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ABSTRACT
The nucleotide sequence of the RNAl of hungarian grapevine chrome mosaic virus, a nepovirus
very closely related to tomato black ring virus, has been determined from cDNA clones. It is 7212
nucleotides in length excluding the 3' terminal poly(A) tail and contains a large open reading frame
extending from nucleotides 216 to 6971. The presumably encoded polyprotein is 2252 amino acids
in length with a molecular weight of 250 kDa. The primary structure of the polyprotein was compared
with that of other viral polyproteins, revealing the same general genetic organization as that of other
picorna-like viruses (comoviruses, potyviruses and picornaviruses), except that an additional protein
is suspected to occupy the N-terminus of the polyprotein.

INTRODUCTION
As in the other nepoviruses, the genome of hungarian grapevine chrome mosaic virus
[GCMV, (1)] is constituted of two positive sense, single-stranded RNAs, separately
encapsidated in icosahedral particles. The RNAs are polyadenylated at their 3' end and
probably covalently linked with a small polypeptide (VPg) at their 5' end (2). The molecular
weights of GCMV RNAs are estimated at about 2.8 x 106 Da (RNA1) and 1.6x 106 Da
(RNA2) upon gel electrophoresis under denaturing conditions. Studies on the distribution
of genetic functions between genome segments of nepoviruses have shown that RNA1
is able to replicate independently in protoplasts (3) and thus codes for the information
necessary for viral replication. RNA2 encodes a protein mediating viral cell-to-cell spread
(3) as well as the coat protein (4).
GCMV is closely related to tomato black ring virus (TBRV) both serologically (5) and

by nucleic acid hybridization (6). Pseudorecombinants have been obtained between GCMV
and TBRV (7) and GCMV can cross protect Chenopodium quinoa Wild against the severe
apical necrosis caused by the strain S ofTBRV (8, 9). Those similarities made some authors
regard GCMV as a strain ofTBRV (8) although others considered them to be two distinct
viruses (10). Sequencing of the TBRV genome has recently been achieved (11, 12, 13)
and its genetic organization was found to be very similar to that of the comovirus cowpea
mosaic virus (CPMV) (15, 16).
We have determined the nucleotide sequence of GCMV RNA1. Together with the

sequence of GCMV RNA2 (Brault et al., accompanying paper), this completes the
sequencing of the genome of GCMV. Comparison of the deduced translation products
ofGCMV RNA1 with other viral proteins provides further information about the genetic
organization of nepoviruses.
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Figure 1: Sequencing strategy of GCMV RNAI. The VPg at the 5' end and the poly(A) tail at the 3' end of
the viral RNA (thick line) are represented. Arrows represent the extent of the data obained from a single sequencing
reaction. A: sequences determined from independent cDNA clones; B: sequences obtained from subclones;
(dsRNA) : sequence obtained previously by direct RNA sequencing (2); (M&G) data obtained by chemical
sequencing of a 5' termninal cDNA.

MATERIALS AND METHODS
Virus propagation and viral RNA preparation
GCMV was obtained from Dr. G.P. Martelli (Bari, Italy) and routinely propagated in
the herbaceous host Chenopodium quinoa Wild. Virus and viral RNAs were purified as
previously described (7).
Cloning of cDNA
Priming of the first strand of the cDNA was with oligo(dT) (pdT12_18, Pharmacia) and
the reverse transcriptase of avian myeloblastosis virus (AMV RTase, Genofit). Synthesis
of the second strand was done either using RNase H, Escherichia coli DNA Polymerase
I and DNA ligase (17) or using the Klenow fragment ofDNA polymerase I after priming
with a synthetic oligonucleotide homologous to the 5' end of the viral RNA (18).
The double-stranded cDNA was inserted into the SmaI site of the plasmid Bluescribe

(Stratagene) and the ligation mixture used to transform competent E. coli cells (strain DH5a,
BRL). Colonies with the [LacZ-, AmpR] phenotype were selected and recombinant
plasmids characterized by restriction analysis after extraction by the alkaline lysis method
(19). Clones containing overlapping cDNA sequences were selected for the determination
of the nucleotide sequence.

5 3'

ViriLcp RNA VPg-UUGGAAAAUU - --

(-) intrand oHa-ACCUUUUAA ---

3' 5'

Figure 2: Evidence for the presence of an additional uridine at the 5' end of the virion RNA, as compared
with the 3' end of the minus strand in a putative dsRNA molecule (2).
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Subcloning of cDNA fragments
Some restriction fragments (EcoRI, HindHI, Hpall, PstI, PvuII, SstI, TaqI) obtained from
two independent clones were subcloned (18, 19, 20) into pBluescribe. In addition,
overlapping deletions in a full-length cDNA insert were produced using random
deoxyribonuclease I digestion (21).
Nucleotide sequence determination and analysis
The nucleotide sequence was determined by the chain-termination method (22), using
supercoiled plasmid DNA as the template. The DNA was extracted from a 5 ml overnight
culture by a modified alkaline lysis method (23) and further treated with 4/tg proteinase
K in 60AI TE buffer (10mM Tris-Cl, ImM EDTA, pH=8.0) containing 0.5% (w/v) SDS
(37°C, 30 min), phenol extracted and precipitated in 0.5M NaCl, 6.5% PEG (0°C, lh).
The pellet was resuspended in 50f1 TE and 8yd were used for sequencing. After a 5-min
denaturation of the template in 0.4M NaOH, l5pmol of the sequencing primer were added
and the DNA ethanol precipitated.
The sequencing reactions were made using a synthetic 17-mer oligodeoxynucleotide

primer complementary to vector sequences of the T3 or of the T7 promoter, depending
on the end of the insert to be sequenced. SequenaseTm (USB) was used following the
supplier's indications and [35S]dATPaS (Amersham) incorporated as the radiolabel.
Alternatively, AMV RTase (Genofit) and [a-32P] dATP were used according to Zagursky
et al. (23).

Analysis of the sequence was made using the Cornell DNA sequence analysis package
(24), the NIH Molecular Biology PC-tools distribution package, the program CLUSTAL
(25) and the PC-GENE package (Genofit), run on a Micral (Bull) microcomputer.

RESULTS AND DISCUSSION
Nucleotide sequence and coding capacity ofRNA]
Overlapping independent cDNA inserts (Fig. 1-A) were used to determine most of the
nucleotide sequence of GCMV RNA1. In several regions where no independent clones
were available, subclones were used (Fig. 1-B). The complete sequence was determined
on both cDNA strands, and the major part of it was verified at least 3 times independently.

In a previous study (2), the 3' terminal sequence of the minus strand in GCMV dsRNAs
was unambiguously determined. In order to confirm this result on the virion strand, a
5' terminal cDNA obtained by primer extension was chemically sequenced (26). As shown
on figure 2, the comparison of these two sequences provide evidence for the presence
of an extra non-templated uridine at the 5' end of the virion strand. The GCMV RNA1
sequence is 7212 nucleotides in length, excluding the poly(A) tail and including the VPg-
bound uridine.
Only one ORF, representing almost the full coding capacity of the RNA, has been

identified in the positive (viral) sense. No other ORF, either in the positive or the negative
strand, exceeds 396 nucleotides in length. The ORF begins at position 216 or 219, where
the two first AUG codons in the sequence occur as a doublet. Both of the putative initiation
codons are in a context known to enhance translation in eukaryotic cells (27, 28), with
a G or an A at position -3, but the second AUG is in a better context than the first one
for translation in plants (29), with A's at positions -3 and -4 and a G at position +4.
Translation of RNA1 probably starts from one of these two AUG codons and ends at the
opal codon at position 6972, resulting in a 2251 or 2252 amino acids protein, with a
calculated molecular weight of about 250 kDa. A polypeptide of molecular weight 250
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121 AAucGGuouuucuuuIuGGGouyAuuGAAGAAccACUACCGAAG;UIGGGGAACG)(CCCCAACAUCCGAAGG1GCAG;AUAOGCGCCUCAUAAAUUGAA AUG A'UG GAU AGC ACC AUC
(M) K K 8 T U 6

234 AUA UUA CCC GAG 0CC AAkA GAG AAU GAG AGU UUA AAU AAA UAU UUA lUG GAG AAG UCU AAU UUA GAC AlA GAG UUA GAG AOU GUI AA VUGU
I L F Y A K Y K Y S L K K Y L F Y N S N L D IU D L D S F N F 36

324 UAC AAA AAA UAC AAU AAU ACC CII UC6 CUC UUA AAG AGA AAG GIG UUA GAG UUA GUC UGU AUG CCUGUGU UCC UCC UCU UCC CCC CCI GCC
Y K K Y K N T L S L L K K K F L D L F C I F V S N S S P P A 66

414 All CAA AAG AAUGOGC C'UU CUU UCA CCU UCC AAU CCG AAO CAl GIG GUC GCU GIG 0CC AAC lUGU UC OUG GAG IOU GGA GUG AAU CCA UUC
I Q K 8 U L L S A S N P K H L F A F A N F V L U C G V K F F 96

504 CUC CAA AUG UGIG GAG GAG ACA UGIGICC AAC UGIG CCA GIG UUC CAA GOC CAA UCA CUU UGU 0CC UGC UGC CGC ACC ACU GIG GAG GUG CGA
L 0 I 6 K K T L A N 9 P L F Q G Q 5 L L A C C K T T A K V RK 126

594 AGA GAG GCCI GCU GAG ICC UCG GCCU GAA AUC CIG CII CUG AAG CAl GIG GAG CGC GAA CAC GCG GUC CAA GCU GAG lUG AAA UCC CUC AUG
R E A A K A U A E I L K L K Q V K K KE K A F 0 A K V K S L U 156

6K4 GCUGICU CIA GCA UGU CCC GCU UGU 0CC GAG GIC CII GCG CIA AAA AC UGIG ICC 0C OGIG AAG GAG CAG AGA AGO G6G CIA GUI OCIU AGC
A A G A L F A C A EK I L A K K I W S A G0 K U Q R K V K V A U 186

774 CGC ACC AAA CUC ACC AA GICC GAGU GCC UGG GGC GCG GCC CAC CGU U&UGICG GUI 0CC ACUG0CC CAG CCA GAJG GCC GAG GUG GUG AGC GAG
K T K L T K A N A L I A A H K S A V A TI A Q A K A K V L R EK 216

864 Ill GAG CCC GCA CCC ICC CAU AUC CAA AUC 0CC GUI AAG GCG CAC AGA GtUI GCG GAG GAG CGC GCC CGC AAA GAUGIC GAG CUG ACC GCG
F K P U F A K I 0 U A V K A K I F A KE K L U K K Y A K L T A 246

954 CAG GU0 CIA GCG AGO; COG GCA GCUGICC CIA GAG CGC CGU GCA GAG GAG AGC UAC CUIG lAG AUC GUG GAG CUC GIG GIGU GCA CCC CUG CIG
I V K A K K A A A RK U L N A K K I Y L K I V U L L 0 A F L L 276

1044 UCG AUC CCC CAG CAG A6l GAA AGC GAC 010 AAA GAG 010 CGA COGU UCC GUC OCA GCCC GAG GUG GAO OUC CCC CAC ACU COG GAGU CCC AUGO
I F I Q I K U K GU K Y L K K S V A A EK V KE V F H T K K F K 306

1134 GCA GAA 010 GIG CCA UAC GAAOGGA CUC GIG GCG GUC GCUGOCU GAG CCC CGU UGC UGO GIG GUG 0CC CGA UGU OGU AAA UUC UCU ICC ACA
A K L V F Y K I L G0 A V K A U F R C W V V A Q9 C G K F S A T1 336

1224 CAl ICC AAU CUC UGC UCA GAG AlA GAG UCU AUG GUC All GGA CCA UCO GUG CGA CUC ACO GAG GIG OCA ICC AUC COG CGA GLUI lUG AUG
K A N L C U K I Y U K V I 0 F W V Q L TI U F S S I K Q F V 8 366

1314 GAjC AGC CCC UUC CUC AAG GAG UUC GA& CCI GAG GAG 6CC UUA AGU GCG UCA CUU GAO GAG 010 GAG ACU GAG 0CC CAA CII GCU GUI5 GCI
N I S F L K U F I F K UD A L U A S L K K V K T K A Q L A V A 396

14G4 GCU AlA GUG ACA CGA GAG GAG GUC UCA GAA AUG GAG GCA GAUGOCO CGU UCU GCG GAC UGIG AGA GCU AAG AUC GIG AAG CII AUG GCU ICC
A I V T Q K K V U K K KE A N A K S A K C R A K I F K K I A S 426

1494 AGG AUG ACA ICC GCA I'CC UGC GCU GUA GAG GAUG CU 001 CII GAG GGC UGC GAG 01G ACU GIA GAA CGC CII UCI GAO GIGU GUI UUC All
R I T U A A C U V K N A F L D G C K L T 0 K RK L I K 0 V F S 456

1584 GIG CGU AlA CGIG CAC GUI CGC GGA GCC CIA 6CC ACU AUC GAG UUU IGA CUU 016 III ICA AUG GAG CUI GUI GAA GIUG CII All GCA CII
V I I I H F K K A L T T I K F K L I UV A M KE L V K V L I A RK 486

1674 GUI GAGAllGIUG GIG GAG ACC CUA CIC GCC 666 AUI CAC CAl 0CC GIG 0CC UCU CUG GGC 666 lOG GCA UGIG GAG GCU GI GIG AUC UUA
U K I V F U T L L A K UI U H A L A U L 0 K W A C Y A L 0 U L 516

1764 CUGGGIIIUG 116 UGUII GAlU CUC AUG GAA ACC AUG AGU OGI GOA CAl 010 AUG UUIA GUA ICC CIC GIG UGC ACU GIGU GUI GUIU GCC& ACU
L I I G L C K L I EK T I I 1 0 H G M L V S L F C T G V F A T1 546

1854 AUG OCA AUC GAO UGI G0C OGA 011 UGIlC GAl U1 0CC OGA CII GAO AUoGII GCC AUG' AUA ACC ACU CUC GCA CGA UCC AUC GUIU GGC CII
S A I K C 6 0 0 6 U A A Q9 K K M V A M I T T L A Q S I F 0 K 576

1944 CGC GAO CIA GIG GAC UCA ACAk GAG CUC GAC ACI AGO UCG AUC CCU COG CUA 6CC GAAOGUC AUC ACU OCA AUG ACU 606 GUI GOG 61 GOGA
K K G L D S T D L N T N I F L L T 8 V U T A M T T F G T G 606

2034 CUU UGC 660 GIG CAA ACG UCU UGC AGO AUI 166 AVUG 06 660 CVU 006 001 016 100 CAC CAG 610 AGA AUGO OC 666 066 0CC CUIAA66
L C K F Q U S U UI I K I aG K L 6 0 A C H8 Q M K K 0 K K A L K 636

2124 160 GUVU CG GCA AUGO 606 610 CAC GAO CVU GGC CGC 601 GCU GAC 660 AUC ACU IGA CGA GAO ACA ill UUU UIU 061 060 CVUI UCA ACU
K F A A M I K H Y L I KR I A D K I T IG K K T I F F U K L S T1 666

2214 CUU OUC OCA 010 GAG GIG COG IGU UGO AUA COGU IOU 06 CAG 006 006 AUC CUI GAO ICC UAC CAC ACU GAC CCG GOA UGUI GGA All VVC
L V S V U V K 0 V I K C A6 Q 0 6 I L KE U Y H TI D F G C K T F 696

23G4 CAG GAC 001 AGU 006 CCC GIG OGUC CAA GAG IOU CAQ 666 GJUG CGA 000 GUI OGC GAO GGA AUC CCA 6006 660 AGA IU GCC GAC GAO OCA
Q U V I G K L V 9Q K 0 9Q K L 9 V 0 V K 0 I F K K I S A U Y A6 726

2394 UCA CIA AIUC GG CAl 606 AUGO AA0 060 CG CUG GAO CIC CAA 666 COG AUGO AUG CIC 101 001 601 CII ACI 010 COG CGCAGGAO 6 CCA
U L U 0 9 U K K UD L L KE L Q K K K M KR C I T V T I K K K K F 756

2484 IUC UGIG AIUC UAC GIG GIG GIG CCC GCC CAl UGU 116 661 ICC GAGU IC AUGOGAC 010 CII 100 AUGO Co CUC UGIC 666 CAl vvu 1.60 uu1
V V U Y L W I P 1 H C 0 K I K F S U V L I M A L C K 8 F U L 786

2574 CCC UAC ACU GUC UGI GIC CII GAlU 010 666 GAG UCA OUC UUU UCU ICC GAG AUG 010 CAA ACA AUC 610 060 AUA 061 161 CVU AGC GCA
F I T V C I K S V K U U F F U I Y K 0G 9 T I N K I D D L S S 816

2664 AUC 666 ACU GAG CCA CCA AUG 160; 010 061 CIA AUC i66U CIA GUC ICC UGC 660 CA6 GAG CCC CUI 661 610 OCA AGU GUG 011 1A6 666t
I K T U F P K K IG K L I N L V S C K UD Y P L 8 M 6 U V A UD K 846

2754 CCC AUC 61 GUIU 666 A6l CAA UUU 010 616 UCA GCU 0CC GAGU CAG OAO GAUGUII CCC OCU 000 GIG 000 GUI COGU GAG601 GCC ICC GAG
F I Y F K U 9 F V I U a S K Q K U V F 6 0 A a0 V K D I S S Y 876

2844 CGC 601 AGA 660; GCU GCA CII 601 066 010; AG0 AGOG 666 CCA 00600 601AU GUI 060 CCA GAG 661 OCA AUG OCA 0CC UCU CAG 110 CIA
K U K K A A L U KE V K R K F 0 V I F D F U N A K A A U Q 6A R 9G6

2934 UUC AAG GAG CCI AUll ACI CAC AUGO CII CII 661 GIG, CAUGAGUA GAG. AGu Icc 110 AUG 166 AUGO Al 161 011 AUG ACU GGA UGC AUC
F K 0 F S T H S L L N 0G Q N U K S S 6 K K N U U V I T K C U 136

3024 AAC 6A1UCI0CCC CIA CAl COGU OCA GCA CAG GAA 660; 16U CAG GAUG&uC Icc 010 cciA OCA GAG GCU AiGC CVU 061 CCI GIG ACA CUIA GCC
N I U 6 8 H R A 6A Q K K L Q N A U L R A K A S L U P V T L A6 966

3114 UCA CAA 066Y VUC 110 CI660 066CIGA Gi A ucI uUG 061 CII 260 601 CCI ACU 110 060 AUVGG06066 GCUGGIC 606 UCI GIG GUC 606
U Q K F L 8 K K V K U V L K I F T L EK I KE K A 0 I S G V K 996

32G4 GGU CII CGG UIU CIC GAG GCU 061 G010 AUC CIA GAG ACC CUG OIC 6CC GAG GUI CA6 010 601 CCC CAU CCI GUG 066 661 GAG COO GAG
0 0 K C L I A U G I L Y T L I T K F 9Q L I F H F V K N K G 1 1026

3294 CGA AGO CUG U10 GCA CAG CGA AUGO GAG AAC AUGO GAG CUG CCA GCU GUI ACG ACU 0IG 616GAGUA cII 661 cc UCI ICC AGO; AUA 016 ACU
Q K L W A Q R K K S K I L P A V T T IG K Y L N A U U S I V T1 1056

3384 GGC GUIU CIA CGU UCA C6I OUG AGU 010061A Ill OCA GUI CUU UCU 00G 6 0U10GIlOUCVC 6CC 611 6CC 611 011 AlA CAA 660 COO 616
C F L R S L V N G D I A V L S V U A L U T T A T F T Q K N I 1086

3474 GUUI 6AOA 116 661AAC C6 CCI 166 A61 GUI GAG UGI&CGOUGCII1011 GA UGU 160 611 GAl 0CC GAC AlCA 110 161 6CC CCU 066 A60 CIA
F K S L N L A K R V I L RK A L Q 1 Q I 0 6 Y T1 L U I F K N F 1116

3564 161 UCI 66U 010 UIU U00 GUI GAG AGO UUG 666 CCU 001 GIG 166 106 COGU GAG 110 611 OIl GIl 661 GGUI 0G I601 101CV AUG 601
1 5 8 V C V V K K L K A L 0 9 1 R K F I V K N 0 0 1 I L KM 1 1146
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3854 CCU GCU 0CC AVA ASA CVU OUC COO 000 0013 000 00 000 0013 u00 AAG OVA 000 GOC 000 000 uuc AVc 000 ucu AUG ucu cuc OGA CCU
A A A I I L V L V C 0 W 0 F WV K A F V 0 L F T7 0 9 M L 0 A 1176

3744 OCA COO OVA 0CC UOC CAG OAM OCUOAGM00 MAO OCO CAC SCO GUC UjV 000 OVA GAO OMA OMA GAS COO OC UAC CGA UCO COO AAC'AOA
A L A 0C QCC A Z V K A NH V Y S A D 0 0 D RK 0 Y 3 S R N I 1206

3834 CCV AVA iAU CAU AGO UAU AGC UAO 0CC CGA ACC CAGVO 000MOAU OCA 000 0130 CCA 0CC UCO COC COO UOC 000 OCSV ASu SAC 000 CCC
F I N H R Y7 Y A RK S Q A 0 1 0 L L P A S R L C V A I Y 0 PF 1236

3924 CCC 000 050 VUC AUC UCA 0013 AUG CAA SASU AAA MAU AAA VCC 0130 AUG AUG ACC CCC CAC CAR 0CC CAO AGU Cvv AAc GMA COG GA6 GAG
R CG V F I 8 GC M Q Y7 K N K C V H H T R H Q A Q 9 L HN K C D K 1266

4014 000 AGO 6UA OUO VUC 0CC ACC ACU OGA GMR OVA AUG AUG AVA COO SUC CAC CCC SAC CAU AGO COO GAG MOV COO CCC AGC GAG 0006 000
L v v rF A S T 0 9K H H I RK F H A Y H I R K N V C S K V V 1396

4104 UCC 1300 USA OVA CCC AGO 000 CCU CAO COO CCC SOS GAS COO AAA 0C0 COO VOC 000 GMA GAcCCUOVO GMU00 GAG COO CCA AGC MO6 USC
C W L A PF S L P C L P C DI L K G L F L K D A EK V K L PF N F 1326

4194 AAA UCC AUG CCC UAU CG0 USA ACA CAA GAC UCA MOU OCO 000 CAO UAS GAS ACO COO GAC ACA UAU OCO GCC 000 GAS AAR AkCO CCA COO
K S MH 0 Y7 V L R Q DI S N A F H Y D T L D T 7Y A A V D /r T FP L 1356

4264 COO 000 iAG GGC CUOG AAU CGO GAS GAO COO SAC AUO CAC GAO AUC COO GMA MO AUC GUA USC CAC 6AO Cm OVA CO MOU MAU GAO OCU
V L K C V N 0 1 D L Y I H I F KE K I V F H Y7 EK RNK N D C 1386

4374 CGM AUG COO COO ACU SOC CMA COO AG6OG00 AAA AUG AGO OUC GUC COO AUG CUA COO CCC 000 AAA OAC AAA ACU AOC 1300 00U UCC AGO
O HM L L T C Q0 L S C K HM K V V C H L V A 0 K D K T7 W A C 1I 1416

4464 500 CCC AAC CCC CAC COO GCCC GAG COO MOG AOC CMA AGUOGM SAU AUS CCU GAG; USO 000 GAG OVGGAG GM 000 UAS 000 MOG GSA 000
FP N PF H L A K L K S Q I K 7 I F zK rF 0 K A zaK0 Y rF K V a0 1446

4554 CAC UGU OCO CCA AAA GAG OCV CCC ACO AUG CCC MOG AAG ACC MSU 5CC 000 CAG 0130 CCA CMA OCA COO COOU0130 COG 000 GAC CUA CCU
H V S PF K A F T MH F K K T N S V Q V PF Q A L R V FP C D L PF 1476

4644 ASA AAA GAG CCU UCU A6U AVUO AGC M6 MSU GAC CCU CGU SOS COOCU MSUAA GSA GAO CCU CCC MGO OCO OVA AUG AAA MAG AAA 0130 CMA
I K K F S I I S K N D FP K C PF A N V D PF F K A A MH K K K F Q 1906

4734 CAG CCU AUG GOG GAS 130 GAS CAG MO6 SOC COO GAS GMA AGO CCU 000 GAS AUG 000 CMA ACA UOG 0A1AUUGGAO00 CM AS OVA AUC CUC
O FP H L DI L D QC K C L D K I A C D H L 9K WV Y D C K D S I L 1536

4824 AGC GAO ASSU CCC COO OV6A ACU GCC AUOAAMO C AGO CCC GCU GOA 1300 GMA GAS OC GAO COO GMR iACV GC GSA AUG AAA ACA SC6 CCC
0: Iu FP L A TI A I N 0 1 PF A C C K D A K L K N F V H K T 5 F 1566

4914 00 UAU CCC UAS USC MRO AAC MG GOA 000 GOA AAA OGA MOG CAC CCC SAC 000 GAG GAG 000 GAO GAS OCA UCU CUC AAA CUC AAA GAG
a 7 F F/Kx/*N K 0 L 0 K 0 K H F Y PF K E C KE D 0 S L K L K K 1596

5004 OCGA UCU CMA OCCU GCUOi AGAOO UC MOU AUG GCC CAO 000 0CC AAO GM CMR 000 CCU GAO CUC 000 000 AUC CAA 000 CCC AAA GAC
O S QC A A K L Y K N H A QC F A K K K V PF L V V I K C F K DI 1626

5094 GAO COOiUCCOOVO0CC COO AMA AUC MO6 000 CCC CCC 000 AGO 000 000 GM ASA AUG CCC 000 CAV UAC MAC CUC VUA 000 COO 000 AAA
K L L PF A RK I KX V 0 FP C KR L F K I H F L H Y7 N L L L R V K 1656

5184 AVG 000 0CC 000 ACU GCO SOC COO CAG CAC MOU AGO CAS CCC COO CCS 000 CMA 000 CCC ACC MOU CVCUSAV 0CC AGO GAO 000 000 CAC
C A F TI A F L Q H N KR H R L FP CQ V 0 T N PF Y7 S R V 0 H 16866

5274 000 CVA iAA CGOG UA COC AGO GOC AAA ACC AAC GAO 0CC AUC MSU 000 GAO SAC SC6 GGC VOC GAO 000 000 CUA ACA CCC CAG 000 000
LNLN R L R R V K TI N K A I N C D Y S 0 F D C L L T PF Q L V 1716

5364 GAO AUG AUG OVA AMA AUG AUA MOU CCC CUA UAU COO COC UCU OGA GMA AGO GAG COO AUG0 CMA GCCC CAG AGA 000 AAS AUG AVU AOO CCC
K H H A K MH I N R L Y L RK S G S K V H A QC R L N MH I H A 1746

5454 COO 000 COS CGA SAC 0CC CVUOO 000CO ACA CAOGU00 UAC AMA 000 AC 0CC 000 COO CCG UCO CGOG 000 GCU USA AVA 000 COUG AUG MOV
VC 0 R Y7 A L V 0 T Q V Y K V N C G0 L F S a0 r A L T V V HM N 1776

5544 0CC AGO 000 MSU GAG AOU CUOG AUC VGA SAV OCU UAS AAG ACA 000 0CC CCG ACU CCA GAG AMA MOU OCO 000GG AUC MAUO 0 000 VUA
S I rF N K I L I 8 7 A Y7 K T L A F T PF K N S F a0 I N V VC L 1806

5634 000 000 UAU 000 GAOt OAS MSU CVC AVO 000 oGSA OCO OVA 000 000 0CC 5CC 000 000 ACU 000 OGA 0CC AGO CCC OUC ACU COUO0CC GMA
V Y7 0 D DI N L I S V S F A V A S WV F T 0 3 A I RK V TI L A K 1836

5734 MAO COO iOUV MO AGO A6C GAUOG00 AG6OGAC MOG GAS GVG Vcc ACu AOO GAO OCU MO6 CCC 000 000 CM COO CAC 000 CUC AMA 0kG AMA
K R I K I T D G0 S D K D A FP T I K A KX F F S K L D rF L K R XK 1866

5814 000 SAU 000 CXC CCA GMA CAC 000 CAA 000 000 CCC CCV CUOG GAO AA OVA OVA AUC GOC OVA 000 000 CAV 000 COO ACC CCC CAA AMA
F YVVH/r FP K H 0 Q V V A PF L DI X S A I F S C L H WV L T7 F Q K 1896

5904 UVC AMA 000M0CC CVC CAA GMA MAG 000 000 AC OAU COO 00A GAO GOC GAS GOC 000) GAO GAO 000; AGO AUA MOV CC MOU GUC OVO COO
O K F A L Q Z K A C D Y L C K V D V V K K L I£ I N V N V S L 1926

5994 GUA GAO COO UAO CUC CiC MAC GAO AAA GMA GM 0013 AAU AGO COG VOC ACC 000 SAC AGO OCO COO COA CCU AUG CA COUG GAC CAA 000
V K L Y7 L H N D K 9K F N KR V K S F Y I A R L FP M Q V D CQ F 1956

6084 COC ACC 600 GCU 000 000 GAO OCC VU00 CAC 000 OVO CAG CMA ACU 000 AUG 000 COO CAU GAS CCA OCO AMA AGO COO GAO OVCA COO OCV
R T WV A F C K A F H S A Q QTC 0 H L KR H D FP A K I L 1 S L A 1986

6174 GGA CCA CMA USC CCU COO 000 AUG AGO000 000UCOGUAG 0013 GAO AA GCCV CAU 000 SAC ACC CCUSUSVV00 GOA 000 000 GGA VCC CAU
O FP K F PF RK F H KR C 5 0 2K G D K A H F Y T FP I L C V C C FP H 2016

6364 UAU AM ~CO MAG GAG CAG GAO 000 COO~ 000 UCU ACO iSA CCC AGO AAA CAG GCA OML COO GOC CAC AGO COO AGO AAG AOUA OA OGA OCA
Y K PF K K D r L V T L FP I K Q G ZK 0 V H I FP I K I 0 0a C 2046

6354 00COG000 000UU CCU ACO CAC CMA 000 000 AMA MSU 000 000 AGA CaC OVA CMA CUC AMR MAC MAC GAO 000 AU CCC 000 SAC AAA CVU
V 0 0 L PF TI H C VW V K N F 0 RK F 5 Q L K 8 N I 0 Y A C Y K L 2076

6444 000 000 OMA CMA AUA GAA CAG GOU MO6 COO COO 000 SOC AUG OCO OVO OCU CCC SA U000CCC GOGA iAU GCM OCA 000 AGO OVA 000) 000;
C K QC I K Q 0 KX K L v rF H A A PF Y7 V A 0 N A A L I S F 0 2106

6534 AGO ACC ioo AMA ASS CC MAO GAG CAG AUG CCC CUA GC CVAU SAO AGA MOU 000 AUC CCA GMA UCO COO GAUOMCCCO AVG 000 SAU 000
S RK K I L XK K Q F L C H Y7 R N S I PF K S V C L TI C Y F 2136

6624 GAO CCU CVU COO CCUGO OOCCV ACC ASO GGA AMA 000 AUA 000 CCC AAU COG GAO ACC UAU GCC CCV CUOG SOC CMA SOC MO MAC 00 CMA
D A PF L PF A A T I C K S Y7 F A N 0 EK T Y A A L C EK F K N C K 2166

6714 000 COO GAC AUA 000 COC CCC ACC MC~ 000 CMA AUC 000UO 000WC0A GOC AGA CA6GG0A AMA OGO 6CC UGC CUOG CA OCA CAU 0CC CGU(
V L I V G0 F T N V Q I L N 0 A V R QaC K V PF C L A A H S V 2196

6804 000 ACC iAA SOC MAG 000UC000 000 GOGCC MAC MOC CC AUG 000 C6C CAC CAC CAC CAU AVOGG00 CCC AVU 000 CMA VAG OVA 000 CGCC
C T xK Fr K V S L V CV N K TI C F H H H H T 0 PF T rF ZK Q A F RK 2226

6894 AVU UCC 000 CVC ACC AAA 000 AMA AVC MO GAG ACA CMA GUA OVA COO 0GG 000 000 ACA AMA SOC USA GCC AGO UCU UpA AGAGMUAUCC
T C WV L K C K T K K 1T Q V S F VW F 0 T K F L 0 I S

a. . . . . . c . . . . *~~~~~~~~~~~
6986 AOUCCCOC00GACAG00A0OO0G00GtU(CAOCUMG0AAARMCUAUCU0M0AGOCAAAU MCGACCA0U0UG0OC00OOGC0VVC00AVAGOOOAGAOOOCVOGOMACGUOVUUMV

7105 CUVUOOOUCAGUOCGiASMCASGGGOOOG'VUGCCUOCOCAUGVVUOCVOOOUG00AVACAAMAAGASO00AAU0OVOOU;AMSGOUOA CCOOVCOOOOCCMMCAC (A) 30-50

Figure 3 :Nucleotide sequence of GCMV RNA1I and deduced amino-acid sequence of the large open reading
frame of GCMV RNAI. Sequence variations found in some cDNA clones are indicated in low letter case as

well as the amino-acid exchange they mnight cause.
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AGUGCUGGUCCUCUGACAAUACCUUCJUAGGCAUUUCUUGAAGAGAAUAUCCAUCCCG
11 till1

UCACCUUGGUUUGGUACk&AA--UUCUUAGGCAUUUCUUGAAGAGAAUAUCCAUCCCG
1111111 1111 III llIll1 1111111 11111111111tilll
UCUCCUUGGCAUGGGACUAkACUUUCUUAGGUAUUUCUUAUAGAGAAUAUCCCUCCCU

ll
GCCGAUGUUAGUGCGGUAUCAGGCUCUUAGGUAUUUCUUAUAGAGAAUAUCCCUCCCU

GCMV RNA2 (4188-4219)

GCMV RNA1 (6941-6990)

TBRV RNA1 (7037-7079)

TBRV RNA2 (4343-4390)

Figure 4: Evidence for a frameshift in GCMV RNA1, based on the nucleotide sequence comparison between
GCMV and TBRV RNAs in the region containing the stop codons, and implication for the termination of the
coding region. The coding regions are underlined.

kDa is indeed observed upon in vitro translation of GCMV RNA1 (G. Demangeat, personal
communication). The nucleotide sequence ofRNA 1 and the deduced amino acid sequence
of the encoded protein are shown in figure 3.

Several nucleotide exchanges, shown in lower case in figure 3, have been found in some
cDNA clones. They might represent mistakes made by the reverse transcriptase during
the initial cloning step or alternatively correspond to sequence heterogeneities in the viral
RNA population. One of them is found in the 5' non-coding region, six in the ORF and
ten in the 3' non-coding region. From the six exchanges found in the coding region, two
do not cause any amino-acid exchange, two do not radically change the structure of the
mutated amino-acid, one introduces a completely different amino-acid and one introduces
an amber codon, thus making the potential ORF end at position 4928. All of the exchanges
found in the 3' non-coding region, including the opal to ochre termination codon exchange,

100

0)
0
0 5Q
E
0

0

Proteose Cofoctor Membrane Eniding VPg Proteose Polymerose

TBRV

CPMV

:: GCMV
Polyproiein

CPMV
Polyprotein

Figure 5: Amino-acid homologies between the polyproteins encoded by GCMV and, respectively, TBRV and
CPMV. Percent homology are calculated in a window of 100 residues around the plotted position. The CPMV
polyprotein is symbolized at the bottom of the figure and its cleavage sites indicated by thin lines. The GCMV
polyprotein is also presented. Shaded areas are the membrane associated domains predicted by the programs
RAOARGOS and HELIXMEM and black areas are the regions presented in figure 5 (N: Nucleotide binding
site, C: Protease active site and P: Polymerase conserved domain).
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Nucleotide bindina site (N)

* 5*** **

GCKV IPVWIYL-VGPSNCGKSNFNDVLGMkLCIKFDLPYTV
TIIV EPVWIYL-F2QftCjU.NFNATLDNALAkKFGLPNTT
CPKT NPFTIFF-QjKSRTQJjLLKSQVTKDFQDNYGLGGIT
TFV SPkRDFLVROAVGSGKS---TGLPYNLSKI-GRVLNL
Polio IKPVCLLVNGSPGT.U.VATNLIARAIXAR---3RTS

Consensus GzzGzGKs
t

Cvsteine Drotease active site (C)

*-* * * .*.-***

GCKV NYIStNNDCGMLLTCQLSjKKKVVGKLVj --KDKTS
TDRV HYKSRNDDCGNIILCQIKGKKRVVGKLVAG--KDKTS
CPKV 8kPIIPIDCGSLVIAHIGGKNKIVIViA_G-IQGKIG
TRY NFP1KDGQCGSPLVSTRDGF--IVGIU.&SNFTNT3N
Polio ---TRAGQCGGVITC--TG--KVIGKHVGG--NGSNG

Consensus TxzssCG G GOxvaG
sg

RNA Polvuerase conserved domain (P)

** ** * * * *- . . *5**
GCKV RVNCGLPSGFkLTVVKNSIFNNILIRY--Xi 7--VCLLVYGDDNLISVSPAVA
TBRV KVNCGLPSGFALIVVVNSVFNZILIRY--XIt--VCLLVYGDDNLISVSPSIA
CPKV RVECGIPBGFPKIIVIXJIFNNILIRY--Xa --IGLVTYGDDNLISVNAVVT
TEV KKNKGNNSGQPSTVVD3!LKVIIAKLY--Xi a--IVYYVNGDDLLIAINPDKA
Polio CVKGGKPSGCSGTSIFllKIXNNLIIRT--Xa s--LIKKIAYGDDVIkSYPNKVD

Consensus GxXsGxxxTxxxNs GDD
t t

Figure 6: Alignment of the three regions indicated in figure 5 (N, C, P: see figure 5) between GCMV, TBRV,
CPMV, TEV and Poliovirus. Positions 755-790 (N), 1378-1412 (C) and 1760-1822 (P) of the polyprotein
of GCMV are shown. The multiple alignment was obtained using the program CLUSTAL (25). The stars indicate
the amino acids conserved in the five polypeptides, the points the conservative substitutions and the consensual
amino acids in each type of site are underlined.

were found in a single cDNA clone, possibly derived from an RNA molecule having
accumulated several mutations.
Terminal non-coding regions
The 5' and 3' terminal non-coding regions are 215 (from positions 1 to 215) and 241 (from
positions 6972 to 7212) nucleotides in length, respectively.
As in TBRV, the 3' non-coding regions ofGCMV RNAs 1 and 2 are 100% homologous

(accompanying paper) but it should be noticed that a frameshift caused by an apparent
deletion at position 6956 in RNA1 leads to termination of the coding sequence at position
6971 instead of 6960, the position homologous to the termination position of RNA2 and
both TBRV RNAs (Fig. 4).
The difference in size between GCMV RNA1 and TBRV RNA1 (7212 versus 7356

nucleotides in length respectively) is mainly located in the non-coding sequences, 260 (5'
non-coding) and 304 (3' non-coding) nucleotides in length respectively in TBRV RNAl,
the size differences being due to long deletions/insertions (see accompanying paper).
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Comparisons of the protein with other viral proteins and search for significant motifs in
the amino-acid sequence
Nepoviruses are similar to comoviruses, potyviruses and picornaviruses in many ways,
including their genome composed of single-stranded, positive sense RNA ending with a
VPg and a poly(A) tail, and translation of the genomic RNA(s) into a polyprotein further
cleaved by (a) virus-encoded protease(s), to yield the mature viral proteins [for reviews
see (15, 16)]. Thus the 250 kDa protein potentially encoded by GCMV RNA1 is a
polyprotein. This is confirmed by in vitro translation results showing that the primary
translation product ofGCMV RNA I is processed (G. Demangeat, personal communication),
as also described for other nepoviruses (4, 14).

In order to locate the viral proteins along the precusor, we aligned colinearly the
RNA1-encoded polyprotein with that encoded by another nepovirus [TBRV RNA1, (13)],
a comovirus [CPMV RNA-B, (30)], a potyvirus [Tobacco etch virus, TEV, (31)] and
a picornavirus [Poliovirus strain Sabin 1, (32)], using the program FASTP (33).

Figure 5 presents the percentage of identical amino-acids between GCMV and TBRV
or GCMV and CPMV respectively. This procedure did not allow the detection of sufficient
homology between GCMV and TEV or Poliovirus to be drawn. The average homology
with TBRV is 62.6% and that with CPMV is 21.1 % but several regions show a much
higher homology level, suggesting that these conserved domains support some important
biological function, probably similar to that of their CPMV counterpart. Such conserved
blocks are found at several locations along the sequence.
At the N-terminus of the polyprotein of GCMV, a block of high homology with TBRV

was found between residues 90 and 275. The NH2-terminal protein of CPMV (32 kDa
protein), a cofactor for the viral protease (34), does not overlap with this region. Either
this cofactor is bigger in nepoviruses than it is in comoviruses, or an additional protein
is encoded by the 5' region of the ORF in nepoviruses, cleaved from the polyprotein at
a position around residues 250-350. A data bank search, using the program FASTP,
between the part of the polyprotein comprised between amino-acids 90-275 with the peptide
sequences stored in two data banks (SWISSPROT and NBRF) did not reveal significant
homologies between the potential NH2-terminal protein and any peptide with a known
function.
The PC/GENE programs RAOARGOS and HELIXMEM predict several membrane-

associated blocks in the terminal region (Fig. 5), mainly in the part homologous to the
CPMV 32 kDa protein. The protease helper could thus be associated with membranes
in vivo.

The large domain of homology with both TBRV and CPMV, located between GCMV
residues 600 and 950 (Fig. 5), contains the motif GxxGxGK-S/T (where x may be any

amino acid), recently described as the nucleotide binding site of nucleic-acids processing
proteins (35, 36, 37, 38), at position 763. Homologies between GCMV polyprotein, TBRV
polyprotein, CPMV 58 kDa protein, TEV cytoplasmic inclusion protein and Poliovirus
protein 2C in this region (indicated by N in fig. 5) are shown in figure 6-N. The
corresponding domain in CPMV is a membrane-associated protein (39) thought to play
a role in RNA replication (40), as does a precursor of the poliovirus protein 2C (41).
The possible membrane-location of the protein is confirmed by the presence, at the carboxy
end of the domain homologous to the CPMV 58 kDa protein, of a highly hydrophobic
domain (located between residues 1138 and 1184, see fig. 5), predicted by the program
HELIXMEM to be a transmembrane helix.
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Amino-Acid position
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Figure 7: Location of potential cleavage sites along the polyprotein encoded by GCMV RNA1. Selected dipeptides
are those indicated (44, 46). The polyprotein of CPMV, its cleavage sites and the CPMV proteins are indicated
at the bottom of the figure.

The active site of cysteine proteases classically contains the motif TxxGxCG-x8-9-G-
xI 4-ppGxH-S/V-A/G-G where x may be any amino acid residue and p is a polar amino
acid (42, 43). This motif is found between residues 1381 and 1407 of the GCMV polyprotein
(indicated C in fig. 5) with some modifications (Fig. 6-C): the threonine is changed into
a serine, also a polar residue, and, more strikingly, the histidine supposed to be part of
the substrate binding pocket in that type of proteases [for a review see (44)] is replaced
by a leucine in GCMV. The histidine/leucine substitution in the active site of a viral cysteine
protease has also been reported in the case of the only other nepovirus so far sequenced,
TBRV (13).
The last block of homology concerns the polymerase region where a large domain,

extending from residues 1450 to 1850, is highly homologous with both TBRV and CPMV
(Fig. 5). Extensive homologies in a more restricted region containing the consensus sequence
of active sites of RNA-dependent polymerases (45), indicated P in figure 5, is shown in
figure 6-P. Both the GxxS/T-GxxxTxxxN-S/T and the GDD flanked by hydrophobic regions
are found in GCMV, in positions 1764 and 1810 respectively.
Thus the gene cluster characteristic of the picorna-like viruses, Nucleotide binding

protein/VPg/Protease/Polymerase is found in GCMV except for the VPg, which is too
small and contains insufficient homology to be located by the comparative method used here.
Search for potential cleavage sites of the polyprotein
The homology study, as well as the search for consensus sequences, reveals the probable
functions of each domain in the polyprotein. However, since none of the GCMV proteins,
except the coat protein, has been isolated or characterized, the exact size of the viral proteins
remains unknown. For picorna-like viruses, a few dipeptides are known to be potential
cleavage sites of polyproteins by the viral protease(s). These are those listed in figure 7
(44). None of these dipeptide is found in positions homologous to the cleavage sites of
CPMV (Fig. 7), except a Q/A at position 1218, corresponding exactly in position to the
VPg/Protease junction of CPMV and another Q/A at position 208, possibly allowing
cleavage of the putative N-terminal protein of nepoviruses. Thus the cleavage of the GCMV
RNAl-encoded polyprotein occurs either at positions not exactly colinear with the cleavage
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sites of CPMV or at dipeptides different from those usually found in picoma-like viruses.
Mutational analysis (46) showed that the cleavage site can be modified in its second

position without extensive loss of efficiency and that pairs such as Q/I, Q/R or Q/N are

recognized about as well as the wild type Q/S site in TEV. It is thus possible that the
Q/I at position 1428 is the cleavage site between the protease and the polymerase, since
its position corresponds almost exactly to that observed in CPMV.

In addition, the coat protein of GCMV seems to be matured by cleavage of a R/A
dipeptide (see accompanying paper). Such a cleavage is thus likely to occur also in the
translation product of RNA 1. Actually, cleavage of one of the R/A dipeptides at positions
249, 252 and 259 could yield the putative N-terminal protein of nepoviruses.

CONCLUSION
A striking feature found in this work is the presence of a non-templated uridine at the
5' end of the virion strand of both GCMV RNAs (see accompanying paper). For several
viruses, the unpaired 5' end of the virion strand or 3' end of the minus strand have been
described (47, 48, 49, 50). In most cases, the minus strand contains an additional nucleotide
at its 3' end, but in poliovirus, several variations are found: the minus strand may either
be exactly complementary to the virion strand (this is actually the case in most dsRNA
molecules), or alternatively it may have an additional adenosine or lacks one or two of
the terminal adenosines (50). Thus, the case ofGCMV seems related to that found in some
of the molecules of poliovirus dsRNA. The biological signification of this feature is obscure
because the poliovirus dsRNA molecules found to have an unpaired end are thought to
be accumulated non-functional species (50). We cannot, however, rule out the possibility
that the dsRNA underwent some form of trimming and lost the 3'-terminal base.
Homologies between GCMV and TBRV are, on average, about 60%, both at the

nucleotide and at the amino acid levels. GCMV and TBRV should thus be regarded as

closely related but distinct viruses rather than as strains of the same virus. Strong homologies
between the 3' non-coding regions are probably related to the viability of
pseudorecombinants between these viruses, because this region of the RNA is thought to
contain signal sequences necessary for replication.

Amino-acid sequence homologies confirm that the general organization of the polyprotein
encoded by GCMV RNA1 is similar to that of the other picorna-like viruses, i.e.
picornaviruses, comoviruses and potyviruses since homologous genes are found in the same
order in these viruses (16). An additional protein might be encoded at the N-terminus of
the polyprotein in nepoviruses because this region is conserved between TBRV and GCMV
but has no CPMV counterpart. The existence of this hypothetical protein has already been
suspected in TBRV (13) and the homology profile presented in figure 5, as well as the
conservation of its presumed cleavage site, provide additional evidence for its existence.
The steps of the processing of the polyprotein are far from clear since the cleavage sites

usually found in picorna-like polyproteins are absent from the expected regions in the two
nepoviruses sequenced so far. This could be explained in three differnet ways. Firstly,
we have to consider the possibility that other dipeptides could be cleaved by the viral
protease. This could perhaps be related to the fact that, both in TBRV and GCMV, the
histidine usually found in cellular or viral cysteine proteases (44) is replaced by a leucine,
possibly leading to a modified specificity of the enzyme. Indeed, the cleavage sites could
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be quite original since at least the coat protein of GCMV seems to be released by cleavage
of an R/A dipeptide. Secondly, contrary to the assumption we made during our search,
the cleavage sites of GCMV might not be colinear with those of other picorna-like viruses.
Thirdly, another viral protein could act as a protease with a different specificity, as reported
in picomaviruses and recently also in potyviruses (51).
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