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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-
Rad54p, S. pombe Rhp51p and Rhp54p were found to interact. Both putative Rad52 homologs in S. pombe,
Rad22p and Rti1p, were found to interact with the C-terminal region of Rhp51 protein. Moreover, Rad22p
and Rti1p exhibited mutual, as well as self-, interactions. In contrast to the S. cerevisiae interacting pair
Rad51p-Rad55p, S. pombe Rhp51 protein strongly interacted with Rhp57 but not with Rhp55 protein. In
addition, the Rti1 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.

DNA double-strand breaks (DSBs) are the major ge- as a nucleolytic activity processing DNA ends (reviewed
in Haber 1998; Hopfner et al. 2000). RAD52 is thenotoxic lesions to cellular DNA and can be re-

paired in eukaryotes by several DNA repair pathways. most important gene in the group as it is required for
recombinational DSB repair and the full level of allHomologous recombination is one of the important
types of homologous recombination events in the cell.pathways to repairing DSBs. Studies in Saccharomyces cere-
In vitro it stimulates the Rad51p-catalyzed strand ex-visiae established that the genes comprising the RAD52
change reaction (Sung 1997a; New et al. 1998; Shino-epistasis group are responsible for faithful repair of
hara and Ogawa 1998; Sugiyama et al. 1998). TogetherDSBs by homologous recombination. At least 10 genes
with the structurally similar Rad59p, Rad52 protein alsobelong to this group: RAD50, MRE11, XRS2, RAD51,
has a major role in single-strand annealing (SSA; Suga-RAD52, RAD54, RAD55, RAD57, RAD59, and RFA1 (re-
wara and Haber 1992; Bai et al. 1999; Sugawara etviewed in Paques and Haber 1999). Mutations in these
al. 2000). Consistent with this, both Rad52 and Rad59genes cause pleiotropic defects in DNA damage repair,
proteins can mediate the annealing of complementaryincluding high sensitivity to ionizing radiation (IR) and
DNA strands in vitro (Mortensen et al. 1996; Petuk-the alkylating drug methyl methanesulfonate (MMS),
hova et al. 1999a). The RAD51 gene encodes the func-and moderate UV sensitivity (Game 1993; Friedberg et
tional homolog of Escherichia coli RecA protein and wasal. 1995; Shinohara and Ogawa 1995; Bai and Syming-
shown to form a nucleoprotein filament similar to theton 1996). Mitotic and/or meiotic recombination is
RecA-DNA filament (Ogawa et al. 1993). Rad51p is ablealso impaired in the mutants, although considerable
to mediate homologous pairing and strand exchangeheterogeneity of their phenotype exists, depending on
in vitro (Sung 1994; Sung and Robberson 1995). Twothe assay used (reviewed in Paques and Haber 1999).
other genes, RAD55 and RAD57, also encode proteinsRad50, Mre11, and Xrs2 proteins form a higher-order
with structural similarity to RecA. Rad55p and Rad57pcomplex in vivo, which is believed to play a dual role
form a stable heterodimer and promote Rad51p-medi-as a structural component of a DSB repair complex and
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 Rad55p:Rad57p hetero-
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New et al. 1998; Shinohara and Ogawa 1998). The (Tavassoli et al. 1995; Khasanov et al. 1999; Tsutsui
et al. 2000). However, more recent characterization ofproduct of the RAD54 gene belongs to the Snf2p/Swi2p

family of putative helicases involved in chromatin re- the phenotypes of rad22 and rti1 deletion mutants (van
den Bosch et al. 2001) suggests that the results of previ-modeling (Gorbalenya and Koonin 1993). Rad54p

possesses a DNA-dependent ATPase activity (Petuk- ous analysis were the consequence of the partial func-
tional redundancy of these two Rad52p homologs andhova et al. 1998) but has not been demonstrated to

have helicase activity. It is suggested that Rad54 protein of the hypomorphic nature of the rad22 allele used.
Thus, it is likely that in S. pombe both rad22� and rti1�can facilitate Rad51p-mediated in vitro recombination

reactions via its ability to remodel target DNA through are also in the recombinational repair epistasis group.
Taken together, these observations suggest that the re-specific interaction with Rad51-ssDNA (Petukhova et

al. 1999b; Mazin et al. 2000; Van Komen et al. 2000). combinational repair pathway in S. pombe might be orga-
nized on the whole similarly to that of S. cerevisiae. TheBesides the stable complex of Rad55 and Rad57 pro-

teins, other associations including Rad51-Rad52, Rad51- fact that the phenotypes of Rad52�/� mutants in verte-
brates (Rijkers et al. 1998; Yamaguchi-Iwai et al. 1998)Rad54, Rad51-Rad55, and Rad52-RPA interacting pairs

have been detected by two-hybrid, co-immunoprecipita- are more reminiscent of those found in fission yeast rti1
mutants suggests the existence of a Rad22-like proteintion, and biochemical experiments (Donovan et al.

1994; Hays et al. 1995; Johnson and Symington 1995; in higher eukaryotes and that the mechanism of DSB
repair in S. pombe might provide a useful insight intoClever et al. 1997). Genetic and biochemical studies of

these protein-protein interactions provided compelling that of higher eukaryotes. However, comparably few
biochemical and molecular studies have been done withevidence that they are important for recombinational

DNA repair. the S. pombe DSB repair proteins.
As a first step in the molecular characterization ofIn the distantly related fission yeast Schizosaccharomyces

pombe, the mechanisms of recombinational repair have the recombinational repair mechanism of S. pombe, we
have undertaken a systematic analysis of protein-proteinbeen studied less than in S. cerevisiae. However, a number

of genes involved in DSB repair in this microorganism interactions. Here we report that Rhp55 and Rhp57
proteins strongly interact in vivo, suggesting that theyhave been identified in the last decade. Homologs of

RAD51 and RAD54 have been isolated and named represent an equivalent to the budding yeast Rad-
55p:Rad57p heterodimer. However, by mutating therhp51� and rhp54�, respectively (Muris et al. 1993, 1996;

Shinohara et al. 1993). rhp55� and rhp57� have been conserved amino acid residues in ATP binding/hydroly-
sis motifs of Rhp55p and Rhp57p, we demonstrate afound to be putative homologs of RAD55 and RAD57,

respectively (Khasanov et al. 1999; Tsutsui et al. 2000). functional difference between the heterodimers in bud-
ding and fission yeast. Moreover, we show that certainIn addition, the rad11� and rad32� genes were found

to be homologs of the large subunit gene of RPA (Par- interactions among seven S. pombe proteins appear to
differ from those in S. cerevisiae, suggesting the mecha-ker et al. 1997) and MRE11 (Tavassoli et al. 1995),

respectively. Two putative homologs of S. cerevisiae nistic differences in DSB repair in these two distantly
related yeasts.RAD52 have been identified in S. pombe, namely rad22�

and rti1� (Ostermann et al. 1993; Suto et al. 1999).
Similar to the mutations of the budding yeast RAD52

MATERIALS AND METHODSgroup members, mutations in fission yeast genes, except
rti1, confer sensitivity to IR and MMS and cause moder- Strains, media, and growth conditions: The S. pombe strains
ate defects in mitotic and/or meiotic recombination. used in this study were: BVY5 h� smt-0 ura4-D18 leu1-32; IBGY84

h� smt-0 rhp55�::ura4� ura4-D18 leu1-32; BVY233 h� smt-0 rhp55However, there are noticeable differences in the func-
K57A ura4-D18 leu1-32; BVY234 h� smt-0 rhp55K57R ura4-D18tion of S. pombe DSB repair proteins compared to their S.
leu1-32; BVY246 h� smt-0 rhp55K57A rhp57K106A ura4-D18cerevisiae counterparts. The S. pombe mutants are highly
leu1-32; BVY247 h� smt-0 rhp55K57R rhp57K106R ura4-D18 leu1-

sensitive to UV, implicating DSB repair mechanisms in 32; MP11 h� ura4-D18 leu1-32; TMP761 h� ura4-D18 leu1-32
an active UV damage response, presumably through rhp57K106R; TMP762 h� ura4-D18 leu1-32 rhp57K106A; TMP-

711 h� rhp57�::ura4� ura4-D18 leu1-32 his3-766 ade6-M216;involvement in the second UV excision repair (UVER)
and TMP754 h� smt-0 rhp55�::arg3� rhp57�:: his3� ura4-D18pathway and UV damage tolerance/recovery mecha-
leu1-32 his3-D1 arg3-D1. The media, yeast extract agar (YEA),nism (reviewed in McCready et al. 2000). Moreover,
minimal media (MMA and EMM), yeast extract liquid (YEL),

the mitotic phenotypes of rad32, rad22, rhp51, rhp54, and genetic manipulations with S. pombe have been described
rhp55, and rhp57 mutants suggest a high degree of geno- elsewhere (Gutz et al. 1974; Alfa et al. 1993). MMS was added

to precooled media before pouring and the plates were usedmic instability and proliferation defects, even in the
the same day. Strain DH5� was used as a host for gene manipu-absence of exogenous damage, which is less observed
lations in E. coli.in the corresponding S. cerevisiae mutants (Ostermann

Yeast two-hybrid analysis and genetic methods: Pairwise
et al. 1993; Tavassoli et al. 1995; Muris et al. 1996; combinations of DNA-binding domain and activator fusions
Khasanov et al. 1999). Epistasis analysis placed all these were transformed into the reporter strain, and three colonies

grown on selective medium were used for quantitative �-galac-genes except rad22� in one pathway of DSB repair
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tosidase assays in each case (Harshman et al. 1988). �-Galac- CGATAATTTCC-3� primers and cloned in the XhoI site to
produce pEG202-rhp51� and pJG4-5-rhp51�. The rhp54� cdstosidase activity was expressed in Miller units. Two-yeast two-

hybrid systems were employed. The first consists of LexA fu- was amplified with either 5�-GGCGTCGACTAATGATTCAG
CAACCAACAACTG-3� and 5�-GGCGTCGACTTAATGAGATsion and activator fusion plasmids and reporter S. cerevisiae

strain EGY48 (Gyuris et al. 1993; Golemis et al. 1994). This TTGTATTGGAAAACGG-3� or 5�-GGCGTCGACATGATTCA
GCAACCAACAACTG-3� and 5�-GGCGTCGACTTAATGAGAsystem was used for analysis of pairwise interactions between

full-length Rad22, Rhp51, Rhp54, Rhp55, and Rhp57 proteins. TTTGTATTGGAAAACGG-3� primers and cloned into the SalI
site of pEG202 or the XhoI site of pJG4-5 to generate pEG202-The second system was based on LexA DNA-binding domain

(DBD) and B42 activation domain (AD) fusions and S. cerevis- rhp54� and pJG4-5-rhp54�, respectively. The rhp55� cds was
amplified using either 5�-GGCGAATTCATGCTGTCTAGTiae reporter strain L40 (Invitrogen, San Diego). It was em-

ployed for analysis of interactions among Rhp51�N, CAACATC-3� and 5�-GGCGGATCCTAGGACTCACATTCC or
5�-GGCGAATTCATGCTGTCTAGTCAACATC-3� and 5�-GGCCRhp51�C, Rad22, Rti1, and Rpa1 proteins.

The sensitivity to MMS of wild-type and mutant cells was TCGAGCTAGGACTCACATTCCAAAATG primers and cloned as
the EcoRI-BamHI or EcoRI-XhoI fragment, respectively, to pro-tested by the drop assay. Sequential 10-fold dilutions of expo-

nentially growing cells were spotted on the appropriate plates duce pEG202-rhp55� or pJG4-5-rhp55� plasmids. The cds of
the rhp57� gene was amplified by PCR using 5�-GGCCTCGAwith or without MMS, and plates were incubated at the indi-

cated temperatures. GATGGATATTTCGAATTATGTTG-3� and 5�-GGCCTCGAG
CTAGCACGAATATATCCCAACC-3� primers and cloned asPlasmid construction and DNA manipulations: The cDNAs

of rhp51�, rhp57�, rad22�, and rad11� were amplified by PCR an XhoI fragment to construct pEG202-rhp57� and pJG4-5-
rhp57� plasmids. The rad22� cds was amplified with primersfrom an S. pombe cDNA library. The cDNAs of rhp54�, rhp55�,

and rti1� were synthesized by reverse transcription (RT)-PCR 5�-GGCGAATTCATGTCTTTTGAGCAAAAACAGC-3� and 5�-
GGCCTCGAGCCAATCATCACATTTTGCCTC-3� and clonedusing 1 �g of total RNA with the RNA LA PCR kit (TaKaRa,

Japan) according to manufacturer’s instructions. To generate as an EcoRI-XhoI fragment to construct pEG202-rad22� and
pJG4-5-rad22�. All fusion constructions were sequenced acrossan NdeI site at the ATG initiation codon and a BamHI site

downstream from the termination codon of each cDNA, the the fusion junctions.
The second set of plasmids was first modified by generatingfollowing PCR primers were used: 5�-TCACATATGGCAGATA

CAGAGGTGG-3� (TW51-1) and 5�-TCAGGATCCTTAGACAGG an NdeI site to allow in-frame recloning of cDNAs from pUC19-
based constructs. The EcoRI-NdeI-SacI adaptor (5�-AATTCCATGCGATAATTTCCTTGGG-3� (TW51-2) for rhp51�; 5�-TCA

CATATGTCTTTTGAGCAAAAACAG-3� (TW22-1) and 5�-TCA TATGGAGCT-3�/5�-CCATATGG-3�) and a HindIII-NdeI-KpnI
adaptor (5�-AGCTTCATATGGGTAC-3�/5�-CCATATGA-3�)GGATCCTTATCCTTTTTTGGCTTTCTTATCCAC C-3�

(TW22-2) for rad22�; 5�-TCACATATGATTCAGCAACCAA were inserted into the EcoRI-SacI site of pHybLex/Zeo and
the HindIII-KpnI site of pYESTrp2, respectively, resulting inCAAC-3� (TW54-1) and 5�-TCAGGATCCTTAATGAGATTTG

TATTGG-3� (TW54-2) for rhp54�; 5�-TCACATATGCTTGTC pHybLex/ZeoN and pYESTrp2N. Then, for DBD fusion con-
struction each NdeI-SalI cDNA fragment excised from theTAGTCAACATC-3� (TW55-1) and 5�-TCAGGATCCCTAGG

ACTCACATTCC-3� (TW55-2) for rhp55�; 5�-TCACATATGG pYS20X series plasmids was ligated into the NdeI-SalI site of
pHybLex/ZeoN. This resulted in plasmid pYS211 for rhp51�,ATATTTCGAATTATG-3� (TW57-1) and 5�-TCAGGATCCTA

GCACGAATATATCCCAACC-3� (TW57-2) for rhp57�; 5�-TCA pYS212 for rad22�, pYS213 for rhp54�, pYS214 for rhp55�,
pYS215 for rhp57�, pYS216 for rad11�, pYS217 for rti1�,CATATGGGCTCGCTACCTG-3� (TWRTI1-1) and 5�-TCAG

GATCCTTATTTCGTTGAGAACG-3� (TWRTI1-2) for rti1�; pYS218 for rhp57�N, and pYS219 for rhp51�C. For the AD
fusion constructs, each NdeI-BamHI cDNA fragment excisedand 5�-TCACATATGGCTGAGCGATTATCC-3� (TW11-1) and

5�-CCTTATTGAGCAGACTCAATG-3� (TW11-2) for rad11�. from the pYS20X series plasmids was ligated into the NdeI-
BamHI site of pYESTrp2N. The resultant plasmids were desig-The PCR products were digested with NdeI (partially in the

case of rhp51�) and BamHI and cloned into the NdeI-BamHI nated pYS221 for rhp51�, pYS222 for rad22�, pYS223 for
rhp54�, pYS224 for rhp55�, pYS225 for rhp57�, pYS226 forsite of pUC19 to result in the following plasmids: pYS201 for

rhp51�, pYS202 for rad22�, pYS203 for rhp54�, pYS204 for rad11�, pYS227 for rti1�, pYS228 for rhp51�N, and pYS229
for rhp51�C.rhp55�, pYS205 for rhp57�, pYS206 for rad11�(RPA1), and

pYS207 for rti1�. The primary sequences of cloned cDNAs The construct for overexpression of His6-tagged Rhp55p in
E. coli was made by PCR cloning of cDNA between the NdeIwere confirmed by sequencing. To construct the plasmids with

truncated rhp51� alleles, the 28-mer (5�-CTGCATATGTACCA and BamHI sites of pET-14b vector (Novagen). The following
primers were employed for PCR of rhp55� cds: 5�-AGGCCATATTCGAAGAAGTG-3�) and TW51-2 primer together with

pYS201 DNA as a template were used to amplify the coding TATGCTGTCTAGTCAACATCG-3� and 5�-GGCGGATCCTA
GGACTCACATTCC-3�. To produce Rhp57p in E. coli, theregion, which lacked 340 bases of the 5� end of rhp51� cDNA.

The PCR product was cloned into the NdeI-BamHI of pUC19 to NdeI-BamHI rhp57� fragment excised from pYS205 was ligated
into the NdeI-BamHI site of pET15b to result in pYS275.result in the rhp51�N plasmid named pYS208. For C-terminal

truncation, the 0.7-kb region between NspV and StyI of pYS201 Two plasmids were constructed for performing co-immuno-
precipitation experiments. Recloning of the NdeI-BamHIwas excised to generate the rhp51�C plasmid named pYS209.

Two sets of yeast two-hybrid plasmids were employed in this rhp57� fragment from pYS205 into the NdeI-BamHI site of
pREP1 resulted in the pYS235 plasmid. To construct thestudy. The first consists of LexA DBD fusion plasmid pEG202

and AD fusion plasmid pJG4-5 (Gyuris et al. 1993). The sec- pYS255 plasmid two primers, 5�-GCTCAGTGCGGCCGCATG
CTGTCTAGTCAAC-3� and 5�-CTCTGTCGACTAGGACTCAond consists of DBD fusion plasmid pHybLex/Zeo and AD

fusion plasmid pYESTrp2 (Invitrogen). CATTCC-3�, and pYS204 template were used for PCR to gener-
ate a new NotI site upstream of the ATG initiation codon andThe first set was used for construction of DBD and AD

fusions of the full-length rhp51�, rhp54�, rhp55�, rhp57�, and a SalI site downstream from the TAG termination codon of
rhp55� cDNA, respectively. The PCR product was digestedrad22� genes. This was performed by in-frame cloning of cod-

ing sequences (cds) of the respective genes generated by Pfu with NotI and SalI and ligated into the NotI-SalI site of pSLF173
(Forsburg and Sherman 1997) to give pYS255.polymerase-mediated PCR on the S. pombe cDNA library. The

rhp51� cds was amplified using 5�-GGCCTCGAGATGGCAGA Site-directed mutagenesis of the rhp55� gene cloned into
the pIRT2 vector [plasmid pIBG81 (Khasanov et al. 1999)]TACAGAGGTGG-3� and 5�-GGCCTCGAGTTAGACAGGTG
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was performed using the QuickChange system from Stra- of 5% SDS, and incubated for 10 min at 37�. After centrifuga-
tion, the supernatant was mixed with 10 �l of SDS-PAGEtagene (La Jolla, CA). Two sets of synthetic oligonucleotide

primers were used: (1) to generate the rhp55K57R mutant sample buffer, boiled for 5 min, separated by SDS-PAGE, and
subjected to Western blotting. Immunodetection was per-gene, 5�-ACCTGGGATGGGAAGAACAAGTTTGGC-3� and 5�-

GCCAAACTTGTTCTTCCCATCCCAGGT-3�, and (2) to gen- formed using ECL substrate (Amersham Pharmacia Biotech).
erate the rhp55K57A mutant gene, 5�-CACCTGGGATGGGAG
CAACAAGTTTGGCTTTAC-3� and 5�-GTAAAGCCAAACTT
GTTGCTCCCATCCCAGGTG-3�. Site-directed mutagenesis and RESULTSconstruction of pREP1-rhp57K106A and pREP1-rhp57K106R
were described in Tsutsui et al. (2000). Rhp55p and Rhp57p interact in vivo: We previously

Generation of the rhp55K57A and -K57R and rhp57K106A reported the identification and cloning of two S. pombeand -K106R alleles in a chromosome: To construct strains
genes, rhp55� and rhp57�, with similarity to E. coli RecAwith chromosomal mutations rhp55K57A and rhp55K57R, the
(Khasanov et al. 1999; Tsutsui et al. 2000). Geneticplasmid pIBG81 with the mutated rhp55� gene was cut with

SalI-KpnI and the DNA fragment containing the rhp55� pro- characterization of the corresponding mutations and
moter region, mutated rhp55� cds, and 3� UTR was isolated. analysis of amino acid (aa) sequences suggested that
This fragment was cotransformed together with the pIRT2 Rhp55p and Rhp57p are likely to represent the S. pombevector into the IBGY84 strain, followed by selection for Leu�

homologs of S. cerevisiae Rad55p and Rad57p, respec-transformants. The chromosomal integrants with the mutated
rhp55� gene were selected by replica plating on 5-fluoroorotic tively. As Rad55p and Rad57p were shown to form a
acid (5-FOA) plates as Ura� colonies, and the presence of the stable heterodimer in vivo (Sung 1997b), we tested the
desired mutations was verified by genomic sequencing. interaction between their S. pombe counterparts using a

To generate chromosomal rhp57 point mutant genes with
yeast two-hybrid system. Figure 1A shows that the AD-K106A or K106R alterations in Walker A motif, the pop-in/
Rhp55 construct activated transcription of the lacZ re-pop-out method was used (Scherer and Davis 1979). Briefly,

pYS298 (rhp57K106A) or pYS299 (rhp57 K106R), both of which porter 24-fold when present in the cell together with
carry the ura4� gene and the DraI-KpnI fragment of the rhp57 DBD-Rhp57. Reciprocally, an even higher increase in
mutant gene, was digested with MunI, and the wild-type strain �-galactosidase activity (147-fold) was observed when
MP11 was transformed with the linearized plasmid. Ura� trans-

the AD-Rhp57 fusion was combined with the DBD-formants were plated onto EMM plates containing 5-FOA,
Rhp55 construct. No evidence of Rhp55p-Rhp55p oruracil, and leucine to select the “pop-out” of the ura4� marker.

The Ura� clones were confirmed by genomic Southern analy- Rhp57p-Rhp57p interaction was found. Thus, Rhp55p
sis. Then the rhp57 mutants with the K106R (TMP761) or appears to interact with Rhp57p, regardless of whether
K106A (TMP762) mutation were identified by genomic se- Rhp55p or Rhp57p is fused to AD or DBD.
quencing.

To corroborate this result, we demonstrated the exis-Protein methods: Polyclonal antibodies against Rhp55p
tence of the Rhp55p:Rhp57p complex in the cell by(generated in rabbits) and against Rhp57p (generated in rab-

bits and rats) were produced using the immunization protocol immunoprecipitation. We used anti-Rhp57p antibodies
described previously (Santos Rosa et al. 1996). His6-tagged for immunoprecipitation and showed that Rhp55 and
Rhp55 protein was purified on Ni-NTA agarose (QIAGEN, Rhp57 proteins can be coprecipitated (Figure 1B, lanes
Valencia, CA) under denaturing conditions after overexpres-

6). Detection of Rhp55p was performed using anti-HAsion in E. coli. The crude extract of E. coli cells overexpressing
antibodies, as the Rhp55 protein was tagged with theHis6-tagged Rhp57 protein was fractionated by ammonium

sulfate precipitation (50% saturation), and the protein was HA epitope. In a control strain lacking Rhp57p, no
further purified by preparative SDS-PAGE and electroeluted Rhp55p was precipitated (Figure 1B, lanes 4), indicating
from the gel. The antibodies were affinity purified from the that the HA-tagged Rhp55p is not simply precipitated
immune serum as described (Pringle et al. 1991).

by itself. In a strain lacking HA-Rhp55p, Rhp57 proteinFor immunoprecipitation experiments, strain TMP754 was
was precipitated (Figure 1B, lane 5, left), but HA-specifictransformed with plasmid pHA-Rhp55 (pYS255) and/or

pRhp57 (pYS235). The cells were grown in EMM medium signal was not detectable (Figure 1B, lane 5, right). The
containing 10 �g/ml thiamine and selected for the presence specificity of the antibodies used was demonstrated by
of plasmids. Eighteen hours after the depletion of thiamine, direct probing of crude cell extracts with anti-Rhp57
cells were harvested and washed with water. Fifty OD595 units

antibodies (Figure 1B, lanes 1–3, left) or anti-HA anti-of cells were resuspended in 300 �l of lysis buffer (25 mm
bodies (Figure 1B, lanes 1–3, right).Tris-HCl pH 7.5, 1% Triton X-100, 50 mm NaCl, 2 mm EDTA,

1 mm dithiothreitol (DTT), 1 mm phenylmethylsulfonyl fluo- Rhp55p:Rhp57 complexes were also identified in re-
ride, 5 �l/ml leupeptin, and 5 �l/ml aprotinin) and extracted ciprocal immunoprecipitation experiments using anti-
using acid-washed glass beads (0.45 �m). After lysate was clari- HA antibodies to precipitate Rhp55 protein (Figure 1C,
fied by centrifugation, the protein extract was diluted 1:10

lanes 6). Again, the control experiments demonstratedwith T buffer (50 mm NaCl, 20 mm Tris-HCl pH 7.5, and 10%
the specificity of interaction (Figure 1C, lanes 4 and 5)glycerol) containing 0.1% BSA, 0.5% NP-40, and 1 mm DTT.

Anti-hemagglutinin (HA) antibody (12CA5; Roche Molecular and the specificity of antibodies (Figure 1C, lanes 1–3).
Biochemicals, Indianapolis), or anti-Rhp57 rabbit antibody Mutations in Walker motif A of Rhp55 and Rhp57
was added, and extracts were rocked for 1 hr at 4�. Ten microli- proteins result in impaired DNA repair: The in vivo
ters of 50% slurry of protein A-Sepharose 4FF (Amersham

interaction between Rhp55p and Rhp57p together withPharmacia Biotech) prewashed in T buffer was added, and
previously published genetic analyses of the rhp55� andincubation was continued for 1 hr at 4�. Immunoprecipitates

were washed three times with T buffer, resuspended in 40 �l rhp57� mutants (Khasanov et al. 1999; Tsutsui et al.
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Figure 1.—Rhp55 and Rhp57 pro-
teins strongly interact and form a com-
plex in vivo. (A) Interaction in the yeast
two-hybrid system. (B) Co-immunopre-
cipitation of Rhp55 and Rhp57 proteins
using anti-Rhp57 antibodies. (C) Co-
immunoprecipitation of Rhp55 and
Rhp57 proteins with anti-HA antibodies.

2000) suggests that the Rhp55p:Rhp57 pair may be func- erating two mutant alleles, rhp55K57A and rhp55K57R.
The generation of Walker A box mutations K106A andtionally similar to the budding yeast Rad55:Rad57 heter-

odimer. It has been shown that mutations affecting K106R in Rhp57p was described previously (Tsutsui et
al. 2000). The effect of mutations of Walker A box onhighly conserved residues in the ATP-binding/hydroly-

sis Walker A box (GxxxxGKT/S) of S. cerevisiae Rad55p, DNA repair in S. cerevisiae was examined in complemen-
tation experiments with mutant rad55 and rad57 genesbut not Rad57p, completely abolished its function in

DNA damage repair (Johnson and Symington 1995). expressed from a centromeric vector in the correspond-
ing mutant strain, thus approximating the situation withWe asked whether equivalent mutations in box A of

Rhp55p and Rhp57p would affect the repair of MMS- the single-copy genes expressed from their chromo-
somal loci. As there is no centromeric vector availableinduced DNA damage. The conserved lysine residue

within the GKT motif of Rhp55p box A was changed in S. pombe, we generated strains with chromosomal mu-
tations in Walker A box of rhp55� and rhp57� genes byby site-directed mutagenesis to alanine or arginine, gen-
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96 Y. Tsutsui et al.

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 (BVY5), rhp55� (IBGY84), rhp55K57A (BVY233), and rhp55K57R (BVY234)
strains. (B) Drop assay of wild-type (MP11), rhp57� (TMP711), rhp57K106R (TMP761), and rhp57K106A (TMP762) strains. (C)
Drop assay and quantification of the fraction of elongated cells of wild-type (BVY5), rhp55K57A (BVY233), rhp55K57R (BVY234),
rhp55� (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 gistic increase in sensitivity to MMS (Figure 2C). This
indicates that the ATP binding/hydrolysis folds of bothmaterials and methods. The sensitivity of the resul-

tant mutants to MMS-induced damage was tested in a proteins are the major determinants of functionality of
the Rhp55p:Rhp57p complex in the repair of MMS-drop assay along with that of wild-type and rhp55� and

rhp57� cells (Figure 2, A and B). The K57A and K57R induced DNA damage.
Remarkably, in both rhp55 and rhp57 mutants themutations in rhp55� resulted in sensitization of cells to

MMS in comparison with the isogenic wild-type cells, substitution of lysine by arginine had a stronger effect
on cell viability in the presence of MMS than the changeand this effect was more pronounced at low-incubation

temperature (Figure 2A). However, the mutant strains of lysine to alanine (Figure 2, A and B). However, when
overexpressed from high-copy-number plasmids, thewere significantly more resistant to MMS than the strain

with a complete deletion of the rhp55� gene. Likewise, mutant Rhp55K57A or Rhp55K57R and Rhp57K106A
or Rhp57K106R proteins were all able to restore therhp57K106A and rhp57K106R mutants were more sensi-

tive to MMS than the isogenic wild-type strain, and the deficiency in repair of MMS-induced damage of the
corresponding rhp55 and rhp57 deletion mutants (Fig-deficiency was more severe at lower temperature (Figure

2B). Again, as with rhp55 mutants, the rhp57 mutants ure 3, A and B). This indicates that the requirement
for the ATP binding/hydrolysis function of Rhp55p andwere not as sensitive to MMS as the rhp57� mutant at

either 30� or 22�. However, when combined, KA muta- Rhp57p in the repair of MMS damage can be overcome
by simple mass action of the mutated protein. This alsotions in both subunits of the heterodimer sensitized

cells to the level of the rhp55 deletion mutant (Figure demonstrates that the level of the mutant protein is
crucial for the resultant cellular phenotype and suggests2C). Likewise, KR double mutants also showed a syner-
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97Protein Interactions in DSB Repair

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 rhp57� cells at 22� (Figure 3B). These data
strongly correlate with the small difference in MMS
sensitivity between K106A and K106R mutants at 30�
and with the more severe repair defect of K106R 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 KR and KA mutations in rhp57� and, by inference,
in rhp55� 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 rhp55� and
rhp57� mutants is manifested in vegetatively growing
cultures by the accumulation of highly elongated cellsFigure 3.—Overexpression of mutant Rhp55 and Rhp57

proteins suppresses the sensitivity of the corresponding rhp55 with aberrant nuclear contents (Khasanov et al. 1999).
and rhp57 deletion mutants. (A) Drop assay of rhp55� strain We tested whether K57A- and K57R-mutated rhp55 and
(IBGY84) transformed with pIRT2 empty vector, pIRT2- K106A- and K106R-mutated rhp57 strains retain the cell
rhp55� (pIBG81), pIRT2-rhp55K57A, and pIRT2-rhp55K57R.

proliferation defect of the corresponding deletion(B) Drop assay of rhp57� strain (TMP711) carrying pREP1,
strains. In exponentially growing rhp55� and rhp57�pREP1-rhp57� (pYS235), pREP1-rhp57K106A, and pREP1-

rhp57K106R. Serial dilutions of late-log phase cells were spot- cultures at 30�, �17 and 18%, respectively, of cells were
ted on the selective minimal media with or without MMS elongated at least twofold, a much larger fraction than
(0.004%). Plates were incubated at 30� for 5 days or at 22� in the wild-type cells (	1.2%). The mutant rhp55K57A
for 10 days. (C) Cellular levels of the wild-type and mutant

and rhp55K57R, as well as rhp57K106A and rhp57K106R,Rhp57 proteins under the overexpression conditions. Strain
cells did not show the elevated level of highly elongatedand plasmids used for the overexpression of wild-type and

mutated Rhp57 proteins are the same as in B. Protein expres- cells (	1.1%). The cell elongation phenotype of gene
sion was induced in the EMM media without thiamine for 18 deletion mutations was enhanced by growing cells at
hr at 30� or for 48 hr at 22�. Protein extracts were prepared 23�, as shown in Figure 2C for the rhp55� strain (27.2%
as described in materials and methods. The equal amount

of elongated cells). There was no increase in the fractionof protein extract from each strain was separated by SDS-
of elongated cells in both KA and KR rhp55 mutants atPAGE. Wild-type and mutated Rhp57p were visualized by West-

ern blotting using anti-Rhp57 antibodies. low temperature (see Figure 2C). Thus, mutations in the
nucleotide-binding motif of the Rhp55, or Rhp57, subunit
alone do not affect the function of the heterodimer in

that the difference in repair defects between chromo- cell proliferation. However, the double rhp55K57A rhp57
somal KA and KR mutations could be the consequence K106A and rhp55K57R rhp57K106R mutants manifested
of altered protein stability. As Rhp55 and Rhp57 are the same severe defect in cell proliferation (24 and 17%,
proteins of very low abundance and cannot be directly respectively), as the rhp55� mutant (27%; Figure 2C).
detected in the total cellular protein extract using anti- From these data we conclude that ATPase function of
Rhp55 or anti-Rhp57 antibodies (data not shown), we both subunits of the heterodimer is required not only
decided to evaluate the levels of wild-type and mutant for the repair of induced DNA damage but also for
Rhp57 proteins under the overexpression conditions. faithful replication. However, in contrast to the repair

defect, one functional ATP binding/hydrolysis domainThe same strains as in the drop assay (Figure 3B) were
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TABLE 1 Rad55p-Rad51p interaction observed in budding yeast.
However, significant interaction (8-fold increase in �-galac-Two-hybrid assay with full-length rhp51�, rhp54�,
tosidase activity) of Rhp57 bait with Rhp51 prey wasrhp55�, rhp57�, and rad22�

detected. Similar to the equivalent proteins in S. cerevis-
iae, Rhp54p strongly interacted with Rhp51p (169-foldDBD fusion AD fusion �-Gal activitya Fold increaseb

increase). Moreover, Rad22 protein, the putative homo-
Rad22 — 3.4 1 log of S. cerevisiae Rad52p, showed a strong interactionRad22 1.4 0.4

with Rhp51p prey (146-fold increase). These data showRhp51 495 146
that Rhp51p-Rhp54p/Rad51p-Rad54p and Rhp51p-Rhp54 3.2 0.9
Rad22p/Rad51p-Rad52p interactions are evolutionarilyRhp55 8.4 2.5

Rhp57 5.9 1.7 conserved, while the interaction between Rhp51p and the
Rhp51 — 1.3 1 putative Rhp55p:Rhp57p heterodimer occurs through the

Rad22 0.7 0.6 Rhp57p moiety in contrast to S. cerevisiae, where Rad51p
Rhp51 0.8 0.6 forms a complex with the Rad55p:Rad57p heterodimerRhp54 1 0.7

via the Rad55 protein.Rhp55 4 3.1
Surprisingly, we did not find interaction between baitRhp57 1.3 1

and prey constructs bearing full-length Rhp51p (seeRhp54 — 0.9 1
Rad22 0.9 1 Table 1). However, as Rad51p was shown to form a
Rhp51 148.5 168.8 nucleoprotein filament (Ogawa et al. 1993) and interac-
Rhp54 1.5 1.7 tion between Rad51 monomers was seen in the two-
Rhp55 1.6 1.8 hybrid system (Donovan et al. 1994), we had expectedRhp57 1.3 1.5

to observe self-self interaction for Rhp51p. We exam-Rhp55 — 2.3 1
ined the intracellular level of DBD-Rhp51 fusion byRad22 5.2 2.2
Western blotting using anti-LexA antibodies and foundRhp51 5.8 2.5

Rhp54 2.3 1 the fusion protein to be very unstable (data not shown).
Rhp57 — 34 1 Therefore, we extended our analysis of interactions in-

Rad22 70 2 volving Rhp51p by using truncated versions of the pro-
Rhp51 280 8.1 tein. The N-terminal domain of Rhp51p (aa 1-117) wasRhp54 70 2

fused with DBD and AD to generate Rhp51�C bait and
The DBD fusion plasmids pEG202:rhp51�, pEG202:rhp54�, prey plasmids (Figure 4). Likewise, the core and C-termi-

pEG202:rhp55�, pEG202:rhp57�, and pEG202:rad22� and AD nal domains of Rhp51p (114–365) were used to con-
fusion plasmids pJG4-5:rhp51�, pJG4-5:rhp54�, pJG4-5:rhp55�, struct Rhp51�N bait and prey. The results of two-hybridpJG4-5:rhp57�, and pJG4-5:rad22� were used.

analysis with these constructs are shown in Table 2. Botha �-Gal activity was determined as described in materials
Rhp51�N and Rhp51�C were found to interact stronglyand methods.

b Fold increase was determined by expressing the specific with the full-length Rhp51p (763-fold and 2300-fold in-
activity of strains bearing both DBD and AD fusion plasmids creases, respectively), which is consistent with the ability
relative to the specific activity of strains with DBD fusion plas- of RecA/Rad51-family members to polymerize on DNAmid only and AD empty vector.

via monomer-monomer interaction. Moreover, both
bait and prey Rhp51�C constructs showed more visible
interaction with Rhp57p (13-fold and 73-fold, respec-per heterodimer is sufficient to support normal cell

proliferation. tively) than did full-length Rhp51p (see Table 1). This
indicates that the Rhp57-binding domain of Rhp51p isS. pombe DSB repair proteins are involved in mutual

interactions: In S. cerevisiae, the Rad55p:Rad57p hetero- located in the N-terminal region of the protein (aa
residues 1–117). However, like full-length Rhp51p (Ta-dimer has been shown to interact with strand-exchange

protein Rad51 via the Rad55p moiety (Hays et al. 1995; ble 1), neither Rhp51�Np nor Rhp51�Cp interacted
with Rhp55p. In addition, both bait and prey Rhp51�NJohnson and Symington 1995). Moreover, multiple

interactions between other recombinational repair pro- fusions showed strong interaction with Rad22p (78- and
1125-fold, respectively), corroborating the results withteins of the RAD52 group have been demonstrated (re-

viewed in Paques and Haber 1999). Using the yeast the full-length Rhp51 prey (Table 1).
Interactions involving Rad22, Rti1, and Rpa1 pro-two-hybrid system, we performed a systematic analysis

of interactions between S. pombe proteins involved in teins: Two homologs of Rad52 protein have been identi-
fied in fission yeast: Rad22p and Rti1p (Ostermann etDSB repair. The N-terminal fusions of the full-length

Rad22, Rhp51, Rhp54, Rhp55, and Rhp57 proteins with al. 1993; Suto et al. 1999; van den Bosch et al. 2001).
As Rad52p has been shown to interact with RPA (HaysDBD (bait) and AD (prey) of yeast two-hybrid vectors

were constructed and pairwise interactions were tested. et al. 1998; Shinohara et al. 1998), we tested in the yeast
two-hybrid system the possible interaction of S. pombeAs shown in Table 1, no detectable interaction between

Rhp55p and Rhp51p was found, in contrast to the Rad22p and Rti1p with Rad11p, which encodes the large
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99Protein Interactions in DSB Repair

Figure 4.—Diagrammatic repre-
sentation of the truncated variants of
Rhp51 protein used in the two-hybrid
analysis and their structural relations
to E. coli RecA and S. cerevisiae Rad51
proteins. Adopted from Heyer (1994).

subunit of RPA (Parker et al. 1997). Rti1p was also dimer similar to that formed by S. cerevisiae Rad55 and
Rad57 proteins. Thus, the heterodimeric complex oftested for interaction with Rhp51p, as the high homol-

ogy of Rti1p to Rad22p suggests that it could potentially two RecA-like proteins is evolutionarily conserved, as it
is found in two distantly related yeasts. However, inalso cross talk with Rhp51p. Indeed, strong interaction

between Rti1p and Rhp51�Np was detected with both vertebrates, besides Rad51, five additional RecA-like
proteins, often referred to as Rad51 paralogs (Rad51B,bait and prey Rti1p constructs (49-fold and 539-fold,

respectively), which implicates the region of Rhp51 pro- Rad51C, Rad51D, Xrcc2, and Xrcc3) have been identi-
fied and their roles in DNA damage repair and genometein between amino acids 114 and 365 in binding with

Rti1p (Table 3). Thus, not only Rad22p (see Tables 1 stability have been demonstrated (reviewed in Mor-
rison and Takeda 2000). Unlike RAD51�/�, knockoutsand 2) but also its homolog, Rti1p, is able to interact

with Rhp51 protein. of paralogs in a chicken cell line are viable, suggesting
that they may play roles as accessory factors to Rad51When Rad22p was used as the DBD and Rti1p as the

AD fusion, their interaction was manifested by a 111- protein, similar to yeast Rad55 and Rad57 (Takata et
al. 2001). Each human Rad51 paralog has been shownfold increase in �-galactosidase activity compared to the

control (Table 3). This suggests that the two S. pombe to be involved in a unique set of interactions with other
paralogs in yeast two- and three-hybrid systems (re-homologs of Rad52 protein may form a complex in vivo.

Moreover, moderate but significant self-interactions of viewed in Thompson and Schild 1999; Schild et al.
2000). It seems that two or three component complexesRad22p-Rad22p (38-fold increase) and Rti1p-Rti1p (10-

fold increase) were observed, suggesting that in vivo of Rad51 paralogs may exist in higher eukaryotes.
Among them, Rad51p-Xrcc3p-Rad51Cp is the only com-these proteins may exist as oligomers. Finally, we found

that Rad11p (
 Rpa1p) bait could interact strongly with plex that contains Rad51 strand exchange protein
(Schild et al. 2000). Xrcc3p is phylogenetically relatedRti1p (73-fold increase) and less strongly with Rad22p

(12-fold increase). No interaction of Rad11p with to Rhp57p (Tsutsui et al. 2000) and interacts with both
Rad51Cp and Rad51p. Therefore, the Rad51C:Xrcc3Rhp55p or Rhp57p was detected.
complex is a possible candidate for the functional homo-
log of the Rhp55:Rhp57 heterodimer.

DISCUSSION
Proteins belonging to RecA/Rad51 family have two

motifs, Walker A and B boxes, which are the signatureOur previous work established that the two fission
yeast proteins, Rhp55p and Rhp57p, with structural sim- of the nucleotide cofactor binding/hydrolysis function.

The purified S. cerevisiae Rad55:Rad57 heterodimer hasilarity to RecA are important for recombinational repair
of DNA damage and required for genomic stability and the ability to hydrolyze ATP (Sung 1997b), but this

activity is not stimulated by ss- or dsDNA, unlike thefaithful meiosis (Khasanov et al. 1999; Tsutsui et al.
2000). In this study, we extended our examination of activity of Rad51 ATPase. The biological significance

of ATPase function was demonstrated by generatingthese two S. pombe proteins by analyzing their interaction
in vivo and the role of their putative nucleotide-binding Walker box A mutations in the Rad55 protein (Johnson

and Symington 1995). However, the equivalent muta-motifs for their functions in repair and mitosis. Yeast
two-hybrid analysis and co-immunoprecipitation experi- tions in the Rad57 subunit did not affect repair and

meiosis. We show here that the nucleotide-binding mo-ments demonstrated that Rhp55p and Rhp57p interact
in vivo (Figure 1) and are likely to form a stable hetero- tifs of both subunits of the S. pombe Rhp55:Rhp57 com-
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TABLE 3TABLE 2

Two-hybrid assay with truncated rhp51� Interactions involving Rad22, Rti1, and Rpa1 proteins

DBD fusion AD fusion �-Gal activitya Fold increasebDBD fusion AD fusion �-Gal activitya Fold increaseb

Rhp51�N — 0.1 1 Rti1 — 2.23 1
Rhp51 0.41 0.2Rhp51 76.33 763

Rhp51�N 0.43 4.3 Rhp51�N 108.7 49
Rhp51�C 0.3 0.1Rhp51�C 260.66 2606

Rhp54 0.09 0.9 Rad11 0.67 0.3
Rad22 8.13 3.7Rhp55 0.17 1.7

Rhp57 0.29 2.9 Rti1 21.25 9.5
Rhp51 — 0.006 1Rad22 7.84 78

Rhp51�C — 0.08 1 Rti1 0.002 0.3
Rad11 0.024 4Rhp51 183.97 2299

Rhp51�N 142.45 1780 Rhp51�N — 0.1 1
Rti1 53.92 539Rhp51�C 0.08 1

Rhp54 0.1 1.3 Rad11 0.26 2.6
Rhp51�C — 0.08 1Rhp55 0.05 0.6

Rhp57 1.07 13.4 Rti1 0.02 0.3
Rad11 0.07 0.9Rad22 0.03 0.4

Rhp54 — 0.06 1 Rhp55 — 0.018 1
Rti1 0.008 0.4Rhp51 20 333

Rhp51�N 0.02 0.3 Rad11 0.015 0.8
Rhp57 — 0.02 1Rhp51�C 0.03 0.5

Rhp55 — 0.018 1 Rti1 0.004 0.2
Rad11 0.038 1.9Rhp51 0.004 0.2

Rhp51�N 0.013 0.8 Rad11 — 0.05 1
Rti1 3.64 73Rhp51�C 0.017 0.9

Rhp57 — 0.02 1 Rad22 0.6 12
Rad22 — 0.06 1Rhp51 0.11 5.5

Rhp51�N 0.01 0.5 Rti1 6.67 111
Rad11 0.05 0.8Rhp51�C 1.45 73

Rad22 — 0.06 1 Rad22 2.28 38
Rhp51 5.29 88

pHybLex/ZeoN derivatives pYS211, pYS212, pYS214,Rhp51�N 67.5 1125
pYS215, pYS216, pYS217, pYS218, and pYS219 and pYESTrp2NRhp51�C 0.06 1
derivatives pYS221, pYS222, pYS226, pYS227, pYS228, and
pYS229 were used in the assay.pHybLex/ZeoN derivatives pYS212, pYS213, pYS214,

a �-Gal activity was determined as described in materialspYS215, pYS218, and pYS219 and pYESTrp2N derivatives
and methods.pYS221, pYS222, pYS223, pYS224, pYS225, pYS228, and pYS229

b Fold increase was determined by expressing the specificwere used in the assay.
activity of strains bearing both DBD and AD fusion plasmidsa �-Gal activity was determined as described in materials
relative to the specific activity of strains with DBD fusion plas-and methods.
mid only and AD empty vector.b 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

plex are important for its function in repair (see Figure in the Rad57 protein.
2), which is different from the results obtained with S. Studies of bacterial RecA and yeast Rad3 and Rad51
cerevisiae. However, it has not been excluded that the DNA-dependent ATPases established that changing the
observed difference between the two yeasts is a conse- invariant lysine residue to arginine in Walker A box
quence of different expression levels of the mutant pro- abolished their nucleotide hydrolytic activity without
teins rather than a real difference. Indeed, in S. cerevis- affecting the ability to bind ATP, while changing it to
iae, Rad57 mutant proteins have been expressed from alanine diminished their affinity for ATP (Sung et al.
a centromere-containing plasmid, which may result in 1988; Rehrauer and Kowalczykowski 1993; Sung and
a higher protein level as compared to expression of Stratton 1996). As anticipated, the equivalent KR mu-
Rhp57 mutant proteins in S. pombe from the endogenous tation in yeast RecA homologs Rad51p and Rad55p was
chromosomal locus. As we have demonstrated for the more proficient than the KA mutation in complement-
overexpression in S. pombe of mutant Rhp55 and Rhp57 ing the repair and recombination defects of rad51 and

rad55 null alleles (Shinohara et al. 1992; Johnson andproteins, the elevated protein level has the potential to
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101Protein Interactions in DSB Repair

Symington 1995). Consistent with this, Rad51K191R dimer is still sufficient to carry on the function of the
Rhp55p:Rhp57p complex, albeit less efficiently, and theprotein was able to carry out extensive strand exchange

in vitro in the absence of ATP hydrolysis (Sung and observed differences in the phenotypes of single mu-
tants may be due partially to the altered protein stability.Stratton 1996). Surprisingly, in contrast to S. cerevisiae

rad51 and rad55, S. pombe rhp55 and rhp57 KR mutants This also suggests that ATPase function is crucial for
heterodimer function in DSB repair. It is likely that theconsistently showed more severe impairment of DNA

repair than corresponding KA mutants (see Figure 2). heterodimer acts in DSB repair via binding to DNA and
interaction with the Rhp51-DNA filament (Tables 1 andThe difference was most striking for the rhp57 mutants

at 22� (see Figure 2B). One explanation could be that 2). If the binding of the heterodimer to DNA is provided
by ATP binding/hydrolysis function of both subunits,ATP binding without subsequent hydrolysis might give

rise to some kind of unproductive intermediate and, it probably has two DNA-binding sites. When the KA or
KR mutation abrogates the DNA binding of one subunit,thus, affect the recombination repair reaction in S.

pombe more severely than the absence of ATP binding the other subunit can still provide this function, which
would result in partial activity of the complex in DSBcaused by the KA mutation. However, this explanation

seems to be unlikely, as one would expect the KR muta- repair. When the ATP binding/hydrolysis domains of
both subunits are mutated, the Rhp55p:Rhp57p com-tion to be dominant negative, which is not the case (see

Figure 3, A and B). Another more reasonable explana- plex cannot bind the DNA, and thus the damaged DNA
will remain unrepaired, as in the absence of the com-tion is the stability of the mutant proteins, as we have

shown in the overexpression experiment that the plex.
Taken together, our data suggest that S. cerevisiae Rad-Rhp57K106R mutant protein is much less stable than

Rhp57K106A protein at 22� (see Figure 3C). Thus, it is 55p:Rad57p and S. pombe Rhp55p:Rhp57p complexes
might be similar in the requirement for ATP binding/possible that under normal expression conditions KR

mutant protein is also less stable than KA mutant pro- hydrolysis for their function in DNA repair, and the
observed experimental differences are likely due to dif-tein, which would explain the repair phenotypes of the

corresponding mutants. ferent expression levels of the mutant proteins. How-
ever, biochemical studies of wild-type and mutant heter-Interestingly, we found that the mutations in the ATP

binding fold of either Rhp55p or Rhp57p did not affect odimers from both yeast species are necessary to finally
clarify the issue.cell proliferation, unlike the corresponding gene dele-

tions, which had significant impact on the DNA repair At present, several lines of evidence suggest that re-
combinational repair proteins function as protein com-capability of the cell (Figure 2). However, when the

ATPase domains of both subunits were mutated, the plexes both in budding yeast and human cells. Our
two-hybrid analysis of protein-protein interactions showscell proliferation defect was as strong as in the rhp55�

mutant (see Figure 2C). Recombination is important for that this is also the case in fission yeast, indicating that
some of these complexes are highly conserved fromthe repair of spontaneous replication-associated DNA

damage (Michel et al. 1997; Sonoda et al. 1999) and yeast to mammals. As with S. cerevisiae (Jiang et al. 1996;
Clever et al. 1997), mouse (Tan et al. 1999), and humanone would expect DSB repair proteins, including Rhp55

and Rhp57, to work during replication restart. However, (Golub et al. 1997; Tanaka et al. 2000) Rad54p and
Rad51p, we found that S. pombe Rhp54p exhibits strongspontaneous DNA damage during replication is a rare

event, as compared to massive MMS-induced damage. interaction with Rhp51 protein (Table 1). This interac-
tion was detected only if the full-length Rhp51 AD fusionOur data suggest that the cellular levels of proteins with

mutated Walker box A could be lower compared to the was used. As the truncated fusion proteins were stably
expressed in the cells (data not shown), this may suggestwild type (Figure 3C). Perhaps even the low intracellular

level of the mutated subunit of the heterodimer, com- that the amino acid residues in both the N-terminal
and C-terminal halves of Rhp51p are important for theplexed with the functional partner subunit, is capable

of supporting the replication, but it is not sufficient to interaction with Rhp54p. This is consistent with the
rather complex Rad51p interface involved in the associ-cope with the extensive drug-induced DNA damage.

When the ATPase function of both subunits is de- ation with Rad54 in S. cerevisiae (Krejci et al. 2001).
Alternatively, the functional Rad51-DNA filament maystroyed, the Rhp55p:Rhp57p heterodimer is no more

functional and both cell proliferation and DNA damage be required for interaction with Rad54 protein (Mazin
et al. 2000).repair are severely impaired.

We found that both KA and KR mutations in either Like the self-association of RecA protein, the self-
association of Rad51p monomers is thought to be essen-of the two subunits resulted in Rhp55p:Rhp57p hetero-

dimers with some residual activity in DNA repair and tial for the formation of nucleoprotein filament, which
performs the homology search and strand exchange.replication. In contrast, concurrent mutations in both

subunits completely abolished this activity, similar to Self-association of S. cerevisiae and human Rad51 protein
is supported by two-hybrid data with full-length proteinsthe deletion of the gene (see Figure 2). This may indi-

cate that one functional ATPase domain per hetero- (Donovan et al. 1994; Tanaka et al. 2000). Our data
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(Table 2) also show that S. pombe Rhp51 interacts with
itself. Remarkably, very strong interaction between the
amino-terminal one-third and carboxy-terminal two-
thirds of Rhp51p, 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 Rad51p also implies that there is little possibility
that the N-terminal regions interact with each other
(Aihara et al. 1999). In contrast, two-hybrid studies in

Figure 5.—Schematic diagram of mutual interactions be-budding yeast led to a suggestion of head-to-head associ-
tween the yeast proteins involved in recombinational repair.

ation of Rad51p monomers (Donovan et al. 1994). How- Interactions may not occur in vivo simultaneously, as depicted,
ever, taking into consideration the high structural con- but more likely happen in a sequential manner. Strong interac-

tions are shown by overlapping ellipsoids and weaker interac-servation of Rad51 homologs from the two types of yeast,
tions by touching ellipsoids.it is unlikely that there is a fundamental difference in

their manner of polymerization on DNA.
S. cerevisiae Rad52p plays a key role in recombinational

equivalent association of S. cerevisiae Rad52p and Rad59prepair (reviewed in Paques and Haber 1999). Interac-
was also recently identified (A. P. Davis and L. S. Syming-tion between Rad52 and Rad51 proteins has been dem-
ton, personal communication); moreover, they interactonstrated in yeast (Shinohara et al. 1992; Donovan et
genetically (Bai and Symington 1996; Bai et al. 1999).al. 1994; Hays et al. 1995) and humans (Kurumizaka
It is possible that Rad22p and Rti1p form homo- oret al. 1999). We showed in this study that Rad22p and
heteromultimers in vivo. Notably, yeast and humanRti1p, the two S. pombe homologs of Rad52p, are in-
Rad52p were visualized as ring-like oligomers on DNAvolved in interactions with other DNA repair proteins.
(Shinohara et al. 1998; Van Dyck et al. 1998).Rad22p strongly interacts with full-length Rhp51 (Table

The Rad55p:Rad57p heterodimer in S. cerevisiae inter-1) and with Rhp51�N truncated protein (Table 2). Like-
acts in a two-hybrid system with Rad51p (Hays et al.wise, Rti1p strongly associates with Rhp51�N (Table
1995; Johnson and Symington 1995). Accordingly, the3). These findings indicate that the Rad22- and Rti1-
heterodimer stimulates the in vitro strand exchange re-

binding sites of Rhp51p are in the C-terminal region.
action promoted by Rad51protein (Sung 1997b). This

It is not clear if both proteins compete for the same interaction occurs via contact of Rad51p with the
interaction site or use different sites. Interestingly, in Rad55p subunit of the complex. However, in S. pombe,
S. cerevisiae the Rad52-binding domain of Rad51p was Rhp57p is the subunit, which interacts with Rhp51p
mapped to the N-terminal domain by two-hybrid analysis (Tables 1 and 2). The Rhp57-binding site is located
(Donovan et al. 1994) and the C-terminal half of within the nonconserved N-terminal domain of 117
Rad51p (amino acid residues 152–400) did not show amino acid residues of Rhp51 protein (Table 2). This
interaction with Rad52p. However, the corresponding indicates that the Rhp55:Rhp57 heterodimer uses a
region of Rhp51p (114–365; see Figure 4) strongly inter- binding site different from that of Rad22p and Rti1p
acted with both Rti1 and Rad22 proteins (Tables 2 and and does not compete with them for binding to Rhp51
3). Our data are in agreement with the finding by Kuru- protein. It may be that one large complex Rhp55p:
mizaka et al. (1999) that the N-terminal region of hu- Rhp57p:Rhp51p:(Rad22p:Rti1p) assembles during DNA
man Rad51p does not bind strongly to human Rad52p. repair, at least temporarily.
Moreover, no randomly generated mutations in S. cere- The different mode of interaction with the strand-
visiae Rad51p disrupting its association with Rad52p exchange protein of two heterodimers may raise the
have been identified in the N-terminal region of Rad51p question of how accurate the assignments of Rhp55p
(Krejci et al. 2001). and Rhp57p are to be the homologs of Rad55 and

Both human and S. cerevisiae Rad52p are able to self- Rad57p, respectively. As with the S. cerevisiae rad55� and
associate and to form a complex with the heterotrimeric rad57�, the phenotypes of rhp55� and rhp57� mutants
single-stranded DNA-binding protein RPA through mul- are almost indistinguishable. Several lines of evidences
tiple contacts (Park et al. 1996; Hays et al. 1998). Here of the structural character suggest the validity of the
we show (Table 3) that S. pombe Rad52 homologs Rad22p original assignments. First, pairwise global alignment
and Rti1p can also self-interact and form a complex of protein sequences (Needleman and Wunsch 1970)
with Rpa1 protein. This is in agreement with genetic shows that Rhp55p has higher overall homology to
interactions found between rad22�, rti1�, and rpa1� Rad55p (20.2% identity and 42.1% similarity) than to
(Suto et al. 1999). Moreover, Rti1p and Rad22p can Rad57p (18.2% identity and 31.5% similarity). Likewise,

Rhp57p has higher homology to Rad57p (30% identityassociate with each other (Table 3). The potentially
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