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motes DNA strand exchange (1). In Saccharomyces
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Yeast RAD51, a homologue of Escherichia coli recA,
lays a crucial role in mitotic and/or meiotic recombi-
ation and in the repair of double-strand DNA breaks.
e have identified unique multiple alternative tran-

cripts of a human TRAD/R51H3/RAD51D gene, a mem-
er of the recA/RAD51 gene family. One of the tran-
cripts encoded a 328-amino-acid protein with 83.0%
verall amino acid identity and 98.2% similarity with
he mouse TRAD gene and had two nucleotide binding
onsensus sequences, motif A and motif B, conserved
mong members of this family. Other transcripts en-
oded truncated proteins with a partial N-terminal
egion of the orthologue or short proteins lacking in-
ernal sequences which contain nucleotide binding
otifs. Northern blot analysis revealed that multiple

ranscripts of the human TRAD gene were expressed
n various tissues and their distribution was not
biquitous. © 1999 Academic Press

DNA recombination plays an important role in the
cquirement of gene diversity and in the survival of
ells. Genetic recombination in meiosis produces ge-
etic diversity. In somatic cells, V(D)J recombination
enerates diversity of immunoglobulin and T cell re-
eptor genes. Recombinational repair removes DNA
amage and suppresses oncogenesis and cell death.
NA recombination has been extensively studied in
rokaryotes and lower eukaryotes. Escherichia coli (E.
oli) RecA has been shown to be a major protein in-
olved in DNA recombination. This protein recognizes
omologous regions of double-stranded DNA and pro-

1 The nucleotide sequence data reported in this paper are available in
he DDBJ, EMBL, and GenBank databases with the accession numbers
B013341 (TRAD), AB016223 (TRAD-d1), AB016224 (TRAD-d2),
B016225 (TRAD-d3), AB018360 (TRAD-d4), AB018361 (TRAD-d5),
B018362 (TRAD-d6), AB01863 (TRAD-d7), and AB020412 (TRAD-d8).

2 To whom correspondence should be addressed. Fax: 181 86 235
045. E-mail: mbat@med.okayama-u.ac.jp.
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opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
erevisiae (S. cerevisiae), four gene encoding proteins
omologous to RecA have been isolated, RAD51,
AD55, RAD57, and DMC1 (2–5). Rad51 protein plays
crucial role in both mitotic and meiotic recombination
nd in the repair of DNA double-strand breaks. In mam-
als, seven recA-like genes, RAD51, DMC1/LIM15,
EC2/R51H2/RAD51B, RAD51C, XRCC2, XRCC3, and
RAD/R51H3/RAD51D, have been isolated (6–17).
he TRAD/R51H3/RAD51D gene has been reported

ndependently by three groups including our labora-
ory. With the mouse gene, one group showed a human
rthologue, HsR51H3, of mouse TRAD and another
evealed an alternative transcript, HsRAD51D, encod-
ng a truncated protein with a partial N-terminal re-
ion (;14%) of the orthologue and lacking two nucleo-
ide binding motifs conserved in the recA/RAD51
amily (12, 17). In the present study, we identified
everal new transcripts of the human gene and report
ere a partial genomic sequence analysis of exon-

ntron structures of the gene and a unique expression
attern of the transcripts.

ATERIALS AND METHODS

cDNA cloning. A BLAST search of expressed sequence tags (EST)
ith an amino acid sequence of the mouse TRAD gene, was per-

ormed in the DDBJ/EMBL/GenBank databases and several EST
andidates were identified. Sequence analysis revealed that one
lone, I.M.A.G.E. clone no. 259579, which had the longest 59 flanking
equence, lacked internal parts of the coding region corresponding to
he mouse TRAD gene.

In addition, a human placenta cDNA library in lZAPII (total 5 3
05 pfu, Stratagene) was screened with a digoxigenin-labeled mouse
RAD gene probe. Digoxigenin-11-dUTP (Boehringer Mannheim)
as incorporated into the probe by polymerase chain reaction (PCR),
sing the following primers; MMTRF (sense); 59-TTAGTGTCCCT-
ACCTCGACTTGCATCCTCTTCCC-39, MMTRR (antisense); 59-TCT-
GGTCTCTCTCACTGCAGCATCCCCTGGCCAG-39. Non-RI chemi-

uminescent detection was performed according to the manufac-
urer’s instruction manual (Boehringer Mannheim). To isolate a
ull-length cDNA clone, two oligonucleotides, HsTRADF (sense, 59-TGT-
TCCTCTCTAGGAAGGGGTAGGGGA-39) and HsTRADR (antisense,



59-TTTCGGGGAATTGCCTTTTTATATTTTTAAGAGC-39), were syn-
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hesized based on the nucleotide sequences of the EST clone and the
lones isolated from a human placenta cDNA library. PCR was
arried out with the above primers, human adult brain QUICK-
lone cDNA (Clontech) as a template and ExTaq thermostable proof-
eading DNA polymerase (Takara). The products were fractionated
y electrophoresis on a 0.7% agarose gel. The fragments were excised
nd purified using NaI and a FlexiPrep glass powder kit (Amersham
harmacia Biotech). The DNA fragments were subcloned into the TA
loning vector pCR II (Invitrogen).

RT-PCR. Oligonucleotide primers for PCR were synthesized
ased on the nucleotide sequences of isolated cDNA clones as follows:
STRF1 (sense); 59-CTGCAGACCTGGAAGAGGTAGCTCAGAAAT-
TGG-39, HSTRF5 (sense); 59-TCCGGAGGATCCAGGTGGTGCA-
GCATTTGACATC-39, HSTRDR (antisense); 59-GTCATGTCTG-
TCACCCTGTAATGTGGCACTCTGC-39, HSTRR1 (antisense);
9-TCAAATGCATGCACCACCTGGATCCTCCGGAGAG-39 and HSTRR4
antisense); 59-CTGCCAATGCCAGTGGACAGGATGGCAGTGGAGG-39
Fig. 3B). PCR was carried out with these primers, human adult
rain QUICK-Clone cDNA (Clontech) or plasmids from human fetal
rain SuperScript cDNA library (GIBCO BRL) as templates and
xTaq DNA polymerase (Takara). PCR was performed for 30 cycles
f denaturation at 96°C, 30 sec, annealing at 68°C, 1 min, extension
t 72°C, 3 min. The products were separated by electrophoresis on
% polyacrylamide gels. The bands were excised and electroeluted,
nd the DNA fragments were subcloned into the pCR II vectors.

Genomic DNA cloning. A human genomic DNA library in lFIX II
total 1 3 106 pfu, Stratagene) was screened with the digoxigenin-
abeled mouse TRAD cDNA probe described above. Hybridization was
erformed in 5 3 SSC, 50% formamide, 7% SDS and 1% Blocking agent
Boehringer Mannheim) at 42°C. Washing was performed in 0.1 3 SSC
nd 0.1% SDS at 50°C. Non-RI detection was performed as described
bove. Three clones were isolated and the Not I fragments of the clones
ere subcloned into the Not I site of the pCR II vector.

Northern blot analysis. A Human Multiple Tissue Northern Blot
I (Clontech), containing ;2 mg poly A1 RNA on each lane, was
ybridized with a digoxigenin-labeled human HsTRAD cDNA probe

n 5 3 SSC, 50% formamide, 7% SDS and 1% Blocking agent over-
ight at 50°C. The membrane was finally washed at 68°C in 0.1 3
SC and 0.1% SDS for 15 min twice. The probe was labeled with
igoxigenin-11-dUTP using PCR with the cloned HsTRAD cDNA as
template and the primers HSTRF2, 59-AACATGGGCGTGCTCAG-
GTCGGACTGTGCCCTGG-39 (sense) and HSTRDR. Non-RI chemi-

uminescent detection was performed as described above. The same
embrane was stripped and rehybridized with a human ribosomal

rotein S26 cDNA probe to standardize the amounts of poly A1 RNA
pplied on each lane (18). A 365 bp fragment of human ribosomal
rotein S26 cDNA was amplified by PCR using human adult brain
UICK-Clone cDNA (Clontech) as a template and the primers
SRPS26F2, 59-ATGGTCGTGCCAAAAAGGGCCGCGGCCACG-
GC-39 (sense) and HSRPS26R2, 59-CTGTCTTCAGTCTTTAAGA-
CTCAGCTCCTTAC-39 (antisense). The fragment was subcloned

nto the TA cloning vector pCRII, and the nucleotide sequence was
onfirmed by sequencing. The human ribosomal protein cDNA frag-
ent was labeled with digoxigenin-11-dUTP by PCR with the same

rimers as described above and used as a control probe. Hybrid-
zation, washing and non-RI detection were performed as de-
cribed above.

Sequence analysis. All sequence analyses were performed using
n ABI 373A automatic sequencer and an ABI PRISM Dye termina-
or cycle sequencing ready reaction kit (Perkin Elmer) or Thermo
equenase dye terminator cycle sequencing pre-mix kit, v2.0 (Amer-
ham Pharmacia Biotech) by primer walking. Partial sequencing of
xon-intron junctions of the genomic clones was carried out with
rimers corresponding to nucleotide sequences in exons.
157
cDNA cloning of human homologue of the mouse
RAD gene. Sequence analysis of I.M.A.G.E. clone
o. 259579 which had the longest 59 flanking sequence
mong several EST candidates examined revealed that
his clone (named HsTRAD-d3) lacked internal parts of
he coding regions corresponding to the mouse TRAD
ene, but had the 59-flanking region of the predicted
nitiation codon (Fig. 1, 3). In addition, two other clones
ere isolated from a human placenta cDNA library and

equence analysis showed that both clones defected the
9 coding region corresponding to the mouse TRAD
ene and had the 39 flanking region of the predicted
top codon (data not shown). To isolate a full-length
DNA clone, PCR was performed using primers syn-
hesized based on the identified clones. Four different
ragments were separated by 0.7% agarose gel electro-
horesis (Fig. 2A). Four clones were isolated by sub-
loning these fragments (Fig. 3). Analysis of the nucle-
tide sequences showed that one clone (named
sTRAD) had a complete open reading frame (ORF) of
28 amino acids corresponding to the mouse TRAD
ene and two nucleotide binding motifs, motif A and
otif B, conserved in the rec A/RAD51 gene family

Fig. 1). Optimized alignment of the predicted human
nd mouse Trad amino acid sequences revealed that
he human Trad protein had 83.0% overall sequence
dentity and 98.2% similarity with the mouse protein
16). The HsTRAD clone had the same ORF as
sR51H3, previously reported (12). The nucleotide se-
uence of the gene and other sequences presented in
he study are available in the DDBJ/EMBL/GenBank
NA databases. These accession numbers are listed in

he footnotes. In explanations of the results, exon num-
ers identified in the present study are used (Fig. 3).
ne clone, named HsTRAD-d1, lacked the sequence

rom nucleotide 251-369 of the HsTRAD cDNA (exon 3
nd 4) and shared the nucleotide sequence of human
AD51D described recently (17). Another clone, named
sTRAD-d2, lacked the same sequence (exon 3 and 4)
nd nucleotides 452–586 (exon 6). The last clone,
amed HsTRAD-d3, lacked nucleotides 251–586 region
exon 3 to 6). HsTRAD-d1 and -d2 had a stop codon at
he 254th nucleotide in exon 5 due to a frameshift and
n ORF encoding a predicted protein of 49 amino acids.
f HsTRAD-d1 and -d2 use an alternative initiation
odon, they can encode 209 amino acids, which share
mino acids 120 to 328, a partial C-terminal region of
sTrad (Fig. 1). HsTRAD-d3 lacked one of the two
ucleotide binding motifs, motif A (in exon 5), and had
n ORF encoding 216 amino acids.

RT-PCR. PCR products amplified with the primers
sense, HSTRF1 in exon 2 and antisense, HSTRR1 in
xon 7) flanking the region deleted in HsTRAD-d1,-d2
nd -d3 were fractionated by 5% polyacrylamide gel
lectrophoresis and eight fragments were identified
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Fig. 2B). These fragments were subcloned into a TA
loning vector. Sequence analysis of the fragments re-
ealed that four of eight were novel fragments, named
sTRAD-d4, HsTRAD-d5, HsTRAD-d6 and HsTRAD-
7, while the other four were partial fragments of the

FIG. 1. (A) Nucleotide and predicted amino acid sequence of h
HsTrad) and mouse (MmTrad) Trad proteins. Asterisks and dots
inding consensus sequences, motif A and motif B, are underlined.
158
DNA clones described above (HsTRAD, HsTRAD-d1,
sTRAD-d2 and HsTRAD-d3) (Fig. 3A). HsTRAD-d4

acked exon 4 and 6 and had a continuous reading
rame with motif A (in exon 5) and B (in exon 9).
sTRAD-d5 lacked exon 4 to 6 and had a frameshift in

an TRAD (HsTRAD) and (B) amino acid alignment of the human
icate identical and similar residues, respectively. Two nucleotide
um
ind
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xon 7, generating a stop codon in exon 8 or 9.
sTRAD-d6 lacked exon 5 and 6. HsTRAD-d6 and
sTRAD-d7 had a unique extra exon (exon 4) with a

top codon. Semi-quantitative densitometric assess-
ent of the intensity of each band on the gel re-

ealed that HsTRAD, HsTRAD-d1, HsTRAD-d2 and
sTRAD-d3 mRNA were expressed at largely equiva-

ent levels, while the others were at less levels in the
rain (Model GS700 Imaging Densitometer, Bio-Rad
aboratories, Fig. 2B).
Polyacrylamide gel electrophoresis of PCR products

mplified with the primers HsTRADF (sense, in exon
) and HSTRR4 (antisense, in exon 3) showed two
ragments (Fig. 2C) and the nucleotide sequence of one
f the subcloned fragments agreed with the HsTRAD
ene, while the other was an unknown by-product
data not shown). At least four bands were clearly
etected by 5% polyacrylamide gel analysis of PCR
roducts with the primers HSTRF5 (sense, in exon 7)
nd HSTRDR (antisense, in exon 12), and these frag-
ents were subcloned into a TA cloning vector, while

ther faint fragments failed to be subcloned (Fig. 2C).
equence analysis of the fragments revealed that one
as a predicted fragment of the HsTARD gene, two
ere by-products due to misannealing of the primers

data not shown), while the other one (named
sTRAD-d8) included a new exon (exon 8) with a stop

odon (Fig. 3B).

Northern blot analysis. Multiple transcripts were
etected with a human TRAD cDNA probe (Fig. 4). A
.0 kb transcript was expressed in the colon and pros-
ate, while a 4.8 kb transcript was clearly detected in

FIG. 2. RT-PCR analysis. PCR products were fractionated by ele
arkers are shown on the left. (A) To isolate a full-length cDNA
UICK-Clone, Clontech) and primers HsTRADF (at 59-end) and HsTR
) or plasmids (;1 ng) (lane 2) from a human fetal brain SuperScri
STRR1 (in exon 7). (C) PCR using the human fetal brain cDNA an

r HSTRF5 (in exon 7) and HSTRDR (in exon 12) (lane 2). The prim
nd sequenced fragments.
159
he spleen and colon, and faintly in the prostate, testis,
nd ovary. Transcripts of 1.4, 1.8 and 2.5 kb were
ighly expressed in the testis, moderately in the
pleen, and faintly in the thymus, prostate, ovary,
mall intestine, and colon. All of these transcripts were
xpressed at low levels in leukocytes.

Sequencing of the genomic DNA clones. Partial se-
uence analysis of exon-intron junctions of the human
enomic clones using primers corresponding to nucle-
tide sequences in the exons showed that splice donor
GT) and acceptor (AG) signals were conserved at all
unctions from exon 1 to exon 12 (Fig. 3B).

ISCUSSION

We identified multiple transcripts of a human homo-
ogue of the mouse TRAD gene. Partial sequence analysis
f the genomic clones confirmed that the exon-intron
tructures agreed with the GT/AG splicing rule, indicat-
ng that the occurrence of multiple transcripts was due to
lternative splicing. Sequence analysis showed that
sTRAD and HsTRAD-d1 correspond to the previously

loned human R51H3 and RAD51D, respectively (12, 17).
ptimized multiple alignment analysis revealed that
sTRAD/R51H3 may be an orthologue of mouse TRAD.
sTRAD-d1/RAD51D encodes a truncated protein with a
artial N-terminal region of the orthologue and lacking
he two nucleotide binding motifs conserved in the recA/
AD51 family. The other seven, HsTRAD-d2 to -d8, are
ovel alternative transcripts. Northern blot analysis
howed that multiple transcripts were expressed in sev-

phoresis on 0.7% agarose (A) or 5% polyacrylamide gels (B, C). Size
ne, PCR was performed using human adult brain cDNA (;1 ng,
R (at 39-end). (B) PCR using human adult brain cDNA (;1 ng) (lane

cDNA library (GIBCO-BRL) with primers HSTRF1 (in exon 2) and
rimer sets HsTRADF (in exon 1) and HSTRR4 (in exon 3) (lane 1),
ites are schematically shown in Fig. 3B. Arrows indicate subcloned
ctro
clo
AD

pt
d p
er s
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ral tissues, although it was uncertain which band rep-
esented to each of the identified transcripts. Previously,
e reported that the mouse TRAD gene expressed tran-

cripts of different sizes and their tissue distribution was
argely ubiquitous (16). In contrast, in the present study
uman TRAD was shown to be expressed at highest

evels in the testis, although its expression was also found
n several other tissues. Previous study showed that 1.7

FIG. 3. Structure of HsTRAD. (A) Schematic representation of th
equences. (B) Genomic sequence of exon–intron junctions. The top an
xons are boxed. Boldface indicates splice donor (GT) and acceptor
160
b and 7.0 kb transcripts were detected using a human
51H3 cDNA probe, which is the same gene of TRAD,
hile in the present study, transcripts of 1.4, 1.8, 2.5, 4.8
nd 7.0 kb were detected with a human TRAD probe (17).
s we performed hybridization under high stringency
ondition, detection of additional transcripts may have
een due to higher sensitivity of the detection method
sed in the present study.

ultiple transcripts. Exons are boxed and jagged lines show omitted
ottom lines show nucleotide and amino acid sequences, respectively.
s (AG). Arrows show primer sites.
e m
d b

site
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Among the recA/RAD51 family members, DMC1 ex-
resses two alternative transcripts. Although both
ranscripts have been shown to be translated into pro-
eins, the role of the short form remains unknown (8).
EC2/RAD51B/R51H2 also has two alternative tran-

cripts, while it is uncertain whether these transcripts
re translated into proteins (12). The human TRAD
ene is unique in expressing so many alternative tran-
cripts. Like the mouse Trad, the amino acid sequence
nd domain structure of HsTrad protein are similar to
hose of Rad51 and other recA family members, sug-
esting that HsTrad protein has functions similar to
hose of Rad51/recA family proteins (16). In S. cerevi-
iae, four recA family members have been identified,
AD51, RAD55, RAD57 and DMC1 (2–5). Expression
f Dmc1 protein is specific for meiosis (5). Rad51 pro-
ein forms nucleoprotein filaments on DNA (19). Rad51
rotein interacts directly with Rad52 and Rad55 (20,
1). Rad55 and Rad57 proteins form a heterodimer
hat promotes DNA strand exchange by Rad51 with
eplication protein A (21). In mammals, seven recA
amily members have been identified: RAD51/RAD51A,
MC1/LIM15, REC2/RAD51B/R51H2, RAD51C, TRAD/
51H3/RAD51D, XRCC2 and XRCC3 (6–17). Strong

nteraction of Rad51B and Rad51C proteins was found
sing the yeast two-hybrid system, implying that they
re mammalian counterparts of yeast Rad55 and
ad57 proteins (13). In yeast, mutants of any one of

our recA members, RAD51, RAD55, RAD57 and
MC1, are viable as recA2 mutants of E. coli (2–5). In

ontrast, mammalian gene targeting of the RAD51
ene is lethal in early embryogenesis (22, 23). Recently,
onditional targeting of the RAD51 gene in the chicken

FIG. 4. Northern blot analysis. (A) Expression pattern of
sTRAD in human tissues: spleen (lane 1), thymus (lane 2), prostate

lane 3), testis (lane 4), ovary (lane 5), small intestine (lane 6), colon
lane 7), and leukocytes (lane 8). The human multiple tissue north-
rn blot II containing ;2 mg poly A1 RNA/lane (Clontech) was
ybridized with HsTRAD cDNA. RNA size markers are shown on the

eft. Arrows on the right indicate multiple transcripts (7.0, 4.8, 2.5,
.8 and 1.4 kb). (B) The same membrane was stripped and rehybrid-
zed with a human ribosomal protein S26 cDNA to ensure loading of
qual amounts of RNA.
161
ion led to chromosome breaks, cell cycle arrest and cell
eath (24). In the evolution from prokaryotes to higher
ukaryotes, the number of recA family members has
ncreased and mammalian members might have ac-
uired more specialized roles than those in prokaryotes
nd lower eukaryotes (1). Especially, in the present
tudy, we have shown that human TRAD gene ex-
resses many alternative transcripts in contrast to
ther recA family members. Based on its structural
imilarity to Rad51, the predicted Trad protein may
ave a DNA binding domain and protein-protein inter-
ction domain and function as part of the recombina-
ion machinery. Human and yeast Rad51 proteins have
NA binding and protein-protein interaction activity

25–29). If the N-terminal region is responsible for
rotein-protein interaction and the core region includ-
ng the two nucleotide binding motifs is important for
NA binding, HsTrad-d1, -d2, -d5, -d6 and -d7 proteins

acking the core domain may competitively inhibit
rotein-protein interactions of Trad, Rad51 and other
ecA members. HsTrad-d3 protein lacks one of the two
ucleotide biding motifs and HsTrad-d4 protein is
issing 45 amino acids of intervening sequence be-

ween the two nucleotide binding motifs, suggesting
hat the predicted proteins may also have lost DNA
inding activity and competitively inhibit protein-
rotein interactions of Trad, Rad51 and other recA
embers. In yeast, it was demonstrated by site-

irected mutagenesis that one of the two nucleotide
inding motifs was important for the function of Rad55
ut not Rad57 (30). It remains to be determined
hether these transcripts are translated into proteins
nd how the full-length Trad protein participates in
he recombination machinery. We expect that identifi-
ation of the multiple alternative transcripts of the
uman TRAD gene will contribute to elucidation of the
iological roles of many recA members in mammals as
ell as providing insight into the mechanisms of DNA

ecombination and repair.
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