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ABSTRACT

The RecQ helicase superfamily has been implicated
in DNA repair and recombination. At least five human
RecQ-related genes exist: RecQ1, BLM, WRN, RecQ4
and RecQ5. Mutations in BLM, WRN and RecQ4 are
associated with Bloom, Werner and Rothmund-
Thomson syndromes, respectively, involving a
predisposition to malignancies and a cellular pheno-
type that includes increased chromosome instability.
RecQ5 is small, containing only a core part of the
RecQ helicase, but three isomer transcripts code for
small RecQ5c (corresponding to the original RecQ5
with 410 amino acids), new large RecQ5p (991 amino
acids) and small RecQ5y (435 amino acids) proteins
that contain the core helicase motifs. By determining
the genomic structure, we found that the three
isoforms are generated by differential splicing from
the RecQ5 gene that contains at least 19 exons.
Northern blot analysis using a RecQ5p3-specific
probe indicates that RecQ53 mRNA is expressed
strongly in the testis. Inmunocytochemical staining
of three N-terminally tagged RecQ5 isomers
expressed in 293EBNA cells showed that RecQ5f3
migrates to the nucleus and exists exclusively in the
nucleoplasm, while the small RecQ50. and RecQ5y
proteins stay in the cytoplasm. Immunoprecipitation
and an extended cytochemical experiment suggested
that the nucleoplasmic RecQ5p, like yeast Sgs1 DNA
helicase, binds to topoisomerases 3a and 3f3, but not
to topoisomerase 1. These results predict that
RecQ5f may have an important role in DNA metabolism
and may also be related to a distinct genetic disease.

INTRODUCTION

DNA helicases have important roles in cellular DNA events,
such as replication, recombination, repair and transcription, by
unwinding the duplex DNA (1-3). Multiple DNA helicase
families with seven consensus motifs have been found and
members within each helicase family also share sequence
homologies between motifs (4). The RecQ helicase family
includes helicases that have extensive amino acid sequence

homologies to the Escherichia coli DNA helicase RecQ
implicated in double-strand break repair and suppression of
illegitimate recombination (5,6). The human RecQ DNA helicase
gene family has five members, RecQ1 (also referred to as
RecQL), BLM, WRN, RecQ4 and RecQ5, located on human
chromosomes 12p12, 15q26.1, 8pl2-11.2, 8q24.3 and
17925.2-25.3, respectively (7-10). Mutations in BLM, WRN
and RecQ4 cause Bloom syndrome (BS), Werner syndrome
(WS) and Rothmund-Thomson syndrome (RTS), respectively
(8,9,11), genetic disorders that increase the rate of generation
of genetic instability in patient cells, resulting in a predisposition
to cancer and premature aging (12).

RecQ-type helicases from other organisms are SGS1 of
Saccharomyces cerevisiae and rghl* of Schizosaccharomyces
pombe (13,14). Like E.coli, these unicellular organisms
contain a single species of RecQ-type helicase. The Sgsl
protein exists in the nucleolus when the cells are young and
migrates to the nucleoplasm as the cells senesce and the
nucleolus fragments (15). Mutation of SGS1 suppresses the
slow growth phenotype of mutant yeast cells with a mutation in
the topoisomerase 3 gene and causes missegregation of the
chromosome during meiosis and mitosis (13,16). Biochemically,
the Sgs1 protein binds to topoisomerases 2 and 3 (13,16). The
rghl* gene of S.pombe was cloned by complementation of the
UV sensitivity of a rqghl-h2 mutant; rghl- cells arrested by
hydroxyurea in S phase are unrecoverable because of high
recombination (14).

Human WRN, BLM and RecQ4 DNA helicases and their
disease-causing defective mutations have been extensively
characterized by us and others (8,9,11,12). The DNA helicase
RecQ5, however, has not been characterized for its gene structure,
biochemical nature of the encoded helicase, subcellular
localization nor the disease caused by mutation. Our previous
phylogenetic study (10) on the sequence of the helicase
domain indicated that the product of the RecQS5 gene is
evolutionarily close to the small helicase RecQ1, which is
characterized as a human progenitor of the RecQ family
helicases (7), but has no known relation to human disease. We
noted that two size classes of the RecQ helicase family exist,
large and small helicases: the large helicases are BLM, WRN
and RecQ4 in the nucleus, which contain 1417, 1432 and 1208
amino acids, respectively (8-10); the small helicases are
RecQ1 and RecQS5, which contain 649 and 410 amino acids,
respectively (7,10).
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Extended studies have been mostly with the large helicase
members of the RecQ family whose mutation causes disease
phenotypes in humans. We and others found that: (i) all three
helicases exist in the nucleus (17-19); (ii) their mutation
causes the genomes of patient cells to become cytogenetically
unstable, but differentially: defective BLM increases the rate
of sister chromatid exchange (20), while defective WRN
results in variegated translocation mosaicism (21) and defective
RecQ4 (RTS) causes trisomerization, although a limited
number of case reports exist (22); (iii) notable down-regulation
of mRNAs and helicase proteins occurs in patient cells
(19,23,24), due perhaps to early termination codon-mediated
regulation (25); (iv) only WRN contains exonuclease activity
in its N-terminus, whereas its 3’—5" or 5'—3’ directionality
remains to be unequivocally defined (26-29); (v) WRN
unwinds DNA/RNA heteroduplexes in addition to DNA (30);
(vi) intact BLM and WRN partially suppress hyper-recombination
in yeast sgsl mutant cells (31). These findings suggest that the
three disease-causing helicases have different functions in
cellular DNA metabolism that cannot be complemented by
each other, although the molecular mechanisms behind each
helicase reaction need to be clarified.

In this paper we describe the genomic structure of RecQ5, a
candidate for the fourth disease-causing RecQ-type helicase
gene, regarding new cDNA genes generated by differential
splicing and the biochemical nature of proteins coded for by
the three gene isoforms. The RecQ5 reported previously by us
(10) corresponds to RecQ5a in this paper. Two newly identified
isomer genes are referred to here as RecQ5[ and RecQ5y.
During the preparation of this manuscript, Sekelsky et al. (32)
reported that the Drosophila and human RecQ5 cDNA genes
exist in different isoforms generated by alternative splicing.
Particularly, three Drosophila isoforms, dRecQ5a—c, which
they described in their paper, are consistent in size with the
findings of the human isoforms in this study and Drosophila
RecQ5a corresponds to human RecQ5p.

MATERIALS AND METHODS

Isolation of human RecQS5 isoform cDNAs

A human testis cDNA library constructed with the pAP3-neo
plasmid was purchased from Takara (Kyoto, Japan). DNA from
E.coli transformants (~1 x 10° clones) made with recombinant
plasmids grown on nitrocellulose filters (Millipore, Japan) was
replicated on nylon membranes (Pall, UK) and screened by
hybrizidation using a 1.3 kb cDNA fragment covering the open
reading frame (ORF) of human RecQS5 as probe. In brief,
membranes were hybridized with an [0-3?P]dCTP-labeled
probe DNA in 5x [0.15 M NaCl, 0.15 M sodium citrate buffer,
pH 7.0, (SSC)] containing 10x Denhardt’s solution at 65°C for
20 h. The membranes were washed at 65°C in 0.5x SSC, 0.1%
SDS, followed by further washing with 0.1x SSC, 0.1% SDS
solution. The membranes were exposed to X-ray films (Kodak)
with intensifying screens at —70°C overnight. Colonies on the
original nitrocellulose filters corresponding to positive signals
were selected. After repeated hybridization, five independent
clones were selected that contained the RecQ50, B and y
cDNAs of almost full size. The sequences of cDNAs were
determined by PCR-based cycle sequencing using an automated
DNA sequencer (Applied Biosystems).

Determination of the genomic structure of the human
RecQ5 gene

Two P1 clones, 15033 and 21570, that partially overlap and
cover the contour length of the full-sized RecQ5 gene, were
obtained from Genome Systems Inc. (St Louis, MO) after
screening using a PCR-based method with two primer sets,
5’-GAGCAGCCTTGTGTTTAGACCTGG-3’/5’-ATCCCCC-
ATGTCCAATGTGTCTGG-3" and 5-GATATAAGATTGC-
GTGGGTTCTGC-3'/5"-CGTGGTCCGCCCAAGAATTAAA-
GG-3’, corresponding, respectively, to the 5’- and 3’-untrans-
lated regions of the RecQ5a gene. The exon—intron boundary
sequences of the RecQS5 genome were determined by
sequencing the P1 DNAs directly using primers prepared from
the sequences of the RecQS isoform cDNAs.

Northern blot analysis

The expression of RecQ5B mRNA was studied using multiple
tissue northern blot analysis (Clontech). The filters were
hybridized with an [0-32P]dCTP-labeled RecQ5[-specific
EcoRV-Xhol cDNA fragment, corresponding to exons 14-19,
prepared from a 6x hemagglutinin (HA)-RecQ5p plasmid at
42°C overnight in 5x SSPE buffer containing 50% formamide,
2% SDS, 10x Denhardt’s solution and 100 pg/ml depurinated
salmon sperm DNA. Washing was under highly stringent
conditions that were essentially the same as described by Kitao
et al. (10): three times with 2x SSC, 0.1% SDS at room
temperature and once with 0.2x SSC, 0.1% SDS for 30 min at
65°C. The filters were exposed to X-ray films that were
analyzed using a BAS1500 system (Fuji film).

Construction of epitope-tagged expression plasmids

RecQ5a., B or ycDNA fragments were excised with EcoRI and
Notl from pAP3-neo vector DNAs and subcloned into
pBluescript II KS+. These plasmids were modified in the
5’-flanking sequences of the first ATG of the RecQ5 gene to
isolate the intact ORF using Nhel and Xhol digestions. The
Nhel- and Xhol-digested DNA fragments derived from
RecQ5a, B and Y cDNAs were subcloned into the Nhel-Xhol
sites of the pcDNA3 mammalian expression plasmid
containing a 6xHA epitope sequence. The 6xHA epitope was
introduced by repeated ligation of oligonucleotides encoding
the epitopic amino acid sequence to the 5" Nhel site. To construct
the 6xHA-RecQ5Bc expression plasmid, the 6xHA-RecQ5[3
plasmid DNA was digested with Nhel to remove the 5’-region
upstream of an endogenous Nkel site and was self-ligated to
code for a C-terminal 246 amino acid polypeptide of RecQ5p.
The c¢cDNAs of human topoisomerases 1, 3o and 3P
comprising the full ORF were amplified by PCR using primer
sets 5-TATTCTAGAATGAGTGGGGACCACCTCCACA-
ACG-3'/5-TATGTCGACGCTAAAACTCATAGTCTTCA-
TCAGCC-3" for topoisomerase 1, 5-TATACTAGTATG-
ATCTTTCCTGTCGCCCGCTACG-3"/5-TATCTCGAGGC-
TCATCTGTTCTGAGGACAAAAGG-3" for topoisomerase
30 and 5-TATGCTAGCATGAAGACTGTGCTCATGGTT-
GCTG-3'/5-TATCTCGAGGGACAGGGTC-ATCATACA-
AAGTAGG-3’ for topoisomerase 3. The amplified cDNA frag-
ments were digested with restriction enzymes whose sites were
tagged with primers: Xbal and Sall for topoisomerase 1, Spel
and Xhol for topoisomerase 300 and Nhel and Xhol for topo-
isomerase 3. The fragments were subcloned downstream of a



sequence encoding the N-terminally tagged Flag epitope in a
pcDNA3-based vector and were sequenced.

Transfection and expression in 293EBNA cells

Human 293EBNA cells (Invitrogen) were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10%
heat-inactivated fetal calf serum. The cells were cultured at
37°C in an incubator with 5% CO,. Confluent cells (70%)
cultured in 60 mm dishes were transfected with 3 pg of the
expression plasmid DNA using Lipofectamine (Gibco BRL)
and the transfected cells were grown for 48 h at 37°C.

Immunoprecipitation and western blot analysis

After 48 h transfection in a 60 mm dish, the cells were
harvested, washed with phosphate-bufferred saline (PBS) and
lysed in 300 pl of lysis buffer (50 mM Tris—HC], pH 8.0, 150 mM
NaCl, 0.5% NP-40, 1 mM phenylmethylsulfonyl fluoride). The
cell lysate was obtained by centrifugation at 15 000 r.p.m. for
30 min at 4°C. For immunoprecipitation, the cell lysate was
incubated with 20 pl of M2 agarose (Eastman Kodak) over-
night at 4°C. The protein-bound agarose beads were washed
four times with PBS containing 0.05% Tween 20 and the
proteins eluted with 20 pl of lysis buffer containing 100 pg/ml of
Flag peptide. The proteins were fractionated using SDS-PAGE,
transferred to polyvinylidene difluoride membranes and
treated with PBS containing 5% (w/v) skimmed milk. The
membranes were then incubated for 60 min at 4°C with anti-HA
rabbit polyclonal IgG (Santa Cruz) or anti-Flag M2 mouse
monoclonal IgG (Eastman Kodak), washed and then incubated
for 60 min at 4°C with horse radish peroxidase (HRP)-conjugated
anti-rabbit IgG (Amersham) or HRP-conjugated anti-mouse
IgG (Dako, Denmark). After incubation, the membranes were
washed and developed using ECL™ (Amersham Life Science,
UK).

Immunocytochemistry

The transfected and harvested cells (5 x 10%) were washed with
PBS. The cells were placed on a glass slide (s8111; Matsunami)
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using the cytospin method and fixed with 3.7% formaldehyde
in PBS. After washing with PBS, the cells were treated with
3% (w/v) skimmed milk in PBS at room temperature and incubated
with the first antibody overnight at 4°C. After another washing
with PBS, the cells were further incubated with the second
antibody for 1 h at room temperature. For subcellular localization
of RecQS5 isoforms, 2.5 pg/ml of rabbit anti-HA IgG and
biotinylated anti-rabbit IgG were used as first and second
antibodies, respectively. To double stain HA- and Flag-tagged
proteins, 2.5 pug/ml of rabbit anti-HA IgG and 10 pug/ml of
mouse anti-Flag IgG were used as first antibodies and
biotinylated anti-rabbit IgG and fluorescein isothiocyanate
(FITC)-conjugated anti-mouse IgG were used as second
antibodies. After washing again with PBS, the cells were
incubated with streptavidin—FITC or streptavidin—Texas red
for 30 min at room temperature and counterstained with DAPI
[5-(N-2,3-dihydroxypropylactamido)-2,4,6-triiodo-N,N’~(bis-2,3-
dihydroxypropyl)isophthalamide]. Fluorescent images were
visualized using a Nikon Optiphot-2 microscope fitted with a
60x Nikon PlanApo oil immersion objective and a double-pass
filter set for fluorescein/DAPI. Images of double labeled cells
were produced using a confocal laser scanning microscope
(Fluoview, Olympus).

RESULTS

Characterization of the RecQS5 gene and identification of three
RecQ5 isomer transcripts generated by differential exon use

Characterization of the RecQ5 gene using P1 phage DNAs
showed that it contained at least 19 exons (Fig. 1A). Table 1
shows the nucleotide sequences at the exon—intron junctions.
Previously, we showed that RecQ5 mRNA consists of two
transcripts having different sizes of 3.6 and 3.8 kb (10). Our
further studies that cloned new RecQ5 cDNAs from human
testis mRNAs and determined the sequences, showed that at
least three different transcripts code for RecQS5 DNA helicases
of different sizes. The original RecQ5 gene (referred to hereafter

Table 1. Exon—intron organization of the human RecQ5 gene

E}’g}{ Exo?bls)ngth Acceptor splice site Donor splice site Intro(nb:)e)ngth
1 290 AAAAGgtaacattaccaagctaccttectt

2 122 atattgttgtcttgtattttttcagGTAAC TTCAGgtgaggcttagggcaatgaagatgg

3 519 ttacagcctcectttetettectecttagGACCA AAGGGgtgaggcattgaggtggaggccaag

4 103 tttettecctgecateteecccattcagTTATC TGCAGgtaaggggcacccaggccacttgag

5 112 ttcteccatcttececctectttacagGGCTG GTCAGgtgagetttggttcettgecctgece

<] 163 ctgcttgtececctttggatcctacagGTTTG TCCAGgtaaggcttgggcagtaaaaggtct

7 2406 ctaagtggtcattttttgtccccagGAAAA

7a 80 ctaagtggtcattttttgtccccagGAAAA CTGGGgtaagtgacttattttatatgtgga

7b 360 gcatctgttttacctgcatctgcagGCGAT

8 219 acctctgcggtgectgectgetecagGTGCC  AGCAGgtaaggggccgagaagccagggcecte 200
9 100 ccactcacgectggectgtececctagGTATG  GCAAGgtgaggggaggcactcagtggectg 139
10 37 atgggtccttcatgttgtecteccagGGCAA  CCCAGgtcagtacagaaatgteccctggagy -
11 59 aggaccaccccccccccacacacagATGAG TGAAGgtaagagacgggcagctcectcagece 86
12 74 gaccagtctcactgtcctgtgecagGCACG GATGAgtgagttccacgatcactgggcectga 341
13 94 tgtgcctgttaccttgcacccacagAGCTG AGAAGgtgggcctggtgcaggcggacccag 341
14 135 agcctcectgectatecectgeccagGTGGC  ACTCGgtgagectgtggeccagtggectceca 232
15 542 cctctecctectgectcacatttacagCTCAA  CCAAGgtaagggtacaggtagtcatagaat 171
16 N tgatgcctgectettecctectaccagCACCT AGCAGgtgccggcagggatgagtcectgttgg 229
17 225 gaccctctgctgtggcecttctcagGAGAA  CCAAGgtagggggagtgagtgggctcectgece -
18 70 cttctecttectecctetececttecagGAGTT  GAGCGgtgagcgctggecattgecagggeca 100
19 668 tcatgcccccaccctgaatctgtagTGAAA
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Figure 1. Structures of RecQS5 genes and the encoded RecQS5 proteins. (a) Genomic
structure of the RecQ5 gene and the exon uses of three RecQ5 mRNA isomers,
RecQ5a, RecQ5P and RecQ5y. (b) Schematic representation of three RecQ5
helicase isomers, RecQ50., RecQ5f and RecQ5y. The sizes of each protein are
given on the right. The darkened areas indicate the locations of the helicase
domains shared by the RecQ helicase family. The hatched areas indicate the
extended homologous region to E.coli RecQ helicase. The regions indicated by
bars indicate identical amino acid sequences among the three isoforms.

as RecQ5a) that we reported previously (10) was the largest
subset of transcripts (3715 bases) among the three RecQ5
transcript species, consisting of exons 1-7, but encoded a small
polypeptide RecQ5a. of 410 amino acids (Fig. 1a and b). The
second largest transcript, RecQ5B (3703 bases), formed by
exons 1-7a and 8-19, coded for the largest polypeptide
RecQ5P of 991 amino acids (Fig. 1a and b). The third transcript,
RecQ5vy, was the smallest in size (1749 bases), formed by
exons 1-7a and exon 7b and coded for the small polypeptide
RecQ5y (Fig. 1a and b). The protein structures of all three
polypeptides predicted from the defined genomic sequence
share seven motifs conserved for DNA helicases (darkened
areas in Fig. 1b). In contrast, the largest polypeptide RecQ5p
contained a large C-terminal region that includes a domain
homologous to the non-helicase domain of the E.coli RecQ
DNA helicase (hatched region in Fig. 1b). Recently, Sekelsky
et al. (32) cloned the RecQ5 homolog gene dRecQ5a in
Drosophila that encodes a polypeptide of an equivalent size
(1057 amino acids) to RecQ5B. A comparison of the amino
acids sequences of dRecQ5a and human RecQ5f showed that
these two polypeptides share considerable homology, particularly
in the N-terminal helicase domain and the C-terminal region
(Fig. 2).

Northern blot analysis of the RecQ5 mRNA in human tissues

Our previous studies using a DNA probe prepared from the
helicase domain of RecQ5a showed that: (i) the profile of
RecQS5 expression in human tissues largely resembles that of

RecQl, ubiquitously expressed in all tissues examined, with a
notably strong expression in the pancreas and testis, similar to
some extent to that of WRN; (ii) at least two major isomer
transcripts of 3.6 and 3.8 kb exist (10). To determine whether
the expression profile of the new large RecQ5B mRNA differs
from that of the original RecQS5 (now renamed RecQ5a), we
prepared a DNA probe from the 3’-terminus (exons 14—19) of
RecQ5p and carried out northern blot analysis for expression
in various tissues under highly stringent conditions (Fig. 3).
Again, RecQ5 was expressed in all the tissues and organs
examined, with strong expression in the testis. The expression
profile was, however, distinct from that of RecQ5oa, with
reduced expression in the pancreas and increased expression in
the kidney. Two major transcripts of 3.6 and 3.8 kb were
detected, consistent with our previous findings, but there were
other small and large RecQ5B-related RNA species found in
the placenta and kidney (indicated by asterisks). These results
suggest that the tissue-specific expression of RecQ5p is by
selective exon use and perhaps other unidentified RecQ5p-
related transcripts exist in the placenta and kidney.

Nuclear localization of RecQ5p helicase but not of RecQ50.
and RecQ5Y helicases

BLM, WRN and RecQ4 helicases migrate to and localize in
the nucleus (17-19), while RecQ1 helicase localizes in the
nucleus and cytoplasm (33). To understand the subcellular
localization of the three RecQ5 helicase isomers, we expressed
the genes N-terminally tagged with epitope sequence
(YPYDVPDYASL) of influenza virus hemagglutinin (HA)
repeated six times in 293EBNA cells. As our preliminary
experiments showed that expressed RecQ5[3 migrates into the
nucleus, we also expressed a part of the C-terminus (246 amino
acids, referred to as RecQ5fc) to locate the nuclear localization
signal (NLS) sequence. Figure 4a shows structures of the
expressed proteins. A total of four recombinant proteins were
expressed with the sizes confirmed by western blot analysis
using a HA-specific antibody (Fig. 4b). The molecular weights
of the individual proteins were estimated as 53, 140, 60 and
49 kDa for RecQ5¢, RecQ5p, RecQ5y and RecQ5[c, respectively.
The subcellular locations of the expressed proteins were next
examined by immunocytochemical staining using the HA-specific
antibody and a biotinylated antibody to rabbit immunoglobulin
and the expressed proteins were stained green with streptavidin-
conjugated FITC (Fig. 5). To locate the position of the nuclei,
the same cells were stained with DAPI, which stains duplex
DNA blue. The data clearly show that RecQ5a (Fig. 5Sa and b)
and RecQ5y (Fig. Se and f) are localized in the cytoplasm. In
contrast, RecQ5p migrates to the nucleus (Fig. 5¢ and d),
suggesting that RecQ5p is a nuclear helicase. RecQ5Bc¢ also
migrated exclusively into the nucleus (Fig. 5g and h), indicating
that the NLS of the RecQ5p protein is within this small C-terminal
fragment.

RecQS5[ protein interacts with topoisomerases 3o, and 33

The high sequence homology to E.coli RecQ DNA helicase
and a clear biochemical nature to localize in the nucleus strongly
predict that RecQ5[ is most probably a helicase involved in
DNA unwinding. Although such a DNA helicase activity of
the RecQ5[ protein remains to be substantiated using the puri-
fied protein, we examined whether the expressed RecQ5f
protein interacts with type I topoisomerases that cooperate with
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dRecQ5a —=—————--— MAHESAVHEA]‘:I:I:HEE-H SKEI:S Di.gfKJ:VKCAVKKKQBXYYS&&EESSEX:?&. 51
hRecQ5p MGSHHTTFPFDPERRVRSTLKKVFGFDSFKTPLQESATMAVVKGNKDVEVCMPTGAGKSL 60
dRecQ5a CFQLPGLMSENQ ITIYF?Z&L&E}KE?IDHLTKLKVPADSLNSKMSTKERDRVIMDLK_AV 111
hRecQ5p CYQLPALLA—KGITIVVSPLIALIQDQVDHLLTLKVRVSSLNSKLSAQERKELLADLERE 119
dRecQ5a RTNLKFLYITPE QAATKFFQDLLQTLHKHNKLAYFAVDEAHCVSQWGHDFRPDYLKLGEL 171
hRecQ5p KPQTKILYITPEMAAS S SFQPTLNSLVSRHLLS YLﬁﬁﬁéagaﬁaﬁlﬁ;‘i;E;iRiaAi 179
dRecQ5a l}ﬁKYSDVIWLﬁEﬁEﬁS REXKEBIYKQE-REHQI:YQQESI‘ESE!}K&EzBIVYgNS£EBDF 231
hRecQ5f RSRLGHAPCVALTATATPQVQEDVFAALHLKKPVAIFKTPCFRANLFYDVQFKELISDPY 239
dRecQ5a QHLADFARHCLGNPKEFKDTPKPQRGCGIVYCRTRDQVERMAI GVTKQGI GAVA¥EI$§£!§ 291
hRecQ53 GNLKDF———CLKALGQ——EADKGLSGCGIVYCRTREACEQLAIELSCRGVNAKAYHAGLK 294
dRecQ5a TGERTEVQEAWMRGDQPIICATNSFGMGVDKPSVRFVIHWDVPQNVAAYYQESGRAGRDG 351
hRecQ5p ASERTLVQNDWMEEKVPVIVATISFGMGV'DKANV'RFVAHWNIAKSMAGYY&Egéﬁé;iBé 354
dRecQ5a LQSYCRLYYGREDVRSIRFLLONDAHRARG- RGDKELLTERAIKQFEKITEFCERTTCRH 410
hRecQ5p KP;WE;]”:;;S;NDRDQVSFLIRKEVAKLQEKRGNKASD KATIMAFDALVTFCEELGCRH 413
dRecQ5a KLFSDFEEEPTEDSSGQEBVSKREKKAEKA&EMFHELCM——DDAFKSHI SLQDCAD{.:zE!E 468
hRecQ5f AAIAKYFGDALPACAKGCDHCONPTAVRRRLEALERSSSWSKTCIGPSQGNGFDPELYEG 473
dRecQ5a EI:PEIKRAAQEYAGGEszDDDEEQSHSSMﬁ—!:I:AKKESQDEIKQgFNEl}I:QISAARQLE 527
hRecQ5p GRKGY---—GDFSRYDEGSG-GSGDEGRDEAHKR---EWNLFYQKQMOLRK--GKDPKIE 523
dRecQ5a QETIAQISRVRMAEATEKKIAGLQATHREKYLTALIDALKANVDKCKDEPGQQPKSVLKY 587
hRecQ5p —EFVPPDENCPLKEASSRRIPRLTVKAREHCLRLLEEALSSN ———————— RQSTRTA-DE 573
dRecQ5a NEYEi\MS\*INME*IYDVE%QN§¥£§M¥RHALVI§EISTEKKLTEQTKLLPLLVDYIPKPETSEI’S 647
hRecQ5p ADLRAKAVELEHETFRNAKVANLYKASVLKKVADIHRA--——-——————————————— SK 613
dRecQ5a —GAW—— GGSVAYFERKLKELEEQRPQSLKEVPKA LKDRKGFKQENSKQTSISSFFKKE 703
hRecQ5f DGQPYDMGGSAKSCSAQAEPPEPNEYDIPPASHVYSLKPKRVGAGFPKGSCPFQTATELM 673
dRecQ5a IKEEPIDSPIQEERVNIKSEQMDLEESTPKDIASNHVKEESVTPESSSSDRELELQPDSI 763
hRecQ5p ETTRIREQAPQPERGGEHEPPSRPCGLLDEDGSEPLPGPRGEVPGGSAHY————GGP S— 727
dRecQ5a IGERI.EFI:LMENEDEEYDTHRI:KRVSHETQPKEKESIKT]:SfMQHLFGSEKSESEESNQSL 823
hRecQ5p —-EKKAK-SSSG-GSSLAKGRASKKQQLLATAAH----KDSQSIARF-FCRRVESPALLA 779
dRecQ5a NGFKTARQMLEENNAKLKEVEEKLPIKDEEKGVLE NRADS IGFESAREMLEESKQREGDE 883
hRecQSp SAPEAEGACPSCEGVQ--GPPMAPEKYTGEEDGAGGHSPAPPQTEEC-LRERPSTCPPRD 236
dRecQ5a KSSNKLEKLGFISAREMLEKNKLNERCLDI:KDVI:E!:KLESRETKI:?L?—&INEL?HKQEED 942
hRecQ5p QGTPEVQPTPA--—————=—=———————— KDTWKGKR~===—-~ PRSQQENPESQPQKRPR 872
dRecQ5a RKDKASHRKTSKESLSNLKKEGSDSRVLQKDTKPEKNHQKT DVSKNVV-QWLNPYYKR-K 1000
hRecQ56 PSAKPSVVAEVKGSVSASEQGTLNPTAQDPFQLSAPGVSLKEAA NVVVKCET;F;I’EEG;E 931
dRecQ5a IATKELFKALAK————LLTQRICDGSLGDGDAGKCYIKETFHGLQMINNDQDIEKYFIKSK 1057
hRecQ5p FASKELFKGFARHLSHLLTQKTSPGRSVKEEAQN LIRHFFHGRARCESEADWHGLCGPQR 991

Figure 2. Comparison of the amino acid sequences of Drosophila melanogaster RecQ5a and human RecQ5p. dRecQ5a, Drosophila melanogaster RecQ5a;
hRecQ5f, human RecQ5. The asterisks denote amino acid residues identical between the two proteins.

helicases. S.cerevisiae Sgs1 DNA helicase, for example, binds
to topoisomerase 3 and the two enzymes cooperate to suppress
hyper-recombination (13), and sgsl mutant cells have a poor
growth rate in a topoisomerase 1-defective background (34).
To determine whether RecQ5f is capable of binding to human
type I topoisomerases, we carried out a series of co-expression
experiments using human topoisomerases 1, 3o and 3B in
293EBNA cells. In this experiment the RecQ5p protein was
expressed as a form N-terminally tagged with influenza virus
HA (6xHA-RecQ5B). Topoisomerases were expressed
individually as N-terminal Flag-tagged forms (Flag-Topl,

Flag-Top30. or Flag-Top3P). After co-expression with
individual topoisomerases, RecQ5B protein bound to the
topoisomerases and co-immunoprecipitated with anti-Flag
antibody was analyzed by western blot analysis using anti-HA
antibodies. In these co-expression experiments, 6xHA-RecQ5[3
and the three topoisomerase proteins were expressed at their
expected sizes in 293EBNA cells, as measured by western blot
analysis using antibodies specific to HA (Fig. 6a) and to Flag
(Fig. 6b). Individual topoisomerases in the cell extracts were
then immunoprecipitated by anti-Flag antibody-conjugated
agarose beads, eluted by Flag peptide and the 6xHA-RecQ5f3
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Figure 3. Multiple tissue northern blot analysis to compare the expression levels of the human RecQ5 gene. A multiple tissue northern blot (Clontech) was
prepared with 2 pg/lane poly(A)* RNA. A DNA fragment containing exons 14—19 of the RecQ5p gene was used for the probe. Arrows show the major species of
RecQ5p transcripts of 3.6 and 3.8 kb that were detected in this study and in our previous report (10). Asterisks show the RecQ5[ 3’-terminus-related RNA species

that were not pursued in this study.

protein potentially bound to each topoisomerase was analyzed
by western blot analysis using anti-HA antibodies. The results
clearly show that 6xHA-RecQ5p was co-immunoprecipitated
with Flag-Top3o and Flag-Top3p, but not with Flag-Topl
(Fig. 6¢), suggesting that RecQ5p helicase binds specifically to
topoisomerases 3o and 3.

Co-localization of RecQ5p3 and topoisomerases 3o and 33
in the nucleoplasm

To confirm that the interactions between RecQ5[ and topoi-
somerases 3o and 3f also occur in cells, we examined the
subcellular localization of expressed proteins by immunocyto-
chemical staining using fluorescence-conjugated anti-HA and
anti-Flag antibodies. The expressed 6xHA-RecQ5[ was visualized
as red by staining with Texas red dye and Flag-Top3o and
Flag-Top3 proteins were visualized as green by staining with
FITC dye (Fig. 7); Figure 7a shows the staining profiles of
6xHA-RecQ5p and Flag-Top3a, and Figure 7b shows those
of 6xHA-RecQ5p and Flag-Top3p in the same cells. These
data strongly indicate that 6XHA-RecQ5p exists in the nucleo-
plasm of 293EBNA cells, co-localizing with Flag-Top3o. and
Flag-Top3p. This apparent co-localization was confirmed by
merging the stained profiles of 6xHA-RecQ5p and Flag—
Top3a, and 6xHA-RecQ5B and Flag-Top3, both of which
produced matching yellow staining (Fig. 7a and b, right).

DISCUSSION

In this paper we have defined the exon—intron structures of the
RecQS5 gene, and we show that three RecQ5 helicase isomers,
RecQ50, RecQ5B and RecQ5Y, are generated as a result of
differential splicing of the RecQS5 gene transcript. Two of these
isomer gene products, RecQ5a and RecQS5y, are small and
localize in the cytoplasm, while RecQ5B migrates into the
nucleus and exists in the nucleoplasm, like other human RecQ
helicases (Fig. 5). Our amino acid homology search indicated that
apotential NLS with the sequence KRPRSQQENPESQPQKRPR
exists in the C-terminus (residues 854-872 amino acids) of
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Figure 4. Expression of RecQS5 isoforms in 293EBNA cells. (a) Schematic
representations of three recombinant RecQ5 helicase isomers, RecQS5o.,
RecQ5B and RecQ5v, all N-terminally tagged with influenza virus 6xHA.
RecQ5Bc contains an N-terminal 6xHA tag and the C-terminal region of
RecQ5B (amino acid residues 746-991). Numbers indicate amino acid residues.
(b) Western blot analysis of three RecQ5 helicase isomers and RecQ5fc
expressed in 293EBNA cells. Cell lysates prepared from cells transiently
transfected with each construct were size fractionated by SDS—PAGE and
analyzed by western blot analysis using anti-HA antibody.
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Figure 5. Subcellular localization of RecQ5 isoforms in 293EBNA cells. Each construct was transiently expressed in 293EBNA cells and the cells fixed and stained
with anti-HA antibody as shown in Materials and Methods. Localization of the RecQ35 isoform and RecQ5[c proteins are indicated by FITC (green, left panel) and
the nuclear positions are shown by DAPI (blue, right panel). (a and b) RecQ5a; (¢ and d) RecQ5; (e and f) RecQ5y; (g and h) RecQ5fc.

RecQ5p, which is absent from both RecQ50 and RecQ5y. A
similar bipartite NLS motif comprising two arrays of basic
amino acids with a spacer region of any 10 amino acids
between them has been found in many nuclear proteins,
including nucleoplasmin, p53 and topoisomerases (reviewed in 35).
Previously, we identified the NLS as having an array of basic
amino acids, RKRKKMPASQRSKRRK (residues 1334—1349)
and KRRCFPGSEEICSSSKRSK (residues 1371-1389), in the
C-termini of BLM (17) and WRN (18), respectively, and found
that most mutations generate truncated helicases lacking the
NLS, causing WRN and BLM not to be transported to the
nucleus, where the DNA helicases are presumed to function.
Importantly, this finding clearly explains why WS and BS
patients show a set of similar clinical phenotypes no matter
what type of mutation they carry (18). More recently, we
showed that WRN helicase can exist not only in the nucleo-
plasm (36) but also in the nucleolus (19), confirming the
previous data of Marciniak et al. (37).

The expression profile of RecQ5p is largely the same as that
we previously reported for RecQ5a., although stronger expression
of RecQ5P in the testis was noted in this study. These data

predict that a mutation in RecQ5[3 may cause a disease that
shows the phenotypes shared by BS, WS and RTS, although
whether RecQ5f is a disease-causing gene remains to be
investigated. Our studies using immunoprecipitation showed
that the expressed RecQ35p binds to topoisomerases 3o and 33,
but not to topoisomerase 1 (Fig. 6). Although the results should
be confirmed by the endogenous proteins and their specific
antibodies, the data of this study at least support the view that
overexpressed RecQ5B shows preferential binding to over-
expressed topoisomerases 3o and 3P, similar to yeast Sgsl,
which binds to overexpressed topoisomerases 2 and 3 in two-
hybrid analyses (13,16). The fact that the expressed RecQ5f3
failed to bind to overexpressed topoisomerase 1 suggests that
the apparent preferential binding to topoisomerases 3o and 33
is unlikely to be mediated simply by DNA. Further immuno-
cytochemical double staining of expressed RecQ5p and topoi-
somerases 30, or 3 in 293EBNA cells (Fig. 7) was consistent with
this conclusion. Gangloff et al. (13) showed that the N-terminus of
yeast Sgsl helicase binds to topoisomerase 3. Whether the
interaction between RecQ5[ and the two topoisomerases is
also mediated by the RecQ5[ N-terminus remains to be studied.
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Figure 6. Co-immunoprecipitation of RecQ5f and human topoisomerases 30
and 3B. (a) Expression of 6xHA-tagged RecQ5p protein in 293EBNA cells.
293EBNA cells were transfected with 6xHA-RecQ5f, Flag—Top3o. and
Flag—Top3p as indicated. Cell lysates were prepared from the cells, size
fractionated by SDS—PAGE and analyzed by western blot analysis using anti-
HA antibodies. (b) Expression of Flag-tagged type I topoisomerase proteins in
293EBNA cells. Anti-Flag antibodies were used in a western blot analysis.
(c) RecQ5P protein co-immunoprecipitated with topoisomerases 3o and 3.
Type I topoisomerases and their binding proteins were precipitated with anti-
Flag IgG-conjugated agarose beads and were eluted with Flag peptide. The
eluted proteins were size fractionated by SDS—PAGE and analyzed by western
blot analysis using anti-HA antibodies.

Topoisomerases remove positive and/or negative superhelicity
from DNA (38). The SV40 T antigen, a viral DNA helicase,
binds to topoisomerase 1 (39) and yeast Sgs1 binds to topoi-
somerases 2 and 3 (13,16), perhaps to cooperatively regulate
the superhelicity and relax the distorted DNA structure generated
as a result of DNA unwinding. Consistent with this, Harmon
et al. (40) recently showed that E.coli RecQ helicase specifically
stimulates topoisomerase 3 to fully catenate double-stranded
DNA molecules by unwinding a covalently closed DNA,
proposing that these two proteins functionally interact and
control cellular recombination. In the absence of cooperation
between helicase and topoisomerases, an imbalance may
occur, yielding potential recombinogenic lesions. It is thus
intriguing that RecQ5p is capable of binding to topoisomerases
300 and 3B. This finding strongly supports the view that
RecQ5[ is probably an active DNA helicase and is involved in
nucleoplasmic DNA metabolism, but this remains to be clarified.
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Figure 7. Co-localization of RecQS5B with topoisomerases 3o and 3.
293EBNA cells were co-transfected with 6xHA-RecQ5f and Flag—Top3o. (a)
or Flag—Top3p (b), then fixed and stained with anti-HA and anti-Flag
antibodies as described in Materials and Methods. Flag—Top3o and Flag—Top3[3
proteins were detected by FITC (green, left panels) and 6xHA—RecQ5p protein
by Texas red (red, center panels). The merged profiles are shown in the right
panels. Co-localization of RecQ5f with topoisomerases 30, and 3 is seen in
yellow in the right panels.
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