed in PAQUEs and HABER 1999). Interac-
tion between Rad52 and Rad51 proteins has been dem-
onstrated in yeast (SHINOHARA et al. 1992; DONOVAN et
al. 1994; Havs et al. 1995) and humans (KURUMIZAKA
et al. 1999). We showed in this study that Rad22p and
Rtilp, the two S. pombe homologs of Rad52p, are in-
volved in interactions with other DNA repair proteins.
Rad22p strongly interacts with full-length Rhp51 (Table
1) and with Rhp51AN truncated protein (Table 2). Like-
wise, Rtilp strongly associates with Rhp51AN (Table
3). These findings indicate that the Rad22- and Rtil-
binding sites of Rhp51p are in the C-terminal region.
It is not clear if both proteins compete for the same
interaction site or use different sites. Interestingly, in
S. cerevisiae the Rad52-binding domain of Rad51p was
mapped to the N-terminal domain by two-hybrid analysis
(DonovAN et al. 1994) and the C-terminal half of
Radblp (amino acid residues 152-400) did not show
interaction with Rad52p. However, the corresponding
region of Rhp51p (114-365; see Figure 4) strongly inter-
acted with both Rtil and Rad22 proteins (Tables 2 and
3). Our data are in agreement with the finding by Kuru-
MIZAKA el al. (1999) that the N-terminal region of hu-
man Rad51p does not bind strongly to human Rad52p.
Moreover, no randomly generated mutations in S. cere-
visiae Radblp disrupting its association with Radb52p
have been identified in the N-terminal region of Rad51p
(KrgjCI et al. 2001).

Both human and S. cerevisiae Rad52p are able to self-
associate and to form a complex with the heterotrimeric
single-stranded DNA-binding protein RPA through mul-
tiple contacts (PARK et al. 1996; Hays et al. 1998). Here
we show (Table 3) that S. pombeRad52 homologs Rad22p
and Rtilp can also self-interact and form a complex
with Rpal protein. This is in agreement with genetic
interactions found between rad22*, rtil*, and rpal*
(Suto et al. 1999). Moreover, Rtilp and Rad22p can
associate with each other (Table 3). The potentially
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FIGURE 5.—Schematic diagram of mutual interactions be-
tween the yeast proteins involved in recombinational repair.
Interactions may not occur in vivo simultaneously, as depicted,
but more likely happen in a sequential manner. Strong interac-
tions are shown by overlapping ellipsoids and weaker interac-
tions by touching ellipsoids.

equivalent association of S. cerevisiae Rad52p and Rad59p
was also recently identified (A. P. DAavis and L. S. SYyMING-
TON, personal communication); moreover, they interact
genetically (BAr and SYMINGTON 1996; BA1 et al. 1999).
It is possible that Rad22p and Rtilp form homo- or
heteromultimers in wvivo. Notably, yeast and human
Radb52p were visualized as ring-like oligomers on DNA
(SHINOHARA et al. 1998; VAN DycK et al. 1998).

The Rad55p:Rad57p heterodimer in S. cerevisiaeinter-
acts in a two-hybrid system with Rad51lp (HAys et al
1995; JonnsoN and SYMINGTON 1995). Accordingly, the
heterodimer stimulates the in vitro strand exchange re-
action promoted by Rad51protein (Sunc 1997b). This
interaction occurs via contact of Rad5lp with the
Radbb5p subunit of the complex. However, in S. pombe,
Rhpb57p is the subunit, which interacts with Rhp51lp
(Tables 1 and 2). The Rhp57-binding site is located
within the nonconserved N-terminal domain of 117
amino acid residues of Rhpb51 protein (Table 2). This
indicates that the Rhp55:Rhp57 heterodimer uses a
binding site different from that of Rad22p and Rtilp
and does not compete with them for binding to Rhp51
protein. It may be that one large complex Rhp55p:
Rhp57p:Rhpb1p: (Rad22p:Rtilp) assembles during DNA
repair, at least temporarily.

The different mode of interaction with the strand-
exchange protein of two heterodimers may raise the
question of how accurate the assignments of Rhpbbp
and Rhp57p are to be the homologs of Rad55 and
Radb7p, respectively. As with the S. cerevisiae rad55A and
rad57A, the phenotypes of rhp55A and rip57A mutants
are almost indistinguishable. Several lines of evidences
of the structural character suggest the validity of the
original assignments. First, pairwise global alignment
of protein sequences (NEEDLEMAN and WunscH 1970)
shows that Rhpb5bp has higher overall homology to
Radb5p (20.2% identity and 42.1% similarity) than to
Rad57p (18.2% identity and 31.5% similarity). Likewise,
Rhp57p has higher homology to Rad57p (30% identity
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and 42.8% similarity) than to Rad55p (16.8% identity
and 31.3% similarity). Second, multiple sequence align-
ments and molecular phylogenetic analysis also show
the closer similarity of Rhpb5p to Radb5p and Rhpb7p
to Radb7p (KHASANOV et al. 1999; TsuTsul et al. 2000).
Finally, the N-terminal regions of Rhp55p (32 aa) and
Radbb6p (25 aa) are shorter than N termini of Rhp57p
(82 aa) and Radb7p (107 aa) when the conserved D33,
D26, D83, and D108, respectively, are taken as the first
residue of the core domain of RecA-like proteins (see
the protein alignments in KHasaNov et al. 1999 and
Tsutsur et al. 2000). Thus, our data indicate that the
mode of association of the strand exchange protein with
the heterodimer of RecA-like accessory proteins is not
conserved between two yeasts. It could be that the paral-
lel evolution of the two yeasts has resulted in the acquisi-
tion of similar function by nonhomologous subunits of
the heterodimer complex.

Our two-hybrid analysis demonstrated multiple inter-
actions among S. pombe proteins with a role in recombi-
national repair. These interactions are diagrammed in
Figure 5 along with those known in S. cerevisiae. Depicted
interactions do not necessarily occur simultaneously but
more likely occur in a temporal and sequential manner.
Among them, such associations as Rhpblp-Rhpblp,
Rhpb55-Rhp57p, and Rhp51p-Rhpb4p are evolutionarily
conserved, as similar associations have also been found
for their homologs in S. cerevisiae. Both fission yeast
Rad52 homologs Rad22p and Rtilp may multimerize
and form a complex with RPA. Likewise, in budding
yeast, Rad52p interacts with itself and associates with
RPA. Moreover, Rad22 protein can associate with and
act in concert with Rtil protein in recombinational re-
pair. Similarly, budding yeast Rad52p and Rad59p physi-
cally interact. Finally, the Rad52 homologs of both
yeasts, except Rad59p, strongly interact with strand ex-
change factor, Rhp51p, or Rad51p. Importantly, despite
the general similarity of the interaction scheme, the use
of the particular protein domain or the subunit of a
protein complex differs between the two yeasts, as we
demonstrated for Rhpblp-(Rad22p/Rtilp) and Rhpb51p-
(Rhp57p:Rhpb55p) interactions, respectively. Therefore,
the mode of interaction between some components of
the putative “recombinosome” is not conserved between
distantly related yeasts.
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