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ABSTRACT to encode a 1432 amino-acid proteif)( The WS gene product,

) . . ) WRN, was predicted to function as a DNA helicase on the basis
Werner syndrome is an inherited disease characterized of homology with theEscherichia colRecQ family of helicases.
by premature aging, genetic instability and a high Recently, the WRN protein was expressed in a recombinant
incidence of cancer. The wild type Werner syndrome baculovirus system and demonstrated to exhibit DNA helicase
protein (WRN) has been demonstrated to exhibit DNA activity (12,13). Escherichia colRecQ is a’3+5' DNA helicase
helicase activity in vitro. Here we report further involved in the RecF pathway obimologous recombinatiori4).
biochemical characterization of the WRN helicase. The It has been shown th&ecQis required to suppress illegitimate
enzyme unwinds double-stranded DNA, translocating recombination betwee phages, and thus to function in the
3'=+5' on the enzyme-bound strand. Hydrolysis of maintenance of genetic stabili5). The RecQ helicase may also
dATP or ATP, and to a lesser extent hydrolysis of dCTP participate in the resumption of DNA replication at the replication
or CTP, supports WRN-catalyzed strand-displacement. fork following encounter with a UV-induced lesiofi6,17).
Km values for ATP and dATP are 51 and 119 UM,  AnotherRecQfamily member, the Bloom's syndrome (BS) gene,
respectively, and 2.1 and 3.9 mM for CTP and dCTP, is mutated in a human genetic disorder characterized by cancer
respectively. Strand-displacement activity of WRN is predisposition and genomic instability; the BS cDNA has also been
stimulated by single-stranded DNA-binding proteins cloned and the protein product demonstrated to exhibit DNA
(SSBs). Among the SSBs from  Escherichia coli ,  helicase activityn vitro (18,19). Similarly, SGSIin Saccharomyces
bacteriophage T4 and human, stimulation by human cerevisiae (20,21) and RQH1 in Schizosaccharomyces pombe
SSB (human replication protein A, hRPA) is the most (22,23) areRecQhomologs and aregaired for the maintenance
extensive and occurs with a stoichiometry which of genetic stability. Sgs1 has been demonstrated to exhibit DNA
suggests direct interaction with WRN. A deficit in the helicase activityn vitro (24) and may provide a model system to
interaction of WRN with hRPA may be associated with evaluate the function of tH&RNgene product.
deletion mutations that occur at  elevated frequency in Mutations in theVRNgene found in WS patients are mostly
Werner syndrome cells. stopcodons or exon deletions that result in premature termination

of translation {1,25-27). Interestingly, no missense mutation has

INTRODUCTION been observed in thi#RNgene. Study of the nuclear localization

of wild type and mutant WRN proteins revealed a nuclear

Werner syndrome (WS) is an autosomal recesgimetic localization signal in the C-terminal region of the wild type
disorder characterized by aging in early adulthoot-3). protein that is deleted in most WS patier®8) (Lack of WRN
Individuals with WS frequently develop age-related diseasd®licase activity in the nucleus may therefore account for the
prematurely including atherosclerosis, osteoporosis, type phenotype of WS cells.
diabetes mellitus, cataracts and a variety of unusadignant In order to understand the role of WRN helicase in the
neoplasms. WS cells also exhibit an aging phenotype in cultur@aintenance of genomic integrity, we have expressed the WRN
characterized by a reduced replicative life-sggra(d alterations protein in a baculovirus expression system and demonstrated its
in DNA synthesis 7). In addition, WS cells exhibit genetic DNA helicase activity 12). Here we report that its direction of
instability, manifested as variegatiednslocation mosaicisn8(  translocation is '3+5, and that it can utilize a variety of
and increased mutation rateS)( Interestingly, the mutations nucleoside triphosphates, i.e. ATP, dATP, CTP and dCTP, as an
obtained in WS cells in culture are predominantly large delefiins ( energy source for translocation. We also report that WRN helicase

The gene defective in WS has been localized to chromosoraetivity is specifically enhanced by human single-stranded
8 at 8p12 10), and its cDNA has been cloned and demonstrateBNA-binding protein.
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MATERIALS AND METHODS DNA, both in a blunt-ended manner, was prepared sequentially
. . as follows. The 532P-labeled 42mer was hybridized to circular
Nucleoside triphosphates ssM13mp2 DNA as described above. The annealed 42mer was

dNTPs were obtained from Perkin Elmer, and NTPs weréxtended by the Klenow fragment (e)xim the presence of dATP

purchased from Pharmacia Biotech. Radioa{@P]ATP and ~ and[a-*2P]dCTP to yield a 53mer containing five radioactive
[q_32P]dCTP were obtained from New Eng|and Nuclear. dCMPs at the'3end. This 53mer/SSM13mp2 DNA partlal dUpleX

was then digested with restriction enzyiRed to yield a
blunt-ended, partially-duplex, linear ssM13mp2 DNA product
which contains a '5*2P-labeled 34mer complementary to its
Chemically synthesized, HPLC purified oligonucleotides wer&'-end and a'ga-32P]JdCMP-labeled 19mer complementary to
obtained from Operon Technologies Inc. The 42mefA&CA-  its 3-end. The second directionality substrate was prepared
TGTCAATCATATGTACCCCGGTTGATAATCAGAAAAG-3) similarly, by first hybridizing a 532P-labeled 34mer with circular

is complementary to nucleotides 6768—-6809 of M13mp2 (+) strarg$M13mp2 DNA, and then extending one nucleotide at B
DNA. The 34mer (STAGCATGTCAATCATATGTACCCCG-  with [a-32P]JdCTP and Klenow fragment (ejoThe resulting
GTTGATAAT-3") iscomplementary to nucleotides 6768—6801 of35mer/ssM13mp2 DNA partial duplex was then digested with
M13mp2 (+) strand DNA. The 46mer{8BCGCGGAAGCTTG- Rsd to yield a linear M13mp2 DNA containing partial duplex at
GCTGCAGAATATTGCTAGCGGGAATTCGGCGCGB is a  each blunt-ended terminus, with 'a38P-labeled 19mer located
random sequence oligonucleotide; the 20me€BCTAGCA-  at the 5terminus and a'Ja-32P]JdCMP-labeled 16mer at the
ATATTCTGCAGC-3) is complementary to the central region 3'-terminus. The third directionality substrate is a pair of
while the 23mers (SCGCGCCGAATTCCCGCTAGCAAT-3  blunt-ended partial-duplexes with a singlemplementary oligo-

and (B-ATTCTGCAGCCAAGCTTCCGCGC-3 are comple- nucleotide residing on one or the other end. T#¢B-labeled
mentary to the '3 and 5-segments, respectively. Bacteriophage23mers, each complementary to one half of a 46mer template,
M13mp2 (+) strand DNA was purified bystandard method as were hybridized to the 46mer as described before, in separate

Oligonucleotides and DNA

described 79). reactions containing one of the 23mers and the 46mer in a molar
ratio of 1:3. This produced a pair of directionality substrates with
Enzymes a blunt-ended partial duplex at theefid or the 3end.

Recombinant WRN with a hexa-histidine tag at the N-terminus

was expressed in Sf9 insect cells and purified By-blielation ~DNA helicase assay
chromatography, as describé@); The purified protein is- 90%
homogeneous as visualized on the Coomassie blue-stained
polyacrylamide gel. The protein concentration was determined

JPNA helicase activity was measured in reaction mixturegi10

%gntaining”P-Iabeled DNA substrate (0.1 pmol for oligonucleotide

the Bio-Rad protein assay kit using BSA as a standard. HomguPstrates and 1 fmol for ssM13mp2 partial duplex substrates),
p y g mM ATP (or the indicated concentrations of NTP or dNTP),

geneousE.coli helicase Il (UvrD) was a gracious gift from Dr S ; :
Lawrence Grossman (The Johns Hopkins University)a”d SSB when indicated, in 40 mM Tris—HCI (pH 7.4), 4 mM

Recombinant human RPA containing all three subunits (RPA7(/9C!2 5 mM DTT, 100ug/ml BSA. Reactions were terminated

RPA32 and RPA14), purified from.coli simultaneously expressing Y dding 24l of 40% glycerol, 50 mM EDTA, 2% SDS, 3%
the three hRPA genes, was a generous gift from Dr Marc S woRjomophenol blue and 3% xylene cyanol. Partial duplex substrate
. - and displaced single-stranded oligonucleotide product were

(University of lowa).Escherichia coliSSB was purchased from |
Pharmacia Biotech, and T4 gene 32 protein was from Boehring{ﬁfoweOI by electrophoresis &tGlfor 2 h at 300 V (20 Vicm)

Mannheim. DNA labling enzymes, T4 polynucleotide kinase for trough a 12% polyacrylamide gel ix IBE (90 mM Tris base,
5-end32P-labeling andgKIengw fragmepnt'(ySS' exa) for 3-end 90 mM boric acid, 1 mM EDTA) and visualized by autoradiography

[a-32P]dNTP incorporation, were purchased from New Englang" quantitated by Phosphorlmager (Molecular Dynamics) analysis

BioLabs. The restriction enzyniesd was also obtained from ©f the dried gels.
New England BioLabs.

RESULTS

DNA helicase substrates o ) )
. Directionality of WRN helicase
The DNA substrate for determining the dependence of DNA

unwinding on NTP and dNTP was prepared by incubating th€he direction of translocation of a DNA helicasdafined as the
5'-32P-labeled 20mer and the 46mer in 1:3 molar ratio ipolarity of movemendlong the bound strand, i.e. eithen3' or
annealing buffer (10 mM Tris—HCI, pH 8.0, 5 mM Mgl 5—3'. Members of the RecQ family have been shown to unwind
Annealing was carried out by placing the reaction mixture in ®NA predominantly in the'3+5" direction. We first employed a
boiling water bath (800 ml) for 3 min and then letting it coollinear DNA substrate that consists of ssM13mp2 DNA with
gradually to room temperature. The longer partial dupleblunt-ended terminal-duplexes of 19 bp at therlsl and 34 bp
substrate for determining the stimulatory effects of SSBs oat the 3-end (Materials and Method3(). Displacement of the
WRN helicase was prepared by hybridizing thé28-labeled  19mer from the Sterminus indicates'3+5' polarity, and release
42mer with single-stranded (ss) M13mp2 DNA at a molar ratiof the 34mer from the’ 3erminus indicates'5+3' polarity. The

of 2:3. Substrates for determining the directionality of WRNWRN helicase displaced the 19mer but not the 34mer, suggesting
helicase were prepared in three ways. The first partial duple—5' directionality (Fig.1A). The 3—5' DNA helicase, UvrD
substrate, which contains a 19mer complementary to'tteds (E.colihelicase Il), showed a similar preference for displacing the
and a 34mer complementary to the=f3d of a linear ssM13mp2 19mer. Omission of ATP from the reactions abolished strand
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displacement by WRN as well as UvrD, again confirming thehorter oligonucleotide hybridized to tHe@minus (Materials and

dependence of these helicase activities on ATP hydrolysis.

Methods). This substrate contains a 16 bp duplex at-trelf the

Since the WRN helicase has reduced activity in the displacemdDiNA, instead of a 34mer as in the previous case, and the same 19 by
of a longer oligonucleotide, e.g. 53 bp?), the reduction in duplex at the Bsend. Incubation of this substrate with increasing
unwinding in the 5+3' direction could be due to the greaterconcentrations of WRN, as well as with the UvrD control, resulted

length of the oligonucleotide hybridized to tHet€minus. We

in preferential displacement of the 19mer (EB), confirming that

therefore constructed a similar linear ssM13mp2 DNA with &VRN helicase has'35' directionality. In order taeduce the
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possibility of sequence context being the determinant of direction-
ality in these experiments, we constructed two related partial duplex
oligonucleotides. The duplexes shared the same 46mer, but one hac
a complementary 23mer hybridized to then&f and the other a
complementary 23mer hybridized to theHalf. Thus the two
substrates have similar structures and characteristics: blunt-ends,
identical lengths of single-stranded tails (23 nt) and the same melting
temperatures (6&). Results of strand displacement with this pair

of substrates by WRN andvrD are shown in FiguréC. Both

WRN and UvrD displaced the labeled 23mer in ther3
direction, with UvrD alone displaying slight activity consistent
with displacement from a blunt end.

NTP and dNTP dependence of WRN helicase activity

Known DNA helicases, including WRNL?) exhibit DNA-
dependent ATPase activity, and the hydrolysis of nucleoside
triphosphate supplies the energy for the DNA unwinding process.
We therefore measured strand displacement activity of WRN
with different NTPs and dNTPs. Both ATP and dATP supported
the displacement of labeled 20mers in a 10 min incubation at
37°C; as quantified by Phosphorlmager 36% of the duplex was
separated in the presence of 1 mM ATP and 58% in the presence
of 1 mM dATP (Fig.2A). Also, strand displacement by 1 mM
dCTP was 35%. In two separate experiments, the extent of strand
dispalcement by 1 mM CTP was 16 and 42%. On the other hand,
neither GTP, dGTP, UTP nor dTTP (1 mM) effectively substituted
for ATP, strand displacement beirn0% (Fig.2A and data not
shown). Our preliminary results suggest that the doublet in the
displaced band in the dA, dC, A and C lanes in Figife

Figure 1. Directionality of WRN helicase(A) Autoradiogram of a 12%
polyacrylamide gel showing reaction products derived from a partial duplex
M13 DNA substrate. Reactions were carried out at room temperature for 1 h
after adding UvrD (16 ng) or WRN (15 ng) to buféemtaining 0.1 pmol of
linearized M13mp2 DNA with blunt-ended partial duplex termim, the
presence or absence of 1 mM ATP. Displacement ¥Pdabeled 34mer
annealed to the'#&nd of the DNA indicates translocation in the-+3'
direction, while displacement of38P-labeled 19mer annealed to thesbd
indicates translocation in thé-35' direction. S, substrate in the absence of
helicasep\, heat-denatured substraf) Autoradiogram of a 12% polyacrylamide
gel showing products derived from a related M13 DNA substrate. Reactions
were executed at 3T for 10 min by incubating various concentrations of
UvrD or WRN, 1 mM ATP and another linearized M13mp2 DNA substrate
with blunt-ended partial duplex termiri. 32P-labeled 16mer annealed to the
3-end is displaced by-5+3' helicase activity, and®P-labeled 19mer annealed

to the 3-end is displaced by —+5' helicase actionQ) Autoradiogram of a 12%
polyacrylamide gel showing reaction products derived from a pair of oligomer
substrates. Eadbiunt-ended partial duplex oligonucleotide substrate (0.1 pmol)
was incubated with 16 ng of UvrD or 15 ng of WRN in reactiouffer
containing 1 mM ATP at 3T for 10 min. The 3+5' helicase substrate has a
complementanB?P-labeled 23mer annealed to thHeeBd of a 46mer. The
53 helicase substrate has a different complemeri@iylabeled 23mer
annealed to the'&nd of the 46mer.
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Figure 2. Dependence of WRN helicase activity on nucleoside triphosphajeuforadiogram of a 12% polyacrylamide gel with electrophoretically separated
reaction products derived from incubating WRN with an oligonucleotide substrate in the presence of different NTPs or dblkR&aI&€0.1 pmol) 28P-labeled

20mer hybridized to a 46mer, was incubated with 15 ng of WRN in reaction buffer containing 1 mM NTP or dNTPfat 30 min A, heat-denatured substrate;

S, substrate in the absence of a helicaBgL{neweaver—Burk plots for ATP, dATP, CTP and dCTP. Strand displacement reactions were carried out with various
concentrations of NTP as in (A) except that reactions with ATP and dATP were incubated for 3 min and reactions with CTIP weced@dubated for 6 min.
Reaction products analyzed by electrophoresis on a 12% polyacrylamide gel were vacuum dried and quantitated by Phosphtydimager a

represents the presence of an exonucleolytic activity inherent Wina/Km was 0.24% displacemeui/i—1 mirr1for ATP and 0.17%
WRN. The presence of &-35' exonuclease encoded within WRN displacemenuM~—1 mir2 for dATP, indicating a near-equivalent
has been predicted by Mushegiiral (31) and Moseet al (32).  efficiency for both nucleoside triphosphates as substrates for
Kinetic constants for reactions with ATP, dATP, CTP and dCTRVRN. Kys for CTP (2.1 mM) and dCTP (3.9 mM) were much
were determined from Lineweaver—Burk plots (Eig). Reactions  higher than for either ATP or dATP, suggesting that ATP and dATP
with ATP and dATP were incubated at°&7 for 3 min; the % are two major energy sources for WRN helicase activityvo.
displacement was a linear function of time during this interval
(data not shown). For CTP and dCTP, the incubation was 6 Migifects of SSBs on the strand displacement of WRN helicase
and displacement was also linear with time (data not shown). The
Km andVmaxvalues are shown in TalleTheK, for ATP (51uM)  Single-stranded DNA-binding proteins have been shown to
was lower than for dATP (11@M), but the Vihax (20%  enhance DNA unwinding by different DNA helicasesvitro
displacement/min) for dATP was higher than for ATP (129%33-35). We previously reported that addition Bfcoli SSB
displacement/min)The measure of relative catalytic efficiency, facilitates the displacement of a long oligonucleotide (e.g. 53mer)
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functional unit) per DNA binding site (concentration of SSDNA
in nucleotides divided by the number of nucleotides covered per
v§ unit). For example, 1 on theaxis in Figure3B indicates an
S E L& amount of SSB sufficient, if all is bound, to cover the entire
> —— &R single-stranded template. Under the reaction conditions, the
binding site size for the hRPA heterotrimer 89 nt 36,37), for
M13mp2 the E.coli SSB tetramefB5 nt 38,39) and for the T4 gene 32
monomelrl7 nt 38,40). Figure3B clearly illustrates that hRPA
stimulated strand displacement most efficiently. With hRPA,
maximum stimulation was observed at a concentration three
times less than that required to cover all template sites, whereas
with E.coli SSB and T4 gene 32 displacement was only 15 and
40% at concentrations required to saturate all single-stranded
binding sites. To attain 50% displacement, the concentration (in
B functional units) of hRPA required wak0 or 20 times less than
mo} that of T4 gene 32 dE.coli SSB, respectively. Moreover, the
% Displacement curves for the three SSBs are quite different; the hRPA curve
i ESSB appears hyperbolic, while tiecoli SSB curve has a sigmoidal
form and the T4 gene 32 curve shows inhibition at concentrations
gene32 2-fold greater than that required for saturation of binding sites.
These observations suggest a specific, biologically relevant
interaction between hRPA and WRN that results in the stimulation
of WRN helicase activity. This stimulation is different from that
. i caused b¥.coli SSB and T4 gene 32 which may involve solely

o 0 oo w0 interactions with the single-stranded template.
[SSB binding unit] / [DNA binding site]

A2 > . wewe —--

60 |-

40

20 |-
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Figure 3. SSB effects on the strand displacement activity of WRN. DISCUSSION
(A) Autoradiogram of a 12% polyacrylamide gel showing the reaction products L . . ) .
derived from incubating WRN and a DNA substrate in the absence or presenck order to gain insights into the role of WRN helicase in maintaining

of various SSBs. The substrate (1 fmoB2Rr-labeled 42mer hybridized to the genetic stability, we analyzed the directionality of unwinding, NTP
circular M13mp2 DNA, was incubated with 16 ng of UwrD or 15 ng of WRN tilization and effects assDNA-binding proteins. First we deter-
for 1 h at room temperature in reaction buffer containing either no SSByar 0.3 . . . h g
of E.coli SSB (ESSB), 0.fig of human RPA (hRPA) or 04lg of T4 gene mined that t_he d|rect|on of translocation of WRN is+8' on the
32 protein (gene 32, heat-denatured substrate; S, substBjeCgncentration- ~ SSDNA portion of partially duplex substrates. This confirms our
dependence of SSB effects on the strand displacement activity of WRNpreliminary observations1f) and is characteristic of DNA
Reacton praducts were.resalved in 129 polyaciamide gels and werarcCoses that belong to the RecQ fanzoli RecO), the first
subjected I?o quantitation by Phosphorlmagerl.O T%e d)éta weregplotted as % tudied “.“embe.r of this fgmny, was initially Idemlf.'ed aSaS’
total DNA substrate displaceas a function of SSB binding unit per DNA DNA helicase involved in homologous recombination via the
binding site (see text for details). RecF pathwayl(4). Other studies have suggested a role for RecQ
in the suppression of illegitimate recombinatiorEscherichia
coli (15) as well as in the re-initiation of damage-impeded DNA
from a partial duplex ssM13mp2 DNA by WRINY. In orderto  synthesis at the replication forkg17). If a RecF-like damage-
compare the stimulation of WRN helicase activity by differentesponse pathway is present in mammalian cells and functions in
SSBs, we utilized a 42mer annealed to ssM13mp2 DNA astlae resolution of DNA damage at the replication fork, this could
substrate. In the absence of SSB proteins, WRN was unableaitcount for the sensitivity of WS cells to a limited number of
significantly displace this oligonucleotide (FBA). However, DNA damaging agents. Peripheral blood lymphocytes from WS
upon the addition oE.coli SSB (ESSB), human replication patients 41) and SV40-transformed WS cellé2] are hyper-
protein A (hRPA) or bacteriophage T4 gene 32 protein (gene 3&nsitive to 4-nitroquinoline-1-oxide (4-NQO), but not to a
the oligonucleotide wadisplaced from the hybrid (FigA).  variety of other DNA damaging agents. The finding of increased
Using similar concentratiorg hRPA (0.28.M of heterotrimer), chromosome breakage induced by 4-NQQ) (initially sug-
E.coli SSB (0.38uM of tetramer) or T4 gene 32 (O8V of  gested that WRN protein may play a role in a specific
monomer), the extent of strand displacement was greatest witcombinational DNA repair pathway in mammalian cells, but is
hRPA. In contrast, strand displacements by UvrD was inhibiteelqually compatible with a role for WRN in the repair or bypass
by each of the SSB proteins under the same conditions in whiofiDNA damage ahead of the replication fork or in the repair of
stimulation was observed with WRN protein. double-strand breaks. The intermediate iteihs to 4-NQO of
To further understand the relationship between WRN and eackhlls from WS heterozygote$d) suggests that deficits in WRN
SSB during DNA unwinding, strand displacement was measureday have functional significance beyond WS itself, and may be
as a function of the concentration of hREAGoli SSB and T4 relevant to genetic instability and the incideofgpecific human
gene 32 protein (Fi@B). Since the functional units of different tumorsin the population at large.
SSBs—monomer versus multimer—cover different numbers of Recently, BLM (the gene product mutated in B&hther RecQ
nucleotides when bound to ssDNA, we indicated the concentratitomolog, has also been expressed and determined to unwind
of each SSB as the ratio of binding units (molar concentration @NA in the 3—5' direction (L9). Mutations in both genes are
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associated with genetic instability and with a proclivity to thehan of hRPA were required to achieve the same extent of
development of cancer. However, the types of associated cancetsnulation. Moreover, the concentration dependence of stimulation
other clinical symptoms and the behavior of cells in culture arg=ig. 3B) followed a hyperbolic curve in the case of hRPA and a
entirely different 43). The enhancement in sister chromatidsigmoidal curve in the case Bfcoli SSB. The sigmoidal curve
exchange that is characteristic of BS is not observed in WS. Thasteserved foE.coli SSB probably reflects cooperative binding to
differences in phenotype may indicate that the two Rec@sDNA that prevents reannealing of the displaced oligomer. The
homologs WRN and BLMunction in different pathways of hyperbolic curve found for hRPA in two separate experiments

DNA metabolism in cells. may reflect a non-cooperative, direct interaction between WRN
and hRPA, since the cooperativity) (of hRPA is much less than
Table 1.Kinetic values for the NTP and dNTP cofactors of WRN that of E.coli SSB ¢orpa= 10—20 versusk coji ssp= 1 X 10P)

(38,49), and cooperative binding could result in a sigmoidal
stimulation curve. Additional studies will be required to determine
ATP dATP CTP dcTp whether hRPA interacts directly with WRN protein. There is other
Km 51 uM 119pM 21 mM 3.9 mM evidence which may indicate that SSB proteins interact with DNA
helicases. The ability dE.coli RecQ to separate long hybridized
oligonucleotides is increased by the additio&.abli SSB, e.g. the
combination can efficiently unwind a 71 bp partial dup&3.(The
Km andVimaxvalues for ATP, dATP, CTP and dCTP were determined from théStrand-displacement activity of human heliageincreased in the
Lineweaver—Burk plots in Figure 2B. presence of hRPA3E). Interestingly, DNA helicases have been
% of the total DNA substrate displaced/min. purified from mouse cell extracts by RPA affinity chromatography
(50). Thus, the stimulation of WRN helicase by hRPA may indicate

We also measured the ability of each of the eight common NTRsdirect interaction between these proteins.
and dNTPs to serve as cofactors for WRN DNA helicase activity. Human SSB (hRPA) was initially shown to be a DNA
ATP, dATP, CTP and dCTP can suppsirand-displacement. The Teplication protein §7) and to serve a function in nucleotide
Vimax Values for strand-displacement with these nucleosidexcision repair as welb(). Studies in yeast also indicate that
triphosphates are very similar. However, the loygralues for  RPA facilitates nucleation of ssDNA by Rad51 and is thus
ATP and dATP suggest that these are more likely to serve asiamolved in homologous recombinatioh?. Recently, human
energy sourci vivo. The preferential utilization of ATP or JATP RPA was shown to facilitate homologous pairing and strand
could be a general characteristidtef RecQ family, sincE.coli  transfer reactions induced by human Rad&). (Moreover, RPA
RecQ was demonstrated to use both ATP and dffidlently,  interacts with thetumor suppressor protein p534) and is
but not GTP 44). In addition, human helicase composed of functionally regulated by ATM-dependent phosphorylation
110 and 90 kDa polypeptides, utilizes ATP and dATP for DNA55-57). All of these findings suggest multiple roles for RPA and
unwinding. TheK,,, values obtained with human helicaséor  therefore lead to the speculation that WRN may be involved in
ATP and dATP are28 and 48uM, respectively, not greatly one or more of these RPA-associated DNA metabolic processes.
dissimilar from the values of 51 and 1191 for ATP and dATP, Genetic instability in WS was initially demonstrated by the
respectively, obtained with WRN. In fact, there are manypresence of multiple clones with different translocations among cells
mammalian DNA helicases that use ATP and dATP as maj@iom the same individual (variegated translocational mosac#m) (
energy sources and translocate ir-a3 direction 34,45-48).  This instability was confirmed by studies of WS fibroblasts in
The ability of WRN to effectively use CTP and dCTP as substratesilture that demonstrated a 50-fold enhancement in the rate of
suggests that these nucleotides might assist in identifying WRNprt mutagenesis. Examination of the DNA sequence of the
helicase activity in crude cell extracts, evémwugh these mutants indicated that the most frequent types of mutations were
substrates might not be physiologically relevant. extensive deletions9). Studies in yeast have shown that
Lastly, we studied the ability of different ssDNA-binding proteinsmutations in RPA result in an elevated mutation rate that is also
to stimulate WRN helicase activity. Mechanistically, SSBs could@haracterized by deletions (R.Kolodner, personal communication).
bind to ssDNAs during strand displacement reactions, anthus, the interaction we observed between hRPA and WRN may
prevent the displaced ssDNAs from re-hybridizing with the DNAreflect the finding that mutations observed in WS patients are
template. On the other hand, high concentrations of SSB mightedominantly deletions.
inhibit strand displacement by competing with helicase for
binding at the junction of single- anduble-stranded DNA, if
there is no specific coordination between the two proteins. We
observed stimulation of WRN-catalyzed strand displacement byck NOWLEDGEMENTS
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