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INTRODUCTION

The alphaviruses are a widespread group of human pathogens that are

present virtually everywhere in the world (Griffin, 1986; Monath, 1988; Peters and

Dalrymple, 1990) They are mosquito-borne viruses and thus are particularly

prevalent in tropical areas where mosquitoes abound and problems of

overwintering by the virus do not arise, but are also present in temperate areas of

the world including the United States. They have the capacity to replicate in the

mosquito vector as well as in human hosts or in various species of birds and

mammals. Old World alphaviruses are, in general, capable of causing a painful

and disabling disease in man characterized by fever, rash and arthralgia. In the

cases of the Ockelbo strain of Sindbis virus and of Ross River virus, this arthralgia

manifests as a polyarthritis that may in some cases last for months or years.

Many of the New World alphaviruses can cause fatal encephalitis in man. Our

program attempts to understand the molecular basis of alphavirus

immunogenicity and to determine the relationships of alphaviruses to one

another, and has developed in collaboration with Drs. Alan Schmaljohn and Joel

Dalrymple of USAMRIID.

METHODS USED

Virus Strains. Viruses used in this study were from the collection of Dr. J.

M. Dalrymple of USAMRIID. Viruses were grown in BHK cells, in secondary

chicken embryo fibroblast cells, or in mosquito cells, purified, and RNA prepared

as described (Ou et al., 1981; Shirako et al., 1991).
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cDNA Clones. cDNA clones were made in one of two ways. The first

method used standard procedures in which first strand cDNA was made using

oligo(dT) as primer and second strand synthesis was by the method of Gubler and

Hoffman (Gubler and Hoffman, 1983; Sambrook et al., 1989). These cloning

methods, as well as the methods of DNA sequencing and RNA sequencing, have

been described in numerous publications from our laboratory over the years

(Hahn et al., 1985; Rice et aL, 1985; Rice and Strauss, 1981; Shirako et al., 1991;

Strauss et al., 1984).

In a second approach, we developed methods suitable for high throughput

automated DNA sequencing, in order to speed up the acquisition of sequence data.

Whataroa virus was chosen as a test virus. The methods were described in detail

in our annual report of 4/23/92. Briefly, first strand cDNA synthesis used random

priming and second strand cDNA was synthesized by the method of Gubler and

Hoffman (Gubler and Hoffman, 1983). After blunt-ending the double-stranded

cDNA, the internal EcoRI restriction sites were methylated and the DNA was

electrophoresed in an agarose gel. EcoRI linkers were attached to the 2-4 kb

fraction and the DNA cloned in the EcoRI site of a suitable vector. One hundred

clones that resulted from this cloning were characterized by restriction analysis

and many of them were sequenced using an Applied Biosystems automated DNA

sequencer.

Construction and Screening of the Bacteriophage Lambda Library. Sindbis

virus strain AR339 from A. Schmaljohn at USAMRIID was grown in monolayers

of primary chicken cells (Pierce et al., 1974). Virus was purified as described (Bell

et al., 1978), disrupted with 0.5% SDS, and 49S genomic RNA extracted with

phenol/chloroform (Hsu et al., 1973). After two ethanol precipitations, RNA was

suspended in distilled water and stored at -70'C until used as a template for cDNA
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synthesis. A Xgtll expression library containing short inserts of Sindbis cDNA

was constructed by a modification of the procedure of Young and Davis (Young

and Davis, 1983). cDNA synthesis was randomly primed with sonicated salmon

testis DNA. After flush-ending the product with the Klenow fragement of DNA

polymerase I, methylation with EcoRI methytransferase, and addition of EcoRI

linkers, the modified cDNA was digested with an excess of EcoRI restriction

enzyme. The digested DNA was fractionated on a Sephadex CL-6B column, and

cDNA fragments 100-300 base pairs in size were pooled and ligated to

dephosphorylated Xgt11 arms (Promega). After in vitro packaging into phage

heads (Stratagene), phage plaques were grown for 6 h at 42'C. Nitrocellulose

disks soaked in 10 mM isopropyl thio-o-D-galactopyranoside were then placed on

top of the agar layer, and the plates were transferred to 37'C for 15 h. The filters

were lifted and washed successively in 10 mM Tris-Cl pH 7.5 and 150 mM NaCl

containing 5% nonfat milk. The filters were incubated overnight at 4VC with a

monoclonal antibody in PBS solution containing 5% nonfat milk, washed, and the

filters were then incubated at least two hours at room temperature in the

presence of 125 1-conjugated protein G (0.5 g.Ci/ml in 5% nonfat milk). After

washing and drying, the filters were exposed overnight at -80'C to Kodak-X-Omat

film. Immunoreactive phage were picked and rescreened until a uniformly

reactive population was obtained.

MAPPING OF NEUITRALIZING ANTIGENIC EPITOPES OF ALPHAVIRUSES

We have localized a site in alphavirus glycoprc~ein E2 that binds

neutralizing antibodies. Characterization of such immunogenic domains is

important in developing vaccines, because neutralizing antibodies are thought to

be particularly important in protecting a vaccinee from viral infection. We
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developed a novel approach in which Xgtll expression libraries were constructed

that expressed parts of the Sindbis genome, and these were screened with

neutralizing monoclonal antibodies (MAbs). Many neutralizing antibodies react

with discontinuous epitopes and thus will not react with a chimeric protein

expressed in a Xgt11 library. However, we succeeded in identifying one MAb

which bound to specific clones within the Xgt11 library (Wang and Strauss, 1991).

Four Xgt11 clones were found that reacted with MAb23, and a schematic of these

four clones in relation to the Sindbis virus genome is shown in Fig. 1. The four

clones all contain overlapping inserts from the E2 region of the genome, and the

sequence of E2 from residues 173 to 220 is present in all. This demonstrates

directly that this neutralizing MAb binds to glycoprotein E2 of Sindbis virus

between residues 173 and 220.

The result with MAb23 confirmed and extended results in which variants

of the virus selected to be resistant to neutralizing MAbs were sequenced in order

to identify the regions within the glycoproteins of the virus with which the

antibodies react (Strauss et al., 1991). This is illustrated in Fig. 1 in which the

sequence of E2 between residues 173 and 220 is shown, and the location of many

variants that render the virus resistant to neutralization by several MAbs is

indicated. It is clear that the domain between residues 170 and 220 of glycoprotein

E2 of alphaviruses is particularly important for the antibody response of a host.

We have estimated that 90% of the neutralizing antibodies produced by an infected

mouse are directed against this E2 domain (Strauss et al., 1991)

This domain of E2 identified as being important for reactivity with

neutralizing antibodies also appears to be important for virus attachment to host

cell receptors. First, many neutralizing antibodies are thought to inactivate the

virus by binding to the domain that interacts with the cell receptor, thus blocking

virus binding to the cell. Second, antiidiotypic antibodies made to MAbs that bind
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to this domain of Sindbi3 E2 function as antireceptor antibodies (Wang et al.,

1991). Third, changes in this region of E2 alter the ability of the virus to bind to

neuronal cells (Ubol and Griffin, 1991). The simplest interpretation of these

results is that the E2 domain between 170 and 220 binds to a cell receptor to initiate

infection.

ALPHAVIRUSES EXAMINED FOR SEQUENCE RELATIONSHEPS

We have examined 12 strains of alphaviruses for their relationships to one

another. These 12 viruses are shown in Fig. 2 together with the source from

which they were isolated, their year of Isolation, and the location in which they

were isolated. Strains to be examined were chosen in consultation with Dr. Joel

Dalrymple of USAMRIID, and were chosen on -the basis of geography, year of

isolation, potential for human disease, and, in the case of Aura virus, as a

possible parent for the emergent virus Western equine encephalitis virus.

SEQUENCE ANALYSIS OF OCKELBO VIRUS

We have determined the complete nucleotide sequence of the genome of

Ockelbo virus. This virus was chosen for analysis because it causes epidemics of

polyarthritis in humans, a disabling disease that can last for months. The

sequence of the virus isolated in 1982 in Edsbyn, Sweden, is shown in Fig. 3. The

viral genome is 11,708 nucleotides in length excluding the poly(A) tail. The

genome is identical in organization to that of the Sindbis virus AR339 strain

(Strauss et al., 1984) isolated in Sindbis, Egypt in 1952 (Taylor et al., 1955). There

are only 672 nucleotide differences between the two viruses (5.7% divergence) that

result in 97 amino acid changes (2.6) divergence. Thus more that 85% of all
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Name Strain Source Year Location Reference

Subgroup I

Sindbis AR339 Mosquito 1952 Egypt Taylor et al.,
(Culex univittatus) (1955)

Sindbis MP684 Mosquito 1958 Uganda
(Mansonia fiiscopennata)

Sindbis Girdwood Human 1963 South Africa Malherbe et al.,
(1963)

Sindbis R33 Reed Warbler 1971 Czechoslovakia
(Acrocephalus scirpaceous)

Sindbis 1038 Turtle Dove 1964 Israel
(Streptopelia turtur)

Ockelbo Edsbyn 82-5 Mosquito pool 1982 Edsbyn village, Niklasson et al.,
(Culiseta spp.) Sweden (1984)

Ockelbo Edsbyn 83M107 Mosquito 1983 Edsbyn village,
(Culiseta morsitans) Sweden

Karelian Fever LEIV 9298 Mosquito 1983 Central Karelia, Lvov et al.,
(Aedes communis) USSR (1984, 1988)

Subgroup 11

Sindbis MM2215 Mosquito 1955 Indonesia
(Culex tritaeniorhynchus)

Sindbis A-1036 Mite 1953 India Shah et al.,
(Bdellonyssus bursa) (1960)

Sindbis MIRM18520 Mosquito 1975 Queensland,
(unidentified) Australia

Subgroup IH
Whataroa M78 Mosquito pool 1962 New Zealand

Subgroup IV
Aura AR10315 Mosquito 1959 Brazil Causey et al.

(Culex spp.) 1963

Figure 2. Strains of Sindbis virus .nd related viruses used in this study.
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4320 CGAjCVCGICSACftgAUOUJAACCUCASAUIAAU9UAUACý~ACAVUUGCUCAVCACAAGAU 4430

224 Y A A B K 0 N L E V S L N C L I T A L 0 N T 0 A 0 V I I V C L 0 K K W K E N 1 0 '53
4440 UCCCCGAAACCUGAUUAUACCUSAACCCfAAACACCGCAACLCA CVGUAAUGAGACAUA 4590

154 A GL 0 L k E S V T EL MO0 ED N Elt D E L V N I N P D 5 C L K 0 K U F S 2 93

204 7 K C M L'Y S Y F E S 7 K F H U A A K 0 N A E 1 K V L F P N 0 0 E S N E 0 L C A 233

234 V I L C E Y N E A I A E K C P V 0 H N P S S S P P K 7 L P C L C N V A N T P E N 273
4800 UACAUAOUGGC&GAGACCAUGIAA4CCi 4CGGAAUCC6gACCAEOCUUOCGC!AAýJGC~CUGAGAGCUAOC6Ag 4620

Figur-e 3a. See legend on last page of this sequence.

12



274 V M A L A S mN w 9KE V T C S S T P L P 9 E) K I K N V 0 K V 0 C T K V V L F N 313
400SCCC ACfG GArA9GCAA20UCGU GC 503C8JU AAGAV AUAAAUUUAAAGU GUCAGAGAU CGLJ Q 53

cKK1.l0U 8.VNw wf- 5- C'Wd Aoý.~
314 P HI I P A f V P A A X Y jX V PV E Q P A A 0 P A 0 E E A P E A V A T P nA P in[ 353

5040 CC0CAYJACýCCCSCAUUCGU.CCCGCCCG01AAGUAqAUAOAAGU0CCAr9AACAroCCI~t~GCOCUCCQCCUGCAC AG5AC9AGAGG4IfCC CC GAAKLG~UUA9CGACACC*IC ACCA;CV7&C 5159

354 A 0 NL .0V00053 0 m 0 0 S S E G S L F S S F S G S 0 N S I 1 0 WX 393
5160 G11UAACCCUAGC~&AACCAU~ýAUGUAAUGJAGUAUUUUSGUUGGACGCAJCAA AUG08&Cr SLZUXG 52 78

394 S S G P S S L. D A R 0 V V V A 0 V M A V 0 E P A PI P P P N K K W A N L A A A 433
5280 UCUAOCUGUJUfS~AGCGUGGUGUAGQXJCICAGGCGCCAUCCGCAGUAGAAGCCCUGACGA 5399

5434 KP P P A SW ED S .S S 0S Gt1Z00 A 113
500 SIJAA CCAG AGCCj CCA GCkgýACCrý GCJCACVCUUGGOUUCU UCGGA CAjfCA9AAdI0C to1

,520 CG GGAG CCAACC GGCA§SEJI!JE
474 AN1 A A JnO P P A T GP 10 V P S F 6S FS 0GE L 5 AVIT(S5E PV 523

514 L F S S F E P G E V N S I I S S A S A V S F P L. R K 0 P P A A A S PA T E S 00 L 553
5640 CGUGJCUUACýGCAGGAUAUAACUCGUACgAUUCCCAGAGAAAUAAGAOCAGGAViAUCAU 5159

!SSA I0 V G G I '~F S T 0 P G " L0 R K S V L 0 NO0 L 'r E P T L. E N V L. E 1 35
5760 ACGGUGUGUCUUUCAGAAAGCUGCCUCAIASCGUUCGACGUAAACGCUGACCAGSCGAAAq 5819

3e EA P V L 0T'S K sE 9 L K 3. I Y GOMN nPT EA NK S AY O S R K V EN O K AX1 75
5660 lAGCCGUCCAAGCAAAGAfCCACCGUCAAGAGCACAGCAAAGAGACAUCGAAUAAACAACI 50999

76 1 7 E L L SO6 L R LVY N S AT DO0P E CVY KIrT V P K P M ASV1 1JA 1 S 115
5000 8CAU;GGURLAUA~CAGCGAACCGCCGUACAAUCUUAOUACACGA~AI.JSCA;Sýv.II~ACAUC 618

5116 0 P[@F A V A V C N4 N V L HNE N YVP T V A S TO TO 1DE Y 0 A V 1. ON* V DO GIV 155
5120 OACCAGUGUUG.6IUf.AACACGAGGAUfCAfJACUUACGUAJAGrAGVCU UGUU ~GGCrC 6239

156 A C LO0T A T F C P A K L P1 STY P K I NE yV' A P N I A S A V P S AN O0N 73. 0 18-5

8240~~ AAAGCUUAGJAGUAUACCCGAI635

186 N V L I A A T K A N C N V T 0 M N E L P 1 L 0 S A T F N V E C F A K V A C m D E 235

236 V "WEE FA P K P 1 A IT I 1SEF VIA VT A N 1.L K O P K A A AL F A K TS N L V V75

6600 CCAUUGCAAGAAGU0CCUAUGGAUAGAUIUCOUCAUOGACAUOAAAAGAOACOLIOAAAO1JUACACCAGGCACSAAACACACAG&AAA6AI ACCGAAAOUACAA9GUOAUACAASCCGCAGAA 67s8

318 P L A I A V L C 0 1 N P E L V A R L T A V L L P N I N T L ; 0 " S A E 0 F 0 A 1 355
6720 CCCCUGSCOACUGCUUACCUAUOCGAJCCGGIU~JCJGCUCGCUUGUCSAAUACCOOI UJ JUACAUGUCOOC06AO0AEUUUjGAU9CAAUC 6639

358 1 A E " F K 0) G 0 P V L E T 0 I A S F 0 K S 0 0 0 A U A L T 0 L M I L E 0 L S V 395
6840 AUAGCAGAACACUUCAAGCAAGOIJGACI UCGAAGAACCUIUGAAAGCAAGCC~J-C'JA~GJUAGUUGAGCUGUU 6858

396 0 Q P L L 0 L I E C A F 6 E 1 5 5 1 N L P T 0 1 R F K F 6 A U U K S 6 M F L T L. 435
6080 7078AUGCUACSGGGC~,6fGAUUACCCCUUC.GCSU~.S4JOA AUC4JGUAGAACGAUVCCC~CU 77

436 F V1 N T V L. N V V I A S A V L EE P1 L K I S j C A A FL O 10 14 V V 5 GvWS0 475
70600 AA~ .UAUUQgUOCGA~UUGAACGU;AAGCJASGACLJAfO~ASCAACUCCGGAUUU 7169

478 K E M A E P C A T M L N U I V K I I D a V I G E P P P V F C 6G0 F I L 0 0 S V T 515
7200 AAAAGCAGSUGCACGCCAAGA AA AGAýGAA C SCUGGAAACCrACtC rGGUUACVAAAUGUA 7318

5316 S T A C P V A 0 P L K A L F K L G K P L P A 0 0 E 0 D 0 R A P A L L 0 E K A 565
7320 UCCGGgCCUGgACCVAAAGtGUAGUGUACGUC4CGCCACAGCAACGAAGGCUCAAGACZAC 7439

556 W F P V 0 T [M ITL A VAV~ V S V 0 N I T P V L. L A L. A T F A 0 S K P A F S"5
744 755

598 OAT INA EIK N L Y GO6P K A. r' P 0 F F NM1 L 0
7560 7679UAAGIAAAACUUUABUGCUAUGCSAAYCkJUACGCAUCLCAACCACAGAAA~uCUACkGU i

10 a P A P F P A P T A N V P P P A N P 0 A A P 14 P A Pt P 6 1. A S 0 1 0 0 L. I i A V 49
low0 OBCCOCCBCCCCUUCCCSCCCCCACUICCAIJVJOASGCCGCQGABAAOOAGOCAGI C :CCCCGAUGCCUOCCC6CAA3V688CU0ICUUC&tCAAAl4ICAGCAACUQACCACA6CC9OUC 776"

So S A 8. 5 0 A T P P 0 R PPR P P P P P AP0K K A P K 9 PP K P K K @ P KE as6
7600 ASUBCCLCUASUCAUU6GAC-AG6CAACUAGACCUCAAjkCAGCACCCCL CSAO0AC0CCCACACCCACBAA6AKA.4CCAAAAILCACAO9A0 7919

go0K K K K O P AX K P6K NORW4A L K L EA ON RL F D V K N E 0 60 V ION A 129
7920 "AAEAA8AA6AACAAccfi6CAAAAjRCCAAAPCCCG6A.AAG8A6ACA6CGVAU66CACUI AAGUUOGA99CC6ACA6AUUOUUCOACCUC~AAAAUABOAACB6AGAUGUCAUtC600CACGCA 6030

130 L. A Ii E 6 K V K K P L N V K G T I1 0 N P V 3. S K L K F I K S S A V D M E F A 0 L leg
6040 CU96CCAIJ6SAA6OA AA0OUAAU9AAACC.ACUfmCACGUGAA AGGAACI!AUGA CCAI CC IJGUGCUAUC AAA SCUCA AAUUfACCA A9UCGUC ASCAUA C 6A CAUGG A9UUCGC ACA GUUG 8158

070 P V m N N S E A F T V T S I N P E 9 F V N U N N G A V 0 V ; 0 G A F T 1 P P G V 208
61690 CCI6UCAACAUGA6SA9U8A8GCIIUCACCUACACCAG&6GAiCACCCIISAAG9AUUCU 3UAACU99CACCACOGAOCGGUGCAOUAUA8GGGAO0UAGAUUUACCAUCCCrýCGAO6A9UA 6279

220 6 1 6 NS0 5 a P P 9 0 N 5 0 N V V A I V L. 0 G A 0 E G T P T A L S V VT 1 8 N S 248
6260 06AB6CA8AG6AGAgAGC9O6ACGUCCGAUCAUGGAUAAC1JCAGOUC6GGUUGUCOC( A 1AUCCUC9OEGGI0CU9AU6AI90AACACGAACUBCCCUUUCO8UC6UCACCUGGAAUA0& 6369

250 K 9 K 7 1 K T T P E A A P L V T A N C L L G N V S F P C B~ P P P 7 C 25
8400 AAA999AA8ACAAUqAA6AChACUtCCG0AA0GOACA9AASAO11I0UCgGCAGCACCgC DOG ACGGCJAUGUGJUUGCUgGGAAAJ2UG AGCUUCCC AIJCAACCGCCCOCCC CA..C 6519

a6 V T N E P 5 P A L3.0 1 L. E E N V N KV E A V 0 1 L L N A I L. P C 9 S 5 1) N S K : -E 1
"820 UAGACCCSCGAACCAUCCAGAGCgICUC.ACAUCCIfG0AA0A0AAC0IJAACCAGGAGG:CUACGAUACCCUGCUCAAfOCCAUAUUr9COGUGCGGAUCGUCr00CAGAAGCAAAAGAAGC 6639

2j VW O]DDF 7 L T SP Y L 6 T C S V C H T PC F PW K XE 0 V W E A D 0N 41
oCAfgU0AC6ACUUUACCCU8ACCAGCCCtUACUUGGGCAC AUOCUCGUACUG.YCAC CAUCLACC6CUGCLIUAGCCCJUKAI A2GGUWGGýGACGC~AA 76

42 T IA1N OT S A O F 0 V O1 ES A A SL N K VP V UNS IH3 00 N V K E 1 TN M 61a
6760 ACCAUACSCAUIJCASACIAJCCSCCCASUVUUOAUACGA~fjAAAGC6GAGCAGCAAGCA CAAAUAAGUACCOCUACALISUC&LIU__ACAG0AUCAUACCGUUAAAGAA0GCACCAU0OAU 6679

02 0 1 X I5 50 P C P P L S V K 6 Y F L L A K C P PSGoS5 V T V S I fJS S N S A 12
ad=0 6ACAUCAA0AUKAGCACCUCA69ACC9U6UAGAA9SCUUA9CUACAAAG9AUACVUIJC UCCUCGCSAAAUGCCCUCCASGGGACAOCOUOACOOUUAGCAUJAOCAGUAGCAACUCAGCA 6999

122 T S CT @1 A P K I K P K F V 6 N E K V C L P P V N 0 K K I P C T V V 0 P L. K E T 311
80000 COASAfiGCCAGUAACAAUUGACSAAAAACUCUCGUAGUAAAUCUGAAUUr.CGCGAGAC 9119

162 T AB V I T " N N P EGI P M A YTI S V L EES S 5 K V V A K P P8S0GK N 1T S C 201
11120 8&9CJG64CUAUAUJCACUAU6CACA69CC~I0ACCGCAQ0GCJUAGACAUCCUACCU4 CAiSAAUCAUCAG69AAAGUUUAC9CIAAJCftCCAUCVLO0OAA0AACAUUACOUA&0AGUGC 9238

202Ki C 60 VD K TOrT VW[ITR 1501G C T ASIK 0 C V A V K S 001 IK W V F P S P 241
6240 A"UCGG~UCAACGA~UAGCCUC!AACCGfUCCGCUASAUCUGCAAGGOC~&CAGGSCUACCCO 9359

242 0L I. A H NP [1 04 NT A 0 6 K L. #4 L P F K L. Z P S T C N V P V A H A P N V I VH 0 F K 2.18
9360 BACUU6AUCAB3ICAU6MCGAUCACACEICCCAAG69AAAUUGCAUUUGCCUUUCAAG UU0AUCCCGAGUACCU0CAU90UCCCUGUUJCCCACGC0CC6AAg0UAAUACAQG0CUUQAAA 6476

282 N I S LO LOT ONH LT L LI TN P RL A N P EP IT TE W X [D G K 7 V N N F 7 V 321
0480 CACAuCA~G.CuCCAAUUAroAiACAOACSAC&,UGACA;.UGCUCACCACCAGGAGACUA 0GO0CAAACCCGOAACCAACCACIJ9AAUG0*UCIU3VGGAAASACGGUVLAGAAACUUCACCGUC 9599

322 0 N 0 G 3. E V I N 0 N H E P V P V V A 0 E S A P 9 D P H S W P N E I V 0 m V Y HI 361

36Z P N P V YV I XL A V A S8 AA V A U P I G VT7 V A WL C A C K ANN QE C L I P V A 401
9720 C9CCAUCCUOUOUACACCALICUUAGCC0UCGCAUCASCUTCWGUGGCGAUGAU0AUU0ICGUAACUGUUOCAOGQhUUAU9UOC CUSUAAA0CGCGCCGUGAGUGCCUGACGCCAUAýIGCC 9639

Figure 3b. See legend on the last page of this sequence.
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402 LUACCP N Av r PTi S L A L L C CV R S AN A 7"T P , 7 e V k sY n wI s 4s oP s F to

964 
995A07 E

19 VO 0 L C I P L A A G)JV Li M C C S C CL P F L. V V A rA lA KV L A 
1

EH 3
0960 USeCAUUCUCrUGCCJCUSCUAGSUJUCCV~AC"UUMrGLUCQCCUC~GGAGAAGCUACGAAC AU 1 0079

4 A T T V P N V PB I P Y K A L V E RA 6 Y AP L N L fII V "S S E V L P S ItN 43
180860 SCACCGUCAtGGCCGUC~)UAGAUGSAGCirUrCCOUAKGAAgCtUAGCUGAGuuCUCACCAAC 10100

44 0 E V I T C K F T I V V P S P X ff K C C 6 S L E C 0 P A A M A 0 VT C K V F G 0 63

10200 CAASASACAU ACWGJMAAAUUCAC~tCrGU"UCCCCUCCCCIIAAAIVCAAAUGCVGCGGCUCCUU"AAUrPUCAGCCfGCCOCUCArGCAGACUAUACCUGCAASGUCULUGGCAGOG 10310

04 V V P P N N S 6 A 0 C F C 0 S E N S 0 Nt S f A V V E L S A 0 C A 0 N 23
10320 6AJIUACCCCUU&CAU6U0056GAASCA6CAAU6WAAAI6C5ACABUGA0AACAGCCA9AV6.AGU6AGSCrIJAC6UC6-AAUU0UCArCA2AULFCGCB CJOSAC"CAC'GCGOCAGAGCOAUUKAA0 10.39

124 V H T A A 14 K V G L R I V V 6 N 7 T 5 F L. 0 V Y V M 6 V T P 0 1 S K 0 L K V I A 163
10440 StA~A~.CCASAG~.AUCULAGGASGAAUCAUUCAASGASSAGAUAACGACUUAGCUAAAUCAUAC.CU $0550

164 S P I S A S F T P F 0 H K V V I H A 6 L V V k V 0 F P E V 6 A N4 K P G G1 P G o 1 203
90560 1A~jUUACU UUCCAUGU~ASUGUVCUGGCUGSAACAGCUCSAA~IACASAC G gGUG GCAU 0670

204 O AT S L T S K L I A SIC 7 N L L KP S A K N V N V P VT 7 A A 2S 6 F E N W 243
90660 CAASCUACCUCCUUGACUAGCAA0A&AGUCAUC6CCASCACASACAUUA96CUACUM$AGCCUUCC0CCAAGAAC0U9CAU0UCCCBgACACSCAGGCCJC AUCAGGAIU&OGAOAIJOUG 10709

244 X N " S 6 N P L 0 E T A P F 6 C K I A V N P I. A A V D C S Y 0 N I P I S I D I P 263
10800 AAACAUAOCCCCS SAACSfCWOOGAGLrCa;AUCCUGGGUGAUfUAAGGAAUCAUCAUAAC G 10919

264 N A APFI RNT SOA P L V S T VK IVISC T V S AD 0 P TI.. 0 V V 5 0 323

324 R C B 0 C P V N 5 H S S T A T L 0 E S T V H V L E K $ A V T V H P S T A S P 0 A% 363
11040 CSGASCAGCIGAAUGAUAGAACAfCCAGGCSAUCUUCGAAA9GGUIAUCC~ACCGGGCAAGG 11159

364 N F I V S L. C G K K I T C N A E C K P P A 0 H I V S T P H K Nd 0 0 E P 0 A A I S 403
911600 AUJUGACCGGGgAASCAAGAUCGAGAACJACSCAACUACCCGA$AAGCAGAn AGCCACC 11270

404 K T S N S N L P A L P 6 9 A S S L L I I G L [)I FA CSNMPIL TS T A R i
1%280 1AAACUAUGCCUGCUUCGGCCUCCCAUAUUGAC~AfGUUUCUCGAUCSCACCCAGUACCAG 11350

1162 1&3

11640 CC.4ACUUCfAIUL UAUCUUAUACAAAUUGVUACUU 11709

Figure 3c. Complete nucleotide sequence of the Ockelbo virus genome. The sequence is shown fomm
5' to 3' and translated using the single letter amino acid code. Nucleotides different from those in
HRSP are underlined, and changed amino acids are boxed. Deletions relative to HR are indicated
by solid triangles pointing upward and the number of residues deleted. Insertions have both ain
acids and nucleotides boxed together, and an open triangle pointing downward. Termination codons
are labelled Am (Amber, UAG) or Op (Opal, UGA) as appropriate. Nucleotides are numbered 5' to
3'; amino acid numbering begins again at the beginning of each final protein product.
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nucleotide differences are silent, illustrating the importance of conservation of

amino acid sequence.

Glycoprotein E2 is particularly important for antigenicity, as described

above, and changes in E2 have been associated with changes in virulence (Lustig

et al., 1988; Olmsted et al., 1986; Strauss et al., 1991; Tucker and Griffin, 1991).

The differences in glycoprotein E2 between six strains of Sindbis virus are listed in

Fig. 4. The residues at positions 172, 209, 212, and 216 are known to be important

determinants of the antigenicity of the virus (Strauss et al., 1991), and the changes

in these positions are important for the differences in the cross-reactivity of the

viruses with antibodies. The residues at 55 and 172 are known to be important

determinants of the neurovirulence of the virus in a mouse model (Lustig et al.,

1988), and it is possible that the amino acid difference at position 55 may be

important for the increased virulence of Ockelbo virus compared to the other

strains of Sindbis virus in Fig. 4.

ANALYSIS OF 3' TERMINAL NONTRANSLATED SEQUENCE

To study the relationships among a number of Sindbis viruses present in

nature, the sequences of the 3' nontranslated regions (NTR) were obtained for a

number of strains. These sequences are shown in Fig. 5. The sequence identity

throughout this region is greater than 80% for all viruses shown, and the

sequence organization is identical except for a few scattered insertions and

deletions. In the 3' NTR there are three repeated elements that are highly

conserved (boxed in the figure). As an example of the conservation of these

elements, there are 49 differences in the 3' NTRs of the Australian and AR339

strains that occur outside the repeated elements (24.1% divergence) but only 7

changes within these elements (5.8% divergence), and the overall divergence is

15



RESIDUE AR339 S.A. AR86 OCKELBO

HRSP DG AS RJ

1 S S S R S S
3 I T T T T T

23 V E E E E E
29 V V V V I I
55 Q. Q Q Q Q K
61 A A A A S T
69 L L L L L F
70 K K E E E E

116 V V V V A A
126 L L L L M M
172 R G G G G G
209 G R G G G G
212 S S S S T T
216 E E K E E E
243 L L L L S L
247 D D D D A A
277 I I I I V I
312 V V V V I I
375 T T T T A A
386 V V V V A A

Figure 4. Amino acid differences in the glycoprotein E2 of various Sindbis strains. The
sequence of HRSP is from Strauss et al. (1984); The sequence marked DG is the SV1A
strain published in Lustig et al.(1988). AS is our unpublished sequence of the strain used
by A. Schmaljohn for the isolation of antigenic escape mutants (Stec. et al., 1986); RJ is
the sequence from Davis et al. (1986) of a laboratory strain from Robert Johnston. The
sequence of AR86 was reported in Russell et al. (1989), and the Ockelbo sequence was
presented in Figure 3.
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1116O 11100 11310 11320 11330 13340
t I i I I

W S W L F A L F G A 8 s L L UjI G Elu
ARM (HR) UGOAGUUGGCUGUUUGCCCLC=UUCGGCGGCGCCUCGUCGCUAUUAAUUAUAGGACUUAUG

Oeklb--•- ..----------------------------------------------------------- C-
Okelbm•• - ------------------------------------------------------------ C-
KariAll------------------------------------------------------------------------ C-
G~irdwe U-------------------------------------------------------------------------
India - .----------------- AU-A--U--G--A--...A--C--U- -- G -------- G-A- --
AM R ----- C .....----------- A--A--U--G--A--U--A--C--G---G .-------- G-A---

11150 IINO 11730 113U0 TO 11400

I F A C S] L T S T R R Op
AROM R) AUUUUUGCUUGCAGCA-AUG-AUGCUGACUAGCACACOAAGAUGACCGCUACGCCCCAAUGAU

Oaken* a2------------------------------------------------------------------------C
Go91101 ---------------------------------------------------------------------------- C
Kareian------------------------------------------------------------------------- C
Girdweed U---------------------------------------------------------??--------------C
India as -? ------- --- OCUC---------A - ------- --- -I?------ 7?------------- C
Aw.U.a79 -?---------------- GCUU---------A .C ------- C ----C - ----- ?77------------- C

11410 11430 11430 11440 11450 11440

ADIOS H) CCOACCAG ~AAACUCGAUGUACUUCCGAGGAACUGAUCUGCAUAAUG UCAGUCUGGU

IOdi----------------------------- A------------C-----------------------C---------
A"Oan,3~ -U---------- -----------C- A------------C---------------- C---------

Girdwea U -U-------------------------U------------------------C- ---

OIndia•U ..................-U.--U---. .---------..---C------------C-- -------
Are~lal7 -U . .----------- U-- C .----- A ---- ---- C ----------- ----- C-------

QIkfteMd -U---------------------- U----- -------------- C-----------C- -- U- ----

India as---------------- ???-ACCAGA- ---- -C-UU- -C- -- G- -C-C------------------ C- -

AAballalS----------------- A- -A-CAGA------ -UCC- --- C- G-C------------------ U-C- -

11120 114i0 11M80 11160 11570 11540
I I i_ I lI

ARM () GAGGAAACGCAOUGCAUAAUAC C CGCAGUGUUGCCACAUAACCACUAUAUUAACCAUUU

Oabal.U-------------------------------------------------- U-U-------------------
Ockdb.------------------------------------------------ U-U-------------------

a ----- ..............----------------------------- U-U-------------------
Gh4ilwad W--------------------------------------------A- A - ---- U-----------------
in"ads----------- U---- -C-------------- A- -- C-??-UIU-U- --- UU------ ----- UU- -A-
AVf• 1--• -U------- U- ----------------- A --- C- -C-U--U --- U.U- -U- -------. .-- A

i1re HIM 11610 lio Its" 1iL

ADMI (KR) AUCUAGCOGACGCCAUAAACUCAAUGUAUUUCUCAGAAGCAU•ACUGCAUAAUCCACCC

Okdb = - -U ------------ G .-------------------------A --------------- .-
Oklb 1 -U ------------- G . . ..------------------------- A------------ C --- -U--
ero" --U ------------. G .------------------------ A --- C . ----------- U--

Girdwmd -U ..--------------- ..-------------------------- A ------ ---------U- .-
ladia a --AG--UA - A ?-- ------------------------------
Ana -CAG--UA - - -A ------------------------------------------------------

124U0 11640 116110 11M6 11690 21700
I 1 1 1 1I

AMO(R) PAGCGUCUGCAUAAC UUUUAUUA UUUCUUUUA UUAAUCAACAAAAUUUUGUUUUUAACAUUUC-py(A)
Oke a ..---------- C .-UU.-------- ---------- U-------------------------------
Oak*b .--------------.U.--------.---------- U-------------------------------
KarU -as .--------U U----- - -------- U--------- -------------------------------

. ..rdwd------------------ U -------- ---------- --------------------------------
[liSn - . U .... .-.-A-.CAAC ----------------- U--U--UU -.- UU--------------NNNN--
Anaia; 7 .-- U --- .AA--.-UCAA.-------U A----------U- -U--UU- ---U --------------- NNNN--

Figure 5. Sequence of the 3 termini of several Sindbis viruses. The sequences of Ockelbo 83M107, Karelian
fever, and South African Sindbis (Girdwood) were determined from cloned cDNA. Those of the Indian A 1036
and Australian 18520 isolates were determined directly from RNA by dideoxy sequencing using reverse
transcriptase and a T12GA primer. The Ockelbo 82 sequence is from Pig. 3 and that of AR339 (HRSP) is
froma Strauss et al. (1984). Three repeated sequence elements of 40 nucleotides are boxed. The translated
sequence is for AR339 (HRSP) and any amino acid that differs in the other viruses is boxed. This figure is
from Shirako et al. (1991). 1
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18.1%. From such analysis, we propose that these repeated and conserved

elements play an important role in viral RNA replication, and this role is probably

more important in mosquito cells than in vertebrate cells (Kuhn et al., 1990).

The relationships among these viruses is illustrated in Fig. 6. Three points

are obvious from this diagram. One is that the Sindbis strains analyzed can be

divided into a European-African group and an Asian-Australian group. The

second point is that Ockelbo virus and Karelian fever virus are virtually identical.

The third point is that Ockelbo virus is more closely related to the South African

strain of Sindbis virus isolated in 1963 (and which is also capable of causing

human illness) than it is to the Egyptian strain isolated in 1952. We conclude

from this last point that Ockelbo virus was probably introduced into Northern

Sweden from South Africa in the 1960s, from where it spread into Finland (where

it causes the disease called Pogosta) and the Karelian region of Russia.

SEQUENCE STUDIES OF AURA RNA

We have obtained the sequence of essentially all of the genome of Aura virus

and are currently assembling this sequence. We were particularly interested in

this virus because we have previously shown that Western equine encephalitis

virus (WEE), previously thought to be closely related to Sindbis virus, is in fact a

recombinant virus in which most of the genome was derived from Eastern equine

encephalitis virus and only the surface glycoproteins were derived from a Sindbis-

like virus (Hahn et al., 1988). Thus the question arose as to whether there is a

virus found in the Americas that is closely related to Sindbis and that could have

served as the second parent of WEE. The question is of particular interest because

WEE emerged from a recombination event.
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The sequence of about 5000 nucleotides of Aura RNA in the nonstructural

protein coding region is shown in Fig. 7. This sequence begins in the 5' NTR and

continues through nsPI, nsP2, and part of nsP3. From this sequence, it is clear

that Aura virus is closely related to Sindbis virus. Comparison of the amino acid

sequences of Sindbis virus and of Aura virus in the region represented by the

Aura sequence in Fig. 7 shows that the two sequences are 80% identical,

illustrating that Aura is in fact a Sindbis-like virus. We also found that the 3'

NTR of Aura RNA is Sindbis-like. As described above, Sindbis-like viruses

contain three copies of a conserved sequence element that we postulate is

important for RNA replication. Although other alphaviruses often contain

repeated sequence elements, these elements are completely different in sequence

from the Sindbis sequence. Furthermore, WEE lacks the characteristic Sindbis 3'

NTR, and contains instead a chimeric 3' NTR. Thus Aura virus represents the

first known example of a true Sindbis-like virus in the Americas

Aura virus is widely distributed in South America, having been isolated in

Brazil and in Northern Argentina. Analysis of the data is not yet complete, but it

is possible that Aura virus represents the ancestral Sindbis-like virus, and that it

was transmitted to the Old World to serve as the founder of the Sindbis viruses in

the Old World, as we previously postulated (Levinson et al., 1990). Aura virus

may have served as one of the parents of WEE, contributing its glycoproteins to

this recombinant virus (Hahn et al., 1988).
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1 ACT AGT ACT TGT ACT ACA GAA TTA ACT GCC GTG TGC CGC GGG CTA AAG TAG CCC CAA TCA

61 TCG AAA ATG GAG AAA CCG ACA GTG CAC GTT GAC GTA GAC CCC CAA AGT CCG TTT GTG CTA
met glu lys pro thr val his val asp val asp pro gin ser pro phe val leu

121/19 CAA CTG CAG AAG AGT TTC CCA CAA TTC GAG ATT GTG GOT CAG GAG GTC ACT GGG AAT GAC
gin leu gin lys ser phe pro gin phe glu ile val ala gin gin val thr pro asn asp

181/39 CAT GCT AAT GCC AGA GOT TTT TCG CAT CTG GOT AGT AAA CTG ATC GAA CAT GAG ATC CCC
his ala asn ala arg ala phe ser his leu ala ser lys leu ile glu his glu ile pro

241/59 ACC. TCA. GTT ACG ATC TTG GAC ATA GGA AGC GCA CGA GOT CGT AGA ATG TAT TCC GAG CAT
thr ser val thr ile leu asp ile gly ser ala pro ala arg arg met tyr ser giu his

301/7 9 AAG, TAT CAC TGT GTG TGO CCC ATG CGT AGT OCT GAA GAC CCG GAC CGT CTT ATG AAT TAG
lys tyr his cys val cys pro met arg ser pro glu asp pro asp arg leu met asn tyr

361/99 GOA TOO CGA CTC GOA GAC AAA GCA GGG GAA ATT AGO AAG AAG AGG CTG CAT GAT AAA OTT
ala ser arg leu ala asp iys ala gly glu ile thr asn lys arg ieu his asp lys leu

421/119 GCA GAC CTC AAG TOG GTC OTC GAG TCG CCG GAT GOT GAA ACT GGT ACC ATT TGT TTC CAG
ala asp leu lys ser val leu glu ser pro asp ala glu thr gly thr ile cys phe his

481/139 AAT GAO GTA ATA TGO CGT AGG ACA GOG GAG GTA TGA GTT ATG CAA AAT GTG TAT ATC AAT
asn asp val ile cys arg thr thr ala glu val ser val met gin asn val tyr ile asn

541/159 GCA COT TOG, AGO ATT TAO CAT GAG GOC OTA AAG GGA GTG AGA AAA CTG TAT TGG ATO GGG
ala pro ser thr ile tyr his gin ala leu lys gly val arg lys leu tyr trp ile gly

601/179 TTO GAT ACA ACG GAG TTT ATG TTG TOO TCG ATG GOA GGG TGG TAT COG TOG TAG AAT ACT
phe asp thr thr gin phe met phe ser ser met ala gly ser tyr pro ser tyr asn thr

661/199 AAT TGG GCC GAT GAA AGG GTG GTG GAA GOG OGT AAT ATA GGO OTA TGT AGO AOG AAG OTG
asn trp ala asp glu arg val leu glu ala arg asn ile gly leu cys ser thr lys leu

721/219 AGA GAG GGT ACG ATG GGO AAA CTG TGT ACC TTC GGG AAA AAG GOC TTG AAA OCT GGA ACT
arg glu gly thr met gly lys leu ser thr phe arg lys lys ala leu iys pro gly thr

781/239 AAC GTG TAG TTC TGT GTO GGT TCG ACA GTO TAG COT GAG AAT AGA GOG GAG GTG GAG AGT
asn val tyr phe ser val gly ser thr leu tyr pro glu asn arg ala asp leu gin ser

841/259 TGG GAG OTA CCA TOT GTG TTO GAO TTG AAA GGT AAA CAA TOO TTT AOG TGG GGO TGT GAT
trp his leu pro ser val phe his ieu lys gly iys gin ser phe thr cys arg cys asp

901/279 AGG GCG GTT AAC TGO GAA GGA TAG GTA GTO AAG AAG ATO ACC ATC AGO CCC GGG ATO AGG
thr ala val asn cys glu gly tyr val val lys lys ile thr lie ser pro gly ile thr

961/299 GGG OGT GTO AAT GGG TAG ACT GTG ACT AAO AAC AGO GAG GGA TTC TTG GTG TGT AAG ATO
gly arg val asn arg tyr thr val thr asn asn ser glu gly phe leu leu cys lys ile

1021/319 ACA GAT AGG GTG AAA GGG GAG GGT GTA TCG TTG OCT GTO TGT AOG TAT ATT OGA COT TGA
thr asp thr val lys gly glu arg val ser phe pro val cys thr tyr ile pro pro ser

1081/ 339 ATO TGT GAO GAA ATG ACA GGT ATA TTG GOC ACT GAT ATO CAA CCC GAA GAG GGG CAA AAG
lie cyz asp gin met thr gly ile leu ala thr asp lie gin pro giu asp ala gin lys

Figure 7a. See legend on last page of this sequence
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1141/359 TTG CTG GTA GGA CTG AAC CAA CGC ATA GTC GTG AAC GGA AAA ACT ART AGA AAC ACC AAC
leu ieu 7al gly leu asn gin arg ile val val asn gly lys thr asn arg asn thr asn

1201/379 ACG ATG CAG AAC TAT CTC CTG CCC GCG GTG GOT ACA GGT CTG AGT AAA TGG GCC AAA GA-A
thr met gin asn tyr leu leu pro ala val ala thr gly leu ser lys trp ala lys glu

1261/399 AGA AAG GCA GAC TGO AGT GAC GAG AAA CCA TTG AAT GTG AGA GAA CGC AAA CTA GCT TTC
arg, lys ala asp cys ser asp glu lys pro ieu asn val arg glu arg ilys leu ala phe

1321/419 GGT TGO CTA TGG GOT TTC AAG ACC AAG A-AG ATC CAT TCT TTT TAC CGC CCG CCA GGO ACG
gly cys leu trp, ala phe lys thr lys lys ile his ser phe tyr arg pro pro gly thr

1381/439 CAG ACT ATA GTA AAA GTC GCA GCG GAA TTC AGT GOG TTC CCT ATG TCC TCG GTG TGG ACT
gin thr ile val lys val ala ala q'iu phe ser ala phe pro met ser ser val trp thr

1441/459 ACG TCA CTG CCA ATG TCA OTG AGA CAG AAA GTT AAA CTG OTT CTT GTA A-AG AAA ACC ART
thr ser leu pro met ser leu arg gin iys val lys leu leu leu val lys lys thr asn

1501/479 AAA CCG GTA GTC ACT ATT ACT GAC ACT GCG GTA A-AA AAC GOA CA-A GAG GOA TAT AAO GAA
lys pro val val thr ile thr asp thr ala val 1y3 asn ala gin glu ala tyr asn glu

1561/499 GOC GTC GAG ACA GCA GAA GOG GAG GAG A-A-A GCG AAG GCC TTA CCT CCG CTG AAG COG ACG
ala val glu thr ala glu ala glu glu iys ala lys ala leu pro pro leu iys pro thr

1621/519 GCA CCC CCT GTA GCG GAG GAC GTC AAA TGO GAG GTC A-CC GA-C CTG GTA GAO GAT GOG GGA
ala pro pro val ala glu asp val lys cys glu val thr asp leu val asp asp ala gly

1681/539 GOG GCC CTG GTO GAG AOG CCC CGG GGA A-AG A-TA AAA ATT A-TO CCA CAG GA-A- GGG GAO GTG
ala ala leu val glu thr pro arg gly lys ile lys ile ile pro gin glu gly asp val

1741/559 CGT ATT GGT TCC TAO A-CA GTC ATT TOT OCA GCG GCA GTO OTT AGA RAT CAA CAA OTG GAG
arg ile gly ser tyr thr val ile ser pro ala ala val leu arg asn gin gin leu glu

1801/579 OCA A-TO CAC GAG TTA GCA GAG CAG GTG AAA ATT ATO ACG CA-C GGT GGO OGA ACA- GGC AGG
pro ile his glu leu ala glu gin val lys ile ile thr his gly gly arg thr gly arg

1861/599 TAT TCC GTC GA-A COT TAO GAT GOT A-AG GTT OTO OTG OCA A-CA GGA TGO COO ATG TOO TGG
tyr ser val glu pro tyr asp ala lys val leu leu pro thr gly cys pro met ser trp

1921/619 CA-A CAT TTC GOG GCC TTG AGO GA-A AGO GOT AOG TTA GTC TAO A-AT GAG A-GA GAG TTO CTG
gin his phe ala ala ieu ser glu ser ala thr ieu val tyr asn glu arg glu phe ieu

1981/639 A-AC OGG AAA CTC CAT CA-C A-TO GOT AOG AAG GGT GOG GCA A-A-A A-AC ACT GAG GA-A GAA OAA
asn arg lys leu his his ile ala thr lys gly ala ala lys asn thr glu glu glu gin

2041/659 TAO AAA GTA TGO AAA GOT AAA GAO ACG GAT CAT GAG TAO GTA TAO GAO GTA GAT GOC AGA
tyr lys val cys iys ala iys asp thr asp his glu tyr val tyr asp val asp ala arg

2101/679 AAA TGC GTA A-AA- AGA GAG OAT GCA CA-A GGG OTA GTA OTA GTT GGG GAA- OTA ACT ART COG
lys cys val lys arg glu his ala gin gly leu val leu val gly glu leu thr asn pro

2161/699 COT TAC CAC GAG CTG GOA TAO GAA GGA TTA OGT A-CA OGA COO GOT G00 COT TA-C CAT ATO
pro tyr his glu leu ala tyr glu gly ieu arg thr arg pro ala ala pro tyr his ile

Figure 7b. See legend on last page of this sequence
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2221/719 GAA ACA CTG GGG GTC ATT GGA ACA CCG GGG TCA GGT AAG TCG GCC ATG ATA AAA TCT AGG
glu thr ieu gly Val lie gly thr pro gly set gly lys set ala ile lie lys set thr

2281/739 GTA ACA CTA AAA GAC CTC GTA ACT AGC GGT AAG AAA GAA AAT TGC AAA GAA ATA GAG AK]'
Val thr leu lys asp leu Val thr set gly lys lys giu asn cys lys giu lie giu asn

2341/759 GAC GTC CAG AAA ATG CGG GGA ATG ACT ATA GCT AGG AGA ACG GTA GAG TGG GTA CTT CTT
asp val gin lys met arg gly met thr ile ala thr arg thr Val asp ser val leu leii

2401/779 AAT GGA TGG AAG AAA GCA GTA GAC GTC CTA TAT GTG GAT GAA GCG TTT GCA TGT CAT GCA
asn gly trp, lys lys ala Val asp val ieu tyr val asp giu ala phe ala cys his ala

2461/799 GGC ACC TTA ATG GCA TTG ATT GCC ATT GTC AAA CCG AGA CGT AAA GTA GTA CTG TGC GGG:
gly thr ieu met ala ieu ile ala lie val lys pro arg arg lys Val val leu cys gly

2521/819 GAC CCG AAG GAG TGG CCC TTC TTT AAT TTA ATG CAA CTG AAG GTA AAG TTC AAG AAC CCC
asp pro iys gin trp pro phe phe asn ieu met gin ieu lys val asn phe asn asn pro

2581/839 GAG CGA GAC CTG TGT ACT TCC AGC CAT TAT AAA TAT ATC TGT CGC AGG TI..C ACC CAA CCT
glu arg asp ieu cys thr set thr his tyr lys tyr lie ser arg arg cys thr gin pro

2641/ 859 GTT ACA GCC ATA GTG TCT ACA TTA CAC TAT GAC GGA AAG ATG AGG ACT ACG AAT CCC TGC
val thr ala lie val set thr ieu his tyr asp gly lys met arg thr tht asn pro cys

2701/879 AAA AGO GCT ATC GAA ATA GAG GTA AAC GGA TCG ACT AAG CCC AAG AAA GGA GAC ATA GTG
lys arg ala lie giu lie asp Val asn gly ser thr lys pro iys lys gly asp lie Val

2761/899 TTG ACG TGT TTC CGT GGG TGG GTT AAG CAG COG CAA ATC GAT TAG CCC GGA CCC GGk GGT
ieu thr cys phe arg gly trp Val iys gin gly gin lie asp tyr pro gly pro gly gly

2821/919 CAT GAG CGT GCA OCT TCT CAA CCC CTA ACC AGA AGO GCG GTT TAT GCG GTG AGA GAG AAA
his asp arg ala. ala ser gin gly ieu thr arg arg gly val tyr ala val arg gin iys

2881/939 GTA AAT GAA AAC CCA CTA TAT GCA GAG AAG TGA GAA CAC GTT AAC GTG TTA CTT ACT AGO
val asn glu asn pro ieu tyr ala giu lys ser giu his val asn Val ieu leu thr arg

2941/959 ACG GAA GAT CGC ATA GTG TGG AAG ACA CTG CAA COG OAT GCT TGG ATT AAG TAG CTG ACT
thr giu asp arg lie val trp lys thr leu gin giy asp pro trp lie lys tyr ieu thr

3001/ 979 AAC GTT CGA AAA GGG AAG TTT ACA GCC ACT TTA GAA GAA TGG GAG OGO GAA GAG GAG GAC
asn val pro lys gly asn phe thr ala thr ieu giu giu trp gin ala giu his giu asp

3061/999 ATT ATG AAG GCC ATT AAT TCT ACA TCC ACA GTA TCT GAG CGT TTCGCCC AGC AAA GTG AAT
lie met iys ala lie asn set thr set thr Val set asp pro phe ala set iys val asn

3121/1019 ACA TGC TGG OCT AAA GOT ATT ATA CCC ATO OTA AGA AGO OGA GGG ATA GAA CTT ACA TTC
thr cys trp ala ivs ala lie lie pro ille ieu arg thr ala gly lie giu ieu thr phe

3181/1039 GAG CAG TGG GAA OAT CTA TTG CCG CAA TTT CGT AAT GAG CAA GGT TAG TOG GTG ATO TAT
giu gin trp giu asp ieu phe pro gin phe arg asn asp gin pro tyr set Val met tyr

3241/1059 CCC CTA GAT GTG ATA TGT ACG AAG ATG TTC GGC ATG OAT GTG AGG ACT GGG ATO TTG TGT
ala ieu asp val lie cys thr lys met phe gly met asp ieu set set gly lie phe set

3301/1079 COT CCT GAG ATA GGT GTA AGO TTC CAT CCC GCC GAC GTC GGG GGA GTO AGA OCT GAG TGG
arg pro glu lie pro leu thr- phe his pro ala asp Val gly arg val arg ala his trp

Figure 7G. See legend on last page of this sequence

23



3361/1099 GAT AAC TCC CCA GGA GOG CAG AAG TTT GGG TAT AAC AAG GCG GTA ATC CCA ACT TGC A-AG
asp asn ser pro gly gly gin lys phe gly tyr asn lys ala vat ile pro thr cys lys

3421/1119 AAA TAG CCA GTG TAC TTA AGA GCA GGA AAA G00 GAC CAA ATA CTC CCC ATA TAT 000 AGA
lys tyr pro vat tyr leu arg ala gly lys gly asp gin ite leu pro ile tyr gly arg

3481/1139 GTT TCA GTC CCA TCO GCA CGG A-AC AAT TTA GTT CCC TTA A-AC AGA AAT CTA CCA CAC TCG
val ser val pro ser ala arg asn asn leu vat pro leu asn arg asn leu pro his sex.

3541/1159 CTA ACT GCA AGC CTG GAG AAA AAA GAA GCA GOT CCC TTG CAC AAG TTC OTT AAC CAA CTA
leu thr ala ser leu gin lys lys glo ala ala pro leu his lys phe leu asn gin leu

3601/1179 CCA GGA CAC AGT ATG CTG GTG GTC TCT AAG GAA ACA TOG TAT TGC GTG TCC A-AG CGA ATC
pro gly his ser met leu leu vat ser lys glu thr cys tyr cys val ser lys arg ite

3661/1199 ACA TGG GTC GCT CCG CTG GGA GTC AGA GGA GCT GAC GAG AAC CAT GAG GTG CAT TTG OGG
thr trp vat ala pro leu gly vat arg gly ala asp his asn his asp leu his phe gly

3721/1219 TTC CCA OCA CTG TOG AGA TAG GAG CT? GTG GTG GTT AAT ATG GGA CAA CCG TAG AGG TTC
phe pro pro leu ser arg tyr asp leu vat val vat asn met gly gin pro tyr arg phe

3781/1239 CAT CAC TAC GAG GAG TOG GAG GAG CAT G00 GGC OTO ATG AGG ACG TTG GCC CGG TGA Cf-A
his his tyr gin gin cys glu glu his ala gly leu met arg thr leu ala arg ser ala

3841/1259 CTC AAC TGC OTA AAA OGA GGA GGA ACA TTA GCC CTG AAkA OGA TAT GOT TTC 0CC GAG TOG
leu asn cys leu lys pro gly gly thr leu ala ieu lys ala tyr gly phe ala asp ser

3901/1279 AAT AGT GAG GAG GTT GTT CTG TOT TTA GGG AGG AAA TTC GTG COG GGA TOG GCA GTG AGA
asn ser glu asp vat val leu ser leu ala arg lys phe vat arg ala ser ala vat arg

3961/1299 OCA TOG TGT ACA GAG TTT AAO ACA GAG ATG TTC TTT GTA TTT AGO GAG OTG GAO AACGOAT
pro ser CYs thr gin phe asn thr glu met phe phe vat phe arg g~n teu asp asn asp

4021/1319 CGT GAG OGO CAA TTC ACT GAG CAT GAO TTG AAT TTA GGA GTA TOG AAT ATh, TTO GAG AAT
arg glu arg gin phe thr gin his his leu asn leu ala vat ser asn lie phe asp asn

4081/1339 TAT AAA GAO GGA TOO GGA GCA GCT OCT TOT TAT OGO OTT AAG, AGA ATO A-AT ATO OGA GAO
tyr iys asp gly ser gly ala ala pro ser tyr arg vat lys arg met asn ile ala asp

4141/1359 TGO ACA GAA GAA GCA GTG GTG AAO OGA GOT AAC GCG CGG GGA AAA GOT 000 GAO OGA GTA
cys thr gtu glu ala vat vat asn ala ala asn ala arg gly lys pro gly asp gly vat

4201/1379 TOG AGA GOT ATO TTO AAA AAG TGG, COG AAG, TGA TTT GAG AAC GOT AGO ACT GA-A GTO GAA
cys arg ala ile phe lys lys trp, pro iys ser phe glu asn ala thr thr glu vat glu

4261/1399 AGO GOG GTC ATG AAA OGA TGO GAG AAC AAO OTT OTT ATA CAT GCA GTG GGT OCT GAT TTT
thr ala vat met lys pro cys his asn lys vat vat ile his ala vat gly pro asp phe

4321/1419 AGA AAG TAO ACG TTG GAG GA-A GOG AGO A-AG OTA OTG GAG AAC OGA TAG CAT GAT GTG OCA
arg lys tyr thr leu glu glu ala thr lys leu leu gln asri ala tyr his asp vat ala

4381/1439 AAG ATA OTO, AAG GAG AA-A 000 ATO TOO TOG GTA OCT ATA COG CTG GTG TGA ACA GGT ATO
lys ile vat asn glu lys gly ile ser ser vat ala ile pro Ieu teu ser thr gly ile

4441/1459 TAT GOT 000 OGA GOT GAT COG CTO OAT OTC TOO CTG AGA TOT CTT TTG ACO GOG OTG OAT
tyr ala ala gly ala asp arg leu asp leu ser teu arg cys leu phe thr ala leu asp

Figure 7d. See legend on last page of this sequenrcŽ
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4501/1479 CGT ACG 'IT GCG GAT GTG ACA ATA TAT TGC GTA GAT AAG AAG TGG GAG CAA CGC ATA GCA
arg thr asp ala asp val thr ile tyr cys ieu asp iys lys trp glu gin arg ile ala

4561/1499 GAT GCT ATT AGG ATG CGA GAA CAA GTA ACT GAA TTA AAA GAT CCG GAG ATA GAG ATA GAT
asp ala ile arg met arg giu gin val thr giu ieu lys asp pro asp ile giu ile asp

4621/1519 GAA GGA TTA ACC GGG GTA CAG GCA GAT A4GC TGC CTC AAG GAT CAC A±'2A GGC TAG AGT ACC
glu gly leu thr arg val his pro asp ser cys leu lys asp his ile gly tyr ser thr

4681/1539 GAG TAT GGG AAA TTG TAG TGA TAG TTT GAA GGT ACT AAA TTC GAG CAA ACC GGA AAA GAG
gin tyr gly lys ieu tyr ser tyr phe glu gly thr ly- ?he his gin thr ala iys asp

4741/1559 ATA GCC GAG ATT CGT GCG CTG TTT CCT GAT GTA CAA GGG GCT AAG GAA GAA ATC TGG GTG,
jie ala glu ile arg ala ieu phe pro asp val gin ala ala asn giu gin iie cys ieu

4801/1579 TAG ACT TTA GGC GAA CCG ATG GAG TCC ATA CGG GAA AAG TGG GGA GTG GAA GAG TCC CGG
tyr thr ieu gly glu pro met glu ser ile arg glu lys cys pro val giu asp ser pro

4861/1599 GCA TCA GCA GCT CCT AAG AGA ATA GCT TGG GTA TGT ATG TAT GCT ATG AGA GCG GAA CGT
ala ser ala pro pro lys thr ile pro cys leu cys met tyr ala met thr ala glu arg

4921/1619 ATT TGC CGC GTA GGG AGT AAC TCC GTA ACG AAG ATA ACG GTG TGG TCA TCC TTT CGG TTA
ile cys arg val arg ser asn ser val thr asn ile thr val cys ser ser phe pro leu

4981/1639 CCC AAG TAG CGA ATA AAG AAC GTA CAA AAG ATA ('k; T'G- AGG AAA GTG
pro lys tyr arg ile lys asn val gin Iy3 :-Ie gin cys thr lys val

Figure 7e. Translated sequence of Aura virus. This sequence starts near the 5'terminus of the
genome, although the exact 5' end is not known. The translated sequence shown
encompasses nsPl, nsP2, and the N-terminal (conserved) region of nsP3. Nucleotides are
numbered from the beginning of the sequence; amino acids are numbered from the
beginning of the open reading fr-ame.
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SEQUENC3 ANALYSIS OF WHATAROA VIRUS.

We have obtained most of the sequence of Whataroa virus RNA, 11.7 kb in

length. This sequence is being assembled to give the complete sequence of this

virus RNA. We were interested in this virus because it represents a

geographically isolated Sindbis-like virus, being found in New Zealand and

presumably transferred there by migratory birds.

The sequencesof a stretch of the nonstructural protein coding region of the

Whataroa genome is shown in Figs 8. The sequence begins rnear the beginning of

the nsP2 gexie and continues through to the end of the nsP2 region of the virus

genome, a stretch of about 2000 nucleotides. From the analysis of this sequence,

Whataroa virus can clearly be considered to be a strain of Sindbis virus that has

spread to New Zealand. The amino acid sequence deduced from the nucleotide

sequence in Fig. 8 is compared to that of the AR339 strain of Sindbis virus, isolated

from Egypt in 1952, in Fig. 9. These amino acid sequences are 84% identical.

Furthermore, we found that Whataroa virus RNA has the characteristic 3' NTR

of the Sindbis viruses.

SEQUENCE ANALYSIS OF OTHER ALPHAVIRUSES

We have obtained the nucleotide sequence encoding the nsP3 and nsP4

genes of several other alphaviruses, in order to examine the relationships of

viruses isolated from Australia, India, and South Africa to other alphaviruses.

Sequences of this region for Sindbis virus isolated from India in 1953 is shown in

Fig. 10, that for a Sindbis virus isolated in Australia in 1975 is shown in Fig. 11,

and that for a Sindbis virus isolated from South Africa in 1963 is shown in Fig. 12.

The South African isolated came from a human patient exhibiting symptoms of
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I F I N R K L Y H I A V H G P A K N T EE 20
1 TTCATTAACAGGAAATTGTACCACATTGCAGTTCATGGTCCCGCGAAGAATACTGAGGAA 60

1 1 1 1 1
21 EQ0 Y K A M R A E A A DOT E Y V F D V D 40
61 GAGCAGTATAAAGCTATGAGAGCAGAAGCGGCGGACACCGAATATGTCTTCGATGTCGAC 120

1 1 1 1 1
41 K K K CV K R E E A S G L V L V GE L T 60

121 AAGAAGAAGTGCGTTAAGAGAGAAGAAGCATCGGGTCTTGTGTTAGTAGGCGAACTTACC 180
I 1 1 I 1

61 N P P Y H EM AL E G L K T R P A V P Y 80
181 AACCCGCCATACCATGAAATGGCGCTGGAAGGGCTGAAGACCCGTCCTGCAGTACCTTAT 240

1 1 1 1 1
81 K V E T I G V I G T P G S G K S A I I K 100

241 AAAGTTGAAACAATCGGAGTCATCGGCACACCGGGATCCGGAAAATCCGCAATCATTAAA 300

101 N I V T T R DL V T S G K K EN C R El1 120
301 AACATCGTCACTACCAGGGATCTTGTGACCAGCGGAAAGAAAGAAAACTGCCGGGAAATA 360

121 E A D V L K H R K M~ Q 1 V S K T V 0 S V 140
361 GAAGCTGACGTCCTCAAACACCGAAAAATGCAAATCGTTTCAAAGACGGTCGACTCCGTT 420

1 1 1 1 1
141 L L N G C H K S V D I L Y V D E A Y A C 160
421 TTGCTTAATGGTTCCCACAAGTCAGTCGACATCCTGTATGTCGACGAAGCTTACGCGTGC 480

1 1 1 1 I
161 -H A G T L L A L I A I V R P R N K V V L I80
481 CACGCTGGCACCCTATTGGCCTTAATCGCCATAGTCCGACCTAGAAATAAAGTGGTCCTA 540

1 1 I 1 1
181 C G D V K Q C G F F N M M U L K V H F N 200
541 TGTGGCGACCCAAAACAGTGTGGTTTCTTCAACATGATGCAGCTGAAGGTCCACTTTAAC 600

1 1 I 1 1
201 D P E R D I C T K T F Y K'Y I S R R C T 220
601 GACCCTGAACGCGACATTTGCACGAAGACGTTCTACAAATACATTTCTCGTCGGTGCACG 660

1 1 1 I 1
e2l 0 P V T A I V S T L H Y N4 G K M1 R T T N 240
661 CAACCGGTGACAGCAATTGTGTCTACACTGCACTATAACGGAAAAATGCGCACCACCAAC 720

1 1 1 1 1
241 P C N K N I V I D I T G 0 T K P K P G D 260
721 CCATGTAACAAGAACATCGTAATCGACATTACCGGACAAACCAAACCAAAACCAGGAGAT 780

1 1 1 I I
261 I I L T C F R G W V K 0 L Q I E Y P G H 280
781 ATTATCCTGACGTGTTTCAGGGGGTGGGTCAAGCAGCTCCAGATTCAATACCCAGGACAC 840

I 1 1 1 1
2181 E V M T A A V SQ 0 L T R K G V F P V R 300
841 GAAGTTATGACTGCGGCAGTTTCACAACGATTGACGCGAAAAGGGGTCTTTCCCGTAAGA 900

1 1 1 1 1
301 G K V N E N P L Y A I T SE H V N V L L 320
901 GCAAAAGTCAACGAGAACCCGTTATATGCCATCACTTCTGAGCACCTCAACGTACTGTTG 960

1 1 1 1 1
321 T R T E W R I V WI K T L 0G D P W I K Q 340
961 ACACGAACCGAAGATCGTATCCTGTGGAAAACGCTACAAGGAGACCCTTGGATAAAGCAG 1 020

1 1 1 1 1
341 L T N I P K G N F H A T v E E WIE A E H 360
1 021 CTCACAAACATTCCAAAAGGCAACTTTCACGCCACCGTCGAAGAATGGGAGGCTGAACAC 1 080

I I I I I

Figure 8a. See legend on next page.
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1 l - r Ai r KN r r .30
1081 AAGGGAATAATGGAGGCTATCACTAGCCCGGCCCCCCGCAGCAACCCTTTCAGCTGTAAG 1140

3fl T N V C W A K A L E P I L S T A G I C L 400
11't ACAAACGTGTGCTGGGCGAAGGCACTAGAACCTATACTATCGACCGCTGGCATATCACTA 1200

1 1 1 1 1
401 T G C Q W A D L F P 0 F E D D K P H S A 420
1201 ACTGGATGTCAGTGGGCAGATTTGTTTCCGCAATTTGAAGATGACAAACCACATTCGGCC 1260

421 1 Y A L D VI C V K F F G M D L T S G 1 440
1261 ATATACGCTCTAGACGTCATTTGCGTAAAGTTCTTTGGCATGGATTTAACTAGCGGCATA 1320

I I I 1 1
441 F S K P L I P L T Y H P AE G D R K T A 460
1321 TTTTCAAAACCGTTGATCCCATTGACTTATCACCCCGCCGAAGGGGACCGGAAGACAGCG 1380

1 1 1 1 1
461 H U D N S P G GOR K Y G F D K A V V A E 480

1 381 CACITGGGACAACAGTCCAGGCCAACGAAAGTACGGGTTTGACAAAGCCGTTGTAGCTGAA 1440

I I I 1 1
481 L S R R F P V F C M A D KG V Q L D L 0 S00

1441 TTGTCCCGCAGATTCCCAGTATTCTGCATGGCAGACAAAGGAGTGCAACTGGACCTACAG 1500

I - I I I I
S0l T G R T R V V S R F N L V P F N R N L 520

1501 ACGGGCCGNACGCGCGTAGTCNCGTCACGCTTCAACCTTGTGCCATTTAACAGAAATCTG 1560

I I I 1 1
521 P H S L V P E Y K TO0T P GO0 L S A F 1 540
1561 CCCCACTCGCTTGTCCCGGAGTATAAAACACAAACTCCAGGTCAGCTAAGCGCCTTTATC 1620

1 1 1 1 1
S41 R Q F K 0 N T I L L V S E T P A E H S T 560
1 621 CGCCAGTTTAAACAAAACACCATCCTGCTTGTATCTGAAACACCTGCCGAACATTCCACC 1 680

I 1 1 1 1
561 K S V E W I A P L G T L G A T K C Y N L 580
1681 AAATCTGTGGAATGGATTGCACCGCTGGGTACGCTTGGAGCCACCAAATGCTATAATTTA 1740

I 1 1 1 1
581 A F G F P P 0 S R Y D L V I I N I G T K 600
1741 GCATTCGGCTTTCCGCCTCAGTCGAGGTACGACCTAGTGATCATAAATATCGGTACAAAA 1800

1 f 1 I 1
601 F R H H H Y Q 0 C E D H A A TM K T L S 620
1801 TTCAGACACCACCACTATCAACAGTGCGAAGACCACGCCGCCACCATGAAGACACTGTCA 1860

1 1 1 1 1
62t R S A L N C L N P G G T L V V KA Y G Y 640

1861 CGTTCCGCCCTTAATTGCCTGAACCCGGGTGGCACATTGGTGGTAAAAGCATATGGCTAC 1920

I 1 1 1 1
641 A D R N S E D I I T A L A R K F V R V S 660
1 921 GCGGACAGAAACAGTGAAGACATCATTACAGCCCTGGCACGAAAGTTCGTCAGGGTGTCC 1 980

I I 1 1 1
661 A A R P 0 C V S S N T E M Y F I F R 0 L 680
1981 GCGCCCCGCCCACAGTGCGTCTCAAGCAAIACAGAGATGTACTTCATTTTCAGACAACTG 2040

1 1 1 1 1
681 D N S R T R 0 F T P H H L N C V V S S V 700

2041 GACAACAGCAGAACACGTCAATTCACACCTCATCACCTCAACTGCGTCGTTTCGTCAGTG 2100

1 I 1 I I
701 Y E G T R D G V G A 710

2101 TACGAGGGAACAAGAGACGGAGTTGGTGCT 2130

I 1
Figure 8b. Translated nucleotide sequence of Wh~ataroa virus in the region

encoding nonstructural protein nsP2. By homology with Sindbis virus, the
sequence shown begins at amino acid 97 of nsP2 and continues to the
nsP2fnsP3 cleavage site.
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FINRKLYHIAVHGPAKNTEEEQYKAMRAEAADTEYVFDVDKKKCVKREEA
.V . ....... M ............. VTK .. L .E .......... R ,K ..
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ST..A ................... . RL.G...T ....... M ..... A.E

ILYVDEAYACHAGTLLALIAIVRPRNKVVLCGDPKQCGFFNMMOLKVHFN
V ....... F ... A ........... K ........ M ...............

DPERDICTKTFYKYISRRCTOPVTAIVSTLHYNGKMRTTNPCNKNIVIDI
H..K .............................. D ... K......K.. .E..
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GKVNENPLYAITSEHVNVLLTRTEDRIVWKTLOGDPWIKOLTNIPKGNFH
0 . . . . . . . . . . . . . . . . . . . . . . . . . L . . . . . . . . . . . . . P . . . . . . . . 0

ATVEEWEAEHKGIMEAITSPAPRSNPFSCKTNVCWAKALEPILSTAGISL
.. I .D ....... . IA . .N .. T .. A . .. .. .............. A .... V .

TGCOWADLFPQFEDDKPHSAIYALDVICVKFFGMDLTSGIFSKPLIPLTY
.. . . . . SE .. . . . A . . . . . . . . .. .. . . . I . . . ... . ... L .. ,G .. . ..

HPAEGDRKTAHUDNSPGORKYGFDKAVVAELSRRFPVFCMADKGVQLDLG
. DSA.PV ........ T .... Y.HXA ............ QL.G..T.

TGRTRVV?SRFNLVPFNRNLPHSLVPEYKTQTPGOLSAFIROFKONTILL
....... ISAQH .... V ...... A ...... EKO..PVKK.LN... HHSV.V

VSETPAEHSTKSVEWIAPLGTLGATKCYNLAFGFPPQSRYDLVIINIGTK
... EKI.APR.RI ..... I.IA..D.N .......... A ..... F ......

FRHHHYQOCEDHAATMKTLSRSALNCLNPGGTLVVKAYGYADRNSEDIIT
Y .N. .F . ...... .. L .... ...... .. ....... .S .. ........ VV .

ALARKFVRVSAARPQCVSSNTEMYFIFROLDNSRTROFTPHHLNCVVSSV
............... D......... L ...................... I...

YEGTRDGVGA

Figure 9. Aligned deduced amino acid sequences of the nonstructural protein
regions of Whataroa virus and Sindbis virus, beginning with amino acid 97 of

Sindbis virus nsP2. The upper sequence in each case is Whataroa virus, and
amino acid identity in the Sindbis sequence is indicated with a dot.
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1 G;CUCCGGCCUAUCGCUCGAAACGUGAGAACALCGCCGAGUGCCUCGAAGAGGCCG3UAGUU 60
A PA Y R S KR E NI A E C LE E AV V

61l AAUGCCGCGAýAUGCACUCGGACGGCCGGGCGAAGGGGUAUGCAAAGCCAUAUAUAAAAAA 120
N A A NAL GR P G EGV CKAI Y K K

121 UGGCCUAAUAGUUUJCGUCGAýUUCCGCGACAGAGACUGGAACGGCtJAAGCUAGUGUGCUG*U 180
W PN S FV DS AT ET GTA KL V CC

181 CAAGGAAAGAAAAUUAUCCACGCCGUCGGACCCGACUUCCGCAAACACUCCGAGGCAGAA 240
Q GK KI I H AV G PDF R KHS EA E

241 GCACUGAAGAUUCUCCAGAACACAUACCACGCCAUAGCAGAUUUGGUUAACAAACAUGGA 300
A LK I LQ NTY H AI ADL VN RH G

301 AUCAAGACUGUAGCGAuCCCGCUACuAUCCaCCGGGAUUU6ACGCAGCGGGAAAAGACAGA 360
I K TV A IP LLS T GI YAA G KD R

361 CUCGAGGUCUCCUUAAACUGUCUUACCAC'CGCCCUGGACAýGAACAGACGCAGACGUCACA 420
L EVS.L NC L TTA LD R TDAD V T

421 AUCUACUGUCUAGACAAAAAAUGGAAAGAAAGGAUCGAUGCGGUUAUACAAUUGAAGGAG 480
I YC LD KK W KE RI D A VIQ L KE

481 UCGGUGACGGAACUGAAGGAUGAGGAUAUGGAGAUCGACGAUGAGUtJAGUAUGGAUCCAC 540
S V TE L KD ED ME I D DE L VW I H

541 CCGGAUAGUUGUCUCAAGGGCAGGAAAGGGUAUAGCACAACAAAAGGUAAACUUUAUUCG 600
P DS CL KG RK G YST T KG KLY S

601 UACUUUGAGGGGACUAAGUUUCAUCAGGCAGCAAAAGACAUGGCGGAGAUUAAAGUACUU 660
Y F E G T K F H Q A A X D M A E I K V L

661 UUrJCCCGAUGAGCAAGAGUGCAACGAGCAGUUGUGUGCAUACAUCCUUGGUGAAACCAUG 720
F PD E0E C NE QL CA Y ILG ET M

721 GAAGCCAUCAGGGAAAAAUGUCCAGUGGACUIJUAAUCCGUCGUCCAGUCCGCCGAAGACA 780
E A IR EKC PV D F NPSS SP P KT

78.1 CUCCCCUGUUUGUGCAUGUAUGCCAUGACGCCUGAGAGAGUGCACCGUC*UGCGUAGCAAC 840
LP C LC M YA MTP E RVH RL RS N

841 AACGUCAAGUJCCAUCACAGUGUGUUCGUC'UACCCCACUU*CCGAAGCACAAGAUCAAGAAC 900
N VK S I T V CSS T PLP KH K I K N

901 GUUCAGAAAGUACAGUGCACGAAAGUGGUCUUGUUCAAUCCACAGACCCCUGAAUUUGUC 960
VQ0K V QCT K VV LFN P Q TP E FV

961 CCUGCCCGTJAAGUACAUAGAAGCACAACCAAAAGACGUAAGCCAAGAUGCAGAAGAAAGC 1020
P AR K YIE AQ PK DV S QDA EE S

1021 CCUGCCGCAGCCGCCCGAGAUAACACCUCACGGGACGUAACAGACAUAUCCCUGGAUGUG 1080
P A AA ARDNT S RD V TD I S L D V

1081 GAAGAAAGUCAAGCCGCAGCCGGCCAACC'AGAGGAGCGCUCGGGGGACAACACIJUCCCGG 1140
E E SQAA A GQ PE ER S GDN TS R

1141 GAUGUAACAGAUAUAUCCCEJAGAUCACGACAGCGAUAGUGAGGUGGGCUCCAUCUUCUCU 1200
D V TD I S L D H D S D S E VG S I F S

1201 AACCUUAGCUGCUCCAGUCAAUCCAUCACUAGUAUGGACAGCUGGUCCUCCGGACCGGGA 1260
N LS C S SQ S I TS MD S WSS G PG

Figure 10a. See leg~end at the end of thiA~equence.



1261 UCGAUCACGAUAAACGAGAACCGCACCAUUCAGGUCACGGCGGAGAUACACAAUGCUCCU 1320
S IT I NE N RT I QVTA E I H NA P

1321 GCCGCGUUGCCUGUUCCACaCACACGCCU*UAAGAAACUGGCACGCUUAGCAGCCCAGAAG 1380
A AL PV P P P RL KK L AR LA AQ K

1381 CCCAAUCCGCCAUCCGACCCGCCUUCGACGGUCGAGGACGUGUCGAUGCGCUUGUCCIJUC 1440
P N PP S D P PSTV E DVSM R LS F

1441 CCUGCCACGGUGUCGUUCGGAUCAUUCUCCGACGGAGAAGUCGACGACCUUAGCCGCGAU 1500
PA T VS F GSF S DG EV D DL SR D

1501 AAAGCAGUGUCAGAACCGG'UGGUCUUUGGUGCUUUCGAGCCUGGAGAGGUAACCUCUAUC 1560
K AV S E PVV FG AF EP G EVTS I

1561 AUCGAAUCAAGGUCUGUCG*UGUCAUUCCCCGUGCAUAAACGCCGGCGCAGAAGACGGGGC 1620
1IE SR SV VS F PV H KRR R RRRG

1621 AAAAGAACCGAAUAUUGACUAACCGGGGUAGGUGGGUACAUCUUCUCAACUGACACGGGA 1680
K RTE Y* L TGV GG YI F ST DT G

1681 CCGGGCCACCUCCAGAAGAAGUCAGUUCUGCAAAACCAGCUUACUGAACCGACCCUCGAG 1740
PG HL Q KK SV L QNQ LT EP TL E

1741 CGCAAUCAAUUAGAACGAAUGUAUGCGCCCAGUCUCGAUGUCAAGAAAGAGGAACUUCUG 1800
R NQ L ERM Y APS LDV KK E EL L

1801 AAACUUAAGUACCAAAUGAUGCCCACCGAAGCCAAUAAAAGUAGGUACCAGUCUAGAAAG 1860
K LK YQ MM PT EA N KS RY0S R K

186.1 GUUGAAAAUCAAAAAGCGG'UAACCACCGAGA~GGUUACUGUCGGGACUGAAGAUGUACAUC 1920
V E N QK A VT T ER LL S G L K MY I

1921 CACUCAGAGAACCAACCUGAGUGUUAUAAGGUCACIUUAUCCGAAACCGUCGUACUCCAGC 1980
H S ENQ PE CY KV T YP KP S Y S S

1981 AGUGUCCCUCUUAGuuACCAGAAcCCuGAAuucGCCGuAGcuGtJUUGCA*AUAACUACCUG 2040
S VP LSY Q NP E FAV A VC NN YL

2041 CAUGAGAACUACCCGACGGUUGCCUCCUAUCAGArJUACGGACGAAUAUGAUGCCUACCUC 2100
H EN YP T VA S YQ I T DE Y D AY L

2101 GACAUGGUGGýACGGCACUG*UUGCGUGUCUCGACACUGCAACAUUCUGCCCUGCGAAAtJUA 2160
D M VDG TV AC L DTA TF C PAK L

2161 CGUAGCUUUCCGAAGAAACAUGAGUACCGCGCACCUAACATJCAGGAGUGCCGUGCCGUCU 2220
R S F P K KH E YR A PN I RS A V P S

2221 GCUAUGCAGAACACUCUACAGAACGUCCUGAAUGCAGCAACAAAGAGGAAUUGCAACGUU 2280
A MQ NT LQ NV LN AA T KR NC NV

2281 ACUCAGAUGAGAGAACUACCGACCCUAGACUCCGCGACCUUUAACGUGGAAUGCUrJCCGA 2340
TQ MR EL PT LD SA T FN VE C FR

2341 AAGUACGCGUGCAAUGACG*AGUAUUGGGCUGAAUUCUCCGAAAAACCAAUCAGGAUCACC 2400
K Y ACN D E YW AE F S EK P I R I T

2401 ACGGAGUUUGUUACGGCGUACGUGGCGAGAUUGAAGGGACCAAAGGCUGCUGCUCUGUUU 2460
T E F V TA YV AR L KG P K A AA L F

2461 GCAAAAACGCAUAACCUAGUCCCAUIJGCAAGAAGUACCUAUGGACAGGUUUGUGAUGGAC 2520
AK T H N LVP LQ E VP M D R F VM D

Figure 10b. See legend at the end of this sequence.
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2521 AUGAAGCGAGAUGUCAAGGUGACUCCGGGCACAAAACACACCGAAGAAAGGCCUAAGGUG 2580
M KR D VKV TP GT K H T EE R PK V

2581 CAGG;UAAUCC.AAGGGCUG*AGCCUIJUUGC'UACAGCCUAC'CUUUlGUGGCAUCCACCGAGAG 2640
Q VIQ0A A EPF AT A YL CG I R E

2641 CUGGUACGCCGGCUUACCGCGGUUCUACUCCCGAACGUACACACCCUGtJUUGACAUGUCU 2700
LV RR LT AV L L P N VHTLF D MS

2701 GCGGAGGAUUUCGACGCGAUUAUUGCCGAGCrAUUUCCGA*CAAGGLJGACGCCGUGCUCGAG 2760
A ED F DAI I AEH F RQ GDA VL E

2761 ACAGACAUCGCGUCAUUCG*AUAAGAGUCAGGACGAUGCGAUGGCCCtJGACUGGGCUGAUG 2820
T D I AS F D K S D DA MAL T G L M

2821 AUCCUGGAGGýACCUCGGCG*UCGAUCAACCGCUGCUGGACCUCAUCGAGUGUGCCUUCGGA 2880
I L ED L GV D QP L LD L IE C AF G

2881 GAAAUAUCAUCUACGCAUCUGCCUACUGGGACACGGUUUAAGUUCGGCUCAAUGAUGAAA 2940
ElI SS TH LP TG TR F K FGS MM K

2941 UCCGGAAUGUUUCUUACGCUCUTJCGUGAACACCAUCUUGAAtJGUCGUGAUCGCUAGUCGC 3000
S GM FL TL F VN TI L NV V IAS R

3001 GUGCUUGAGCACAGGUAACAGGAUCACGAUGtJGCCGCAUUCAUUGGAGACGAUAACAUC 3060
VL E HR L TG SR C AAFI G DDN I

3061 AUCCACGGCGUGGUAUCAGACAAGGAAAUGGCCGAAAGGUGCGCCACUUGGCUGAAUAUG 3120
I H GV V SD KEM AE R CA T WL NM

3121 GAGGUAAAAAUCAUUGACGCGGUGAUCGGCGAGCGUCCUCCGUAUUUCUGUGGUGGCUIJU 3180
E VK I I DAV IG ER P PY FC GG F

3181 AUACUACAGGýACUCUGTJCA*CCCAAACAGCCUGUCGAGUGGCUGACCCCCUAAAAAGACUG 3240
I L QD S VT QT AC RV A DP LK(R L

3241 UUCAAGCUAGGAAAACCUUUTGCCCGCAGAUGAUGACCAAGAUIGAAGACAGAAGAAGGGCU 3300
FKXL G KPL P AD DD QDE DRR R A

3301 UUGCUGGAUGAGACUAAGGCGUGGUUUAGAGUGGGCAUAACCGAAACAUUGGCUACUGCG 3360
L L D E T K A IW F R V G I T E T L A T A

3361 GUAGCAACGCGGUACGAAGUUGAUAACAUCaCGCCUGUC*CUGCUGGCACUGAGGACCCUU 3420
V A T RYE VD NI T PV L LA L RTL

3421 GCGCAAAGCAAGAGAUCCUUUCAGUCCAUAAGAGGGGAAAUGAAGCAUCuCuACGGUGGU 3480
A QS KR S FQS IR G EMKH L YG G

3481 CCUAAAUAG 3489
PK *

Figure 10c. Nucleotide sequence of the region of the genome encodi ng
nonstructural proteins nsP3 and nsP4 of Sindbis A1036, isolatedi in India in 195,T~
The sequence has been translated using the single letter amino acid code.
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1 GCUCCGGCCUACCGCUCGAAACGUGAGAAUAUCGCCGAAUGCCUUGAAGAGGCCGUAGUU 60
A PA YR S KRE N IA ECL E EAV V

61 AACGCCGCGAACCCACUCGGACGUCCGGG*CGAAGGGGUGUGUAAAGC:CAUAUAUAAAAAA 120
N AA N PL G RP G E G VC K A I Y K K

121 UGGCCCAAUAGUUtJUGUCGAUUCUGCGACAGAGACUGGAACAGCUAAGCUAGUGUGCUGU 180
W PN S F VD SA TE T G TA K LVC C

181 CAAGGAAAAAAGAUUAUCCAUGCCGUCGGACCUGACUIJCCGUAAACACCCCGAGGCAGAA 240
Q G KKI I H AV GP D FRKH P EA E

241 GCGCUGAAGAUUCUCCAGAACACAUACCACGCCAUCGCAGAUUUGGUUAACAAACAUGGA 300
AL KI L QN TY H AI ADL VN K HG

301 AUCAAGACCGUAGCGAUCCCGCUUCUAUCCACCGGGAUUTJACGCAGCGG'GAAAAGACAGA 360
I KTV A IP LL S TGI YA AG KD R

361 CUUGAGGUCUCUUUAAACUGCCUCACUAC"CGCCCUGGACAGKA.CUGACGCAGACGUCACA 420
L E VSL NC LT T ALD RT DA DV T

421 AUCUACUGCCUUGACAAAAAAUGGAAAGAACGGAUUGAUGCGUUUAUACAGUUGAAGGAG 480
IY C LDK KW KE R IDA F I Q LK E

481 UCGGUGACGGýAACUGAACGGUGAUGACAUGGAGAUCGACGACGAAUUAGUAUGGAUCCAC 540
S VT EL K DDD M EI DD E LV WI H

541 CCGGAUAGUUGCCUCAAGGGUAGGAAAGGGUUUAGUACGACGAAGGGCAAGCUCUACUCG 600
P DS CL KG RK GF S TT KG KLY S

601 UACUUUGAGGGGACUAAAUUUCAUCAAGCAGCAAAAGACAUGGCUGAGAUCAAGGUACUU 660
Y FE G TK F HQA A KD MA E I KV L

661 UUUCCCGAUGAGC:AAGAGUGCACGAGCAACUGUGUGCA'UACAUUCUAGGCGAAACCAUG 720
F P DE Q ECNE QL C AY I LG ET M

721 GAAGCCAUCAGGGAAAAAUGUCCAGUGGACtJUUAALJCCGtJCGUCCAGrJCCGCCGAAGACG 780
E AI RE KC P VD FNP S S SP PK T

781 CUUCCCUGUUUGUGUAUGUACGCCAUGACGCCCGAGAGAGUGCACCGCU*UGCGUAGCAA*U 840
L PC LC MY AM T PERV H RL RS N

841 AACGUCAAAUCCAUCACAGUAUGCUCGUCAACCCCGCUUCCGAAGCACAAAAUUAAGAAC 900
N V KS IT VC SST PL PK H KI K N

901 GUUCAGAAAGUACAGUGCACGAAAGUAGUCCUAUUCAACCCACAAACGCCUGAAUULJGUC 960
V Q KVQ CT KVV L FN PQ TP EF V

961 CCUGCCCGCAAGUACAUAGAAACACAACCGAAGGACGACAGUCAAGAGGCGGAAGAAAAC 1020
P AR K YI E TQ P KD DSQ EA EE N

1021 CCUGCCGCAGCCGAUAACAýtJUCACGGGAUGUAACAGAC'GUAUCUCUAGAUGUGGAAGGA 1080
P A AA DNT S RD VT D VS LD V EG

1081 GAUCGCGUUGCGGCCAACC'GAUCAGAGGUGCACUCAGAGGACAACACCUCCCGAGAUGUA 1140
D RV A AN RS E VH S E D NT S RD V

1141 ACAGACAUAUCtJCUAGACCACAACAGUGArJAGCGAGGUGGGCUCCAUUUtJCUCUGACCUC 1200
T D I S LD H NS D S EV G S I F S D L

1201 AGCUGCUCCAGUCAUUCCA*UCACCAGCAUGGACAGCUGGUCCUCCGGACCGAGCUCGAUG 1260

S C S SHS I T S MD S WS S GP S S1

Figure I a. See legend on the last page of this sequence.
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U1261 AUGCUAAACGGGAAUCACACCAUCCAGGU*CACGGCAGAGAUACACAACGCUCCUGCUGCA 1320
M L NG NH T I QV TA E I H N A PA A

1321 CCGCCCGUACCACCACCACGCCUCAAGNAACUGGCGCGCIJUGGCAGCUCAGAAGUCCGAU 1380
PP V PPP RL K KLA R LAA Q KS D

1381 CCGCCAUCCAGCCCGCCCU*CAACGGUUGAG'GACGIJGUCGAUGCGCCUGUCAUUCCCUGCC 1440
P P S S P P S T VE D VS M RL S F P A

1441 ACGGUGUCAUUCGGATJCUUUUUCUGACGGCGAAGUCGAC'GAUCUUAGUC*GCGAAAAAGCA 1500
T VS FG SF S DGEV D DL SR EK A

1501 GUGUCAGAACCAGUGGUCUUUGGUGCUUUCGAGCCAGGAGAGGUAACAUCUAUCAUUGAA 1560
V S E PV VF G AF E P G E VT S I I E

1561 GCAAGGUCUGUCGUGUCAUUCCCCGUGAAUAAACGCCGGCGCAGGAGACGGGGCCAAAAG 1620
A R SVV S F P VN KRRR RR R GQ K

1621 AA.AACCGAAUAUUGACUAACCGGGGUAGGUGGGUAUAUC'UUCUCGACUGACACGGGACCG 1680
K TE Y* LT GV GG Y IF S TD TG P

1681 GGUCACCUC(ýAGAAAAAAUCGGUUCUACA*AAACCAGCUUACGGAACCGACGCUCGAGCGU 1740
G H L Q K K S V L Q N Q L T E P T L E R

1741 AAUCAAUUAGAACGAGUGUAUGCACCCAGUCUUGAUGCCAAGAAAGAGGAACUCUEJGAAA 1800
N QL E RVY AP S LDA KK E ELL K

1801 CUCAAGUACCAAAUGAUGCCCACCGAAGCCAAUAAAAGUA'GGUACCAGUCUAGAAAGGUA 1860
LKY Q MM PT E AN K S R YS R KV

1861 GAAAACCAAiAAAGCCGUAACCACCGAGAGGUUACUGUCGGGAUUGAAGAUGUACAUUCAC 1920
E NQ K AVT TE R LL S GL KM Y I H

1921 UCAGAGAACCAACCCGAGUGUUACAAGGUCaCCUAUCCGAAACCGUCGUACUCUAGCAGU 1980
SE N QP EC Y KV TYP KP S Y S S S

1-981 GUUCCCCUUAGUUACCAGAGCCCCGAAUJCGCCGUAGCC'GUCUGCAAUAACUACCUGCAU 2040
VP LS Y QS P EFA VA V CN N YLH

2041 GAGAAUUAUCCAACGGUUJGCCUCCUAUCAGAUUACGGAUGAAUAUGACGCCUACCUUGAC 2100
E N YP T V AS YQ I T DE Y DA YL D

2101 AUGGUGGACGGCACCGUAGCGUGUCUCGACaCCGCUACAUItýtGCCCCG*CGAAAUUACGC 2160
MV D GTV A CL DT AT FC PA KL R

2161 AGCUUCCCGAAGAAACACGAGUACCGAGAACCUAACAUCAGGAGCGCCGUACCGUCCGCU 2220
S F PK K HE Y R EP NI RS A VP S A

2221 AUGCAGAACACUCUACAGAAýCGUCCUGAA'CGCAGCAACA'AAGAGGAAUUGCAAUGUUACu 2280
MQ N TL QN VLN AA T KR NC N VT

2281 CAGAUGAGAGAACUACCGACUUUAGACUCCGCAACCUUUAAU.GUGGAAUGCUUUCGAAAG 2340
QM RE L PT L DSAT F NV EC FR K

2341 UACGCGUGCAACGACGAGUAUUGGGCUGAýUGCUCCGAAAAACCAAUUAGGAUCACCACA 2400
Y A CND E Y WAE F S E K P I R IT T

2401 GAGUUUGUCACGGCGUACGUGGCGAGAUU'GAAGGGACCAAAGGCUGCUGCACUGUUUGCU 2460
E F V TAY V ARL K G P K A AA LF A

2461 AAAACGCAUAACCUAGUCCCACUGCAAGAAGUACCUAUGGACAGGUUUGUGAUGGACAUG 2520

K T H NLV PL Q EV P MD RF V MD M

Figure 11lb. See legend on the last page of this sequence.
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*2521 AAGCGAGACGUUAAGGUGACUCCGGGCACGýAAGCACACC'GAAGAAAGACCCAAAGUGCAG 2580
K RD V KV TP GT K HT E E R P KV Q

2581 GUAAUCCAAGCGGCAGAGC*CUCUAGCUACAGCCUAUUIJAUGCGGCAUCCACCGUGAGCUG 2640
V I Q AA E P L AT AY L C G I H RE L

2641 GUACGCAGGCUUACCGCAGUCCIJGCUUCCGýAACGUJACACAýCCCUUUUUGAUAUGUCUGCG 2700
VR R LT AV LL P NV HT LF D MS A

2701 GAAGAUUUCGAUGCUAUCA'UUGCCGAGCA*UtUUCACCAG'GGUGACGCUGUGCUCGAGACA 2760
E D F D AI I AE H F H QG D AV LE T

2761 GACAUCGCGUCGUUCGAUAAGAGCCAAGACGAUGCGAUGGCCCUGACGGGGCEJGAUGAUC 2820
D I A SFD KS QD D AMA L T G L M I

2821 CUGGAGGACCUCGGAGUCGACCAGCCAUUGCUGGACCUC*AUCGAGUGCG'CCUUCGGGGAA 2880
LFR.DL GVD Q PL L DL I E C AFG E

2881 AUAUCAUCUACGCACCUGC*CGACCGGGACACGGUUUAAGUUCGGCUCAAUGAUGAAAUCC 2940
I SS T HL PT GT RF KF G SM MK S

2941 GGAAUGUUCCUCACGCUCUUUGUGAACACCAUCUUGAAUGUCGUGAUAGCUAGUCGCGUG 3000
G M F L- T L F V N T I L N V V I A S R V

3001 CUCGAGCACAGGUUAGCAGAAUCACGAUGCGCCGCAUUCAUCCGAGACGACAAUAUUAUIJ 3060
L EHRL A ES R CA AF I G DD NI I

3061 CACGGCGUGGUAUCCGACiA"AGA.AAUGGC*UGAAAGGUGCGCCACUUGGCUGAAUAUGGAG 3120
H G VVS -,KE M AE RC AT WL NM E

3121 GUAAAAAUUAt Y .C;GCAGUAAUUGGCGAACGUCCUCCGUACUUCUGUGGCGGCUUUAUA 3180
V KI I DA VIG ER P P YFC G GF I

3181 CUGCAGGACUCAGUCACCCAAAC.AGCCUGCCGAGUGGCGGACCCCCUAAAAAGAUUGUUC 3240
L QD SV TQ TA C RV AD P L KR L F

3241 AAAUUAGGAAAACCAUUACCUGCAGAUGAUGACCAAGAUGAAGACAGAAGAAGGGCUCUG 3300
K LGK PL P AD D D QD E D RR RA L

3301. CUGGAUGAGAýCCAAGGCGUGGUUUAGAGUýGGGCAUAACU'GAGACACUGG'CUACUGCGGUA 3360
L DE T KA WF RV GI T ET L AT AV

3361 GCAACGCGGUAUGAAGUUGAUAACAUCAC'ACCGGUCCUG*CUGGCACUGAGGACCCUUGCG 3420
A T RY E VDNI T PV LLA L RT LA

3421 CAAACCAAGAGAUCUUUUCAGGCCAUAAGGGGGAAAAUGAAGCAUCUCUACGGUGGUCCU 3480
Q S KR SFQ A IRG KMK H LY GG P

3481 AAAUAG 3486

Figure 11c. Nucleotide sequence of the region of the genome encoding
nonstructural proteins nsP3 ana nsP4 of an isolate of Sindbis virus isolated from a
mosquito pool from Australia in 1975.
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1 GCACCGUCAUACCGCACUAAAAGGGAGAACAUUGCUGAUUGUCAAGAGGAAGCAGUUGUC 60
A P S YR T KR EN ITAD C QE E AV V

615 AAUGACCAWCAUCCGCUGGGCAGACCACGGGAAGGAGUC*UGCCGUGCCAUCUAUAAACGU 120
N AA NP L GRP G E G VC R A I Y K R

121 UGGCCGAACAGUUUCACCG*AUUCAGCCACAGAGACCGGC*ACCGCAAAACUGACUGUGUGC 180
W PN S F TD SAT E T G TA KL T VC

181 i.AAGGAAAGAAAGUGAUCCACGCGGIJUGGCCCUGAUUUCCGGAAACACCCAGAGGCAGAA 240
Q G KK VI H A VGP DFR KH P EA E

241 GCCCUGPAAAUUGCUGCAAAACGCCUACCAUGCAGUGGCA'GACtJUAGUAAAUGAACAUAAU 300
A LK L LQ NAY H A VA DL VNE H N

301 AUCAAGUCUGUCGCCAUCCCACUGCUAUCUACAGGCAUUUACGCAGCCGGAAAAGACCGC 360
I K S VAI P L LS TG I Y AA G KD R

361 CUUGAAGUAUCACUUAACUGCUUGACAACCGCGCUAGAtJAGAACUGAUGCGGACGUAACC 420
L E VS LN C LTTA LD RT DA DV T

421 AUCUACUGCCUGGAUAAGAAGUGGAAGGAAAGAAUCGACGCGGUGCUCCAACUUAAGGAG 480
I YC LD KK W KE RI D AV LQ L KE

481 UCUGUAACAGAGCUGAAGGAUGAGGAUAUGGAGAUCGAC'GACGAGUUAGUAUGGAUCCAIJ 540
S V T EL KDE DME I D DE LV W I H

541 CCGGACAGLTJGCCUGAAGGGAAGAAAGGGAUUCAGUACUACAAAAGGAAAGUUGUAUUCG 600
P D S C L KG R KGF ST T KG K LY S

601 UACUUUGAAG~CACCAAAJU&CCAUCAAGCAGCAAAAGAUAUGGCGGAGAUAAAGGUCCUG 660
Y F EG TKF H QAA KD MA E I KV L

6,61 UUCCCAAAUGýACCAGGAAAGCAACGAGCAACUGUGUGCCUACAUAUUGGGGGAGACCAUG 720
F PN D QE SN EQ L CA Y I L GE T M

721 GAAGCAAUCCGCGAAAAAUGCCCGGUCGACCACAACCCGUCGUCUAGCCCGCCAAAAACG 780
E A I R E K C P V D '-N P S S S P P K T

781 CUGCCGUGCCUCUGCAUGUAUGCCAUGA. -,'AAGAAAGG*GUCCACAGACUCAGAAGCAAC 840
L P CL CM Y AM TP ER V HR LR S N

841 AACGUCAAAGAAGUUACAGUAUGCUCCUCCACCCCCCUUCCAAAGUACAAAAUCAAGAAC 900
N VK E VTV C S S T P L PK Y K I K N

901 GUUCAGAAGGUUCAGUGCACAAAAGUAGUCCUGUUUAAC'CCGCAUACCC'CUGCAUUCGU'U 960
V Q KV Q CT KVV L FNP H T PA FV

961 CCCGCCCGUAAGUACAUAGAAGCGCCAGAAýCAGCCUGCAGCUCCGCCJG'CACAGGCCGAG 1020
PA RK Y I EA PE Q PA AP PA QA E

1021 GAGGCCCCCGAAGUUGCAGCAACACCAACACCACCUGCA*GCUGAUAACACCUCGCUTJGA'U 1080
E AP E VAA T PTP P AA DNT SL D

1081 GUCACGGACAUCUCACUGGACAUGGAAGACAGUAGCGAAGGCUCACUCUUUtJCGAGCUUU 1140
VT D I S LD M ED S S E G S L F SS F

1141 AGCGGAUCGGaCAACUCUAUUACUAGUAUGGACAGUUGGUCGtJCAGGACCUAGUUCACUA 1200
S G SD NS I TSM DS WS SG P S S L

1201 GAGAUAGUAGýACCGAAGGCAGGUGGUGGU*GGCUGACGUCCAUGCGGUCCAAGAGCCUGCC 1260
ElI V D RR Q VV V ADV HA V QE P A

Figure 12a. See legend on last page of this sequence.
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* 1261 CCUGUUCCACCGCCAAGGC*UAAAGAAGALJGGCCCGCCUGGCAGCGGCAAGAAtJGGAGGAA 1320
P VP P P R L KKM A RL A AA R MQ E

1321 GAGCCAACUCCACCGGCAAGCACCAGCUCUGCGGACGAGUCCCUUCAGGUUUCUUIJUGGU 1380
EP TP PA ST S SA DE S L HL SF G

1381 GGGGUAUCCAUGUCCUUCGGAUCCCUUUU'CGACGGAGAG*AUGGCCCGCU'UGGCAGCGGC'A 1440
G V S MS F G S LF D G E MA R LAA A

1441 CAACCCCCGGCAGUACAU'GCCCUACGGA'UGUGCCUAUG*UCUUUCGGAu'CGUuUUCCGA'C 1500
Q P P A S T C P TD VP M SF G S F S D

1501 GGAGAGAUUGAGGAGCUGAGCCGCAGAGUAACCGAGUCUGAGCCCGUCC*UGUUIJGGGUC'A 1560
G E I EE L SRR V TE SE P VLF G S

1561 UUUGAACCGGGCGAAGUGAACUCAAUUAUAUCGUCCCGA*UCAGCCGUAU*CUUUuCCACC'A 1620
F EP G EV NSI I S S RSA V SFP P

1621 CGCAAGCAGAýGACGUAGACGCAGGAGCAGGAGGACCGAAU'ACUGACUAAc*CGGGGUAGG*U 1680
R K QR R RRR SR RT EY* L TGV G

1681 GGGUACAUAUUUUCGACGGACACAGGCCCUGGGCACIJUGCAAAAGAAGUCCGUUCUGCAG 1740
G YI F ST DT GP GH LQK KS VL Q

1741 AACCAGCUUACAGAACCGA'CCUUGGAGCGC.AAUGUTJCIGGAAAGAAUCUJACGCCCCGGU*G 1800
NQ L TE P TLE R NV LE RI Y AP V

1801 CUCGACACGUCGAAAGAGGAACAGCUCAAACUCAGGUACCAGAtJGAUGCCCACCGAAGCC 1860
L D T S KE EQ L KLR YQ M MP TE A

1861 AACAAAAGCAGGUACCAGUCUAGAAAAGUAGAAAAUCAGAAAGCGAUAACCACUGAGCGA 1920
N KS R Y Q S R KV E N Q KA I T T E R

1921 CuGCuuuC.AGGGCUACGACUGUAUAACUCUGCCACAGAUCaGCCAGAAUGCUAUAAGAUC 1980
L L S G LR L YNSAT DQ P E C Y K I

1981 ACCUACCCGAAACCAUCGUAUUCCAGCAGtJGUACCGGGGAACUACtJCUGACCCAAAGUUU 2040
T YP KP S YS S SV PA NY SD PK F

2041 GCUGUAGCUGUUUGCAACAACUAUCUGCAUGAGAAUUACCCGACGGUAGCAUCUUAUCA*G 2100
A VAV CN NY L HE NY PT V ASY Q

2101 AUCACCGACGaGUACGAtJGCUUACUUGGPAUJtGGUAGAC'GGGACAGUCGCUUGUCUAGAU 2160
I T D E Y DAY LD M VD G T VA CL D

2161 ACUGCAACUUUUUGCCCCGCCAAGCUUAGAAGUIJACCCGAAAAGACACGAGtJAUAGAGCC 2220
T A TF C PA KLRS Y P K R HE Y RA

2221 CCAAACAUCCGCAGUGCGGUUCCAEJCAGC*GAUGCAGAACACGUUGCAAAACGUGCUCAUU 2280
P N I R SA VP SA MQ NT LQ N VL I

2281 GGCGCGACUAAABAGAAACUGCAACGUCACACAAAUGCGUGAAUUGCCAA'CACUGGACUCA 2340
A AT KR N CN VT QM RE LP T LD S

2341 GCGACAUUCAACGUUGAAUGCUUEJCGAAAAýUAUGCAUGU'AAUGACGAGtJATJUGGGAGGAG 2400
A T FN VE C FR E YA CN D E Y WE E

2401 UUUGCCCGAAAGCCAAUUAGGAUCACUAC*UGAGUUCGUUACCGCAUACGUGGCCAGACUG 2460
F A R KP I R I T T E F V T A Y V AR L

2461 AAAGGCCCUAAGGCCGCCGCACUGUUCGC'AAAGACGCAUAAUUUGGUCCCAUtJGCAAGAA 2520
K GP K AAA L FA KT H NL VP LQ E

Figure 12b. See legend on the last page of this sequence.
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* *.2521 GUGCGUAUGGAUAGGUUGGUCAUGGAGAUGAAAAGAGAGGUGAAAGUlUACACCUGGGACG 2580
V PM D R FV MD M KRDVK VT .P G T

2581 AAACACACAaAAGAAAGAC*CGAAAGUAGAAGUGAUACAAGCCGGAGAACCCOUGGCGACG 2640
K HT EE R P K VQ V I Q AA E P L A T

2641 GCUUACCUGUGCGGGAUGGAGGGGGAGUUAGUGCGGAGGCUtJACAGCCGUCUUGCUACCC 2700
A Y L CG I H RE L VR R LTA VL L P

2701 AACAUUCAGAGGCtUUUUUGAGAUGUCGGCGGAGGACUIJU*GAUGCP.AUGAUAGCAGAACAC 27160
N I HTL FD MS A E D F DATI I A E H

2761 UUCAAGCAAGGUGACGCGGUACUGGAGACGGGAUAUCGGGUGUGIUCGACAAAAGCCAAGAC 2820
F KQ GD P VL ETD I AS F D K SQ D

2821 GACGCUAUGGCGUUAACUGGGGUGAUGAUCUUGGAAGACGUGGGEJGUGGAGGAACCACtTA 2880
D AM AL T GL MI L ED L G VD QP L

2881 GUGGACUUGAUCGAGUGCGCCUUUGGAGAAAUAUCAUGGAGGGAUGUGGGGACGGGUACC 2940
LJD LI E CAF G EI SS T HLP TG T

2941 CGUUUCAAAIUCGGGGGCGA'UGAUGAAAUCCGGAAUGUUCGUGACGGUCUUUTGUGAACACA 3000
R F KF G AM MKS G MF L T LF VN T

3001 GUUCUGAAUGUCGUUAUGGCCAGCAGAGUAtJUGGAGGAGCGGGGUUAAAACGUCCAAAUGU 3060
V L N VVI A S R V LE E RL KT S KGC

30661 GCAGGAUUEJAUGGGCGACG*ACAAGAUCAUAGACGGGAGUAGUAUCUGACAAAGAAAUGGGU 3120
A AF I GD D NI I HG V VS D K E MA

3121 GAGAGGUGUGZCACCUGGCUGAACAUGGAGGUUAAGAUGAUUGACGGAGUGAUCGGGGGAG 3180
E R C A T W L N M E V K I I D A V I G E

3181 AGACCGCCUUAGUUCUGCGGGUGGATJUCAU'CUUGCAAGAUUGGGUUAGCUCGAGAGCGUGU 3240
R PP Y F C GGF I LQ0D S VT S TAGC

3241 GGCGtJGGCGGaCCCCUUGAýAAAGGCUGUUUAAGUUGGGUiAAAGCGUGGGCAGCCGAGGAG 3300
R VA D P L KR L F K L G K F L P AD D

3301 GAGCAAGACGAAGACAGAAGACGGGCUCUGCUAGAUGAAACAAAGGGGUGGUUUAGAGUA 3360
E QDE DR R RAL L DE T KA WF R V

3361 GGUAUAACAGAGACCtJUAGCAGUGGCCGUGGCAAGUCGGGUAUGAGGUAGACAAGAUGACA 3420
G I TD TL A VA VAT R YE VDNI T

3421 GGUGUGGUGGIJGGCAUUGAGAACUUUUGCGGAGAGCAAAJAGAGCAUUUGAAGCGAUCAGA 3480
P VL LA L RT F A QS KRA F QA I R

3481 GGGGAAAUAAAGGAUCUCUACGGUGGUCG*UAAAUAG 3516
GETI K HL Y GG PK *

Figr 12c. Nucleotide sequence of the region of the genome encodi ng
nonstruetural proteins nsP3 and nsP4 for the Girdwood Southi African strain o
Sindbis virus isolated in 1963.
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viral disease. These viruses are all closely rlated, exhibiting 90% or greater

amino acid sequence identity in the conserved region of nsP3 or in nsP4.

Conclusions as to sequence relationships are similar to conclusions drawn from

the analysis of the 3' NTR.

CONCLUSIONS

We have identified an important antigenic epitope present in E2 of the

alphaviruses. This epitope, located in whole or in part within the domain of E2

between residues 170 and 220, depending upon the antibody, is clearly of major

importance for the neutralization of the virus infectivity and thus for vaccine

design.

We have established the relationships between many of the Sindbis-like

alphaviruses. The Sindbis-like viruses, which are found throughout the Old

World from Northern Europe to Africa, India, the Philippines and the

Australasian region including New Guinea, are a clearly identifiable group of

viruses. They share a minimum of 80% aitino acid sequence identity in the

nonstructural proteins and possess a characteristic and conserved 3' NTR.

Virulent strains exist that can cause significant disease in man, and the

relationship of the virulent strains to avirulent strains has been establishec It is

of considerable interest that viruses belonging to this group coexist in many parts

of the world with other alphaviruses that are demonstrably different in their

epidemiology, serology, organization of the 3' NTR, and evolutionary history, even

though many of these non-Sindbis alphaviruses cause diseases very similar to

those caused by the virulent Sindbis-like viruses.

We found that a strain of Sindbis virus from Northern Europe that causes

Ockelbo disease in Sweden, Pogosta disease in Finland, or Karelian fever in
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Russia, a disease characterized by a polyarthritis whose symptoms can persist for

months or years, are very closely related to pathogenic strains of Sindbis virus

isolated from South Africa. We concluded that a South African strain of Sindbis

was introduced into Northern Europe, probably in the 1960s, where it continues to

cause epidemics of a significant human disease (Shirako et al., 1991).

We have shown that Aura virus is a New World representative of the

Sindbis viruses. Further analysis is required to determine whethcr it is one of the

parents of Western equine encephalitis virus, but the hypothesis that Western

equine encephalitis virus is a virus that emerged from a recombination event has

received further support from these studies.

We have also shown that high throughput automated DNA sequencing is

ideally suited to the rapid analysis of an RNA virus family such as the

alphaviruses. These procedures are rapid and generate large amounts of useful

information very quickly. Such procedures would be very useful in defining the

origin and spread of an epidemic virus.
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