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The nucleotide sequence of the rubella virus (RUB) genomic RNA was determined. The RUB genomic RNA is 9757 
nucleotides in length [excluding the poly(A) tail] and has a G/C content of 69.5%, the highest of any RNA virus se- 

quenced to date. The RUB genomic RNA contains two long open reading frames (ORFs), a 5’-proximal ORF of 6656 
nucleotides and a 3’-proximal ORF of 3189 nucleotides which encodes the structural proteins. Thus, the genomic orga- 
nization of RUB is similar to that of alphaviruses, the other genus of the Togavirus family, and the 5’-proximal ORF of 

RUB therefore putatively codes for the nonstructural proteins. Sequences homologous to three regions of nucleotide 
sequence highly conserved among alphaviruses (a stem-and-loop structure at the 5’end of the genome, a 51 -nucleotide 

conserved sequence near the 5’end of the genome, and a 20-nucleotide conserved sequence at the subgenomic RNA 
start site) were found in the RUB genomic RNA. Amino acid sequence comparisons between the nonstructural ORF of 

RUB and alphaviruses revealed only one short (122 amino acids) region of significant homology, indicating that these 
viruses are only distantly related. This region of homology is located at the NH* terminus of nsP3 in the alphavirus 

genome. The RUB nonstructural protein ORF contains two global amino acid motifs conserved in a large number of 

positive-polarity RNA viruses, a motif indicative of helicase activity and a motif indicative of replicase activity. The order 
of the helicase motif and the nsP3 homology region in the RUB genome is reversed with respect to the alphavirus 
genome indicating that a genetic rearrangement has occurred during the evolution of these viruses. o 1990 Academic 

Press. Inc. 

INTRODUCTION 

Rubella virus (RUB) is a single-stranded, positive-po- 
larity RNA virus classified in the Togavirus family as the 
only member of the genus Rubivirus (Matthews, 1982). 
In the rubella virion, the RNA genome is enclosed in an 
icosahedral nucleocapsid composed of multiple cop- 
ies of a single protein, the capsid or C protein (M, = 34 
kDa) (Ho-Terry and Cohen, 1982; Waxham and Wolin- 
sky, 1983; Oker-Blom et a/., 1983). The nucleocapsid 
is surrounded by a lipid bilayer envelope in which the 
two virus-specific glycoproteins, El and E2 (Mr’s = 58 
kDa and 42-47 kDa, respectively) are embedded. In 
infected cells, in addition to the genomic RNA, a sub- 
genomic RNA is synthesized (Oker-Blom et a/., 1984) 
which consists of the 3’-terminal 3327 nucleotides of 
the genomic RNA (Frey et al., 1989). The subgenomic 
RNA contains a single long open reading frame (ORF) 
which is translated into a 1 lo-kDa polyprotein and is 
post-translationally processed into the structural pro- 
teins. The order of the structural proteins within the 
1 1 0-kDa precursor is NH,-C-E2-El -COOH (Oker- 
Blom, 1984). Both positive-polarity RNA species are 
transcribed from a genome-length, negative-polarity 

Sequence data reported in this article have been submitted to Gen- 
Bank and assigned the accession number M32735. 

’ To whom requests for reprints should be addressed. 

RNA template (Hemphill et al., 1988). In these aspects 
of virion structure and replication strategy, RUB is sim- 
ilar to the alphaviruses which have been extensively 
characterized (Strauss and Strauss, 1986). The se- 
quence of the 3’-terminal 4500 nucleotides of the RUB 
genome which contains the structural protein ORF has 
been reported (Frey et a/., 1986; Clarke et al., 1987; 
Vidgren et al., 1987; Takkinen et al., 1988; Frey and 
Marr, 1988). No significant homology exists between 
the structural protein coding regions of RUB and the 
alphaviruses, indicating that these viruses are only dis- 
tantly related. 

In the alphavirus genome, a single ORF of approxi- 
mately 7.4 kb spans the 5’ two-thirds of the genomic 
RNA. The polyprotein translated from this ORF is post- 
translationally processed into four nonstructural pro- 
teins, nsP1, nsP2, nsP3, and nsP4 (Strauss and 
Strauss, 1986). In Sindbis virus (SIN), Ross River virus, 
and Middelburg virus, there is an in-frame opal termina- 
tion codon between the nonstructural proteins nsP3 
and nsP4 which is occasionally read through (Strauss 
et a/., 1983). However, Semliki Forest virus and O’Ny- 
ong-nyong virus lack this opal codon (Strauss et a/., 
1988). Some of the functions associated with these 
proteins have been determined. Temperature-sensitive 
(ts-) RNA- mutants have been mapped to nsP1, nsP2, 
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and nsP4 and from the nature of the phenotypes of 
these ts- mutants it seems likely that nsP4 is the RNA 
polymerase, nsP1 functions in minus-polarity RNA syn- 
thesis, and nsP2 functions in subgenomic RNA synthe- 
sis (Hahn et al., 1989a,b). Mutations in the methyl- 
transferase activity required for capping of the 5’termi- 
nus of the genomic and subgenomic RNAs have also 
been mapped to nsP1 (Mi et al., 1989). nsP2 has been 
shown to contain the autoprotease required for post- 
translational processing of the nonstructural polypro- 
tein (Ding and Schlesinger, 1989; Hardy and Strauss, 
1989). 

In contrast, the nonstructural proteins of RUB have 
not been characterized. RUB does not shut off host cell 
macromolecular synthesis, making the small quantities 
of both structural and nonstructural proteins synthe- 
sized very difficult to detect over the host ceil back- 
ground (Hemphill et a/., 1988). 

In this paper we present the entire sequence of the 
RUB genome. The RUB genomic RNA is 9757 nucleo- 
tides in length and has a high G/C content (69.5%: 
38.7%C, 30.8YoG). In addition to the structural protein 
ORF at the 3’ end of the genomic RNA, a second long 
ORF is present from nucleotides 41 to 6656 which pu- 
tatively codes for the nonstructural proteins. Compari- 
son of the 5’-proximal ORFs of RUB and alphaviruses 
revealed only one short region (122 amino acids) of sig- 
nificant homology. Two global motifs indicative of repli- 
case and helicase function were also found in the RUB 
5’ proximal ORF. The relative positioning within the 5’- 
proximal ORFs of RUB and alphaviruses of the short 
region of homology and the two global amino acid mo- 
tifs suggests that a rearrangement in this region of the 
genome has occurred in the evolution of these viruses. 

MATERIALS AND METHODS 

Ceils and virus 

Vero cells obtained from the American Type Culture 
Collection were maintained at 35” under 4% CO, in Ea- 
gle Minimal Essential Medium containing Earle’s salts 
and supplemented with 10% tryptose phosphate and 
5% fetal bovine serum. Plaque-purified RUB stocks 
(Therien strain) prepared as described previously 
(Hemphill et a/., 1988) were used in this study. 

RNA isolation 

Virion RNA was isolated by phenol-chloroform ex- 
traction of virions purified as described by Waxham and 
Wolinsky (1983). Intracellular RNA was extracted from 
infected Vero cells (m.o.i. = 0.1) 72 hr postinfection as 
previously described (Frey et al., 1986). The extracted 
RNA was chromatographed over oligo(dT) cellulose. 
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FIG. 1. Map of cDNA clones used in sequence determination. 

Numbers in the RUB genome scale refer to distances from the 5’end 
in kilobases. Determination of the sequence from nucleotide 5249 

to the 3’ end of the genome was previously reported (Frey ef al., 
1986; Frey and Marr, 1988). 

After ethanol precipitation, the poly(A)+ fraction was 
dissolved in 90% DMSO and heated at 55” for 5 min to 
denature double-stranded RNA replicative forms and 
intermediates [which bind to oligo(dT) cellulose]. The 
DMSO-denatured RNA was ethanol precipitated twice 
and dissolved in 0.01 IVITris (pH 8.0) 0.001 IVI EDTA. 

Derivation and sequencing of cDNA clones 

Virion RNA was used as the template for first-strand 
cDNA synthesis primed with random deoxyhexamers 
(Pharmacia) as described by Rice et a/. (1985). Second- 
strand DNA synthesis, deoxycytidine (dC) tailing of the 
double-stranded cDNA with terminal transferase, an- 
nealing of dC-tailed cDNA with dG-tailed pUC 9, and 
transformations were done as previously described 
(Frey eta/., 1986) with the following modifications: dou- 
ble-stranded cDNA was chromatographed on a Sepha- 
rose CL-4B column (Pharmacia) to eliminate cDNAs 
less than 700 nucleotides in length (Eschenfeldt and 
Berger, 1987) and transformation was done using 
competent DH5-cx cells (Bethesda Research Labs). 

Colonies with cDNA clones containing sequences 
overlapping the previously determined RUB sequence 
[the 3’-terminal 4508 nucleotides of the genome (Frey 
and Marr, 1988)] were identified by colony blot hybrid- 
ization using as probes 3zP-labeled restriction frag- 
ments and oligonucleotides from the 5’ end of this se- 
quence. This set of cDNA clones was restriction 
mapped and a restriction fragment from the 5’ end of 
this set of clones was used as a probe to isolate new 
overlapping clones. In this manner 18 clones were 
identified and mapped which covered the region be- 
tween 4500 nucleotides from the 3’end of the genome 
and the 5’ end of the genome. 

Sequencing strategy 

The cDNA inserts from eight clones (shown in Fig. 1) 
were subcloned into M 13 for sequencing. Subcloning 
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by use of convenient restriction sites, shotgun cloning 
of sonicated DNA (Bankier and Barrell, 1983) and exo- 
nuclease III digestion to produce directional deletions 
(Henikoff, 1984) were all employed. Several gaps which 
remained were sequenced using synthetic oligonucle- 
otide primers on the appropriate templates. Oligonu- 
cleotides were synthesized using an Applied Biosys- 
terns Model 381A DNA Synthesizer. All sequencing 
was done by dideoxy sequencing (Sanger et a/., 1977) 
using the procedure recommended by Sequenase Ver- 
sion 2.0 kit (USBiochemicals) with [35S]dATP label and 
7-deaza-dGTP in place of dGTP. 

Primer extension and dideoxy sequencing from an 
RNA template were both performed on poly(A)+ RNA 
from RUB-infected cells using as a primer a 5’-3’P-la- 
beled oligonucleotide with the sequence dTGGTCTCT- 
TACCCAACT, which is complementary to nucleotides 
101 to 117 of the genomic RNA. The primer extension 
reaction was done as previously described (Frey et a/., 
1989), while RNA sequencing was done by dideoxy se- 
quencing modified for an RNA template (Rico-Hesse et 
al., 1987; Zimmern and Kaesberg, 1978). 

Computer analysis 

The analysis of the sequence was performed on the 
Centers for Disease Control VAX using the University 
of Wisconsin GCG package (Devereux et al., i 984). 

RESULTS AND DISCUSSION 

Sequencing strategy 

The complete sequence of the RUB genomic RNA is 
given in Fig. 2. The regions of the RUB genome covered 
by each of the eight cDNA clones used in sequence 
determination of the 5’half of this sequence are shown 
in Fig. 1, All sequences were determined in both direc- 
tions and from at least two cDNA clones. Primer exten- 
sion using poly(A)+ RNA from RUB-infected cells and 
an oligonucleotide primer complementary to the se- 
quence near the 5’ end of the already determined 
cDNA sequence indicated that the cDNA sequence ex- 
tended to within 20 nucleotides of the 5’end of the ge- 
nome. Therefore, the same oligo was used to prime 
dideoxy sequencing from poly(A)+ RNA from RUB-in- 
fected cells. Dark bands were present in all four lanes 
of the top two steps of this sequencing ladder, a com- 
mon occurrence encountered in sequencing and 
primer extension using capped RNAs as templates due 
to termination of reverse transcription at the penulti- 
mate and ultimate nucleotides and possible copying of 
the cap (Gupta and Kingsbury, 1984; Ahlquist and 
Janda, 1984). Thus the 5’Yerminal nucleotides are re- 
ported as N-N in Fig. 2. The cDNA sequence was 

found to terminate 12 nucleotides from the 5’ end of 
the RUB genomic RNA. To reconcile the absence of 
two nucleotides at the exact 3’ terminus of the RUB 
RNA in cDNA clones used to determine the sequence 
in the earlier report (Frey et a/., 1986) but present in 
other RUB sequence reports (Clarke et al., 1987; Vid- 
gren et a/., 1987) additional 3’-cDNA clones were de- 
rived and found to contain these additional two nucleo- 
tides, The length of the RUB genomic RNA was 9757 
nucleotides [excluding the poly(A) tail] which is in good 
agreement with size estimates of 9800 to 10,000 nu- 
cleotides determined by gel electrophoresis (Oker- 
Blom eta/., 1984; Hemphill et al., 1988). 

ORF analysis of the RUB sequence 

An analysis of coding potential of the RUB genome, 
shown in Fig. 3, reveals two long ORFs in the positive 
orientation. The predicted amino acid sequence en- 
coded by these ORFs is given below the nucleotide se- 
quence in Fig. 2. The 3’-most ORF beginning at nucleo- 
tide 6507 and ending at nucleotide 9696 (3 189 nucleo- 
tides in length encoding a polypeptide of 1063 amino 
acids) codes for the structural proteins as discussed 
elsewhere (Frey et al., 1986; Frey and Marr, 1988). The 
5’-most ORF begins at nucleotide 41 and terminates at 
position 6656 with an opal codon (UGA) which is fol- 
lowed 12 nucleotides downstream by a second in- 
frame opal codon. This ORF is 6615 nucleotides in 
length and encodes a 2205-amino acid polypeptide. 
These two ORFs overlap by 149 nucleotides. The 3’- 
terminal 1407 nucleotides of the 5’ ORF was reported 
earlier (Frey and Marr, 1988). The organization of the 
RUB genome is thus similar to that of the alphavirus 
genome. Therefore, the 5’-proximal ORF of the RUB ge- 
nome will be referred to as the nonstructural protein 
ORF. In terms of favorability of context of neighboring 
nucleotides as compiled by Kozak (1987) the AUG ini- 
tiating the nonstructural protein ORF (CCAUGG) has 
the preferred nucleotides at positions -2, -1, and +4, 
but lacks the A at position -3. 

Interestingly, there is an AUG beginning at nucleo- 
tide 3 of the RUB genomic RNA. Translation initiated at 
this AUG would terminate at a UAG codon beginning 
at nucleotide 54, yielding a 16.amino acid product. It is 
not known if translation of this short ORF occurs. In 
eukaryotic mRNAs, most AUGs at which translation is 
initiated are 20 to 100 nucleotides from the 5’ end of 
the mRNA (Kozak, 1987); however, AUGs as close to 
the 5’ end as nucleotide 4 at which initiation of transla- 
tion occurs have been reported (Kelley et al., 1982). Ini- 
tiation of translation at AUGs less than 15 nucleotides 
from the 5’ end of eukaryotic mRNAs is less efficient 
than at AUGs greater than 15 nucleotides from the 5’ 
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a 
1 NNAUGGAAGCUAUCGGACCUCGCUUAGGACUCCCAUUCCCAUGGAG~CUCCUAGAU~GGUUCUUGCCCCCGGUGGGCCUUAU~CUU~CCGUCGGCAGUUGGGU~GAGACCACGU 

MEKLLDEVLAPGGPYNLTVGSWVRDHV 

121 CCGAUCAAUUGUCGAGGGCGCGUGGGAAGUGCGCGAUGUUGUUACCGCUGCCC~GCGGGCCAUCGUAGCCGUGAUACCCAGACCUGUGUUCACGCAGAUGCAGGUCAGUGAUCACC~ 240 
28 RSIVEGAWEVRDVVTAAQKRAIVAVIPRPVFTQMQVSDHP 67 

241 AGCACUCCACGCAAUUUCGCGGUAUACCCGCCGCCAUUGGAUCGAGUGGGGCCCU~~GCCCUACACGUCCUCAUCGACCC~GCCCGGGCCUGCUCCGCGAGGUCGCUCGCGUUG~ 360 
68 ALHAISRYTRRHWIEWGPKEALHVLIDPSPGLLREVARVE 107 

361 GCGCCGCUGGGUCGCACUGUGCCUCCACAGGACGGCACGC~CUCGCCACCGCCCUGGCCGAGACGGCCAGCGAGGCGUGGCACGCUGACUACGUGUGCGCGCUGCGUGGCGCACCGA~ 
108 RRWVALCLHRTARKLATALAETASEAWHADYVCALRGAPS 

481 CGGCCCCUUCUACGUCCACCCUGAGGACGUCCCGCACGGCGGUCGCGCCGUGGCGGACAGAUGCUUGCUCUACUACACACCCAUGCAGAUGUGCGAGCUGAUGCGUACCAUUGACGCCA~ 
148 GPFYVHPEDVPHGGRAVADRCLLYYTPMQMCELMRTIDAT 

601 CCUGCUCGUGGCGGUUGACUUGUGGCCGGUCGCCCUUGCGGCCCACGUCGGCGACGACUGGGAC~CCUGGG~UUGCCUGGCAUCUCGACCAUGACGGCGGUUGCCCCGCCGAUUGCCG 720 
188 LLVAVDLWPVALAAHVGDDWDDLGIAWHLDHDGGCPADCR 227 

721 CGGAGCCGGCGCUGGGCCCACGCCCGGCUACACCCGCCCCUGCACCACACGCAUCUACCMGUCCUGCCGGACACCGCCCACCCCGGGCGCCUCUACCGGUGCGGGCCC~GCCUGUGGA~ 840 
228 GAGAGPTPGYTRPCTTRIYQVLPDTAHPGRLYRCGPRLWT 267 

841 GCGCGAUUGCGCCGUGGCCGAACUCUCAUGGGAGGUUGCCC~CACUGCGGGCACCAGGCGCGCGUGCGCGCCGUGCGAUGCACCCUCCCUAUCCGCCACGUGCGCAGCCUCC~CCCA~ 960 
268 RDCAVAELSWEVAQHCGHQARVRAVRCTLPIRHVRSLQPS 307 

961 CGCGCGGGUCCGACUCCCGGACCUCGUCCAUCUCGCCGAGGUGGGCCGGUGGCGGUGGUUCAGCCUCCCCCGCCCCGUGUUCCAGCGCAUGCUGUCCUACUGC~GACCCUGAGCCCCG~ 1080 
308 ARVRLPDLVHLAEVGRWRWFSLPRPVFQRMLSYCKTLSPD 347 

1081 CGCGUACUACAGCGAGCGCGUGUUCARGUUCAAGRACGCCCUGUGCCACAGCAUCACGCUCGCGGGC~UGUGCUGC~GAGGGGUGG~GGGCACGUGCGCCGAGG~GACGCGCUGUG 1200 
340 AYYSERVFKFKNALCHSITLAGNVLQEGWKGTCAEEDALC 307 

1201 CGCAUACGUAGCCUUCCGCGCGUGGCAGUCUAACGCCAGGUUGGCGGGGAUUAUG~GGCGCG~GUGCGCCGCC~CUCU~GAGCGUGGCCGGCUGGCUGGACACCAUUUGGGACGC 1320 
388 AYVAFRAWQSNARLAGIMKGAKCAADSLSVAGWLDTIWDA 421 

1321 CAUURAGCGGUUCCUCGGUAGCGUGCCCCUCGCCGAGCGCAUGGAGGAGUGG~CAGGACGCCGCGGUCGCCGCCUUCGACCGCGGCCCCCUCGAGGACGGCGGGCGCCACUUGGACA~ 1440 
428 IKRFLGSVPLAERMEEWEQDAAVAAFDRGPLEDGGRHLDT 467 

‘. 
1441 CGUGCAACCCCCAAAAUCGCCGCCCCGCCCUGAGAUCGCCGC~CCUGGAUCGUCCACGCAGCCAGCG~GACCGCCAUUGCGCGUGCGCUCCCCGCUGCGACGUCCCGCGCGARCGUCC 1560 

468 V Q P PKSPPRPEIAATWIVHAASEDRHCACAPRCDVPRERP 507 

1561 UUCCGCGCCCGCCGGCCAGCCGGAUGACGAGGCGCUCAUCCCGCCGUGGCUGUUCGCCGAGCGCCGUGCCCUCCGCUGCCGCGAGUGGGAUUUCGAGGCUCUCCGCGCGCGCGCCGAUAC 
508 SAPAGQPDDEALIPPWLFAERRALRCREWDF EALRARADT 

1681 GGCGGCCGCGCCCGCCCCGCCGGCUCCACGCCCCGCGCGGUACCCCACCGUGCUCUACCGCCACCCCGCCCACCACGGCCCGUGGCUCACCCUUGACGAGCCGGGC~GGCUGACGCGGC 
548 AAAPAPPAPRPARYPTVLYRHPAHHGPWLTLDEPGEADAA 

1801 CCUGGUCUUAUGCGACCCACUUGGCCAGCCGCUCCGGGGCCCUG~CGCCACUUCGCCGCCGGCGCGCAUAUGUGCGCGCAGGCGCGGGGGCUCCAGGCUUUUGUCCGUGUCGUGCCUCC 1920 
588 LVLCDPLGQPLRGPERHFAAGAHMCAQARGLQAFVRVVPP 627 

1921 ACCCGAGCGCCCCUGGGCCGACGGGGGCGCCAGAGCGUGGGCG~GUUCUUCCGCGGCUGCGCCUGGGCGCAGCGCUUGCUCGGCGAGCCAGCAGUUAUGCACCUCCCAUACACCGAUGG 2040 
628 PERPWADGGARAWAKFFRGCAWAQRLLGEPAVMHLPYTDG 667 

2041 CGACGUGCCACAGCUGAUCGCACUGGCUUUGCGCACGCUGGCCC~CAGGGGGCCGCCUUGGCACUCUCGGUGCGUGACCUGCCCGGGGGUGCAGCGUUCGACGC~CGCGGUCACCGC 2160 
668 DVPQLIALALRTLAQQGAALALSVRDLPGGAAFDANAVTA 707 

2161 CGCCGUGCGCGCUGGCCCCCGCCAGUCCGCGGCCGCGUCACCGCCACCCGGCGACCCCCCGCCGCCGCGCCGCGCACGGCGAUCGCMCGGCACUCGGACGCUCGCGGCACUCCGCCCCC 2280 
709 AVRAGPRQSAAASPPPGDPPPPRRARRSQRHSDARGTPPP 747 

2281 CGCGCCUGCGCGCGACCCGCCGCCGCCCGCCCCCAGCCCGCCCGCGCCACCCCGCGCUGGUGACCCGGUCCCUCCCAUUCCCGCGGGGCCGGCGGAUCGCGCGCGUGACGCCGAGCUGGA 
748 APARDPPPPAPSPPAPPRAGDPVPP IPAGPADRARDAELE 

2401 GGUCGCCUGCGAGCCGAGCGGCCCCCCCACGUCRACCAGGGCAGGGCAGACCCAGACAGCGACAUCGUUG~GUUACGCCCGCGCCGCCGGACCCGUGCACCUCCGAGUCCGCGACAUCAUGGA 
788 VACEPSGPPTSTRADPDSDIVESYARAAGPVHLRVRDIMD 

120 
27 

480 
147 

600 
187 

1680 
547 

1800 
507 

2400 
787 

2520 
627 

FIG. 2. Nucleotide sequence of the RUB genome. The identity of the two 5’ nucleotides has not been determined. The deduced amino acid 

sequence of the nonstructural protein ORF (5’ proximal) and structural protein ORF (3’ proximal) is given. The 5’ end of the subgenomic RNA 
(Frey eta/., 1989) and the amino termini of the structural proteins (Kalkkinen et a/., 1984) are indicated. Asterisks denote termination codons. 



b 
2521 

828 
CCCACCGCCCGGCUGCMGGUCGUGGUCARCGCCGCCGC~C~GGGGCUACUGGCCGGCUCUGGCGUGUGCGGUGCCAUCUUUGCCMCGCCACGGCGGCCCUCGCUGC~CUGCCGGCG 2640 

PPPGCKVVVNAANEGLLAGSGVCGAIFANATAALAANCRR 867 

2641 CCUCGCCCCAUGCCCCACCGGCGAGGCAGUGGCAGUGGCGACACCCGGCCACGGCUGCGGGUACACCCACAUCAUCCACGCCGUCGCGCCGCGGCGUCCUCGGGACCCCGCCGCCCUCGAGGAGGG 2760 
868 LAPCPTGEAVATPGHGCGYTHIIHAVAPRRPRDPAALEEG 907 

2761 CGRAGCGCUGCUCGAGCGCGCCUACCGCAGCAUCGUCGCGCUAGCCGCCGCGCGUCGGUGGGCGUGUGUCGCGUGCCCCCUCCUCGGCGCUGGCGUCUACGGCUGGUCUGCUGCGGAGUC 2880 
908 EALLERAYRSIVALAAARRWACVACPLLGAGVYGWSAAES 947 

2881 CCUCCGAGCCGCGCUCGCGGCUACGCGCACCGAGCCCGUCGAGCGCGUGAGCCUGCACAUCUGCCACCCC~CCGCGCCACGCUGACGCACGCCUCCGUGCUCGUCGGCGCGGGGCUCGC 3000 
948 LRAALAATRTEPVERVSLHICHPDRATLTHASVLVGAGLA 987 

3001 UGCCAGGCGCGUCAGUCCUCCUCCGACCGAGCCCCUCGCAUCUUGCCCCGCCGGUGACCCGGGCCGACCGGCUCAGCGCAGCGCGUCGCCCCCAGCGACCCCCCUUGGGGAUGCCACCGC 3120 
988 ARRVSPPPTEPLASCPAGDPGRPAQRSASPPATPLGDATA 1027 

3121 GCCCGAGCCCCGCGGAUGCCAGGGGUGCGRACUCUCUGCCGGUA~CGCGCGUCACCMUGACCGCGCCUAUGUCMCCUGUGGCUCGAGCGCGACCGCGGCGCCACCAGCUGGGC~UGCG 3240 
1028 PEPRGCQGCELCRYTRVTNDRAYVNLWLERDRGATSWAMR 1067 

3241 CAUUCCCGAGGUGGUUGUCUACGGGCCGGAGCACCUCGCCACGCAUUUUCCAUU~CCACUACAGUGUGCU~GCCCGCGGAGGUCAGGCCCCCGC~GGCAUGUGCGGGAGUGACAU 3360 
1068 IPEVVVYGPEHLATHFPLNHYSVLKPAEVRPPRGMCGSDM 1107 

3361 GUGGCGCUGCCGCGGCUGGCAUGGCAUGCCGCAGGUGCGGUGCACCCCCUCC~CGCUCACGCCGCCCUGUGCCGCACAGGCGUGCCCCCUCGGGCGAGCACGCGAGGCGGCGAGCUAGA 3480 
1lOB WRCRGWHGMPQVRCTPSNAHAALCRTGVPPRASTRGGELD 1147 

3481 CCCAAACACCUGCUGGCUCCGCGCCGCCGCCMCGUUGCGCAGGCUGCGCGCGCCUGCGGCGCCUACACGAGUGCCGGGUGCCCCMGUGCGCCUACGGCCGCGCCCU~GCGMGCCCG 3600 
1148 PNTCWLRAAANVAQAARACGAYTSAGCPKCAYGRALSEAR 1187 

3601 CACUCAUGAGGACUUCGCCGCGCUGAGCCAGCGGUGGAGCGCGAGCCACGCCGAUGCCUCCCCU~CGGCACCG~GAUCCCCUCGACCCCCUGAUGGAGACCGUGGGAUGCGCCUGUU~ 3720 
11ae THEDFAALSQRWSASHADASPDGTGDPLDPLMETVGCACS 1221 

3721 
1228 

3840 
1267 

3841 
1268 

3960 
1307 

3961 CGAGGGGCUGGCCCAGGCGUACUACGACGACCUCGAGGUGCGCCGCCUCGGG~UGACGCCAUGGCCCGGGCGGCCCUCGCAUCAGUC~CGCCCUCGC~GGCCCUUACMUAUCAG 4080 
1308 EGLAQAYYDDLEVRRLGDDAMARAALASVQRPRKGPYNIR 1347 

4081 
1348 

GGUAUGGMCAUGGCCGCAGGCGCUGGCM~CUACCCGCAUCCUCGCUGCCWCACGCGCGM~CCUUUACGUCUGCCCCACCMUGCGCUCCUGCAC~~UC~GGCC~CUCC~ 
VWNHAAGAGKTTRILAAFTREDLYVCPTNALLHEIQAKLR 

4200 
1387 

4201 
1388 

. 
CGCGCGCGAUAUCGACAUCMGMCGCCGCCACCUACGAGCGCCGGCU~CG~CCGCUCGCCGCCUACCGCCGCAUCUACAUCGAU~GGCGUUCACUCUCGGCGGCGAGUACUGCG~ 

ARDIDIKNAATYERRLTKPLAAYRRIYIDEAFTLGGEYCA 
4320 
1427 

4321 
1428 

. . 
GUUCGUUGCCAGCCAAACCACCGCGGAGGUGAUCUGCGUCGGUGAUCGGGAC~GUGCGGCC~CACUACGCCMUMCUGCCGCACCCCCGUCCCUGACCGCUGGCCUACC~GCGCU~ 

FVASQTTAEVICVGDRDQCGPHYANNCRTPVPDRWPTERS 
4440 
1467 

4441 
1468 

. 
GCGCCACACUUGGCGCUUCCCCGACUGCUGGGCGGCCCGCCUGCGCGCGGGGCUCGAUUAUGACAUCGAGGGCGAGCG~CCGGCACCUUCGCCUG~CCUUUGG~CGGCCGCCAGG~ 

RHTWRFPDCWAARLRAGLDYDIEGERTGTFACNLWDGRQV 
4560 
1507 

4561 
1508 

. 
CGACCUUCACCUCGCCUUCUCGCGCGAAACCGUGCGCCGCCUUCAC~GGCUGGCAUACGCGCAUACACCGUGCGC~GGCCCAGGGUAUGAGCGUCGGCACCGCCUGCAUCCAUGUAG~ 

DLHLAFSRETVRRLHEAGIRAYTVREAQGMSVGTACIHVG 
4680 
1547 

4681 
1548 

. 
CAGAGACGGCACGGACGUUGCCCUGGCGCUGACACGCGACCUCGCCAUC~UCAGCCUGACCCGGGCCUCCGACGCACUCUACCUCCAC~GCUC~GGACGGCUCACUGCGCGCUGCGG~ 

RDGTDVALALTRDLAIVSLTRASDALYLHELEDGSLRAAG 
4800 
1587 

4801 
1588 

GCUCAGCGCGUUCCUCW\CGCCGGGGCACUGGCGWLGCUCMGGAGGUUCCCGCUG~AUUGACCGCGWGUCGCCGUCGAG~GGCACCACCACCGUUGCCGCCCGCCGACGGCAUCC~ 
LSAFLDAGALAELKEVPAGIDRVVAVEQAPPPLPPADGIP 

4920 
1627 

4921 
162s 

. . 
CGAGGCCCMGACGUGCCGCCCUUCUGCCCCCGCACUCUG~GGAGCUCGUCUUCGGCCGUGCCGGCCACCCCCAUUACGCG~CCUCMCCGCGU~CUGAGGGC~C~~GUGC~ 

EAQDVPPFCPRTLEELVFGRAGHPHYADLNRVTEGEREVR 
5040 
1667 

5041 
1668 

. 
GUACAUGCGCAUCUCGCGUCACCUGCUCM~GMUCACACCGAGAUGCCCGGMCG~CGCGUUCUCAGUGCCGUUUGCGCCGUGCGGCGCUACCG~GCGGGC~GGAUGGGUCGA~ 

YHRISRHLLNKNHTEMPGTERVLSAVCAVRRYRAGEDGST 
5160 
1707 
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C 
5161 CCUCCGCACUGCUGUGGCCCGCCAGCACCCGCGCCCUUUUCGCCAGAUCCCACCCCCGCGCGUCACUGCUGGGGUCGCCCAGGAGUGGCGCAUGACGUACUUGCGGG~CGGAUCGACC~ 
1708 LRTAVARQHPRPFRQIPPP RVTAGVAQEWRMTYLRERIDL 

5281 CACUGAUGUCUACACGCAGAUGGGCGUGGCCGCGCGGGAGCUCACCGACCGCUACGCGCGCCGCUAUCCUGA~UCUUCGCCGGCAUGUGUACCGCCCAGAGCCUGAGCGUCCCCGCCUU 
1748 TDVYTQMGVAARELTDRYARRYPEIFAGMCTAQSLSVPAF 

5401 CCUCARAGCCACCUUGAAGUGCGUAGACGCCGCCCUCGGCCCCAGGGACACCGAGGACUGCCACGCCGCUCAGGGG~GCCGGCCUUGAGAUCCGGGCGUGGGCC~GGAGUGGGUUC~ 
1768 LKATLKCVDAALGPRDTEDCHAAQGKAGLEIRAWAKEWVQ 

5523. GGUUAUGUCCCCGCAUUUCCGCGCGAUCCAGAAGAUCAUCAUGCGCGCCUUGCGCCCGCMUUCCUUGUGGCCGCUGGCCAUACGGAGCCCGAGGUCGAUGCGUGGUGGCAGGCCCAUU~ 
18.28 VMSPHFRAIQKIIMRALRPQFLVAAGHTEPEVDAWWQAHY 

5641 CACCACCAACGCCAUCGAGGUCGACUUCACUGAGUUCGACAU~CCAGACCCUCGCUACUCGGGACGUCGAGCUCGAGAUUAGCGCCGCUCUCUUGGGCCUCCCUUGCGCCGMGACUA 
1868 TTNAIEVDFTEFDMNQTLATRDVELEISAALLGLPCAEDY 

5761 CCGCGCGCUCCGCGCCGGCAGCUACUGCACCCUGCGCGARCUGGGCGCGGCGAGCCCGCCACGCUGCUGCACRACACCACCGUGGCCAUGUG 
1908 RALRAGSYCTLRELGSTETGCERTSGEPRTLLHNTTVAMC 

5881 CAUGGCCAUGCGCAUGGUCCCCAAAGGCGUGCGCUGGGCCGGGAUUUUCCAGGGUGACGAUAUGGUCAUCUUCCUCCCCGAGGGCGCGCGCAGCGCGGCACUC~GUGGACCCCCGCCG~ 
1948 MAMRMVPKGVRWAGI FQGDDMVIFLPEGARSAALKWTPAE 

6001 GGUGGGCUUGUUUGGCUUCCACAUCCCGGUGAAGCACGUGAGCACCCCUACCCCCAGCUUCUGCGGGCACGUCGGCACCGCGGCCGGCCUCUUCCAUGAUGUCAUGCACCAGGCGAUCAA 
1988 VGLFGFHIPVKHVSTPTPSFCGHVGTAAGLFHDVMHQAIK 

6121 GGUGCUUUGCCGCCGUUUCGACCCAGACGUGCUUGAAGAACAGCAGCAGGUGGCCCUCCUCGACCGCCUCCGGGGGGUCUACGCGGCUCUGCCUGACACCGUUGCCGCC~UGCUGCGUACUA 
2028 VLCRRFDPDVLEEQQVAL LDRLRGVYAALPDTVAANAAYY 

6241 CGACUACAGCGCGGAGCGCGUCCUCGCUAUCGUGCGCGAACAUCGGCGCGCUCGAGGAGAUUCAGACCCCCUACGCGC 6360 
2068 DYSAERVLAIVRELTAYAGARPRPPGHHRRARGDSDPLRA 2107 

I-->Subgenomic RNA begins . 
6361 GCGCCRAUCUCCACGACGCCGACU~CGCCCCUGUACGUGGGGCCUUU~UCUUACCUACUCU~CCAGGUCAUCACCCACCGUUGUUUCGCCGCAUCUGGUGGGUACCC~CUUUUGC~ 
2108 RQSPRRRLT PLYVGPLILPTLTRSSPTVVSPHLVGTQLLP 

6490 
2147 

6481 AUUCGGGAGAGCCCCAGGGUGCCCGAAUGGCUUCUUCUACUACCCCCAUCACCAUGGAGGACCUCCAG~GGCCCUCGAGGCACMUCCCGCGCCCUGCGCGCGG~CUCGCCGCCGGCGCCU 
2148 FGRAPGCPNGFYYPHHHGGPPEGPRGTIPRPARGTRRRRL 

1 MASTTPITMEDLQKALEAQSRALRAELAAGAS 
I--> c 

6600 
2187 

32 

6601 CGCAGUCGCGCCGGCCGCGGCCGCCGCGACAGCGCGACUCCAGCACCUCCGGAGAUGACUCCGGCCGUGACUCCGGAGGGCCGGAGGGCCCCGCCGCCGCCGCGGCAACCGGGGCCGUGGCCAGCGCA 6720 
2186 AVAPAAAAATARLQHLRR* l 2205 

33 QSRRPRPPRQRDSSTSGDDSGRDSGGPRRRRGNRGRGQRR 72 

6721 GGGACUGGUCCAGGGCCCCGCCCCCCCCGGAGGAGCGGCAAGAAACUCGCUCCCAGACUCCGGCCCCGAAGCCAUCGCCAUCGCGGGCGCCGCCACAACAGCCUCAACCCCCGCGCAUGCARACCG 6840 
73 DWSRAPPPPEERQETRSQTPAPKPSRAPPQQPQPPRMQTG 112 

6941 GGCGUGGGGGCUCUGCCCCGCGCCCCGAGCUGGGGCCACCGACC~CCCGUUCCMGCAGCCGUGGCGCGUGGCCUGCGCCCGCCUCUCCACGACCCUGACACCGAGGCACCCACCGAGG 6960 
113 RGGSAPRPELGP PTNPFQAAVARGLRPPLHDPDTEAPTEA 152 

6961 CCUGCGUGACCUCGUGGCUUUGGAGCGAGGGCGAAGGCGCGCGGUCUUUUACCGCGUCGACCUGCAUUUCACCAACCUGGGCACCCCCCCACUCGACGAGGACGGCCGCUGGGACCCUGCGC 
153 CVTSWLWSEGEGAVFYRVDLHFTNLGTP PLDEDGRWDPAL 

7081 UCAUGUACRACCCUUGCGGGCCCGAGCCGCCCGCUCACGUCGUCCGCGCGUACMUCACCUGCCGGCGACGUCAGGGGCGUUUGGGGU~GGCGAGCGCACCUACGCCGAGCAGGACU 
193 MYNPCGPEPPAHVVRAYNQPAGDVRGVWGKGERTYAEQDF 

7201 UCCGCGUCGGCGGCACGCGCUGGCACCGACUGCUGCGCAUGCCAGUGCGCGGCCUCGACGGCGACAGCGCCCCGCUUCCCCCCCACACCACCGAGCGCAUUGAGACCCGCUCGGCGCGCC 
233 RVGGTRWHRLLRMPVRGLDGDSAPLP PHTTERIETRSARH 

,321 AUCCUUGGCGCAUCCGCUUCGGUGCCCCCCAGGCCUUCCUUGCCGGGCUCUUGCUCGCCACGGUCGCCGUUGGCACCGCGCGCGCCGGGCUCCAGCCCCGCGCUGAUAUGGCGGCACCUC 
273 PWRIRFGAPQAF LAGLLLATVAVGTARAGLQPRADMAAPP 

I--> E2 

7441 CUACGCUGCCGCAGCCCCCCUGUGCGCACGGGCAGCAUUACGGCCACCACCACCAUCAGCUGCCGUUCCUCGGGCACGACGGCCAUCAUGGCGGCACCUUGCGCGUCGGCCAGCAUUACC 
313 TLPQPPCAHGQHYG HHHHQLPFLGHDGHHGGT LRVGQHYR 

7561 GAAACGCCAGCGACGUGCUGCCCGGCCACUGGCUCCAAGGCGGCUGGGGUUGCUACAACCUGAGCGACUGGCACCAGGGCACUCAUGUCUGUCAUACCAAGCACAUGGACUUCUGGUGUG 
353 NASDVLPGHWLQGGWGCY NLSDWHQGTHVCHTKHMDFWCV 
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d 
7681 UGGAGCACGACCGACCGCCGCCCGCGACCCCGACGCCUCUCACCACCGCGGC~CUCCACGACCGCCGCCACCCCCGCCACUGCGCCGGCCCCCUGCCACGCCGGCCUC~UGACAGCU 

393 EHDRPPPATPTPLTTAANSTTAATPATAPAPCHAGLNDSC 

7801 GCGGCGGCUUCUUGUCUGGGUGCGGGCCGAUGCGCCUGCGCCACGGCGCUGACACCCGGUGCGGUCGGUUGAUCUGCGGGCUGUCCACCACCGCCCAGUACCCGCCUACCCGGUUUGGC~ 7920 
433 GGFLSGCGPMRLRHGADTRCGRLICGLSTTAQYP PTRFGC 472 

7921 GCGCUAUGCGGUGGGGCCUUCCCCCCUGGGAACUGGUCGUCCUUACCGCCCGCCCCGMGACGGCUGGACUUGCCGCGGCGUGCCCGCCCAUCCAGGCGCCCGCUGCCCCG~CUGGUGA 8040 
473 AMRWGLPPWELVVLTARPEDGWTCRGVPAHPGARCPELVS 512 

SO41 GCCCCAUGGGACGCGCW\CUUGCUCCCCAGCCUCGGCCCUCUGGCUCGCCACAGCG~CGCGCUGUCUCUUGAUCACGCCCUCGCGGCCUUCGUCCUGCUGGUCCCGUGGGUCCUGAUAU 
513 PMGRATCSPASALWLATANALSLDHALAAFVLLVPWVLIF 

8161 UUAUGGUGUGCCGCCGCGCCUGUCGCCGCCGCGGCGCCGCCGCCGCCCUCACCGCGGUCGUCCUGCAGGGGUAC~CCCCCCCGCCUAUGGCGAGGAGGCUUUCACCUACCUCUGCACU~ 
553 MVCRRACRRRGAAAALTAVVLQGYNP PAYGEEAFTYLCTA 

I--> El 

8160 
552 

8280 
592 

S2Sl CACCGGGGUGCGCCACUCAAGCACCUGUCCCCGUGCGCCUCGCUGGCGUCCGUUUU~GUCCM~UUGUGGACGGCGGCUGCUUUGCCCCAUGGGACCUCGAGGCCACUGGAGCCUGCA 8400 
593 PGCATQAPVPVRLAGVRFESKIVDGGCFAPWDLEATGACI 632 

8401 UUUGCGAGAUCCCCACUGAUGUCUCGUGCGAGGGCUUGGGGGCCUGGGUACCCGCAGCCCCUUGCGCGCGCAUCUGGMUGGCACA~GCGCGCGUGCACCUUCUGGGCUGUC~CGCCU 8520 
633 CEIPTDVSCEGLGAWVPAAPCARI WNGTQRACTFWAVNAY 672 

8521 ACUCCUCUGGCGGGUACGCGCAGCUGGCCUCUUACUUC~CCCUGGCGGCAGCUACUAC~GCAGUACCACCCUACCGCGUGCGAGGUUG~CCUGCCUUCGGACACAGCGACGCGGCCU 
673 SSGGYAQLASYFN PGGSYYKQYHP TACEVEPAFGHSDAAC 

8641 GCUGGGGCUUCCCCACCGACACCGUGAUGAGCGUGUUCGCCCUUGCUAGCUACGUCCAGCACCCUCAC~GACCGUCCGGGUC~GUUCCAUACAGAGACCAGGACCGUCUGGC~CUC~ 
713 WGFPTDTVMSVFALASYVQHPHKTVRVKFHTETRTVWQLS 

8761 CCGUUGCCGGCGUGUCGUGCAACGUCACCACUGAACACCCGUUCUGC~CACGCCGCACGGAC~CUC~GGUCCAGGUCCCGCCC~CCCCGGGGACCUGGUUGAGUACAUUAUG~U~ 8880 
753 VAGVSCNVTTEHPFCNTPHGQLEVQVPPDPGDLVEYIMNY 792 

8881 ACACCGGCAAUCAGCAGUCCCGGUGGGGCCUCGGGAGCCCG~UUGCCACGGCCCCGAUUGGGCCUCCCCGGUUUGCC~CGCCAUUCCCCUGACUGCUCGCGGCUUGUGGGGGCCACG~ 9000 
793 TGNQQSRWGLG SPNCHGPDWASPVCQRHSPDCSRLVGATP 832 

9001 CAGAGCGCCCCCGGCUGCGCCUGGUCGACGCCGACGACCCCCUGCUGCGCACUGCCCCUGGACCCGGCGAGGUGUGGGUCACGCCUGUCAUAGGCUCUCAGGCGCGC~GUGCGGACUCC 9120 
833 ERPRLRLVDADDPLLRTAPGPGEVWVTPVIGSQARKCGLH 872 

9121 ACAUACGCGCUGGACCGUACGGCCAUGCUACCGUCGARAUGCCCGAGUGGAUCCACGCCCACACCACCAGCGACCCCUGGCAUCCACCGGGCCCCUUGGGGCUG~GUUC~GACAGUU~ 9240 
873 IRAGPYGHATVEMPEWIHAHTTSDPWHPPGPLGLKFKTVR 912 

9241 GCCCGGUGGCCCUGCCACGCACGUUAGCGCCACCCCGC~UGUGCGUGUGACCGGGUGCUACCAGUGCGGUACCCCCGCGCUGGUGGMGGCCUUGCCCCCGGGGGAGGC~UUGCCAU~ 9360 
913 PVALPRTLAPPRNVRVTGCYQCGTPALVEGLAPGGGNCHL 952 

9361 UCACCGUCAAUGGCGAGGACCUCGGCGCCGUCCCCCCUGGGMGUUCGUCACCGCCGCCCUCCUCMCACCCCCCCGCCCUACC~GUCAGCUGCGGGGGCGAGAGCGAUCGCGCGACCG 
953 TVNGEDLGAVPPGKFVTAALLNTPPPYQVSCGGESDRATA 

9481 CGCGGGUCAUCGACCCCGCCGCGCAAUCGUUUACCGGCGUGGUGUAUGGCACACACACCACUGCUGUGUCGGAGACCCGGCAGACCUGGGCGGAGUGGGCUGCUGCCCAUUGGUGGCAG~ 
993 RVIDPAAQSFTGVVYGTHTTAVSETRQTWAEWAAAHWWQL 

9601 UCACUCUGGGCGCCAUUUGCGCCCUCCCACUCGCUGGCUUACUCGCUUGCUGUGCC~UGCUUGUACUACUUGCGCGGCGCUAUAGCGCCUCGCUAGUGGGCCCCCGC~CG~CCCG~ 
1033 TLGAICALPLAGLLACCAKCLYYLRGAIAPR' 

9721 ACUAGGCCACUAGAUCCCCGCACCUGUUGCUGUAUAG polyA 
t 
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end (reviewed by Sedman et a/., 1990) and thus it is a 
common finding that mRNAs which contain AUGs 
close to the 5’ end also contain downstream AUGs at 
which translation is also initiated (Kozak, 1987) as 
would be the case in the RUB RNA. 

The ORF analysis in Fig. 3 revealed several long 
ORFs in the negative polarity. The longest of these 
overlaps the structural protein ORF and would yield a 
product of 924 amino acids if translated from the first 

AUG. It is unknown if any of these ORFs are translated. 
ORFs of similar length are not present in the negative 
polarity of alphavirus genomic RNAs (Strauss and 
Strauss, 1986). 

Base composition and codon usage in the RUB 
genomic RNA 

The base composition of the RUB genomic RNA is 
14.9% A, 15.4% U, 30.8% G and 38.7% C and thus it 
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FIG. 3. Ooen readinn frame analvsis of the RUB RNA. The oositions of stop codons are denoted by arrows and the first AUG in each open 
reading frame is denoted by a star in all six reading frames. 

has the highest G/C content (69.5%) of any RNA virus 
sequenced. A search of other RNA virus sequences in 
the GenBank library revealed that G/C content among 
these sequences ranges between 35 and 530/o, the 
Semliki Forest virus genome having the highest G/C 
content of the virus sequences analyzed. RUB is not 
the only virus with a G/C content greater than 60%; for 
example herpes simplex type 1 has a G/C content of 
67% and herpes simplex type 2 has a G/C content of 
699/o (Roizman and Batterson, 1986). The high G/C 
content is evenly maintained throughout the RUB ge- 
nome. The only regions where it differs markedly from 
the 69.5% average are the first 65 nucleotides of the 
genome, which have a G/C content of 49%, and 78 
nucleotides around the subgenomic RNA start site, 
which have a G/C content of 47%. The lower G/C con- 
tent in these regions would result in corresponding re- 
gions of the double-stranded replicative form having a 
lower T,, possibly facilitating recognition and local de- 
naturation by factors involved in initiation and synthesis 
of the genomic and subgenomic RNA. 

Codon usage in the RUB nonstructural protein ORF 
was similar to codon usage in the structural protein 
ORF which was reported earlier (Frey and Marr, 1988). 
As expected from the high G/C content of the RUB 
RNA, codon usage in the RUB ORFs was skewed in 
comparison with eukar-yotic mRNAs of lower G/C con- 
tent. Two selections were particularly apparent. First, 
there was an extreme selection for G and C residues at 
the third position, resulting in a third codon position G/ 
C content of 80.9% in the RUB ORFs in comparison to 
a third codon position G/C content of 54.8% in the SIN 
ORFs (Strauss and Strauss, 1986) and 60.8% in a com- 
pilation of human genes (Maruyama et a/., 1986). Sec- 
ond, among isofunctional amino acids encoded in the 
RUB ORFs, those with G/C-rich codons were favored. 
For example in the RUB ORFs 87% of the basic resi- 
dues are arginine (codons are CGN, AGA, and AGG) 
and only 139/o are lysine (codons are AAA and AAG), 

while in both the SIN ORFs and human genes 45% of 
the basic residues are arginine and 55% are lysine. A 
similar selection for valine (GUN) over isoleucine (AUC, 
AUA and AUU) was also present in the RUB ORFs. In 
contrast, for isofunctional amino acids for which no 
difference in G/C content is present, no selection oc- 
curs in the RUB ORFs; of the acidic residues, 50% are 
glutamic acid residues (GAA and GAG) and 50% are 
aspartic acid residues (GAC and GAU). 

Comparison with alphaviruses: Amino acid 
homologies and global motifs 

Homology comparisons generated between the pre- 
dicted amino acid sequence of the RUB nonstructural 
protein ORF and the nonstructural protein ORFs of the 
six alphaviruses thus far sequenced revealed only one 
short region of homology. ‘An alignment of the region 
of homology between RUB and a consensus sequence 
derived from the six alphavirus sequences (J. Strauss, 
personal communication) is shown in Fig. 4A. This re- 
gion of homology is at the NH2 terminus of alphavirus 
nsP3, a location of interest since alphavirus nsP3 is the 
only nonstructural protein for which homology has not 
been found with plant viruses (Ahlquist eta/., 1985) and 
to which no putative function has been assigned. 

Two amino acid motifs have been described which 
are found in the proteins of diverse positive-polarity 
RNA viruses. The first, centered on a GDD tripeptide, 
has been found in all positive-polarity RNA viruses ana- 
lyzed and has been associated with replicase activity 
due to the fact that several of the proteins in which it 
occurs have been demonstrated to be replicases 
(Kamer and Argos, 1984). More recently, a second mo- 
tif has been found in proteins of alphavirus, flavivirus, 
coronavirus, herpesvirus, and several plant viruses that 
has been associated with helicase activity due to its 
presence in four bacterial helicases (Gorbalenya et a/., 
1988). Both motifs were found in the RUB predicted 
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A ALpha nsP3 

CON 

RUB a14 

CAPSYRv.R.dla...E.--*vvNsan'. g.*gdGVCrA*.kkwP.sf..-----.at.vCtao......--- 

I I I I I I I I I I III I I I 
AAGPVHLRVRDI~DPPPCCKVVVNAANEGLLAGSGVCGAIFAWATAALAANCRRLAPCPTGEAVATPCHGCC 

CON 

RUB 
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III1 I I II I II II II III I I 
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FIG. 4. Alignment of RUB amino acid sequence with homologous alphavirus amino acid sequence and global consensus motifs. (A) Alignment 
of the only region of significant homology in the nonstructural protein ORFs of RUB and alphaviruses detected by COMPARE amino acid 

homology program using a window of 19 amino acids with a stringency of 1 1 (Maize1 and Lenk, 1981). Use of lower stringencies failed to detect 
further regions of homology. The CON sequence is a consensus amino acid sequence beginning at the amino terminus of nsP3 derived from 

the sequence of six alphaviruses (SIN, Semliki Forest, Middelburg, O’Nyong-nyong, Venezuelan equine encephalitis, and Ross River viruses) (1. 
Strauss, personal communication). Invariant amino acids are capitalized and those found in at least four of the six alphaviruses are denoted in 
lowercase. (8) The CON sequence is a motif found in four fscherichia co/i helicases and proteins in herpesviruses and nine families of plant 

and animal positive-polarity RNA virus families. Presentation is as in Gorbalenya e? al. (1988). (C)The CON sequence is a motif found in putative 
replicases of 1 1 plant and animal positive-polarity RNA viruses (Kamer and Argos, 1984). Presentation adapted from a compilation by Rice et al. 
(1986). In panels B and C, invariant amino acids are capitalized, majority amino acids are given in lowercase, and lengths of gaps in amino acids 

between regions of conservation are given in parentheses. In all three panels, . = nonconserved amino acid, - = gap introduced to maximize 

alignment, * and o = hydrophobic and hydrophilic amino acids, respectively, at a position. The number of the amino acid in the RUB nonstructural 
ORF at which each alignment begins is given. 

nonstructural protein sequence. The alignments are 
both shown in Figs. 4B and C. The alignment with the 
replicase motif was previously reported (Frey and Marr, 
1988). 

Comparison with alphavirus genome: 
conserved nucleotide stretches 

Four regions in the genomic RNAs of alphaviruses 
have been found to be highly conserved among alpha- 
viruses and thus are thought to be regulatory signals 
for viral replication (Strauss and Strauss, 1986). The 
first of these is a stem-and-loop structure found at the 
5’ end which is conserved despite divergence of the 
nucleotides making up the structures. The comple- 
mentary minus-strand equivalent of this structure is hy- 

pothesized to be recognized by the replicase as a bind- 
ing site for initiation of transcription of the plus-strand 
genome-length RNA. The RUB genomic RNA has a 
similar structure (RV-2) at its 5’ end which has a calcu- 
lated stability similarto that of the alphavirus structures 
(Fig. 5). Although this structure was originally found by 
eye, it was also found by the RNA secondary structure 
analysis program FOLD (Zuker and Stiegler, 1981). In- 
terestingly, a second double-stem-loop structure (RV- 
1) can be formed by the same sequences. This struc- 
ture has a lower AG, but would be formed first as the 
newly synthesized genomic RNA is released from the 
negative-polarity template. Whether this stability is 
great enough to prevent the more stable stem-and- 
loop structure from forming under physiological condi- 
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FIG. 5. Potential stem-and-loop structures formed by nucleotides at the Vterminus of the RUB RNA. The conserved stem-and-loop structures 

at the 5’termini of alphavirus RNAs are represented by the structure at the 5’terminus of the SIN RNA (Strauss and Strauss, 1986). Free energies 
were calculated by the method of Tinoco eta/. (1973). The AUG beginning the nonstructural protein ORF is underlined. 

tions is unknown. Primer extension experiments indi- 
cated that the more stable stem-and-loop structure 
(RV-2) could be formed when denatured RUB genome 
RNA was renatured in vitro. Poly(A)+ RNA from RUB- 
infected cells was mixed with a 5’-32P-labeled oligonu- 
cleotide primer with sequence complementary to nu- 
cleotides 101 to 117 of the RUB genome, heated to 
85”, cooled slowly, and added to a reverse transcrip- 
tion reaction mixture. Electrophoresis of the primer ex- 
tension products revealed strong stop bands at both 
the beginning of the RV-2 stem-and-loop structure and 
the 5’ end of the genome (data not shown). 

The second conserved region in the genomic RNAs 
of alphaviruses is a stretch of 51 nucleotides located 
156 nucleotides from the 5’ end. A double stem-and- 
loop secondary structure can be formed by these nu- 
cleotides. A stretch of 46 nucleotides located 224 nu- 
cleotides from the 5’ end of the RUB genome has 50% 
overall homology with the alphavirus sequence, includ- 

ing two stretches in which nine of ten nucleotides 
match (Fig. 6A). No stable secondary structure can be 
configured from this stretch of RUB nucleotides. Inter- 
estingly, the RUB and alphavirus sequences in this re- 
gion are in-frame translationally yielding a small pocket 
of amino acid homology. The function of this region of 
the alphavirus genome is not clear. It is present in natu- 
rally occurring DI RNAs (and is sometimes duplicated) 
but can be deleted from infectious DI clones, although 
the ability of RNAs transcribed from such clones to be 
replicated is less than that of RNAs transcribed from 
clones containing the sequence (Levis eta/., 1986; Tsi- 
ang eta/., 1988). Conservation of this sequence at sim- 
ilar locations in the genomes of viruses as diverse as 
RUB and alphaviruses argues that it does play an im- 
portant role in the replication of these viruses. The lack 
of a predicted secondary structure for the RUB version 
of this nucleotide sequence indicates that the double 
hairpin structure is not necessary for function. It seems 
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SIN 156 C CAC CUC ACu cca AAU GAC CAU GCU AAU CCC ACA GCa UUU UCC CAU cUG CCC 

I III III I I II II I I I I II III I I I 
RUG 221 G CAG GUC AGU --- --- GAU CAC CCA GCA CUC CAC GCA AUU UCG CGG UAU ICC 

L 
I K H c I- G 4 L K subgenomic RNA 

,.r.--.-...--...---....-.-..---., 

SIN 7573 aUa BBG cAu CUC UAC GGu GGU CCU AAA UAG 

IIIII II III I II III I 
RUE 6384 CUA ACG CCC CUG UAC GUG GGG CCU ““A AUC 

+ 20 I-~------~----------~, 

L 1 P c L ” t P L I subgenomic RNA 

FIG. 6. Alignment of RUB sequences with two sequences conserved among all alphaviruses. (A) The 51.nucleotide conserved sequence, (B) 
the subgenomic RNA start site (junction region) conserved sequence. For simplicity, the content of these sequences within the prototype SIN 

RNA is shown, The nucleotides found in all alphavirus RNAs are capitalized. The amino acids encoded by these sequences within the nonstructu- 
ral ORF are shown; amino acids which are identical in SIN and RUB are underlined. 

unlikely that maintenance of the amino acid sequence 
is the selective pressure maintaining the nucleotide se- 
quence since several of the conserved nucleotides oc- 
cur at the third codon position. 

Shown in Fig. 6B is the third stretch of nucleotides 
highly conserved among alphaviruses located at the start 
site of subgenomic RNA synthesis. This region has been 
aligned with a homologous sequence in the RUB genome 
(Frey and Marr, 1988). This sequence, which occurs im- 
mediately adjacent to the subgenomic start site in alpha- 
viruses, has been shown experimentally to be necessary 
for alphavirus subgenomic RNA synthesis (Grakoui et al., 
1989). The homologous sequence in the RUB genome is 
20 nucleotides upstream from the RUB subgenomic RNA 
start site (Frey et al., 1989). This RUB sequence can form 
a secondary structure while the comparable alphavirus 
sequence cannot. Interestingly, these sequences are 
also in the same translation frame, giving rise to another 
small pocket of amino acid homology. Whether selective 
pressure on conservation of this sequence is due to its 
function in subgenomic RNA synthesis or its coding ca- 
pacity can be investigated by deletion mutagenesis once 
an infectious RUB clone is developed. As discussed ear- 
lier (Frey et a/., 1986) no region in the RUB genome has 
been found to be homologous with the fourth alphavirus 
conserved region, the 3’-terminal 19 nucleotides. 

Similarities and differences in the genomes of RUB 
and alphaviruses: evidence for rearrangement 
during Togavirus evolution 

Figure 7 shows a comparative diagram of the ge- 
nomes of RUB and alphaviruses (represented by the 

prototype SIN), including the locations of the various 
regions of nucleotide and amino acid homology dis- 
cussed previously. While the genetic organizations of 
these two virus genera are similar, two points of differ- 
ence are of interest. First, the RUB genome (9757 nu- 
cleotides) is 1946 nucleotides shorter than the SIN ge- 
nome (1 1,703 nucleotides). The compression of the 
RUB genome with respect to the SIN genome is exhib- 
ited throughout the RUB genome in that both the non- 
structural protein ORF (2205 amino acids in RUB; 2513 
amino acids in SIN) and the structural protein ORF 
(1063 amino acids in RUB; 1245 amino acids in SIN), 
as well as the 3’ nontranslated sequence (62 nucleo- 
tides in RUB; 319 nucleotides in SIN), are shorter in the 
RUB genome than in the SIN genome. In the RUB ge- 
nome the two ORFs overlap by 149 nucleotides while 
in the alphavirus genome the two ORFs do not overlap. 
The difference in the structural protein ORFs is due to 
the lack of a 6K protein encoded by SIN and differences 
in the size of the other structural proteins. In this re- 
gard, it should be pointed out that processing of the 
structural proteins of these viruses differs in that the 
two proteolytic cleavages in the RUB structural protein 
precursor are putatively mediated by signalase in the 
lumen of the endoplasmic reticulum (Frey and Marr, 
1988) while the SIN capsid protein is autocatalytically 
removed from the precursor and cleavages on either 
side of the 6K protein are mediated by signalase 
(Strauss and Strauss, 1986). These cleavages leave a 
precursor (PE2) which is processed into E2 and E3 in 
the Golgi. No such cleavage occurs in the maturation 
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0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 6.0 9.0 10.0 11.0 12.0 
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nsP1 nsP2 nsP3 nsP4 

RUB 

lzzi Hellcase motif 

Region of homology between SIN and RUB 

Repllcase motif 

. SG RNA start slte conserved region 

FIG. 7. Diagram of the genomes of RUB and SIN. The locations within the nonstructural protein ORF of regions of nucleotide homology (51. 

nucleotide conserved region and SG RNA start site conserved region) and regions encoding homologous amino acid sequence (helicase motif, 
SIN and RUB homology, and replicase motif) are shown. ORFs are denoted by boxes and untranslated regions by lines. The depression of the 

structural protein ORF relative to the nonstructural protein ORF in the RUB genome reflects the fact that these ORFs overlap and are in different 
translational frames. The SIN ORFs do not overlap and are in the same translational frame. 

of RUB E2. Not enough is known about the RUB non- 
structural protein ORF to account for the size differ- 
ence with the SIN nonstructural protein ORF. 

The second point of difference in the two genomes 
is that while most of the regions of homology are in 
the same relative position within the two genomes, the 
order of the helicase domain and nsP3 homology re- 
gion is reversed. Thus a genetic rearrangement has oc- 
curred in the nonstructural protein coding region dur- 
ing Togavirus evolution. 

From analysis of amino acid homologies among pos- 
itive-polarity RNA viruses of animals and plants, it has 
become apparent that diverse viruses are distantly re- 
lated and that two super-families exist to which many 
positive-polarity RNA viruses belong: a picorna virus- 
like superfamily and an alpha virus-like superfamily 
(Goldbach, 1986, 1987, 1990). RUB belongs to the lat- 
ter of these. Among members of the alphavirus-like su- 
perfamily, some domains such as the helicase and rep- 
licase motifs are conserved among all members, while 
other domains such as the plant virus transport pro- 
teins are restricted to a few members. The relative lo- 
cation of the conserved domains thus far distinguished 
has been found to be similar in the genomes of the vi- 
ruses in which they occur (with the caveat that some 
of these domains occur on different segments of di- 
and tripartite plant virus genera). Thus, the reversed or- 
der of the helicase and nsP3 domains in RUB and al- 
phavirus genomes is unique. Two events which could 
create the reversed order of the helicase and nsP3 do- 
mains in RUB can be hypothesized. First, a compli- 

cated rearrangement could have occurred within the 
same genome during either RUB or alphavirus evolu- 
tion from a common progenitor. Second, the nsP3 do- 
main could have been donated by another virus to a 
common Togavirus ancestor by inter-viral recombina- 
tion occurring twice independently: to the 3’side of the 
helicase domain in the alphavirus lineage and to the 5’ 
side of the helicase domain in the rubivirus lineage. As 
more functional domains of the nonstructural proteins 
of these viruses are characterized, more information 
about the interesting evolution of these genera will be 
elucidated. 
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