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The nucleotide sequence of the rubeila 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 oniy 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.

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 al., 1983). The nucleocapsid
is surrounded by a lipid bilayer envelope in which the
two virus-specific glycoproteins, E1 and E2 (M,'s = B8
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 110-kDa polyprotein and is
post-translationally processed into the structural pro-
teins. The order of the structural proteins within the
110-kDa precursor is NH,—~C-E2-E1-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-
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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-
guence 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 af., 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 al., 1983). However, Semliki Forest virus and O’Ny-
ong-nyong virus lack this opal codon (Strauss et al.,
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 cell back-
ground (Hemphill et al., 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, 30.8%G). 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
Cells 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
6% fetal bovine serum. Plaque-purified RUB stocks
(Therien strain) prepared as described previously
(Hemphill et al., 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) celiulose.

Previously Sequanced
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FiGg. 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 et 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) celiulose]. The
DMSO-denatured RNA was ethanol precipitated twice
and dissolved in 0.01 M Tris (pH 8.0), 0.001 M 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 al. (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 et al., 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 DHB-« 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 *P-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 b’ end of the genome.

Sequencing strategy

The cDNA inserts from eight clones (shown in Fig. 1)
were subcloned into M13 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 lll 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-
tems 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 [*®S]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-*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., 1984).

RESULTS AND DISCUSSION
Sequencing strategy

The complete sequence of the RUB genomic RNA is
givenin Fig. 2. The regions of the RUB genome covered
by each of the eight cDNA clones used in sequence
determination of the 5" haif 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-
guence 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)J+ 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-terminal nucleotides are re-
ported as N-N in Fig. 2. The cDNA sequence was

found to terminate 12 nucleotides from the &' 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 al., 1986) but present in
other RUB sequence reports (Clarke et al., 1987; Vid-
gren et al., 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 et al., 1984; Hemphill et a/., 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 (3189 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 1o 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. Itis
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, AUGSs as close to
the 5" end as nucleotide 4 at which initiation of transla-
tion occurs have been reported (Kelley et a/., 1982). Ini-
tiation of translation at AUGs less than 15 nucleotides
from the % end of eukaryotic mRNAs is less efficient
than at AUGs greater than 15 nucleotides from the &'
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1 NNAUGGAAGCUAUCGGACCUCGCUUAGGACUCCCAUUCCCAUGGAGAAACUCCUAGAUGAGGUUCUUGCCCCCGGUGGGCCUUAUAACUUAACCGUCGGCAGUUGGGUAAGAGACCACG6 120
M E KL LD EVLAZPGGZPYNTILTV G S WV RDUHUV 27

121 CCGAUCAAUUGUCGAGGGCGCGUGGGAAGUGCGCGAUGUUGUUACCGCUGCCCAAAAGCGGGCCAUCGUAGCCGUGAUACCCAGACCUGUGUUCACGCAGAUGCAGGUCAGUGAUCACCé 240
28 R 8§ I VE G A WEVRDUV VT ARASO QI KU RAIUWVAVIUPRUZPVF FTQMZOQV S DUHP 67

241 AGCACUCCACGCAAUUUCGCGGUAUACCCGCCGCCAUUGGAUCGAGUGGGGCCCUAAAGAAGCCCUACACGUCCUCAUCGACCCAAGCCCGGGCCUGCUCCGCGAGGUCGCUCGCGUUGA 360
68 A L HA I Ss RYTURIRUHUWTIEWSGT?PI KEATLUHVYVYILTIDUZPSUPGGULLREV VARV E 107

361 GCGCCGCUGGGUCGCACUGUGCCUCCACAGGACGGCACGCARACUCGCCACCGCCCUGGCCGAGACGGCCAGCGAGGCGUGGCACGCUGACUACGUGUGCGCGCUGCGUGGCGCACCGAG 480
108 R R WV A LCULHIRTA AR RIEKILA AT AL AETA ASEA AWIHA ADTYV CATULURTGA ATZP S 147

481 CGGCCCCUUCUACGUCCACCCUGAGGACGUCCCGCACGGCGGUCGCGCCGUGGCGGACAGAUGCUUGCUCUACUACRCACCCAUGCAGAUGUGCGAGCUGAUGCGUACCAUUGACGCCA& 600
148 G P F YV HPEDVPHGGRA AV ADUR RTCILILYYTU®PMOMTCETLMMRBRTTIDA AT 187

601 CCUGCUCGUGGCGGUUGACUUGUGGCCEGUCGCCCUUGCEGCCCACGUCGGCGACGACUGGGACGACCUGGGCAUUGCCUGGCAUCUCGACCAUGACGGCGGUUGCCCCGCCGAUUGCCG 720
188 L L VAV DL WPV ALAARHVYVGDIDWDUDIL GI AWHULTDUHUDSGTGTCZPA ATUDC R 227

721 CGGAGCCGGCGCUGGGCCCACGCCCGGCUACACCCGCCCCUGCACCACACGCAUCUACCAAGUCCUGCCGGACACCGCCCACCCCGGGCGCCUCUACCGGUGCGGGCCCCGCCUGUGGAC 840
228 G AGAG?PTUPGYTURU®PCTT RTIYOQQVL?P?PDTAHZPGR RTILYZRTCGU P RTILWT 267

841 GCGCGAUUGCGCCGUGGCCGAACUCUCAUGGGAGGUUGCCCAACACUGCGGGCACCAGGCGCGCGUGCGCGCCGUGCGAUGCACCCUCCCUAUCCGCCACGUGCGCAGCCUCCARCCCAG 960
268 R D CAVAETLSWEUVAOQHCGHO QARVUERAVRCTULZPTIWURUHEVRSTILOQTZ?P S 307

961 CGCGCGGGUCCGACUCCCGGACCUCGUCCAUCUCGCCGAGGUGGGCCGEUGGCGGUGGUUCAGCCUCCCCCGCCCCGUGUUCCAGCGCAUGCUGUCCUACUGCARGACCCUGAGCCCCGA 1080
308 A RV R L PD LV HLAEVGRWRWIF S LPRPVF QRMILSYTCZ KTTLSU?PD 347

1081 CGCGUACUACAGCGAGCGCGUGUUCAAGUUCAAGAACGCCCUGUGCCACAGCAUCACGCUCGCGGGCAAUGUGCUGCAAGAGGGGUGGAAGGGCACGUGCGCCGAGGAAGACGCGCUGUG 1200
348 A Y Y S ERV F KVF KNATLTGCHSTITTU LA AGNVULOQEGGWI KGTTCAZETET DA ATLTC 387

1201 CGCAUACGUAGCCUUCCGCGCGUGGCAGUCUAACGCCAGGUUGGCGGGGAUUAUGAAAGGCGCGAAGUGCGCCGCCGACUCUUUGAGCGUGGCCGGCUGGCUGGACACCAUUUGGGACGC 1320
388 A Y VA F RAWAOQSNARILAGTIMIEKTSGA ATI KT CAADS L S VA GWULDTTI WD A 427

1321 CAUUAAGCGGUUCCUCGGUAGCGUGCCCCUCGCCGAGCGCAUGGAGGAGUGGGAACAGGACGCCGCGGUCGCCGCCUUCGACCGCGGCCCCCUCGAGGACGGCGGGCGCCACUUGGACAC 1440
428 I K RF L G S VP LAEU RMMETEWEU QDA AAVYVY AAVFDI RGT?PTLEUDTGG G RUHTLUDT 467

1441 CGUGCAACCCCCAAAAUCGCCGCCCCGCCCUGAGAUCGCCGCGACCUGGAUCGUCCACGCAGCCAGCGAAGACCGCCAUUGCGCGUGCGCUCCCCGCUGCGACGUCCCGCGCGAACGUCC 1560
468 vV Q P P K s P PRPETIAATWTIVHAASET DR RHKTCATCATPURTCTDUV?PRER?P 507

1561 UUCCGCGCCCGCCGGCCAGCCGGAUGACGAGGCGCUCAUCCCGCCGUGGCUGUUCGCCEAGCGCCGUGCCCUCCGCUGCCGCGAGUGGGAUUUCGAGGCUCUCCGCGCGCGCGCCGAUAC 1680
508 S AP AG QP DDEMA ATLTIOU®P®PWILT FAEU RI RALW RTCREWDT FEWA ATILIRA ARATDT 547

1681 GGCGGCCGCGCCCGCCCCGCCGGCUCCACGCCCCGCGCGGUACCCCACCGUGCUCUACCGCCACCCCGCCCACCACGGCCCGUGGCUCACCCUUGACGAGCCGGGCGAGGCUGACGCGGC 1800
548 A AR P AP P APR®PARY®?P T VLY RHPAMHUHSGEPWILTTULDETZPGEATDA AA A 587

1801 CCUGGUCUUAUGCGACCCACUUGGCCAGCCGCUCCGGGGCCCUGARCGCCACUUCCCCGLCCGGCECGCAUAUGUGCRCGCAGGCGCGGEEECUCCAGGCUUUUGUCCGUGUCGUGCCUCC 1920
588 L viL¢DPILGQ&PTLIRGEPEWZ RUMHHTFPFAAGAIHEMTCAOQARTGTLUQAVF VRV VPP 627

1921 ACCCGAGCGCCCCUGGGCCGACGGGGGCGCCAGAGCGUGGGCGAAGUUCUUCCGCGGCUGCGCCUGGGCGCAGCGCUUGCUCGGCGAGCCAGCAGYUAUGCACCUCCCAUACACCGAUGG 2040
628 P ERPWADGGA AR AW AI KT FTFIRSGTCAWAQQRTILILTGEUZPAVMHTLU®PYTTUDG 667

2041 CGACGUGCCACAGCUGAUCGCACUGGCUUUGCGCACGCUGGCCCARCAGGGGGCCGCCUUGGCACUCUCGGUGCGUGACCUGCCCGGGGGUGCAGCGUUCGACGCARAACGCGGUCACCGC 2160
668 D VvVPQULTIATLALRTIL-ARQQSGA AATLA AL SV RDILZPGGAARARMRTFUDA ANAVTHA 707

2161 CGCCGUGCGCGCUGGCCCCCGCCAGUCCGCGGCCGCGUCACCGCCACCCGGCGACCCCCCGCCGCCGCGCCGCGCACGCGCGAUCGCARCGGCACUCGGACGCUCGCGGCACUCCGCCCCC 2280
708 A VR A GP R QS AAASZPZPPGDU©PU®PPPRRARIRSIQRUHSDA ARTGT?PFPP 747

2281 CGCGCCUGCGCGCGACCCGCCGCCECCCGCCCCCAGCCCGCCCGCGCCACCCCGCGCUGGUGACCCGGUCCCUCCCAUUCCCGCGGGGCCGGCGGAUCGCGCGCGUGACGCCGAGCUGGA 2400
748 A P A RDUPU®P?PP AP S PP AP P RAGTDU PV PP I PAGPARADI RARTDA AIETLE 787

2401 GGUCGCCUG&GAGCCGAGCéGCCCCCCCA&GUCAACCAGéGCAGACCCAéACAGCGACA&CGUUGAAAG&UACGCCCGCéCCGCCGGAC&CGUGCACCUéCGAGUCCGCéACAUCAUGGA 2520
788 vV A CEU&P S G PP TS TR ADU©PD S DI V E S Y A RAAGU PV HUL RV RDTIMTBD 827
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 et a/., 1989) and the amino termini of the structural proteins (Kalkkinen et al., 1984) are indicated. Asterisks denote termination codons.
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CCCACCGCCéGGCUGCAAGéUCGUGGUCAACGCCGCCAACGAGGGGCUACUGGCCGGCUCUGGCGUGUGCGGUGCCAUCUUUGCCAACGCCACGGCGGCCCUCGCUGCAAACUGCCGGCG
p PP GC KV VV NAANESGTLTLAGSG GV CGATITFANA AT BAATLHABRANTCECR RR

CCUCGCCCCAUGCCCCACCGGCGAGGCAGUGGCGACACCCGGCCACGGCUGCGGGUACACCCACAUCAUCCACGCCGUCGCGCCGCGGCGUCCUCGGGACCCCGCCGCCCUCGAGGAGGG
L AP CPTGEA AVATU®PGH G C 6 Y THTITIHA AV AP RI RZPIRDU P AR ATLTETEG

CGAAGCGCUéCUCGAGCGCGCCUACCGCAGCAUCGUCGCGCUAGCCGCCGCGCGUCGGUGGGCGUGUGUCGCGUGCCCCCUCCUCGGCGCUGGCGUCUACGGCUGGUCUGCUGCGGAGUC
E ALLERA AY RS I VALA AR RARIRBRWACYVACEPILTILSGA AGV Y G W S A ATE S

CCUCCGAGCéGCGCUCGCGGCUACGCGCACCGAGCCCGUCGAGCGCGUGAGCCUGCACAUCUGCCACCCCGACCGCGCCACGCUGACGCACGCCUCCGUGCUCGUCGGCGCGGGGCUCGC
LRAALAATU RTEUZPV ERVYV S L HTICHPT DU RATIULTUHASVILVY GAGTLA

UGCCAGGCGéGUCAGUCCUCCUCCGACCGAGCCCCUCGCAUCUUGCCCCGCCGGUGACCCGGGCCGACCGGCUCAGCGCAGCGCGUCGCCCCCAGCGACCCCCCUUGGGGAUGCCACCGC
A R RV s PP PTEZPTILASTCPARGDU®PGRPA AQRSASZP®PATU?®PILGDATA

GCCCGAGCCCCGCGGAUGCCAGGGGUGCGARCUCUGCCGGUACACGCGCGUCACCAAUGACCGCGCCUAUGUCAACCUGUGGCUCGAGCGCGACCGCEGCGCCACCAGCUGGGCCAUGCG
P EPRGCQGCETLTCRYTH RVTNDI BRAYU VNTILUWILETRUDI BRGA AT S5WAMR

CAUUCCCGAGGUGGUUGUCUACGGGCCGGAGCACCUCGCCACGCAVUUUCCAUUAAACCACUACAGUGUGCUCAAGCCCGCGGAGGUCAGGCCCCCGCGAGGCAUGUGCGGGAGUGACAY
I P E VYV VY 6P EHTULABATIHVFZPILNUHY SV L KUZPAEVI RZPUZPIRGMUC ¢ CGS5TDM

GUGGCGCUGCCGCGGCUGGCAUGGCAUGCCGCAGGUGCGGUGCACCCCCUCCAACGCUCACGCCGCCCUGUGCCGCACAGGCGUGCCCCCUCGGGCGAGCACCCGAGGCGGCGAGCUAGA
W R CR G WHGMPQVRCTU?P S NAHAMAMALTGCR RTSGV?PPRASTIU RTGT GTETLTD

CCCARACACCUGCUGGCUCCGCGCCGCCGCCAACGUUGCGCAGGCUGCGCGCGCCUGCGGCGCCUACACGAGUGCCGGEUGCCCCAAGUGCGCCUACGGCCGCGCCCUGAGCGAAGCCCR
P N T CW UL RAAANVAOQARAARARABACGA ATYTSAGTCU?PI KT CAYS GRA ATLSTEA AR

CACUCAUGAGGACUUCGCCGCGCUGAGCCRGCGGUGGAGCGCGAGCCACGCCGAUGCCUCCCCUGACGGCACCGGAGRUCCCCUCGACCCCCUGAUGGAGACCGUGGGAUGCGCCUGUUC
T HEDT FAA AL S QRWMW S A S HADA ASUPDGTGDTZPTLDZPILMETU VGECATC S

GCGCGUGUGGGUCGGCUCCGAGCAUGAGGCCCCGCCCGACCACCUCCUGGUGUCCCUUCACCGUGCCCCAAAUGGUCCGUGGGGCGUAGUGCUCGAGGUGCGUGCGCGCCCCGAGEGGEE
R VWV G S EHEAPT PDUHTILTU LV SLHRAPWNTGTPWGEV VLEVT RATRTETETGEGCGEG

CARCCCCACCGGCCACUUCGUCUGCECGEUCGECGECEGCCCACGCCECGUCUCGEACCGCCCCCACCUCUGGCUTGCGEUCCCCCUGUCUCGGGECEGUGGCACCUGUGCCGCGACCGA
N P T GHPF V CAV G G G6P RRVYV $DRZPUHILUWUILAVZPULSRGEET CCAATTD

CGAGGGGCUGGCCCAGGCGUACUACGACGACCUCGAGGUGCGCCGCCUCGGGGAUGACGCCAUGGCCCGGGCGGCCCUCGCAUCAGUCCAACGCCCUCGCAAAGGCCCUUACAAUAUCAé
E GL AQAYYDUDTZLEVURRTILGDUDA AMAaRAMAMALAGBSVQRUZPIRIEKTGT?PVYNTIHR

GGUAUGGAACAUGGCCGCAGGCGCUGGCAAGACUACCCGCAUCCUCGCUGCCUUCACGCGCGAAGACCUUUACGUCUGCCCCACCAAUGCGCUCCUGCACGAGAUCCAGGCCAAACUCC&
V¥ NMAAGAGI KTTR RTITILARAMTFTRETDTILTYVOC?PTNA AILTLUHTETITU QATZEKTLR

CGCGCGCGAUAUCGACAUCAAGAACGCCGCCACCUACGAGCGCCGGCUGACGAAACCGCUCGCCGCCUACCGCCGCAUCUACAUCGAUGAGGCGUUCAC&CUCGGCGGCGAGUACUGCG&
A RDTIDTII KNA AATYERR RTILTI KT PILAARBRAY RZ ERTIYTIDEARATFTIULSGT GTETYCA

GUUCGUUGCCAGCCAAACCACCGCGGAGGUGAUCUGCGUCGGUGAUCGGGACCAGUGCGGCCCACACUACGCCAAUAACUGCCGCACCCCCGUCCCUGACCGCUGGCCUACCGAGCGCU&
F VA SQTTA® AEV VI CVGDIRDAQ@CG?P?P HYA ANNTCRTZPVZPDIRTWTEPTTET RS

GCGCCACACUUGGCGCUUCCCCGACUGCUGGGCGGCCCGCCUGCGCGCG&GGCUCGAUUAUGACAUCGAGGGCGAGCGCACCGGCACCU&CGCCUGCAA&CUUUGGGACGGCCGCCAGG&
R HT WRFPDGCWARARILRAGLDYDTIETGETRTT GTTFU ACNTILTWDGTU RO QUV

CGACCUUCACCUCGCCUUCUCGCGCGAAACCGUGCGCCGCCUUCACGAGGCUGGCAUACGCGCAUACACCGUGCGCGAGGCCCAGGGUAUGAGCGUCGGéACCGCCUGCAUCCAUGUAGé
D LHLATFSRETV VR RRILUHKEABAGTIRAYTV VR REA AOQGMSUVGTA ATCTI!HVG

CAGAGACGGCACGGACGUUGCCCUGGCGCUGACACGCGACCUCGCCAUCGUCAGCCUGACCCGGGCCUCCGACGCACUCUACCUCCACGAGCUCGAGGACGGCUCACUGCGCGCUGCGG&
R DGTDVALALTHRDILATIVSTILTHRASUDA ATLYTLUHETLTETDTGS ST LT RA AR LG

GCUCAGCGCGUUCCUCGACGCCGGGGCACUGGCGGAGCUCAAGGAGGUUCCCGCUGGCAUUGACCGCGUUGUCGCCGUCGAGCAGGCACCACCACCGUU&CCGCCCGCC&ACGGCAUCC&
L A FLDAGATLA AETLTIEKTEVEPA AGTIUDIRVYVVYAVETG QA ATPTEPTZPTLTEPZPOADTGTIST?P

CGAGGCCCAAGACGUGCCGCCCUUCUGCCCCCGCACUCUGGAGGAGCUCGUCUUCGGCCGUGCCGGCCACCCCCAUUACGCGGACCUCAACCGCGUGAC&GAGGGCGAA&GAGAAGUGC&
EAQDV?PEPFCPRTTULETETLVTF FGRASGHT®P?PHYADTULNTR RV YVTETGTET RTETVR

GUACAUGCGCAUCUCGCGUCACCUGCUCAAC%AGAAUCACACCGAGAUCCCCGGAACGGAACGCGUUCUCAGUGCCGUUUGCGCCGUGCGGCGCUACCGéGCGGGCGAGéAUGGGUCGA&
¥ M R I $ RHLLWNJIKNUBHTEMPTGTTEHRU YVILSAYVYCAVRRTYURACGTETDTGS ST
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CCUCCGCACUGCUGUGGCCCGCCAGCACCCGCGCCCUUUUCGCCAGAUCCCACCCCCGCGCGUCACUGCUGGGGUCGCCCAGGAGUGGCGCAUGACGUACUUGCGGGAA&GGAUCGACCG
L RTAV ARQHUZPRUZPTFRZOQTIU®PPZPRVTHA ASGVYVAOQEWA RMMTYTULURETZRTIDIL

CACUGAUGUCUACACGCAGAUGGGCGUGGCCGCGCGGGAGCUCACCGACCGCUACGCGCGCCGCUAUCCUGAGAUCUUCGCCGGCAUGUGUACCGCCCAGAGCCUGAGCGUCCCCGCCU&
T DV Y T QMGV A ARETLTUDI RYARURY?®PETITFA AGMTE CTA AAGQSTIL SV P ATF

CCUCAAAGCCACCUUGAAGUGCGUAGACGCCGCCCUCGGCCCCAGGGACACCGAGGACUGCCACGCCGCUCAGGGGAAAGCCGGCCUUGAGAUCCGGGCGUGGGCCAAGGAGUGGGUUCA
L K A TUL K CVDAA ATLTG?®PRDTET DTCHA AR AU QG GI KA ASGT LETIIRA AMWA AIKEWUVOQ

GGUUAUGUCCCCGCAUUUCCGCGCGAUCCAGAAGAUCAUCAUGCGCGCCUUGCGCCCGCAAUUCCUUGUGGCCGCUGGCCAUACGGAGCCCGAGGUCGAUGCGUGGUGGCAGGCCCAUUA
VM S P HFRATIOQZKTITIM®BRALIREPIOQTFILVAAGIHTE ?PEUVDA AWWOQAHY

CACCACCAACGCCAUCGAGGUCGACUUCACUGAGUUCGACAUGAACCAGACCCUCGCUACUCGGGACGUCGAGCUCGAGAUUAGCGCCGCUCUCUUGGGCCUCCCUUGCGCCGAAGACUA
T T N A I EV D F TEV FDMNUQTTILATR RDVETLTETISAAILULGTULU®PCATET DY

CCGCGCGCUCCGCGCCGGCAGCUACUGCACCCUGCGCGAACUGGGCUCCACUGAGACCGGCUGCGAGCGCACAAGCGGCGAGCCCGCCACGCUGCUGCACAACACCACCGUGGCCAUGUG
R AL RAGS Y CTULRYETLSGSTETS G CEI RTSGEUPATT LULHNTTVAMGC

CAUGGCCAUGCGCAUGGUCCCCARAGGCGUGCGCUGGGCCGGGAUUUUCCAGGGUGACGAUAUGGUCAUCUUCCUCCCCGAGGGCGCGCGCAGCGCGGCACUCAAGUGGACCCCCGCCGA
M AMRMV P K GV R WA AGTIVFQQGDDMVYVYIFILUPETGARS AATLI KU WTU?PATE

GGUGGGCUUGUUUGGCUUCCACAUCCCGGUGAAGCACGUGAGCACCCCUACCCCCAGCUUCUGCGGGCACGUCGGCACCGCGGCCGGCCUCUUCCAUGAUGUCAUGCACCAGGCGAUCAA
V 6L F 6 F HTIUPVKHV s TZPTU®PSTFCGHV GTAAGTULTFHDUVMHEOQATI K

GGUGCUUUGCCGCCCUUUCGACCCAGACGUGCUUGAAGAACAGCAGGUGGCCCUCCUCGACCGCCUCCEGGEGGUCUACGCGGCUCUGCCUGACACCGUUGCCGCCAAUGCUGCGUACUA
VL CRRPFD®PD VL EEOQQOQVATILILUDHZ RILARGVYV Y AATILUZPT DTV VAANA AR BAYY

CGACUACAGCGCGGAGCGCGUCCUCGCUAUCGUGCGCGAACUUACCGCGUACGCGGGGGCGCGGCCUCGACCACCCGGCCACCAUCGGCGCGCUCGAGGAGAUUCAGACCCCCUACGCGT
DY $ A ERV L ATIVRETLTA AYA AGA AR RTZPRZPZPGHUHIRIBRARTGDSDU®PTULURA

. . . . N . | -->Subgenomic RNA begins . . .
GCGCCARUCUCCACGACGCCGACUAACGCCCCUGUACGUGGGGCCUVUARUCUUACCUACUCUAACCAGGUCAUCACCCACCGUUGUUUCGCCGCAUCUGGUGGGUACCCAACUUUUGCC
R ¢ 8P RRRILT®PIL YV GG?PULTITULZP?PTZLTU RSSZPTUVVSPHTLVGTZ QTLTILTEP

AUUCGGGAGAGCCCCAGGGUGCCCGARUGGCUUCUACUACCCCCAUCACCAUGGAGGACCUCCAGAAGGCCCUCGAGGCACAAUCCCGCGCCCUGCGCGCGGARCUCGCCGCCGGLGCCY
F G R AP G CUPNGF Y Y P HHUHGSGP?PEG P RGTTIU®PRUPARGT R RT RIR RTIL
M A $ T TU©P I TMEUDTLUGQI KA ATLEA AU QSR RATLURABAETLA AR RMAGA S

|--> ¢C

CGCAGUCGCGCCGGCCGCGGCCGCCGCGACAGCGCGACUCCAGCACCUCCGGAGAUGACUCCGGCCGUGACUCCGGAGGGCCCCGCCGCCGCCGCGGCAACCGGGGCCGUGGCCAGCGCA
AR VAP AAAAATA AR RTILUGQHTLRR* *
Q S R R PRPPRQRTDS S TS DD S GG RD s GG PRI RRIRGNIRGRG QR R

GGGACUGGUCCAGGGCCCCGCCCCCCCCGGAGGAGCGGCAAGAAACUCGCUCCCAGACUCCGGCCCCGAAGCCAUCGCGGGCGCCGCCACAACAGCCUCAACCCCCGCGCAUGCAARCCG
D WS R AP PP PEZERU QETU RS QTU®PAZPIKZPSRAZPUPOQOQ?PQPZPRM~OQTG

GGCGUGGGGGCUCUGCCCCGCGCCCCGAGCUGGGGCCACCGACCAACCCGUUCCAAGCAGCCGUGGCGCGUGGCCUGCGCCCGCCUCUCCACGACCCUGACACCGAGGCACCCACCGAGG
R G G S A P R P EVL GEPPTNUZPFQAA AV AIRGTILURU®PU®PULHDU®PUDTEH® BRTZ PTEA

CCUGCGUGACCUCGUGGCUUUGGAGCGAGGGCGAAGGCGCGGUCUUUUACCGCGUCGACCUGCAVUUUCACCAACCUGGGCACCCCCCCACUCGACGAGGACGGCCGCUGGGACCCUGCGC
cC VT S WL WS EGEGAV FYRVDULHTFTNILGTU®PUZPULUDEUDUGRWDUPAL

UCAUGUACAACCCUUGCGGGCCCGAGCCGCCCGCUCACGUCGUCCGCGCGUACAAUCAACCUGCCGGCGACGUCAGGGGCGUUUGGGGUAAAGGCGAGCGCACCUACGCCGAGCAGGACU
M Y N P C G P E P P A HV V RAYNOQPAGDV VU RGV WG KGERTYATETZGQTDTF

UCCGCGUCGGCGGCACGCGCUGGCACCGACUGCUGCGCAUGCCAGUGCGCGGCCUCGACGGCGACAGCGCCCCGCUUCCCCCCCACACCACCGAGCGCAUUGAGACCCGCUCGGCGCGLC
R VvV G G T R WHURULULRMZPVRGLDSGGD S AUPL?PPHTTEI RTIUETRSARH

AUCCUUGGCGCAUCCGCUUCGGUGCCCCCCAGGCCUUCCUUGCCEGGCUCUUGCUCGCCACGGUCGCCGUUGGCACCGCGCGCGCCGGGCUCCAGCCCCGCGCUGAUAUGGCGGCACCUC
P WR I RP GA P QATFULAGILILLATVAVYV GGTARAGLUZGQZPRADMMAARBATET?P
{~=> E2

CUACGCUGCCGCAGCCCCCCUGUGCGCACCCGCAGCAUUACGGCCACCACCACCAUCAGCUGCCGUUCCYCGGGCACGACGECCAUCAUGGCGGCACCUUGCGCGUCGGCCAGCAUUACC
T L P Q P P C A H G Q HY G HHHHQULUZPF L GHDGHUHGSGTTILI RV G Q H YR
GAAACGCCA&CGACGUGCU&CCCGGCCACUGGCUCCAAGGCGGCUGGGGUUGCUACAACCUGAGCGACUGGCACCAGGGCACUCAUGUCUGUCAUACCAAGCACAUGGACUUCUGGUGUG
N A S D VL P G HWUL QG G WG CYNILSDMWHUOQGTHV CHTIEKUHMMDTFWCUV
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UGGAGCACGACCGACCGCCéCCCGCGACC&CGACGCCUCUCACCACCGCGGCGAACUCCACGACCGCCGCCACCCCCGCCACUGCGCCGGCCCCCUGCCACGCCGGCCUCAAUGACAGC6
EHDRPPEPATEPTEPILTTA AASNSTTAATTPATAPAPCHA AGTLINTIDSC

GCGGCGGCU6CUUGUCUGGéUGCGGGCCGAUGCGCCUGCGCCACGGCGCUGACACCCGGUGCGGUCGGUUGAUCUGCGGGCUGUCCACCACCGCCCAGUACCCGCCUACCCGGUUUGGC&
6 6 F L $ 6 ¢C G PMURILURUHGADTU RTCSGRTIULITCGLSTTA AU QYUPZPTRTFGC

GCGCUAUGCGGUGGGGCCUUCCCCCCUGGGAACUGGUCGUCCUUACCGCCCGCCCCGAAGACGGCUGGACUUGCCGCGGCGUGCCCGCCCAUCCAGGCGCCCGCUGCCCCGAACUGGUGA
A M RW G L P P WEULVVLTAWZRUEPETDTSGWTT CRGV P AHUPTGA AU RTCZPETLUVS

GCCCCAUGGGACGCGCGACUUGCUCCCCAGCCUCGGCCCUCUGGCUCGCCACAGCGAACGCGCUGUCUCUUGAUCACGCCCUCGCGGCCUUCGUCCUGCUGGUCCCGUGGGUCCUGAUAU
P M GRATTCSPASALWMWTILATA ANATILSTILDU HATLA AA-ATFV L LV P WVILITF

UUAUGGUGUGCCGCCGCGCCUGUCGCCGLCGCEGCGCCGCCGCCGCCCUCACCGCGGUCGUCCUGCAGGGGUACAACCCCCCCGCCUAUGGCGAGGAGGCUUUCACCUACCUCUGCACUG
M VvV CRRACRI RRGAAAALTAV VL QGY NP P AY GEEA ATFTUYTULCT A
|--> E1

CACCGGGGUGCGCCACUCAAGCACCUGUCCCCGUGCGCCUCGCUGGCGUCCGUUUUGAGUCCAAGAUUGUGGACGGCGGCUGCUUUGCCCCAUGGGACCUCGAGGCCACUGGAGCCUGCA
P G C AT QAZPV?PVRILAGV VI RTFESIKIUVD GG CTFAZPWDTULEWA ATTGA AT CTI

UUUGCGAGAUCCCCACUGAUGUCUCGUGCGAGGGCUUGGGGGCCUGGGUACCCGCAGCCCCUUGCGCGCGCAUCUGGAAUGGCACACAGCGCGCGUGCACCUUCUGGGCUGUCAACGCCY
c EI P TD V S CE GLGAWUV P AAUPCARTIMWNGTAQRA ACTTFWAUVNAY

ACUCCUCUGGCGGGUACGCGCAGCUGGCCUCUUACUUCAACCCUGGCGGCAGCUACUACAAGCAGUACCACCCUACCGCGUGCGAGGUUGAACCUGCCUUCGGACACAGCGACGCGGCCU
S S G 6G YA QL ASYVF NP GG S Y Y KQY HEPTATCEVEUZPATFGHSDAN-BALSC

GCUGGGGCUUCCCCACCGACACCGUGAUGAGCGUGUUCGCCCUUGCUAGCUACGUCCAGCACCCUCACAAGACCGUCCGGGUCAAGUUCCAUACAGAGACCAGGACCGUCUGGCAACUC&
WG FPTDTVMS VF ALAS YV QHZPHI KTV RVYVY KT FHTETRTUVWAOQUL S

CCGUUGCCGGCGUGUCGUGCAACGUCACCACUGAACACCCGUUCUGCAACACGCCGCACGGACARCUCGAGGUCCAGGUCCCGCCCGACCCCGGGGACCUGGUUGAGUACAUVUAUGAAUY
VA GV S CNUVTTEUHU®PTFCNTZ®PHGQUL EV QVPPDUPGDIULV EYIMNY

ACACCGGCAAUCAGCAGUCCCGGUGGGGCCUCGGGAGCCCGAAUUGCCACGGCCCCGAUUGGGCCUCCCCGGUUUGCCAACGCCAUUCCCCUGACUGCUCGCGGCUUGUGGGGGCCACG&
T 6 NQ Q S RWOGUL G S P NI CHGPDWA ASZPVCQRUHSPDOCSURILVGATS?®P

CAGAGCGCCCCCGGCUGCGCCUGGUCGACGCCGACGACCCCCUGCUGCGCACUGCCCCUGGACCCGGCGAGGUGUGGGUCACGCCUGUCAUAGGCUCUCAGGCGCGCARGUGCGGACUCC
E RPRLRULV DADU DT? PULULRTAZPTG?®PGEV WV TZPVIGS QAIRIEKTCSGTLH

ACAUACGCGCUGGACCGUACGGCCAUGCUACCGUCGAAAUGCCCGAGUGGAUCCACGCCCACACCACCAGCGACCCCUGGCAUCCACCGGGCCCCUUGGGGCUGAAGUUCAAGACAGUU&
I R AGP Y GHATVEMZPEWTIUHAIHTTSDUPWHZPUPGPULGIUL KT FIE KTV R

GCCCGGUGGCCCUGCCACGCACGUUAGCGCCACCCCGCAAUGUGCGUGUGACCGGGUGCUACCAGUGCGGUACCCCCGCGCUGGUGGAAGGCCUUGCCCCCGGGGGAGGCAAUUGCCAU&
P VALPIRTULAPPRNVYVRYTGCYQCGTU®PALVYVESGTLAPSGS GG GNTZC CHTIL

UCACCGUCAAUGGCGAGGACCUCGGCGCCGUCCCCCCUGGGAAGUUCGUCACCGCCGCCCUCCUCAACACCCCCCCGCCCUACCAAGUCAGCUGCGGGGGCGAGAGCGAUCGCGCGACCE
T vV NG EDUL G AV P P G KF V TAA ALTLNTUEPZPZPYQV S CGGE s$ DR AT A

CGCGGGUCAUCGACCCCGCCGCGCARUCGUUUACCGGCGUGGUGUAUGGCACACACACCACUGCUGUGUCGGAGACCCGGCAGACCUGGGCGGAGUGGGCUGCUGCCCAUUGGUGGCAGE
R VvV I D PAAQ S F TGV VY GTHTTA AV S ETW RIGQTWATEWA AU A BAIUHWWOQTL

UCACUCUGGGCGCCAUUUGCGCCCUCCCACUCGCUGGCUUACUCGCUUGCUGUGCCAAAUGCUUGUACUACUUGCGCGGCGCUAUAGCGCCUCGCUAGUGGGCCCCCGCGCGAAACCCG&
T L 6GA I CAULUZPTULASGT LULACTCAIKTECTLYYULRGATIA AZPR *

ACUAGGCCACUAGAUCCCCGCACCUGUUGCUGUAUAG polyA

*
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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. Itis 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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Fia. 3. Open reading frame analysis of the RUB RNA. The positions 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 653%, 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
69% (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 eukaryotic 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/., 1886). 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 AGQG)
and only 13% 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 NH, 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 (Ahlquistet a/., 1985) and
to which no putative function has been assigned.

Two amino acid maotifs 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 al.,
1988). Both motifs were found in the RUB predicted
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A Alpha nsP3

CON CAPSYRv.R.dla...E.--*vvNaan*.g.*gdGVCrA* kkwP.sf..----- .at,.vGtao...... -
| b FEET P (|

RUB 814 AAGPVHLRVROIMDPPPGCKVVVNAANEGLLAGSGVCGAIFANATAALAANCRRLAPCPTGEAVATPGHGCG
CON ..viHAvgPNFo...Ea--egdo.La.*Yra-vA..vn..o* . SvAIPLLSTG*fsggkDR~- L.
FEEE o Il | i (I I I I |
RUB THIITHAVAPRRPROPAALEEGEALLERAYRSIVALAAARRWAC-VACPLLGAGVYGWSAAESLR

B Global Helicase

CON S v.g.PG.GKE. ... (33-133 aa).***0e*...0...%..%*.(0-18 aa)....***gd..0q..
I 11 ol
RUB 1346 ITRVUNMAAGAGKTTRILAAFT( 45 aa)RIYIDEAFTLGGEYCAFVA( 3 aa)TAEVICVGDRDOQCG
k s
CON ++e.(10-43 aa).R.(47-463 aa)..*.t*...qG.0.0.v.**_(10-21 aa).v**tR.o.0%. ..
| | I (I
RUB PHY( 14 aa)ERS( 58 aa)IRAYTVREAQGMSVGTACINV( 16 aa)IVSLTRASDALYLH

c Global Replicase

a
s
CON ¥‘..D'§.;0...g..'..(31<48 aa)..*. v ..., t6.. LY (2-37 aa)..o0....**"..GDD.**

Il I il | bl 1l
AIEVDFTEFDMN-QTLATR( 33 8a8)GSTETGCERTSGEPATLLHNTTVAMCHMANR] 2 2a)PKGVRWAGIFQGDOMVI

*T.e wEex,

RUB 1871

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 11 (Maizel 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) {J.
Strauss, personal communication}. (nvariant amino acids are capitalized and those found in at least four of the six alphaviruses are denoted in
lowercase. (B) The CON seqguence is a motif found in four Escherichia coli helicases and proteins in herpesviruses and nine famities of plant
and animal positive-polarity RNA virus families. Presentation is as in Gorbalenya et a/. (1988). (C) The CON sequence is a motif found in putative
replicases of 11 plant and animal positive-polarity RNA viruses (Kamer and Argos, 1984). Presentation adapted from a compilation by Rice et al.
(1988). 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 = hydrophaobic 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 similar to 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-lcop 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 5’ terminus 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 et al. (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'-*2P-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
1566 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 et al., 1986; Tsi-
ang et al., 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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unlikely that maintenance of the amino acid sequence
is the selective pressure maintaining the nucleotide se-
guence 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 segquence 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 a/.,
1989). The homologous sequence in the RUB genome is
20 nucleotides upstream from the RUB subgenomic RNA
start site (Frey et a/.,, 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 al., 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 (11,703 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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Fia. 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 superfamilies 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 unigue. 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 interviral 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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