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Nucleotide sequence of tomato ringspot virus RNA1 
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The nucleotide sequence of tomato ringspot nepovirus 
(TomRSV) RNA1 has been determined. TomRSV 
RNA1 is 8214 nucleotides in length, excluding the 3' 
poly(A) tail, and contains a single long open reading 
frame (ORF) of 6591 nucleotides beginning at the first 
AUG codon at nucleotide position 78. This ORF 
accounts for 80 % of the RNA1 sequence and would give 
rise to a polyprotein with a predicted molecular mass of 
244 kDa. Amino acid sequence comparisons between 
portions of the TomRSV RNAl-encoded polyprotein 
and proteins encoded by several members of the 
picornavirns superfamily have provided information 

concerning the genomic organization and putative 
functions of TomRSV-encoded proteins. The putative 
TomRSV protease retains a conserved histidine residue 
present in the proteases encoded by members of the 
como-, poty- and poliovirus groups which is thought to 
be involved in dipeptide cleavage site recognition. 
Interestingly, this histidine residue is replaced by a 
leucine in the proteases of other sequenced nepoviruses. 
This suggests that the TomRSV protease shares dipep- 
tide cleavage site specificity with that of como-, poty- 
and picornaviruses rather than the other nepoviruses. 

Tomato ringspot virus (TomRSV), a member of the 
nepovirus group, is a 28 nm spherical virus. The bipartite 
genome is plus sense RNA which contains a VPg at the 
5' termini and a poly(A) tail at the 3' termini. Expression 
of the TomRSV genome likely occurs through the 
production of a long polyprotein which is subsequently 
cleaved by a viral-encoded protease. Nepoviruses have 
been included in a larger picornavirus-like supergroup 
together with the plant como- and potyviruses and the 
animal picornaviruses (Goldbach, 1987). 

The complete nucleotide sequence of TomRSV RNA2 
has been determined and was shown to code for the coat 
protein (Rott et al., 1991a), a putative cell-to-cell 
movement protein (Wieczorek & Sanfacon, 1993) and an 
N-terminal polyprotein(s) of unknown function(s). The 
sequences of approximately 1.1 and 1.5 kb at the 5' and 
3' termini, respectively, of TomRSV RNA1 have been 
previously described and show near perfect nucleotide 
sequence identity with corresponding sequences at the 5' 
and 3' termini of RNA2 (Rott et al., 1991b). 

* Author for correspondence. Fax + 1 604 666 4994. e-mail 
ROCHON@PARGVA.AGR.CA 

t Present address: Department of Zoology, University of British 
Columbia, Vancouver, British Columbia V6T 1Z1, Canada. 

The nucleotide sequence data reported in this paper have been 
deposited in GenBank and assigned the accession number L19655. 

Preparation of TomRSV RNA1 cDNA clones has 
been described previously (Rott et al., 1988, 1991b). 
Cloning, sequencing and sequence analysis methods were 
as described previously (Rott et al., 1991 a, b). 

The complete nucleotide sequence of TomRSV RNA1 
is shown in Fig. 1. RNA1 is 8214 nucleotides in length 
excluding the 3' poly(A) tail and contains one long open 
reading frame (ORF) initiating at the first AUG codon 
(nucleotide 78) and terminating at a UAA stop codon 
(nucleotide 6669). The polyprotein encoded by RNA1 
has a predicted molecular mass of 244 kDa and accounts 
for approximately 80% of the RNA1 coding capacity. 
As previously noted, it is not known whether initiation of 
protein synthesis occurs at AUG78 or at the next in- 
frame AUG codon at position 441 (see Rott et al., 
1991a, b). 

The predicted polyprotein sequence encoded by 
TomRSV RNA1 was examined for motifs characteristic 
of putative protease cofactors, NTP-binding proteins, 
viral cysteine proteases and RNA-dependent RNA 
polymerases. Fig. 2 aligns the motifs identified in the 
TomRSV polyprotein with those present in the poly- 
proteins encoded by RNA1 of the nepoviruses tomato 
black ring virus (TBRV; Greif et al., 1988), grapevine 
chrome mosaic virus (GCMV; Le Gall et al., 1989), and 
grapevine fanleaf virus (GFLV; Ritzenthaler et al., 
1991), as well as B RNA of the comovirus cowpea 
mosaic virus (CPMV; Lomonossoff & Shanks, 1983), 
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M S S I C F A G 

1 NNAG CGAAAAA TCTGGTGATATTCCAACTTCTCTCAATTCACACTTCCA TTGTG TCGTT'I'I"G T~TCTTTTCTTTTGA TGTCCTCCATTTGTTTCG CCGG 

G N H A R L P S K A A Y Y R A I S D R E L D R E G R F P C G C L A 

i01 TGGCAACCACGCCAGG TTGCCA TCGAAGG CTG CTTACTATCG GGCTATTTCCGATAGGGAG CTGGACCG CGAGGG TCG CTTC C CTTGCGGGTG TC TAG CA 

Q Y T V Q A P P P A K T Q E K A V G R S A D L Q K G N V A F L K K Q 

201 CAGTATA CTG TG CAAGCCCCCCCTCCTGCCAAGACACAGGAGAAAG CCG TAGGCAG GTC CG CTGACCTCCAAAAGGGTAATG TTG C TCC C CTTAAGAAG C 

R C D V V V A V S G P P P L E L V Y P A R V G Q H R L D Q P S K G 

301 AA CG C TG CGA'PG TTG TGG TCG CAG TC TC TGGACCTCCTCCTTTG GAGTTGG TCTACCCTGCCCGGG TAG GG CAACATAGGTTGGACCAACCTTCAAAAGG 

P L A V P S A K Q T S T A M E V V L S V G E A A L T A P W L L C S 

401 TCCCTTGG CAG TTCCCTCTGCCAAG CAAACCTCCACTGCAATGGAG GTTGTTCTTTCTG TCGGGGAGGCGGC TCTTAC TGCCCCCTGG C TTCTCTGCTCC 

Y K S G V S S P P P P M T Q R Q Q F A A I K R R L V Q K G Q Q I I R 

501 TACAAGAGTGGAGTTTCTTCC C CC CCCCC CC CCATGACG CAAAGGCAG CAATTTG CTGCCATTAAAAGGAGG C riB3 G TCCAGAAGGGCCAG CAAATTATTC 

E L I R A R K A A K Y A A F A A R K K A A A V A A Q K A R A E A P 

601 G CGAGCTCA TC CGAGCTCG CAAGGCGGCTAAG TATG CCG CC TTI~GC CG C CCGGAAGAAGGCGGCAG CTG ~GCTG CCCAAAAG GCACGAGCTGAGG CTC C 

R L A A Q K A A I A K I L R D R Q L V S L P P P P P P S A A R L A 

701 G CG C CTCG CGG CCCAAAAGGC CGCAA TTG CCAAGATCCTTCGGG ATCGG CAATTGG q'TTCCCTTCCCC C TC C TCC TCCTCCTTCTGCTG C CAG GTTC-GCA 

A E A E L A S K S A S L Q R L K A F H R A N R V R P V L N N S F P S 

801 G C TGAGGCCGAATTGGCCTCCAAATCAG CCTC TC TTCAGAGG CTCAAGGCC T~TCATAGGGCCAAC CG GGTTCGC CCGG TG TTAAACAATTCTTTTCC CT 

P P L A C K P D P A L L E R L R L A T P S R C T V A T K R Q R D F 

901 CCCCCCCTTTGGCGTGCAAG C CAGATCCCGCTCTTCTTGAGCGGTTGAGGCTTGCTACGCCTTCACGCTGCACCGTTG CCACTAAAAGGCAGCGGGATTT 

V V A P L A T Q I R V A K C A S H Q E A Y D S C R S I L I E E W P 

I001 TG TTG TCG CCC C CC TTGCCACC CAAATTAGAG TGG CCAAGTG TG CTTCC CATCAGGAAGCATA TGATTCTTG TCG CTCCATTCTTAT'DGAGGAG TGGCCA 

E S R Y L F G P L S F V G D W E H V P G M L M Q Y R L C V L F S M V 

ii01 GAGAG TAGG TATCTTTTCGGAC CTCTCTCTTTTGTGGGTGATTGGGAG CACGTG CCTGGAATG CTCATG CAG TACAGGC TCTGCG TGC TG TTTTCTATGG 

R D V M P A L S L V A D T L H A L R S G T A P N I V F K N A M S T 

1201 TTAGGGATG TGA TG CCTGCGCTTTCTCTCGTAGCAGATA CA TTGCA TG CCTTGAGGAGCGG TACTG CTC CAAACATTG T~fTTAAAAA TG CCATGAGCAC 

A N Q I L E C S H S S H A A Q G F G N F L S R G K S A A I N L A S 

1301 TG CAAATCAAATTTTAGAG TG CTCG CATTCCTCTCATG CAG CTCAAGG T'I'rCGG CAATTTTTTGAGTCGAGGCAAGAG TGCTG CTA TTAATTTAG CTAGT 

G L S S F V G E K V V S G A N H V V N K A S E V I V D K L F V P F V 

1401 G G TCTCTCTAG T'FTTGTTGGAGAGAAAGTGG TTTC TGG TG C CAATCATG TTG T~AATAAGG CATCAGAAGTCATTGTTGATAAGCT'ITTT(3TTCC CTTTG 

K L L R E H F D D T I G K W I P K L L G A T Q K I E E L W R W S L 

1501 TAAAGCTTTTG CGGGAA CA TTTTGACGATACCATAGGTAAATC, GATTC CCAAGTTACTGGG TGCCACACAGAAAATTGAAGAG CTG TGG CGATGG TCG CT 

E W A Q N M S K K L D V S L R V L R G S A L V G V G L L L V S G I 

1601 TGAGTGGG CGCAGAATATG'PCTAAGAAATTGGACG TTTCTCTGCGCGTG CTGCGAGGTTCAGCCC TCG TTGGGGTCGGTTTACTTTTGGTATCCGG CATT 

L Y F A E Q L L R S F G L L I V A G S F I S M F V G G C L L A Y A G 

1701 CTTTA TTTTGCGGAGCAG TTGCTTCGCTC TTTTGG C CTGCTAATTG TAG CAGGTTCTTTTATTTCTATGTTTGTAGGAGGCTG TCTATTGGCTTATGC CG 

S M A G I F D E Q M M R V R G I L C E I P M L L Y L K A Q P D P F 

1801 G TAG TATGG CTGGAA'I~TTTGA TGAG CAGATGATGCGAG TCCGCGG TATTTTGTGCGAGATTCCCATGC TG C TTTATTTAAAAGCG CAGC CAGATCCGTT 

F P K K S G G R A P T Q G L T D V F G V P L S I M N A I G D G L V 

1901 TT%~f CCTAAGAAATCTGG TGGA CGAG CC C CAA CTCAGGGGC TCA C TGACGTTTTTGGCG TTCC TCTGAG TA TCATGAACGCTATTG GCGATGGGC TAGTG 

H H S L D T L T L M G K F G A A M D N V R K G I T C M R S F V S W L 

2001 CACCA TTC CCTTGATAC TC ~'fACG TTAATGGGGAAA~f'FTGG TGCAG CTATGGATAATGTCCGTAAGGG CATTACC TGTA TGAGGTCATTTGTTTCATGGC 

M E H L A L A L D K I T G K R T S F F R E L A T L I N F D V E K W 

2101 TTATGGAACAC TTG G CC C TAG CTCTTGA TAAGATAACTGGCAAG CG CA CTTCTTTTTTTCG TGAACTTGCCACGTTAA TTAATTTTGATG TTGAAAAGTG 

V R D S Q Q Y L L A A E I Y V D G D T V V M D T C R H L L D K G L 

2201 G G TCCGAGATTCACAGCAG TATTTG CTTGCTG CTGAAATCTA TGTGGA TGG TGA CACTG TCG TGATGGACACATGTCG C CACTTA C TCGA TAAGGGACTC 

K L Q R M M V S A K S G C S F N Y G R L V G D L V K R L S D L H K R 

2301 AAGCTCCAGCGAATGATGGTCAGCGCTAAATCTGGTTGCTCTTTTAATTATGGCCGTCTTG TTC-GAGATCTCGTTAAAAGGTTGAG CGATTTGCACAAGA 

Y C A S G R R V H Y R L A P F W V Y L Y G G P R C G K S L F A Q S 

2401 GATA C TG TG CTTCAGGACG CCGCGTG CATTATAGGTTAG CA CCATTTTGGGTGTACTTA TATGGCGGTC CTAGGTG CGGAAAATC TCTTTTCG CTCAGAG 

F M N A A V D F M G T T V D N C Y F K N A R D D F W S G Y R Q E A 

2501 TTTCA TGAA TG CAG C TG TG GAC TTCATGGGCACCACAG TTGACAATTG TTATTTTAAAAATG CTCG TGACGATTTTTGGAG CGGC TATCG CCAGGAAG CG 

Fig. 1. For legend see page 468. 
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I C C V D D L S S C E T Q P S I E S E F I Q L I T T M R Y G L N M A 875 

2601 ATATG CTGCGTTGATGATCTCTCCTC CTG CGAAACG CAACCC TCCAq~PGAG TCGGAATTCATTCAATTGATAACGACAATGAGATATGGA TTAAATATG G 

G V E E K G A S F D S K M V I T T S N F F T A P T T A K I A S K A 908 

2701 CAGGAGTTGAGGAAAAAGGAGCCTCATI~fGATTCGAAGAq~GTTATCACAACATCT AATTTTTTCACGGCTCCAAC TACTG C TAAGATTG CTAGCAAAGC 

A Y N D R R H A C I L V Q R K E G V A Y N P S D P A A A A E A M F 941 

2801 TG CC TACAACGATAGGCG TCA CGCTTGCATTCT?G TTCAAAGAAAAGAAGGGG TTGCTTACAACCCAAG TGATCC TGCTGC TGCTG CGGAAGCGATGTTT 

V D S T T Q H P L S E W M S M Q E L S A E L L L R Y Q Q H R E A Q H 975 

2901 G TTGA TAGTAC TAC TCAG CATCCGCTTrCCGAGTGGATGAG CATG CAGGA ATTAAGTG CTGAG I~fGq'TGCTG CGTTACCAACAGCATAGGGAGGCTCAG C 

A E Y S Y W K S T S R T S H D V F D I L Q K C V N G D T Q W L S L 1008 

3001 ATGCAGAATATAGC TATTGGAAATCCACTTCGCG CACTTCTCATGATG TTTTTGA CATCTTG CAGAAGTGCG TGAATGGGGA TAC C CAG T@G CTATCA C T 

P V D V I P P S I R Q K H K G N R V F A I D G R I F M F D Y M T L 1041 

3101 TC CCG TTGACGTTATCCCTCCGTCTATTAGGCAGAAGCACAAGGGCAAC CGAGTC TTCG cTA TTGATGGAAGGATTTTTATG T%~fGATTATATGACcC TA 

E Y D E I K E K E N L D A R H L E A R I L E K Y G D T R L L L E K W 1075 

3201 GAGTACGATGAAATCAAGGAAAAAGAGAATCTGGATGC TCG TCATC TG GAAGCTCGAA TCCTTGAAAAG TACGGTGACACCCG CTTGCTTTTAGAAAAG T 

G A N G V V A Q F I E Q L L E G P S N V A S L E V L S K D S L E S 1108 

3301 GGGGTGCCAATGGAGTTG TTG CGCAA TTTATTGAG CAACTTCTTGAC=GG TCC TTCTAACGTTG CCTCCTTGGAGG TTTTATC TAAGGA C TCCCTCGAGAG 

H K E F F S T L G L I E R A T L R A V Q K K I D A A R E D L M H L 1141 

3401 TCACAAGGAATTTTTTTCTACCTTGGGACTrATCGAGAGAGCTACC TI~GCGTGCTGTGCAGAAGAAAATTGATGCCGCGCGTGAGGATTTGATGCATTTG 

S G L K P G R S L T E L F V E A Y D W V Y A N G G K L L L V L A A V 1175 

3501 TcTGGTTTGAAACcAGGGCGCTCAcTTACAGAATTGTTCGTTGAAGCGTATGACTGGGTTTACGCcAACGGTGGTAAGCTCCTTTTAGTGCTTGCTGCCG 

I L I L F F G S A C I K L M Q A I F C G A A G G T V S M A A V G K 1208 

3601 TAATTTTGATTTTATTCTTTGGGTCTGC TTG TATAAAG TTGATGCAGG CCATTTTTTG TGGTG CCGCAGGTGG TA C TG TCAGTATGGCTG CTG TCGGGAA 

M T V Q s T I P S G S Y A D V Y N A R N M T R V F R P Q S V Q G S 1241 

3701 AATGACCG TTCAATCGACGATTCC C TCCGGTAGTTA TG CAGACGTG TACAATGCG CGCAACATGACACG CGTTTTC CG CCCA CAATCTG TACAGGG TTC T 

S L A E A Q F N E S H A V N M L V R I D L P D G N I I S A C R F R G 1275 

3801 TC~'FTGG CGGAAGCGCAATTTAATGAATCGCACGCTGTGAATATG TTAGT~CGAATTGATTTACC TGA TGG CAACATTATTTCTGCCTGCAGG TTTCG CG 

K S L A L T K H Q A L T I P P G A K I H I V Y T D N N G N T K A P 1308 

3901 GAAAG TC TTTGGCTTTGACTAAACA TCAGGC C TTAACCATAC CGCCAGG 93 CTAAAATCCATATTG TA TATACTGACAACAATGGAAATACCAAAG CACC 

L T H F F Q P T G P N G E H F L R F F N G T E V C I Y S H P Q L S 1341 

4001 G CTGACTCATTTTTTCCAACCTACTGGA CCCAATGGAGAACATTTTTTGAGATTC TTCAACGGGA CAGAGGTTTG TATTTATTCC CACCC TCAAC TTTCA 

A L P G A P Q N Y F L K D V E K I S G D I A I K G C G I K L G R T S 1375 

4101 G C TTTGC CTGG CG C TCCACAAAATTATTTCTTGAAAGATGTGGAAAAAA TATCTGG TGACATAGCCATTAAAGGTTGTGG CATCAAGCTAGGTAGAACCA 

V G E C V G V K D N E P V L N H W R A V A K V R T T K I T I D N Y 1408 

4201 G CGTTGG CGAGTGTG TTGG TG TTAAGGACAATGAAC CCG TCTTAAATCACTGGCG CGC TGTCG CGAAGG TCCGCAC CACCAAGATCACTATCGATAATTA 

S E G G D Y S N D L P T S I I S E Y V N S P E D C G A L L V A H L 1441 

4301 TTCAGAGGGTGG TGATTATTC CAATGATC%~fCCTACGTCCATCATCTCTGAG TACGTAAATTCACCAGAAGATTG TC, G CGCG C TTTTAGTcGCCCATCTT 

E G G Y K I I G M H V A G S S Y P V E V D G V Q M P R Y I S H A S F 1475 

4401 GAAGG TGG TTACAAAATCA TAGGGATGCACG TGGCGGGATC CTCTTATCCTGTCGAGGTTGATC43AGTGCAGATGCCAAGATA~TATCTCA~CC~CT 

F P D Y S S F A P C Q S S V I K S L I Q E A G V E E R G V S K V G 1508 

4501 TC~'FC CCCGATTATTCTTCTTTTG C TCC TTG C CAG TCTAGTG TTATCAAATCTC TAATTCAAGAGG CTGGCGT~AGGAGCG TGGGGTTTCTAAAG TGGG 

H I K D P A E T P H V G G K T K L E L V D E A F L V P S P V E V K 1541 

4601 ACATATTAAAGATCCTGCTGAGACGCCCCATGTTGGAGGGAAAACTAAGCTTGAATTGGTTGATGAAGCCTTCTTGGTGccATCAcCAGTTGAGGTAAAG 

I P S I L S K D D P R I P E A Y K G Y D P L G D A M E K F Y E P M L 1575 

4701 ATTCCCTCCATTC"?G TCTAAAGATGACCCGCGCATTCC TGAAGCGTATAAGGG TTATGA TC CATTGGGCGATG CCATG GAGAAGTTTTATGAGCCCATGT 

D L D E D V L E S V M A D M Y D E F Y D C Q T T L R I M S D D E V 1608 

4801 TGGATCTGGACGAAGATG TCTTGGAGAG CGTTATGG CAGATAq~ TATGATGAATTCTATGATTGC CAAACGA C TCTCCG TA TTATGTCTGATGACGAAG T 

I N G S D F G F N I E A V V K G T S E G Y P F V L S R R P G E K G 1641 

4901 TATCAATGG CAGCGATTTTGG TTTCAATATTGAAGCCGTTG TCAAAGG TACTTCTGAAGGCTACCCGTTCGTTTTGAG TCGGCGACCGGG CGAGAAGG G C 

K A R F L E E L E P Q P G D T K P K Y K L V V G T E V H S A M V A M 1675 

5001 AAAGCTCGCTTTTTAGAAGAG•TTGAACCC•AACcAGGTGA•ACTAAGCCTAAATATAAACTGGTTGTGGGCACTGAGGTGCATTCTGCTATGGTGGCGA 

E Q Q A R T E V P L L I G M D V P K D E R L K P S K V L E K P K T 1708 

5101 TGGAA CAACAGGCG CGTACTGAAG TTCCTTTGCTTATTGG TATGGATGTTC CGAAGGATGAGAGACTCAAACCGTCTAAGG TG TTG GAGAAGCCGAAGAC 

Fig. 1. For legend see page 468. 
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R T P V V L P M H Y N L L L R K Y V G I L C S S M Q V N R H R L A 1741 

5201 GCGTACATTCGTTGTTCT CCCAATG CACTATAACTTGCTGCTGCGTAAGTATGTGGGAATTTTGTGTTCTAGCATGCAAGTTAATAGGCATCG TCTAG CA 

C A V G T N P Y S R D W T D I Y Q R L A E K N S V A L N C D Y S R F 1775 

5301 TG TC C 5~3 TGGG CACTAACC CA TATTCGCG TGATTGGACGGACATTTATCAG CGC CTGG CTGAGAAAAA TTCAG TGG CCTTGAATTGTGATTATAG C CG CT 

D G L L N Y Q A Y V H I V N F I N K L Y N D E H S I V R G N L L M 1808 

5401 TTGATGGG CTC C TCAATTACCAGGCATATGTGCATATTGTTAATTTTA TTAATAAATTGTACAACGATGAACATTCTA TCGTG CG TGGCAATC TTTTGAT 

A M Y G R W S V C G Q R V F E V R A G M P S G C A L T V I I N S L 1841 

5501 GG CTATG TATGG TAGGTGGAG TGTG TGTGGGCAGAGAG TTTTCGAAGTCCGCGCTGGCATGCCCTCTGGGTG TGCG CTCACCGTGATCA TCAA TTCACTT 

F N E M L I R Y V Y R I T V P R P L V N N F K Q E V C L I V Y G D D 1875 

5601 TTTAACGAAATG TTGATCAGGTATG TT'fATCGCATCACCGTACCACGCCCCCTTGTAAATAATTTTAKACAGGAGGTG TGTTTGA T99TTTATGGTGATG 

N L I S I K P D T M K Y F N G E Q I K T I L A K Y K V T I T D G S 1908 

5701 A TAATTTAA TTTCTATTAAGC CGGACAC CATGAAATATTTTAATGG TGAGCAAATCAAAAC CATTCTGG CTAAATATAAAG TTACCATTACTGATG GCAG 

D K N S P V L R A K P L K Q L D F L K R G F R V E S D G R V L A P 1941 

5801 TGATAAGAACTCACCTG TTCTTAGAG CCAAACCCTTGAAACAG CTCGATTTTTTGAAGAGAGGTTTCAGGG TTGAAAGTGATGGGAGGG TGCTTG CCCCT 

L D L Q A I Y S S L Y Y I N P Q G N I L K S L F L N A Q V A L R E L 1975 

5901 TTAGATTTG CAAGC TATCTATTCTTCCCTGTA TTATATCAATCCGCAGG GAAATATATTAAAATCTTTG TTTTTGAATG CTCAAG TCG CTTTGAGAGAG T 

Y L H G D V E Q F T A V R N F Y V N Q I G G N F L S L P Q W R H C 2008 

6001 TATATCTCCATGGCGATG TTGAGCAATTTACTGCTI3TCAGGAATTTTI~ACGTCAATCAAATT(2GCGGAAATTTCTTGAG~TA~C~G~A~CACTG 

A S F H D E Q Y S Q W K P W S P V K F L E V D V P D A K F L Q H K 2041 

6101 CG CTTCGTTCCATGA TGAACAATATTCTCAG TGGAAGC CGTGGTC TCCCGTTAAATTCTTGGAGG TAGATGTG CCCGA TG C TAAATTTTTACAGCATAAG 

A P A T A L S I V A D R L A V A G P G W R N K D P D R Y L L V S L T 2075 

6201 G CGCCAG CTAC TGCCCTC TCGATTG TTG CTGATAGG C~CTGTTGCAGGA CCTGG CTG GCG TAATAAAGATCCAGACAGG TATCTGTTAGTGAG C CTTA 

S L K A N E G G L Y F P V D Y G E G T G Q Q A T E A S I R A Y R R 2108 

6301 C CAG C Z'I~3AAAG CAAATGAGGG TGGA TTATACTTCCCCGTAGACTACGGGGAGGG TACAGGG CAGCAAG CCACGGAAG CXTCCATTAGAG CTTATCGTAG 

L K D H R V R H M R D S W N E G K T I V F R C E G P F V S G W A A 2141 

6401 G CTAAAGGATCATCGCGTA CG C CATATGCGCGATTCCTGGAA'I~AGGGAAAGACAATCGTGTTCCGATG CGAAGGTCCC TTTGTTTCAGGATG GG CAGCT 

A I S F G T S V G M N A Q D L L I N Y G I Q G G A H K E Y L G R Y F 2175 

6501 G CCATTTC CTTCGG TAC TAGCG'I~fGGAATGAA TG CCCAAGATCTCTTAATCAATTATGGTATACAAGG TGGCG CC CACAAGGAA TATC TGGGACG CTACT 

V G A R F K E L E R Y D R P F Q S R I I A S * 2197 

6601 TTGTTGG TGCTCG TTTTAAAGAGCTGGAGAGG TATGAC CGA CCTTTTCAGTCTCG TATAATTG CGAGCTAAATCCTCTTTGAGGCGAG TAGCTGCCGTTA 

6701 G CAG CTTC CAAAAGG TGG CCTCT?AATTAGCTTTTAATAGGGGTTATCCAGCCTTAAGCAAG CTGGCAC CGG TCCTGATGGAC TACCAGGAAAGCACCTG 

6801 G TTTGGAAGAATTCGAGTAAAATTCTTAAATCT'rG TTTACTCGTGACTTATAGTACATTCAAGAGGAATGAC TCATGTTTTGTTTA'FrTA CATGATGG CA 

6901 TAAAGAG TTAACGG CTCATATG GTG CTCATTACG TTCAAGTGTTGAAGGATC CAATAG C CTTGAAcTG TGG TG CCATG TGAGGAAATCCA CG TTA TCTCT 

7001 GATTGTCAAAATAGA CTAGTCTAGGAGACGATAAA TCCTATG TGGG TGAGTCCCACTCTC43CGAGACA CGCAG TG C CTTq"fATZ'I~G TTTGAGG TTA TC~ 

7101 A CATCATATCTTGAG TC TG CATTTAAATTCGAATAATG TAG TTG TCATAGCCTAC CGA TGAG TCTG CGAC, AAAGG TTC CATGAGGACTTGGGTTGG CTAA 

7201 CC CCCACTTAATCTCTTCATAGATCATTCGACAG TGTGTCGAGAAACTATGGGTTTTGACAC C TTAAGGGAAGCGAGAGTTCTCG TATGGATATCACTCT 

7301 AATCATGGTACTTACCATGCCATGTTTAGAGTAAATCATCG CCTCGACGGTGTGATACTTTCCTTAAGTTCTAGTCAAACGATAG TTTCG TTGATCGTAT 

7401 GTGAAGCG TC43AGCGAG TTCGAAACGAAC TGATTACCCGAGG TAGGACG CTA TTG TTCCAGGCGTTTCTTATGGGCATAAGCTG TAAACTTGG TTTCG CA 

7501 AG CCA T~ CAGCA CC TCCCG TTA CTTG TG TACTTTCTAGGGG CTCC CGG CCTTCC TTCCGGTACAATACCTAG TGAAGCAAG TAATTGCGTTGAGG GATAA 

7601 GAGTAGCA TGTTCC TACTTAAGGAAGGAATATGTCG TG TTTTCCACACG'I'FAGTG TTGCAATGCTG TAA TGG CAC TGCAGTGCAGGAATGGTTCCCAGCC 

7701 A C TTTTTCTGGGATTCTAA TCG TACG TCACAATTG TGTGTG TATCG TTGACGGAG GAG TAG CGATCCTCTACCACG CGAGTC'I~AAG TGATTACCAGG G 

7801 CC TAAGATGGCCAG CACACGG TACGAX'fAAATTTAGCTGTAATG TAG TGGTATG TTAAG TTGAGACTAACTTACCCG TACGAG TTAAA CTCTAAGATGGA 

7901 TGTG TG TTC'I~3 C CATCTTAGAGGAAGTAGATG TGTTTTTACCAATC TGAGACGAGCCG TTAATTCGGTG CTTTAATACGTCAATGATAATAC TCG TGCAG 

8001 TTGCAGC TG CACGAG TATGTTGGTACACACAGTCTACTCGGATACGGTCGAG TTACCC TCACAATAGGGATTACTCTCTCAATCTTAACTAC TGCAAGGA 

8101 CG q'I'GTTTTCG CAG GGTTTTG TTGG TCCG TTTGTG TTTCAAAACG C TG CTTTGCAAq~f TTCTTTTTTG TTTTATTG CTTTCGTAG TGTCGAACTTTGTCC 

8201 AAGTTCATAAAAGC [poly(A) ] 

Fig. 1. Nucleotide sequence and deduced amino acid sequence of  TomRSV RNA1 cDNA. The first two nucleotides are undetermined 
and are each represented by an N. Numbers to the left of  the sequence refer to nucleotide sequence position and numbers to the right 
refer to amino acid sequence position. 

and the genomic RNAs of the potyvirus tobacco etch 
virus (TEV; Allison et  al., 1986) and poliovirus 
(Racaniello & Baltimore, 1981). 

A conserved amino acid sequence, F-x~<W-Xll-L-x21- 
Lx~E (x n refers to the number of amino acids between 
conserved residues) is located near the N-terminal region 
of the TomRSV RNA 1 polyprotein beginning at amino 
acid residue 482 where the second conserved L residue is 
replaced by an F in TomRSV (Fig. 2 a). These conserved 

amino acids were previously identified in other nepo- and 
comovirus polyprotein sequences (Ritzenthaler et  al., 
1991) and a protease cofactor function was suggested 
(Ritzenthaler et al., 1991). The CPMV 32K protein 
contains this sequence and has been demonstrated to 
function as a cofactor for the CPMV 24K protease (Vos 
et al., 1988; Peters et al., 1992). 

The TomRSV RNA1 polyprotein sequence beginning 
at amino acid residue 791 includes the' A' and' B' motifs 
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characteristic of NTP-binding proteins (Fig. 2b) 
(Gorbalenya & Koonin, 1989; Gorbalenya et al., 1989a). 
The highly conserved 'A'  and 'B'  site motifs are 
Gxx(G)xGKS/T and D/ED, respectively, and can be 
widely separated (x refers to any amino acid; the residue 
in brackets is not necessarily conserved in all cases). 
Global similarity between amino acid sequences sur- 
rounding the NTP-binding domain of TomRSV and the 
other viruses is very low, making it difficult to align these 
regions except at the conserved motifs. The TomRSV 
sequence contains the hydrophobic residues LLVLAA- 
VILILFT C-terminal to the NTP-binding domain 
(amino acid residues 1169-1182) which is predicted to be 
a transmembrane domain by the method of Argos et al. 
(1984). The como-, poty- and picornavirus proteins 
which contain the NTP-binding domain also contain a 
very hydrophobic putative transmembrane spanning 
sequence at the C terminus. This sequence is thought to 
be important for anchoring the replication complex to 
the lipid membrane (Dorssers et al., 1984; Goldbach & 
van Kammen, 1985, and references therein; Takeda et 
al., 1986). 

Viruses which use a polyprotein strategy encode the 
proteolytic enzymes required for polyprotein maturation. 
A region N-terminal to the putative TomRSV RDRP 
and beginning at amino acid residue 1283 contains a 
motif (H-x46-E-X lo1 -CG--xs -GxxxxxGxHxxG)  character- 
istic of known viral cysteine proteases in which the 
residues H, E and C (italicized) form the putative 
catalytic triad of the enzyme (Bazan & Fletterick, 1989; 
Gorbalenya et al., 1989 b; Hammerle et al., 1991 ; Dessens 
& Lomonossoff, 1992; Margis & Pinck, 1992) (Fig. 2c). 
Interestingly, the TomRSV protease domain contains an 
H residue (underlined) at amino acid position 1451 
which is conserved among the como-, poty- and 
picornaviruses but not the other nepoviruses. Como-, 
poty- and picornavirus proteases preferentially cleave at 
only a few common dipeptide sites (Q/M, Q/S, Q/G, 
E/S and E/G;  see Hellen et al., 1989) and it has been 
suggested that for the picornaviruses, the conserved H 
residue within the protease domain may be important for 
cleavage site recognition (Bazan & Fletterick, 1988). It 
has also been suggested that cleavage by proteases 
encoded by the nepoviruses TBRV, GCMV and GFLV, 
which have a different dipeptide specificity, may be due 
to replacement of the H residue with L in these proteins 
(Bazan & Fletterick, 1988; Demangeat et al., 1990; 
Ritzenthaler et al., 1991). The presence of this H residue 
in the TomRSV protease suggests that the cleavage sites 
for maturation of the TomRSV polyprotein may be 
similar to those of como-, poty- and picornaviruses (see 
below). Pairwise alignments (not shown) of the amino 
acid sequences of the putative proteases of TomRSV and 
the other viruses shown in Fig. 2 (c) show that TomRSV 

shares a greater degree of amino acid sequence identity 
with GFLV (32 %) than with the proteases of the other 
viruses compared (21-26 %). 

The C-terminal region of the TomRSV RNA1- 
encoded polyprotein contains sequences characteristic of 
known and putative RNA-dependent RNA polymerases 
(RDRP) (Argos, 1988) (Fig. 2d). The amino acid 
sequences surrounding the TomRSV RDRP motif could 
be aligned with varying degrees of success with the other 
RDRP-containing proteins. The best match occurred 
with GFLV which was 39% over 691 amino acids and 
was followed by 37 %, 39 % and 40% similarity over 
476, 462 and 492 amino acids with TBRV, GCMV and 
CPMV, respectively. In the three latter alignments, 
similarity near the 3' terminus is not apparent. Only 25 % 
and 23% similarity was detected with TEV and 
poliovirus over a reduced span of 191 and 260 amino 
acids, respectively. TEV and poliovirus encode smaller 
RDRPs with smaller C-terminal regions compared with 
the TomRSV putative RDRP (Fig. 3). 

Sequences beginning at amino acid residue 138 of the 
TomRSV RNA1 polyprotein could be aligned with the 
N-terminal region of the TBRV and GCMV RNA1 
polyproteins but not with the N-terminal region of the 
GFLV polyprotein (Fig. 2e). The function of this region 
of the polyprotein is unknown. 

In polio, CPMV and GFLV, the amino acid sequence 
for the small 5' genome linked protein (VPg) is located 
between the NTP-binding and protease proteins 
(Racaniello & Baltimore, 1988; Goldbach & Rezelman, 
1983; Zabel et al., 1984; Pinck et al., 1991). Due to the 
small size of the VPg and its low degree of conservation 
the sequence of the VPg cannot be stated with certainty 
and is only tentatively located as described below and in 
Fig. 3. 

As described above, the putative TomRSV protease 
may have a dipeptide cleavage site specificity which 
resembles that of como-, poty- and picornaviruses rather 
than other nepoviruses. Consequently, assignment of 
cleavage sites for delineating protein-coding regions was 
based on the known cleavage sites (Q/S, Q/M, Q/G, 
E /G and E/S) commonly used for maturation of como-, 
poty- and picornavirus polyproteins (Hellen et al., 
1989; Palmenberg, 1990; Wellink et al., 1986). The 
locations of these sites were then compared with the 
locations of known cleavage sites for CPMV, as well as 
the putative sites for the RNAl-encoded polyproteins of 
the nepoviruses TBRV, GCMV and GFLV (Pinck et al., 
1991 ; Ritzenthaler et al., 1991 ; Le Gall et al., 1989; Greif 
et al., 1988; Margis et al., 1994). Fig. 3 shows the 
proposed genomic organization and cleavage sites for 
the TomRSV RNA1 polyprotein compared with those 
previously described for CPMV B RNA (Wellink et al., 
1986). A likely cleavage site between the TomRSV 
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TomRSV 482 ~DDTI--XI3--IEELWRWSLE~--XII--L--X21--FA~ 

TBRV 463 [RECI--XI3--IEVMIKKVKD~--XII--~--X21--LL~ 

GCMV 462 [REAL--XI3--VEVLIARVKS~--XII--L--X21--LI~ 

GFLV 471 ~DVTM--XI3--LKKIWEKLSE~--XII--~--X21--~V~ 

CPMV 192 [EKMV--XI3--LSQLWDKIVQ~--XII--~--X21--~V~ 

Consensus F W L L E 

(b) * . . . . . . . .  
TomRSV 791 WVYLY~GPRCGKSLFAQSFMN--X29--AICCVDDLSSCE 

TBRV 776 WIYLF~QRHCGKSNFMATLDN--X28--TFFHVDDLSSVK 

GCMV 758 WIYLW~PSHCGKSNFMDVLGM--X28--TIMEIDDLSSIK 

GFLV 776 WVYIF~ASQSGKTTIANSIII--X30--ACVKVDDFYAIE 

CPMV 489 TIFFQ~KSRTGKSLIMSQVTK--X29--PFVLMDDFAAVV 

TEV 1342 DFLVR~AVGSGKSTGLPYHLS--X68--DFVIIDECHVND 

Polio 1250 CLLVH~SPGTGKSVATNLIAR--X27--GVVIMDDLNQNP 

Consensus G G GKS DD 

T E 

"A" site "B" site 

( ~  * * *** * ******* 

TomRSV 1,283 ~--X46--~--X96--NSPED~d~ALLVAHLE~GYKII~Mh"VA~ 

TBRV 1,270 ~--X38--~--X86--SRNDDCGMIILCQIK~KMRVV~MLVA~ 

GCMV 1,256 ~--X38--~--X86--SRNNDCGMLLTCQLS~KMKVV~MLVA~ 

GFLV 1,284 ~--X44--~--Xgl--AKKYD~/lALAVAVIQ~IPKVIAMLVS~ 

CPMV 987 ~--X35--~--X86--TIPEDCGSLVIAHIG~KHKIV~Vh~/A~ 

TEV 2,083 ~--X34--~--X64--TKDGQ~SPLVSTRD~--FIV~I~SAS 

Polio 1,607 ~--X30--~--X71--TRAGOCGGVITC--T~--KVI~M~[VG~ 

Consensus H E CG G G H G 

(d) **** "**** *** ** ** * ******** 

TomRSV 1,769 NC~YSRF~GLL--X49--PS~CAL~VII~S--X28--LIVYGDDNLI 

TBRV 1,716 NC~YSGF~GLL--X54--PS~FAL~VVV~S--X28--LLVYGDDNLI 

GCMV 1,701 NC~YSGF~GLL--X54--PS~FAL~VVM~S--X28--LLVYGDDNLI 

GFLV 1,732 YC~YKAF~GLI--Xs0--PSGCAL~a/VL~S--X28--LITYGDDNVF 

CPMV 1,433 CC~YSSF~GLL--X51--PS~FPM~VIV~S--X33--LVTYGDDNLI 

TEV 2,525 DA/2GSQF~SSL--X52--NS~QPS~VVD~T--X22--YYVNGDDLLI 

Polio 1,979 AF~YTGY~ASL--X45--PS~CSG~SIF~S--X24--MIAYGDDVIA 

Consensus D D G T N GDD 

(e) 

TomRSV RNAI 138 
TomRSV RNA2 138 

TBRV RNAI 189 

GCMV RNAI 189 

TomRSV RNAI 198 

TomRSV RNA2 197 

TBRV RNAI 253 

GCMV RNAI 253 

. ^ , • ^ ^^. ^ ^ ***^ ^ . 

LLCSYKSGVSSP PPPMTQRQQFAAI KRRLVQKGQQ I IREL .... I RARKAAKYAAFAARKKAA 
LLRPCK- GEAPPPPPLTQRQQFAALKKRLAVKGQQ I I REH .... I RARKAAKYAA IAKAKKAA 

KLNKAKALGEAHRSAVARAQAKAEVLREFEPS PQQ I QRALEAQ I FADRLSRKYAALTARVRAK 

K LTKANALGAAHRSAVATAQAKAEVLREFE P S PAH I Q I AVKAH I FAEKLS RKYADLTAQVRAR 

• . ^ . ^ ^ . ^^^ ^ ^ ^ . ^ 

AVAAQKARAEAPRLAAQKAA IAK I LRDRQLVS L PP P P P P SAAR LAAEAELAS KSAS LQRLKAF 

ALAAVKAAQEAPRLAAQKAA I SKI LRDRDVAAL PP P P P P SAAR LAAEdkE LASKAES LRRLKAF 

RAAARELREKELF LETQDLLNAPLLPPMEKVGI ERKY- RKVRPTGSNVTSTPKPNVLENLCPF 

RAAARDLRAKEI YLEIVDLLGAPLLS I PQQI KI KGKYLR- - RSVAAEVEVPHTRNPMAE LVPY 

Fig. 2. For  legend see opposi te .  
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TomRSV RNA1 

CPMV BRNA 

TBRV RNA1 

GFLV RNA1 

65K 

Q/S 
? Q/G Q/S Q/G Q/M 

I \ /  I 
[]  

protease 66K NTP 2.7K 25K 
co-factor VPg protease 

Q/S Q~ Q/MQ~ 
I : /  I 

--! nl n I I U  
32K 5 8 K N T P  4K 24K 
protease VPg protease 
co-factor 

protease 
co-factor 

C/A 

I 
--! In 

45K 

VPg 

NTP protease 

n 
82K RDRP 

a t  ]--AAA 
87K RDRP 

RDRP 

C/S G/E R/G 

[] II U - 
88K NTP 2.9K 24K 92K RDRP 

VPg proteas¢ 

kAA 

Poliovirus 

CP VPg 

-II I i I I [] I l l U  mmF-' " 
V P 4 V P 2  VP3 V P l  protease NTP protease RDRP 

VPg 

TEV J m "4 I I I [] II 4 I r 
protease HC-protease NTP protease RDRP CP 

Fig. 3. Proposed genomic organization ofTomRSV RNA1 and comparison with other members of the picornavirus superfamily. Lines 
indicate noncoding sequence and the bars represent the polyprotein sequence encoded by the long ORFs. Vertical lines through the 
bars indicate known and putative protease cleavage sites (see below). Dashed lines indicate additional cleavage sites possible in this 
region. The conserved amino acid sequences are indicated by the similarly shaded boxes. Abbreviations are: coat protein (CP), 
NTP-binding domain (NTP), RNA-dependent RNA polymerase (RDRP), helper component (HC) and poly(A) tail (AAA) and 
designate putative functions for the predicted proteins. The TomRSV polyprotein sequence was scanned for the dipeptides E/S, E/G, 
Q/G, Q/M and Q/S, which are common cleavage recognition sites within como-, poty- and picornavirus polyproteins. Potential 
protease cleavage sites in the TomRSV RNA1 polyprotein are shown. Cleavage sites of the CPMV B RNA polyprotein are shown as 
a comparison and aided in the identification of the TomRSV cleavage sites. The sizes of the cleaved products of TomRSV, GFLV and 
CPMV are indicated along with their known and putative functions. 

Fig. 2. Alignment of portions of the TomRSV-encoded polyprotein with motifs identifying the putative protease cofactor, NTP-binding 
protein, cysteine protease, RDRP and N-terminal coding region of several members of the picornavirus superfamily. (a) Protease 
cofactor. The region containing the protease cofactor motif of TomRSV is shown aligned with that of nepoviruses and CPMV. (b) NTP- 
binding domain. Asterisks indicate identical amino acid residues in at least four of seven sequences. (c) Cysteine protease. Asterisks 
indicate identical amino acid residues in at least four of seven sequences. (d) RDRP. Asterisks indicate identical amino acid residues 
in at least four of seven sequences. (e) N-terminal region of TomRSV polyprotein. Asterisks indicate identical residues in all four 
sequences and a caret indicates identical amino acid residues in three of four sequences. Dashes are spaces inserted into the sequence 
to maximize alignment. In all figures, X,  refers to the number of amino acids separating the conserved residues or sites. Underlined 
residues are the most highly conserved as determined from these alignments, and numbers to the left of the sequence refer to amino 
acid residue position in each viral polyprotein. 
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putative protease and the RDRP domain could occur at 
the Q/M dipeptide located at amino acid position 
1465-1466. This site aligns with the Q/G cleavage site of 
CPMV. Three potential cleavage sites were found 
between the NTP-binding and protease domains. It is 
possible that cleavage at the protease side could occur at 
either the Q/S site located at position 1236-1237 or at 
the Q/G site at position 1239-1240. Another potential 
cleavage site at the NTP-binding domain side occurs at 
the Q/S site at position 1212-1213. The region between 
the two Q/S sites is 24 amino acids in length. This is 
identical in size to the GFLV VPg protein (Pinck et  al., 
1991) and only four amino acid residues shorter than the 
CPMV VPg protein (Goldbach & Rezelman, 1983). 
However, proper identification of this region as encoding 
the TomRSV VPg cannot be confirmed since the proteins 
are too short to be aligned with certainty. A likely 
cleavage site between the putative protease cofactor and 
the NTP-binding domains is the Q/G site at position 
620-621. This site corresponds closely with the Q/S site 
of CPMV. Additional N-terminal cleavage sites are 
possible but cannot be predicted due to limited amino 
acid sequence similarities with the proteins of the other 
viruses compared. 

A comparison of the genomic organization of 
TomRSV RNA1 with those of TBRV, GFLV, CPMV, 
TEV and poliovirus is shown in Fig. 3. The comparison 
demonstrates the conservation of sequence and relative 
order of proteins encoded by TomRSV and the other 
members of the picornavirus-like supergroup. The 
TomRSV genome contains a number of unusual features 
when compared to that of other nepoviruses. TomRSV 
has a relatively large genome of over 15 000 bases (RNA 1 
and RNA2 combined), due in part to the unusually large 
size of the 3' noncoding regions (Rott et  al., 1991b). In 
addition, the 5' noncoding regions are identical and 
consequently there is extensive amino acid sequence 
identity in the N-terminal regions of the polyproteins 
encoded by RNA 1 and RNA2. The many unique features 
suggest that TomRSV be considered a member of a 
distinct subgroup of nepoviruses as previously suggested 
by Martelli (1975). Partial sequence data from the cherry 
leafroll virus genome (Scott et  al., 1992) indicate that it 
may also belong to this subgroup. Sequence analysis of 
peach rosette mosaic and myrobalan latent ringspot 
virus may indicate that all of these viruses belong to a 
distinct nepovirus subgroup. 

This work was partially supported by NSERC operating grant 
number OGP0043840. We thank Fabienne Hans for her excellent 
critical review of this manuscript. 
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