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ABSTRACT
The complete nucleotide sequence of hungarian grapevine chrome mosaic nepovirus (GCMV) RNA2
has been determined. The RNA sequence is 4441 nucleotides in length, excluding the poly(A) tail.
A polyprotein of 1324 amino acids with a calculated molecular weight of 146 kDa is encoded in
a single long open reading frame extending from nucleotides 218 to 4190. This polyprotein is
homologous with the protein encoded by the S strain of tomato black ring virus (TBRV) RNA2,
the only other nepovirus sequenced so far. Direct sequencing of the viral coat protein and in vitro
translation of transcripts derived from cDNA sequences demonstrate that, as for comoviruses, the
coat protein is located at the carboxy terminus of the polyprotein. A model for the expression of
GCMV RNA2 is presented.

INTRODUCTION
As presented in the accompanying paper, hungarian grapevine chrome mosaic virus
(GCMV)(1), is a member of the nepovirus group.
We have determined the complete nucleotide sequence of GCMV RNA2. The 4441

nucleotide long sequence encodes a 146 kDa polyprotein which has been compared with
the protein encoded by the closely related tomato black ring nepovirus RNA2 (TBRV)
(2). The two viral RNAs and the proteins they encode share about 60% sequence homology.

Direct sequencing ofGCMV coat protein and in vitro translation of transcripts prepared
from cloned cDNA sequences have allowed the localization of the coat protein to the
carboxy-terminal part of the polyprotein. These results also allow the tentative identification
of the coat protein cleavage site.

MATERIALS AND METHODS
Virus and viral RNA purification, cDNA cloning and analysis
These were performed as described in the accompanying paper.
Subcloning cDNA fragments
Restriction fragments generated by the enzymes TaqI, Hincd, SphI, SspI, NdeI, XbaI after
digestion of the cDNA of clone pll2GC covering the 3' end of RNA2 were subcloned
(3-4). Overlapping subclones were constructed by limited digestion of this plasmid with
exonuclease III (5) or by gradual deletions in a full-length cDNA as described (6).
Nucleotide sequence determination and analysis
The techniques used to prepare templates, to run the sequencing reactions and to analyze
the nucleotides and amino acids sequences are as described in the accompanying paper.
Primer extension of a synthetic oligonucleotide on the viral RNA to confirm 5' terminal
nucleotide sequence was performed as described in the accompanying paper.
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Figure 1: Nucleotide sequencing strategy. The VPg at the 5' end and the poly(A) tail at the 3' end of the RNA
are indicated. The extent and orientation of the sequences derived from independant cDNA clones are indicated
by arrows. The region at the 5' end of the GCMV RNA2 sequence determined chemically (7) is indicated by
MG. (dsRNA) is the sequence obtained previously by direct RNA sequencing (2).

Amino-acid sequence determination
The amino-terminal sequence of GCMV coat protein was determined by automated Edman
degradation of purified viral particles.
Expression of the coat protein of GCMV in an in vitro translation system
Figure 5 summarizes the procedure for obtaining the GCMV coat protein gene directly
linked with GCMV 5' non-coding sequence. Two constructions (C19 and GC2) linking
either of the putative cleavage sites directly in frame with an AUG initiation codon were
cloned in plasmid pBS + (Bluescribe M13 +, Stratagene). All recombinant DNA techniques
were as described (3). The recombinant plasmids were linearized with HindI, downstream
of the 3' end of the chimaeric genes, and used as templates for in vitro transcription using
phage T3 RNA polymerase (BRL) and following the protocol of Promega Biotech.
The transcripts obtained from 250 ng of template were translated in rabbit reticulocyte

lysate (Promega), in the presence of 35S-methionine (Amersham, 1200Ci/mmole),
according to instructions from the supplier.

For immunoprecipitation, translation products (400,000 cpm) were mixed with either

A) 3' A C C U U U U A A U A A A G 5(-)

B) 5' T T (, G A A A A T T A T T T C C A A A G G C T A C r T C C T T G T A C T 3'

C C C A r G A A G G A A C A T C A

oli9onuclcotide labelledi
at its 5' end with 32P

Figure 2: Comparison of the 5' terminal sequences of RNA2. A: 5' terminal sequences of minus strand RNA
obtained by direct dsRNA sequencing (2). B : sequence obtained by chemical sequencing of a cDNA to the
5' end of the viral RNA synthesized using a primer complementary to nucleotide 20 to 36 and shown below.
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preimmune or anti-GCMV rabbit antiserum (51I). The suspensions were shaken overnight
at 4°C. Staphylococus aureus cells (Pansorbin, Calbiochem) were added and the mixtures
further incubated for 2h at room temperature. The suspensions were then centrifuged (5
min, 5000 rpm) and the pellet washed 6 times with 10mM Na-phosphate pH 7.2, 150mM
NaCl, 1% Triton X100, 0.5% Na-Deoxycholate and 0.1% SDS. The immunoprecipitates
were then denatured by boiling for 5 min in 150mM Tris-HCl pH 6.8, 10% SDS, 25%
,Bmercaptoethanol.

Translation products and immunoprecipitates were analyzed by 12% SDS-polyacrylamide
gel electrophoresis followed by autoradiography. Molecular weight markers for gel
electrophoresis were purchased from BRL.

RESULTS
Determination of the nucleotide sequence of GCMV RNA2
Using the cDNA cloning conditions of Gubler and Hoffman (7), cDNA clones to RNA2
ofGCMV ranging in size from 2.5 kb to 4.5 kb were obtained. A full-length cDNA (FL18)
(8) was also used. A restriction map ofGCMV RNA2 was obtained by restriction enzyme
digestion of the various cDNA clones followed by polyacrylamide or agarose gel
electrophoresis.
As shown on Figure 1, the nucleotide sequence was completely determined on both strands

of the cDNA by supercoiled plasmid sequencing using the SequenaseTm kit (USB).
Original clones of the cDNA bank as well as subclones obtained as described in Materials
& Methods were used as templates. To ensure that the 5' end sequence obtained from
clone FL18 faithfully represented the end of the viral RNA, primer extension was directly
performed on the viral RNA using a synthetic oligonucleotide (AGTACAA-
GGAAGTAGCC), complementary to nucleotides 20-36 of the viral RNA. As shown
on Figure 2, the sequence obtained is complementary to the 3' end sequence previously
determined for 'minus' strand RNA2 by direct sequencing of double stranded RNAs except
for an untemplated U residue at the 5' end of the 'plus' (virion) strand. This untemplated
U is also present in RNA1 of GCMV (see accompanying paper). The VPg is probably
linked to this untemplated U residue. The complete nucleotide sequence was finally
assembled as described in Materials & Methods.
Primary structure of GCMV RNA2
The assembled GCMV RNA2 nucleotide sequence is 4441 nucleotides in length excluding
a variable length (30-50 adenosines) poly(A) tail. The complete nucleotide sequence is
shown on Figure 3, along with the amino acid sequence of the long open reading frame
found on the RNA. Sequence heterogeneities were observed at three positions in the 5'
non-coding sequence and at three positions (nt 1316, 1415 and 3234) in the coding sequence.
It is not known whether those differences reflect errors made during the reverse transcription
of the RNA2 or sequence heterogeneities in the RNA populations used. The calculated
molecular weight of the RNA is 1.5 x 106, in good agreement with the estimations
obtained by denaturing gel electrophoresis.
Open reading frames
The sequence was searched for potential coding regions in all three reading frames of both
strands. A single large open reading frame (ORF) has been identified in the 'plus' orientation
of the viral RNA beginning at position 218 and extending to an UAG termination codon
at position 4190. This open reading frame codes potentially for a protein of 1324 amino
acids with a calculated molecular weight of 146 kDa. Al other potential ORFs are much
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119 VOSAASAACCKCUACCAOMOU6CAGGAUAGCOCCUSACACACGAASUUASGGAUSCOCGCCCUACAUUCAAACOAUAVUUUGGAOAUACGCCCAAAOUUOGCA AUG 000 000 UCO GAA

233 VUU VUU 000 UCC 0CC COO GOC ACUOV00 0CC AGO CCU AAO OCA ACC COUI CRAA 0000GOOWU 0CC COo ooo CUU UCU GAA ACC 000 000 ACC
F F A S A L 0 T V A R A K A T L Q9 0 0 F A R F L S K T V V T7 35

323 UU00 CAS OCO 0OCC UCA CC6 GAA AUG AOO AAA 000 0CC UAC 0CC AAO; 000 000 SAG SIAO OOU SAC UCC 0OC AA SAO VUSA AAA CCU CUC ACA
L Q A A 314 F 14 K K F A Y S K L W K K V K S V K K L K F L T7 60

413 0CC CAG GAG CUOG OUA 0C ACA CUC CGA AAO GAS 000 000 000 OCA CA6 UGU COUG0CC CAA AAA UGC ACC CUOG GCA 0CC ACC AOC COO WOC
A Q K L V A T L R K K L W C A 0 V R A Q0 K C T L A S T R F 95

503 000 ACU UGUO 0 GSA AGO CCA 005 GAS OCO ACC CCA ACS OUC AUC AAA GAS ACC 000 GAO 000 GAC OAA OOU CCA AAO 000 COG AAU CUA
C T C 0 0 I F 0 KE A T P T V I K K T V H V U K C P K 0 14 K L 125

593 000 CGC CAU GGC ACO AGA 0CC COO CGA GAUOG00 OGA CCC GGC UCU GOC CAA CAG GAA AGA GAGOU00 CAA 0GU0 GAO GCA CCU AAA 000 &CCC
C K H C T7 RK C L KR H 0 0 F C S F ERK K V 9 V D A PF K C F 155

663 CAU 000 OCA CCG ACU 000U AGO GUA CCA GCA UCU GCA UCA 000 COO GAA AUC CCC COO 000 000 AGO GAA CAA COGU AAA COG CAU 0CC CUO
H C A C T7 0 I V F A S A C V R4 KE U K KR C K E 0 K K V 8 S L 165

773 CCA UCU COO CCC CUC CAU CCU GAO COO CUA 000 GAO 000 ACC AAU OCA 000 CAA ACG CGC COO CGA 000 COO AAG ACG 000 COC CAU GUA
F 0 L F L H F D V L F K C T N A W Q T RK L 14 W L K 7T W K H V 210

863 COOGGCOG GUO00 AAG CCC 000 ACU CCC AGA AAA 000 AGO CAC GCU 0CC CAC AUA AUGO CC ACA 000 OCO GUC CCC 0CC 0130 GSA AAU CCU
L 0 D V K P C T F K K W M Q A A 9 I 14 R T C A V P S F K K P 245

953 AUA CCC OGA CAC 000 OGA GAO GAO CGC COC GAO AAU UGA GAGOG00 SAG GAO GAO UAC 000 CUC CAA AGO CCU GCCC ACO GAO AAA GAO ACU
I F 0 Q F 0 V K K L V 14 0 K 0 K K K Y L 0 I F A T D0 K V T 275

1043 GAO 006 AGO AUA AAU 0006 000 CAUGOCAk AAA AAU ACA CCA USA 000 CA6GUA CCO AGO CUC UCU COO AGO GAU 0UC SAC COO SAGU CCC AGO
U L I I "K 6 H A K K T F 0 9 K K F S S S L M4 D F K K N K 305

1133 000 CCU GOC COO CAU AUA COO GSA SAG AGOI 000 AGO; AAU 0CC GAO 000 OCU CCA CCU 000 SAC CCA 000 GGC GAO GAO AGO SAG AGO UCC
C F C L H8 I V KE KR V K 14 Y V A F F H K F 6 C K 0D I D I L 335

1223 UCU COGO AUG 060 AGO CUA AGU 0CC CSA CUOA GAO GAO 000 CUA GAUGU00 UGC GAO GAG 000 CCU GCA CAA 000 060 GOCA GAO CUA GSA 000
O V 9 0D 5 L S S 9Q L K U F L D V F Y UD C A A 9 F U C K L KE F 365

1313 UCO CUA 0CC SAGU GAO ACA CUA 0CC AGO GOC ACU COO GSA CUC GCC 000 000 CCA AGO UCA AGO OOA 0CC CCC AGO AAA AUG 0CC SAGU ACU
O L S K DU K L 5 9 0 T C K L 0 0G V F I C I C A F S K I 5 N T 395

1403 CCG CCC AAA COOG RAU 000 0CC GAG UUA OAG CCG SAC COO GUC AGO CAC SAC CAU CGC AAA AUC AGU OCU UUA AUGO CC6 AGO COO AUGO CCC
F F K V 1/0 F A K L YV C K L V K H N1 8 KR K I S A L K P I L M A 425

1493 CAU CCC GAC CAGCGAO GAA AUC GAC GAC GSA CUO GAU CAC COO CAC SAG AAA CSA CGG CCC GAG AGO GOGu 0CC ACU CCO UCU 000 AUC AAA
H F U 9 DU K C K UD Q L U 8 L K 14 K 9 0 CG K I 0 14 T P S F I K 455

1583 AUG 006 AA ARSASAG CGC 666 CSA CUO GCC 00G SGCAaG GUC GAG 066 GOCU UCA GIAO 000 CCU COO COO COO 0CC SA6CA06 000 CSAR CC
14 L K K K RK K K V R1 0 K K F K KE 0 S E aC K L V K S K DI L KE L 485

1673 AGC SACG 666 AU AUC 000 COO OCA CAU ACU COO AUGO CGU 666 UC CA6 COGGO ACGAGOU GUC SACG 666 000 CGC SAC AGC CAU CCU 660
S K K U IC F L A H T L M4 U K F H C 5 I V K K F C K S U P K 515

1763 CUC ACC 660 GUC 000 000 GAG 000 ACA SAG CSA CAG GSA GUG AUG SAC GAO CCUGU00 AC GSA COG CSA ACU 6CC OC6 GSA OGO 000 06U
L T K V cC 0 D L T N1 Q E K V I K V F 0 K K L 9 T 7 5 E C V L 545

1853 UCU GCA CiG ACC UUC AC COUG UUA SAGU CCC CCA CSA 000666 06000GAG 606AUG CUC OCO CSA COO CGA 0CC 666 CA6 OCA 666 UCU COO
S A 9 7 rF T V L 14 F Q F K K L 14 L A K V C H K K A K S V 575

1943 000 CUC 660 CUA CAC AGO CGC AGUG GAU CUC CCA COO CAU CUA CCU CGU UAC CCU UUC 60C C00 AUC AUC0C CCCOG CA& UCU 0CC SAGU OC
C L 14 L H IR0 S Y L P V H L F V V A F C V I M4 W 0 H S S 14 A 605

2033 066 CAG CCC 600 006 ACO 000 0CC 060 06U 060 COO 0CC CAC CAG 060 GCU UCU 000 06U CAC UGC CCC COO CUC OC6 COO UAC 600u 006
E 9 6 14 L S C A Y V V L C U 9 E A S V L Q L P L L C GC Y I G0 635

2123 660 CCC C6A 060 060 A60 CAG GCA UAC 660 COO UCA COO 000 000; OC6 ACA 0CC 00C 000 CCC ACA 006 CCC 000 ACC CCU CCC CAC SAG
14 A L E DU M E A Y K K S L V L 14 T C F F 0 T 14 C L S PF 0 Q 665

2213 AUG V0C 006A AUC ACU OCO 006 066 000 ACA 066UA060CC CCA ACU UC6 060 000 000 AUA ACA CAUGCA CCC 060 OC6 000 SAC CSA AGO
9 F C I T AV6 E F T K Y L P T S Y C CG 0 T H K R D C W 14 Q 695

2303 COO CGA SAGU CAC CAA OGG GUC CAU 666 CAG 606 000 AUC UCU 006 000 660 000 000 060 UUC COA CiCAOCU 006 666 CAA 666 cAC 000
L 14 14 H Q9 C V U K Q9 14 F I 5 C F V 0 U F V E A C KX K K 9 L 725

2393 CAU UUC COO 060 000 CA6 CUOC CAA CCU 06U CCC SAC CAC CAC CCU AUA COO CCA ACU 000 CCC 666k GAO 666 CSA CC6 COO CUA 660 666
H F F UD F UD L Q P V F K H 9 CI V 14 7T F C K E K 0 P L L N4 755

2483 AGO CCC AGO AUGO CCGU CG 666 ACU 0100 ACU 0CC UUC COO GCC OCA A66 600 CCU AUC 06A 600 CAA 600 CAC SAGU AC OCCC CAC GCU 606
O 14 5 14 14 V K T F T7 S F 14 A 0 14 I F CI 0 14 9 C U N T A E 6A I 785

2573 SAC 000 GAG CUA CCU AGA CCC UCA ACU AOC 660 GCA AUC SAC CCC COO COOU 060 ACU OCA 060 ACA AAC 006 CCA OCO COGU GCOO 06600
14 F K L cC R A S T S 14 A C N4 F R L D 7T a K T 14 L 14 A GC C E F 815

2663 GCA UUC AUC CAU 6CC AU00 CAC COO CCU ACU CCU GUC 606 060 OGC CAA CUC UGC GCA 666 606 060 AU0 000 666 666 606 CAA GOl GCCC
A F I 8 T I DU L F 7 6 V T K C 9 V L A K I U I F K K 1 Q 0D A 845

2753 SAG UCA 600 000 000 COO CAA 000 600 CA GCU CCC GAO GUC SAGU 666 SARC UGC ACA UUC 606 UCA CAU UGC CCU CCC ACC CSA UUC UCO
K C 09c0 9Q A C Y V 14 K L 7T F 0 S H L A F S 0 F C 875

2843 COO GUC CCC AUC 0CCGAGUA 00U 000 GAG CA 060 006 AAC 606 CCA UCA GAC CUC 6CC ACC 0CC 006 GAO COOU 066 A0 OCC AGO 6CC 000
O V A CI V V 0 F UD A Y C K C F S DU V T T7 5 L E L K I A6 14 5 L 905

2933 000 CCA CAUGU00 CAU CGU UGC CCA GAO 0CC 666 6CC AGO COO 000 AC6 600 060 000 CAC SAC AGO OGO COG CAA AGO COO 660 000 OCO
C F H V H8 V L R UD C K T C V 6 T I2 U F H8 K C C C 9 0 L 14 F C 935

3023 CCC CGA 006 UUC UCA 666 CCA ACA 000 0CC COO AGO CG6 GCC UCA ACO GCC CAG CUOC CA 0CC UCUOCCA CAC CUR ACU'U60 CCC COG GSA
C 14 C F C K F T L 9 0 I A A C T A6 Q L F 6 S A 9Q VT Y L EK 965

3013 CCC UOC CCA CSA OCA 060~ 066 600 CCA 060 CGG CUA CCC ACU AGO AGO AGO COUG ACA OAC CCU 600 AGO CUA GSAR CA& 000 666 GAC AGO
A L A 9 0 D0 E I A H8 C L A T R4 5 0 V 7T V F C S L E H L K D I 095

3203 GAO 606 AUC COO CCC CCU CCC CAA AUGC OCA AGO GGC SAUGOCU CCC UCA 606 660 000 OCA CUOG UCU GC GCCC COC CAG CAG 666 UCC AGC
E I 14 L pF F R 0 14 A CIT G 14 A C S IC N F F L S F A V 9Q 0 K S S 1025

3293 600 CCC CGA 600U GCA GAC UCU 060 CCU 0130 CGG COO UGOC UCA CAU 000 COO GGC 606 OGC 000 ACA 606 CAU 000 666 606 CSA 000 ACC
C 14 0I A S 0 A A C L L S H F L C CI C C 7 I H F K I 0 C T7 1055

3383 0CC AGO CCC 000 000 A6CC CA COGU CUC CCC COO CCC 006 000 OGG 0A6 6CC 606 ACA 006 GSA CAC 000 0CC CAC AUG CCA CAC 000 GAC
C S A F v TA7 L K V A L W 0 0D T I T L1 E 0 L S 9 14 H V D0 1085

3473 000 060 000 CAC CGU OGA UCA UCU CUA 660 606 CSA 0CC CCU 000 0A6 GCA ACUOCCA 660 000CCGAOCi ACO CGC GCA CGA 000 000 06U
C U V UD V V S S L K C Q C F F 0 6 T 6A N F 0 D C C A R8 F H V 1115

3563 ACC CCU A600 6CC UCU CCC AUG OCA CCU 060 6CC AUGC iAA 0CC 66 U6GO CAC 060 UA0 AUC CSA AGO UGC COGU AUC06 OCGA OC CCCCCOCU
T F 14 S sC A F K T 14 K S K L EK 7 Y I 9 I L C I 0D 6 0 F F 1145
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3653 AUO UGU COC CAG AUC AAC UAU OAC CAG COC VVU acu uo0 UUC ACC 5wa 5W0 COA CCC CCO GAU CCO AAG CUO AOC AAA AUC CUC AAO CVC
C Q I Y D R r A w r T L L R P P D P X L 8 K I L X L 1175

3743 ACV VUO CCA UCU CGC USA USC AAU AUA GCA AU AMA GAG OCA ACO aUc ACO MC UAU 0Vo aU OCO UWU CCC AUC AUG uQu OCc ACU iCu
t L P S R V C I A Y K A T V T Y V A P A I C A T T 1205

3833 GOC AVU CiA OCu aaa MA SOC ASS CUA CAU UWW UCC uS0 ACO wUa MC AAA GOU ACA UCC VUV AA GAS VUO CAO OGA CAC AUC uCa SUW
0 N H A 0 K C 1 L H F J T L K 0 T r X D L 0 H S r 1235

3923 UAU AGU AUGO aOu GA UCA ACO ASS aA GAA CAU CAU OU GMA VUV CAU CUV OGV GOA CCC USA UCA AuG UCC CUW OCA GUA CCA GUU
Y S 0 N 0 D S T I 0 H H 0 F N L 0 0 P L L A V P r 1265

4013 OAA VUW oa UCU UWW OCi OGu CCA OUA iCS UCU OGu aau ACU CCC WuC ACV UCV aM MU UGaaUA AGOGAoAA ACU oCo CAC u50 GAU
r 0 F A O P V T 0 0 t P P T W L R V T A D 1295

4103 UOO VUA ACc UCU CUA ACG OUA GAU AUC CMA GU CUa CcA OSU VUC COA USC ASU OGA CGA AGO OCu 0ou CCU CUO ACA AVA CCU UCV UAO
V L T S L T V D I 0 V L P 0 R F Y R S A P L T I P S * 1324

4193 GcAvvvc6uUAAaAaAA6usccAucscc6cuuAcAG0aVUUCUaUWwaUCAAcxaAauAAOCAMOUVAUCUxa(;CAAAAUAaAaCAGCiUUOWUUGwOCVVVCVUGuwAGAuUtGU

4433 U0GAAAAGC (A)30 50

Figure 3: Nucleotide sequence of GCMV RNA2 and deduced amino acid sequence of the large open reading
frame. Sequence heterogeneities are shown in low letter case above the sequence. The nucleotide sequence is
being deposited at the EMBL data bank.

smaller, the largest one coding for a protein only 122 amino acids long. The AUG codon
at position 218 is the first initiation codon found from the 5' end of the RNA. This codon
is in a good context for initiation of translation in plants with G, C and A in positions
-3, -2 and -1 respectively and a G in position +4 (9-10). All these results suggest
that this codon is indeed the initiation codon used during GCMV RNA2 translation.
The UAG stop codon at position 4190 is followed in phase by two other termination

codons. The prediction that GCMV RNA2 encodes one single polyprotein of 146 kDa
is confirmed by in vitro translation experiments in reticulocyte lysates which show a single
translation product of approximately 148 kDa (G. Demangeat, personal communication).
Comparisons between the non-coding regions of GCMV and TBRV-S RNA2
Both the 5' and 3' non-coding sequences of GCMV RNA2 are shorter than those of TBRV-S
RNA2 whereas the coding sequences have almost the same size, TBRV-S coding for a

protein of 1357 amino acids (2). The 3' non-coding regions are 252 (GCMV) and 304
(TBRV-S) nucleotides long respectively and share a significant homology (73%) (Figure
4A). This high level of homology, in a region which probably contains replication signals
may explain, in part, why it is possible to obtain pseudo-recombinants between these two
viruses (11).
The 5' non-coding regions are 217 (GCMV) and 300 (TBRV-S) nucleotides long

respectively and share only about 50% homology (Figure 4B).
Sequence homologies between the non-coding regions of GCMV RNAJ and RNA2
The 3' non-coding regions of GCMV RNA1 (accompanying paper) and RNA2 are

completely identical but their 5' non-coding regions, both 217 nucleotides long, are only
68% homologous (Figure 4A-B). These differences in the 5' non-coding regions might
underline differences in translation efficiencies of these two RNAs and thus regulate the
respective levels of their protein products in the infected cell.
Localization of the coat protein coding sequence
The NH2-terminal amino acid sequence of GCMV capsid protein was determined by
sequential Edman degradation on purified virions. A sequence, XXXEFAFIHTID (were
X represents an unknown amino acid) was obtained, the signal representing only 2% of
the input protein. This result indicates that most of the protein in the sample had a blocked
NH2 terminus. The sequence obtained can thus represent the correct end of the capsid
protein or, alternatively, the terminal sequence of a minor unblocked contaminant. A search
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A
RNA2 OCKY UAGCAWUCWGIAGAGCAUAUCCAUCCCCCWGACACCGAWWCUCWUGUCAAGCUAGAAGCUCUUUCUAGUCAUU
RNA1 GCKV UAGCAWUCWGAAGAGAAUAUCCAUCCCCCWCACAGGGAUWUCUGUUUC)AGCUAGAAAAGCUCUAAUCUAGUCAAAU

Il 11 11111111118i1111 III 1II I 11 I i111RNA1 TBRV UA CUAVVUCUAUAGAGCAAUAUCCCUCCCUGGUGAUCUC4AGUkAAAAGAACCAVWWGCUGUUGAGAUALACCkJAUUGAALAU
RNA2 TBRV UAGGUAWUCWAUAGAGAAUAUCCCUCCCUGGUGAUCUGGAGUAAAAAGAACCAWWCCUGWGAGAUAACCAAAWGAAAU

STOP

RNA2 GC?VI AACGAGCAUGUUGU----------------------------------------------------- UUUUGCUUCUUAGU

RNA1 GCV AACGAGCAUGUUGU----------------------------------------------------- UUUGCUUUCUUAGU
111 11 11111 1111 11 1RNA1 TBRV ACUCAACUWGAGCAAUGCUAGACCUCGUGGWGCUCUCAUAWWAAGGUCAUGUGAUUVUCVVGWWCCUkU

RNA2 TBRV AACUCAACVWGAGCCAUGCVUAGACCVUCGUGGVUGCUCUCAUAUWWAAGGUCAVUGUGkJUAWUUCWUVGWUUU1CCUAU

RNA2 OCCtV WAGAWWGWWUCUGAACGUGWUAAWUCUGWWCAGUGCGAUAACAUCCCWWGUCCWWCUCAUCWWCCWWGU
RNA1 GCI(V VUAGAVUUGUUUCUGUAAGCGUGUUAVUWCUGUUUUCAGUGCCGAUAACAUGWWJVJGUCCUUVUCUCAUGUCUGCWUUGU
RNA1 TBRV WtAGGWUWAWUGCUGUUGUGGUWWAAUUACUGUWUUCAGUGGCGAUGCAUAGGGUWWGUCCUVWWCCCUGUGGUCCUAUGU
RNA2 TBRV UUAGGUWAVWWCUGWGUGUGUGVVhAAACUGWVWCAGUGGAUGAUAGUACGWUGUCCWWh1CCCUGUGGUGCUAUGU

RNA2 GCKV UGGACACAAAAAGAWWAUAWWCWAAAUGVUAACCWW-CUUWCCAAAACC poly (A)

RNA1 GCRY UGGACACAAAAAGAUUUUAUAVUWCVUAAAUGUAAAACCUUU-CWUUUGGAAAGC poly (A)
IIItlllVIii III l i i i X II

RNA1 TBRV UGGACACAAAAAGAWWUVCCUVCUUAGUAUGAUAAAAUGUUVWC--WCAAAACC poly (A)

RNA2 TBRV UGGACACAAAAAGAUUVWCUCWuVVGUAAAUGAUAAAAUGWUUUC--UCAAAAAGC poly (A)

B
RNA2 GCHY. WCGAAAAW1-VUCCAACCUACWC-CWCUACWWC-GAGUACVUWCAAAWCUCWCUWACWUCUCU-CACAAU

I1 111 11I i1iiI 1 11 11 1 11 1III 1till 11 11 111111R.NA1 GCIV WGGAAAU--VUUCCAAAAGCWAUACCCWCUGCUCUC-GAUCGCUWCCCAUCUCUUWCCCUACUCUCCCU-CACAAU
III III IIIIIII I I III 1Ill 11II1 MIRNA1 TBRV WCAkAAUAAAWW-CAA--GUCUUUACk-UUGUGUACACCCACUGCWWCUAWGJAGUCCGUkk-CCCCCUrCACCAA
1111|111111111 1 11111 1111111 1 11111 111111 1l111|RNA2 TBRV WCAAAAUAAAWW-CAA--AUWWACU-WCUGUAAWCCUCUrCUWCUAUCGAAGUCAAGGUAA-CCCCWCCACCAA

RNA2 GCNV ------------------- -

RNA1 GCKV CUUGCUUUAUAU---------------------------------------------------------------uuucc
IIl I'll

111111 I1 1111RNA2 TBRV CWGCWCCACGWCUCACAAUCAUAWGUG-AUWWCWWCUCWCCAWGCUrCCCUAAUACAGCACUGAUWCUUWC
fill III I Hii iil iiiillIIIlUXillitlii IlXllGIlGIIRNA2 TBRV CUUGUCUGCCAACACVWCCACAACCAUAUWWCCAAAWWCUWWCUWCUGCAUWCCUCCCCUAAUACArCGCWCAWWCUUWCG

RNA2GCWV

RNA1 GCNV

RNA1 TBRV

RNA2 TBRV
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of the sequence of the predicted translation product of GCMV RNA2 revealed the sequence

AGGEFAFIHTID at position 811-822. A protein containing this sequence and ending
at the carboxy terminus of the polyprotein (position 1324) would be 514 amino acids long
and would have a molecular weight of 56.7 kDa, as compared to a molecular weight of
52 kDa estimated by SDS-polyacrylamide gel electrophoresis for the coat protein isolated
from virions. This carboxy-terninus position for the coat protein would also be in agreement
with the results of Meyer et aL. (2) who positioned the coat protein of TBRV-S in the
same region on the basis of amino acid composition. However, the dipeptide cleavage
site yielding the AGGEFAFIHTID NH2-end is an arginine/alanine (RIA), a site not so

far observed in the processing of picorna-like RNA viruses polyproteins (12). Search for
known plant virus protease cleavage sites in that region revealed a glutamine/alanine (Q/A)
dipeptide at position 855 -856, which would give a 52 kDa product in better agreement
with the estimated molecular weight of the capsid protein.
These conflicting results prompted us to try to identify the location of the coat protein

and of its cleavage site in the RNA2-encoded polyprotein. As described in Materials and
Methods, two constructions were obtained,allowing the expression, under the control of
GCMV 5' non-coding region, of proteins having (except for an additional methionine)
either of the two putative NH2 termini we had determined (Figure 5). These constructions
were transcribed in vitro and the transcripts were further translated in a rabbit reticulocyte
lysate in vitro translation system as described in Materials and Methods. The 35S labelled
translation products were analyzed by SDS-polyacrylamide gel electrophoresis followed
by autoradiography before (Figure 6, tracks 1 and 4), or after (Tracks 2 and 5)
immunoprecipitation with anti-GCMV rabbit immunoglobulins. As can be seen, the
polypeptides obtained upon invitro translation of both constructions are immunoprecipitated
by anti-virions immunoglobulins and the protein corresponding to the R/A cleavage site
pinpointed by direct protein sequencing (track 1) has the same electrophoretic mobility
as coat protein extracted from the virions (noted CP). Taken together, these results
demonstrate that GCMV coat protein corresponds to the carboxy-terminal part of the
RNA2-encoded polyprotein and that the cleavage site freeing it from the polyprotein is
probably the R/A dipeptide located at position 810-811. We cannot completely rule out
the possibility of the primary (viral) cleavage being located just upstream of the R/A site
and followed by a secondary (host cell) serine protease cleavage at the R/A site.
Comparison of the amino acid sequence of the polyproteins coded by GCMV and TBRV-S
RNA2
The results of in vitro translation experiments (G. Demangeat, personal communication)
show that the GCMV RNA2 polyprotein is cleaved by an RNA1-encoded protease to yield
the mature coat protein and an 84 kDa protein which is further cleaved into two products
of approximately 46 and 48 kDa. This mechanism for the expression of the coat protein
seems to be general in nepoviruses since similar results have been reported for GFLV,
TobRV and TBRV (13-14 and C. Fritsch personal communication). So far, a search
of the sequence of TBRV and GCMV proteins has not yielded any known viral protease
sites that could account for the 84 kDa protein cleavage.
No significant homologies have been observed between GCMV RNA2 polyprotein and

Figure 4: Nucleotide sequence homologies between GCMV and TBRV-S RNA1 and RNA2 non coding regions.
A: 3' ends homologies B: 5' ends homologies

.
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Figure 5: Construction of plasmids GC2 and C 19 containing chimaeric GCMV coat protein genes. GCMV RNA2
cDNA is denoted by solid line. From plasmid pB37, a 223bp fragment containing 207 nucleotides of the 5' non-

coding region of GCMV RNA2 and 16 nucleotides from the polylinker was isolated following EcoRI and partial
HaeII digestion. From plasmid p1 12GC, a 758bp BaniHI/EcoRI fragment (from nucleotide 3715 to nucleotide
4441 plus a A16 tail and 16 nucleotides derived from the polylinker) containing the carboxy terminal end of the
coat protein gene and the 3' non coding region of GCMV RNA2 was isolated and subcloned in pBS +. Also
from plasmid pl 12GC, a BamHI/BamHI fragment of 1544bp (from nucleotide 2170 to nucleotide 3714) was

isolated and submitted to partial FokI digestion. Two fragments were isolated in this way. An 927bp fragment
(nucleotides 3714 to 2787 and containing the amino end of the coat protein cleaved at the Q/A cleavage site)
and a 1061bp fragment (nucleotides 3714 to 2653 and containing the amino end of the coat protein starting from
the R/A cleavage site). Plasmids pCapsl2 and pCPIA were obtained by four point ligations in EcoRI/BamHI
digested pBS + of the 223 bp EcoRI/HaeII fragment from plasmid pB37, one of the the FokI/BamHI fragments
derived from plasmid p112GC, and synthetic oligonucleotides adapters VB1 or VB2 restoring the end of the
3' non-coding region and the beginning of the two possible coat protein coding sequences. Oligonucleotide VB1
(CCAAGTCGACAATGGCGGTGCGCGGGTTCAGCTGTTACCGCCCACCACT) was used to link the 1061bp
and 223bp fragments and oligonucleotide VB2 (CCAAGTCGACAATGGCTGGGCGCGGGTTCAGCTG-
TTACCGACCCATAC) to link the 927bp and 223bp fragments. The final constructions, plasmids GC2 and C19
were respectively obtained by ligating the BamHI/EcoRI fragment from plasmid p730 to the BamHI/EcoRI fragments
from plasmids pCapsl2 or pCPlA and cloning in EcoRI digested pBS +. F, B, A, H, and E: restriction enzymes
FokI, BamHI, AccI, HaelI and EcoRI, respectively. At the bottom of the figure, the fragments used to make
the hybrid genes, are located on the full-length cDNA.

7816

5' non
coding
region

E c DNA
full-length

3' non
coding
region

t N
..........

X

F H



Nucleic Acids Research

C19 GC2

97 K-

68 K-

43 K-

26 K-

CP 1 2 3 4 5 6

Figure 6: In vitro translation of in vitro transcripts and immunoprecipitation of translational products. Plasmids
GC2 and C19 restricted with HindIl were used as template for phage T3 RNA polymerase. Transcripts were

translated in reticulocyte lysate with 35S Methionine (lanes 1 and 4). Samples were immunoprecipitated with
a GCMV-specific antiserum (lanes 2 and 5) or a non-immune serum (lanes 3 and 6). Authentic capsid (CP) was

stained with Coomassie brillant blue.

the polyprotein of CPMV M RNA or any of the other viral proteins that were assayed,
except for TBRV-S RNA2-encoded polyprotein. These two proteins are 1324 and 1357
amino acids long respectively and share an overall 60% homology. The two proteins are

strictly colinear except for one 28-amino acid gap in the sequence of the GCMV polyprotein
corresponding to amino acids 388-416 of the TBRV-S polyprotein. A curve plotting the
percentage of homology between the two proteins is presented on Figure 7. The position
of the R/A capsid cleavage site and the estimated position of the putative cleavage site
inside the 84 kDa protein are also presented on this figure. It can be observed that the
central portion of the polyprotein is more highly conserved than either the amino or carboxy
termini. The division into three domains with different levels of homology fits roughly
the cleavage of the polyprotein into three mature products. It has been reported (2) that
the central, most conserved region (590-800) of TBRV protein has reduced local
homologies with proteins involved in viral cell-to-cell movement (30K protein of tobacco
mosaic virus and the 48/58K protein of cowpea mosaic virus). However, these homologies
are too low to allow definitive assignment of such a function to this region of the polyproteins
of GCMV or TBRV.
The coat proteins, at the C-terminus of the polyprotein, occupy a domain of high global

hydrophobicity (not shown) and of reduced homology (54% average), which could explain
the hydrophobic properties of these proteins and the very low serological relations that
exist between GCMV and TBRV-S.
So far, no function has been attributed to the less conserved protein (43% homology

average) located in the NH2-terminal domain of the polyprotein.
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Figure 7: Amino acid homologies between the polyproteins encoded by GCMV RNA2 and TBRV-S RNA2.
Percent homology are calculated in a window of 100 residues. On the GCMV polyprotein at the bottom of the
figure are located the putative coat protein and its cleavage site R/A determined by chemical sequencing of the
NH2-end. The hatched aera represents a sequence of amino acids where cleavage of the 84 kDa protein should
occur to yield 46 kDa and 48 kDa proteins.

DISCUSSION
We have determined the nucleotide sequence of hungarian grapevine chrome mosaic
nepovirus RNA2. As previously observed for the closely related tomato black ring virus,
GCMV RNA2 harbors one single large open reading frame encoding a polyprotein which
is processed by an RNAl-encoded protease. A similar expression mechanism is used by
cowpea mosaic virus (CPMV), the type member of the comovirus group (15). The
homologies between nepoviruses and comoviruses even extend further since our results
demonstrate that the coat protein ofGCMV is located at the carboxy-terminal end of the
RNA2 polyprotein, as is also the case for the coat proteins of CPMV. However, the RNA2
polyprotein of nepoviruses has the capacity to encode three proteins in contrast to only
two proteins for the comoviruses since the protein located at the NH2-terminal end of the
nepovirus polyprotein has no counterpart in the comovirus genome. No significant
homologies have been observed between this putative protein and any accession in the
PIR database and, at the moment, we do not have any clues as to what might be its function
in vivo. One hypothesis is that this protein could be required for nematode transmission
of the virus since this characteristic has been found to be associated with RNA2 in another
nepovirus, raspberry ringspot virus (16).
The arginine/alanine dipeptide that we have tentatively assigned as the cleavage site

liberating the capsid protein from its precursor is quite unusual and had not previously
been observed in other viruses belonging to the 'picoma-like' superfamily of viruses (12).
This might be explained by the difference in structure of GCMV protease as discussed
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in the accompanying paper. In this respect, it would be interesting to determine precisely
the coat protein cleavage site in the case of TBRV because this virus appears to have a
slightly larger coat protein (56 kDa as estimated by SDS-polyacrylamide gel electrophoresis)
and since the R/A dipeptide is not conserved between the two viruses.

Results in our laboratory have shown that, during cross protection experiments in
Chenopodium quinoa, the two viruses seem to replicate independently and that, in particular,
the severe, superinfecting TBRV is not affected in its replication by the presence of the
mild, cross-protecting GCMV (17). This situation is in contrast with other cross protection
systems in which infection of the plant by and replication of the severe strain are drastically
reduced by the presence of the protecting strain. We are currently engineering the GCMV
coat protein expressing constructs for transformation of tobacco plants. It will be of interest
to see if, as was observed for other models (18-19-20), a protection against TBRV can
be obtained in this way and if the behaviour of TBRV in these transgenic plants is similar
to its behaviour in classically cross-protected plants.
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