
5% CO,. Cells were examined for cytopathologic effect 
for up t o  7 days after inocuiation. 

4. C. G. Sibley and B, L. Monroe Jr., Distribution and 
Taxonomy of Birds of the Worid (Yale Univ. Press, 
New Haven, CT, 1990). Common and scientific 
names of birds are used in accordance wi th those 
listed in this book. 

5. Total numbers of mosquitoes by species that were 
collected in 14 towns in Fairfield County, CT, and 
tested for virus from 6 September through 14  Octo- 
ber 1999: Ae. vexans, 1688; Ae. cinereus, 172; Ae. 
trivittatus, 131; Ae. taeniorhynchus, 123; Ae, soiiici- 
tans, 109; Ae, cantator, 63; Ae, triseriatus, 28; Ae. 
japonicus, 19; Ae. canadensis, 1: Anopheles puncti- 
pennis, 82; An. quadrimaculatus, 4; An. walker;, 2; 
Coquiiiettidia perturbans, 15; Cuiex pipiens, 744; Cx. 
restuans, 27; Cx, erraticus, 4; Cx. territans, 1; Cuiiseta 
melanura, 76; Cs. morsitans, 1; Psorophora ferox, 4; 
and Uranotaenia sapphirina, 104. 

6. M. Z. Ansari, R. E. Shope, 8. Malik,]. Ciin, Lab. Anai. 7, 
230 (1993). Isolates were tested initially in an ELlSA 
against reference antibodies t o  six viruses, in three 
families, isolated from mosquitoes in North America. 
The antibodies were prepared in mice and provided 
by the World Health Organization Center for Arbo- 
virus Research and Reference, Yale Arbovirus Re- 
search Unit, Department of Epidemiology and Public 
Health, Yale University School of Medicine. The an- 
tibodies were t o  Eastern Equine Encephalomyelitis, 
Highlands J, Cache Valley, Lacrosse, Jamestown Can- 
yon, and St. Louis Encephalitis viruses. 

7. Most dead birds were collected by state or town per- 
sonnel in Connecticut and sent t o  the Pathobiology 
Department at the University of Connecticut, Storrs, 
where they were examined for postmortem and nutri- 
tional condition, gross lesions, and microscopic evidence 
indicative of encephalitis. Brain tissue from birds with 
presumed encephalitis were frozen at -70DC and then 
sent to the Connecticut Agricultural Experiment Sta- 
tion, New Haven, for virus testing. Corresponding brain 
sections were processed for histologic examination. A 
10% suspension of each sampled brain tissue was pre- 
pared in 1.5 m l  of phosphate-buffered saline by tritu- 
rating with a mortar and pestle (3). Two t o  seven tissue 
samples from each brain were tested for virus. Alundum 
was added to facilitate homogenization of tissue. Sus- 
pensions were centrifuged at 5209 for 10 min. The 
supernatant of each sample was then passed through a 
0 . 2 2 - ~ m  filter before inoculation of a 100-p1 sample 
onto a monolaver of Vero cells. Cells were crown and 
examined for &topathologic effect (3). isorates were 
initially tested against reference antibodies (6). 

8. Connecticut towns from which dead crows were col- 

sponded to the Felsenstein model. Transitionltransver- 13. F:X. Berthet e t a / . ,  j. Gen. Viroi. 78, 2293 (1997). 
sion ratio = 2 (K = 3.88125); molecular clock was not 14. K. C. Smithburn et dl., Am. J. Trop. Med. 20, 471 
enforced; trees with approximate likelihoods of 5% or (1940). 
further from the target score were rejected without 15. C. G. Hayes, in The Arboviruses: Epidemiology and 
additional iteration; "MulTrees" option was in effect; Ecoiogy, T. P. Monath, Ed. (CRC, Boca Raton, FL, 
topological constraints were not enforced. Score for best 1989), vol. 5, chap. 49. 
tree likelihood = 16, Z. Hubalek and J. Halouzka, Emerg. Infect. Dis. 5, 643 
4278.24084; number of trees retained = 1. Trees were 11 aaa) 
run as unrooted. of each virus was 17, C. B. Philip and J. E. Smadel, Proc. Soc. Exp. Bioi. Med. 
grown in Vero cells (3) at 37% Infected cells were s3, 49 (1943), 
scraped from the bottom of the flask, centrifuged at 
45000 for 10 min, and the swernatant was discarded. 

R' M. Taylor et "" Am' TrOp' Med' Hyg, 5, 579 

~ ~ ~ ' l v a s  extracted from the'pellet using the Rneasy ' I Y b b ' '  

mini protocol (Qiagen), eluting the column twice with 19' M' Kitaoka' l ap '  Med' 3' 77 (1950). 

40 FI of ribonuclease-free water. Two microliters of each 20. T. H. Work, H. S. R. M. Am. 1. Trap. 

eluate were used in a 50-p,1 reverse transcription-poly- Med. 'yg. 4, 872 

merase chain reaction (RT-PCR) with the GeneAmp EZ 21. -. P ~ o c .  SOC. Exp. Bioi. Med. 84, 719 (1953). 

rTth RNA pCR kit (Perkin-E[mer). Primers WN-233F- 22. Cells were fixed at 4°C in a 2.5% (vlv) glutaralde- 
GACTGAAGAGGGCAATGTTCAG~ and WN-1189R- 
GCAATAACTGCGGACYTCTCC used in the reaction were 
designed to specifically amplify W N  and Kunjin viruses 
based on an alignment of six flavivirus isolates listed in 
GenBank [SLE virus capsid, membrane, envelope: acces- 
sion M16614; Japanese encephalitis virus polyprotein: 
accession M73710; Kunjin virus gene for polyprotein: 
accession D00246; Nigerian W N  virus complete ge- 
nome: accession M12294; Romania W N  virus strain 
R097-50 polyprotein gene, partial, accession AF130362; 
Romania W N  virus strain 96-1030 polyprotein gene, 
accession AF1303631. PCR products were purified with 
the QlAquick PCR Purification Kit (Qiagen) and submit- 
ted to the Keck Biotechnology Center at Yale University, 
New Haven, CT, for sequencing. Sequences were aligned 
with Clustak 1.648 [j. D. Thompson, D. G. Higgins, T. J. 
Gibson, Nucieic Acids Res. 22, 4673 (1994)l. 

11. Supplemental web material is available at www. 
sciencemag.orglfeatureldatall046471.shl. 

12. T. F. Tsai e t  a/., Lancet 352, 767 (1998); H. M. Savage 
et a/., Am. J. Trop Med. Hyg. 61, 600 (1999). 

hyde-2% paraformaldehyde solution containing 
0.1% (wlv) CaCI, and 1% (wlv)  sucrose in 100 m M  
Na cacodylate buffer (pH 7.4), postfixed in 1% (wlv) 
OsO,, dehydrated through an ethanol and acetone 
series, and embedded in an LX-112-Araldite mixture. 
Thin sections were poststained wi th 5% (wlv) uranyl 
acetate in 50% (vlv) methanol followed by Reynold's 
lead citrate and examined in a Zeiss EM 10C electron 
microscope at an accelerating voltage of 80 kV. Virus 
particles measured 35 t o  40 nm. 
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Origin of the West Nile Virus 
Responsible for an Outbreak of 

Ence~halitis in the 
I 

Northeastern United States 
lected and virus isolated from brain tissues (number 
of isolates in parentheses): Bridgeport (n = I ) ,  Darien 
(n = I ) ,  Fairfield (n = 41, Greenwich (n = 3). Hamden 

R. S. Lanciotti,'" J. T. Roehrig,' V. Deubel,' J. Smith,3 M. Parker,3 
in  = 1). Madison in = 1). Milford in = 1). New K. Steelen3 B. Crisem3 K. E. ~ 0 l p e . l  M. B. Crabtree.' 
~anaan ' (n  = I ) ,  N&J ~ a v e n  (n = 3): ~ o r t h ' H a v e n  
(n = I), Norwalk (n = l ) ,  Redding (n = I), Stamford 

J. H. ~ c h e r r e t , ~  R. A. J. S. ~ a c ~ e n z i e , ~  C. B. crbpp,' 
(n = 5), Stratford (n = 11, Weston (n = I), Westport B. Panigrah~,~  E. O ~ t l u n d , ~  B. S ~ h r n i t t , ~  M. Ma lk ins~n ,~  C. Banet,6 
(n = I ) ,  and Woodbr~dge (n = 1). 

9. The Cooper's hawk was observed alive on the 
ground on 25 Se~tember  1999 and was described 
as having difficu'lty standing, spinning in circles, 
and having seizures. I t  died 11 hours after being 
found. Gross pathology o f  the brain showed exten- 
sive hemorrhage. 

10. D. L. Swofford, PAUP: Phyiogenetic Anaiysis Using Parsi- 
mony Users Manual (Illinois Natural History Survey, 
Champaign, 1993). Data were analyzed by PAUP 4b.l 
with maximum parsimony, maximum likelihood, and 
neighbor-joining analysis. The data set was identical for 
all analyses. A total of 933 characters was used, including 
insertions created during (Clustal X )  alignment. All char- 
acters were unordered and had equal weight; all sites 
were assumed to evolve at the same rate. Four hundred 
and forty-six characters were constant, 281 characters 
were parsimony-uninformative, and 206 characters were 
parsimony-informative. Gaps were treated as missing. 
For maximum parsimony analysis, the best tree found = 
754; number of trees retained = 1. The branch and 

J ~ t i i s s m a n , ~  N. Komar,' H. M. Savage,' W. S t ~ n e , ~  
T. McNamara,' D. 1. Gubler' 

In late summer 1999, an outbreak of human encephalitis occurred in the north- 
eastern United States that was concurrent with extensive mortality jn crows 
(Confus species) as well as the deaths of several exotic birds at a zoological park 
in the same area. Complete genome sequencing of a flavivirus isolated from the 
brain of a dead Chilean flamingo (Phoenicopterus chilensis), together with partial 
sequence analysis of envelope glycoprotein (E-glycoprotein) genes amplified from 
several other species including mosquitoes and two fatal human cases, revealed 
that West Nile (WN) virus circulated in natural transmission cycles and was 
responsible for the human disease. Antigenic mapping with E-glycoprotein-specific 
monoclonal antibodies and E-glycoprotein phylogenetic analysis confirmed these 
viruses as WN. This North American WN virus was most closely related to a WN 
virus isolated from a dead goose in Israel in 1998. 

bound method of search was used to guarantee finding late A~~~~~ and early septelnber 1999, consistent with an arboviral etiology. Sero- 
the shortest tree (or trees). For the bootstrap analysis 
500 replicates were run with the maximum parsimon); i iew York City and sui~ounding areas expe- logical evidence from this outbreak iinplicat- 
method. Maximum likelihood analysis settings corre- rienced an outbreak of human encephalitis ed a flavivirus as the etiologic agent. Concur- 

www.sciencemag.org SCIENCE VOL 286 17 DECEMBER 1999 2333 



R E P O R T S  

rent with this human encephalitis outbreak, a allantoic fluid 4 days after inoculation. The 
viral encephalitis of unknown etiology was isolates were forwarded to the Centers for 
discovered in American crows (Colvus Disease Control and Prevention (CDC) for 
brachyrllyrzchos) and fish crows (Con3zrs 0s- identification. 
sif~agns) dying in the same geographic area. The complete nucleotide sequence of one 
Deaths were also observed among several of these viral isolates (\W-NY99: from the 
exotic avian species, including a Chilean fla- dead Chilean flamingo) has now been deter- 
mingo (Phoenicopterzrs chilensis) at the mined. The viral genomic RNA was ampli- 
Bronx Zoo. Necropsy samples from these fied and copied into overlapping DNA frag- 
birds were submitted to the National Veteri- ments of -2 to 3 kb by means of the reverse 
nary Services Laboratories. U.S. Department transcription polymerase chain reaction (RT- 
of Agriculh~re, and were inoculated into em- PCR) ( I ) .  Both strands of the purified DNAs 
bryonated chicken eggs for virus isolation. were sequenced with the use of primers 
Flavivirus-like particles (diameter 40 nm) spaced about 400 bases apart along the entire 
were observed by electron microscopy in the genome The complete 11.029-nucleotide 

GWQAE~~~~RS~QRRT?AGI:l~W(NXi"r??GIVATDV?ELERTT?I~~~QKKVGQIL~lLI;i'SL?I;,nSvTJFS\T<:~~EAGILIT>.U~~7TLI*~KGXSS~~.~XTTXIOLC 
230 240 250 f .  NS5 20 30 4 0 50 60 7 0 
EI!.IPGGW;SCLSITWT;I~IEKFG;KPGGAKGRTLOHVI,:<ER;~~QMTKEH?:RYRKHAIIE~SURS~X<R~KHO~C~TGG:~?VS~G:~YL~WL~~~~PF;~ 

8 0 ? 0 100 110 120 130 140 150 150 1'0 
PVOKVI3LGCGPGG!:CYYL~lA~QK~\~Qii~GYTKGGFGRiE?QLVQSYG;~~IVTMKSO'SUVFY3?SH?CD:LLCDIG~SSSS?.~~.~~~~~~~'~~~.~~3;I~ 

180 150 200 210 220 230 240 250 260 270 
ERG?RE?C~MVLCFY~?K'K'~~HR~:E~LQRRYGGGL~~FLSR;<STRH:~:Y~,P\'SR~.SG~~~~~'ES~I~~~::SQ'Q'Q'LLGR:R::~KF.~~?I:<~P~~~E~~~I.:L~~GT~,A\~~KFLL 

220 250 200 310 220 330 ?a0 350 360 370 
KS~TSKI~~~RIERLPRHYSSTIII~~:~~EW.FYF~T~~P~~:~GS~~~%~PTOS~SS;'~.NG'~~~RLLSK?~~~~~:I:>~JT:~~~~TTDT:??GQQPVFK~K:~::I~IEP?EO~' 

320 350 400 410 420 a20 4a0 450 a60 470 
KF.~~~KITTL.~!L!:AFLARHKR?ti~iCSREHFIPK'sI.:SKMLG>~Y?EHQKQ';.7.S~EAA~63?K?WHWrDHERH>~~ROiCE:CIYI\P~3~~GK3iKK?GE?GK;KO 

480 a50 500 510 520 520 sao 550 560 570 
S?.AI'iiT:~T:;GA3FLE?EALG?LI.ZD:i>!LGFFK~SGGGVEGLGLQKLGYIL3i~jGTFF?GGKIYAD3TAG~,~~m:3I~~~i~~~\~~~~~3~i:i~.3~~3~~IH 

580 5?0 600 610 620 630 640 650 650 670 
LTYPEI<~rlZ'~~14PFMDGFFT~.31DVI SPEDQRGSGQWTYAL~~~F:KLA\~QL~~TR~ML~~~GEGVIGF~DV~KLTKGKG?R~RT~I;;?E~~OH~R;S~~~.\~SGD~~~~~ 

680 630 '00 710 720 730 740 750 760 770 
K?L3D3??.TSL~FLK~2~lSK~~KDIQElr~XFSTGI~~3WQQVP'CSW.F~ELIMKDGRTLi~/FCRGQDEL~~OPSHIS?GAG~?Pv~3TACLAKS~AQw;~LLLY? 

7 "  100 7?0 200 210 820 830 843 250 850 2.0 
ERR3~RLL~l>~~AICSA~~?~.W.'PI?TORTTWSIEAGGH:'MTTED:~:LHOo;.m~7':IHEI.Zi~~~:iDK:?~jtK!:S3i'?iSOKRiDIWCGSLIG:3.~~ATWAENIQV?.~ 

820 850 ?00 
KQI.,VZIIG3EKY."3Y:,?SSLK3Yi3:TL\JiDT'~T'L 

Fig. 1. Deduced amino acid sequence of the polyprotein of West Nile virus WN-NY99. The start of 
each protein is marked by an arrow. Abbreviations for protein names: cap, nucleocapsid; prM, 
premembrane protein; M, viral membrane protein; E, viral envelope glycoprotein; NS1 to NS5, viral 
nonstructural proteins. The E-glycoprotein glycosylation motif (NYS) is underlined. Single-letter 
abbreviations for amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Clu; F, Phe; G, Gly; 
H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Cln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 
Y, Tyr. 

genomic sequence of \VN-NY99 has been 
submitted to GenBank (accession number 
AF196835). The deduced amino acid se- 
quence of the coding region of WN-NY99 
(genomic positions 97 to 10.395) is shown in 
Fig. 1. The WN-NY99 virus genome exhib- 
ited standard flavivirus genomic organiza- 
tion, the same overall genomic organization 
as was described for the WN-Nigeria and 
Kunjin (KUN) viruses (2). A shoit 5' non- 
coding region of 96 nucleotides is followed 
by an ATG initiation codon at position 97 and 
a single open reading frame of 10,302 nucle- 
otides coding for three structural proteins- 
capsid, premembraile ( p r l ) ,  and envelope 
(E)-and five nonstructural proteins (NS 1, 
NS2a:XS2b, NS3, NS4aMS4b. and NS5). 
The coding region of \W-NY99 is followed 
by a 3' noncoding region of 63 1 nucleotides. 

To identify the New York viius antigeni- 
cally, we perfoimed indirect immunofluores- 
cence antibody tests usiilg a panel of well- 
defined monoclonal antibodies (mAbs) to 
map various isolates from birds and mosqui- 
toes The nlAb end-point titers with the North 
American ~solates were coillpaied to titers 
derived with other representatives of the Jap- 
anese encephalitis (JE) virus serocoinplex of 
flaviviruses (Table 1). These mAbs, which 
are specific for the E-glycoprotein. can dis- 
tinguish WN virus from KUN virus and can 
also distinguish either of these viruses from 
other members of the JE virus serocomplex. 
Viruses were grown in Vero cells, spotted 
onto 12-well slides, air-dried, and fixed with 
acetone before staining. All viruses reacted 
similarly with the broad flavivirus-reactive, 
positive-control mAb 4G2 (3, 4).  None of 
these viruses reacted with the negative-con- 
trol antibody, which is specific for the E l  
glycoprotein of eastern equine encephalitis 
(EEE), an unrelated alphavirus (5). All Wii 
isolates, including those from North America. 
reacted specifically with the WN virus-spe- 
cific inAb H5.46, but not with the KLW 
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virus-specific mAb lOAl (four- to eightfold (830 bases) of 12 WN and K U T  viruses the closest relationship with lineage 1 WN 
titer differences) (6-8). Similarly, only KLTN also generates trees with nearly identical viruses (18). Flavivirus sequences ampli- 
vinls reacted with mAb 10A1, but not with topology, with Wii-NY99 demonstrating fied from brain specimens from fatal hu- 
mAb H5.46. i io  KUN or Wii viruses reacted 
with either the St. Louis encephalitis (SLE) 
virus-specific mAb 6BjA-2 or the Murray 
Valley encephalitis (MVE) vims-specific 
mAb 4B6C-2 (9, 10). These results type the 
North American isolates as \V;N virus and not 
as K b J ,  SLE. or 1MI'E viruses. 

Vv'N virus belongs to the family Flaviviri- 
dae, genus Flrr~'i~.ii.~ls, and is a member of the 
JE virus serocomplex, which also includes 
JE, SLE, MVE, and KLTN viruses, among 
others (11). Flavivin~ses are plus-sense, sin- 
gle-stranded RKA viruses with a genome of 
- 1 1,000 nucleotides (2). Recently published 
sequence and phylogenetic data suggest that, 
within this serocomplex, KLTN viruses appear 
to be a subtype of Wii v i n ~ s  rather than a 
separate viral species (12). Although flavivi- 
ruses are closely related to each other anti- 
genically and cross-react in serological tests 
with polyclonal antisera. most have a rather 
distinctive geographic distribution. Those of 
the JE serocomplex are maintained in a nat- 
ural transmission cycle involving mosquito 
vectors and bird reservoir hosts. Humans and 
horses are usually incidental hosts. 

To determine more precisely the relation- 
ships between the WN-iiY99 virus and other 
related virus strains. we performed a phylo- 
genetic analysis on an informative region of 
the E-glycoprotein gene (genome positions 
1102 to 1656) (12, 13). Aligned nucleic acid 
sequence data from 33 \V;N viruses: seven 
KLTN vinlses: and one JE virus were analyzed 
with the use of algorithins for parsimony 
(PAUP), distance (MEGA: Fig. 2), and max- 
imum likelihood (fastDNAm1) (14-1 7). The 
phylogenetic txees generated by these analy- 
ses had the same overall topology as that 
previously observed, insofar as all \V;N and 
KUN viruses are separated into two major 
lineages (12, 13). Viruses in lineage 1 are 
primarily of West African. NIiddle Eastem, 
Eastern European. and Australian origin. Lin- 
eage 2 consists exclusively of viruses from 
the African continent that have apparently not 
been involved in human or equine outbreaks, 
but rather are maintained in enzootic cycles. 

Within lineage 1, the KLJN viruses and 
the Indian WN viruses both appear as 
monophyletic sister clades to the European 
and African WN viruses. The WN-NY99 
virus is found within lineage 1 and is most 
closely related to iTTN viruses that have 
recently been isolated from North Africa, 
Romania, Kenya, Italy, and the Middle 
East. Of particular note is the close rela- 
tionship between the WN-NY99 virus and a 
Wii virus isolated from the brain of a dead 
goose in Israel in 1998. Phylogenetic anal- 
ysis of a portion of the gene encoding the 
NS5 protein and of the 3' noncoding region 

Table 1. Antigenic characterization of North American WN viruses. Ig, immunoglobulin; nd, not done. 

Virus? 
Virus 

mAb* specificity '8 Verot 
KUN Rom Egypt NYC lndia 

WN WN WN WN SLE MVE EEE 

H5.46 WN IgM 20 160 160 80 80 510 510 nd 510 
10A1 KUN lgG2b 80 510 510 510 510 510 510 nd 510 
ZBZ WNIKUN IgGZa 80 80 160 160 160 510 510 nd 510 
4B6C-2 MVE lgGZa 510 510 510 510 510 510 2320 nd 510 
6B5A-2 SLE IgGZa 510 510 510 510 510 2320 510 nd 510 
4G2 Flavivirus lgG2a 2320 2320 2320 2320 2320 2320 2320 nd 510 
IBIC-4 EEE-El IgGZb 510 510 510 510 510 510 510 320 510 

*The rnAbs H5.46, 4B6C-2, 6B5A-2, 4G2, and 1BlC-4 were mouse ascitic fluids; mAbs lOA l  and 2B2 were cell culture 
suoernatants: mAb 1B1C-4, used as a neeative control antibodv, is s~ecif ic for the El  elvco~rotein of the ai~havirus 

2 ,  8 " 2  8 

E ~ E ,  +Virus strains used: KUN, Kunjin M E M - ~ ~ ;  Rorn WN, Romania mosquito isolate 97-50; Egypt WN, EglOl; N'YC WN, 
New York City mosquito isolate NY-99-6922; lndia WN, 2266; SLE, MSI-7; MVE, original; EEE, strain Nj160. tuninfected cell 
control 

Fig. 2. Phylogenetic tree based on 
E-glycoprotein nucleic acid se- 
quence data (255 base pairs). The 
tree was constructed with the pro- 
gram MEGA by neighbor-joining 
with Kimura two-parameter dis- 
tance (scale bar). Bootstrap confi- 
dence level (500 replicates) and a 
confidence probability value based 

distance 
w 

WN-Romania 1996 H 

WN-South Africa 
WN-Israel 1952 

WN-Egypt 1951 
WN-France 1965 

WN-Senegal 1979 

WFi-New York 1999 d WN-Israel 1998 
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on the standard erroFtest (22, 23) W N - c . ~ f r . ~ e p ,  1989 

were calculated using MEGA and WN-itaiy 1998 

are included on the tree (top and WN-MO~OCCO 1996 

bottom values, respectively), illus- WN-Romania 1996 M 

trating support for the division be- WN-Kenya1998 Lineage 1 

tween the lineage 1 WN virus W N - c . ~ f r . ~ e p .  1967 
group (not including the India iso- WN-lvorycoast 1981 
lates) and the KUN virus group. Ktinjin 1994 
The best estimated length of the 
segment (bold line) separating 
these groups, in units of expect- 
ed nucleotide substitutions per 
site, is 0.06928 and is statistical- 
ly significantly positive (P < 
0.01) by the likelihood ratio test 
(fastDNAml maximum likelihood 
program). An approximate 95% 
confidence interval for the true 
length of this segment is 
0.03347, 0.10737. The isolate 
history of strains used in this 
tree and the alignment used for 
analysis are available upon re- 
quest from the authors. GenBank 
accession numbers for the se- 
quences included in the tree are 
as follows: WN-Romania 1996 
H, AF130363; WN-Romania 

- Kunjin 1966 
Kuniin 1973 

Kuniin 1960 
Kunjin 1984b 

Kunjin 1991 
Kunjin 1984a 

WN-~ndia 19%- 
WN-Madagascar I978 

- WN-Madagascar 1986 
- - WN-uganda 1959 

- 
- 'WN-C.Afr.Rep. 1983 - 

WN-senegal 1990 
JE SA 14 

1996, AF205879; WN-South Af- 
rica, AF205880; WN-Israel 1952, AF205881; WN-Egypt 1951, AF001568; WN-~rance 1965, 
AF001560; WN-Senegal 1979, AF001569; WN-Algeria 1968, AF001567; WN-New York 1999, 
AF196835; WN-Israel 1998, AF205882; WN-C.Afr.Rep. 1989, AF001558; WN-Italy 1998, 
AF205883; WN-Morocco 1996, AF205884; WN-Romania 1996 M, AF130362; WN-Kenya 1998, 
AF146082; WN-Senegal 1993, AF001570; WN-C.Afr.Rep., 1967, AF001566; WN-Ivory Coast 1981, 
AF001561; Kunjin 1994, AF196495; Kunjin 1966, AF196509; Kunjin 1973, AF196515; Kunjin 1960, 
D00246; Kunjin 1984b, AF196498; Kunjin 1991, AF196491; Kunjin 1984a, AF196519; WN-India 
1955a, AF205885; WN-India 1955b, AF196525; WN-India 1980, AF196526; WN-India 1958, 
AF196524; WN-Madagascar 1978, AF001559; WN-Madagascar 1988, AF001574; WN-Kenya, 
AF001571; WN-Madagascar 1986, AF001564; WN-Uganda 1959, AF001562; WN-C.Afr.Rep. 
1972a, AF001563; WN-C.AfrRep 1983, AF001557; WN-C.AfrRep 1972b, AF001565; WN-Nigeria, 
M12294; WN-Uganda, AF001573; WN-Senegal 1990, AF001556; JE SA 14, U04522. 



Table 2. Percent identity among West Nile virus strains over a 1278-nucleotide base region of prM and E proteins. 

WN virus strain* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 

1 WN-NY99 99.8 99.9 99.8 99.9 99.9 99.8 99.9 99.8 99.8 96.9 95.1 87.1 75.8 
2 WN-Crn-CT99 99.9 99.8 99.9 99.9 99.8 99.9 99.8 99.8 96.9 95.2 87.2 75.8 
3 WN-Crow-NJ99 99.8 100.0 100.0 99.9 100.0 99.8 99.9 97.0 95.3 87.2 75.9 
4 WN-Crow-NY99 99.8 99.8 99.8 99.8 99.7 99.8 96.8 95.1 87.0 76.0 
5 WN-C.pipiens-NY99 100.0 99.9 100.0 99.8 99.9 97.0 95.3 87.2 75.9 
6 WN-Eq.-NY99 99.9 100.0 99.8 99.9 97.0 95.3 87.2 75.9 
7 WN-HB709-NY99 99.9 99.8 99.8 96.9 95.2 87.2 76.0 
8 WN-HB743-NY99 99.8 99.9 97.0 95.3 87.2 75.9 
9 WN-USAMRIID99 99.9 97.2 95.3 87.3 76.0 

10 WN-Israel 1998 97.1 95.4 87.4 76.1 
11 WN-Rom.-mosq.96 94.7 87.2 76.4 
12 WN-Rom.-hum.96 87.5 76.9 
13 Kunjin-MRM-16 76.3 
14 WN-Nigeria 

"Sources of W N  virus strains are as follows: WN-NY99, virus isolate f rom Bronx Zoo flamingo 382-99 (entire genome sequenced); WN-Crn-CT99, NVSL isolate f rom a sandhill crane, 
Fairfield County, Connecticut; WN-Crow-NJ99, American crow, Hunterdon County, New Jersey; WN-Crow-NY99, American crow, Nassau County, New York; WN-C.pipiens-NY99, 
Cuiex pipiens pool, Nassau County, N e w  York; WN-Eq.-NY99, NVSL isolate f rom a horse, Suffolk County, New York; WN-HB709-NY99, human brain tissue 61709, Queens County, 
New York; WN-HB743-NY99, human brain tissue 61743, Queens County, N e w  York; WN-USAMRIID99, USAMRllD virus isolate f rom a crow found in  the Bronx Zoo; WN-Israel 1998, 
Pasteur Insti tute virus isolate f rom goose, Israel, 1998; WN-Rom.-mosq.96, virus isolate f rom Cuiex pipiens pool, Romania, 1996 (GenBank accession number AF130362); 
WN-Rom.hum.96, virus isolate f rom human cerebrospinal fluid, Romania, 1996 (GenBank accession number AF130363); Kunjin-MRM-16, Kunjin virus (GenBank accession number 
D00246); WN-Nigeria, West Nile virus (GenBank accession number M12294). Unless othewdise noted, sequencing was performed on original noncultured tissue specimens. 

man cases occurring in the New York City 
outbreak have been analyzed by con~paring 
genomic sequences from the nonstructural 
protein genes to single strains of KUN 
and WN viruses (19). Briese et trl. conclud- 
ed that the agent responsible for the New 
York City area outbreak was most closely 
related to KUN virus. and accordillgly 
called the outbreak v i m  KunjinWest Nile- 
like. The phylogenetic tree in Fig. 2 compares 
40 6INand KUN vimses and is more represen- 
tative of the phylogeny among WN vimses. 

To investigate these relationships further. 
we derived additional sequence data from the 
structural gene region of the genome (posi- 
tions 549 to 1826 in the genes encoding the 
prM and E proteins) from selected isolates 
obtained during the 1999 epidemic and conl- 
pared them to other IT%- strains within lin- 
eage 1 for which sequence data from this 
region were available. Table 2 displays the 
percent identity among these vii-uses. The 
high degree of sequence similarity (>99.8%) 
among the various strains circulating 
throughout New York City and surrounding 
counties and states indicates that a single IVN 
strain was introduced and circulated during 
the U.S. I N  v i m  outbreak. The identical 
genonlic sequences identified from human 
brain specimens also confirln the association 
of this \V'N-NY99 virus with human disease. 
The slnall number of nucleotide substitutions 
observed anlong the strains analyzed is indic- 
ative of viral microevolution occuning dur- 
ing the outbreak. 

A high degree of similarity between all of 
the U.S. WN vimses and the LI,W v i m  isolated 
in Israel in 1998 (>99.8%) was observed. 
Within these 1278 nucleotides (genome posi- 
tions 549 to 1826), only hvo nucleotide differ- 
ences occurred between WN-NY99 and WN- 
Israel 1998. Although this high degree of ho- 

nlology was unexpected. it could not have re- 
sulted from cross-contanlination of U.S. viruses 
with the Israeli virus; the sequencing of the 
WN-Israel 1998 virus was perfonned indepen- 
dently at the Pasteur Instih~te~ whereas the iso- 
lation and sequencing of New York isolates 
was carried out independently at CDC. For 
comparison, analysis of this same region of 
\W-NY99 with another virus within the same 
lineage (Romania 1996. mosquito isolate) re- 
vealed 37 nucleotide differences (96.9% iden- 
tity). The cunlulative data support the hypoth- 
esis that the epidenlic and epizootic obsen-ed in 
the late sunlnler of 1999 in the nostheastern 
United States (primarily New York, New Jer- 
sey, and Connecticut) are attributable to a LLTJ 
virus that has been circulating 111 the Mediter- 
ranean region since 1998. It is noteworthy that 
the \IN-Israel 1998 virus was associated rvitl~ 
increased pathogenicity for birds. a property 
also obse~~red in the U.S. outbreak and previ- 
ously observed only experimentally (20). The 
absence of reported humail cases during this 
Israeli epizootic may be due to background 
human inml~unity to the Wx virus in Israel. 

The nostl~eastelll U.S. outbreak is the fust 
documented incidence of the WN vilx~s in the 
Western Hemisphere. This vims has a wide- 
spread distribution in Afiica, West Asia. and 
the Middle East, occasionally causing epidem- 
ics in Europe that are thought to be initiated by 
vimses intsoduced by migrant birds (21). The 
cusrent epidemic of WN vil-t~s in New Yolk 
City is unprecedented and underscores the ease 
with which pathogens can move among the 
population centers of the world. It is not yet 
known how the vilus was introduced, nor how 
long it has been in the United States. The extent 
of its geographic distribution renlains a mys- 
tery. as does the long-tenn impact it may have 
011 h ' q w a ~ ~  and ar~mal  health. The IVN vil-t~s 
could i ave entered the Westeln Hemisphere 

through a nunlber of mechanisms, including 
travel by infected llunans, ilnportation of ille- 
gal birds or other domestic pets; or unintention- 
al introduction of vlr-tls-infected ticks or mos- 
quitoes. Additional su~veillance as well as field 
and laboratoly studies are in progress to help 
address these questions. Because it cannot be 
predicted whether the \W vims will reappear 
in the year 2000 transmission season, all com- 
ponents of the public health systeill must be 
prepared with rapid sun-eillance and clinical 
detection systems in place. 
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Binding of Transcription 
Termination Protein Nun to  

Nascent RNA and 
Template DNA 

Randolph S. Watnick* and Max E. Cottesmant 

The amino-terminal arginine-rich motif of coliphage HKO22 Nun binds phage 
h nascent transcript, whereas the carboxyl-terminal domain interacts with RNA 
polymerase (RNAP) and blocks transcription elongation. RNA binding is inhib- 
ited by zinc (Zn2+) and stimulated by Escherichia coli NusA. To study these 
interactions, the Nun carboxyl terminus was extended by a cysteine residue 
conjugated to a photochemical cross-linker. The carboxyl terminus contacted 
NusA and made Zn2+-dependent intramolecular contacts. When Nun was 
added to a paused transcription elongation complex, it cross-linked to the DNA 
template. Nun may arrest transcription by anchoring RNAP to DNA. 

Transcription termination in bacteria may oc- 
cur when elongating RNAP encounters a 
template sequence characterized by a region 
of dyad symmetry followed by a stretch of 
poly(dT). Alternatively? termination may re- 
quire a factor that is not a component of the 
elongation complex; such as the E. coli Rho 
protein ( I ) .  Factor-dependent termination is 
generally not highly template- or site-specif- 
ic. The Nun protein of phage HK022, in 
contrast. blocks transcriptioil elongation 
uniquely on phage h templates (2). Nun binds 
to boxB RiiA (BOXB) of the nascent tran- 
script of the h pL and pR operons? blocks 
translocatioil of RNAP in vitro (3);  and ter- 
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minates transcription in vivo (4). Nun is a 
109-amino acid protein that cai-ries the argi- 
nine-rich motif (ARM) RNA binding inotif 
found in several RNA binding proteins (Fig. 
1A). The ARM motif is located in the Nun 
NH2-terminus. The COOH-teiminus of Nun 
inhibits RNA binding, particularly in the 
presence of Zn2+ (5). The E. coli transcrip- 
tion factor NusA binds the COOH-teiminus 
of Nun and stimulates RNA binding (5). De- 
letion of the COOH-tenninus eliminates the 
associatioil between Nun and RNAP in solu- 
tion and prevents transcription ares t  or ter- 
mination (5). 

Within the COOH-teiminal region. a tryp- 
tophan residue at position 108 is also neces- 
saiy for termination and arrest. as determined 
by-h  plaque-forming assays ( 6 )  (Fig. 1B). 
Mutant Nun protein TrplOS-+Ala (W108A) 
promotes template switching, the movement 
of RiiAP from the end of one template to a 
second without release of nascent transcript 
(7. 8).  We postulated that TrplOS intercalates 

into DNA template and brakes RiiAP ti'ans- 
location. This model is supported by the find- 
ing that wild-type (WT) Nun cannot arrest 
trailscription on single-stranded template (8) .  

Here we describe photochemical cross- 
linking and directed DKA cleavage assays 
that identify contacts made by the Nun 
COOH-teiminus. Nun, which lacks cysteine 
residues. was modified by the addition of 
cysteine to the COOH-terminus, by polymer- 
ase chain reaction (PCR)-directed mutagen- 
esis (Fig. 1A). This modified Nun protein; 
Nun C ~ S " ~ ;  rvas active in tenninatiilg tran- 
scription in a h yL-izutL-lacZ fi~sion assay in 
which the pL proinoter of h was fused up- 
stream of the gene for P-galactosidase. Tester 
strains canying either WT or mutant Nun 
formed white (Lacp) colonies on MacCon- 
key-Lactose indicator plates, indicating that 
Nun was teiminating transcription and pre- 
venting expression of p-galactosidase (9). 

We used the modified protein to conjugate 
a photoreactive cross-linker, "'I-,V-[(2-pyri- 
dyldithio) ethyl]-4-azidosalicylarnide (AET). 
to the added cpsteine residue via a disulfide 
bond (10). By using this cross-linker. radio- 
labeled 1251 can be transferred to the target of 
the cross-link by treatment with dithiothreitol 
(DTT). The labeled "'I-AET-Nun coiljugate 
was irradiated with ultraviolet (UV) light in 
the presence or absence of Zn2+ and NusA 
(11). Zn2+ promoted formation of intramo- 
lecular Nun cross-links (Fig. 2). Thus; the 
1251-labeled Nun protein migi'ated with the 
same mobility on an SDS-polyaciylamide 
gel before and after DTT treatment NusA 
and 1251-AET-Nui~ fonned an 1251-labeled 
con~plex after CV ir~adiation The "'I-label 
rvas transferred to NusA after DTT treatment 
(Fig. 2). 

This intramolecular cross-linking supports 
the model that the Nun COOH-terminus in- 
hibits RiiA binding in the presence of Zn2+ 
by occluding the NH2-teiminal RiiA binding 
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