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ABSTRACT

The gene responsible for Werner’'s syndrome (WRN)
contains a region homologous to the  Escherichia coli
RecQ type DNA helicase and was thought to code for

a DNA helicase belonging to this helicase family.
However, no evidence has been shown before to
substantiate this prediction. Here, we show data that
the product of the WRN gene is indeed a DNA helicase.
The gene product, a polypeptide with a relative
molecular mass of 170 kDa, expressed in the insect
Spodoptera frugiperda  (Sf21) cell and purified by
affinity column chromatography contained both the
ATPase and DNA unwinding activities characteristic of
DNA helicase. Expressions in Sf21, as well as in HeLa
cells, showed thatthe WRN DNA helicaseis  exclusively
transported to the nucleoplasm, which is con  sistent
with its function in DNA metabolism. Our studies on
strand displacement suggest that WRN helicase can
unwind not only a duplex DNA, but also an RNA-DNA
heteroduplex, while the latter reaction seems less
efficient. Enzymological features learned from the
purified WRN helicase are discussed with respect to
the biological function, which remains to be clarified.

INTRODUCTION

to belong to this DNA helicase gene family (18khough its
prediction was made by comparing the sequences and by searching
for a homology in a database, no biochemical evidence has been
shown before to substantiate that the products of these genes are
indeed functional DNA helicases. In general, DNA helicases bind
one of the strands of duplex DNA and unwind, migrating on a
single-stranded DNA using energy from ATP hydrolysis. The
DNA helicases have roles in various reactions involved in DNA
metabolism, including replication, recombination, repair and
transcription of DNA molecules (11). The two helicase-mediated
genetic diseases, WRN and BLM, are apparently caused by
chromosomal instability, a common characteristic symptom
(12,13), resliing from malfunctioning of each respective helicase,
although which biochemical reactions of DNA metabolism these
helicases participate in are not understood.

Previously, Mat al.(14) poved that the ERCC3 protein, which
is a component of the transcription factor TFIIH complex and is
defective in xeroderma pigmentosum group B cells, has DNA
helicase activity by expressing the gene in a baculovirus system. To
test if the WRN gene codes for a DNA helicase, we expressed the
intact WRN cDNA in the inse@podoptera frugiperdgsf21) cells
using a recombinant baculovirus system and purified the protein
product. In this report, we show that the expressed WRN gene
product is transported to the nucleoplasm of the insect Sf21. In
addition, we show that the purified WRN gene product has an ATP
hydrolysing activity and a DNA unwinding activity.

Werner’s syndrome (WRN) is a rare autosomal recessive genetic
disorder causing premature agamgompanied by rare cancers MATERIALS AND METHODS

(1-3). Patients with WRN have a short stature jilgeataracts,
atrophy of the skin, greying and loss of hair, diabetes mellitu
arteriosclerosis, osteoporosis and neoplasia (4)etyal (5)
identified a gene responsible for WRN that encodes a protein wi

Construction of the recombinant plasmid transfer
Yector and generation of the recombinant baculovirus
ﬁ%)ntaining WRN cDNAs

1432 amino acids homologous to Eecherichia colRecQ type A full coding region of cDNA (4296 bp) was prepared by the
DNA helicase (6fontainingseven helicase motifs and a highly polymerase chain reaction (PCR) using a mRNA of the fibroblast
charged N-terminal domain. We and others have identified a totabm a healthy individual who contained no WRN mutations. The
of 19 different mutations so far in Caucasian, Syrian and Japandsnsfer vector was constructed usingNied sites of expression
WRN patients (7-9). All these mtitans were only in the coding vector pAcHLT-B (PharMingen). In brief, the coding region of
region of almost the entire predicted helicase molecule. Th&/RN cDNA was inserted downstream of the polyhedrin
apparently result in the premature termination of translation byromoter of the baculovirus gene and the N-terminal hexa-
generating nonsense codons. histidine sequence to facilitate the purification of the expressed
The gene that causes Bloom’s syndrome (BLM, characterized ppyotein (15). The N-terminal ggon of recombinant protein was
genetic instability and a predisposition to cancer) was also fourtibsigned to contain a kinase site of protein kinase A (RRASVA)
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and a cleavage site of thrombin (LVPRGS) for labeling andntibody specific to WRN gene product

further purification, respectively. After co-transfecting to Sf21

cells using a mixture of the transfer vector pAcHLT-HisSWRN andRabbit polyclonal antibodies were prepared by injecting a peptide
the linearized AcNPV BaculoGolf DNA (PharMingen) TETSSAERKRRV corresponding to the amino acid residues
DNAs, the recombinant viruses were detected after 4-5 daysi8396—-1407 of the predicted coding region of the WRN gene
monolayer culture by visual plague screening. The recombinaptoduct after coupling with keyhole limpet hemocyanin.

viruses were isolated after a series of analyses that included

genomic analysis of the virus by PCR and protein analysis by

immunoblotting using an antibody to an array of N-terminajATPase assay

histidines (Clontech). The WRN gene was expressed by infecting

Sf21 cells with this recombinant virus at the multiplicity of The standard reaction mixture (@) containing 50 mM Tris—HClI
infection of five and the cells were harvested after 2-3 days g4 7.5), 20 mM 2-mercaptoethanol (2-ME), 2 mM ATP

culture in monolayer flasks or spinner bottles. (containing 1uCi [y-32P]ATP or [p-32P]JATP), 5 mM MgCh
100pg/ml calf thymus DNA and 0.5 mg/ml of bovine serum
Purification of recombinant WRN gene product albumin (BSA), was incubated with the purified WRN gene

) . . product (0.1-0.8ug) at 37C for 60 min. The reaction products,
The Sf21 cells after 3 days post-infection (pli§ &« 10 cells)  App and the inorganic phosphate (Pi) released from ATP, were
were washed once with cold phosphate-buffered-saline, weggparated by polyethyleneimine (PEI) thin layer ascending
pelleted by centrifugation (10@pfor 15 min at 4C) and were  chromatography with 0.7 M LiCl as a developing solvent. The
stored at —80C until used. To purify the protein product, the amounts of products were determined by measuring the radio-

frozen cells were thawed and suspended in a hypotonic lysigtivities of the products separated on the PEI thin I4g6is
buffer (1 x 107 cells/ml) containing 10 mM HEPES-KOH

(pH 7.9), 1% NP-40, 1 mM Mgghnd 0.5 mM CaGIThe buffer
also contained 1 mM each of protease inhibitors, includingy\a helicase assay
benzamidine hydrochloride, phenanthroline, aprotinin, leupeptin,

pepstatin A and phenylmethanesulfonyl fluoride. After keepin
on ice for 10 min, the mixture was centrifuged at 1@0@r

10 min to collect the nuclei. The nuclei in the pellet wer
resuspended by adding a lysis buffer containing 0.4 M NaC

15 mM HEPES-KOH (pH 7.9) and 5 mM Mg@ind the mixture 10105t Smk 8 8 o Aroe -
X . . prepared by annealing the two
was centrifuged at 12 5@ffor 30 min at 4C. The recombinant o, onents by the procedure of Kizal. (14). A total of four

XIVR'\tI _Ig(_atn_c_a prtc?duct .'Q the supernilt_?zt was applied Ito fitferent DNA and RNA oligonucleotides (24—60mer) were used
I-nitrilo-tri-acetic acid agarose (NTA, Qiagen) column . consirct various types of DNA substrates. The sequences of
equilibrated with the same lysis buffer. The column was washqae oligonucleotides were 24mer DNA-GGC CAG GGT TTT

first with 50 mM HEPES-KOH (pH 7.9) buffer containing CC AGT CAC GAC), 40mer DNA (8GTC GAC TCT AGA

300 mM NacCl, 10% glycerol, 40 mM imidazole and a mixture o GA TCC CCG GGT’ACC GAG CTC GAA TTC G), 60mer
protease inhibitors. It was further washed by 50 mM HEPESH [5'-(A)16-GTC GAC TCT AGA GGA TCC CCG GGT
KOH buffer (pH 6.0) containing 300 mM NaCl, 10% glycerolACC GAG CTC GAA TTC G-(A)g containing two non-

and protease inhibitors. The proteins bound to the column we Bmplementary stretches of gt the 5and 3ends and 18mer
eluted step-wise using 50 mM HEPES-KOH buffer (pH 6.0\ A (5-CAG GGU UUU CCC AGU CAC). These oligo-
containing 100, 200, 300, 400 and 500 mM imidazole and WeLE leotides (1 pmol each) were labelled at .theeﬁnini by

characterized by 7% polyacrylamide gel electrophoresis in tnﬁcubatin ; 32 ; :

X g with {->“P]ATP and T4 polynucleotide kinase. The
presence of 0.1% sodium dodecyl! sulfate (SDS—PAGE) and ; ; ; :
staining with @omassie brilliant blue R-250. A prestaintzgdk‘%(t)e'Ied oligonucleotides were annealed with [Z50f single

SDS-PAGE standard protein marker (Bio-Rad) was used fstrand circular M13mp18 DNA (TaKaRa) in 20 mM Tris—HCI

calibration of the molecular mass: it contained myosin (213 kD bH 7.5), 10 mM Mg, 100 mM NaCl and 1 mM DTT by

: ; . ating at 95C for 4 min, keeping the mixture at®8Z for 60 min
g&%?éi%?ﬁ'?j?iégg kDa), bovine serum albumin (83 kDa) a d then cooling slowly to 3. Non-hybridized oligo-

nucleotides were removed by spin-filtration through a Sephacryl
S-400 HR column (Pharmacia).
Expression of WRN gene in HeLa cells The labelled DNA substraté®.5 pg) was incubated at 32

for 60 min with the purified WRN gene product (0.1¢} in
Full-size cDNA was inserted into an expression plasmid pcDNAfhe reaction mixture (20l) containing 50 mM Tris—HCI buffer
(Invitrogen) downstream of the human cytomegalovirus (CMV)pH 7.5), 1 mM MgC} 0.5 mg/ml BSA and 2 mM 2-ME. The
promotor and the sequence coding for an N-terminal FLAGeaction products were analyzed by agarose gel electrophoresis,
peptide with an amino acid sequence DYKDDDDK. Plasmidvhich separated the oligonucleotide released from the duplex
DNA was introduced into HelLa cells by lipofection with DNA (or RNA-DNA heteroduplex) complexes. The gel was
LIPOFECTAMINE™ Reagent (GibcoBRL) according to the dried in a vacuum and was exposed to Amersham Hyperfilm with
manufacturer’s instructions and was expressed transiently in tha intensifying screen for autoradiography. The radioactivity of
HelLa cells for 48 h. The transfected HelLa cells were monitordtie released oligonucleotides was also quantified by excising the
for expressed WRN protein by immunofluorescent microscoplands from the dried gel and by measuring the radioactivity using
using an antibody specific to the FLAG peptide (Kodak). a Beckmann scintillation counter.

%he helicase activity was measured by displacing a radiolabelled
DNA fragment from a partially duplex substrafee substrate—

NA complexes consisting of a M13mpl18 single-stranded
ircular DNA and a 532P-labelled complementary oligo-
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Figure 1. Expression of the WRN gene in insect Sf21 ceigAnalysis of whole cell lysates by SDS—-PAGE. M-marker proteins: lane 1, uninfected Sf21 cell; lane 2,
wild type AcNPV-infected cell; lane 3, WRN recombinant virus-infected cell; lane 4, partially purified cell lysate from Wiritbiremnt virus-infected cells (the

cell lysate was mixed with NTA resin and the bound proteins were eluted by 500 mM imidazole after washing the resin wiiEBES¥AOH buffer containing

40 mM imidazole and protease inhibitor8) mmunoblot analysis of whole cell lysates. Cell lysates resolved by SDS—PAGE in (A) were analyzed by immunoblotting
using the WRN specific antibody. Arrangements of the lanes are the same & SMbdellular distribution of the WRN gene product in Sf21 cells. The infected
cells (2 days p.i.) were lysed as described in Materials and Methods and were fractionated into cytoplasmic and nute Bréitiin these fractions was analyzed

by SDS—-PAGE. M-marker proteins: lane 1, cytoplasmic fraction; lane 2, nuclear fraction. An arrow indicates the 170 kDa \pRNugtne

RESULTS

Expression of the WRN gene in insect Sf21 and Hela cells

The WRN gene was expressed in Sf21 cells by infecting the ce|
with a recombinant baculovirus containing the full-size WRN
cDNA. The lysates of the infected cells and a fraction of the lysal
that bound to the Ni-NTA resin were analyzed by SDS—PAGE
and by staining with Coomassie brilliant blue (Fig. 1A, lanes :
and 4). A set of molecular mass markers were included in the
electrophoresis as standards for calibration. The lysates of

unmfeCt_ed cells (Iane 1) a”O_' t_he cells infected with wild Figure 2. Nuclear localization of WRN gene product in HeLa cell. Full-size
baculovirus (lane 2) were similarly analyzed as controlScpNA of the WRN gene was inserted into #pnl and Xhd sites of the
Simultaneously, the same samples were analyzed by immunexpression vector pcDNA3 downstream of the CMV promotor and the FLAG
ioting (Fi, 16) using anibocis prepered fram the C-terminafsenc, e e DY e e menty o ptecton i
peptlde of the predicted coding region of \.NRN gene. In thé_ Fa)tnufacturer./{) Thegtransfected cells were cuIt?Jred for 48 h &C3Tixed
immunoblotting, the lysates from the recombinant V|rus'|nfe0ted;nn a glass plate and were reacted with anti-FLAG monoclonal antibodies. The
cells (Fig. 1B, lane 3) showed a band with an approximate relativéxpressed protein was visualized by staining with anti-mouse antibodies

mass of 170 kDa (marked by an arrow head) that is close to thabelled with FITC and was monitored by fluorescence microscBpyte
%clei of the same cells i(A) were stained by a fluorescent dye DAPI,

molecular weight of 168 000 Da deduced from the open readin _ . ) nuo .
frame of the WRN gene sequence and an extra N-termin g\;)flf’s'gﬂﬂ;?;ﬁﬁé?ylwam'do)'z‘ 4, B-triiodN'-(bis2, 3-dihydroxy-
sequence (52 amino acid residues), including hexahistidine,

protein kinase A and thrombin cleavage sites. The smallghy; the FLAG-tagged WRN gene product is exclusively

polypeptides that reacted with the antibodies may be trl?ansported to the nucleoplasm of HeLa cells (Fig. 2).

proteolytic degradation products of the 170 kDa protein. The

170 kDa band was not easily visible in the stained gel, but whef) i0a4i0n of the WRN gene product from the nuclei

the whole lysate of the recombinant virus-infected cells w f Si21 cells

purified by affinity chromatography, a clear band was visible by

SDS-PAGE (Fig. 1A, lane 4), which reacted with WRN specificThe WRN gene product expressed by the recombinant baculovi-

antibodies during the immunablotting (Fig. 1B, lane 4). Thigus was extracted from the nuclei of Sf21 cells 2-3 days p.i. and

170 kDa protein was found mostly in the nuclei of Sf21 cellsvas purified by Ni-NTA affinity column chromatography. Due to

when their subcellular distribution was examined (Fig. 1C)the N-terminal hexahistidine tag, the WRN gene product bound

These results indicate that the WRN gene product is synthesizedthe Ni-NTA resins was recovered by stepwise elution with

to its full size and is transported into the nucleoplasm. increasing concentrations of imidazole. Analysis of the proteins
To determine if the WRN gene product is also transported toy SDS—PAGE showed that a protein with a molecular mass of

nuclei in the mammalian system, the same cDNA was expressEf0 kDa was eluted mainly by high concentrations

in HeLa cells by an expression vector pcDNA3 designed to yie00-500 mM) of imidazole (Fig. 3A, lanes 5-7), while this

a putative WRN helicase with an N-terminal FLAG peptide. Wittprotein was not visible in the 0 mM (lane 1), the 40 mM (lane 2),

this FLAG peptide, the location of expressed protein can ke 100 mM (lane 3) and the 200 mM imidazole fractions (lane 4).

detected by immunofluorescent microscopy with the monoclondio distinguish the expressed WRN gene product from the insect

antibody specific for the FLAG peptide. The result clearly showsell proteins, a cell lysate prepared similarly from the cells
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T Figure 5. Characterization of DNA helicase activity associated with the

purified WRN gene product. DNA helicase activity was analyzed for the
£3 > ——-— - - nuclear extracts of infected Sf21 cells fractionated by Ni-NTA column
chromatography. The eluate fractions with 300, 400 and 500 mM imidazole
were used in this assay. As controls, the same fractions obtained from
47 > mock-infected Sf21 cells were similarly tested, using3#elabelled 24mer

DNA oligomer—M13 DNA complex as the substrate. Lanes 1 and 2 represent
the substrate DNA and the heat-denatured substrate DNA, respectively. Lanes
3, 4 and 5 represent the reaction products obtained with 300, 400 and 500 mM
) I . imidazole fractions, respectively. Lanes 6, 7 and 8 show the results with 300,
Figure 3. Purification of the WRN gene product by Ni-NTA column 400 and 500 mM imidazole fractions from infected Sf21 cells, respectively. The

chromatography. The nuclear lysate was prepared from WRN recombinantpqycts were separated by agarose gel electrophoresis. A schematic diagram
virus-infected cells and the WRN gene product was purified by Ni-NTA ¢ ihe substrate structure is shown.

column chromatography as described in the Materials and Methods. Proteins

eluted by the pH 6.0 buffer containing 0-500 mM imidazole were analyzed by

(A) SDS—-PAGE andB) immunoblotting. M-marker proteins: lane 1, buffer . . . .

alone; lane 2, 40 mM imidazole; lane 3, 100 mM imidazole; lane 4, 200 mminfected with the wild type virus was subjected to the same

imidazole; lane 5, 300 mM imidazole; lane 6, 400 mM imidazole; and lane 7,affinity column chromatography as the control. However, no

500 mM imidazole. protein band migrating with the same molecular mass of 170 kDa
was in the 400 and 500 mM imidazole fractions (data not shown).
The immunoblot analysis with an antibody specific to
hexahistidine showed that the proteins reactive to the antibody
were from the 300-500 mM imidazole fractions and are split into

Purified-protein ___— | | two fractions, 170 and 80 kDa polypeptides. The latter
bNa _ + + + + — + + + + - polypeptide is perhaps the C-terminal truncated product
A B generated by proteolytic degradation of the 170 kDa protein
during the purification steps. These results suggest that the
170 kDa protein eluted by high concentrations of imidazole was
Pi = L . the WRN gene product.

Characterization of enzymatic activity of the purified
WRN gene product

bt ATPase activityThe purified WRN gene product was examined

for its potential helicase activity, particularly the ATPase and the
DNA unwinding activities. First, the ATPase activity was
measured with increasing amounts of pooled 400 and 500 mM
imidazole fractions. After incubating withy-f2P]JATP, the
reaction products were analyzed by PEI-thin layer chromato-
graphy (Fig. 4A, lane 1). The radiolabelled phosphate in the ATP
was released as Pi. Similar experiments witAJP]ATP yielded
1 2 3 4 5 1 2 3 4 5 [32P]JADP, but no $2P]Pi (lane 2), indicating that the activity
contained in the purified WRN product isyaATPase that
removes only thg-phospate of ATP. This ATPase activity was
dependent on the presence of DNA and no activity occurred
Figure 4. Determination of ATPase activity associated with the WRN gene wjthout adding DNA (lanes 5 of Fig. 4A and B). When the same
product. Pooled 400 and 500 mM fractions shown in Figure 3 were examinedy| ate fraction obtained from the cells infected with wild type
for ATPase activity by PEI thin layer chromatograpt®y) The increasing . L.
amounts of WRN gene product purified by Ni-NTA resin were incubated with baculovirus was tested, n(_) ATPase activity was detected (d?-ta nOt
[y-32P]ATP under the conditions described in Materials and MethBjiSafme shown). These results indicate that the ATPase activity is
as (A), exceptd-32PJATP was used as the substrate. associated with the expressed WRN gene product. A preliminary

origin -
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Figure 6. Unwinding reactions catalyzed by the purified WRN helicase. The unwinding activity of WRN DNA helicase was evaluated diffiarémiitypes of
substrates as described in Materials and Methods. The reaction products were separated by agarose gel electrophorasialyaet] wgrautoradiography. A
schematic diagram of the structure of each substrate is shown.

kinetic study showed that the ATPase associated with the WRBI dependent on the amount of WRN DNA helicase, with a
gene product can hydrolyze ATP at a rate of @olljug  complex consisting of '52P-labelled oligodeoxynucleotide
protein/min under the standard conditions. (24mer) and M13 DNA as the substrate. Curiously, we noted that

the intensity of the oligonucleotide band decreased compared to
DNA helicase activityHelicase activity was tested with the WRN the starting material not exposed to the WRN helicase prepara-
gene product using various types$#?#-labelled substrates. First, tion, while the reason behind this observation is unclear as we
the substrate DNA consisting of'-¥P-labelled oligo- discuss later. When the duplex region increased using a longer
deoxynucleotide (24mer) and the single-stranded M13 DNA waP-|abelled oligodeoxynucleotide (40mer), the WRN DNA
incubated with proteins eluted from the Ni-NTA column. Thehelicase was still able to remove this oligonucleotide, although
5'-labelled short DNA released from the duplex DNA washe rate of reaction apparently decreased and the released
monitored by agarose gel electrophoresis (Fig. 5). The releasgffonucleotides retarded the migration at gel electrophoresis for
short single-stranded DNA migrated fast in the gel, while thenknown reason (Fig. 6B). However, when two unpaired 10mers
original duplex DNAs with a high molecular weight migratedwere added to this oligodeoxynucleotide at itar&l 5 ends, the
slowly near the origins of the gel. The proteins from infected Sf24nwinding reaction by WRN DNA helicase increased to the
cells that were eluted with high imidazole concentrations (30@quivalent level obtained with a short 24mer or to a higher level
400 and 500 mM) showed helicase activity, with the highegFig. 6C). These results suggest that the WRN DNA helicase
activity in the 400 mM fraction (Fig. 5, lane 7). Relatively low perhaps has a greater affinity for the single-stranded region and
activities in the 300 and 500 mM fractions (Fig. 5, lanes 6 and 8}arts the unwinding of the duplex DNA structure from single-
were proportional to the amounts of 170 kDa WRN gene produstranded regions. The ribonucleotide (18mer) in the RNA-DNA
estimated from the results with immunoblotting (Fig. 3B, lanes heteroduplex molecule with M13 DNA could also be released by
and 7). By contrast, no DNA helicase activity was detected in th&/RN DNA helicase (Fig. 6D), while a greater amount of enzyme
same fractions prepared from the mock-infected cells (Fig. vas needed compared to the reaction with the oligodeoxynucleo-
lanes 3-5). These results clearly demonstrated that DNA helicagge (Fig. 6A). The result suggests that the WRN DNA helicase
activity occurs within the WRN gene product expressed in theéan unwind not only the DNA duplex, but also the RNA-DNA
insect cells. heteroduplex.

Characterization of the DNA unwinding reaction by WRN DNAy scussiON

helicase To further characterize the helicase activity, a series 0

experiments were carried out using the purified WRN DNA this study, we proved that the WRN gene, which had been
helicase (a pooled fraction of imidazole 400 and 500 mM}hought to code for DNA helicase from a nucleotide homology
Figure 6 shows schematically the substrate DNAs used in thesearch, indeed encodes a DNA helicase and by expressing the
experiments. Figure 6A shows that the DNA unwinding reactiogene in an insect cell, we purified the protein from cell lysates and
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characterized the enzymatic activities associated with the protethis particular RecQ family are divergent in human cells, although

The product of WRN DNA helicase has an apparent moleculd.coliand yeast cells contain only one RecQ type DNA helicase,

mass of 170 kDa and has an ability to hydrolyse ATP and teecQ and sgsl, respectively. Perhaps, each of human RecQ type

unwind duplex DNA. In addition, we found that the expressetielicases may be involved in a specific task in DNA metabolism

WRN helicase was transported to the nucleoplasm of insect cellsid the function in specific organs or cells, resulting in the

A simultaneous expression study with HeLa cells showed that tlifferential clinical phenotypes when defective. In this context,

WRN DNA helicase is also transported to the nucleoplasnfurther studies are needed to clarify in what biological reactions

consistent with its biological function in the DNA metabolism inor in what kind of DNA structure these DNA helicases patrticipate

cell nuclei. In our study, the ATPase activity associated witlor unwind.

WRN helicase was dependent on the presence of DNA, similar

to a previous finding with RecQ1 DNA helicagk7). The ACKNOWLEDGEMENTS
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