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ABSTRACT

The yeast and human RAD51 genes encode strand-
transfer proteins that are thought to be involved in both
recombinational repair of DNA damage and meiotic
recombination. In yeast, the Rad51 family of related
proteins also includes Rad55, Rad57 and Dmcl. In
mammalian cells, five genes in this family have been
identified ( HSRAD51, XRCC2, XRCC3, RAD51B/hREC2
and HsDMC1), and here we report the isolation of the
sixth member, RAD5IC. RAD51IC was originally
identified by a computer screen of the EST database.
Afull-length [11.3 kb cDNA clone has been isolated that
encodes a protein of 376 aa, having a 18-26% aa
identity with other human Rad51 family members.
RADS51C includes a previously mapped sequenced-
tagged site location near the end of chromosome 17q.
The RAD51C transcript is expressed in various human
tissues, with highest level of expression in testis,
followed by heart muscle, spleen and prostate. Yeast
two-hybrid experiments indicate that the Rad51C
protein binds to two other members of the Rad51
protein family (Xrcc3 and Rad51B) but not to itself.
These findings suggest that Rad51C may function
similarly to the yeast Rad55 or Rad57 proteins, rather
than as a Rad51 functional homolog.

INTRODUCTION
In the yeastSaccharomyceserevisiae the RAD50to0 RAD57

DDBJ/EMBL/GenBank accession nos AF029669 and AF029670

using the two-hybrid system indicate that the yeast Rad55 pr
binds to both the Rad51 and Rad57 proteis).(Biochemical
confirmation of these interactions has recently been reported-by
Sung (), who observed a strong interaction between Rad55 &nd
Rad57 and a much weaker interaction between the Rad51 prgtein
and the Rad55-Rad57 heterodimer. Sungalso presented%
evidence that the role of the Rad55-Rad57 dimer may bé- to
facilitate the displacement of single-strand DNA binding proté&in
RPA from single-stranded DNA, allowing the entry of Rad%1
onto this DNA and the initiation of strand exchange. Recently, the
yeast Rad54 protein has also been shown to interact withSthe
Rad51 proteing,9). These results suggest that recombinatiogal
repair in yeast involves a series of protein interactions, but it isfiot
clear if these interactions occur simultaneously. The Rad51
associated proteins may form a complex, sometimes referreql to
as a ‘recombinosome®). If so, it may contain three members of
the Rad51 family of proteins (Rad51, 55 and 57), and the RaHSZ
and Rad54 proteins.

In mammalian cells, one functional homolog of R&D51
gene and one of thBMC1 gene have already been isolatex
(10-12). The mammalianRAD51 gene, like yeasRAD51 £
encodes a strand transfer proteit8)( but unlike its yeastS
counterpart, the mammali&AD51is an essential gene (reviewe
in 14). The human Rad51 protein, like yeast Rad51, can integact
with itself and with the human Rad52 and Rad54 protéfs§), =
but the human Rad51 protein can additionally interact with p53,
Brcal, Brca2, Ube2l, Ubll and other proteihis-@3). Recently,
three additional human members of ReD51family of related
genes have been identified, includiddRCC2 and XRCC3
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genes are involved in the recombinational repair of DNA damag@4.25; N. Liu, R. S. Tebbs and L. H. Thompson, persomal

including DNA double-strand breaks, as well as playing a role i;ommunication) andRAD51B (also namechREC3? (26,27).
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meiotic recombination (reviewed i. The yeast Rad51 protein Although the three new proteins clearly share homology with

has been demonstrated to encode a strand transfer pejtaird(

other members of the Rad51 family, they are less similar toihe

theRAD55andRAD57genes encode proteins that share sequengeast and mammalian Rad51 proteins than these two functignal
homology with the Rad51 protein, as d®#dC1, a gene only homologs are with each other. One possibility is that these three
expressed during meiosis. There is considerable evidence tRed51-like proteins are functional homologs of the yeast Ral 55
protein—protein interactions are important in recombinationadnd Rad57 proteins

repair in yeast. In support of this hypothesis are biochemical Here we report the isolation and characterizatidRAD51C
studies that have demonstrated that the yeast Rad51 and Rati&2sixth member of the mammalian family RAD5Xrelated
proteins bind to each otheB)( and this binding has been genes. Since in yeast all three of the mitotically expressed
confirmed by use of the yeast two-hybrid methéd Reports members of thRAD51family show protein—protein interactions
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among themselves, the Rad51C protein was tested for interactidad fragment from pDS152MIlul was subcloned into the
with HsRad51 and other mammalian Rad51-like proteindgEcdRI-Sma sites of pGAD424, to produce pDS157. The truncated
Recently, the yeast two-hybrid system has been used to show tR&D51CcDNA encoded by IMAGE clone 281643 (see Results)
the Xrcc3 protein interacts with the HsRad51 protein, and thisas cloned into pGAD-C20) to produce pDS161, usind#nP1I
interaction has been confirmed by co-immunoprecipitatiosite (adjacent tdRAD51Gs initiation codon) to clone into an
experiments (D. Schild, K. W. Brookman and L. H. Thompsonin-frame polylinkerClal site. The encoded protein fusion deletes
unpublished result). (For consistency, all proteins names here amdy the first Rad51C amino acid. A very similar plasmid was also
in mixed upper and lower cases, although the human Xrcc2 andnstructed (pDS162) that contained the non-trundafd51C
Xrcc3 proteins are normally in all upper case to distinguish thei@RF, as a control for the truncatedD51Cplasmid fusion. Since

from the mouse proteins.) the fusion protein encoded by pDS162 interacted with both the
Xrce3 and Rad51B DNA hinding-domain fusion proteins (data not

MATERIALS AND METHODS shown), this plasmid also acted as a control to ensure that the 38 ac
linker in our original constructs were not the source of the obsefyed

GeneTrapper system interactions. The DNA sequences of the fusion regions of&all

o-hybrid plasmid constructions were determined in orde@o
firm that all plasmids encoded in-frame fusions. T
construction of plasmids fusing the hum@AD51 and RAD52
ORFs to thé&AL4domains has already been publishieg) and the
RCC3fusion constructs will be published elsewhere.

The GeneTrapper system (Life Technologies) was used to isol
the full lengthRAD51CcDNA. PCR primers derived from the

first third of RAD51Cwere used in PCR reactions with eight
different human SuperScript cDNA libraries (Life Technologies
in order to determine which libraries showed high levels o
expression oRAD51C Although five libraries showed relatively

high expression levels (see Results), the leukocyte (mixeéeast two-hybrid system

successfully used in a screen for RED51BCDNA (27) %ast strains Y1903(0) and PJ69-4AZ9) were used for moste
' two-hybrid experiments. In addition, some experiments wgre

carried out using a derivative of PJ69-4A, PJ69-4A-
rad51A::ura3, in which over half of the yeaRAD51gene had 3

Multiple tissue northern blots with each lane containipgyaf ~ Peen deleted by replacement with téRA3 gene. A
purified polyA+ RNA from specific tissues were obtained from@d51:URA3 plasmid §1) was used to make thiRADS1 &
Clontech Laboratories. The blots were pre-hybridized for 1 h arifletion and the resulting strain was sensitive to 0.01% MMSzas
then hybridized with a randomly primed radioactRaD51C ~ €xpected for aad51A strain. Y¥-190, PJ69-4A and PJ69-4A7
probe at 42C for 16 hin % SSC, 50% formamidex®enhardt’s rad51A::ura3, were each co-transformed with both a DNA-binding
solution, 1% SDS and 1Q@/ml sheared salmon sperm DNA. A domain and a transcription-activating doma]n fu3|on.plasm|d @d
2 ng/ml sample of the purified probe was used for hybridizatioffansformants were recovered on selective media (synthetic
Each membrane was washed twice WtISSC/0.1%SDS, twice complete media lacking leucine and tryptophan, SC-Leu, Tr@.
with 0.2x SSC/0.1%SDS at room temperature and &C50) In o_rder to test for reporter gene activity, patches from isolated
0.2¢ SSC buffer containing 0.1% SDS and exposed to eith&Plonies of the_ PJ69-4A tran;fornjants were replica-platedZto
Kodak XAR-5 film or to a phosphorimaging screen. The humaC-Ade and -His + 50 mM aminotriazol, and scored for growsh.
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) cDNAheRADS1Cransformants were also retested on SC-Ade us-(éhg

(Clontech) was used to probe the membranes as a loading contgdiain PJ69-4Aad51A::ura3 with the exception oRad51G 3
binding domairiRad51Cactivation domain. Transformants of

strain Y190 were assayed qualitatively frgalactosidase 3
activity using X-gal filter assay&) and scored after 24 h as + (blug

. .. QO
The RAD51Band RAD51CORFs were cloned into the Gal4 color), +/— (very slight blue color) or — (no blue). With all positive
DNA-binding domain vector pGBT9 and the transcriptional-combinations, tests were carried out to ensure that the apparent
activation domain vector pGAD424§) or closely related interaction was dependent on the presence of both fusion plasfids.
vectors £9). ForRAD51B aBglll linker was first ligated into an @
EcaRV site 3to the ORF. Avul-Bglll fragment containing the - quantification of B-galactosidase activity
entire ORF was then subcloned into tadl-Bglll sites of
pGBD-C3 @9), resulting in plasmid pDS151. Since fhedl site  B-Galactosidase activity was quantified using transformantss.of
in RAD51Bis 10 bp prior to the ATG start codon, the resultingPJ69-4Arad51A ura3 or PJ69-4A and the chemiluminesceiit
fusion protein encodes three additional amino acids not presentdetection method with Galacton-Star substrate and Sapphire-I|
either the vector dRAD51B The pDS151 plasmid contains two enhancer 32). Luminescent reaction buffer and positive contﬂél
EcdRl sites, one in the pGBD-C3 polylinkertd thePvul site,  [-galactosidase were obtained from Clontech. Cell lysates were
and a second one in thd BTR of RAD51B ThisEcaRI fragment  prepared and reactions carried out according to manufacturer’s
was subcloned into pGAD424 to create pDS154. instructions. Luminescent reactions were performed in triplicate and

For RAD51G aSal-BarHI fragment from clone RAD51C-B3 light signals were integrated over 5 s using a Berthold Lumat LB

(see Results) was cloned into tBal-Bglll sites of vector 9501 luminometer and averaged.Agalactosidase control was
pGBD-C3, resulting in plasmid pDS152. After a 24 Ml used to determine the linear range of the assay WO of
fragment was removed, the final construct fused the compldBegalactosidase corresponded to 9500 RLU. The signals were
Rad51C protein to the Gal4 binding domain, with an 18 aa linkewormalized to 5@l of cells at ORpg= 2.5. Each experiment was
between them derived from thelBTR of RAD51C An EcdRl-  repeated a total of two or three times on different days and results

"olwapeoe//:sdny w

Northern analysis

olye/l

Construction of plasmids for two-hybrid experiments
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MRGEKTTF sequence analysis of these PCR products demonstrateld g ¢
N o e acasa e &0 were present that did not contain the in-frame stop codon shortly
ARG GOGAT I O TACTTTCCCOCTOTCTCCAGCOGTGCCATTERAG | 120 after the GKT region and that the predicted amino acid sequence
CTGGTGTCTGCGGGETTCCAGACTGCTGAGGAACTCCTAGAGGTGARACCCTCCGAGCTT 180 h0m0|Ogy with the RAD51 famlly continued paSt the GKT region
ECLTNEKPRYAGTSESHE KE ® CHT (RAD51C-B3) was isolated from a human leukocyte SuperScript
GAATGTCTCACAAATAAACCAAGATATGCTGGTACATCTGAGTCACACAAGAAGTGTACA 300 . .

ALELLEGQEHTOQGFTIITFGCSA cDNA library. This[11.3 kb cDNA was completely sequenced on
GCACTGGAACTTCTTGAGCAGGAGCATACCCAGGGCTTCATAATCACCTTCTGTTCAGCA 360 H
S o e aeTeTaTens both strands, revealing an ORF of 376 aa (Ejg(GenBank
CTAGATGATATTCT CCTTANTGAAAACAACAGAAATTTGTGGTGCA 420 AF029669). Although the context of neither the first nor second
P G V @ K. T L C M L AV .. . . « g
CCAGOTOTTOAARAACACA COAGTIOCASTAGKTOTGOAGRTACCAGRA 480 ATG is ideal for translation initiatior8g), this cDNA is likely to
T GAGGATOGCAGOTOAAG AT T TA T TOATACAGAGIGARGTITINTGATT | 540 be full length or near full length, since a slightly extendeRCR
DRV UVDLATACTG QHTELO QLTAERK product that was subsequently isolated has an in-frame Stop
T C e T MG ACITI RGN TRACR SRR 800 codon before the first ATG (sequence not shown). The Rad51C
CACAAGGGAGAGGAACACCGAAAAGCTTT TTCACTCTTGATAATATTCTTTCT 660 protein shares Significant sequence homology with otﬁer
H I Y Y F RCRDYTETULTULA A GQUV YL L . Q
CATATTTATTATTTTCGCTGTCGTGACTACACAGAGTTACTGGCACAAGTTTATCTTCTT 720 members of the human Rad51 famlly (F@ In separate
ECAZAT:TC:Z‘H:CAEMgAC:CAﬁAGZTTZGACTAGTGATAGTGGAT(GEGT;I‘TSC’Z:'I‘T 780 paIrWISe analyses Rad51C Shares ConSIderany more Seq®nce
P FRHDLGDTODTLSTLRTR RTLELTLTUNGTL A |dent|ty to Rad51B Xree3 and HsRad51 (262 25.6 and 26. @%
CCATTTCGTCATGACCTAGATGACCTGTCTCTTCGTACTCGGTTATTAAATH "TA
o o e e respectively) than with Xrcc2 (18.2%).
CAOCARATGATCAGCCTTOCAANTANTCACAGNTTAGCTOTARTTTTANCCARTCAGATG 900 In addition to the RAD51C-B3 clone, the GeneTrapper screeiiof
T T K I D R N Q AL ULV P AULGTE S W G
ACAACAAAGATTGATAGAAATCAGGCCTTGCTTGTTCCTGCAT AAGTTGGGGA 960 the leukocyte cDNA library resulted in the isolation of several ot@er
A TOCTOCTACANTACGOOTARTC P TCATTGO0ACCCAAAGAARAGGTIGECARCATTG 1020 cDNA clones, and some encoded alternatively spliced products.©ne
Yy K sSPSQKECTVLFGQIEKTEQGHF clone encoded a 27 bp insert, with an in-rame stop codon, irEthe
TACAAGTCACCCAGCCAGAAGGAATGCACAGTACTGTTTCAAATCAAACCTCAGGGATTT 1080 . ! . . . . . ! -
RDTVVTSACSLOQTEGS STLSTR same location as the alternately spliced site in the original IMAGE
e o o menTISCRMCRGMGaTICCTIGAGERCCCae 1140 clone 281643. A second clone contained a 145 bp insert after Bases
. o A &
B AN TTATARCCCAGANCARTCTCANAGTGTACAA 1200 746 or 747 in thRAD51Csequence, underlined in Figdsea clone 3
AACACACTATGGCATGAATGAARRARRRAAARARA 1295 from the 3-end of RAD51Cpresent in the EST database (locgs

W86736, from fetal liver spleen) also contains the identical 145bp
Figure 1. The DNA and predicted amino acid sequend@Ab51C The two insertion. Since neither the 27 bp or the 145 bp introns confor&ed
highly conserved nucleotide binding regions are highlighted. The underlinedexactly to the GT—AG rule for intron splicing, they probah%'
bases appear to be the sites of introns, but the exact site of each could not
determined from our data. P@present only parts of the normal introns that were not propﬁrly
excised, rather than complete introns that were missed.

averaged, with the exception of Rad51C-binding domain/
PGADA424, done once. RAD51Cis expressed in a wide variety of human tissues

S'N Ad 925S8ZL/6LL LI

RESULTS Northern blot analysis with tHRAD51CcDNA probe showed the:

Cloning and sequencing oRAD51C, a new member of the presence of anll.3 kb mRNA species in aII_tissues examin
human RAD51 family except peripheral leukocytes, where no signal was obsef/ed
(Fig. 3A). Lung did show an extremely weak, but visually detectaBle

In order to determine whether there might be additional membegignal, but the weakness of this signal is at least partially due t030
of the humanRAD51 family lurking in one of the sequence levels of total MRNA loaded in this lane (S8&PDH loading <
databases, TBLASTN was used to query each database with €eatrol). The[L.3 kb mRNA band appears to be highly expressed
amino acid sequences of the human Xrcc3 and yeast RadBiestis (20-fold) as might be predicted if this gene plays a rolesin
proteins. The EST database revealed several clones, appareRtgiotic recombination, followed by heart muscle, spleen gnd
from the same gene, that shared significant amino acid sequemtestate [(B-fold) (Fig. 3B). As an initial step in the GeneTrapper
similarities to the N-terminal end of Xrcc3 and Rad51. The DNAscreen, different tissue- specmc human SuperScript cDNA librares
sequence (dbEST locus #s N30816, N41590 and N53986) frongre tested using semi-quantitative PCR with primers frgm
these clones encoded what appeared to be short proteins and é8R51C These results showed that RADS1C is expressed at
encoded a stop codon 4 aa distal to Gly Lys Thr (or GKT), parelatively high levels in brain, heart, leukocytes, spleen and testiszbut
of the well-conserved nucleotide-binding motif. IMAGE cloneat very low, but detectable levels in kidney, liver and lung. These
281643 (containing the N53986 sequence) was obtained fromesults are consistent with our northern analysis, with the excep%on
Genome Systems, and the complete DNA sequence from bathleukocytes, and this difference may be due to the northern blot
strands was determined (GenBank AF029670). This sequengentaining mRNA from peripheral blood leukocytes, while the
showed that this clone encoded an ORF of 135 aa and confirmegdNA library was constructed using mixed population leukocytes
that this clone encoded a stop codon shortly after the GKT regidhat presumably include many more dividing cells.
It seemed likely that these cDNA clones might be alternately or Although the EST database contained several entries with
aberrantly spliced forms of a larger ORF encoded by this genéb80 bp cDNAs, this shorter transcript was not visible on our
Partial cDNA clones from theé-fand the 3ends of this gene were northern blots. Thus, either this transcript is rare or it might have
isolated from a HeLa cDNA librang®) using anchored PCR. DNA run off the bottom of these gels. From size standard markings
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RadSlc

HsRadsl ADTSVEEESFG- PQP1SRLEQCG INANCVEELE
HeDmecl =EPGPQDEEESLPQD I DLLQEHG INVACNEELK
RadS1B WGESKELKRVELEQELCDRLE
ScRadsl GGLOEOAEMIGEMEDEAY DERALGSFVPT EXLOVNC I THACVEELR
ScRadS? LEIK---~-- FONTYMDLYDEL PFESEL LYDEEFSYLLDAVE
ScDmel 1 HSWT===~GTEIDSDTARNI LSVDELONYG INASDLORLE
Rad51C 29 SACFQTAFELLEVEPSELSKEVGISRAEALETLQI TRRECLTNEPRYAGTSESHEKCTALELLEQERTQGFT ITFCSALDDT LGGGVPLMRTTEICGARPG
HsRad51 43 BACFHTVEAVAYAPKKELINIRGISEANADEILARAARLYPNG---FTTATEFHQRRSEIIQ-——--—--- TTTGSKELIRLLQGG I ETGS 1 TEMPGEFR
HaDmel 42 SVGICTIKGIOHTTRRALCHVEGLSEAKVDKIEEAANELIEPG-- - FLTAFEY SEEREMVFH------=--

Rad51lE 21 RHQILTCODFLCLSPLELMEVTGLSYRGVHELLCMVSRACAPK---HOTAYGIFAQRSADFSFA~

BcRad51 101 ESGLHTAFAVAYAPREDLLETEGISEANADKLLNBAARLUPMG---FTAADPHNRESELIC -~ ------- LTTGSENLITLLGGGVETGS T

ScRad57 40 QNSVCVVDFLTLT-PEELARLIQRSINEVFRFQULLVHEYNEK=~~YLEICERNSISPDNGPE=======CFTTADVAMDELLGCG IFTHGITEIFGESS
Schmel 37 BECIYTVHTVLETTRRHLOK I EGLSEVEVER IREAMGET IQVG=-= - F I PATUQLD I RQRVYS - =~~~ ===~ LETGEEQLDST LGGGIMTHS ITEVFGEFE

RadSlc 129 WONTQLOMOLAVDYOIFECPGGVAGEAVTE
HsRad51 131 TGETOICHTLAVTCOLSIDRGGGEGEAM
HsDmezl 130 TOKTOLSHTLOVTAQLPGAGCYPCCEITF
RadS1B 112 CONTOFCIMMSILATLETHMGGLECAVYY
ScRad5l 189 TGESOLCHTLAVTCOIPLDIGGEEGRCLY IDTEGTFRIVRLVS IAQR=~==========caaan FELDPDDALNN===--VAYARAYFADHOLRLLDAARD
ScRadS7? 129 TGHSOLLMOLALSYOLSERAGGLGGECYY ITTEGDLPTORLESMLESR-———————————--—— PAYERLGI'TQSHIFTYSCHDLINQEHI THVQLPILL
Sebmel 125 CoETOMSHTLOVTTOLPREMGGGEGEVAY IDTEGTFRPERIKQIAEG=================YELDPESCLAN= =~ =Y SYARALNSEHCMELVEQLGE

HWYDEVVDLATAC IQHLOLI AEKHEGEENREALED PFTLDHILSH I¥YPRCROYTELLAQVYLLEFD
EFEELLAVAER=== ===¥GLEGEDVLDH= ===V AY ARAFNTOHUTOLLYDASA
RFDALRDTIADR=--~- ===FNVDHDAVLDN----VLYARAYTSEHOMELLDY VAR
SAERLVEIAESRFP-- -RYFNTEEELLLTSSE--VHLYRELTCOEVLORIESLEE

LATRLLNGLAQOMISLANNHRIAVILTHOMTTE D= m e e e e e e e e e e e e e e e e s e e e e e
ARCMHLARPLAMLLRLADEFGVAVVI THOVVAQVDG - - ———————
ELAERCQFLAONLSRLOR ISEEYNVAVFY MTRDPGA=

Rad51C 229 FLEEHS-EKVRLVIVDGIAFPFRHOLDD--
HsRad51 210 MMVESR--YALLIVDSATALYRTDYSG--
HsDmel 209 FPFHEEAGIFELLIIDSIMALFRVDFSG=
Rad51lB 198 EIISKG--IKLVILDSVASVVREEFDAQLQ
SchadS51l 268 MMSESR--FPSLIVVDEVHALYATOFSG--RC
ScRad57 213 ERSEGE--IKLVIIDSISHHLAVELONESFRESQENENY LDRMAEKLOILAHDYSLEV
Schmel 204 ELESGD--YRLIVVDSIMANFRVDYCG--RE

“GDKPLHHSNMRTTWWDYQIBHL\'GHKNSTIL?
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HsDmel a1 T T A D P e EKPIGGHILAK RISLEEGRGELHK
Radsle 266 -=ALASOARDLYSPADD -~ ~-LELEEGTEGSSCVIARLENTWSHEVNTREL I LOYLDSERK
ScRadSl 334 ------- GMAFHPDP==m=mmm = e e === === e —— e e === === === =] REPIGGHTMAHSS TTRLGPERGRGOQR
ScRads? 31l RQMNSLLUASSHNDEILSDOEDYMLIERVMSTV ¥OFFSHEEPPIIENRTVERNSSSPI SROSHEREFDYRVEPHLGLTWEHHV S TRILLORSFEAST
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HeRad51l 311 ICKIYDSPCLP--EAEAMFALN-RADGVGDAED

HsDmel 312 IAKIYDSPEMP=-=ENEATFAIT-AGGIGDAKE======
Rad51BE 31% QILTAKSPLAP==FTSFVYTIE-EECLVLOQAYGNE=======
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Figure 2. Alignment of the Rad51C protein with other humanueerevisiaenembers of the Rad51 family of related proteins using ClustalW. Yeast Rad55 was excluded
from this analysis due to its distant relationship. Red indicates identical amino acids in over half of the proteinsdiwdtelsiednserved amino acid replacements. =

/GLL

supplied by Clontech, it appears that the size cut off for these gelsmain, a very weak signal was repeatedly observed on X-gal plgtfes
is close to 0.6 kb. but no growth was observed on SC-his plates supplemented Wlf;h 25
or 50 mM aminotriazol. This result might indicate a very weak®r
Rad51C interactions with Xrce3 and Rad51B/hREC? in the  transient interaction, or might represent an artifact. In addition tothe
yeast two-hybrid system positive and potentially positive interactions observed, mapy
pairwise combinations failed to give any indication of an interactign.
Rad51C was tested for potential protein—protein interactions witthese included Rad51B and Rad51C with themselves, and Rad51B
other human members of the Rad51 family using the yeagith either Xrcc3 or HsRad51 (Fid). No interaction was observe
two-hybrid system. As shown in Figue Rad51C appears to between HsRad52 and either Rad51B or Rad51C (data not sh@wn).
interact strongly with Rad51B, and moderately with Xrcc3, using The truncated Rad51C protein encoded by clone 281643 wasalso
the HsRad51-HsRad51 interaction as a positive control. Thested in the two-hybrid system. When fused to the Gal4 activation
interaction of Rad51C with Xrcc3 is asymmetrical, similar to whatlomain, it did not interact with Rad51B, Xrcc3 or HsRad51 fused
was observed with the interaction of HsSRad51 with Xrcc3 (D. Schilth the Gal4 DNA-binding domain (data not shown).
and L. H. Thompson, unpublished data), and with published
two-hybrid interactions involving the human and yeast Rad51 fusigy scussion
proteins 8,15,16). These asymmetries are probably due to
interference of the Gal4-fusion. When Rad51C was tested fdihere is increasing evidence in recent years that mammalian gells
interaction with HsRad51, no indication of any interaction wasitilize a recombinational- repa|r pathway, although it appears&ot
observed in strain PJ69-4A, noraal51-deletion derivative of this to be as critical for the repair of DNA double-strand breaks as it
strain, either qualitatively by testing for growth on plates lackings in yeast cells (reviewed it5). One strong line of evidence fof3
adenine, or quantitatively by assaying flegalactosidase activity. recombinational repair in mammalian cells comes from the
Therad5-deletion strain was used in some of these studies becalmsenanXRCC2and XRCC3genes. These genes have recently
the yeast Rad51 protein can interact with both HsRad51 and Xrce8en cloned Z4; N. Liu and L. H. Thompson, personal
in the two-hybrid system (T. Tsomondo, D. Collins and D. Schildgommunication) by complementation of the mutant CHO cell
unpublished result). This raised concerns that these heterologdings irs1 and irs1SF, respectively. These cell lines exhibit some
interactions might compete with the interactions we were testing, b{ii2-fold) X-ray and UV sensitivity, but much greater sensitivity
no differences were observed in interactions inrék®l-deletion  ([40-fold) to DNA cross-linking agents such as mitomycin C and
strain versus thRADS51 strain. In strain Y190, when Rad51C waspsoralens, and also show a high level of spontaneous chromosomal
in the DNA binding domain and HsRad51 was in the activatioaberrations. Since the mutant CHO cell lines are defective in DNA
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strain (see Materials and Methods).
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studied to definitively determine if these genes encode DNA regair
feiate,evee functions; such experiments are currently underway in a numb% of
) . . , different laboratories. It is also possible that already existing DRIA
Figure 3. Northern analysis ®®AD51C (A) Human tissue blots were first probed . - . o)
wi?h part of RAD51G ttzlen byGAPDH( fZ)r use as a loading contrdB)(?‘he repair deficient cell lines may have a defeﬂ/hrDSl_Bor RAD51C 3 .
relative levels o0RAD51Ctranscripts in different human tissues tested, after first but both have been mapped and neither maps with any known repair
controlling for loading differences. The average of the median two samples wagiene. RAD51B has been mapped to chromosome 14g23<24
arbitrarily set as 1.0. (26,27), andRAD51Cis located near the end of chromosome 17q
(413.6 cR from the top), since this gene contains a previoé'isly
repair, the Xrcc2 and Xrcc3 proteins are clearly involved in DNAmapped sequenced-tagged site (STS WI-18519) (T. Hudgon,
repair, and probably recombinational repair specifically. Th&enBank accession G20939). -
XRCC2and XRCC3cDNAs have recently been sequenced, and If HSRAD5] XRCC2 XRCC3 RAD51BandRAD51Care all ©
their predicted amino acid sequences share significant homologiesolved in recombination and recombinational repair, the quesgon
with the human and yeast Rad51 proteins and other members of tises why there are so many genes in mammalian cells, when §eas
family (N. Liu, J. E. Lamerdin and L. H. Thompson, personatan undergo both processes in mitotic cells with only three memiers
communication). In addition, the Xrcc3 protein appears to physicallyf this family RAD51 RAD55andRAD57. Since the entire DNA<
interact with the HsRad51 protein (D. Schild, K. W. Brookman andequence oSaccharomyces cerevisibas been determined, it i§)
L. H. Thompson, unpublished data), a protein known to be involvddhown that there are no other members of this family in this yeagst,
in both recombination and DNA repair, and therefore, probablgther tharDMC1, which encodes a meiosis-specific function. Ofie
recombinational repair. If Xrcc2 and Xrcc3 are recombinationalpossibility is that in mammalian cells some of R@D5%related =
repair proteins, as seems likely, then irs1 and irs1SF are defectivegenes encode duplicated functions, but this seems unlikely at ieast
a recombinational-repair pathway. If so, this pathway is unlikely téor some of these genes. Sift&D51is an essential gene in mice;
be the major one for UV and X-ray induced damage, but it may lve other genes can substitute for its function. In addition, CHO §ell
for the repair of DNA cross-links. lines with mutations in their homologs BRCC2and XRCC3 2
In contrast toXRCC2andXRCC3 we currently have no direct (i.e. irs1 and irs1SF) are defective in DNA repair, indicating tfat
evidence thaRAD51BandRAD5S1Care repair genes, since no cell these gene functions are probably not duplicated in CHO cells. lﬁntil
lines exist with known mutations in either of these new genes. It dosgitants lackindRAD51BandRAD51Care isolated and characterg
seem likely though that they are involved in recombination and/dzed, it is still possible that these genes are functional duplications of
recombinational-repair of DNA damage, since their encodedach other or of some other genes in this family. However, Dur
proteins share sequence homology tdRA®51family and appear two-hybrid results indicate that this is unlikely, since these two genes
to physically interact with known repair proteins (Hj.Although  each show a different pattern of protein interaction from each other
some evidence for a weak interaction between Rad51C aadd fromXRCC2 XRCC3andHsRAD51 Unlike HsRad51, none%
HsRad51 was found, we did find convincing evidence that Rad51dE the other mitotically expressed members of the Rad51 protein
interacts with the DNA repair protein Xrcc3, which in turn interact§amily appear to interact with themselves. In this respect they
with HsRad51. Results presented here also suggest that the Rads&8m to more closely resemble the yeast Rad55 and Rad57
protein is probably a recombinational-repair protein, since in theroteins that do not interact with themselves. These do form a
two-hybrid system it strongly interacts with the Rad51C proteirtight dimer that weakly interacts with the yeast Rad51 protein via
Furthermore, Ricet al (26) have reported th&tREC2 which is  an interaction with Rad5%€7). Our two-hybrid results indicate
identical toRAD51B is transcriptionally induced by DNA damage, that Rad51C can bind to both Xrcc3 and Rad51B, but it is not clear
and this also suggests a role in DNA repair. Cell lines and/avhether Rad51C can bind to both simultaneously, or if these
transgenic mice deficient fRAD51BandRAD51Cwill have to be  interactions are mutually exclusive.
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