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Nucleotide sequence of tomato ringspot virus RNA1

Michael E. Rott,'* Angus Gilchrist,” Lawrence Lee? and D’Ann Rochon**
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The nucleotide sequence of tomato ringspot nepovirus
(TomRSV) RNAI1 has been determined. TomRSV
RNAL1 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
picornavirus superfamily have provided information

concerning the genomic organization and putative
functions of TomRSV-encoded proteins. The putative
TomRSYV 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, 1991q), 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., 19915).
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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. RNAI 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 AUG,, or at the next in-
frame AUG codon at position 441 (see Rott et al.,
19914, b).

The predicted polyprotein sequence encoded by
TomRSV RNAI1 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 RNAL1 of the nepoviruses tomato
black ring virus (TBRV; Greif ef 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 § 5§ I C F A G
NNAGCGAARAATCTGGTGATATTCCAACTTCTCTCAATTCACACTTCCATTGTGTCGTTTIGTTTTCTTTTCTTTTGATGTCCTCCATTTGTTTCGCCGG

G N HARUL P S KA A Y Y RA I S DRETULUDU RETGI R FU®PCGOC L A
TGGCAACCACGCCAGGTTGCCATCGAAGGCTGCTTACTATCGGGCTATTTCCGATAGGGAGCTGGACCGCCGAGGGTCGCTTCCCTTGCGGGTGTCTAGCA

QY T V Q A P P P A KTQ E KAV R S ADIL QK GG NV A P L K K Q
CAGTATACTGTGCAAGCCCCCCCTCCTGCCAAGACACAGGAGAAAGCCGTAGGCAGCGTCCGCTGACCTCCAAAAGGGTAATGTTGCTCCCCTTAAGAAGC

R ¢C DV V V AV s GP P PULEULVY P ARV G Q HRULDQ@P S K G
AACGCTGCGATGTTGTGGTCGCAGTCTCTGGACCTCCTCCTTTGGAGTTGGTCTACCCTGCCCGGGTAGCGGCAACATAGGTTGGACCAACCTTCAAAAGG

P L AV P S A K QTS TAMEV VL SV GEAALTA AZPWTILIULTCS
TCCCTTGGCAGTTCCCTCTGCCAAGCAAACCTCCACTGCAATGGAGCTTGTTCTTTCTEGTCGGGGAGGCGGCTCTTACTGCCCCCTGGCTTCTCTGCTCC

Y K s GV s $ P P P PMUTQERQQFAATIZ KRI RILVQKGOQQTITIHR
TACAAGAGTGGAGTTTCTTCCCCCCCCCCCCCCATGACGCAARAGGCAGCAATTTGCTGCCATTAAAAGGAGGCTGGTCCAGAAGGGCCAGCARATTATTC

E'L I R A R KA A K Y A A F A A RIKKOAAAVYV A A Q K A RAE A P
GCGAGCTCATCCGAGCTCGCAAGGCGGCTAAGTATGCCGCCTTIGCCGCCCGGAAGAAGGCGGCAGCTGTGGCTGCCCARAAGGCACGAGCTGAGGCTCC

R L A A Q KA ATIAIKTITILIRDUROQTLVSLPUPPUPUPPSAAIRTILA
GCGCCTCGCGGCCCAARAGGCCGCARTTGCCAAGATCCTTCGGGATCGGCAATTGGTTTCCCTTCCCCCTCCTCCTCCTCCTTCTGCTGCCAGGTTGGCA

A E A EL A S K S A S L Q RL KAFHURANI RV VIR RUPUV L NNSTF P S
GCTGAGGCCGAATTGGCCTCCAAATCAGCCTCTCTTCAGAGGCTCAAGGCCTTTCATAGGGCCAACCGGGTTCGCCCGGTGTTAAACAATTCTTTTCCCT

P P L A CXK PDPAILULUEIRTILZRULATUPSRTCTVATI KU®RTZGQRTDF
CCCCCCCTTTGGCGTGCAAGCCAGATCCCGCTCTTCTTGAGCGGTTGAGGCTTGCTACGCCTTCACGCTGCACCGTTGCCACTAARAGGCAGCGGGATTT

V VA PLATZGQTIIRUVAI KT CASUHUOQEAYDS ST CRSTIULTIETEWTP
TGTTGTCGCCCCCCTTGCCACCCAAATTAGAGTGGCCARGTGTGCTTCCCATCAGGAAGCATATGATTCTTGTCGCTCCATTC TTATTGAGGAGTGGCCA

E S R Y L F G P L S F V GDWEUHV PGMIULMOGEQYRL CV L F S MV
GAGAGTAGGTATCTTTTCGGACCTCTCTCTTTTGTGGGTGATTGGGAGCACGTGCCTGGAATGCTCATGCAGTACAGGCTCTGCGTGCTGTTTTCTATGG

R DV MPATILSU LV ADTILHALU RS GTA AZPNTIUVFIXNAMST
TTAGGGATGTGATGCCTGCGCTTTCTCTCGTAGCAGATACATTGCATGCCTTGAGGAGCGGTACTGCTCCAAACATTGTTTTTAAAAATGCCATGAGCAC

A N Q I L E C S H S S HARAQGFGNUFULSURGI X S A ATINILAS
TGCAAATCAAATTTTAGAGTCCTCGCATTCCTCTCATGCAGCTCAAGGTTTCGGCAATTTT TTGAGTCGAGGCAAGAGTGCTGCTATTAATTTAGCTAGT

G L $§$ S F V 6 E KV VS GADNUHVV NI KA ASUEUV I VDI KTLTFUVZPFUV
GGTCTCTCTAGTTTTGTTGGAGAGAAAGTGGTTTCTGGTGCCAATCATGTTGTGAATAAGGCATCAGAAGTCATTIGTTGATAAGCTTTTTGTTCCCTTTG

K L L R EHFDDTTIGI KWTI P KILIULGH 2TUGQUZKTIUETETLWIRWSL
TAAAGCTTTTGCGGGAACATTTTGACGATACCATAGGTAAATGGATTCCCAAGTTACTGGGTGCCACACAGARAATTGAAGAGCTGTGGCGATGGTCGCT

E W A Q N M S K KL DV S LRV L RGSALVGVYV GGLUL L VS G 1
TGAGTGGGCGCAGAATATGTCTAAGAAATTCGACGTTTCTCTGCGCGTGCTGCGAGGTTCAGCCCTCGTTGGGETCGGTTTACTT TTGGTATCCGGCATT

L Y F A EQULL RS F GL L I V AGSF I S M P V G G CULUL A Y A G
CTTTATTTTGCGGAGCAGTTGCTTCGCTCTTTTGGCCTGCTAATTG TAGCAGGTTCTTTTATTTCTATG TTTG TAGGAGGCTGTCTATTGGCTTATGCCG

S M A G I F DEQMMZBRVYVIERGTIULCETIUPMTLTULYL KA P D P F
GTAGTATGGCTGGAATTTTTGATGAGCAGATGATGCGACGTCCGCGGTATTTTGTGCGAGATTCCCATGCTGCTTTATTTAAAAGCGCAGCCAGATCCGTT

F P K K S GGRAUPTOGQGLTDVF GV PILSIMNATIGTDSGULYV
TTTTCCTAAGAAATCTGGTGGACGAGCCCCAACTCAGGGGCTCACTGACGTTTTTGGCGTTCC TCTGAGTATCATGAACGCTATTGGCGATGGGCTAGTG

H B S L DTULTULMGI K F GAAMUDNVYVZRIKGTITC CMZBRSFV S WL
CACCATTCCCTTGATACTCTTACGTTAATGGGGAAATTTGGTGCAGCTATGGATAATGTCCGTAAGGGCATTACCTGTATGAGGTCATTTGTTTCATGGC

M E HL AL ALUDIZ KTITUGI K RTS ST FT FRETLATTILTINTFDVETZKTW
TTATGGAACACTTGGCCCTAGCTCTTGATAAGATAACTGGCAAGCGCACTTCTTTTTTTCGTGAACTTGCCACGTTAATTAATTTTGATG TTGAAAAGTG

vV RD S Q QY L L AAETI YVDGDTVV MDTUCRUHILILDIKGTL
GGTCCGAGATTCACAGCAGTATTTGCTTGCTGCTGAAATCTATG TGGATGG TGACACTGTCGTGATGGACACATGTCGCCACTTACTCGATAAGGGACTC

K L Q R M M V S A K S G C s FWNY GRULV GDULV KZ RILSDTULUHZEKR
AAGCTCCAGCGAATGATGGTCAGCGCTARATCTGGTTCCTCTTTTAATTATGGCCGTCTTG TTGGAGATCTCGTTAAAAGG TTGAGCGATTTGCACAAGA

Y ¢ A S G RRV HYIRULAPTFWVYLYGGUPRTU CGI K S L F A Q 8
GATACTGTGCTTCAGGACGCCGCGTGCATTATAGGTTAGCACCATTTTGGGTGTACTTATATGGCGGTCCTAGGTGCGGAAAATC TCTTTTCGCTCAGAG

F M NAA AV DUV FMGTTVDNU CYF KN ARUDUDTFMWS G Y RQE A
TTTCATGAATGCAGCTGTGGACTTCATGGGCACCACAGTTGACAATTG TTATTTTAAAAATGCTCGTGACGATTTTTGGAGCGGCTATCGCCAGGAAGCG

Fig. 1. For legend see page 468.
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1 ¢ ¢ VDDULSGSSCETSGQ®PSTIESTETFTIGQLTITTMRYGILNMA
ATATGCTGCGTTGATGATCTCTCCTCCTGCGARACGCAACCCTCCATTGAGTCGGAATTCATTCAATTGATAACGACAATGAGATATGGATTAAATATGG

G VEE KGA S F DS KMV I TTSNVFFTAPTTAIZKTIASKRA
CAGGAGTTGAGGAAAAAGGAGCCTCATTTGATTCGAAGATGGTTATCACAACATCTAATTTTT TCACGGCTCCAACTACTGCTAAGATTGCTAGCAAAGC

A Y NDRU RHACTITLVQRIEKEGVAYNUPSDUZPAARBMAMAMEA MAMTF
TGCCTACAACGATAGGCGTCACGCTTGCATTCTTCTTCAAAGAAAAGAAGGGGTTGCTTACAACCCAAGTGATCCTGCTGCTGCTGCGGAAGCGATGTTT

vV D § T T Q H PL S EWMSMOGQETLSAETLTZLTLRYOQOQHREAZQH
GTTGATAGTACTACTCAGCATCCGCTTTCCGAGTGGATGAGCATGCAGGAATTAAGTGCTGAGTTGTTGCTGCGTTACCAACAGCATAGGGAGGCTCAGC

A E Y S Y WK S TSRTTSHDVFDIULQZEKTCVNSGDTZOQWIL S L
ATGCAGAATATAGCTATTGGAAATCCACTTCGCGCACTTCTCATGATG TTTTTGACATCTTGCAGAAGTGCGTGAATGGGGATACCCAGTGGCTATCACT

P VvV DVIU®PUPSI R QQKHI KGN RVYVFAIDG G RTIVFMFUDYMMTL
TCCCGTTGACGTTATCCCTCCGTCTATTAGGCAGAAGCACAAGGGCAACCGAGTCTTCGCTATTGATGGAAGGATTTTTATGTTTGATTATATGACCCTA

E Y D E I K E K ENUILDARMHILEARTIULEIKYGDTURULTULTULE KW
GAGTACGATGAAATCAAGGAAAAAGAGAARTCTGGATGCTCGTCATCTGGAAGCTCGAATCCTTGAAAAGTACGGTGACACCCGCTTGCTTTTAGAARAGT

G A NGV VYV AQPF I E@QLULEGPSNVASTILEUVILSsSXKDSILES
GGGGTGCCAATGGAGTTG TTGCGCAATTTATTGAGCAACTTCTTGAGGGTCCTTCTAACGTTGCCTCCTTGGAGG TTTTATC TAAGGACTCCCTCGAGAG

H K E F F $ TIL 6L I ERATTULIRAMYQZX XK I DAAZREUTDTULMHTL
TCACAAGGAATTTTTTTC TACCTTGGGACTTATCGAGAGAGCTACCTTGCGTGCTGTGCAGAAGAAARTTGATGCCGCGCG TGAGGATTTGATGCATTTG

S 6 L K P GR SLTEULVFV EAYUDWVYANSGS G KTLULILVLAAYV
TCTGGTTTGAAACCAGGGCGCTCACTTACAGAATTG TTCGTTGAAGCGTATGAC TGGG TTTACGCCAACGG TGGTAAGCTCCTTTTAGTGCTTGCTGCCG

1 L I L F F G S A C1I KL MOQATIVFOCGA®RZGS GTUV S MAAV G K
TAATTTTGATTTTATTCTT TGGGTC TGCTTGTATARAGTTGATGCAGGCCATTTTTTG TGGTGCCGCAGGTGGTACTG TCAGTATGGCTGCTGTCGGGAA

M T V ¢ s T I P S G S Y A DV Y NAIRNMTR RV F RPQ S V Q G S8
AATGACCGTTCAATCGACGATTCCCTCCGGTAGTTATGCAGACGTGTACAATGCGCGCAACATGACACGCGTTTTCCGCCCACAATCTGTACAGGGTTCT

S L A E A Q F NE S HAVNMULVRIUDILU®PUDSGNUNTITISATCTRYFEFRG
TCTTTGGCGGAAGCGCAATTTAATGAATCGCACGCTGTGAATATGTTAGTGCGAATTGATTTACCTGATGGCAACATTATTTCTGCCTGCAGGTTTCGCG

K S L AL T K H Q AL T I P P G A K I HI VY TDNNUGNTIKAP
GAAAGTCTTTGGCTTTGACTAAACATCAGGCCTTAACCATACCGCCAGGTGCTAAAATCCATATTGTATATACTGACAACAATGGARATACCAAAGCACC

L. THPFF QP TG PNUGEUHUZ FTULRUFFNGTEUVTCTI Y SHUPAOQTLS
GCTGACTCATTTTTTCCAACCTACTGGACCCAATGGAGAACATT TTTTGAGATTCTTCAACGGGACAGAGGTTTGTATTTATTCCCACCCTCAACTTTCA

A L P G AP QNYVF L KDVETZKTISGDTIAIIKSGT CCGTIIKTILGHURTS
GCTTTGCCTGGCGCTCCACAAAATTATTTCTTGAAAGATGTGGAAAAAATATCTGGTGACATAGCCATTAAAGGTTGTGGCATCAAGCTAGGTAGAACCA

vV 6 ECV GV KDNUEWPVLNU HWRAYVAIKUV VR RTTTI KTITTIDNY
GCGTTGGCGAGTGTGTTGGTGTTAAGGACAATGAACCCGTCTTARATCACTGGCGCGCTGTCGCGAAGGTCCGCACCACCARGATCACTATCGATAATTA

s E G G DY S NDILUPTSTITI S EYVNSUPEDTGCGATLTULUVAHL
TTCAGAGGGTCGTGATTATTCCAATGATCTTCCTACGTCCATCATCTCTGAGTACGTAAATTCACCAGAAGATTGTGGCGCGCTTTTAGTCGCCCATCTT

E G G Y K I I GMHVAGS S Y PV EVDG GV QMUPURYTI S HASF
GAAGGTGGTTACAAAATCATAGGGATGCACGTGGCGGGATCCTCTTATCCTGTCGAGGTTGATGGAGTGCAGATGCCAAGATACATATCTCATGCCTCCT

F P DY S S F A POCOQ S s VIZKSTLTIGQEA BAGVETEIZRTSGV S K VG
TCTTCCCCGATTATTCTTCTTTIGCTCCTTGCCAGTCTAGTGTTATCAAATCTCTAATTCAAGAGGCTGGCGTTGAGGAGCGTGGGGTTTCTAAAGTGGG

H I K DPAETZ®PHVGG X T XK LELVDEA ATFTILUV?PS PV E VK
ACATATTAAAGATCCTGCTGAGACGCCCCATGTTGGAGGGAAAACTAAGCTTCGAATTGG TTGATGAAGCCTTCTTGGTGCCATCACCAGTTGAGGTARAG

I P §$ I1 L S K DDUPWRTIUPEA AMYIKSGYDUPULGDA AMET KT FYEPMIL
ATTCCCTCCATTCTGTCTAAAGATGACCCGCGCATTCCTGAAGCGTATAAGGGTTATGATCCATTGGGCGATGCCATGGAGAAGTTTTATGAGCCCATGT

DL DEDV L ESVMADMYU DETFYDOCQTTTULRTIMSDUDEV
TGGATCTGGACGAAGATG TCTTGGAGAGCGTTATGGCAGATATG TATGATGAATTCTATGATTGCCARACGACTCTCCGTATTATGTCTGATGACGRAGT

I N G S DF G F NI EAV YV K GTSEGYUPVF VL S RURUPGE K G
TATCAATGGCAGCGATTTTGGTTTCAATATTGAAGCCGTTG TCAAAGGTACTTCTGAAGGCTACCCGTTCG TTTTGAGTCGGCCGACCGGGCCAGAAGGGC

K A R F L EZEULEUP®QPGDTI KU®PIEKYKILUVVGTEVHSAMYVY AWM
AAAGCTCGCTTTTTAGAAGAGCTTGAACCCCAACCAGG TGACACTAAGCCTAAATATAAACTGGTTGTGGGCACTGAGGTGCATTCTGCTATGGTGGCGA

E Q Q A RTEVPULULTIGMDUV?PZKDERTLIKU®PS S KUVLETZ K?PTIKT
TGGAACAACAGGCGCGTACTGAAGTTCCTTTGCTTATTGGTATGGATGTTCCGAAGGATGAGAGACTCAAACCGTCTAAGGTGTTGGAGAAGCCGAAGAC

Fig. 1. For legend see page 468.
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R T F V VL P M¥ H Y NL L LRIKYV GILCS S MQV NIRUHURTILA
GCCTACATTCGTTGTTCTCCCAATGCACTATAACTTGCTGCTGCGTAAGTATGTGGGAATT TTGTG TTCTAGCATGCAAGTTAATAGGCATCGTCTAGCA

¢ A VvV 66 TN P Y &R DWTDTI Y Q RL AEIXKNS VYV AL NIZGCDY S RPF
TGTGCTGTGGGCACTAACCCATATTCGCGTGATTGGACGGACATTTATCAGCGCCTGGCTGAGAAARATTCAGTGGCCTTGAATTGTGATTATAGCCGCT

D 6 L L N Y Q@ A ¥ V HIVNUPFTINIZKULYNDEUHSTIVIRUGWUNTILTLM
TTGATGGGCTCCTCAATTACCAGGCATATGTGCATATTGTTAATT TTATTAATAAATTGTACAACGATGAACATTCTATCCTGCGTGGCAATCTTTTGAT

A MY GRW SV CGQURVPEVURAGMEPSSOGCAL TVITINSIL
GGCTATGTATGGTAGGTGGAGTGTGTGTGGGCAGAGAG TTTTCGAAGTCCGCGCTGGCATGCCCTCTGEGTGTGCGCTCACCGTGATCATCAATTCACTT

P N E ML I RY VY RTI TV PRUPILVNNTFIKUGEQEEUVCcCLTI VY G DD
TTTAACGAAATGTTGATCAGCTATGTTTATCGCATCACCGTACCACGCCCCCTTGTAAATAATTTTARACAGGAGG TG TGTTTCGATTGTTTATGCTGRTG

N L I I K P D TMIKYFNGEZ®Q@TIZKTTIULAIZ K YKV TTITUDG S
ATAATTTAATTTCTATTAAGCCGGACACCATGAAATATTTTAATGGTGAGCAAATCAAAACCATTCTGGCTAAATATAAAGTTACCATTACTGATGGCAG

D KN S PV L RAIKPULI KU QLDVFULKX RGTPFURVESUDGHRVL AP
TGATAAGAACTCACCTGTTCTTAGAGCCAAACCCTTGAAACAGCTCGATTTTTIGAACGAGAGGTTTCAGGG TTGAAAGTGATGGGAGGGTGCTTGCCCCT

L bLQATI Y S SL Y Y I NUPOQGNIILIKSTULUFILNA BAS® ®Q@VYVALIR REL
TTAGATTTGCAAGCTATCTATTCTTCCCTGTATTATATCAATCCGCAGGGAAATATATTAAAATCTTTG TT T TTGAATGCTCAAGTCGCTTTGAGAGAGT

Y L. H 6 DV EQ@ F TAV RNVFYVNQIGG GNTZFTILSULPQWRHC
TATATCTCCATGGCGATGTTGAGCAATTTACTGCTCTCAGGAATTT TTACGTCAATCAAATTGGCGGAAAT TTCTTGAGTCTACCCCAGTGGAGGCACTG

A S FHDEIGQY S Q WK PWS PV KFULEUVDVPDAI KT FILGQHK
CGCTTCGTTCCATGATGAACAATATTCTCAGTGGAAGCCGTGGTCTCCCGTTARAATTCTTGGAGGTAGATGTGCCCGATGC TARATTTTTACAGCATAAG

A P A T AL S I VADIRTLAVAGZPGWRNIKDZPDR RYTULUL Vs LT
GCGCCAGCTACTGCCCTCTCGATTGTTGCTGATAGGCTTCCTGTTGCAGGACCTGGCTGGCGTARTAAAGATCCAGACAGGTATCTGT TAGTGAGCCTTA

s L K A NEGGL Y VFPVDYGEGTOGOQOQATTEH RAZSTIIRA BAYRR
CCAGCTTGAAAGCAAATGAGGGTGGATTATACTTCCCCGTAGACTACGGGGAGGG TACAGGGCAGCAAGCCACGGARAGCTTCCATTAGAGCTTATCGTAG

L K DHRV RHMZBRDS WNUEGI KTTIVFRTCETGU®PUFV S G WA A
GCTAARGGATCATCGCGTACGCCATATGCGCGATTCCTGGAATCAGGGAARGACAATCGTGTTCCGATGCGAAGG TCCCTTTGTTTCAGGATGGGCAGCT

A I 88 F G TSV G MNA-BAOQDTILIULTINYOGTI QGG AHT KEYULGURYF
GCCATTTCCTTCGGTACTAGCGTTGGAATGAATGCCCAAGATCTCTTAATCAATTATGGTATACAAGG TGGCGCCCACAAGGAATATCTGGGACGCTACT

V G A RVF K EUL ERYDU RUPVFOQSURTITIAS *

TTGTTGGTGCTCGTTTTAAAGAGC TGGAGAGGTATGACCGACCTTTTCAGTCTCGTATAATTGCGAGCTARATCCTCTTTGAGGCGAGTAGCTGCCGTTA
GCAGCTTCCAAAAGGTGGCCTCTTAATTAGCTTTTAATAGGGGTTATCCAGCCTTAAGCAAGCTGCCACCGGTCCTGATGGACTACCAGGARAGCACCTG
GTTTGGAAGAATTCGAGTAAAATTCTTAAATCTTGTTTACTCGTGACTTATAGTACATTCAAGAGGAATGACTCATGTTTTGTTTATTTACATGATGGCA
TAAAGAGTTAACGGCTCATATGGTGCTCATTACGTTCAAGTG TTGAAGGATCCAATAGCCTTGAACTC TGGTGCCATG TGAGGAAATCCACGTTATCTCT
GATTGTCAAAATAGACTAGTCTAGGAGACGATAAATCCTATG TGGG TGAGTCCCACTCTGGCGAGACACGCAGTGCCTTTTATTIG TT TGAGGTTATCAA
ACATCATATCTTGAGTCTGCATTTAAATTCGAATAATGTAGTTGTCATAGCCTACCGATGAGTCTGCGAGAAAGGTTCCATGAGGACTTGGGTTGGCTAA
CCCCCACTTAATCTCTTCATAGATCATTCGACAGTGTGTCGAGARACTATGGGTTTTGACACCTTAAGGGAAGCGAGAGTTCTCGTATGGATATCACTCT
AATCATGGTACTTACCATGCCATGTTTAGAGTAAATCATCGCCTCCGACGG TG TGATACTTTCCTTAAGTTCTAGTCAARACGATAGTTICGTIGATCGTAT
GTGAAGCGTGGAGCGAGTTCGAAACGAACTGATTACCCGAGG TAGGACGCTATTGTTCCAGCCGTTTCTTATGGGCATAAGCTGTAAACTTGGTTTCGCA
AGCCATGCAGCACCTCCCGTTACTTGTGTACTTTCTAGGGGCTCCCGGCCTTCCTTCCGGTACAATACCTAGTGAAGCAAGTAATTGCGTTGAGGGATAA
GAGTAGCATGTTCCTACTTAAGGAAGGAATATGTCGTGTTTTCCACACGTTAGTG TTGCAATGCTGTAATGGCACTGCAGTGCAGGAATGGTTCCCAGCC
ACTTTTTCTGGGATTCTAATCGTACGTCACAATTGTGTGTGTATCGTTGACGGAGGAGTAGCGATCCTCTACCACGCGAGTCTGGAAGTGATTACCAGGS
CCTAAGATGGCCAGCACACGGTACGATTARATTTAGCTGTAATGTAGTGGTATGTTAAGTTGAGACTAACTTACCCGTACGAGTTAAACTCTAAGATGGA
TCTGTGTTCTGCCATCTTAGAGGAAGTAGATGTGTTTTTACCAATCTGAGACGAGCCGTTAATTCGGTGCT TTAATACGTCAATGATAATACTCGTGCAG
TTGCAGCTGCACGAGTATGTTGGTACACACAGTCTACTCGGATACGGTCGAGTTACCCTCACAATAGGGATTACTCTCTCAATCTTAACTACTGCAAGGA
CGTTGTTTTCGCAGGGTTTTGTTGGTCCGTTTGTCTTTCAAAACGCTGCTTTGCAATTTTCTTTTTTGTTTTATTGCTTTCGTAGTGTCGAACTTTGTCC
AAGTTCATAARAGC [poly(A)}
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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-x,,-L-x,,-
Lx,E (x, refers to the number of amino acids between
conserved residues) is located near the N-terminal region
of the TomRSV RNAI polyprotein beginning at amino
acid residue 482 where the second conserved L residue is
replaced by an F in TomRSYV (Fig. 2a). These conserved

amino acids were previously identified in other nepo- and
comovirus polyprotein sequences (Ritzenthaler ez 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 RNAI1 polyprotein sequence beginning
at amino acid residue 791 includes the ‘A’ and ‘B’ motifs



characteristic of NTP-binding proteins (Fig. 2b)
(Gorbalenya & Koonin, 1989 ; Gorbalenya et al., 19894).
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 ef 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-X,4-E-X,;-CG--x4-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. 2¢).
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, GCMYV and GFLYV,
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 ez 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
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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 RNAL-
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 RNAI polyprotein could be aligned with the
N-terminal region of the TBRV and GCMV RNAI
polyproteins but not with the N-terminal region of the
GFLYV polyprotein (Fig. 2e). The function of this region
of the polyprotein is unknown.

In polio, CPMYV 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 er 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 RNA1-encoded polyproteins of
the nepoviruses TBRV, GCMV and GFLYV (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 ef al.,
1986). A likely cleavage site between the TomRSV
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Fig. 3. Proposed genomic organization of TomRSV RNAI 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 TomRSYV 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 pelyproteins. 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
CPMYV 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 TomRSYV is shown aligned with that of nepoviruses and CPMYV. (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. (¢) 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 dl.,
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 15000 bases (RNA1
and RNA2 combined), due in part to the unusually large
size of the 3’ noncoding regions (Rott et al., 19915). 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 RNA1 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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