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Noriyuki Suzuki , Miwa Shiratori , Makoto Goto 1 and Yasuhiro Furuichi*

AGENE Research Institute, 200 Kajiwara, Kamakura 247-0063, Japan and 1Department of Rheumatology,
Tokyo Metropolitan Otsuka Hospital, Toshimaku, Tokyo 170, Japan

Received February 3, 1999; Revised and Accepted April 12, 1999

ABSTRACT

We show that WRN helicase contains a unique 5 '-3'
exonuclease activity in the N-terminal region. A
deletion mutant lacking 231 N-terminal amino acid
residues, made in a baculovirus system, did not
have this activity, while it showed ATPase and DNA
helicase activities. This exonuclease activity was co-
precipitated with the helicase activity using monoclonal
antibodies specific to WRN helicase, indicating that it
is an integral component with WRN helicase. The
exonuclease in WRN helicase does not digest free
single-stranded DNA or RNA, but it digests a strand in
the duplex DNA or an RNA strand in a RNA/DNA
heteroduplexina5 '- 3' direction dependent on duplex
unwinding. The digestion products were identified as
5’-mononucleotides. Our data show that WRN helicase
needs a single-stranded 3 ' overhang region for efficient
binding and unwinding of duplex molecules, while
blunt-ended or 5 ' overhang duplex molecules were
hardly unwound. These findings suggest that the WRN
helicase and integral 5 '- 3' exonuclease activities are
involved in preventing a hyper-recombination by
resolving entangled structures of DNA and RNA/DNA
heteroduplexes that may be generated during rep-
lication, repair and/or transcription.

INTRODUCTION

disease associated with a genomic instability).(Two other
eukaryotic homologs of thE.coli recQ DNA helicase thus far
identified are Saccharomyces cerevisia8GS1(4,15) and
Schizosaccharomyces pombal+ (L6).

DNA helicases have important roles in cellular processes, such
as genome replication, recombination, repair and transcription,
by unwinding the duplex DNAL(/). Escherichia coliDNA
helicase RecQ is involved in double-strand break rep@jirahd
acts as a suppressor of illegitimate recombinafién Mutation
of yeast SGS1 suppresses the slow growth phenotype of a mutant
cell that has a mutation in the topoisomerase-3 gene and also
causes missegregation of chromosomes during meiosis and
mitosis (L4,15). The rghl+ gene db.pombéhas been isolated
from mutant cells that are sensitive to hydroxyurea (HU) and
rgh1l— mutant cells were found unrecovered from HU arrest at S
phase because of a high level of recombinatidi). (n this
context, we showed that the human BLM and WRN helicases can
suppress increased homologous and illegitimate recombinations
in aS.cerevisiasgsl mutant, implying a role of BLM and WRN
helicases in controlling genomic stability in human cél®.(

We and others have demonstrated that the WRN helicase
generated in insect cells has DNA-dependent ATPase and DNA
unwinding activities £1,22). We also showed that intact WRN
helicase migrates to the nucleus due to a nuclear transport signal
(NLS) in the C-terminus proximal region, while truncated WRN
proteins in most WS patients that lack the NLS are unable to do so.
Importantly, this finding clearly explains why WS patients show a
set of similar clinical phenotypes no matter what type of mutation
they carry £3,24). Recently, we showed that gene expression of

Werner syndrome (WS) is a human autosomal recessive gen&RN helicase is highly up-regulated in virus-transformed cells,
disorder causing symptoms of premature aging accompanied inymortalized cells and various tumor cell lines and that WRN
an increased risk of cancer and shows a genomic instability relicases exist mainly in the nucleoplasts)( Apart from these

patient cells1-7). The gene for WS (WRN) has been identifieddefined biochemical properties, the following important problems
as a homolog of thEscherichia coliRecQ gene that encodes aare unsolved. Does WRN helicase unwind DNA of any special
DNA helicase §,9). To date, five members have been identifiedstructure or regular duplex DNA? Does WRN helicase contain

in the human RecQ DNA helicase family, including the @, (

BLM (Bloom syndrome)11), WRN, Q4 and Q5 helicases?,

another enzymatic activity besides the helicase? In this context, we
have shown that WRN helicase can unwind RNA/DNA hetero-

although the biological role(s) of these helicases remairduplexes in addition to regular duplex DNA and that the amounts of
unknown. The Q4 gene has recently been identified by us ashe released RNA and DNA oligonucleotides are significantly
causative gene of Rothmund-Thomson syndrome, a genetéduced from those of the starting material, suggesting that part of
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the oligonucleotides are digested upon duplex unwindiy ( before @1). The partially purified WtWRN andN231 proteins
Regarding this potential presence of a nuclease activity in WRNere subjected to a further purification after dilution to a salt
helicase, Mushegiaat al (26) and othersq7-29) predicted that the concentration of 75 mM NaCl and were applied first to a
N-terminal globular domain of WRN helicase may contain deparin—cellulose column (HiTrap; Phrmacia). After washing the
nuclease activity, after their computer homology searches; theglumns with 10 column vol of K buffer (50 mM HEPES—KOH
suggested that the nuclease-like sequence is contained only in WBINfer, pH 7.9, containing 100 mM KCI and 10% glycerol), the
helicase and not in other members of the RecQ family of helicadasund proteins were eluted by increasing concentrations of KCI. The
and that the combined nuclease and helicase domains maypoeled peak fractions eluted at 350650 mM KCI from the
involved in DNA repair or RNA processing. heparin—cellulose column were diluted to a concentration of
To address the problems raised above and also to understandiitb@ mM KCI and the mixture was loaded onto a Q-Sepharose HP
reasons behind the unexpected digestion of the released produotdumn (HiTrap; Pharmacia). After washing the column with K
we generated a mutant WRN helicase that lacked the predictedffer, the proteins were eluted in steps using an increasing
N-terminal exonuclease domain, purified it from contaminatiorconcentration of 100-800 mM KClI in a total volume of 25 ml. All
with cellular nuclease and characterized its enzymatic activities fractions were characterized using 10% PAGE in the presence of
comparison with the intact enzyme. As a result, we found that tfe1% SDS (SDS-PAGE) by staining with Coomassie brilliant blue
N-terminal region of WRN helicase contains a 8' exonuclease R-250 and by western blot analysis using a monoclonal antibody
activity as described in this paper. This exonuclease does not diggsécific to the C-terminal region of WRN helicase.
free single-stranded DNA or RNA, but can digest the DNA or the
RNA strand that is unwound from DNA/DNA or DNA/RNA Construction of the substrate DNAs for helicase and
duplexes, respectively, in a helicase-dependent manner. exonuclease assays
During this work, Huanget al (30), Shenet al (31) and )

Kamath-Loelet al (32) reported that a3 5' DNA exonuclease The standard sut?strate DNA was generated by the following
resides in the N-terminal region of WRN helicase and that thiocedure. The &%P-labeling of an EccRI+Splt-digested
nuclease activity is physically and functionally separable from thi¥13mp18 RF phage M13 DNA fragment (41mer) was performed
helicase activity. These findings are similar to our finding&Vith afill-in reaction :Py the Klenow fragment of DNA polymerase
regarding the presence of an exonuclease in the N-terminal regioiith dTTP and §- “PJdATP. The labeled DNA fragment was
of WRN helicase, but differ in the direction of nuclease reactiorf€natured, annealed to an excess amount of the single-stranded M1:
as well as the independent nature of the exonuclease activity in tAA and purified by spin filtration. AHindlll+EcdRl-digested
duplex unwinding by helicase. fragment (43mer) of M13 duplex DNA wasl&beled with*2P by

T4 polynucleotide kinase arjg-32P]ATP, after phosphatase treat-
ment and digestion wittpnl. The oligodeoxynucleotides used
MATERIALS AND METHODS for helicase and exonuclease assays wWer&GTEGACTCTA-
Production of wild-type and mutant WRN helicases in GAGGATCCCCGGGTACCGAGCTCGAATTCG*3  (40mer),
insect cells 5'-CGAATTCGAGCTCGGTACCCGGGGATCCTCTAGAGTC-

GACGATCATCCTA-3 (50mer) and SATCCTACTAGCGAAT-
The recombinant baculovirus that expresses a full-length WRINCGAGCTCGGTACCCGGGGATCCTCTAGAGTCGAC-3
cDNA was prepared as described by Suaztkal (21). The  (50mer). They were labeled witf?P at the 5end using T4
recombinant baculovirus producing a deletion mutant lacking thglynucleotide kinase andy-$2PJATP. The 332P-labeling of
N-terminal 231 amino acid residues was made by the followingligoribonucleotide was by RNA ligase (Nippon Gene) and
procedure. A cDNA fragment coding for a deletion mutanta-32PJpCp @3). The labeled oligonuclectides were purified by
protein lacking the N-terminal 231 amino acid residues was maggctrophoresis in 10% polyacrylamide gels; the band of labeled
by PCR usindfu polymerase and primers with additioSgé  oligonucleotides was detected by autoradiography, was excised from
and Xhd restriction cleavage sites and was inserted into thge gel and the oligonucleotide was extracted from the gel slice by
transfer vector pFastBacHTc (Gibco BRL). After recombiningsoaking in 0.3 M sodium acetate containing 1 mM EDTA and 0.1%
with Bacmid DNA inE.coli DH10BACT, the purified recombi-  SDS overnight at room temperature. The labeled oligonucleotides
nant Bacmid DNA containing deletion mutant cDNA and ayere annealed with 255 M13mp18 DNA and non-hybridized
sequence encoding an N-terminal hexahistidine tag was trarsigonucleotides were removed by spin filtration. To prepare short
fected into insect cells by lipofection. The resulting recombinarduplex oligodeoxynucleotides with various terminal structures, the
viruses that expresses the mutant WRN helicase protein wejigjodeoxynucleotides were annealed and the resulting duplex
confirmed by nucleotide sequencing and western blot analysisnolecules were purified by 20% PAGE under non-denaturing

conditions and were recovered from the gel.
Purification of wild-type and mutant WRN helicases

Both the wild-type WRN (WtWRN) helicase and the deletion mutan'f|
WRN (AN231) helicases were produced in Sf9 cells (@8 and  The labeled substrate DNAZ.5 pg) was incubated at 32 with

1 x 1 cells, respectively) by infecting with a recombinant virus apurified WRN protein (5-10 pg) in a reaction mixture (#)

a multiplicity of infection of 5 and the cells were harvested frontonsisting of 50 mM Tris—HCI buffer (pH 7.5), 1 mM Mg(Cl
monolayer flasks after 48 h culture af €7 The cells were washed 2 mM ATP, 2 mM 2-mercaptoethanol (2-ME) and 0.5 mg/ml
once with cold phosphate-buffered saline (PBS), pelleted HSA. After 60 min incubation, the reactions were stopped by
centrifugation (100@ for 15 min at 4C) and stored at —-8C. The adding 5ul Tris—HCI (pH 8.0) buffer containing 0.5 mg/ml
early steps in the purification of both proteins by Ni—nitrilotriacetiqroteinase K, 200 mM EDTA and 2.5% SDS and by continuous
acid—agarose column chromatography were as described byinsubation at 37C for 10 min. The reaction products were

elicase and ATPase assays
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analyzed by 3% agarose gel electrophoresis. The radioactivity aff cells expressindAN231 WRN helicase proteins showed a
the released oligonucleotides was quantified by excising thdistinct band with a relative mass [@f40 kDa, less than the
bands from the dried gel and by measuring the radioactivity usid@®0 kDa wtWRN helicase and consistent with the N-terminal

a Beckmann scintillation counter. deletion of 231 amino acid residues. TAN231 protein was
purified extensively by a series of column chromatographies

Measurement of exonuclease activity by PAGE and using nickel-chelate NTA, heparin—-Sepharose and anion

identification of the reaction product exchange Q-Sepharose HP resins, as described in Materials and

. . Methods. FigurelAc shows the SDS—-PAGE analysis stained
Exonucleas??z activity was measured using gel electrophoregifn Coomassie brilliant blue for both the intact and mutant WRN
using a 3-“P-labeled substrate DNA by the method Ofpglicases. Although they were not purified to a homogenous state,
Mummenbraueet al (34). The reaction mixture (20) was the  hey were free from contamination with cellular nuclease(s) (Fig.
same as that for the helicase assay, but the reaction was run fQd|anes 1-3). To compare the biochemical features strictly, the
much shorter time to detect the intermediate reaction produc{snw/RN helicase was purified at the same time as\231
The reaction was started by adding 5-10 pg protein, Waggtein under the same conditions. FigLBa shows the elution
continued for 2 min at 3T and was then stopped by addind 5 yrqfiles of wtWRN helicase and its derivatiél231 protein in
of a formamide—dye solution (95% deionized formamide, 40 Mfhe |ast column chromatography with a negative ion exchange
EDTA). After incubation at 95C for 4 min, the _p_roducts Were (.Sepharose HP resin. Major parts of MN231 protein were
analyzed by 10% PAGE under denaturing conditions. The gel Waeq at slightly higher concentrations of the KCI gradient than
dried on Whatman 3MM paper and was analyzed using a FUat for wtWRN helicase, consistent with an increased net

Bas (Fuji) image analyser. negative charge of —3 for thé231 protein due to the N-terminal
o ) deletion. When DNA helicase assays were carried out for the
Identification of the exonuclease reaction product fractions containing these WRN proteins using-&B-labeled

After incubating the 532P-labeled oligonucleotide BGCTTG-  Cligodeoxynucleotide (24mer) annealed to single-stranded M13
CATGCCTGCAGGTCGACTCTAGAGGATCCCCGGGTAC.3 PDPNAasa substrate, the_ fractions containing the wtWRN helllcase
annealed to the single-stranded circular M13 DNA with wiwRN300—400 mM KCl fractions) clearly showed a DNA unwinding

heli in the heli ti ixture, th ducts | ivifty as esta_bl_ished by us previously (Fifb, Igft; 21).
ugilrfg Shi;ﬂ vo?tagécssgerf2@@?0%0:2;@).(e products were analy ractions containindN231 (300-450 mM KClI fractions) also

showed DNA helicase activity (Fi@Bb, right), suggesting that
theAN231 protein contains a DNA helicase activity that unwinds
an oligonucleotide—M13 DNA complex. Similar to the wtWRN
helicase 21), this helicase activity of thAN231 protein was
Purified mouse monoclonal antibodies 4F8 and 8H3i@each) dependent on the presence of ATP and the fraction containing
specific for WRN helicase2f) were mixed with the purified AN231 protein showedy®TPase activity similar to the wtWRN
WtWRN protein in 20ul of 50 mM HEPES-KOH (pH 7.9) helicase (data not shown). These findings suggest that the
containing 120 mM NacCl. The mixture was kept overnight@t 4 N-terminal region, particularly the N-terminal 231 amino acid
and then the WRN protein that reacted with the antibodies wagsidue, is not needed for the ATP-dependent DNA helicase
removed by adding 3Qu of protein G-Sepharose 4FF activity.
(Pharmacia) and the resulting precipitate centrifuged. The
helicase and exonuclease activities in the supernatant and pellgtg, 3
were measured as described in the legend to FRufes a -
negative control, mouse IgG (Sigma) was substituted for t

Co-immunoprecipitation of exonuclease with WRN
helicase by specific monoclonal antibodies

exonuclease activity in wtWRN helicase, but
h’}f’t in mutant AN231 helicase

monoclonal antibody. When the purified wtWRN and mutaAN231 helicases were
analyzed for exonuclease activity using substrate DNA consisting
RESULTS of 3-32P-labeled oligodeoxynucleotide annealed to single-

stranded circular M13mp18 DNA, we found that the exonuclease
activity was associated with wtWRN helicase, but not with the
mutantAN231 helicase (Fig®). The wtWRN helicase, eluted at
Protein alignment studies have shown that the N-terminu@00-400 mM KCIl on Q-Sepharose HP column chromatography,
proximal region (amino acid residues 60-231) of WRN helicaseeleased labeled shortened oligonucleotides from a large substrate
is homologous to the functional domain of bacterial RNase D arabmplex that were resolved as a ladder by 10% PAGEZAig.

to a 3- 5' proofreading exonuclease domain of bacterial DNAMWRN). The ladder-like resolution profile of the reaction
polymerase | (Pol A)JA6-29). To examine if this region codes for products was characteristic of an exonuclease reaction after
an exonuclease, we generated a recombinant baculovirus tehort-term incubation. In contrast, the mutAh231 helicase,
expresses a deletion mutant of WRN helicd8¢2@1) lacking eluted at 300—450 mM KCI, released no or only a trace amount
the predicted exonuclease domain but containing an N-terminafl labeled oligonucleotides under the same conditions ZRig.
hexahistidine tag (Fid.Aa). After infecting Sf9 cells with these AN231), suggesting that thd231 helicase contains no or a very
viruses, the nuclear extracts were prepared and analyzed Ibw level of exonuclease activity, even though it contains a
immunoblotting using a monoclonal antibody specific for thecomparable level of helicase activity. When the same reaction
C-terminal region of WRN helicase (FigAb). The nuclear was performed using a different substrate DNA consisting of a
lysate containing the wtWRN helicase tagged N-terminally witt5'-32P-labeled oligonucleotide annealed to single-stranded circu-
hexahistidine was similarly analyzed as a reference. The lysalas M13mp18 DNA, all the reaction products released by wtWRN

DNA helicase activity in a mutant WRN helicase
lacking 231 N-terminal amino acid residues
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Figure 1. Identification of a helicase activity in the purified intact and mutant

WRN proteins expressed in insect cell§. (@) Structures of intact WRN helicase

andAN231 mutant WRN protein' (b) Proteins in cells expressing WIWRN and Figure 2. Identification of the exonuclease activity in the intact WRN helicase
AN231 mutant helicases were resolved by SDS-PAGE and analyzed bybut not in the mutanmiN231 helicase. Both the purified wtWRN afiN231
immunoblotting using a monaclonal antibody (8H3) (25). (c) Analysis of purified WRN proteins after Q-Sepharose column chromatography were analyzed for
WIWRN andAN231 WRN proteins by SDS-PAGE followed by staining with ~ exonuclease activity using two different substraté} -32P-labeled oligo-

Coomassie brilliant blue dyeB)((a) Purification of wtWRN andN231 WRN deoxynucleotide (41mer) annealed to M13 DNA was used as a substrate.
proteins by Q-Sepharose column chromatography and detection by westerrB) 5-32P-labeled oligodeoxynucleotide (43mer) annealed to M13 DNA was
blotting using a WRN-specific monoclonal antibody: wtWRN and masas1 used as a substrate. The reaction conditions were similar to that for the helicase

WRN proteins are shown in the upper and lower panels, respectively. FT,assay, except that the incubation time was shorter (2 min). The products were
flow-through. Numerals represent KCl concentrations (mM) used for eluting resolved by 10% PAGE, after denaturing the substrate DNA complex by
proteins. (b) Presence of helicase activities in both intact wtWRN protein (left) andheating (106C, 2 min) and subsequent chilling in ice. Asterisks represent the
mutantAN231 WRN protein (right). Aliquots of wtWRN anfiN231 WRN 32p-labeled oligonucleotide substrate. A dagger in (A) indicates a short
proteins were analyzed for helicase activity by a displacement assay usingszP-IabeIed contaminant oligonucleotide in the 41mer oligonucleotide.
5-32P_Jabeled oligodeoxynucleotide (24mer) annealed to M13 DNA. The (C) High voltage paper electrophoresis to identify the reaction product obtained
products in 10pl of reaction mixture were analyzed by 3% agarose gel With 5-32P-labeled substrate. X.C indicates xylene cyanol dye used as a
electrophoresis. The results from a reaction mixture heat-denatured @tf&00 standard migration marker. pdC, pdA, pdG and pdT represeritdeefyribo-

4 min (lane 100) or from a mixture containing no WRN protein but processed mononucleotides of cytidine, adenosine, guanosine and thymidine,
similarly to other samples (lane 37are shown as controls. respectively. Pi represents inorganic phosphate.

helicase migrated at high speed in the gel (). WtWRN).  compatible with the ‘3.5 migration on the complementary
With AN231 helicase, however, no apparent reaction occurregirand for DNA unwinding. In agreement with this, when the
and only a very faint sign of radioactivity was observed at thgligonucleotides labeled at either thed 5-end were incubated
position of the mononucleotide (FigB, AN231). The small in their free single-stranded forms with the wtWRN helicase, no
molecular weight product made by incubation with WtWRNexonucleolytic digestion occurred, as shown below, suggesting
helicase was identified a5¥P-labeled JAMP, as it co-migrated that the exonuclease acts on the oligonucleotide in a way that
with authentic 5dAMP in high voltage paper eIectrophoreasdePendS on helicase action.

(Fig. 2C). These results collectively indicate that the exonuclease

activity associated with wtWRN helicase digests the Oligon“CIeQ':o-immunoprecipitation of exonuclease activity with WRN

tide exonucleolytically in a'5. 3 direction. Grayet al (22) ; P P ;
showed that WRN helicase binds to one strand of duplex DNRehcase by monoclonal antibodies specific to WRN helicase

and migrates in & 3 5' direction. Thus, the'5, 3' polarity of the ~ We recently developed several monoclonal antibodies (mAbs),
exonuclease reaction that digests one strand of duplex DNAashong which mAbs 4F8 and 8H3 were defined as having
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100+ - using the purified preparation obtained by Q-Sepharose column
? v ® chromatography (Tablé). The exonuclease required ATP to
= 75 < degrade an oligonucleotide annealed to single—str_anded M13
= a DNA. A non-hydrolyzable ATP analog, AlB, failed to
T o substitute for ATP, but it inhibited the exonuclease activity by
£. 50+ g 90% at 2 mM concentration, which also inhibited helicase activity
§ 3 by 90% (data not shown). The pH range for the exonucleolytic
8 5 g reaction was broad, 6.5-8.5, with the optimum around 7.5. The
2 s exonuclease required the divalent catior?fMgr Mr2* for the

O reaction, while ZA" and C&* did not substitute and adding

EDTA abolished the activity. It was sensitive to a high concentra-
tion of salts: sodium chloride and potassium chloride showed
half-maximal inhibition at 125 mM. All these enzymatic profiles
resemble those of WRN helicase, consistent with the hypothesis

_ _ _ . that the 5exonuclease activity is dependent on the duplex
Figure 3.Immunodepletion of the WRN helicase and exonuclease activities byunwindin reaction of WRN helicase

WRN-specific monoclonal antibodies. Mouse mAbs 4F8 and 8H3, specific for g .

WRN helicase protein, were mixed with the purified intact WRN helicase and

incubated at 4C for 12 h. As controls, PBS alone or mouse IgG were also used-Taple 1. Reaction conditions required for exonuclease associated with WRN
The resulting immunocomplexes formed between WRN protein and antibodie$,gjicase

were captured by protein G—Sepharose 4FF gel matrix and were removed by

centrifugal precipitation. Both helicase and exonuclease activities remaining in

1 2 3 4 5 6 7 8 9 10 11 12

WRN WRN WRN WRN
PBS migG MoAb 4F8  MoADb 8H3

the supernatant fractions were measured by analyzinigafiquots of the Assay conditions Degraded DNA
supernatant. Also, the u_n\/_vinding—dependem exor)uclease activity was mor_"'CompIete standard assay 1.0

tored in the immunoprecipitated fractions. The helicase assay was done using

5'-32P-labeled oligonucleotide (24mer) annealed to M13 DNA as substrate. pH 6.5 ~1.0

The exonuclease assay was carried out usiigPslabeled oligonucleotide H85 10
(43mer) as shown in Figure 2B. The activities of helicase and exonuclease werd" ©- -
quantitated by measuring the intensities of released products, oligonucleotide

and mononucleotide, respectively, in the autoradiograms. The remaining 2 mM Mn+* 0.8
activities in the supernatant of one of the control samples (incubated with PBS) '
were assumed to contain 100% activity. The activities (shown as percentagesp mM Znt* 0.0

remaining in the supernatant fractions are represented for exonuclease by

black column and for helicase by a white column. The unwinding—dependent% mM Ca* 0.0

exonuclease activities recovered from pellets are shown by a hatched columngg mm EDTA 0.0
2 mM ATPYS 0.1
. . . ; . . . 25 mM potassium chloride 0.5
epitopes in the N-terminal region (amino acid residues 232—368]) P

of WRN helicase adjacent to the deduced coding region for WRN25 mM sodium chloride 0.5

exonuclease (amino acid residues 1-23%). (To verify if an _ _ _ B _
exonuclease activity exists in the WRN helicase molecule, wig® complete reaction mixture (30) contained purified WRN helicase
cared out an immunoprecipiation experiment using thesel? ), % et igorucmonte (tmen aesed o s 00 e
monoclonal antibodies. The purified WRN hEIlcaise (after t\tﬁ&bated for 15 min at 3T and the reaction product, a mononucleotide, resulting
Q-Sepharose column Chromatography step) was incubated unwinding and digestion was analyzed by 10% PAGE. An autoradiogram
mAbs 4F8 and 8H3 and the immunocomplex formed between thgs made from the dried gel and exonuclease activities under various conditions
mAbs and WRN helicase was precipitated by binding to a protejre estimated by measuring the intensities of the released mononucleotide
G—agarose gel. As a reference, non-immune mouse IgG was uggebactivity in the autoradiogram. Reaction conditions deviating from that of
instead of specific antibodies. When each of the supernataim complete reaction mixture are indicated in the left column. The right column
fractions was analyzed for DNA helicase and exonuclease, \sfgows the relative activities of exonuclease, assuming the activity in the
found that the exonuclease activity was immunodepleted togettfgmplete mixture as 1.0.

with the WRN helicase activity by mAbs specific for WRN

helicase (Fig.3, columns 7, 8, 10 and 11). In contrast, the To investigate the potential substrate for theX@nuclease in
non-immune 1gG, used as a negative control, did not precipita##RN helicase, we tested a total of 10 different possible substrates
either helicase activity or exonuclease activity (Bigolumns 4  (Fig. 4). Among them, single-stranded 43mer and 41mer DNA
and 5). In addition;B0-40% of the total exonuclease activitylabeled with32P at the 5 and 3-ends, respectively, and a
dependent on DNA unwinding by helicase (see below) was-32P-labeled 18mer oligoribonucleotide were resistant to digestion
recovered from the immunoprecipitates (hatched columns 8 the exonuclease associated with WRN helicase4&iG-A3).

and 12). These results, together w231 WRN lacking an  Although resistant in their free forms, both the oligodeoxyribo-
exonuclease activity, indicate that the exonuclease is an integrativecleotides and the oligoribonucleotide were digested by WRN
component of wtWRN DNA helicase. exonuclease after they were hybridized to the complementary
DNA, as shown in FigurA and B and in FigurdB1 and B2.

The B3-32P-labeled RNA 18mer in an RNA/M13 DNA hetero-
duplex yielded mononucleotides consistent with- 3 exo-

The enzymatic properties of thé-53'exonuclease (for short nucleolytic digestion by an increased amount of WRN helicase
5'-exonuclease) associated with WRN helicase were studigBig. 4B1) and the 332P-labeled RNA 18mer in the same

Characterization of WRN-associated exonuclease
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A B C neous digestion of thé-Bnd of the indented strand (FgA3).
1 2 3 12 1 2 3 It is noteworthy that the blunt-ended DNA structure and DNA

RNa L Sner B with a B overhang appears to be resistant to unwinding and to

S STy S "3 5" e S A being digested exonucleolytically (F&A1 and A2). We showed
. N . previously that an oligonucleotide (40mer) annealed to single-

T eiDNA | SsONA  seANA. FNAMIS ANAM duplex  overhang overhans stranded M13 DNA is released from M13 DNA by WRN helicase
= =T o] o] e e e e and that the same 40mer is released much faster when unpaired
remes ae fringe 10mers are added at both thea®d 3-ends 21).

cema To extend the search for the most favorable DNA structure to
be unwound by WRN helicase, two DNA complexes, consisting
V- - S of single-stranded M13 DNA and the 40mer oligodeoxyribonu-
cleotides containing a'%r 3 unpaired fringe sequence of
10mers, were prepared as a model for illegitimate base pairing of
DNA strands (Fig5B). When incubated with WRN helicase, the
oligonucleotide with asunpaired fringe sequence (FR1) was
released much faster than that with ‘afidhge sequence
(Fig.5B2). The data indicate that WRN helicase binds most
Ranndl il favorably to a single-stranded fork region of DNA and unwinds
the base paired region by migrating from theé®the 5-end. The
susceptibility of the DNA terminus to unwinding and to digestion
by WRN helicase and-exonuclease prompts us to speculate that
WRN helicase binds to the single-stranded region of DNA,
LI migrates in the'3, 5' direction and exonucleolytically digests the
other strand as the strand is unwound (6)g.

Figure 4. Structure of nucleic acids required for the exonuclease reaction.DISCUSSION
Oligodeoxyribonucleotides or oligoribonucleotides labeled either at tfoe 5 . )
3-end were tested for susceptibility to being digested by the exonucleasdle showed previously that the WRN gene product is a DNA

associated with WRN helicase. They were tested either in the single-strandeffelicase that unwinds DNA and RNA/DNA heteroduplexa&s. (
form (A) or in the duplex form annealed to M13 DN2) fr to complementary — Grayet al (22) also showed that WRN helicase unwinds DNA in
oligonucleotides®). The structures of substrate DNA or RNA are shown at the A . . . L
top of the panel. The reactions were done in the complete mixture with a shoft 3_’,5 dlrectlon,_ mlgrgtlng alpng the DNA_‘ tF’ which it binds.
incubation time (2 min). The reaction products were analyzed by 10% PAGE Despite these defined biochemical characteristics of the WRN gene
An arrowhead shows the position where mononucleotides migrate. product, how the defective helicase causes WS remains obscure anc
more information about the nature of WRN helicase is needed to
decipher the biological functions and/or cellular events in which
heteroduplex gave rise to a ladder-like profile of digestedlVRN helicase is involved.
intermediate products and mononucleotides (BR&R). Short In this study, we showed that an exonuclease activity is associated
DNA molecules (with 5labeled 40mers) containing different with the WRN helicase. Our comparative studies with purified
terminal structures showed that a blunt-ended?B-labeled WtWRN helicase protein and its N-terminally truncafed231
duplex is hardly digested by the exonuclease @&d), while a  protein showed that WtWRN helicase, but notah231 protein,
5'-32P-labeled 40mer in a partial duplex containing@@rhang contains 5exonuclease activity, whereas both proteins contain
sequence can be digested and yields-#P5labeled mono- helicase activity (Figs and2). The helicase activity associated with
nucleotide (FigdC2). In contrast, the 52P-labeled blunt-ended AN231 protein has been confirmed through multiple column
40mer in the same partial duplex containing@&rhang on the chromatography steps during purification (data not shown). In
other strand was not digested (FiG3). These results support the Figure1BDb, the profile of helicase activity &N231 protein appears
view that WRN helicase unwinds the duplex DNA or RNA/DNAto deviate slightly from that of proteins eluted from the columns by
heteroduplexes in the 35 direction by binding to a single- high concentrations of KCl (350-500 mM). However, this is
stranded region and simultaneously (but occasionally) digestimgimarily due to an inhibitory effect of high KCI concentrations, as
the counterstrand exonucleolytically in'a.%3' direction. shown in Tablel. The helicase and'-Bxonuclease activities in
WEWRN helicase were co-purified by multiple column chromatog-
raphy and they were co-precipitated by monoclonal antibodies
specific to WRN helicase (Fi@). These results provide us with
several important insights into the structure and biochemical
To understand in more detail the molecular structure(s) optimainction of WRN helicase. First, the WRN helicase contains three
for DNA unwinding and exonucleolytic digestion by WRN enzymatic activities, helicase, ATPase ahexdnuclease. Second,
helicase, we prepared several DNA molecules that includedtlae B-exonuclease activity is unnecessary for the activity of WtWRN
blunt-ended DNA duplex 40mer, duplex DNAs (40mers) conkelicase because t8N231 protein lacking the 231 N-terminal
taining a 10 base€ 8verhang or a 10 basedverhang (FighA), = amino acids and exonuclease activity retains an equivalent ATP-
and they were tested for their susceptibility to WRN helicase arakpendent helicase activity. Third, the exonuclease activity is most
exonuclease (FidgA1-A3). The data show that WRN helicase probably encoded in the 231 N-terminal amino acid region of the
unwinds the DNA with a'3overhang effectively with simulta- WtWRN helicase; this view is supported by our experimental data

Structure of substrates required for efficient unwinding
and exonucleolytic digestion by WRN helicase
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Figure 5. Substrate DNA structures required for optimal unwinding and exonuclease digestion. Reactions were made by incubatingsi#¢As18i5min at 31T

in the complete reaction mixture with purified wtWRN helicase (pooled 350-400 mM KCl fractions of Fig. 1Ba) and the proelaoyred using electrophoresis

with 20% polyacrylamide and 3% agarose géi3 5-32P-labeled oligodeoxyribonucleotide (40mer) was annealed to the complementary oligodeoxyribonucleotides
of various sizes to generate duplex oligomers containing different terminal structures. These structures are at thk pafeebfleagach panel, lanes 1 and 2 show

the unreacted substrate DNA and the heat-denatured substrate DNA, respectively. Lanes 3-5 show reactions for increeatiogsohed¢WRN helicaseBj Two

types of 5-32P-labeled oligodeoxyribonucleotides (50mer) were annealed to M13 DNA and were tested for susceptibility to be unwounteriny digagRN
helicase and the associated exonuclease. The oligonucleotides were designed to form a partial duplex (with M13 DNAumptirextz(1) or 3 (2) fringes.

Lanes 1 and 2 show the heat-denatured substrate DNA and the substrate DNA before incubation with wtWRN helicase.

A on the unwinding of duplexes catalyzed by helicase. Perhaps, the
5° 5'-exonuclease in the N-terminal region works together with the
helicase in the helicase domain in the middle of the molecule (Fig.
3’ 1Aa, darkened area). The data obtained from experiments to
3 5 examine the terminal structures of DNA or RNA/DNA duplexes
[ required for unwinding and'-&xonucleolytic digestion (Figé
B and5) are consistent with this hypothesis, i.e. no exonucleolytic
- digestion of substrate DNA or RNA occurs unless the substrate
= duplexes are unwound. For example, blunt-ended duplexes are
- — 3 not good substrates and, accordingly, no digestion occurs (Figs
3 WRH 5 4C1 andbAl). In contrast, duplex molecules with'ao8erhang
- structure are good substrates for both helicase and exonuclease
(Figs4C2 and5A3 and B2).

, . . . . .. All our results with various DNA and RNA substrates having
Figure 6. Schematic representation of a possible cooperative duplex unwinding

and exonucleolytic digestion by thé 35 WRN helicase and the' 53' different terminal structures are consistent with the view that WRN
exonuclease.A) Unwinding the duplex without exonucleolytic digestion. helicase needs an open single-stranded DNA region to bind before
(B) Unwinding the duplex with exonucleolytic digestion. its migration in the 3- 5' direction and duplex unwinding. In this

study, we found that the direction of the exonuclease reaction is

that the purifiedAN231 protein lacks exonuclease activity, as well® — 3 indicating that exonuclease digests the unwound strand as
as an amino acid homology search by Mushegjiah (26). helicase procee_ds to unwind the duplgx DNA an_d RNA/DNA

The B-exonuclease activity associated with WRN helicas&eteroduplex (Figs), the products of the digestion beirigngono-
does not digest single-stranded DNA or RNA molecules in theRhosphorylated nucleotides. In &rcoli protein complex recBCD,
free form (Fig.4). However, it digests DNA or RNA strands in hecessary for DNA recombination, the component protein com-
DNA/DNA homoduplexes or RNA/DNA heteroduplexes as thedlexes recB and recC have a DNA unwinding activity and recD has
helicase unwinds the duplex. The reaction conditions required fan exonuclease activity). A similar assembly of helicase and
exonuclease activity are identical to those required for helicasonuclease might have occurred in a structurally fused form in
(Tablel), suggesting that the-Bxonuclease activity is dependent WRN helicase.
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Our finding that WRN helicase has an ability to unwind 7
RNA/DNA heteroduplexes in addition to duplex DNA is intriguing,
because this ability extends the possible biological role(s) of WRIN,

helicase to RNA synthesis-mediated cellular events, such as

transcription. Recently, Bennettal (37) reported that Sgs1 DNA

helicase, a yeast homolog of WRN helicase, is also capable &f

unwinding RNA annealed to DNA. If the unwinding of RNA/DNA
heteroduplexes is an intrinsic physiological function of WR

Tahara,H., Tokutake,Y., Maeda,S., Kataoka,H., Watanabe,T., Satoh,M.,
Matsumoto,T., Sugawara,M., Ide,T., Goto,M., Furuichi,Y. and
Sugimoto,M. (1997Dncogengl5, 1911-1920.

Yu,C.E., Oshima,J., Fu,Y.H., Wijsman,E.M., Hisama,F., Alisch,R.,
Matthews,S., Nakura,J., Miki,T., Ouais,S., Martin,G.M., Mulligan,J. and
Schellenberg,G.D. (199&cience272 258-262.
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helicase (or Sgs1 helicase), defining the RNA species (transcriptsi@f Eiiis N.A., Groden,J., Ye,T.Z., Straughen,J., Lennon,D.J., Ciocci,S.,

RNA polymerase | or Il or both) that are involved in the potential

Proytcheva,M. and German,J. (19€s)ll, 83 655-666.

heteroduplex substrate will be of great importance, because WRK| Kitao,S., Ohsugi,l., Ichikawa,K., Goto,M., Furuichi,Y. and Shimamoto,A.

helicase resides mainly in the nucleoplags), (but it can be found
also in the nucleolus38,39; our unpublished data).

Genomic instability resulting from illegitimate recombination and 4
deletion has been noted in the cells of WS patiént§)where no
intact WRN helicase exists in the nucle23 24). To search for the 15
true biological function of WRN helicase, we tested a DNA structure,
as a model of illegitimate DNA interaction, using a 50mer
oligonucleotide in which a 40mer region is base paired with M137
DNA and the remaining 10mer is unpaired at the53-end (Fig. 18
5B). With these DNA substrates, the release of oligonucleotides b
WRN helicase is faster with thé &npaired fringe 10mer than the !
3' unpaired fringe (Fig5B). The intensities of the substrates ,q
decreased from the original level, which we expected from the action
of unwinding-dependent-&xonuclease . However, why only part 21

13

(1998)Genomics54, 443—-452.

Kitao,S., Shimamoto,A., Goto,M., Miller,R.W., Smithson,W.A.,
Lindor,N.M. and Furuichi,Y. (1999ature Genet 22, 82—84.
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Lohman,T.M. (1993). Biol. Chem 268 2269-2272.

Kusano,K., Sunohara,Y., Takahashi,N., Yoshikura,H. and Kobayashi,l.
(1994)Proc. Natl Acad. Sci. USAR1, 1173-1177.
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of the released oligonucleotides was digested by exonuclegse @nd Furuichi,Y. (1997Nucleic Acids Res25 2973-2978.

remains to be clarified. We speculate that thexbnuclease may
need free Bends for the exonucleolytic reaction to proceed, which
occurs efficiently when the freé-end is in close proximity to the 23
duplex region to be unwound (F&#), but less efficiently when the
free B-ends are distal from the site of the unwinding reaction (Fig?*

6B). Further study is needed to resolve the discrepancy between the

53 exonuclease described in this paper and the53exo-
nuclease activity previously reported by Huabgl (30), Sheret

al. (31) and Kamath-Loelet al (32) and to determine if WRN 26
helicase is involved in disrupting DNA (or RNA) structures formed27
by the illegitimate interaction between DNA strands (or betweeby
DNA and RNA strands) during DNA repair, replication and

transcription. 29

ACKNOWLEDGEMENTS 30

We thank Drs M. Sugawara, T. Matsumoto, A. Shimamoto andt
M. Sugimoto of the AGENE Research Institute for valuables,

2 Gray,M.D., Shen,J.C., Kamath-Loeb,A.S., Blank,A., Sopher,B.L.,

Martin,G.M., Oshima,J. and Loeb,L.A. (199Nature Genet 17,

100-103.

Matsumoto,T., Shimamoto,A., Goto,M. and Furuichi,Y. (19¢ature
Genet, 16, 335-336.

Matsumoto,T., Imamura,O., Goto,M. and Furuichi,Y. (1988)J. Mol.

Med, 1, 71-76.

Shiratori,M., Sakamoto,S., Suzuki,N., Tokutake,Y., Kawabe,Y.,
Enomoto,T., Sugimoto,M., Goto,M., Matsumoto,T. and Furuichi,Y. (1999)
J. Cell Biol, 144 1-9.

Mushegian,A.R., Bassett,D.E.,Jr, Boguski,M.S., Bork,P. and Koonin,E.V.
(1997)Proc. Natl Acad. Sci. USA4, 5831-5836.

Mian,|.S. (1997Nucleic Acids Res25, 3187—-3195.

Moser,M.J., Holley,W.R., Chatterjee,A. and Mian,|.S. (19@W)leic Acids
Res, 25, 5110-5118.

Morozov,V., Mushegian,A.R., Koonin,E.V. and Bork,P. (198@nds
Biochem. Scj22, 417-418.

Huang,S., Li,B., Gray,M.D., Oshima,J., Mian,|.S. and Campisi,J. (1998)
Nature Genef 20, 114-116.

Shen,J.C., Gray,M.D., Oshima,J., Kamath-Loeb,A.S., Fry,M. and
Loeb,L.A. (1998). Biol. Chem 273 34139-34144.

Kamath-Loeb,A.S., Shen,J.C., Loeb,L.A. and Fry,M. (1998Bjol.

discussions and encouragement. We also thank Dr M. Oshimura of chem, 273 34145-34150.

33
34

the Faculty of Medicine, Tottori University, for encouragement.

REFERENCES 35

1 Werner,O. (1904) Doctoral dissertation, Kiel University, Kiel, Germany.

2 Epstein,C.J., Martin,G.M., Schultz,A.L. and Motulsky,A.G. (1966)
Medicine 45, 177-221.

3 Martin,G.M. (1978) In Bergsma,D. and Harrison,D.E. (e@s)etic
Effects on AgingAlan R. Liss, New York, NY, pp. 3-39.

4 Goto,M. (1997Mech. Ageing Dey98, 239-254.

5 Goto,M., Miller,R.W., Ishikawa,Y. and Sugano,H. (19@&@ncer
Epidemiol. Biomarkers Pre\b, 239-246.

6 Salk,D., Bryant,E., Hoehn,H., Johnston,P. and Martin,G.M. (188&)
Exp. Med. Bial 190 305-311.

36

37

38

39

England, T.E. and Uhlenbeck,O.C. (19R@}fure 275 560-561.
Mummenbrauer,T., Janus,F., Muller,B., Wiesmuller,L., Deppert,W. and
Grosse,F. (1996%ell, 85, 1089-1099.

Furuichi,Y., Morgan,M., Muthukrishnan,S. and Shatkin,A.J. (197&9.
Natl Acad. Sci. USA72, 362-366.

Dixon,D.A., Churchill,J.J. and Kowalczykowski,S.C. (199#4)c. Natl
Acad. Sci. USpo1, 2980-2984.

Bennett,R.J., Sharp,J.A. and Wang,J.C. (199BJ)ol. Chem 273
9644-9650

Marciniak,R.A., Lombard,D.B., Johnson,F.B. and Guarente,L. (1998)
Proc. Natl Acad. Sci. USAS5, 6887-6892.

Gray,M.D., Wang,L., Youssoufian,H., Martin,G.M. and Oshima,J. (1998)
Exp. Cell Res242 487-494.

Fukuchi,K., Martin,G.M. and Monnat,R.J.,Jr (19B&)c. Natl Acad. Sci.
USA 86, 5893-5897.



