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ABSTRACT

Genetic recombination in meiosis plays an important
role in generating diversity of genetic information. In
yeast an Escherichia coli RecA-like gene, DMCI1, is
expressed in meiotic prophase and its product
co-localizes with Rad51 protein on zygotene chromo-
somes. We have cloned the mouse and human
homologs of the yeast DMCI1 gene. The predicted
human and mouse DMC1 proteins showed 54.1%
sequence identity with yeast Dmcl protein. The
domain Il region, highly conserved in the E.coli
RecA-like protein family, was also found in the mam-
malian DMC1 proteins, including the two ATP binding
motifs and DNA binding sites within the region. In situ
hybridization analysis r evealed expression of the
mouse Dmcl gene in testicular germ cells in meiosis;
RT-PCR showed expression in embryonal ovaries.
These findings suggest that DMC1 plays an important
role in meiotic homologous recombination. From both

the man and mouse we have isolated an alternative
spliced form of Dmc1 cDNA (Dmcl-d), whichis deleted
for a region between the two motifs involved in
nucleotide binding. Since the alternatively spliced
Dmcl-d transcript was detected in both male and
female germ cells, the encoded protein DMC1-D may
have a novel role in mammalian genetic recombination

in meiosis.

INTRODUCTION

GenBank accession nos D64107 and D64108

DNA recombination, homologous pairing and strand exchange of
DNA in the presence of adenosine triphosphate (ATF)(In
Saccharomyces cerevisibgo classes of genes are required for
meiotic recombination. One class includes tRAD52
(RAD50-57 epistasis group of gene6-8) involved in both
mitotic DNA repair and meiotic recombination through interac-
tion with double-strand breaks (DSBs) in DNA. Among them,
Rad51 protein of yeast is structurally and functionally similar to
RecA protein oE.coli. (9-12). The genes belonging to the other
class ardtHOP1 (13), SPO11(14), RED1 (15), REC102(16),
ZIP1 (17) andDmc1(18), which are essential only for meiotic
recombination.

DMC1 (disrupted neiotic dNA) is a gene which plays a role
specifically in meiotic recombination in yea$8). Yeastdmcl
mutants fail in reciprocal recombination and accumulate DSB
recombination intermediates. They are incapable of forming
normal synaptonemal complex, thus causing an arrest of late
meiotic prophase at a meiosis-specific ‘cell cycle checkpoint’ that
monitors various defects of chromosome metabolism. The Dmc1l
protein is structurally and evolutionally related to the gene
products of yeasRAD51andE.coli RecA

In yeast, Dmcl and Rad51 proteins have been shown to
co-localize within spread meiotic nucléi%, suggesting their
co-operative function in meiotic recombination. However, Dmcl
and Rad51 exhibit different expression patterns during meiosis,
even though they are structurally similar to each other. Further-
more, Rad51 complex formation is required for Dmc1 associ-
ation, presumably to promote recombination events, whereas
Rad51 forms complexes in meiotic nuclei independently of
Dmcl. Thus Dmcl and Rad51 apparently have different func-
tions in meiosis, but they may function to initiate recombination,

Much of the study of genetic recombination at the molecular levelg. in early recombination nodules (RNs), some of which might
has been carried out with prokaryotes and lower eukaryotes.bacome the late RNs and chiasmaf. (

Escherichia colRecA protein is known to polymerize on DNA  In higher eukaryotd2AD51homologs have been isolated from
and form helical filaments in order to catalyze the central stepsthie chickenZ1), human 22) and mouse23,24). They encode
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proteins sharing >80% similarity to the yeast Rad51 protein afthe amplification products were gel purified, subcloned into

[(b0% similarity toE.coli RecA protein. The mouse RAD51 pCRII (Invitrogene) and sequenced.

homolog partially suppresses sensitivity of the yead51-1

mutation to DNA damaging agent83]. The purified human RT-PCR

RAD51 proteins bind and form filaments with single-stranded or . , .

duplex DNA using DNA-dependent ATPase activii§)( Since  >ingle-stranded cDNA was synthesized fronpdl poly(A)

RADS51 proteins are expressed in spermatocytes in the mod@/A from male mice testes at 5 weeks of age qugltatal RNA

testis and in lily anther cells in meiosis they are thought to BE°M embryonal ovaries at 14 days postcoitum using an

involved in meiotic homologous recombination. oligo(dT)yg primer with Superscript Il (Gibco-BRL). PCR was
A eukaryoticDMC1 homolog has been cloned from the plant?€rformed using the L1, L2, M1 and M2 primers as shown above.

Lilium longfloriumas a meiosis-specific cDNAIM15) (26). The The amplification products were subcloned into pCRIl and

predicted amino acid sequence showed similarity with yeaSgquenced.

Dmcl, Rad51, Rad5527) and Rad57 protein2@). LIM15 .

protein co-localizes with lily RAD51 protein on zygotene chromoRNA blot analysis

somes of the lily in meiosi€g). In mammals the homolog of the o5 RNAs were isolated from adult mouse tissues with
yeastDMClgene has not been |d_ent_|f|ed and its structure and r%wanidinium thiocyanate by the single step method, paly(A)

in genetic homologous recombination have not been revealgghas were absorbed on oligo(dT)—cellulose and eluted with a
Here we describe the isolation of human and mouse homologsr%h salt buffer. Total RNAs (36g) or poly(A) RNAS (5ug)

the yeasDMC1 gene, which have a common novel alternativgyere separated on a 1.2% agarose—2.2 M formaldehyde gel and
spliced form. They are expressed in spermatocytes in the tegji§iaq onto a nitrocellulose membrane filter (Qu% Micron

during meiotic prophase. Though the meiotic recombinatioBeparations Inc.). The filter was prehybridized for 1 h and then
system of lower eukaryotes like yeast should essentially be thep idized at 42C for 16 h in & SSC. 50% formamide.x5

same as that of higher eukaryotes, including mammals, our findiffnnardt's solution. 120 mg/ml sheared salmon sperm DNA and
of novel alternatively spliced MRNAs may suggest the presence®h oy, SDS With aﬁ o-32P]dCTP-labeled cDNA probe. The
a unique common modification of the system in mammals. probes used were mougencl cDNA, including nucleotide
positions 1-2204 of pMDM1 (probe A), 538-783 incl
MATERIALS AND METHODS cDNA, which is spliced out iDmc1-dcDNA (probe B), a 446
cDNA cloning of mouse and humaDMC1 genes bp fragment from the' part (nt 1-446) obmc1cDNA (probe
C), a 469 bp fragment from thigdart (nt 1-469) dRad51cDNA
Two oligonucleotides (SCAAGGATCCGAC/TACIGAA/  (probe D) and the huma@BAPDH (glyceraldehyde 3-phosphate
GGGIACITTC/TA/CGICCIGA-3 and 53CAATCTAGAIG/  dehydrogenase) gene as a control (Clontech). Each filter was
CA/(CT)IAA/GC/TTCICCICG/TICC-3, where | is inosine) washed at 50C in 0.1x SSC buffer containing 0.1% SDS and
were designed to code for two peptides in the conserved regiangosed to Kodak XAR-5 film for 7 days at 270
of S.cerevisiaddmcl and mouse RADSroteins. The oligo-
nucleotides were used as primers in a reverse transcriptase-p@iysitu hybridization
merase chain reaction (RT-PCR). For this total RNA from the o N
mouse 129/Sv testis was used as a template. The 230 bp fragni@gttuhybridization was performed by a modified method of Cox
generated was subcloned and used as a probe to sA@aR a et al described preleUS|y, with the inclusion of hlgh Strlngenlcly
cDNA library prepared from 129/Sv mouse testis RNAs. Avash steps3(), which were necessary to reduce non-specific
positive clone, pMDM1, was isolated and both DNA strands wetinding of theDmclandRad51probes. The fixed testes were
sequenced. A moufanclcDNA was used as a probe to screerfembedded in paraffin wax and sections pfhthickness were
a human testis cDNA library in pCDM8 (Clontech). A humarPrepared.
clone referred to as pHDM1 was isolated. FORACE
(Clontech) two synthetic oligonucleotides-T&SAGCTCTCC-  Antibodies
TCTTCACTTTCGCAAGCT-3 and 5-TGAAGCATGAGCC-

AGAATGTGTCCCC-3) were used and cDNA was obtained byPolycIonaI antisera were raised in rabbits using three peptides:

peptide A, MKEDQVVQEESGFQ, corresponding to the

following the manufacturer's instructions. N-terminal region of mouse DMC1, peptide B, VTAQLPGTG-

. . GYSGG, corresponding to amino acid residues 141-157 of
Genomic DNA cloning mouse DMC1; peptide C, VEEESFGPQPISRLE, corresponding
For determining exon/intron organization four oligonucleotide# the N-terminal region of mouse RAD51. They were conjugated
were synthesized. with keyhole limpet hemocyanin with glutaldehyde (Hig).

L1 primer: 5TTCGTACTGGAAAAACTCAGCTGTATC-3 Immunoglobulin was purified from the antiserum with an
L2 primer: B-CTTGGCTGCGACATAATCAAGTAGCTCC-3 antigen-conjugated Sepharose column. The immunoglobulin was
M1 primer: -TGACAGCTCAACTTCCAGGAACAGGCG-3  eluted with a low pH buffer (0.2 M glycine-HCI, pH 2.8) and
M2 primer: 3-TAGTATAGGCACGTGCATAGAGCACGT-3  Immediately neutralized.

The genomic DNA from mouse 129/Sv liver was used as
template for amplification. PCR was carried out in 100

rTth-XL (Perkin-Elmer Cetus) supplemented with 40 prhahfl PCR-generated fragments of the mosacl, Dmcl-d and

3 primers, 0.4 mM each deoxynucleotide triphosphate, 1.1 mRad51 cDNAs, each containing all the coding region, were
MgCly and 1 U rTth DNA polymerase XL (Perkin-Elmer Cetus).confirmed to be free of mutations by DNA sequencing and were

@Xpression of mouse DMC1 protein
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HaDmc 1 1 MEEDQUWA-- ———————m== == EEPFGF()DE EE SLFEDIDL LORHGINVAD
HoDmc 1 1 MEEDQVV(=- —-—m—mmmom = EESGFQD D EESLFODIDL LOKHGINMAD
Limls 1 MVDVEFEERR PESPGQOLOLL DRQJEAEFFEE CCFES—-IDE LISQGINAGD
Scbnmel 1 MS5-=-VYTGTE IDSDTARNIL S=--mmsm—mee= cmeeee- VDE LONYGIRASD
MmRad51l l M = —— AMOMOLE ASADTSVEEE S-FGPQFISR LEGCGINAND
HsDmel 37 HRKLESVGIC TIKGIQMTTR RALCHNVAGLS EARVDKIEEA RNKLIEPGFL
Mafmcl 27 IKKLESVGIC TIKGIGMTTR RALCHVEGLS EAXVERIEREA ANKLIEPGFL
Limls 49 VERLGDAGIY TCNGLMMHTE RNLTGIKGLS EAFRVDKICEA AERLVNVGYI
Sepmal 32 LOKLKSGGIY TVNTVLSTTR RHLCKIKGLS EVRVEKIKER AGKIIQVGFI
MmRadS]l 3% VKKLEEAGYH TVEAVAYAPK KELINIRGIS EAKADKILTE ARKLVPMGFT
HsDmcl  §7 TAFEYSERRK MYFHITTGSQ EFDRLLGGG] ESMAITEAFG EFRTGETQLS
MeDmcl 87 TAFQYSERRK MYFHITTGSQ EFDHLLGGGI ESMAITEAFG EFRTGKTQLS
Limls 99 TGSDVLLKRK SVIRITTGSQ ALDELLGGGI ETTQITEAFG EFRSGRTQIA
Scbmcl  $2 PATVOLDIRY RVYSLSTGSE QLDSILGGGI MTHSITEVFG EFRCGETOMS
MrRadsl &9 TATEFHORRS EIIQITTGAR ELDKLLOGGI ETGSITEMFG EFRTGET)IC

metif A
HsDmcl 137 HTLOVTAQLP GAGGYPGGRI IFIBTENTFR PORLRDIADR FHVDHDAYLD
MuDmel 137 HTLOVTAQLP GTGAYSGGRI IFIDTEMTFR PDRLRDIADR FHVDHEAVLD
Liml% 149 HTLCVSTQLP VSMHGGNGRY AYIDTEGTFA PDRIVPIAER FGMDASAVLD
Scbmcl 132 - RTLGVITQLF REMGGGEGKY AYIDTEGTFR PERIKQIAEG YELDPESCLA
Mmked5l 138 ETLAVTCQLP IDRGGGEGER MYIDTEGTFR PERLLAVAER YGLSGSDVLD
BsDwcl 187 HYLYARAYTS EBQMELLD YV RAKFHEEAGI FNLLIIDSIM ALFRVDFSOR
HoDmcl 187 HVLTARAYTS EEGMELLD YV AARFHEEAGI FRLLI IDSIM ALFRVDFSGR
Liml5 199 WITIYARAYTY EAQYMLLLAL RAKMSEEP-- FRLLIVDSVI ALFRVDFSGR
Scbmcl 182 WYSTARALNS EHQMELVEQL GEELS--56P YRLIVVDSIM ANFRVDYCGR
MmRad5l 168 EVATARGPNT DEQTQLLYQA SAMMVE--SR YALLIVDSAT ALYRTDYSGR
motif B

Hsbmcl 237 GELAERQOKL AQMLSRLOKT SEEYHVAVFY THQMTADPGA TMTFQ-ADPK
Mubmcl 237 GELAERQQORL AQMLSRLOKI SEEYHVAVEY THQMTADPGA TMTFO-ADPK
1iml5 246 GELAERQOKL AQMLSRL TEL AEEFHVAVYN THQVIADPGG GM-F-TISDPE
Schmel 230 GELSERQQKL NOHLFELNRL AEEFHNVAVFL THQVQSDEGA SALFASADGR
MmRadsl 236 GELSARQMHL ARRFLRMLLRL ADEFGVAVVI THOVYVAQVDG AAMFA-ADPR

L1 Lz

HsDme:l 286 XPIGGHILAE ASTTRI SLRK GRGELRIARI TDSPEMPENE ATFAITAGGI
Mabmcl 285 KPIGGHILAH ASTTRISLRE GRGELRIAKI YDSPEMPENE ATFALTAGGL
Limi5 295 EPAGUEVLAE AMTVRLMLRE GRGEQRVCRI FDAPHLRESE AVFQITRGGY
Schmel 280 KPIGOHVLAPR ASATRILLRK GRGUERVAKL ODSPDMPERE CVYVIGERGI
MmRadS] 255 EPIGGMIIAH ASTTRALYLAR GRGETRICKI YDSPCLPEAE AMFAINADGY
EsDmcl 136 GDAKE

HEDmcl 336 GDAKE

LimlS 345 ADARD

Sebmel 330 TDSSD

MmRad51 335 GDARD
B

[ 1]

HsDmc18 27 96 319 340

MmDmct | -I ﬂ
HsDmec1-d& | 41 1gh —]

MmDmect-d
Lim15 ] 10I? § 327349
ScDmci | 22 QJI § S1g 334
Roc CH " *

; 317 330

HsRad51& ! B

MmRAad51 .

motlfA motifB

Figure 1. (A) Sequence alignment of mouse, human, lily and yeast DMC1 and,
mouse RAD51 proteins. Bold characters mark identity between all sequence
Two consensus sequences for nucleotide binding sites (motif A and motif B

containing 20 mM phosphate, pH 7.8, 0.5 mM dithiothreitol, 10%
glycerol.

Western blot analysis

The cells from mouse tissues were washed in ice-cold phosphate-
buffered saline (PBS). After centrifugation the cell pellet was
resuspended in sample buffer and denatured by boiling for 10 min.
The protein samples (3@/lane) were electrophoresed on 12.5%
SDS—polyacrylamide gels and transferred to PVDF filters
(Millipore). The filters were blocked with PBS containing 5%
dried milk and then probed with diluted antibodieS0Q). The

filters were treated with horseradish peroxidase-conjugated anti-
rabbit IgG and the signals detected using DAB solution (0.5 mg/ml
3,3-diaminobenzidine, 0.02% CafD.03% HO, in PBS).

RESULTS
Molecular cloning of mouse and humarbmclgenes

To identify the mouseDmcl homolog we designed two
oligonucleotides to code for two peptides highly conserved
between yeast Dmcl and mouse RAD51 proteins (amino acid
residues 155-162 and 228-233 of yeast Dmc1) as described in
Materials and Methods. The oligonucleotides were used to clone
part of mouseDmcl cDNA by reverse transcriptase-directed
polymerase chain reaction (RT-PCR). Using poly(RNA

from mouse testes and RT-PCR we succeeded in amplifying a
fragment oft 230 bp. Sequence analysis revealed a fragment of
(230 bp having a continuous open reading frame (ORF).
Translation of the ORF predicted strong homology to the yeast
Dmcl protein. Using the 230 bp fragment as a probe cDNA
clones were isolated from a mouse testis cDNA library. Restric-
tion analysis of the positive cDNA clones showed that one of the
five corresponded to the ye88¥1C1 gene. The clone (pMDM1)
contained an insert of 2203 bp. Sequence analysis revealed a long
ORF of 1020 nt (nt 156—1175), which predicted a product of 340
amino acids. A presumed polyadenylation signal, AATAAA, is
present at nucleotide positions 2065—2070. The poly(A) tail starts
at position 2191.

The humarDMC1 homolog,hDMCJ, has been also isolated
from a human testis cDNA library using the above méumsel
cDNA as a probe. For this we initially obtained five cDNA
clones. Sequencing of the longest cDNA clone revealed that the

glone was missing a Begion. To obtain the sequence of the

pissing 5end ofhDMC1 mRNA we employed theRACE

and L1 and L2, which are referred to as the disordered loop segmentdnethod using two oligonucleotides from thebd of the cDNA
responsible for double- and single-strand DNA binding, are underlined.clones as specific antisense primers. The PCR amplification

(B) Domain structures of the DMC1 protein in RecAlike gene sub-family
(32). Hs,Homo sapiensMm, Mus musculysSc,Saccharomyces cerevisiae

yielded fragments of 800-1000 bp in size. These fragments were
subcloned into pCRII and subsequently sequenced. Thus these
sequences further extended the previously isolated cDNA clone
to the 5-end, which included an in-frame methionine start codon
at position 180-896 of the longeSFACE sequence. Combin-

subcloned into a modified T7 overexpression vector. Each of thg the 5 sequence with the cDNA clone resulted in a cDNA of
constructs encodes mouse DMC1, DMC1-D or RAD51 with 2292 bp in total length with an ORF corresponding to a 340 amino
histidine tag at the N-terminus. The proteins were expressedanid polypeptide with similarity to mouse DMC1 (Fig). A

BL21 (DE3) pLysS bacteria (Stratagene) by induction with IPTGpotential polyadenylation signal was at position 2179 and a
Proteins were collected after cell lysis by sonication in a solutiquoly(A) tail was present at the end of the insert.
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Sequence comparison with the yeast Dmc1 and LIM15 A 1 M1 2 g2
proteins :’Hhi: -
L

5
The predicted amino acid sequence of the mouse DMCL1 protein L1n2 I {~6.2kb}
showed significant homology with its yeast and lily counterpartSpcg ciones "2 : — {:2::"’
Optimized alignment revealed 54.1 and 61.2% overall sequence VA L ey
identity of the protein with yeast DMC1 and lily LIM15 B
respectively (FiglA). In the domain | region (FiglB) the

1 T L € 0w T w 1 5 E M Q

structure of mouse DMC1 protein (amino acid residues 27-95) is '
more similar to yeast Dmc1 protein (55.7% identity, amino acid?™®! —e Cic 16T GG ik Jf TRCT HGT Gh CAE chS
residues 22-91) and the lily LIM15 protein (48.6%, amino acid
residues 39-107) than mouse RAD51 (42.9%, amino acid
residues 17-96). As this region is important for interaction
between Rad51 and Rad51 or Rad51 and Rad52 in {&e®t), 5
domain | may be essential for self-association of DMC1 proteins
or interaction with other proteins. The strongest homology was
found in the domain Il region of mouse DMC1 protein (amino
acid residues 96-319). In this region amino acid identities of™¢!-d
mouse DMC1 protein to lily LIM15, yeast DMCI and mouse
RADS:I'. proteins We“‘:‘.68'2’ .59'0 and 5.7'2% respgctivelly. .Th%igure 2. Partial structure of the mouBenclgene around the deleted region
region included specific portions of purine nucleotide bindingofbmc1-deDNA. (A) Schematic representation of the genome organization.
sites, designated motifs A and B, and parts interacting with singlerhe positions corresponding to PCR primers are designated L1, L2, M1 and
and double-stranded DNAs, thus being conserved among diffeM2 and the resulting PCR products are also sho). Schematic

ent species. In the C-terminal region the mouse DMC1 proteiffPresentation of altemative splicing of Braclgene.

(amino acid residues 319-340) revealed 61.9, 57.1 and 38.1%

identity with mouse RADS51, lily LIM15 and yeast Dmc1 protein ) )

respectively. Although no specific biochemical function has beeptPSequent subcloning and sequencing revealed the presence of tw
ascribed to this region, the conservation between mouse DMEONS and three introns within the deleted region PEy. These

and RAD51 proteins implies that this region may be important f¢Sults clearly demonstrate tHamel-d cDNA corresponds to

recombination, for example, a region involved in interaction witFﬂRNA alternatively spliced by skipping the two exons, resulting in
other components of the recombination machirg?ae). the 57 amino acid deletion and one amino acid substitution, Ser

(AGT)-Gly (GGT), at the alternative splice junction site of the
Alternative splicing generates heterogeneity in the DMC1 protein.
DMC1 domain Il region

ACC CTC TGT GJGT GAG CAT CAG

13 7T L G G E H O

Expression of Dmcl and Dmcl-d mRNAs
Sequence analysis showed that four out of the five niamsd P

cDNAs isolated constituted a novel fornboficiImRNA lacking ~ Northern blot analysis with a mouBenc1cDNA probe (probe

164 bases within the domain Il region, but otherwise identicah) showed the presence of RNA species of 1.9 and 2.2 kb (Fig.
The deleted form of cDNA, referred to &ncl-d had a 3A). These RNAs were detected only in the testis, so far as we
nucleotide sequence of 1920 bp containing an ORF (nt 156—1010uld ascertain. This was in contrast to the case of nRagl

for a 285 amino acid polypeptide with a molecular weight omRNA, which was expressed in the thymus, spleen, testis and
31.663 kDa. The predicted product had a deletion at amino acidary, where cells were proliferating. To examine whether the
residues 142-196 within the DMC1 domain Il region. Thewo different hybridization bands correspond to the two alterna-
junctional amino acid at the deletion point was glycine, instead tifely spliced mRNA species we carried out a Northern blot
a serine at residue 196 as in the DMC1 polypeptide. In additiompalysis using as probe the fragment nt 538—7B8naflcDNA
Dmc1-dcDNA had truncations of 5 bp at theehid and of a'3  (probe B), which is spliced out Bmc1-dmRNA. However, the
non-coding region downstream of position 2086 ipreE1cDNA.  probe hybridized to both mRNA species (BB). Furthermore,

We also isolated humd@MC1-D cDNA encoding a 285 amino Northern blot analysis of poly(Ajand poly(Ay RNAs indicated
acid polypeptide. As was the case for moDsecl-d human that both the 1.9 and 2.2 kb RNAs were polyadenylated. Thus the
DMC1-D cDNA had a deletion at residues 142-196 of humatwo bands include poly(A) MRNAs containing the deleted
DMC1 protein. Due to the deletion, the junctional amino acidequences ilbmcl-d cDNA. Because the size of our cDNA
residue 196 of DMC1-D was converted from serine to glycine. 12203 bp) corresponded to the longer band (2.2 kb), the shorter
the B region a further sequence difference was also found betwdaand (1.9 kb) might possibly correspond to an alternative
human DMC1-D cDNA (positions 1-28) anddMC1 cDNA  polyadenylated form of the cDNA. The relationship between the
(positions 1-19), suggesting the presence of another alternative® mMRNA species and the alternatively spliced cDNAs remains
splice site for the"Son-coding exon. to be determined.

To analyze the exon—intron structure over the alternatively splicedTo confirm the presence of the two spliced forms of mMRNAs in
region of the mougemclgene we amplified mouse genomic DNA germ cells we carried out RT-PCR (Fj.The two oligonucleo-
(129/Sv) by PCR using primers corresponding to both the missitiges flanking the deleted region were used to amplify cDNAs
and the flanking sequences of the deleted region of the moudsem the mouse adult testes and from mouse embryonal ovaries
Dmcl-dcDNA (Fig. 2A). The amplified products were isolated asat 14 days postcoitum, when the female germ cells were in
four independent overlapping clones spanning an area kb.  meiotic prophase. We observed amplified products of 230 and 76
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Figure 4. Detection ofDmclandDmcl-dtranscripts by RT-PCR analysis.

- First strand cDNAs were obtained from poly{/ZNA of mouse testis at 5
B — ) 2 weeks of age, total RNA from ovaries from 14 days postcoitum embryos and
o - z total RNA from human testis and were amplified by P@8.Total human
§ = E « = testis cDNA was subjected to amplification with L1 and L2 primers (lane 1) and
*{ e ty 2 % E M1 and L2 primers (lane 2). Total mouse testis cDNA was subjected to PCR
rE >3 : | with L1 and L2 primers (lane 4) and M1 and L2 primers (lane 5). The mouse
§ ] 'E_ E E = testis cDNA was amplified with a single oligomer, either with L1 (lane 6), L2
3 8 3 E E E (lane 7) or M1 (lane 8) as a negative control. The DNA size markers are in lane
é‘ j ":-? E 'E £ 3. (B) The cDNA from mouse embryonal ovaries was amplified with L1 and
e L2 primers (lane 2) and M1 and L2 primers (lane 3). As negative controls the
=y cDNA was mixed solely with either L1 (lane 4), L2 (lane 5) or M1 (lane 6)
. primer and amplified. The size markers are in lane 1.
B =

to detect specifically ®Bmc1 mRNA region that was absent in
Dmc1-dcDNA (nt 538—783 dDmc1cDNA). We also used probe
D (Fig. 5e) specific forRad51 containing the Spart ofRad51
cDNA. The antisense probes, as well as the respective control
sense RNA probes (Figh, d and f), were synthesized with RNA
polymerase. We verified that tRad5Xspecific probe D did not
; cross-hybridize wittbmcltranscripts by Northern blot analysis

i (Fig. 3A).

To examine the expressionincl, Dmcl-dandRad51genes

during spermatogenesis mouse testes of 5 weeks of age were

Figure 3. RNA blot analysis.A) Expression patterns of mouBencland freeze-sectioned and hybridized with probes B, C and D. The
g“nogsi'z?‘i?nl(')’l‘”‘]’f‘zfag mouse :iqsrxslxefsrbg tt’r']‘;t m:‘cz{zﬂpr:]e&f:fizsﬁgagggprobes were labeled with digoxigenin. The results are shown in
hybri(giized with a mousemc1cDNA probe (probe A) and then reprobed with F|gure5a—f. High ?‘CCUmUI_at'On (ﬁmClmRNAS was observed
a mouseRad51cDNA probe (probe D). The same blot was hybridized with iN Spermatocytes in meiosis using probe C @éignd d). Weaker

humanGAPDH cDNA. (B) Hybridization of poly(Af RNA and poly(Ay signals were observed in the same cells when we used probe B
RNA with aDmc1probe. A blot with samples ofplg poly(A)” RNA, 40ug (Fig.5a and b). ThuBmcltranscripts, presumably together with
poly(A)~ RNA, 40pug total RNA from mouse testis and total RNA from mouse

S ’ Dmc1-d were present in spermatocytes during spermatogenesis.
spleen was hybridized with moLBenc1cDNA (probe B). Rad51transcripts were detected in spermatogonia and spermato-
cytes (Fig5e and f).
bp from both the testis and embryonal ovary, corresponding to the
expected sizes @fimclandDmc1-dcDNA respectively. Cloning DMC1 and DMC1-D protein expression during
and sequencing analysis of the fragments showed that they wepermatogenesis
indeed derived frordmclandDmcl1-dcDNA respectively. The . o o
same results were also obtained by RT-PCR of human testis RN& examine the distribution of DMC1 and DMC1-D proteins in
the adult testis we raised rabbit polyclonal antibodies against a
) . ; peptide corresponding to an N-terminal region (peptide A,
EMCl and DMC1-dmRNA expression during MKEDQVVQEESGFQ) of mouse DMCL1 protein (amino acid
permatogenesis . ; ' |
residues 1-14) and against another peptide corresponding to a
To confirm that testicular cells were capable of expreg¥ingfl  region at residues 141-154 (peptide B, VTAQLPGTGGYSGG)
or Dmcl-dtranscripts we carried autsituhybridization (Figs).  of mouse DMC1 protein present within the deleted region of the
As antisense probes we used probe C faigto detect a’part DMC1-D protein. We also prepared antibody against an N-ter-
of Dmc1cDNA (nt 1-446 oDmc1cDNA) and probe B (Figec)  minal region (peptide C, VEEESFGPQPISRLE) of mouse
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Figure 5.Expression dbmclandDmc1-din the adult mouse testis.situhybridization was performed on specimens as described in Materials and Methods. Sections
of the adult mouse testis were hybridized with antisense probe C containing sequences coding for the N-terminus of DM&] witbt@intiense probe B
containing a part of the sequence corresponding to the deleted region of DMC1-dgratelmith probe D including the N-terminal coding sequence of RAD51
protein. The sense RNAs were used for hybridizations as controls for prbopddE frobe B @) and for probe Dff. The scale bar is 1qin.

RAD51 protein. To verify antibody specificities the recombinanbf DMC1 protein (37 kDa). DMC1 and DMC1-D proteins, as
mouse DMC1, DMC1-D and RAD51 proteins with histidine tagsvell as RAD51 protein, were detected in the testis but not in the
were expressed iR.coli (Fig. 6A). Western blot experiments liver. These results suggest that both DMC1 and DMC1-D
showed that neither anti-peptide A nor anti-peptide B antiseruptoteins are expressed in the testis, presumably during sperma-
reacted with His-tagged RAD51 protein and that anti-peptide ©genesis.

serum did not recognize either the mouse DMC1 or DMC1-D

proteins with His tags. We carried out Western blot analysj

against mouse tissues (testis and liver). As shown in Fegyre BiscussioN

extracts from the adult testes contained two positive bands Witf\jc1 protein structure

the mobilities expected for DMC1 (37 kDa) and DMC1-D (31

kDa) proteins when immunoblots were stained with an antibodyhe ORF oDmc1cDNA predicts a 340 amino acid protein with
specific for the N-terminal part of DMC1 protein (anti-peptidea calculated mass of 37 kDa. The primary structure of mouse
A). Since anti-peptide C reacts significantly more weakly witibMC1 showed more significant overall similarity with DMC1
DMC-1D protein than DMC-1 protein, as shown in Figd#e  proteins from different species than with RAD51 protein.
the amount of DMC1-D protein in testis could be much more thadevertheless, the conservation (53.6%) of the overall structure
the trace amount as detected by immunoblot in FigBrd&he  between mouse and human DMC1 and RAD51 proteins was
low molecular weight band below 31 kDa should be non-specifsignificant. This suggests that DMC1 and RAD51 proteins have
cally reacting components in the extracts. The same blot staingchilar biochemical characteristics to exert the same type of
with antibody specific to the deleted part of DMC1-D proteirfunction. The domain Il region of mouse DMC1 protein showed
(anti-peptide B) showed the presence of only one positive baadhigh sequence identity of 57.2% with mouse RAD51. This
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Figure 6. Western blot analysis of DMC1, DMC1-D and RAD51 proteins.
(A) Escherichia colBL21 (DE3) pLysS cells were transformed with plasmids

DSB repair of DNA, resulting in pairing of homologous DNA in
meiosis. The DSB repair-like homology search would be followed
by intimate synapsis and synaptonemal complex formation during
the zygotene and pachytene stages.

Deletion of DMC1 protein

In mammals testis-specific RNA splicing is observed ablc-
(39), Wnt-1 (40), Oct-2 (41), Sry (42), CREM and CREB
transcripts 43). In yeast meiosis-specific RNA splicing is
observed in thMIER2(44) andSPO13ranscripts45). We found
Dmc1splicing variants from the mouse and human testis cDNA
libraries. Furthermore, by RT-PCR we confirmed Batcl
alternative splicing took place not only in the testis during
spermatogenesis, but also in the embryonic ovary during
oogenesis. These suggest that the alternative splidbmciin
mammals could be involved in homologous recombination
and/or progression of the meiotic cell cycle.

Dmcl-d cDNA does not contain the region at nucleotide
positions 577-741 of mougamclcDNA within the domain I
region (142-196 amino acid region) that is conserved in the
RecAlike gene family 8). Since this deleted region locates close
to motifs A and B necessary for ATP binding, DMC1-D protein

containing the coding sequences of DMC1, DMC1-D and RAD51 proteins withmay have a low binding affinity for nucleotides and low ATPase
6x histidine tags at the N-termini and their gene expression was induced witiyctivity. Since a recent report described ATPase activity as not

IPTG. The bacterially expressed His-tagged proteins were subjected t

SDS-PAGE and Western blots were carried out. His-DMC1, His-DMC1-D,

His-RAD51 and a negative control (His-vector) were examined. The filters

Peing required for the strand exchange reaction with bacterial
RecA ¢6,47), DMC1-D protein may still have strand exchanging

were probed with respective polyclonal antisera: anti-peptide A, anti-peptide BACtivity. Otherwise, the protein thus modified might have a novel
and anti-peptide C. The filter containing the bacterial cell lysates, including ongole in meiotic recombination. The loss of 167 amino acids likely

with the control plasmid without the insert DNA, was probed with a mixture of
antisera of anti-peptide A, anti-peptide B and anti-peptid8)E&Expression of

mouse DMC1, DMC1-D and RAD51 proteins in mouse organs. Whole cell

leads to drastic changes in the three-dimensional structure of the
protein itself, thus modifying single- and double-stranded DNA

lysates of the mouse testes (lanes 1, 3 and 5) and liver (lanes 2, 4 and 6) w&ding activity, resulting in modulation of recombination events
immunoblotted with anti-peptide A (lanes 1 and 2), with anti-peptide B (lanesas a positive or negative regulator durlng melosiIs, perhaps within
3 and 4) or anti-peptide C (lanes 5 and 6). Each lane contains an equal amougt recombinosome’ comple8%).

of protein (30ug).
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Expression of Dmcl and RAD51 in meiosis

High frequencies of genetic recombination occur during meiotic
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