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ABSTRACT

The nucleotide sequence of the RNA1 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 10° Da (RNA1) and 1.6x10° 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).

GCMYV 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 of TBRV (8, 9). Those similarities made some authors
regard GCMYV as a strain of TBRV (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
of GCMV RNAL1 with other viral proteins provides further information about the genetic
organization of nepoviruses.
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Figure 1 : Sequencing strategy of GCMV RNAL. 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 obtained 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’ terminal 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) (pdT,—,s, 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 of DNA 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 Smal site of the plasmid Bluescribe

(Stratagene) and the ligation mixture used to transform competent E. coli cells (strain DH5«,

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.

S ° 3"
Virion RNA VPg—UUGGAAAAUU- - -
LI I O O B AR
(—) strand om —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 dsSRNA molecule (2).
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Subcloning of cDNA fragments

Some restriction fragments (EcoRI, HindIIl, Hpall, Pstl, Pvull, Sstl, Taql) 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 4ug proteinase
K in 60ul TE buffer (10mM Tris-Cl, 1mM 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, 1h).
The pellet was resuspended in 50u]1 TE and 8ul were used for sequencing. After a 5-min
denaturation of the template in 0.4M NaOH, 15pmol 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. Sequenase™ (USB) was used following the
supplier’s indications and [3S]JdATPaS (Amersham) incorporated as the radiolabel.
Alternatively, AMV RTase (Genofit) and [c-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 of RNAI

Overlapping independent cDNA inserts (Fig. 1-A) were used to determine most of the
nucleotide sequence of GCMV RNAL. 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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AGUGCUGGUCCUCUGACAAUACCUUCUUAGGCAUUUCUUGAAGAGAAUAUCCAUCCCG
i ! i LR R AN A AR R AR AR AR RN
UCACCUUGGUUUGGUACAAAA - -UUCUUAGGCAUUUCUUGAAGAGAAUAUCCAUCCCG
PELERELE L D e B veeieer rereetneney it
UCUCCUUGGCAUGGGACUAAACUUUCUU ccucccy
1 | " ! LR R NN R R AR R RN R R R AN
GCCGAUGUUAGUGCGGUAUCAGGCUC ccucccy

GCMV RNA2 (4188-4219)
GCMV RNA1 (6941-6990)
TBRV RNA1 (7037-7079)

TBRV RNA2 (4343-4390)

Figure 4 : Evidence for a frameshift in GCMV RNAI, based on the nucleotide sequence comparison between
GCMYV and TBRV RNAEs 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 of RNA1 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 1
>~
o2
o \"
[} 1
g 50 TBRV
o
I
N
\\/\) \ CPMV
01 N ' Sl i : GCMV
T ; - . %:—:E—. r = T i1 Polyprotein
0 500 1000 1500 2000
CPMV
[ 32«Da 58 kDo 24 kDa 87 kDa ] Polyprotein

Proteose Cofaclor Membrone Binding VPg Protease Polymerase

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 binding site (N)
. ® RRR e o o oo
GCMV BPVWIYL-WGPSHCGKSNFMDVLGMALCKHFDLPYTV
TBRV EPVWIYL-FGORHCGKSNFMATLDNALAKHFGLPNTT
CPMV MPFTIFF-QGKSRTGKSLLMSQVTKDFQDEYGLGGET
TRV SPARDFLVRGAVGSGKS---TGLPYHLSKR-GRVLML
Polio IEPVCLLVHGSPGTGKSVATNLIARAIAER---ENTS
Consensus GxxGxGKs
t
[ e ve site (C
e eekk . 'Y coe e ee o
GCHV HYESRNNDCGMLLTCQLSGKMKVVGMLVAG--KDKTS
TBRV HYESRNDDCGMIILCQIKGKMRVVGMLVAG--KDKTS
CPMV EAPTIPEDCGSLVIAERIGGKHKIVGVHVAG-IQGKIG
TEV NFPZKDGQCGSPLVSTRDGF--IVGIHSASNFTNTNN
Polio ---TRAGQCGGVITC-~TG--KVIGMEVGG--NGSHG
Consensus TxxxxCG (] GxHvaG
sg

RNA Polymerase conserved d i

e B RR o R o Reoeo o o . e RRR o o .
GCHMV KVNCGLPSGFALTIVVMNSIFNEILIRY--X17--VCLLVYGDDNLISVSPAVA
TBRV KVNCGLPSGFALTVVVNSVFNBILIRY--X17--VCLLVYGDDNLISVSPSIA
CPMV RVECGIPSGFPMIVIVNSIFNEILIRY--Xz2~~IGLVTYGDDNLISVNAVVT
TEV KKEKGNNSGQPSTVVDNTZLMVIIAMLY--X11 -~IVYYVNGDDLLIAIHPDKA
Polio CVKGGMPSGCSGTSIFNSMINNLIIRT--X13s--LKMIAYGDDVIASYPHEVD
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), 13781412 (C) and 1760—1822 (P) of the polyprotein
of GCMYV 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 TBRYV, the 3’ non-coding regions of GCMV 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 RNAI,
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 RNAI is a
polyprotein. This is confirmed by in vitro translation results showing that the primary
translation product of GCMV RNAL1 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 CPMYV 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 GCMYV, a block of high homology with TBRV
was found between residues 90 and 275. The NH,-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 NH,-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
CPMYV 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 RNAL. Selected dipeptides
are those indicated (44, 46). The polyprotein of CPMYV, 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-xg_o-G-
X, —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 GCMYV 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 GCMYV, 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 GCMYV 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
RNA1-encoded polyprotein occurs either at positions not exactly colinear with the cleavage
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sites of CPMYV or at dipeptides different from those usually found in picorna-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 RNA1. 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 dsSRNA
molecules), or alternatively it may have an additional adenosine or lacks one or two of
the terminal adenosines (50). Thus, the case of GCMYV seems related to that found in some
of the molecules of poliovirus dsSRNA. The biological signification of this feature is obscure
because the poliovirus dsSRNA 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 RNALI 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 CPMYV 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 picornaviruses and recently also in potyviruses (51).
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