
Probes These molecules have low photobleach~ng 
rates (10-"0 l o - @  per excitat~on) near-unity quan- 
tum yield n a semir~gid environment, and an absorp- 
tion cross secton of 1.35 X 1 cm2 at 532 nm 
estimated by us on the basis of the measured ab- 
sorption in methanol. 

15 A quartz cover slip was frst spin-coated w~ th  one 
drop (0 2 mi) of 0 1 Oia by weight PMMA In choroben- 
zene and then spin-coated w ~ t h  one drop of a 1 n M  
solut~on of Dil,,C(12) In toluene. The nanomolar 
dye solution was freshly prepared from a micromo- 
a r  dye solution with each sample. 

16. Although the calculated saturation intens~ty IS 1 MW 
cm-' In a separate study we found that the satura- 
tion of the fluorescent transition was determined by 
transitions from the excited snget  state to a meta- 
stable state, probably the tr~plet state w~ th  an nter- 
svstem crosslna rate of about 0 15% and a trioet 
liietme of 0.4 's 

17, The maximum fluorescence rate is R, = q O,(u//t~v), 
where u is the absorption cross s e s ~ o n  at the laser 
frequency v @, IS the fluorescence quantum y e d ,  
1 IS the laser intensty, and is the collection effic~en- 
cy, In general both q and OF can depend on the 

em~ssion dipole orentation. However, the 1.25-NA 
o i l~mmers~on objectve used here collected a calcu- 
lated 65O6 of the total light em~tted by a molecule at 
the PMMA-a~r interface [E. H. Helen and D Axelrod, 
J. Opt Soc Am. B 4 337 (198711, nearly ndepen- 
dent of the emission-dipole orientaton, The total c o -  
lection or detection efficiency was 1596. 

18 A focused laser beam has a very small longitudinal 
field component along the z axs,  on the order of 
Elkw, where E IS the tangential laser field, li is 2?iih, 
and w IS the focused spot size [M Lax, W H 
Lou~sell, W. B. McKnght.  Phys. Rev. A 11. 1365 
(1 97511. 

19, The emission dpole, which lies along the long axis of 
the molecule that connects the two indole rings. is 
or~ented 28" from the absorpt~on dipole [D. Axerod, 
Biophys J 26, 557 (1 979)l. 

20. The radiatijie f e t m e  for a broad molecular spectrum 
is proport~onal to the spectrally ajieraged Inverse 
cube of the emisson frequency [S. J. Str~ckler and R. 
A. Berg. J. Ct~em. Pt~ys. 37,814 (1 962)l or to a small 
approxlmatlon proportional to the cube of the peak 
fluorescence wavelength. 

21. W Lukosz and R.  E. Kunz. Opt. Common. 20, 195 

Positional Cloning of the Werner's 
Syndrome Gene 

Chang-En Yu," Junko Oshima," Ying-Hui Fu," Ellen M. Wijsman, 
Fuki Hisama, Reid Alisch, Shellie Matthews, Jun Nakura, 

Tetsuro Miki, Samir Ouais, George M. Martin, 
John Mulligan, Gerard D. Schellenberg-k 

Werner's syndrome (WS) is an inherited disease with clinical symptoms resembling 
premature aging. Early susceptibility to a number of major age-related diseases is a key 
feature of this disorder. The gene responsible for WS (known as WRN) was identified by 
positional cloning. The predicted protein is 1432 amino acids in length and shows sig- 
nificant similarity to DNA helicases. Four mutations in WS patients were identified. Two 
of the mutations are splice-junction mutations, with the predicted result being the ex- 
clusion of exons from the final messenger RNA. One of these mutations, which results in 
a frameshift and a predicted truncated protein, was found in the homozygous state in 60 
percent of Japanese WS patients examined. The other two mutations are nonsense 
mutations. The identification of a mutated putative helicase as the gene product of the 
WS gene suggests that defective DNA metabolism is involved in the complex process of 
aging in WS patients. 

W e r n e r ' s  syndrome is a rare autosoma1 
recessive disorder that  is considered a par- 
tial model of human  aging (1-3). WS 
patients pretnaturely develop a variety of 
the  major age-related diseases, including 
several forms of arteriosclerosis, malignant 
neoplasms, type I1 d ~ a b e t e s  mellitus, osteo- 
porosls, and ocular cataracts; these ~ n d i -  
viduals also manifest early graying and loss 
of hair,  skin atrophy, and a generally aged 
appearance. Gro\vth retardation occurs, 
typically around the  t ime of puberty, but 
ruedical uroblems are rare during c h ~ l d -  " 

hood. Cell  culture studies also suggest a 
parallel between WS and aglng; the  repli- 
cative life-span of fibroblasts from WS 
patients is reduced compared with age- 
~ n a t c h e d  controls and is s im~la r  to  the  
11fe-span of f~broblasts taken from more 
elderly ~ n d ~ v ~ d u a l s  (4)  However, some 

prevalent geriatric d~sorders  such as Alz- 
heimer's disease and hvuertension are not  , 
observed in  WS. bloreover, there are sub- 
tle d~scordances between LVS and nortnal 
aging, such as a disproportionately severe 
osteouorosis of the  limbs relative to the  
trunk and the  h ~ g h  prevalence of nonepl- 
thelial neoplasms in LVS. F~nal ly ,  there are 
unusual clinical features unrelated to ag- 
ing, ~nc lud ing  ~ ~ l c e r a t ~ o n s  around the  an-  
kles and soft tissue calcification ( 1 ,  2 ) .  

T h e  WS locus (LVRN) was in~tiallp lo- 
calized to 8p12 (5) hp linkage analysis and 
the genetic position refined by both meiotic 
and homozpgositp mapping (5-7). Initial 
mapping (6-8) placed WRN in an  8.3- 
centlmorgan (cM)  interval flanked by 
markers D8S137 and D8S87 (Fig. 1) ;  
D8S339, located w ~ t h i n  this interval, was 
the closest marker. Subsey~~ent lp ,  short tan- 

(1 977): J. Opt  Soc. Am. 67, 1607 (1 977). 
22 For a dpole on the air s~de  of the inrerface, LiL, IS 

0 92. L lL ,  IS 1.6. and the radative lfetime IS de- 
creased for a perpendicular emsson dipole. 

23 Al~phatic hydrocarbon immers~on oil, type FF; 
Cargile Laboratores, Cedar Grove NJ 

24. We deposited sejieral micrometers of PMMA by spin- 
coating several drops of a solut~on of 5% by weight 
PMMA In toluene and heatng the sample to dr j .  

25. E. Akesson, V. Sundstrom, T Gillbro Chem. Pt~ys 
Lett. 121, 51 3 (1 985). 

26. M. 0. Sculy, Appi Phys B 51, 238 (1990). 
27. We obtained an ensemble measurement by raster- 

scanning a 36-km2 sample area prepared w~ th  20 
times higher coverage of molecules at a laser inten- 
sty of 500 W c m 2  while continuously collecting 
fluorescence. It thus averaged over several hundred 
molecules. 

28. P. R.  Be\i~ngton. Data Reduct~oi: and ErrorAnaiys~s 
for t t ~ e  Physrcal Sciences (McGraw-Hill New York. 
1969), chap 1 i 

26 October i995,  accepted 19 Ilanuarj 1996 

dem repeat polymorphism (STRP) markers 
a t  the glutathione reductase (GSR) gene 
and D8S339 ne re  shown to be 111 linkage 
disequilibrium with LVS in Japanese WS 
patients ( 9 ,  l o ) ,  indicating that these mark- 
ers are most likely close to WRN. 

T o  clone the  LVS gene, we generated a 
map from yeast artificial chromosomes 
(YACs), P1 clones, and cosmid contigs 
(Fig. I ) ,  starting a t  GSR and extended by 
walking methods to cover approximately 3 
blb (1 1 ). Eighteen STRP markers (Fig. 1B) 
arere identified in  the  contig; probable re- 
conlbinants ne re  detected a t  D8S2194 
(which excluded the region telomeric to 
this marker) and a t  D8S2186 [which ex- 
cluded the  region centro~neric to this mark- 
er (12)],  making the 1.2 to 1.4 Mb interval 
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Fig. 1. Genetic and physical maps of 
the WRN region. (A) The genetic map 
units are in centimorgans, assuming 
sex-equal recombination rates (8). (B) 
The polymorphic loci are STRP mark- 
ers except for PPP2CB and D8S2180 
which are bi-allelic insertion-deletion 
polymorphisms (1 1). The STRP loci at 
GSR and PPP2CB are D8S2202 and 
D8S2208, respectively. (C) The physi- 

D8S283 
D8S259 

GSR D8S278 D8S268 
L p q q q 8 S . <  FGrl D 7 5  

A 
Telornere8p I I I I I I I I I I I  I  I  I  I Centrornere 

3.8 7.4 0.9 6.7 1.6 2.5 2.8 2.1 

cal map has approximate distances in 
D8S2156 D8S2138 D8S2180 

kilobases determined from sizes of B D8s2194 
D8S2192 D8S339 PPP2CB D8S2144 D8S2168 D8S2150 D8S2162 overlapping nonchimeric YACs, and 

from overlapping genomic P1 DNA clones sequence 2233, 2253, from 
ryD8s2\y<yqyK\\ \72J,2E 3833. 2236. and 31 01. Marker and 

clan; order has determined from the C I I I I I I I I  I I  I I I I 

sequence-tagged site (STS) content of 130 200 90 65 40 130 350 ,200 

YACs, PI clones, and cosmid clones 
and from genomic DNA sequence. (D) D 814~11: 1080kb 

The YACs represent the minimal num- 896F4: 1200 kb 

ber of YACs to cover the WRN region 763A7: 800 kb 
and are the YACs used for cDNA selec- 

780E6: 500 kb 
tion experiments. The small insert 
clones shown in (E) are the minimum 
number needed for overlapping cover- 
age of the WRN region and are PI E 2253 - 6738 - 

2934 - 
clones except for 8C11 and 17666, 2233 - 

3833 - 17606- 2932 - 
which are cosmids. A total of 20 PI 2236 - 
clones and 109 cosmid clones were 2237 - 3101 - --am=--/ 8Cll- \ 
identified from the D8S2194 to 2246 - WRN gene 

D8S2162 region. The complete 5469 - 
genomic sequence (30) was deter- 
mined for eight PI clones (2233, 2253,3833, 2236, 2237, 2932, 2934, and three PI clones (2234,2927, and 3000), and one mouse PI clone (5469) was 
6738) and one cosmid clone(176C6). Partial sequences were obtained for completely sequenced. 

from D8S2194 to D8S2186 (Fig. 1C) the 
minimal WRN region. Significant evidence 
for linkage disequilibrium (P  < 0.03) be- 
tween single markers and WS in a Japanese 
patient population was obtained for 10 
[D8S2198, D8S2196, D8S339, D8S540 
(GSRZ), D8S2202 (GSRl), D8S2206, 
D8S2134, D8S2162, D8S2174, and 
D8S21801 of the 18 STRP loci in the inter- 
val (12). 

Potential expressed sequences in the in- 
terval between D8S2192 to D8S2186 were 
identified by exon trapping, hybridization 
of complementary DNA (cDNA) libraries 
to immobilized YACs, comparison of the 
genomic sequences to DNA sequence data- 
bases by means of BLAST, and analyzing 
genomic sequence with the exon-finding 
computer program GRAIL (1 3). BLAST 
searches of the Eukaryotic Promotor Data- 
base (1 4) were performed to identify poten- 
tial regulatory elements. Each gene detec- 
tion method identifies short segments of 
expressed sequences, which can then be 
used to screen an arrayed fibroblast cDNA 
library (15) to identify longer cDNA 
clones. Genes identified by this process 
were screened for WRN mutations by se- 
quencing reverse transcriptase-polymerase 
chain reaction (RT-PCR) products (16). 
Before identification of the WRN gene, 
GSR, protein phosphatase 2 catalytic sub- 
unit p (PPP2CB), general transcription fac- 

Fig. 2. Expression and DNA 
sequence of the WRN gene. 
(A) A Northern blot (Clontech) 
of multiple tissues, prepared 
with 2 pg of polyadenylated 
RNA per lane, was hybridized 
with a 1970-bp probe gener- 
ated from the WRN helicase 
cDNA clone by using primers 
K (5'-AGTGCAGTGGTGT- 
CATCATAGC-3') and L (5'- 
CCTATTTAATGGCACCCA- 
AAATGC-3'). The filter was 
hvbridized at 42°C in 50% 
formamide for 16 hours and 
washed twice in 1 x standard saline citrate (SSC) and 0.1 % SDS at room temperature, followed by two 
washes in 0.1 x SSC and 0.1 % SDS at 65°C (30 min each wash). (B) RT-PCR products (16) were 
produced with primers K and N (5'-ACCGCTTGGGATAAGTGCATGC-3') and the products resolved 
by agarose gel electrophoresis. Lanes 1 and 8, 1 -kb ladder size standard (Life Technologies); lane 2, 
Japanese normal control; lane 3, SY family, Japanese WS, mutation 2; lane 4, ZM family, Japanese 
WS, mutation 4; lane 5, Japanese normal control; lane 6, MCI family, Japanese WS, mutation 4; lane 
7, Caucasian WS. RNA for RT-PCR was from lymphoblastoid cell lines (lanes 2 to 4) or from fibroblast 
cultures (lanes 5 to 7). Molecular sizes are indicated to the sides of (A) and (B) in kilobases. 

tor IIEP (GTF2E2), a P-tubulin pseudo- 
gene 1 (TUBBPl), and six genes of un- 
known function were screened for muta- 
tions and none were detected. WS 
patients were also screened for mutations 
in 14 GRAIL-predicted exons and three 
putative promotor elements by sequencing 
PCR amplification fragments generated 
from the genomic DNA from WS and 
normal individuals. 

The candidate WRN gene was detected 
by means of the genomic sequence of P1 
clone 2934, which was used to search the 
expressed sequence tag (EST) database. A 
245-base pair (bp) EST (R58879) was 
identified that was identical to three re- 
gions of genomic sequence of 145, 94 (a 
complete exon), and 6 bp in length, sep- 
arated in the genomic sequence by two 
introns (81 and 851 bp in length). An 
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exon of the  same gene n7as also identified 
by exon trapping. T h e  sequence from 
R58879 was used to identify longer c D N A  
clones (1 7) .  Northern ( R N A )  blot analy- 
sis showed that  R58879 is expressed; tran- 
scripts of -5.8 a11cl8.1 kh n.ere detected in 
all tissues tested (Fig. 2'4). T h e  predomi- 
nan t  smaller transcript was present a t  
highest quantities in pancreas, follo~ved hy 
placenta, muscle, and heart .  Transcripts 
were also detected in RT-PCR products 
from fihrohlast and ly~nphohlastoid cell 
line R N A  (Fig. 2B). T h e  co~np le ted  se- 
quence was asse~nhled fro111 12 additional 
overlapping c D N A  clones and hy 5 ' -  
R A C E  experiments (1 7)  to yield a 5.2-kh 
final sequence (GenBank accession num- 
ber L76937). 

Four mutations in  YIS patients ~ v e r e  
detected in the  gene corresponding to  
R58879 (Table 1 ) .  Tn.o mutations were 
nonsense mutations creating premature 
stop codons (mutations 1 ancl 2) .  Four 
Japanese \VS patients, t he  offspring of first 
cousin marriages, and o n e  Caucasian, from 
a second cousin lnarriage (181, [vere ho- 
moiygous for the  A r g l 3 0 5 T G A  mutation 
(mutation 1 )  (where the  a r g i n ~ n e  coclon a t  
position 1305 is mutated to stop codon 
T G A ) .  T h e  G l n l l 6 5 T A G  mutation (mu-  
tation 2) was found in  one  Japanese pa- 
tient \vho is the  offspring of a first cousin 
marriage ancl homozygous for the  muta- 
tlon. These two mutations were not  oh- 
s e r d  in  48 Caucasian or 96  Japanese 
control individuals (1 9 ,  20) .  A third mu- 
tation, iclentifiecl in a Syrian family, 1s a 

Table 1. WS mutations. Splice junctions are de- 
noted by a double-headed arrow (-) and deleted 
bases with a hyphen (-). Mutated or deleted bases 
are in bold. Intronic sequence is in small letters 
and exonic sequence in capital letters Mut.. niu- 
tatlon: Ind., individual, Norm., normal; aa, alnino 
acids. 

Pre- 
dcted 

Mut. Ind. Nucleotde sequence 7;; 
length 

(aa) 

L 

Norln 

WS 
3 

Norln 

WS 
4 

Norm. 

T G A  
. ' l a A r g G i c L y s  1 1 6 4  
G C T A G G C . A G A A  

4-bp deletion spanning a splice junction 
(mutation 3). I11 this kindred, three s'ihs 
n i t h  YIS are homozygo~~s  for this muta- 
tion. A fourth sib, aged 21, is homozygous 
for the  same mutation l ~ u t  too young for a 
definitive diagnosis of \VS ( 1 ,  2 ) .  Al- 
though these inclividuals are no t  from a 
co~~sangu ineous  marriage, they do  share 
the  same haplotype across the  YIS region 
(1 2 ) .  This mutation n.as no t  observed in  
96 Caucasian or 48 Japanese control indi- 
viduals (19 ,  20).  
A fourth mutation 147as first detectecl as 

a RT-PCR product that  was 95 bp shorter 
than  products from other  \VS and control 
inclividuals (Fig. 2B). Colnparison of the  
RT-PCR ~ r o d u c t  sequence and the  
genolnic sequence from P1 clone 2934 
revealeel that  the  missing 95 bp corre- 
sponded to a single exon. T h e  missiqg 
exon ancl flanking geno~nic  seglnents \Yere 
secruencecl from the  \VS ~ a t i e n t  and con- 
trol ind~viduals,  ancl a single base change 
of G-tC was detected that  chanees a 

L 2  

splice donor sequence fro111 A p G  to  A p C  
(mutation 4 )  and results in a frame shift of 
codons 1078 to 1092. This \VS patietlt is 
the  offspring of a first cousin marriage and 

is homozygous for this m u t a t ~ o n .  For 30  
Japanese kindreds examined, affected 111- 
dividuals from 18 of the  kindreels are 110- 
mozygous for mutation 4. I11 three of these 
families t\vo affected sibs \Yere samplecl, 
and in each case both  are 11omoiygous. 
A ~ n o n g  ~ n ~ ~ t a t ~ o n  carriers, 12 of 16  have 
the  141-bp allele at the  GSR2 STRP,  
\vhich is overrenresented in YIS cases ifre- 
quency = 0.40) ancl relatively rare in Jap- 
anese control inili~.iduals (frequency = 

0.07) (10) .  T h e  association of this allele 
with \VS was resuonsihle for the  initial 
detection of linliage d i ~ e ~ u i l i b r i ~ u n  in  this 
region ( 9 ) .  This  mutation was not  oh- 
served in 48 Caucasian \VS patients. I11 
187 Japanese control individuals, one  het-  
eroiygote mas observed for an estimated 
gene frequency of 0.003 (19 ,  201, \vhich is 
comparable ~ v i t h  gene frequency estilnates 
(0.001 to  0.005) baaeel o n  \VS prevalence 
rates ancl consanguinity estimates ( 2 ,  21 ) .  

T h e  protein predicted from the  c D N A  
sequence is 1432 residues in length (Fig. 
3 )  and is highly simllar to  D N A  helicases 
from a wide range of organis~ns (Fig. 4 ) .  
All seven hellcase consensus domains are 
present, including the  nucleotide binding 

llSEKKLETTAQQRKCFEWl~iNVQNKRCAVEERiiAC'irRKSVFEDDLPFLEFTGSIVYSYDAS 6 0  Fig. 3. Predicted protein 

DCSFLSEDISI.ISLSDGD~GFD~EWFFLYNRGKLGKVALIQL~VSESKC~LFH'~SSI~ISVF 1 2 0  'equence Of the !''RN 
gene product (22). Heli- 

PQGLKI~ILLENiiAYKI~GVGIEGDQWKLLRDFDIKLKNFVELTDVAI.IKKLKCTETWSLNSL 1 8 0  Case domains I through VI 

LMEDQVLQLl<l~iSNIFACFLGSAQSEWLTDIKLGI<YRI\~YVTFEYCSGNI~lGLLQQLEKDI 

I1 111 
G I T L I A V D E A H C I S E W G H D F R D S F R I < L G S L I < T A L P I I V P R C L N L  

IV 
RI!PQITCTGFDRFNLYLEVRRKTGNILQDLQPFLVKTSSH:'iEFEGPTIIYCPSRKMTQQV 

v 
TGELRKLNLSCGTYWGESFSTRKDIHHRFVRDEIQCVIATIAFGMGINKAnIRQVIHYG 

VI 
APKDMESYYQEIGRAGRDGLQSSCHVLWAPADINLNRHLLTEIRNEKFRLYKLR~IMAKIIE 

- L o i i t l o n  05  t h e  ?remature srop codon f o r  mutatLon d 

TVSSGTKEHCYNQVFVELSTEKKSNLEKLYSYKPCDI<ISSGSNISKKSII~lVQSPEiWYSS 1 1 4 0  

- - i iutzt-on 2 ( s t o p  codon! 

SQPVISAQEQETQIVLYGKLVEARQK:NKIIDVPFAILATNI<ILVDMAKERPTTVEC~JI<R 1 2 0 0  

are in bold type, andjheir 
location was adapted 
froln prev~ously described 
helicase dolnain align- 
ments (37). The alnino ac- 
~ d s  corresponding to the 
exon lnissing from RT- 
PCR products froln muta- 
tlon 4 individuals are over- 
lined. The locations of 
mutations 1 and 2 are 
noted w ~ t h  asterisks The 
exon presumed to be 
nilsslng as a t-esult of the 
mutatlon 3 splice junction 
deletlon s also overlned 
Exon boundaries are froln 
the genolnc sequence of 
P I  clone 2934. 
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motif in clomain I ancl the DExH sequence 
(22) (where X is any amino acicl) in do- 
La in  11. Across thk seven helicase do- 
mains, the LVRN predicted protein is 62 to 
64%   den tical to the human RECQL and 
Escherichia coli recQ gene products ancl 
putative helicases from Caenorhabditis el- 
egnns and yeast (Sgslp). In addition to the 
seven-clotnain reeion. at the 3' end of the 

0 ,  

gene there are regions of litnited similarity 
het~veen the K'RN gene product and the 
C ,  elegnns putative helicase F18C5.2 and 
the E ,  coli RecQ protein (23) .  T h e  WRN 
protein also contains a 98-amino acid 
acidic region that includes 13 aspartates or 
glutamates in a stretch of 17 amino acids 
(Fig. 3) ;  the same region contains a 27- 
anlino acid repeat that is a perfect clupli- 
cation at the nucleotide level. 

As a putative helicase, the LVRN pro- 
tein coulcl be involved in DNA replica- 
tion, recombination, chromoso~lle segre- 
gation, DNA repair, transcription, or oth- 
er fi~nctions requiring D N A  un\vinding. 
Indicators of defective DNA nletabolisnl 
in LVS include chro~nosotnal instahilitv. 
a n  elevated nlutation rate at specific 
genes, elevated rates of nonhomologous 
recombination, decreased accuracy of liga- 

tion of disrupted plasmids, decreased re- 
pair rate of telomeres, rapicl decrease in 
trlomere length, ancl possihly altered 
DNA replication (24) .  In contrast, LVS 
cells do not show an increased susceptihil- 
ity to ultraviolet exposure or to other 
DNA damaging agents, do not appear to 
be defective in nucleoticle excision repair, 
and do not show elevated sister chrolnatid 
exchange (25) .  These characteristics set 
LVS apart from other clisorders (xeroderma 
pigmentosum, Cockayne's syndrome, ancl 
Bloom's syndrome) for which inheriteel 
defects have heen iclentified in helicases 
potentially involved in DNA repair or 
chro1noso1ne exchange events (or hoth) 
(26) .  However, a cryptic DNA repair de- 
fect in YIS cannot be ruled out, possibly 
because the appropriate DNA-damaging 
conditions have not heen tested, or he- 
cause other partially redundant repair sys- 
tems may exist. For example, E .  coli 7ecQ 
mutants only sho\v recombinatii~n defects 
and DNA damage sensitivity when other 
helicases (such as RecBC) are absent (27) .  
A n  alternate hypothesis to a DNA repair 
deficiency 1s that the KrRN clefect leads 
clirectly to DNA damage and mutations. 
For example, the Snccharomyces cerevisiae 

Sgslp helicase (Fig. 4), as part of a topo- 
isolnerase complex, f ~ ~ n c t i o n s  to decat- 
enate intertwined chromosomes; muta- 
tions in the gene SGSl leacl to hyper- 
recotubination bet\veen repeated sequenc- 
es with the deletion of intervening DNA. 

L 

chromosome hreakage, and nondisjunc- 
tion (25) .  

T h e  consequence of the LVS clefect in 
DNA llletaholisnl may he the accumula- 
tion of DNA mutations, leading to the 
age-related diseases observed in LVS. Dis- 
ease susceptibility in YIS could be the 
result of mutations at specific genes. For 
example, the increased incidence of neo- 
plasia in LVS may be caused by solnatic 
mutations at oncogenes anel tumor sup- 
pressor genes. Mutations in WRN may also 
play a role in tutnorigenesis in non-WS 
individuals because this gene is locatecl in 
one of t\vo chro~noso~ne  8u reeions where 

L L 

loss-of-heteroiygosity has heen ohserved 
in t ~ n l o r s  (29) .  A Inore eeneral tnecha- 

b 

n i s ~ n  of disease susceptibility in MS may 
he accumulated DNA damage that leads 

u 

to prenlature replicative senescence and 
suhseiluent pathology. 'Whatever the spe- 
cific mechanisnls involved in the LVS phe- 
notype, identification of the YIS gene now 
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RECQ-ECOLIC . . . . . . . . . . . . . . . . .  AQAEVLliLESGAXQV . .  LQETFGYQQFRPGQEEI1CTVLSG.RDCL~VVMPTGGGKSLCYQIPALLL . . . .  NGLT'JVVSPLISL 
CELF18CSc . . . . . .  DRNITPQICEATKMK'~AS?ITSPPQ3ALN?.LNEFFGHKGFREKQ1;JCTiV~J~?LGG . KDQFVLMSTSYGKSVCYQLPSLLL . . .  .NSMTWVSPLISL 
RECQ-HWANc . D S D A G A S N E Y D S S T A X L ~ ~ ~ < K E ~ .  . F P ~ ~ S G K ' . ' K C I L Q N ~ J F R L E K F E . P ~ Q L Z T I ~ ~ J T ~ A G  .REVFLVKPTGGGKSLCYQLPALC. . . .  SDGFTLVICPLISL 
SGS1-YEASTC F D D D F S L S D I V S X S M L S S X T N G P ? Y P P I S D E E J L Y F : L H E ~ ~ ~ K S G K T E Z T T I V I S P L I S L  
Consensus ----------------------------------L---F----F---Q-----------------?:-TG-GKS-C-Q-~-------------V--~LISL 

ATPase 
101 I1 200 

!\%N MEDQVLQLKMSNIPACFLGSAQSE . . . .  hVLTDI . .  KLOKYRIVWTPBYCSGN . . .  MGLLQDLEADIGITLIAVDBlUICISEWGHDPRDSFRKLGSLKT 
IIECQ-ECOLIC MKDQVDQLQ~GVMACLNSTQ~~EQQLEWTGC. . RTQQIRLLYIAPB . .RLH . . LDNFLEYLAH~-NPVLLAMBAHCI~QWGHDFRPEYAALQQLRQ 
CELF18CSc M.lDQVTTLVSKC-IDAVKLDGHSTQIEI1DQ1,'ANN. . .l?FRIRFIYiiSPElS~~TSQ . KCL3LL~SCRYHISLLAiDEAHCVSQ'AGHDFRNSYRPLAEIRN 
RECQ-HWmc N?DQLbWLKQLGISAT?4LNASSSKEH'JKKhVHAEKNSELKLIYVTPEKIAKSKMFlSRLEKAYEARRFTRIAVCEVHCCSQ'iJGHDFRPDYKALGILKR 
SGSl YEASTC MODOVEHLLNKNIKAS!IFSSRGTAEQRRQTFNLFIIINGLL9L'JYISPEMISASEOCKRAISRLYADGKL~IWDEAHCVS~GH3FRPDYKELKFFKR 

SGS~IYEASTC . .  EYPDIPMI~TATASEQVRMDI~HNLELKEPVFLKOSPNRTNLYYEVN~KTKNT. . .  
consensus - - - - - - - - - - - L T A T A - - - - - - D - - - - L - - - - - - - P - R - N - - - - - - - - - - - - - - - - - . - - - - - - - - - - - - - - - - I I Y C - - - - - - - - - - - - - - - - - -  

R E C Q - H ~ M C  HAGAYHANLEPEDKTTVHRKWS~EIQW\.ATVAFGMGIDKPCVR~IHHSMSKSMENYY~E~GRAGRDDMKADCILYYGFGDIFRIS~M'~~~ME~NVGQQ 
SGS1-YEASTC KCAYYHAGMEPDERLSVQKAWQAOEIQVICATVAFGEGIDKP9VRF'JYHFTVPRTLEGYYQETGRAGRDGNYSYCITYFSFRDIRTlsQTMIQKDKNLDRE 
Consensus ----~HA-----------------------AT~AFG~~GI~K~~~~--J-H-------E-~~QE-G?AGRD-------------D----------------- 

401 4 3 5  
. . . . . . . . . .  . F R L Y K L K ~ ~ A K M E K Y L H S S R C R R Q I I L S H F E ~ K ~ Q K A S L G I X Q T E K C C D N C R S R L D H C Y S X D D S E D T S ' L ~ ~ ~ F G P Q A F K L L S A V .  

RECQ-ECOLIC .LQDIERHKLNAMGAFAEAQTCRRLVLLNYFGE . . . . . . . . . . .  QRQEPCGNCDICLDPPKQYDGSTD . . . . .  AQIALSTIGRV . . . . . . . . . . .  
CELF18CSC .WENLT~LRQLELVLTTVGCRRYQLLKHFDPSYAKPPTM....QACCCDRCTEI.ILNGNQDSSSSIVZVTTESKWLFQVINElsYNGKTGIGKTGIGKPI 
RECQ_HU:6ANc . . . . . . .  KLYEbWSYCQNISKCRRVLMAQHFDEK\WSEAC . . . . . .  NKMCDNCCKDSAF . .  ERKNITEYCRZLIKILKQA . . . . . . . . . . . . . . .  
SGS1-YEASTc NKEKHLNKLQQV;~fAYCDNVT9CRRKLCJLSYFNEDFDSKLC . . . . . .  HKNCDNCRNSANVINEER2VTEPAKKIVKLVESI . . . . . . . . . . . . . . .  
Consensus ---------------------CRR------F------------------~--C------------------------------------------ 

Fig. 4. Protein al~gnment of genes show~ng homology to predcted protein genomic sequence between exons 6 and 7. Manual inspection of the 
WRN (221. Helcase domains are marked as shaded reglons (31). F18C5.2 alignment led to the identificaton of a missng exon (nucleot~des 10240 
(GenBank entry CELF18C5) is a predicted gene from a C. elegans cosmid through 104271, whch  was Included in the F18C5.2 sequence shown. 
that has been sequenced (321. When the pred~cted WRN proteln was Sequences for human RECQL and E. coil RecQ proteins and yeast Sgsl p 
aligned to F18C5.2, one region, h~ghly conserved in other helicases, was are from GenBank. Numerous other helicases (not shown here) also 
missing. The missing region was identifed by aligning the WRN gene to the showed significant homology, 
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provides evidence that  a t  least some com- 
Donents of "normal" auinu and disease ,-- ,-- 

susceptil:ilit!; in late life may he related to 
aberrations in DNA metabolism. 
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