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INTRODUCTION 

Most plant viruses characterised so far cause a disease in infected plants. 
Therefore, the majority of virus names in common use include terms that 
describe an important symptom in a major host or the host from which the virus 
was first described. Some viruses may cause mild symptoms and a moderate 
yield losses. Others may lead to rapid death of the whole plant and result severe 
epidemics, such as those causing rice tungro disease. At the same time, many 
viruses infect host plants symptomlessly, i.e., without producing any obvious 
signs of disease. 

In recent years, the understanding of the plant viruses has increased rapidly 
in parallel with the development of molecular biology techniques. We have 
improved our understanding of the virion structure, the genome organisation, 
the gene expression, the replication, the movement, the symptom determination, 
the host interactions, the protein-RNA interactions, and the disease resistance. 

Viruses are genetically very diverse. For the present, it is known that the 
viruses infecting plants may contain single-stranded RNA (ssRNA, about 75% 
of plant viruses), double-stranded RNA (dsRNA, e.g. phytoreo- and alphacryp-
toviruses), single-stranded DNA (ssDNA, e.g. gemini- and nanoviruses), or 
double-stranded DNA (dsDNA, e.g. caulimo- and badnaviruses) genome 
(Murphy et al., 1995). The majority of plant viruses have ssRNA genome of 
messenger polarity [(+)-strand] and are classified into 49 different genera 
(Pringle, 1999). Plant ssRNA viruses show also a wide variation in capsid 
morphology ranging from the rod shaped (e.g. tobamo-, tobra-, hordei-, and 
furoviruses), and the filamentous (e.g. potex-, carla-, poty-, and enterovi
ruses) to the icosahedral viruses (e.g. bromo-, como-, polero-, sobemo-, and 
ty mo viruses). 

Eukaryotic mRNA is usually monocistronic in nature, i.e., only the first 
open reading frame (ORF) is translated. The genomes of (+)-strand RNA 
viruses are, in fact, also mRNAs. They are capable of directing protein synthe
sis in vivo and in vitro. Usually these genomes carry a battery of genes neces
sary for the viral life cycle, i.e., for the virus replication, particle formation, 
movement of the virus from cell to cell, interaction of the virus with its vector, 
and maturation of the polyprotein. Therefore (+)-strand RNA viruses express 
their genes through a large variety of strategies at the level of transcription as 
well as at the level of translation. The main strategies used by plant viruses to 
allow protein synthesis in an eukaryotic system from (+)-strand RNA genome 
containing more than one gene are: production of a subgenomic RNA (sgRNA), 
proteolytic cleavage of a polyprotein, overlapping genes, readthrough of leaky 
termination codons, ribosomal frameshifting, and genome segmentation. It is 
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important to note that most plant RNA viruses combine two or more of the 
above mechanisms for successful expression of their proteins. 

Plant viruses differ from animal viruses in several aspects. Plant viruses do 
not enter the cell with the help of the corresponding receptors, as do animal 
viruses. The wounding of the plant cell wall by viral vectors, or by mechanical 
injuries is needed to enable the plant viruses to enter a cell. In addition, the 
plant viruses require specific proteins, designated movement proteins, to 
migrate to other cells and to spread throughout the plant. The RNA segments, 
that compose the genome of animal viruses, are encapsidated within the same 
particle. This is not the case of plant RNA viruses whose RNA segments 
frequently reside in distinct particles, so that a plant cell must be infected by 
distinct particles for the virus to multiply. Finally, plant RNA viruses are 
frequently accompanied by satellites, a rather rare phenomenon among animal 
viruses. 

The genus Sobemovirus contains plant viruses having a single (+)-strand 
RNA genome encapsidated in a spherical particle. Like many other RNA vi
ruses, expression of the sobemoviral genes is regulated at the level of 
translation and by selective transcription of portions of the genome. The 
literature review of this thesis focuses on the characterisation of sobemo viruses. 
An overview about the biological properties, genome organisation, protein 
functions, gene expression regulation, replication, particle structure and 
movement is given. The experimental part of this work reports the nucleotide 
sequence, genome organisation and gene expression of cocksfoot mottle 
sobemovirus. 
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1. REVIEW OF LITERATURE 

1.1. Genus Sobemovirus 

Sobemo viruses are plant RNA viruses named after their type member, southern 
be an mosaic virus (SBMV). In 1969, Walters proposed to combine single-
component-RNA beetle-transmitted viruses into a "southern bean mosaic virus 
group". In 1977, Hull made a recommendation to establish this plant virus 
group on the basis of similarities in protein subunit molecular weight, capsid 
stabilisation, sedimentation coefficient, and the distribution of the particles 
within the cell (Hull, 1977a). The group was accepted by the International 
Committee on Taxonomy of Viruses (ICTV) under the name Sobemovirus 
(Matthews, 1982). In 1995 ICTV recognised the group as an unassigned genus 
Sobemovirus (Hull, 1995). At the moment the genus contains 11 definitive 
species (Table 1) (Fauquet & Mayo, 1999). The tentative species of the genus 
are the cocksfoot mild mosaic virus (CfMMV), the Cynosurus mottle virus 
(CnMoV), and the ginger chlorotic fleck virus (GCFV) (Table 1) (Fauquet & 
Mayo, 1999). It should be noted that three other viruses recently regarded as 
tentative species of the Sobemovirus genus (maize chlorotic mottle virus, olive 
latent virus 1, and Panicum mosaic virus) have now been assigned to other 
virus genera. However, several viruses presently not recognised by ICTV have 
been proposed to be closely related to the sobemo viruses. Such viruses include, 
for instance, Rottboellia yellow mottle virus (Brunt et al., 1996), ryegrass mot
tle virus (Brunt et al., 1996), and Sesbania mosaic virus (SeMV) (Bhuva-
neshwari et al., 1995). 

The viruses in the Sobemovirus genus are characterised by icosahedral 
particles of about 30 nm in diameter (Hull, 1995). The virions contain a single 
coat protein, approximately 30 kDa in size. The capsid is constructed according 
to T=3 symmetry of 180 subunits. The genome of sobemoviruses consists of 
one single-stranded messenger-sense RNA molecule, approximately 4 to 4.5 kb 
in size. The 5' terminus of the RNA has a genome-linked protein (VPg) and 
the 3' end lacks a poly (A) tail. 

1.1.1. Biological properties of sobemoviruses 

Geographical distribution, host range and transmission. The first sobemovi
rus to be isolated was SBMV from a garden bean in Maryland, Louisiana and 
California, USA (Zaumeyer & Harter, 1943). Later it was demonstrated that the 
sobemoviruses are spread all over the world. The cocksfoot mottle virus 
(CfMV), for example, has been reported to occur in Great Britain (Serjeant, 
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1964), Denmark (Engsbro, 1978), France (Hariri & Lapierre, 1978), Germany 
(Rabenstein & Schmidt, 1979), New Zealand (Mohamed, 1980), Japan (Tori-
yama, 1982), Norway (Norwegian isolate, CfMV-NO; Munthe, 1988), and Rus
sia (Russian isolate, CfMV-RU; Ryabov et al, 1996). 

The natural host range of each species of the virus is relatively narrow 
(Table 1). However, sobemoviruses in general infect plant species from not less 
than 15 different families, both from dicot and monocot ones (Brunt et al, 
1996). 

Four major strains of SBMV have been described, which are differentiated 
by the legume hosts they infect and by the symptoms they induce (Tremaine & 
Hamilton, 1983). All strains infect only a few species in the family Legumino-
sae. The bean strain (the type strain) of SBMV infects most bean (Phaseolus 
vulgaris) cultivars systemically and fails to infect cowpea (Vigna unguiculata). 
In some bean cultivars, e.g. cv. Pinto, it causes local lesions. The cowpea strain 
infects most cowpea cultivars systemically. It is not transmitted to beans except 
cv. Pinto, in which it is symptomless. The Ghana strain infects many cowpea 
cultivars and induces local or systemic symptomless infection in some cultivars 
of Phaseolus vulgaris. The severe bean or Mexican strain induces more severe 
symptoms in Phaseolus vulgaris than the bean strain. It gives systemic 
symptoms in the bean cv. Pinto and also infects the cowpeas. Recently, the 
bean strain and the cowpea strain of SBMV has been distinguished as SBMV 
and southern cowpea mosaic virus (SCPMV), respectively (Fauquet & Mayo, 
1999). They are accepted as independent sobemovirus species due to the 
differences in host ranges, antigenicity, and substantial differences in sequences 
(Fauquet, personal communication). 

The sobemoviruses are transmitted by vectors, many also through seeds, and 
readily mechanically (Table 1). The efficient vectors for CfMV, rice yellow 
mottle virus (RYMV), Solanum nodiflorum mottle virus (SNMoV), SBMV, 
SCPMV, and turnip rosette virus (TRoV) are the beetles. Blueberry shoestring 
virus (BSSV) is transmitted by aphids and velvet tobacco mottle virus 
(VTMoV) by mirids. Sowbane mosaic virus (SoMV) is transmitted by leaf-
miners and leafhoppers. 
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Table 1. Biological properties of sobemoviruses. 

Virus Natural host Vector Seed trans
mission 

Reference 

A. Definitive species 

BSSV Vaccinium corymbosum, Aphids No Ramsdell, 1979 
V. angustifolium 

CfMV Dactylis glomerata, Beetles No Serjeant, 1967; 
Triticum aestivum Mohamed & Mos-

sop,1981 
LTSV Medicago sativa NDa No Blackstock, 1978; 

Forester & Jones, 
1979 

RYMV Oryza sativa, Beetles No Bakker, 1974 
0. longistaminata 

SBMV Phaseolus vulgaris Beetles Yes Tremaine & Hamil
ton, 1983 

SCMoV Trifolium subterraneum ND Yes Francki et al., 1983 
SCPMV Vigna unguiculata Beetles Yes Tremaine & Hamil

ton, 1983 
SNMoV Solanum nodiflorum, Beetles No Greber, 1981; 

S. nitidibaccatum, Jones & Mayo, 
S. nigrum 1984 

SoMV Chenopodium spp., C. mu Leafminers, Yes Kado, 1967; 1971 
rale, Vitis sp., Prunus leafhoppers 
domestica, Atriplex 
suberecta 

TRoV Brassica campestris ssp. Beetles ND Hollings & Stone, 
napus, Brassica campes 1973 
tris ssp. rapa 

VTMoV Nicotiana velutina Mirids No Randies et al., 
1981 

B. Tentative species 

CfMMV Phleum pratense, Dactylis Aphids, No Huth & Paul, 1972 
glomerata, Agrostis stolo- beetles 
nifera, Bromus mollis, 
Festuca pratensis, Poa 
trivialis 

CnMoV Cynosurus cristatus, Aphids ND Mohamed & Mos-
Lolium perenne, Agrostis sop, 1981 
tenuis, A. stolonifera 

GCFV Zingiber officinale ND ND Thomas, 1988 

a not determined. 
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Symptomatology and cytopathology. The sobemovirus infections can cause a 
variety of disease symptoms in plants: mild or severe chlorosis and mottling, 
stunting, necrotic lesions, vein clearing, and sterility of plants (Hollings & 
Stone, 1973; Chamberlain & Catherall, 1976; Randies et al., 1981; Francki et 
al1983; Hull, 1988). The symptoms vary from symptomless infections to se
vere disease and death of plants. For instance, in cocksfoot (Dactylis glomer
ata) and wheat (Triticum aestivum) CfMV causes a conspicuous yellow 
streaking and mottling of the leaves, and heavily infected plants are killed 
(Serjeant, 1967; Chamberlain & Catherall, 1976). In oat (Avena sativa) and 
barley (Hordeum vulgare) the symptoms are much milder but include some 
necrotic spotting. 

The sobemoviruses have been detected most dominantly in mesophyll and 
vascular tissues, but have been reported also for instance from the epidermal 
and guard cells and bundle sheath cells (Hartman et al., 1973; Rabenstein & 
Stannarius, 1984; Brunt et al., 1996; Opalka et al., 1998). In the vascular 
tissues, the localisation of virus particles in xylem parenchyma cells and xylem 
vessels seems to be characteristic, as only occasional presence in phloem 
parenchyma cells and sieve elements has been reported (Hartman et al., 1973; 
Brunt et al., 1996; Opalka et al., 1998). However, for CfMV, it has been 
reported that in the vascular tissues it localises namely to phloem (Chamberlain 
& Catherall, 1976; Rabenstein & Stannarius, 1984). 

Subcellularly, particles of sobemoviruses have been detected in the 
cytoplasm, cell nuclei and vacuoles of infected cells (Hull, 1977a; Francki et 
al., 1985). These viruses also form crystalline arrays in the cytoplasm (Hull, 
1977a). The cells infected with several sobemoviruses contain cytoplasmic 
fibrils, some of which are enveloped in the endoplasmic reticulum-derived 
vesicles (Francki et al., 1985). The characteristic tubules, often aggregated into 
bundles, are found in the cells of plants infected, for example, with RYMV, 
BSSV, and SNMoV. The nature of these structures is unknown. No particles 
have been detected in either chloroplasts or mitochondria of cells infected with 
any of these viruses (Hull, 1988). 

Resistance. In susceptible hosts, several sobemoviruses can cause severe dis
eases with concurrent economic losses. 

CfMV first occurred in epidemic proportions at Aberystwyth in the mid-
1960s (Catherall, 1985). In the middle of the 1980s, a severe outbreak of CfMV 
was observed in the cocksfoot fields in Norway (Rognli et al., 1995). Most 
cultivars of cocksfoot are highly susceptible, only few of them are tolerant or 
resistant (Catherall, 1985; Rognli et al., 1995). There are at least two types of 
resistance to the CfMV in cocksfoot cultivars (Caterhall, 1986). Progenies from 
the crosses between resistant cocksfoot genotypes and between the resistant and 
susceptible cocksfoot genotypes possessed (i) a greater resistance to becoming 
infected and (ii) either post-infection resistance or tolerance. Both types of the 
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resistance are clearly heritable. Although CfMV is experimentally transmitted 
to cereals, the infection of cereals in fields is not a serious problem (Benigno & 
A'Brooks, 1972). 

Natural resistance against sobemoviruses has been detected also for the 
subterranean clover mottle virus (SCMoV) in Trifolium subterraneum (sub
terranean clover) (Wroth & Jones, 1992), for CnMoV in Cynosurus cristatus 
(crested dog's tail) (Catherall, 1985), for SBMV in Phaseolus vulgaris (bean) 
(Zaumeyer & Harter, 1943). It has been demonstrated that the resistance against 
SCPMV in Vigna unguiculata (cowpea) is controlled by a single gene accord
ing to a classical gene-to-gene interaction model (Hobbs et al., 1987). There is 
no current knowledge of the molecular features of the resistance genes against 
the sobemoviruses. 

Very few natural resistance sources are available for the RYMV, economi
cally the most important sobemo vims causing a major limiting disease in Africa 
rice production. Here, recent advances have been reported in constructing 
transgenic rice plants expressing the putative RNA dependent RNA polymerase 
(RdRp) sequence of Nigerian isolate of RYMV (RYMV-NG) and displaying 
resistance to several different RYMV strains (Pinto et al., 1999). The resistance 
achieved was based on the RNA homology-dependent resistance. It is the only 
reported case for the transgenic resistance against the sobemoviruses. 

1.1.2. Genome organisation 

The complete nucleotide sequences of several sobemoviruses have been deter
mined (Table 2). As CfMV was under investigation in this study the genome 
organisation of CfMV and translational strategies used by this virus are 
discussed more thoroughly in section 3, "Results and discussion". 

Table 2. Viruses in the genus Sobemovirus which complete nucleotide sequences have 
been reported. 

Virus Isolate Accession number Reference 

CfMV Norwegian Z48630 Paper I 
CfMV Russian L40905 Ryabov et al., 1996 
LTSV U31286 Jeffries et al., 1995 
RYMV Ivory Coast L20893 Ngon A Yassi et al., 1994 
RYMV Nigerian U23142 Pinto & Baulcombe, 1995 
SBMV L34672 Othman & Hull, 1995 
SBMV Arkansas AF055887 Lee & Anderson, 1998 
SBMV Arkansas, Sa AF055888 Lee & Anderson, 1998 
SCPMV M23021 Wu etal., 1987 

a resistance-breaking mutant. 
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The sobemoviral genome is compact and most of the predicted ORFs overlap 
each other. The coding region contains regularly four ORFs (Fig. 1). All se
quenced sobemoviruses contain a small ORF1 at the 5' end of the genome and 
the 3' proximal ORF which encodes the viral coat protein (CP). Exceptionally, 
the nucleotide sequence of the lucerne transient streak virus (LTSV) genome 
available from GenBank database (Jeffries et al, 1995) indicates the presence 
of two small ORFs at the beginning of the genome, ORFla and ORFlb. Later, 
this was shown to be a sequencing error (Rathjen, personal communication). 
Thus, LTSV contains a single ORF1 similarly to the other sobemoviruses. 

The polyprotein of the SCPMV is encoded by the large continuous ORF2 
(Fig. 1) (Wu et al, 1987). The genome of SCPMV contains also an internal 
coding region ORF3, situated in -1 reading frame within ORF2. Similar genome 
organisations have been reported for the Arkansas isolate of SBMV (SBMV-
Ark), the Ivory Coast isolate of RYMV (RYMV-CI), and the LTSV (Ngon A 
Yassi et al, 1994; Jeffries et al, 1995; Lee & Anderson, 1998). 

SCPMV 

5' VPg» 

SBMV-Ark 

5" VPg < 

SBMV 

5' VPg o 

0 1.0 
I I 

2.0 3.0 4.0 
H 1 h-
ORF3 

jj. P3 I 
UKM | ^Prog MURpM I ORF4 

I P1 I f nRPO I CP | 
VPg VPgo-i — 

ORF3 I CP I 
1 P3 | 

ORF11 WW »dRpMS I ORF4 
I P1 I 

I P1 I 

ORF2 CP 

VPg VPgo-
CP 

ORF1 | IS1 I 
t ORF2 

VPg 

3' 

•3' 

3' 
VPgo I CP —J— 3' 

ORF3 
CP 

Figure 1. The genome organisation of the SCPMV, SBMV-Ark, and SBMV. A diagram 
of genomic and subgenomic RNAs is shown. The ORFs are illustrated as boxes. VPg, 
the peptide covalently attached to the 5' terminus of the RNA genome, is shown as a 
small circle. The approximate location of the putative protease and putative RdRp 
domains are marked Pro and RdRp, respectively. The position of the VPg N-terminus is 
indicated by an arrow. The sites of -1 ribosomal frameshifting consensus signals are 
shown by a chain. The position of the first AUG in ORF3 of SCPMV and SBMV-Ark is 
indicated by the vertical line. PI, ORF1 encoded protein; CP, coat protein. 

The genome organisations of the RYMV-CI and the LTSV are similar to that of the 
SCPMV and the SBMV-Ark. 
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The genome organisation of SBMV is different from the above-mentioned 
(Fig. 1) (Othman & Hull, 1995). The SBMV lacks the small ORF3, characteris
tic for the SCPMV and the SBMV-Ark, and the three remaining ORFs do not 
overlap each other. Unlike the SBMV, the SBMV-Ark contains four putative 
overlapping ORFs, making it more similar in genome organisation (but not in 
amino acid sequences of individual proteins) to the SCPMV (Lee & Anderson, 
1998). It has been assumed that the considerable differences in the genome 
organisation of the SBMV and SBMV-Ark may result from the mutations or 
the sequencing errors in the SBMV that resulted in mis-identification of ORFs 
(Lee & Anderson, 1998). 

1.1.3. Sobemoviral proteins and their functions 

PI. All the characterised sobemoviruses encode a small PI protein from 5' ter
minal ORF. However, the nucleotide sequences of ORF1 as well as the primary 
structures of PI differ among the members of the Sobemovirus genus. They are 
also unrelated to any other known proteins. 

It has been hypothesised that the ORF1 of RYMV-CI could encode two 
polypeptides due to readthrough of the UGA stop codon at nt 553 (Ngon A 
Yassi et al, 1994), which would be different from other viruses of this genus. 
Two proteins with apparent molecular masses of 18 and 19 kDa were translated 
in vitro in wheat germ extract (WGE) from ORF1 sequence of RYMV-CI and 
immunoreacted with PI specific antibody (Bonneau et al, 1998). From 
RYMV-CI infected rice plants and protoplasts, PI was also detected as a dou
blet of protein. Surprisingly, in vitro translation of both constructs, containing 
ORF1 coding region with two stop codons (nt 553 and 599) or with one stop 
codon at nt 553 only, produced two products of 18 and 19 kDa. Therefore, it is 
unlikely that pl9 of RYMV-CI is translated by a readthrough of the stop codon 
at nt 533. It was proposed that the proteins detected in vitro and in vivo most 
likely result from degradation, posttranslational modification(s), or from struc
tural or other characteristics of the RYMV-CI PI (Bonneau et al, 1998). 

Recently, the full-length cDNA clones of the SCPMV and the RYMV-CI 
were constructed and used to study the functions of PI in the viral life cycle 
(Bonneau et al, 1998; Sivakumaran et al, 1998). Analysis of the mutants 
incapable to produce PI or producing only truncated version of PI indicated 
that RYMV-CI or SCPMV PI is not needed for virus replication (Bonneau et 
al, 1998; Sivakumaran et al, 1998). At the same time, the absence of full-
length PI abolished the viral cell-to-cell and systemic movement in the cowpea 
and the rice plants, respectively. The RYMV-CI mutant that did not express PI 
due to a mutation at the initiation codon replicated efficiently in rice protoplasts 
but at a level lower than wild-type cDNA transcript. Transgenic rice plants, ex
pressing wild-type PI, were able to complement this initiation codon mutant 
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and produced systemic infection. These data demonstrate that one or more of 
the functions of PI act in trans and are essential during the infection in plants. 

Interesting is the fact that RYMV symptoms appeared more rapidly in PI 
overexpressing plants inoculated with RYMV-CI full-length transcript than in 
nontransformed plants (Bonneau et al, 1998). The observation that expression 
of PI in trans enhances the infection process in planta suggests that PI can act 
as an enhancing factor for genome amplification. Recently, it was demonstrated 
that PI of RYMV-NG functions as a suppressor of posttranscriptional gene 
silencing (Pinto, personal communication). 

Polyprotein. All the characterised sobemoviruses encode a relatively large pro
tein with its molecular mass around 100 kDa. The genome structure of LTSV, 
RYMV-CI, SBMV, SBMV-Ark, and SCPMV allows the synthesis of this pro
tein from a continuous single ORF. Based on experimental data as well as on 
analysis in silico, one can distinguish at least the following functional domains 
in the poly proteins of sobemoviruses — the serine protease-like domain, VPg, 
and the RdRp-like domain. Whether these are the only functions of the polypro
tein or not, is not clear at present. 

Gorbalenya et al. (1988) identified a putative serine protease motif in the 
N-terminal part of the polyprotein of SCPMV by sequence comparison with 
cellular and viral proteases. This putative protease is similar to the 3CPro cystein 
proteases of picornaviruses and is characteristic to all the members of the 
Sobemovirus genera, members of the Polerovirus [formerly known as subgroup 
II luteoviruses — the beet western yellows virus (BWYV, Veidt et al., 1988), 
the potato leafroll virus (PLRV, Van der Wilk et al, 1989), the cereal yellow 
dwarf virus RPV serotype [CYDV-RPV (formerly known as the barley yellow 
dwarf virus RPV serotype), Vincent et al, 1991], the cucurbit aphid-borne yel
lows virus (CABYV, Guilley et al, 1994), and the beet mild yellowing virus 
(BMYV, Guilley et al, 1995)], and the Enamovirus [RNA1 of the pea enation 
mosaic enamovirus (PEMV-1, Demier & de Zoeten, 1991)] genera in the 
Luteoviridae family, the mushroom bacilliform barnavirus (MBV) (Revill et 
al, 1994), and the human astrovirus 2 (HAstV-2) in Astroviridae family (Jiang 
et al, 1993). The proposed protease sequence is unique among the plant viral 
proteases in that it resembles a cellular serine protease in possessing a serine 
residue instead of a cy stein in the catalytic triad (Gorbalenya et al, 1988; 
Dougherty & Semler, 1993). The consensus amino acid sequence of the cata
lytic triad is H(X32-35)[D/E](X61.62)TXXGXSG (Koonin & Dolja, 1993). The 
glycine and histidine residues downstream from the putative catalytic residues 
are suggested to be a site that is involved in substrate binding. However, bio
chemical demonstration of protease activity and the role it plays in the sobe
movirus life cycle are lacking. 

A 12 kDa protein has been reported to be covalently linked to the 5' end of 
the SBMV genome (Ghosh et al, 1981), and a 10 kDa VPg is attached to the 
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SCPMV genome (Mang et al., 1982). Recently, the N-terminal sequence of the 
VPg of SBMV has been determined (Van der Wilk et al., 1998). The obtained 
amino acid sequence started at position 327 of the ORF2 product of SBMV. 
Comparison of the obtained N-terminal sequence of the VPg of SBMV revealed 
63% identity to residues 326-345 of the ORF2 product of SCPMV (Van der 
Wilk etal, 1998). 

The position of the VPg in the sobemovirus genome differs from the 
genome arrangement characteristic of the many RNA virus families, including 
Picornaviridae and Comoviridae: VPg-protease-RdRp (Koonin & Dolja, 1993). 
The N-terminal sequence of SBMV VPg places it between the putative serine 
protease and the putative RdRp motifs in the polyprotein. Recently, it has been 
shown that VPg of CfMV-RU has analogous position in CfMV-RU polyprotein 
(Mäkinen et al., unpublished data). Similar polyprotein arrangement — 
protease-VPg-RdRp — has also been shown for PLRV, MBV, and PEMV-1 
(Van der Wilk et al., 1997; Revill et al., 1998; Wobus et al., 1998). As indi
cated, these viruses share several common features with sobemoviruses. 

The C-terminal region of the sobemoviral polyprotein is predicted to encode 
a putative RdRp based on the presence of the GDD motif and the surrounding 
conserved motifs characteristic of RdRp-s (Koonin, 1991, Koonin & Dolja, 
1993). The putative sobemoviral RdRp-s show extensive similarities to RdRp-s 
of a number of positive-stranded ssRNA viruses, which include again the 
poleroviruses (BMYV, BWYV, CABYV, CYDV-RPV, PLRV), the enamovi-
ruses (PEMV-1), the barnaviruses (MBV), and the astroviruses (HAstV-2). 
Such similarities have been used to evaluate the taxonomic position of SCPMV 
in relation to other (+)-strand RNA viruses (Koonin, 1991; Koonin & Dolja, 
1993). SCPMV as well as BWYV, PLRV, and PEMV-1 have been grouped 
into the Sobemo lineage of the polymerase supergroup 1 (Koonin & Dolja, 
1993), indicating that the RdRp-s of the poleroviruses are more similar to those 
of the sobemoviruses than they are to those of the luteoviruses (formerly known 
as subgroup I luteoviruses). 

P3. The genomes of LTSV, RYMV-CI, SBMV-Ark, and SCPMV have a small 
ORF3 nested in the middle of the ORF2 in -1 reading frame. The N-terminal 
half of the ORF3 encoded proteins (P3) is similar to the N-terminal part of the 
BWYV and PLRV ORF2 encoded proteins, and the MBV and PEMV-1 ORF3 
encoded products (Ryabov et al., 1996). At the moment, the function(s) and the 
translational mechanism of this ORF are unknown. The genome-length cDNA 
clone of vSCPMV has been used to characterise of the phenotypes of the ORF3 
mutants (Sivakumaran et al., 1998). The mutant expressing the truncated P3 
was not infectious in the cowpeas, indicating that P3 is needed for the SCPMV 
infectivity in plants. Interestingly, the mutant having a nonsense codon up
stream of a potential ORF3 AUG codon, also was unable to infect the cowpeas. 
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Experiments in the protoplasts demonstrated that the mutations in ORF3 had no 
effect on the viral RNA synthesis and the SCPMV assembly. 

Coat protein. The coat protein of sobemoviruses is encoded by the 3' proxi-
mally located ORF (in case of LTSV, RYMV, SBMV-Ark, and SCPMV ORF4, 
in case of SBMV ORF3). The amino acid sequence of SCPMV coat protein re
ported by Hermodson et al. (1982) showed that the translation initiation occurs 
at the second AUG (nt 3271-3273) of the ORF4 and is followed by the post-
translational replacement of the N-terminal methionine with an acetyl group. 
The direct sequencing of the N-terminus of RYMV-CI coat protein showed that 
it commences at the first AUG codon of the last ORF at nt 3447 (Ngon A Yassi 
et al., 1994). 

The tentative phylogenetic tree generated by aligning the coat protein se
quence of SCPMV together with several other viruses consisted of three dis
tinct subdivisions (Dolja & Koonin, 1991). Interestingly, the coat protein of 
SCPMV grouped together with the tobacco necrosis necrovirus (TNV) coat 
protein rather than with the coat proteins of poleroviruses. The coat protein of 
RYMV-CI is also more closely related to that of TNV (Ngon A Yassi et al., 
1994), indicating that coat proteins of sobemoviruses and coat proteins of ne-
croviruses are phylogenetically related (Dolja & Koonin, 1991). This is dif
ferent from the sobemoviral putative proteases, VPg-s, and the putative RdRp-s, 
which are most closely related to poleroviruses, as indicated above. 

Sobemoviral particles are found in the nuclei of infected cells (Hull, 1977a; 
Francki et al., 1985). Ngon A Yassi et al. (1994) noted that the N-terminal part 
of RYMV-CI coat protein (aa 3-22) contains the sequence which is identical to 
the bipartite nuclear targeting motif (Dingwall & Laskey, 1991). The similar 
bipartite nuclear targeting motif can be found at the N-terminus of all the sobe
moviral coat proteins (Ngon A Yassi et al., 1994; Paper I; Lee & Anderson, 
1998). This finding may explain the observation why have the virus particles 
been found in the nuclei of the infected cells during the sobemovirus infection. 
Except for this observation, no molecular determinants have been attributed to 
the subcellular or tissue-specific localisation of sobemovirus particles. 

The full-length cDNA clones of RYMV-CI and SCPMV have been used 
to study the function(s) of coat protein (Brugidou et al., 1995; Sivakumaran et 
al., 1998). The tested mutants (C-terminal deletion and frameshift mutants of 
RYMV-CI; initiation codon and insertion mutations of SCPMV) were not in
fectious in plants. No virus accumulation was detected in the inoculated or 
systemic leaves, indicating that the coat protein is essential for the cell-to-cell 
and the systemic virus movement. At the same time, the coat protein was not 
required for the RNA synthesis of RYMV-CI and SCPMV in the rice and 
cowpea protoplasts, respectively. In rice plants, RNA replication for both 
RYMV-CI mutants was detected in inoculated leaves four weeks after inocula
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tion, indicating the importance of the coat protein dominantly in the virus long 
distance movement. 

Direct evidence of the coat protein determining the host range of the 
sobemoviruses was provided by characterising the resistance-breaking mutant 
of SBMV-Ark, SBMV-S (Lee & Anderson, 1998). SBMV-S is able to move 
systemically in bean cvs. Pinto and Great Northern, although the wild-type 
SBMV-Ark is restricted to the inoculated leaves in this host. Sequence analysis 
of the genomes of SBMV-Ark and SBMV-S revealed seven nucleotide dif
ferences, but only four deduced amino acid changes. Three amino acid changes 
were identified in the R-domain of the virus coat protein (see also sec
tion 1.1.6). The changes in the R-domain of coat protein may have an effect 
on specific coat protein-RNA interaction needed for correct capsid as
sembly/disassembly and through that determine the host range of the virus. 

1.1.4. Translational control of gene expression 

The first data on proteins encoded by sobemoviruses (besides structural coat 
protein) were obtained from in vitro translation experiments. The RNAs of 
several sobemoviruses have been translated in the rabbit reticulocyte lysate and 
WGE systems. Both RNAs of SBMV and SCPMV induce the translation of 
four major proteins in the cell-free systems: 105, 75, 29, 14 kDa, and 100, 70, 
30, 20 kDa, respectively (Saleno-Rife et al., 1980; Mang et al., 1982). Four 
polypeptides can also be translated from CfMV-NO (Papers II and HI), LTSV 
(Morris-Krsinich & Forster, 1983), SNMoV (Kiberstis & Zimmern, 1984), and 
TRoV (Morris-Krsinich & Hull, 1981) RNAs, displaying only slight dif
ferences in their molecular weights (Table 3). 

Table 3. In vitro translation products of some sobemoviruses in cell-free systems. 

In vitro translation products 
Virus Poly Unknown Unknown Coat Unknown Reference 

protein 
(kDa) 

(kDa) (kDa) protein 
(kDa) 

(kDa) 

CfMV 100 71 34 12 Papers II and HI 
LTSV 105 78 33 18 Morris-Krsinich & 

Forster, 1983 
SBMV 105 75 29 14 Salerno-Rife et al., 

1980; Mang et al., 
1982 

SCPMV 100 70 30 20 Mmgetal., 1982 
SNMoV 100 67 38 28 Kiberstis & Zimmern, 

1984 
TRoV 105 67 35 30 Morris-Krsinich & 

Hull, 1981 
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Previous studies have demonstrated that the 100 kDa and 70 kDa proteins of 
SCPMV are related to each other and are translated from the full-length RNA, 
and the 20 kDa protein is presumably encoded by ORF 1 (Ghosh et al, 1981; 
Mang et al., 1982; Wu et al., 1987). It has also been proposed that the 
polyprotein, encoded by ORF2 of SCPMV is processed by proteolytic cleavage 
to give the 70 kDa translation product (Wu et al, 1987). The 30 kDa protein 
(viral coat protein) was shown to be translated from a smaller, sgRNA (Rutgers 
etal., 1980; Ghosh et al., 1981; Mang et al., 1982). 

1.1.4.1. Subgenomic RNA 

The expression of internal genes of the (+)-strand RNA viruses is frequently 
mediated via sgRNAs. In general, sgRNAs are the mRNAs for the 3' proxi
mal genes of the polycistronic viral RNAs, and are identical in sequence to the 
3' end of the genomic RNA. 

A sgRNA has been detected in the sobemovirus infected tissues as well as in 
the virus particles. For instance both SBMV and SCPMV encapsidate the sub
genomic component into viral particles (Rutgers et al., 1980; Weber & Sehgal, 
1982). The sgRNA of 0.3-0.4 X 106 of SCPMV and SBMV has the VPg linked 
to its 5' end as does the genomic RNA (Ghosh et al, 1981; Mang et al, 1982). 
Sobemoviral RNAs smaller than genomic length have also been reported for 
CfMV and RYMV-CI (Paper I; Ryabov et al., 1996; Bonneau et al, 1998). 

The 5' end of the sgRNA can be determined by direct RNA sequencing, 
primer extension or RNAse protection experiments. The primer extension ex
periments are used to identify the precise 5' ends of the sobemoviral sgRNAs. 
The 5' ends of SCPMV and SBMV sgRNAs map to the bases 3241 and 3163, 
respectively (Hacker & Sivakumaran, 1997) and based on the sequences of 
SCPMV and SBMV genomes (Wu et al., 1987; Othman & Hull, 1995), are 
possessing the 5' end primary sequence ACAAAA. At the same time, the 
5' terminal nucleotides of SCPMV genomic RNA were also identified as 
ACAAAA (Hacker & Sivakumaran, 1997). The 5' ends of the genomic RNAs 
of the two other sobemoviruses, RYMV-CI and LTSV, have been reported to 
be ACAA and AC AAA, respectively (Ngon A Yassi et al, 1994; Jeffries et al, 
1995). The 5' ends of SBMV and SBMV-Ark genomic RNAs start with the 
similar motif, CACAAAA (Othman & Hull, 1995; Lee & Anderson, 1998). All 
sobemoviruses are also characterised to have polypurine track, including the 
sequence aAGgAAA just in the beginning of the genomic RNA (Hacker & 
Sivakumaran, 1997). 

Using the similarity between the 5' ends of genomic and subgenomic RNAs 
it is possible to predict the 5' termini of as yet uncharacterised sobemoviral 
sgRNAs. The sequence ACAAAA (nt 3222-3227) is present upstream of 
the SBMV-Ark coat protein initiation codon. For RYMV-CI, the sequence 
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ACAAA (nt 3441-3445) is located 6 nt upstream from the ORF4 AUG codon. 
The putative transcriptional start site for LTSV sgRNA has also ACAAAA 
sequence motif (nt 3285-3290). 

Similarities between the 5' ends of the sobemoviral genomic and sub
genomic RNAs indicate that the translation initiation from these RNAs may 
occur by a similar mechanism. The addition of an AUG codon to the 5' UTR of 
the genomic RNA substantially reduced translation of PI compared to its 
translation from the wild-type RNA (Hacker & Sivakumaran, 1997). Similarly, 
the additional AUG codon in the 5' UTR of the sgRNA of SCPMV reduced 
translation of the coat protein about 80% relative to its translation from the 
wild-type sgRNA, indicating that the translation of this protein occurs by a 
5' end-dependent scanning mechanism rather than by the internal ribosome 
binding. 

1.1.4.2. Initiation of translation: leaky scanning 

A scanning model has been proposed to explain the mechanism by which eu
karyotic mRNAs initiate translation (Kozak, 1989). According to this model, 
the 40S ribosomal subunit selects the initiation codon for the protein synthesis 
as it scans the RNA beginning at the 5' end. Two modifications are introduced 
to the model to explain the translation of the polycistronic eukaryotic mRNAs. 
"Leaky scanning" involves a mechanism in which a portion of the ribosomes or 
initiation complexes bypass the first AUG which is in an unfavourable context 
for the translation initiation and initiate the translation from downstream AUG 
codons (Kozak, 1986; 1989). Internal initiation codon may also become acces
sible if, after the termination of translation of the preceding cistron, some of the 
ribosomes remain associated with the mRNA and continue scanning until 
another AUG is encountered ("termination-reinitiation") (Kozak, 1989). Two 
independently initiated proteins are thus produced from the same mRNA. In 
either case, the scanning model excludes the third possibility of independent 
internal ribosome binding on eukaryotic mRNAs at a sequence near the internal 
start codon ("internal ribosome entry"). The internal initiation mechanism has 
been most extensively studied for picornaviruses (Belsham & Sonenberg, 
1996). 

Translation of sobemoviral polyprotein is not initiated from the correspond
ing sgRNA, as no such RNA has been found. Experimental evidence supports 
the idea that the genomic RNA of sobemoviruses functions as bicistronic 
messenger RNA: the translation of the ORFs 1 and 2 occurs from the genomic 
RNA by initiation at their respective AUG codons. Products of the expected 
size from both ORFs were observed after translation of the genomic RNA of 
SCPMV (Sivakumaran & Hacker, 1998) and CfMV-NO (Paper III). 
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Table 4. Sequence context3 of start codons of overlapping ORFs on plant viral RNAs. 

Virus First ORF Second ORF Reference 

A. SOBEMOVIRUSES 
Host dicot 
SBMV 
SBMV-Ark 
SCPMV 
LTSV 
Host monocot 
CfMV 

C UGC AUG AG 
C UGC AUG AG 
UUUC AUG AU 
C UGU AUG CC 

GACA AUGUA 
G ACA AUG UA 
G AGA AUG UA 
G AAC AUG CU 

Othamn & Hull, 1995 
Lee & Anderson, 1998 
Wu etal, 1987 
Jeffries etal, 1995 

RYMV-CI 

U UAG AUG UG 

G UGU AUG AC 

A AGA AUG GG Paper I; Ryabov et al, 
1996 

C GGG AUG GG Ngon A Yassi et al., 1995 

B. POLERO VIRUSES 
Host dicot 
BMYV 
BWYV 
CABYV 
PLRV 
Host monocot 
CYDV-RPV 

GUCUAUG CA 
G UUG AUG CA 

GAGA AUG AA 
A AUA AUG UA 

G GUG AUG CA A UCA AUG GC 
G CAU AUG AU A AUC AUG AA 

Guilley etal., 1995 
Veidt et al, 1988 
Guilley et al., 1994 
Van der Wilk et al, 1989 

A CGC AUG UU C AAA AUG AA Vincent et al., 1991 

C. OTHER VIRUSES 
Host dicot 
PEMV-1 G UUU AUG CA C UAG AUG GC Demier & de Zoeten, 1991 
Host fungi 
MBV C UAU AUG AA A AUA AUG UC Revill et al, 1994 

a Consensus sequences of [A/G]CN AUG GC in monocots and AN[A/C] AUG GC in 
dicots were identified by Cavener and Ray (1991); 

b AUG codons are underlined, the bases matching to the consensus are in bold. 

A comparison between the sequence surrounding the initiation codon for the 
ORF1 of sobemoviruses and the consensus sequences established for the plant 
mRNAs shows that the sequence surrounding the first AUG codon is in poor 
context for translation by plant ribosomes (Table 4). The poor context is 
determined by the presence of a pyrimidine at position -3 and the absence of a 
G at position +4 (Liitcke et al, 1987; Cavener & Ray, 1991). In contrast, the 
ORF2 initiation codons are present in a more favourable context for the 
translation by having a purine at position -3 (Table 4). The 5' terminal half of 
the sobemovirus genome resembles in its organisation the genome of polerovi-
ruses, enamoviruses and barnaviruses. In all of theses cases, the start codon of 
the first ORF is flanked by suboptimal bases compared to those flanking the 
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second ORF start site (Table 4) (Demier & de Zoeten, 1991; Miller et al., 1995; 
Revill et al., 1998). 

Sivakumaran and Hacker (1998) further investigated the mechanism of 
SCPMV ORF2 translation initiation. In vitro and in vivo studies showed that 
the addition of one or two AUG codons upstream of ORF2 AUG codon in a 
favourable sequence context for translation initiation reduced ORF2 expres
sion. The elimination of the ORF1 initiation codon resulted in an increase in 
ORF2 expression. In vivo studies demonstrated that the addition of 19 AUG 
codons to the 5' UTR abolished ORF2 expression, and the placement of the 
ORF1 initiation codon within an optimal sequence context for translation 
initiation reduced ORF2 expression. These results indicate that the ORF2 of 
SCPMV is translated by leaky scanning rather than by internal ribosome 
binding or coupled termination-reinitiation. 

The cotranslational disassembly of destabilised SBMV was suggested as a 
mechanism for uncoating of viral nucleic acid (Wilson, 1985). In contrast to 
some other isometric viruses, which appear to release their RNA rapidly prior 
to translation, the particles of the Ghana strain of SBMV disassemble only after 
their RNA has initiated translation (Shields et al., 1989). According to this 
hypothesis, the ribosome has to "find" the 5' end of the RNA and the transla
tion of the ORFs starts. Further removal of the coat protein subunits occurs as 
ribosome translocation proceeds. The proposed model supports the finding that 
the leaky scanning is the mechanism how the ORF2 of sobemoviruses is 
translated, as the ribosomes must start from the 5' end of the RNA. 

1.1.4.3. Proteolytic polyprotein processing 

Proteolytic processing of a precursor polyprotein is a translation strategy em
ployed by many viruses to produce more than one protein from a single mRNA. 
Since the proteases form a part of the polyprotein, the cleavage of the precursor 
can occur in eis and/or in trans. The advantage of this strategy is that several 
functional proteins can be produced from a minimum of genetic information. 
The disadvantage of using polyprotein processing for genome expression is that 
the proteins derived from a given polyprotein will be present in equimolar 
amounts. 

The identification of the proteolytic cleavage sites at the VPg N-terminus of 
SBMV and CfMV-RU gives the first indication how the sobemoviral polypro
tein is processed in vivo. It was proposed by Gorbalenya et al. (1988) that the 
sobemoviral serine protease could cleave at E/T or E/S sites. In SBMV poly
protein sequence the VPg N-terminal residue (threonine) is preceded by a glu
tamic acid residue, indicating that the N-terminal proteolytic processing site 
consists of the residues E/T (Van der Wilk et al., 1998). In contrast, the 
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N-terminal sequence of VPg of CfMV-RU indicates that in case of CfMV-RU 
the cleavage site used is E/N (Mäkinen et al, unpublished data). This finding is 
not in full accordance with the previously predicted cleavage sites and more 
experimental data is needed to propose the polyprotein processing model for 
sobemoviruses. 

1.1.5. Replication of sobemoviruses 

Little is known about the replication signals needed for the initiation of 
(+)-strand and (-)-strand synthesis of sobemoviruses. The genomic and sub-
genomic RNAs of the sobemoviruses start with very similar primary sequences 
(cACAAaa) which are potentially important for the virus replication. The 
ACAAAa sequence is also present at the 5' termini of genomic and subgenomic 
RNAs of poleroviruses (Miller et al, 1995). The same sequence motif is found 
at the 5' end of the red clover necrotic mosaic virus (RCNMV) RNA1 and at 
the 5' end of its sgRNA (Xiong & Lommel, 1989; Zavriev et al, 1996). The 5' 
termini of MBV genomic and subgenomic RNAs also begin with this sequence 
(Revill et al, 1994; Revill et al, 1999). The conservation of this sequence at 
the 5' ends of genomic and subgenomic RNAs of several viruses, belonging to 
different groups suggests that it or its complementary sequence in (-)-strand 
RNA may function in viral RNA synthesis. It has been proposed that the 
(-)-strand sequence complementary to the ACAAA domain may act as a pro
moter or enhancer for viral replicase binding and initiation of RNA synthesis 
(Miller et al, 1995). So far the role(s) of the above sequences in sgRNA and 
genomic RNA synthesis have not been tested in sobemo- and polero viruses. 

Even less is known about the replication signals at the 3' end of sobemo vi
rus genomic RNAs needed for the initiation of the (-)-strand synthesis. It has 
long been known that the RNA genomes of certain plant viruses have tRNA-
related properties (Mans et al, 1992). These 3' tRNA-like structures hays been 
shown to be involved in (-)-strand synthesis in the case of the brome mosaic 
bromovirus, the tobacco mosaic tobamovirus (TMV), and the turnip yellow 
mosaic tymovirus (Miller et al, 1985; Dawson et al, 1988; Tsai & Dreher, 
1991). A potential tRNA-like structure has been attributed to the 3' end of 
some sobemoviral genomic RNAs (Ngon A Yassi et al, 1994; Ryabov et al, 
1996). However, for SCPMV and SBMV it has been impossible to find a 3' end 
RNA sequence potentially folding to a tRNA resembling secondary structure 
(Wu et al, 1987; Othman & Hull, 1995). It should be emphasised that these 
reports are based on computer modelling. No experimental data are available on 
RNA secondary structures characteristic to 5' or 3' ends of sobemoviral RNAs. 
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1.1.6. Partide structure and viral assembly 

Coat protein is the single protein to build up sobemoviral isometric particles. 
The three-dimensional structure of SCPMV has been determined to 2.8 Ä 
resolution (Abad-Zapatero et al., 1980), and that of SeMV to 3 Ä resolution 
(Bhuvaneshwari et al., 1995). Each icosahedral unit of a particle comprises of 
three quasi-equivalent subunits A, B, and C whose individual conformations 
might be slightly different. The A subunits cluster about the fivefold axes, 
whereas sets of three B and three C subunits cluster about quasi-sixfold vertices 
(Fig. 2A). 

A 

Q6 

COOH 

(%ze>o 

Exterior 

RNA-lnterior 

Figure 2. A. Arrangement of subunits A, B, and C within one icosahedral asymmetric 
unit as viewed from the inside of the virus, looking outward. This view permits a 
representation of the amino ends of the C subunits (adapted from Abad-Zapatero et al., 
1980). B. Diagrammatic representation of the SCPMV coat protein fold showing secon
dary structural elements (adapted from Hermodson et al., 1982). 
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According to the X-ray structure, the coat protein comprises of two functional 
domains, the random domain (R-domain) and shell or surface domain 
(S-domain) connected by an arm (Fig. 2B) (Abad-Zapatero et al., 1980; 
Hermodson et al, 1982; Rossmann et al, 1983). The S-domain is composed of 
eight antiparallel ß-sheets (termed the ß-barrel) and five a-helices and is re
sponsible for subunit-subunit interactions in the virus particle (Hermodson et 
al, 1982; Rossmann et al., 1983). The R-domain is formed by the N-terminal 
part of the polypeptide chain and is rich in arginines, lysines, prolines, and 
glutamines. The basic residues located on the R-domain (together with some 
similar residues on the inner surface of the S-domain) are responsible for the 
coat protein contacts with RNA (Hermodson et al., 1982; Rossmann et al., 
1983). The pattern of the basic residues on the coat protein surface facing the 
RNA is able to dock a nine-basepair double-helical A-RNA structure with 
surprising accuracy. The basic residues are each associated with a different 
phosphate and the protein can make interactions with five bases in the minor 
grove. The total number of positive charges associated with the RNA is around 
2340, sufficient to cancel about half of the negative charge of the nucleic acid. 
The interactions between coat protein and viral RNA have been studied using 
an electrophoretic mobility shift assay (Lee & Hacker, 1999). A recombinant 
R-domain of the coat protein of SCPMV (aa 1-54) expressed in E. coli was 
shown to have nonspecific RNA binding activity in vitro. Alanine substitution 
mutants showed that the N-terminal arginine-rich motif (aa 22-30) was re
quired for RNA binding. 

Hull (1977b) studied the particle stabilisation of TRoV and other sobemovi
ruses and concluded that the particles of these viruses are stabilised by three 
types of bonds — pH-dependent interactions between subunits, protein-RNA 
interactions, and the divalent cation protein-protein bonds. The important 
cations forming protein-protein bonds in the particle are calcium and magne
sium ions. The major Ca2+-binding site is on the quasi-threefold axis between 
the A, B, and C subunits (Hermodson et al., 1982). The sequence shows that 
Glu 194 is the ligand associated with this position. Interestingly, in SBMV this 
residue is lysine (Mang et al, 1982), suggesting a different mode of subunit 
association. The second Ca2+ site is also between the quasi-three-fold-related 
subunits interacting with Asp 138 and Asp 141 on one subunit and main chain 
carbonyls 199 and 259 of the other. The proposed Mg2+-binding sites contain 
residues His 132, Glu 229, and Glu 77 (Rossmann, 1984). The virus swells on 
removal of cations at alkaline pH (Hull, 1977b). 

Savithri and Erickson (1983) demonstrated the importance of RNA-coat pro
tein interactions in the assembly of SCPMV. The assembly of T=3 particles 
from SCPMV coat protein and viral RNA requires calcium at neutral or 
alkaline pH. Low molecular weight RNA component and coat protein formed 
T=1 particles at acidic and neutral pH. It is possible to convert swollen SBMV 
into T=1 particles by digestion with trypsin, which removes the basic 
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N-terminal segment of coat protein (Sehgal et al., 1979). Erickson and 
Rossmann (1982) have also shown that T=1 particle formation did not require 
RNA when purified and partially digested coat protein, lacking the basic 
N-terminal part was used. Native coat protein failed to assemble either T=1 or 
T=3 mode in the absence of RNA, indicating that an initial RNA-protein 
interaction is needed and the formation of the T=3 particles requires the 
interaction between viral RNA and the basic arm of the coat protein. These 
studies did not demonstrate the requirement for a specific coat protein-RNA 
interaction in SCPMV assembly, but indicated that the N-terminal R-domain is 
important for RNA binding. 

However, dissociation of SBMV in high salt (0.4 M KCl) at neutral pH 
yields a ribonucleoprotein complex (RNPC) composed of the viral RNA and 
about six coat protein subunits (Hsu et al., 1977). Hacker (1995) demonstrated 
that coat protein subunits present in the RNPC resulting from SCPMV dis
sociation bind to a specific region of the viral RNA which potentially folds into 
a hairpin. The specific coat protein binding site is located within the protease 
coding region in SCPMV ORF2. This site is the most highly conserved region 
of ORF2 between the sobemoviruses. Unfortunately, these results do not 
directly demonstrate that coat protein binding to this region serves to nucleate 
SCPMV assembly. 

1.1.7. Cell-to-cell and long distance movement 

Most, if not all, plant viruses direct the synthesis of one or more proteins, 
termed the movement proteins, required for the spread of infection from the 
initial site to adjacent cells (Hull, 1989; Maule, 1991; McLean et al., 1993; 
Carrington et al., 1996). For this cell-to-cell movement, the plant viruses seem 
to circumvent the cell wall by exploiting the intercellular connections termed 
plasmodesmata. At least two different mechanisms for viral cell-to-cell move
ment via plasmodesmata have been proposed (McLean et al., 1993). The first 
mechanism of cell-to-cell movement is characteristic for the TMV. TMV-like 
mechanism involves the movement of the viral genome in a nonvirion form 
(either the RNPC or free RNA) through plasmodesmata slightly modified by 
virus encoded movement protein. The second mechanism involves the move
ment of whole virus particles through tubules in heavily modified plasmodes
mata. This cell-to-cell movement mechanism is used by the cowpea mosaic 
comovims. 

The movement protein functions are not fixed to any sobemoviral gene 
products. As the functions of PI have remained relatively indistinct, it is tempt
ing to propose PI to be the sobemoviral movement protein. However, current 
data does not allow to state it conclusively. 
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To achieve the systemic plant infection, the infectious virus particles must 
enter, circulate within, and leave the vascular tissues. This process has been 
referred to as long distance movement (Gilbertson & Lucas, 1996; Seron & 
Haenni, 1996). Mixed infections of the bean with SCPMV, which cannot infect 
bean systemically, and sunn-hemp mosaic tobamovirus (SHMV) were limited 
to the short distance movement of SCPMV in the primary inoculated leaves, 
only SHMV spread systemically (Fuentes & Hamilton, 1991). This SCPMV 
movement limitation was not due to the inability of the bean cells to support 
virus replication, as SCPMV replicated efficiency in bean protoplasts. It was 
proposed that the failure of SCPMV to move systemically in bean was due to 
the lack of normal SCPMV virion formation (Fuentes & Hamilton, 1993). 
Examination of thin sections of primary leaves of bean, doubly infected with 
SHMV and SCPMV, indicated the presence of SCPMV virions having T=1 
structure and coat protein clumps in the vacuoles of mesophyll cells. These 
results show that short-distance (cell-to-cell) and long-distance (vascular) 
movements of SCPMV are distinct and separate processes in the bean and that 
the formation of normal T=3 virions is a prerequisite for long distance move
ment. Supportive evidence for that comes from the work where RYMV-CI 
virions were found in systemically infected leaves in xylem elements as well as 
parenhyma cells (Opalka et al., 1998). The predominant location of RYMV-CI 
virions within xylem implies that the upward flow pattern through xylem may 
facilitate the systemic spread of infection. Long distance movement through 
xylem is a relatively rare event for plant viruses. Currently it is not known 
whether this transport route is characteristic only for RYMV or whether it is the 
feature common for all sobemoviruses. So far it is not known, if the encapsida-
tion is needed also for short-distance movement of RYMV, although virus-like 
particles were identified within the plasmodesmata connecting mesophyll cells 
of RYMV-CI infected leaves (Opalka et al., 1998). 

1.2. Regulation of protein synthesis at the level of elongation: 
-1 ribosomal frameshifting 

Ribosomal frameshifting is a strategy frequently employed by various or
ganisms to produce more than one protein from overlapping ORFs. This 
regulation mechanism leads to the synthesis of two proteins that are identical in 
their N-terminal region, but differ in their C-terminal part. The advantage of 
this strategy is that it allows the production of a defined ratio of proteins, i.e., a 
high ratio of the preframeshift peptide to the frameshift product which is a 
fusion of two ORFs. 

Frameshifting results from movement of ribosomes either in the 5' direction 
(-1 ribosomal frameshifting) or in the 3' direction (+1 ribosomal frameshifting) 
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(Brierley, 1995; Farabaugh, 1996). The +1 ribosomal frameshifting occurs in 
expression of E. coli release factor 2, Ty retrotransposons in S. cerevisiae, and 
the mammalian ornithine decarboxylase antizyme, for example. A leftward 
movement is involved in certain bacterial and bacteriophage genes, bacterial 
insertion sequences, and Drosophila retrotransposons. In addition, ribosomal 
frameshifting occurs in translation of the genomic RNAs of many retroviruses, 
coronaviruses, toroviruses, arteriviruses, astroviruses, giardiaviruses, totivi-
ruses, and some plant viruses (Table 5). In most of the systems studied to date, 
-1 ribosomal frameshifting is involved in the expression of replicases. In 
retroviruses, it allows the synthesis of the Gag-Pol and Gag-Pro-Pol polypro-
teins from which reverse transcriptase is derived (Chamorro et al., 1992), and 
for most other viruses, including plant viruses, frameshifting is required for 
expression of RdRp-s. 

Table 5. Plant viruses that are known or suspected to use ribosomal frameshifting. 

Family Genus Virus Reference 

+1 ribosomal frameshifting 
Closteroviridae Closterovirus BYV; citrus tristeza Agranovsky et al., 

virus 1994; 
Karasev et al., 1995 

Crinivirus Lettuce infectious yel Klaassen et al, 
lows virus 1995 

-1 ribosomal frameshifting 
Tombusviridae Dianthovirus Carnation ringspot virus Ryabov et al, 1994; 

RNA1; RCNMV Xiong et al., 1993; 
Kim & Lommel, 
1994 

Luteoviridae Luteovirus Barley yellow dwarf Brault & Miller, 
virus (PAV serotype), 1992; 
soybean dwarf virus Di etal, 1993; 

Miller etal., 1995 
Polerovirus BWYV; PLRV; Prüfer etal., 1992; 

CYDV-RPV Garcia etal., 1993; 
Kujawaefa/., 1993; 
Miller etal., 1995 

Enamovirus PEMV-1 Demier & de 
Zoeten, 1991 

Carlavirus Potato virus M Gramstat et al., 
1994 

- Sobemo virus CfMV Paper II 
- Umbravirus Groundnut rosette Taliansky et al., 

virus; PEMV RNA2 1996; Demier et 
al., 1993 
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Two different signals in the mRNA have been identified that facilitate 
-1 ribosomal frameshifing in eukaryotic systems. 

First, the shifty heptanucleotide sequence (also as "slippery sequence") 
composed of two homopolymeric triplets of the order X XXY YYZ (where 
X=A, G, or U; Y=A, or U; and Z=A, C, or U; the 0 frame is indicated by 
spaces) (Jacks et al, 1988; Atkins et al, 1990). The amino acid sequencing of 
the fusion protein has revealed that this sequence motif is the actual site where 
the frameshifting occurs (Jacks et al, 1988). The key requirement of the shifty 
heptanucleotide is that after simultaneous slippage into the -1 frame, partial or 
full codon-anticodon base-pairing is maintained. Mutations in the slippery 
sequence reduce or abolish frameshifting (Jacks et al, 1988; Brault & Miller, 
1992; Brierly et al., 1992; Kim & Lommel, 1994). 

The second signal is a structural element just downstream of the hepta
nucleotide sequence: the termination codon of the preframeshift ORF (Cur-
ran & Yaurus, 1988; Weiss et al, 1988; Brault & Miller, 1992), or a secondary 
structure (stem-loop structure or RNA pseudoknot structure) immediately 
downstream (5-8 nt) from the slippery sequence (Le et al., 1991; Prüfer et al., 
1992; Xiong et al., 1993; Garcia et al., 1993; Kujawa et al, 1993). It has been 
suggested that the second element is required for forcing the ribosome complex 
to pause. 

Although the czs-acting mRNA signals, which specify ribosomal frameshift
ing, are reasonably well characterised, the precise mechanism of the process 
remains unknown. Currently, the most appealing model for -1 ribosomal 
frameshifting is the pausing model (Jacks et al, 1988). In this model, the RNA 
structure downstream of the slippery sequence acts as a barrier to translation, 
pausing ribosomes over the slippery sequence. The pausing increases the likeli
hood that the tRNAs in the peptidyl and aminoacyl sites on the ribosome 
simultaneously slip back by one base on the mRNA at the shifty heptanucleo
tide and the ribosomes continue translating in the -1 frame avoiding the stop 
codon for the upstream gene. 

Ribosomal frameshifting has been studied using two types of assays: in vitro 
transcription and translation of portions of the viral genomic RNA, or by 
placing the putative frameshift sequence in front of a reporter gene so that 
frameshifting is required for translation of the gene. This construct is intro
duced into cells for measurement of reporter gene product activity in vivo. The 
frameshift efficiencies from 1 to over 40%, depending on the specific virus and 
assay system employed, have been observed (Brierley, 1995). 
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2. AIMS OF THE PRESENT STUDY 

The aims of the present work were: 

1. The determination the complete nucleotide sequence of the cocksfoot 
mottle sobemovirus (CfMV-NO) genomic RNA. All sobemoviruses have 
been characterised to have a small genome and occur at relatively high 
concentrations in infected plants (Hull, 1988). Therefore, sobemoviruses are 
ideal subjects for the study of molecular biology of plant RNA virus-host 
interactions. When this project was initiated, the type member of this genus, 
SBMV, was extensively studied with respect to its structure and assembly. 
The complete genomic sequence and three dimensional structure of SCPMV 
were known (Abad-Zapatero et al., 1980; Hermodson et al., 1982; Wu et al., 
1987). Our first aim was to determine the complete sequence of the genomic 
RNA of CfMV-NO. 

2. The characterisation the genome organisation of CfMV-NO. The 
characteristics of genome organisation can be grouped in two sections: the 
viral genes and the non-coding functions of viral RNA. The complete 
nucleotide sequence of the virus enabled to identify the genes or ORFs, and 
deduce amino acid sequences of the viral proteins. In addition to the coding 
function of the viral genome, viral RNAs contain signals that are necessary 
for their life cycle. These signals can be important for translation, replica
tion or encapsidation. 

3. The production polyclonal antisera against all proteins encoded by 
individual ORFs of CfMV-NO. The availability of antisera specific for 
viral proteins allows us to study subcellular localisation of the viral proteins 
in infected plant cells and analyse the role of these proteins in the viral life 
cycle. Therefore, polyclonal antisera were raised against recombinant CfMV 
proteins. 

4. The characterisation the translational strategies used by CfMV and 
other sobemoviruses. (+)-strand plant RNA viruses have the limited size of 
genomes which leads to the compactness of the genetic information. They 
also depend on the host machinery for translation and the regulation of 
synthesis of the viral products is at the level of RNA transcription and 
translation. Therefore, plant viruses use a large variety of strategies for 
expression and regulation of their proteins. The aim of our work was to 
study the translational strategies used by CfMV-NO and other sobemovi
ruses. 
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3. RESULTS AND DISCUSSION 

3.1. The complete nucleotide sequence and genome organisation 
of CfMV-NO (Paper I) 

The complete nucleotide sequence of CfMV-NO consists of 4082 nucleotides 
(Paper I, Fig. 1). It is the shortest sequenced sobemo virus so far. The location 
of the 5' end of CfMV-NO RNA was confirmed by primer extension experi
ment (Paper I, Fig. 2). The 3' terminal sequence was obtained from three 
independent poly(A)-tailed cDNA clones. 

For the present, in addition to CfMV-NO the complete nucleotide sequence 
of genomic RNA of CfMV isolated from Russia (CfMV-RU) has been deter
mined (Ryabov et al, 1996). CfMV-RU shows 95.9% identity to CfMV-NO at 
the nucleic acid level. 

5' and 3' noncoding regions of CfMV-NO RNA. The 5' noncoding region of 
CfMV-NO genomic RNA is 69 nt long and is identical to those reported for 
CfMV-RU. This region has a relatively high U and A content (A+U=55%), a 
common feature among the sobemoviruses and many (+)-strand RNA viruses 
(Gallie et al., 1987; Wu et al., 1987; Othman & Hull, 1995). A consensus se
quence ACAAaa at or near the 5' ends of genomic RNAs of LTSV, RYMV-CI, 
SBMV, SBMV-Ark, and SCPMV has been found (Hacker & Sivakumaran, 
1997). In contrast, this sequence motif is not present at the 5' end of CfMV 
genome (Paper I; Ryabov et al., 1996). The 5' terminal nucleotides of CfMV-
NO and CfMV-RU genomic RNAs were identified to be GAUAAUA and 
NAUAAUA, respectively. Characteristic to all sobemoviruses is the posses
sion of a polypurine track (aAGgAA) in the beginning of the genomic RNA 
(Hacker & Sivakumaran, 1997). Similar polypurine track, AAGAAA (nt 13-
18) can be found in the 5' noncoding region of CfMV (Paper I; Ryabov et al., 
1996). 

In RYMV-CI RNA, computer-assisted folding of the 61 most 5' proximal 
nucleotides, using the STAR 100 computer program, shows a stable stem-loop 
structure (Ngon A Yassi et al., 1994). A similar type of folding may be pre
dicted for the 30 first 5' residues in CfMV-RU RNA with DNASIS software 
(Ryabov et al., 1996). These 5' terminal stem-loop structures may function as 
ds-acting signals for (+)-strand synthesis similarly to other plant viruses with 
(+)-sense RNA genome (Duggal et al, 1994; Rybov et al., 1996). 

The 3' noncoding region of CfMV-NO is 225 nt in length and is non-
poly adenylated (Paper I). The corresponding region of CfMV-RU is one 
nucleotide longer and contains 7 nucleotide differences (Ryabov et al., 1996). 
Secondary structure analysis of the CfMV-NO 3' noncoding region with 
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RNAFOLD computer program did not reveal the presence of a tRNA-like 
structure (Paper I). However, using STAR 100 and DNASIS programs, respec
tively, the last 147 nt of RYMV-CI and 130 nt of CfMV-RU were shown to 
potentially form stable tRNA resembling secondary structures (Ngon A Yassi et 
al., 1994; Ryabov et al., 1996). The differences between predictions of the 3' 
secondary structures of two isolates of CfMV may be due to the different 
computer programs used for the analysis. It should be mentioned that there are 
only two nucleotide changes (at position 3918 C or T, at position 4053 C or A) 
in this 3' region of CfMV-NO and CfMV-RU. 

Genome organisation of CfMV-NO. The CfMV-NO genome contains four 
ORFs. The genome organisation of CfMV-NO is identical to that of CfMV-RU 
and is presented in Fig. 3. 

0 1.0 2.0 3.0 4.0 kb 

GxPxFDPxYG Wad+D 

j ORF2a \ [ 
ci »in ORF11 pProl 5' VPgO-, J ?rrfrr/fr Un t 

VPg 

Figure 3. Genome organisation of CfMV-NO. A diagram of genomic and subgenomic 
RNAs is shown. The ORFs are illustrated as boxes. VPg, the peptide covalently attached 
to the 5' terminus of the RNA genome, is shown as a small circle. The approximate 
location of the putative protease and the putative RdRp domains are marked Pro and 
RdRp, respectively. The position of the VPg N-terminus is indicated by an arrow. The 
site of -1 ribosomal frameshift consensus signals is shown by a chain. Different se
quence motifs (GxPxFDPxYG and Wad+D/E rich) discussed in the text are indicated. 
PI, ORF1 encoded protein; CP, coat protein. 

Similarly to other sequenced sobemoviruses, CfMV has a small ORF1 at the 
5' end of the genome and the 3' terminal ORF which encodes the coat protein. 
Unlike the others, CfMV lacks the continuous ORF2 and a nested coding 
region similar to the ORF3 of LTSV, RYMV-CI, SBMV-Ark, and SCPMV 
(Fig. 1) (Paper I; Ryabov et al., 1996). Instead, CfMV has two overlapping 
ORFs, ORF2a and ORF2b (Fig. 3). Similar genome organisation is characteris
tic to the RYMV-NG (Pinto, personal communication). The overlapping ar
rangement of ORFs 2a and 2b, together with the lacking of an AUG initiation 
codon near the 5' end of ORF2b, suggests that ORF2b may be expressed by a 
-1 ribosomal frameshifting mechanism from ORF2a. Indeed, in CfMV, a slip-
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pery heptanucleotide sequence followed by a stem-loop structure is present 
near the beginning of the ORF2a-2b overlapping region (see also section 3.2.4). 

The CfMV genome arrangement resembles that reported for MBV (Revill et 
al, 1994). This similarity extends to both the presence of an ORF1 and 
3' proximal coat protein ORF, and two overlapping ORFs for the polyprotein 
expression. In addition, the arrangement of the CfMV ORFs in the 5' half of 
the genome is similar to the poleroviruses (BMYV, BWYV, CABYV, CYDV-
RPV, PLRV) and the enamoviruses (PEMV-1) (Miller et al., 1995). The 
5' gene cluster of these viruses contains a small ORFO, and overlapping ORFs 1 
and 2, and the polyprotein is expressed as a translational frameshift fusion of 
the ORF1 and 2 products. 

Proteins encoded by CfMV-NO. The ORF1 encoded proteins (PI) of CfMV-
NO and CfMV-RU differ from each other in three amino acids. At the same 
time, PI of CfMV is unrelated to the corresponding proteins of other sequenced 
sobemoviruses. However, CfMV ORF1 sequence (nt 236-312) has 59.2% iden
tity with the beet yellows closterovirus (BYV) 65 kDa protein gene (Paper I). It 
has been demonstrated that BYV p65, a homologue of HSP70 cell chaperons, is 
able to complement the cell-to-cell movement of movement protein-deficient 
potato X potexvirus and barley stripe mosaic hordeivirus (Agranovsky et al., 
1998). The function(s) of sobemoviral PI are currently unknown, but it 
has been suggested to play a role in virus movement (Othman & Hull, 1995; 
Sivakumaran et al., 1998), in enhancement of genome amplification (Bon
neau et al., 1998) and in posttranscriptional gene silencing (Pinto, personal 
communication). 

Detailed analysis of the amino acid sequences of CfMV ORFs 2a and 
2b encoded proteins (P2a and P2b, respectively) reveals the presence of the 
consensus sequence motifs found in other plant viruses. In particular, P2a con
tains the putative active site residues for a chymotrypsine-like serine protease 
while P2b contains the well characterised viral RNA polymerase sequence 
motifs present in the RdRp-s of all (+)-strand RNA viruses. The CfMV encoded 
putative serine protease, and those of sobemoviruses (LTSV, RYMV, SBMV, 
SBMV-Ark, SCPMV), poleroviruses (BMYV, BWYV, CABYV, CYDV-RPV, 
PLRV), enamoviruses (PEMV-1), barnaviruses (MBV), and astroviruses 
(HAstV-2), have H, D and S residues in their catalytic sites. The putative serine 
protease motif is located in the N-terminal third of the polyprotein of all 
sobemoviruses. It is encoded by ORF2 in case of LTSV, RYMV, SBMV, 
SBMV-Ark, SCPMV, and by ORF2a in case of CfMV. The putative RdRp 
domain of CfMV shows again extensive similarity to the putative RdRp-s of 
sobemoviruses, poleroviruses, enamoviruses, barnaviruses, and astroviruses. 
According to the classification of Koonin and Dolja (1993), which is based on a 
tentative phylogeny of (+)-strand RNA virus RdRp-s, all these viruses belong to 
polymerase supergroup I. 
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Recently, the VPg of CfMV-RU has been characterised (Mäkinen et al., 
unpublished results). It has been shown that VPg of CfMV-RU has molecular 
mass of 12 kDa. The N-terminal sequence of the VPg was determined. The 
obtained amino acid sequence started at position 320 of the ORF2a product of 
CfMV-RU and was 100% identical to the corresponding amino acids of CfMV-
NO polyprotein. Similarly to the VPg of SBMV, the VPg of CfMV is located 
downstream of the putative serine protease motif, indicating that the sobemovi
ruses have the polyprotein arrangement: protease-VPg-RdRp (Van der Wilk et 
al., 1998; Mäkinen et al., unpublished results). This genome arrangement is 
characteristic also for several viruses related to sobemoviruses, e.g. polerovi
ruses (PLRV), enamoviruses (PEMV-1), and barnaviruses (MBV) (Van der 
Wilk et al., 1997; Revill et al., 1998; Wobus et al., 1998). 

In all sobemoviruses a conserved WAD/WGD amino acid sequence fol
lowed by a D/E-rich region is present downstream of the putative serine prote
ase motif (Paper I, Fig. 5), A similar motif can also be found in PLRV, BWYV, 
PEMV-1, MBV, and HAstV-2 in front of the -1 frameshift signals. The deter
mined sizes of CfMV, MBV, PLRV, and SBMV VPg-s indicate that the 
WAD/WGD plus E/D rich region is present in VPg-s of these viruses. This 
motif is the only conserved sequence element between VPg-s of these viruses. 
It is possible that this conserved motif is characteristic for the VPg-s of viruses 
with a sobemovirus/polerovirus-like genome arrangement. 

Previously, it has been suggested that VPg-s of the sobemoviruses are 
encoded by the N-terminal part of the polyprotein by analogy to the location 
of the VPg-s of picornaviruses (Gorbalenya et al., 1988; Ngon A Yassi et al., 
1994; Paper I). Indeed, the N-terminal part of the sobemoviral polyproteins 
(aa 24-120) contains the conserved 14 and 9 amino acid blocks and the se
quence motif GxPxFDPxYG (Paper I, Fig. 4). So far, the significance of these 
motifs is unknown. 

The functions of the N- and C-terminal parts of P2a of CfMV are unknown. 
It has been suggested that the 60 N-terminal amino acids of P2a may form a 
transmembrane domain due to the presence of hydrophobic residues (Ryabov et 
al., 1996). The C-terminal part of P2a contains a strong basic region (aa 539-
552) and may determine the RNA binding of P2a (Tamm & Truve, unpublished 
results). 

Direct sequencing of the N-terminus of CfMV coat protein revealed that the 
coat protein is encoded by 3' terminal ORF and it commences at the first AUG 
codon of this ORF at nt 3093 (Paper I). CfMV has, in common with other 
sequenced sobemoviruses, a highly basic amino acid sequence at the R-domain 
(aa 1-36) of coat protein. This region in the coat protein of sobemoviruses 
resembles the bipartite signal proposed for nuclear targeting (Dingwall & 
Laskey, 1991). However, the significance of this signal is presently not known. 
The R-domain of CfMV coat protein may also be important in protein-RNA 
interactions needed for the stabilisation of virion structure. 
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3.2. Translational strategies of CfMV-NO (Papers I, II, III) 

In vitro translation of CfMV-NO virion-extracted RNA resulted in the synthesis 
of four major proteins of 100, 71, 34, and 12 kDa in the WGE translation 
system (Paper ID, Fig. 2). Similar in vitro translation product pattern has been 
reported for several sobemoviruses (Table 3), suggesting that sobemoviruses 
may use similar translational strategies for gene expression. 

The individual genes of CfMV-NO from which the in vitro translation 
products are synthesised were identified, using the immunoprecipitation with 
specific antibodies (Paper III). The 12, 71 and 100 kDa CfMV proteins are 
synthesised from the genomic RNA of the virus. The CfMV 12 kDa protein is 
produced from ORF1, the 71 kDa protein from ORF2a and the 100 kDa protein 
is a polyprotein encoded by ORFs 2a and 2b by a -1 ribosomal frameshifting 
(see also sections 3.2.4). CfMV 34 kDa in vitro translation product is a coat 
protein synthesised from the virion-packed sgRNA (see also section 3.2.1). 
Based on these findings it was assumed that the 70 kDa in vitro translation 
product of SCPMV may represent the ORF2-ORF3 transframe fusion protein 
and is not the product of the proteolytic cleavage as was hypothesised earlier 
(see also section 3.2.4). The similarities of CfMV and polerovirus genome ar
rangement indicate related expression strategies for sobemo- and poleroviruses. 
It has been demonstrated experimentally that the poleroviruses control the gene 
expression using several mechanisms, including internal initiation/leaky scan
ning, posttranslational processing, subgenomic RNA, -1 ribosomal frameshift
ing, and stop codon readthrough (Miller et al, 1995). 

3.2.1. Subgenomic RNA (Papers I, III) 

The location of the coat protein encoding ORF (ORF3) towards the 3' end of 
CfMV-NO RNA suggests it may be expressed from sgRNA. To confirm the 
presence of such sgRNA in virus infected barley plants, total RNA extracts 
were analysed by Northern blot analysis (Paper I, Fig. 6). Probe, covering the 
coat protein C-terminal coding region, revealed two RNA species of 4.1 kb and 
1.2 kb, corresponding in sizes to the genomic RNA and to the predicted 
sgRNA, respectively. The translational initiation site for CfMV-NO coat pro
tein is 989 nt upstream from the 3' end of the genome. Therefore, the sgRNA of 
1.2 kb may be the template for coat protein translation. 

The 34 kDa protein which is translated in vitro from CfMV-NO virion-
extracted RNA comigrated with ORF3 encoded protein and immunoprecipi-
tated with antiserum, specifically recognising the CfMV-NO coat protein 
(Paper IH, Fig. 2D). When the translation products of full-length in vitro 
transcribed CfMV-NO RNA were immunoprecipitated with antiserum against 
coat protein, no proteins were detected. These results indicate that CfMV-NO 
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34 kDa protein is the viral coat protein and is translated from sgRNA 
encapsidated in virus particles. 

The region upstream of coat protein encoding ORF is expected to contain a 
promoter sequence for synthesis of the sgRNA. The 5' ends of genomic and 
subgenomic RNAs of SCPMV start with similar primary sequence (ACAAAA) 
(Hacker & Sivakumaran, 1997). Based on this similarity it was possible to 
predict the putative transcriptional start sites for not yet characterised sobe
moviral sgRNAs (see also section 1.1.4.1). Unfortunately, it is not possible to 
predict the 5' end of the sgRNA of CfMV, as this sequence motif is not present 
upstream of the coat protein coding region. The transcriptional start site of 
CfMV-RU sgRNA has been determined (Ryabov et al., 1996). Unfortunately, 
later experiments have indicated that the site described could represent an ex
perimental artefact (Mäkinen, personal communication). 

3.2.2. Initiation of translation from bicistronic RNA (Paper III) 

The 5' terminal half of CfMV genome contains two ORFs in different reading 
frames (Fig. 3). The immunoprecipitation studies showed that both 5' terminal 
ORFs (ORF1 and ORF2a, respectively) of CfMV-NO are translated from the 
full-length genomic RNA. The immunoprecipitation of in vitro translated 
CfMV-NO proteins with PI antiserum identified a 12 kDa protein (Paper III, 
Fig. 2A). The immunoprecipitation of CfMV-NO RNA translation mixture 
using P2a antiserum detected two proteins of 71 kDa and 100 kDa (Paper m, 
Fig. 2B). These translational products correspond to ORF2a encoded protein 
and to polyprotein, respectively. According to these results, CfMV-NO, with its 
compact genome organisation, utilises a bifunctional mRNA to achieve the 
expression of both 5' proximal and internally located ORFs. 

In poleroviruses, ORFO at the 5' end of the genomic RNA overlaps with the 
next ORF1. The start codons of theses two ORFs are the first two AUGs in the 
genome. In all cases, the start codon for the fist ORF has suboptimal context for 
translational initiation (Table 4). It has been suggested that ORF 1 of polerovi
ruses is probably translated by leaky scanning mechanism (Mayo et al., 1989; 
Veidt et al., 1992). Other examples of plant viruses with overlapping genes at 
the 5' end of genomic RNA are the enamoviruses (PEMV-1), the tymoviruses 
(turnip yellow mosaic virus) and the machlomoviruses (maize chlorotic mottle 
virus) (Weiland & Dreher, 1989; Demler & de Zoeten, 1991; Lommel et al., 
1991). 

Two lines of evidence indicate that the leaky ribosomal scanning is likely 
strategy for the initiation of translation of CfMV-NO ORF2a (see also section 
1.1.4.2). First, the first A70UG of CfMV is probably recognised inefficiently as 
an initiation codon due to the unsuitable initiation context (Table 4). Second, 
for SCPMV, it has been shown that the translational initiation of ORF2 is 
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occurring by leaky scanning rather than by internal ribosome entry or coupled 
termination-reinitiation (Sivakumaran & Hacker, 1998). However, the experi
ments carried out so far do not exclude conclusively the other possible mecha
nisms for the translational initiation of ORF2 of sobemoviruses. 

3.2.3. Polyprotein processing (Paper I) 

CfMV-NO encodes a polyprotein with molecular mass of 100 kDa (Paper n, 
Fig. 2B). The expression of a large polyprotein is characteristic for all the 
sobemoviruses studied until now (Table 3). Based on the sequence analyses and 
experimental data it is possible to distinguish at least three domains in sobe
moviral polyprotein — putative protease, VPg, and putative RdRp. It is be
lieved that sobemoviral polyprotein is proteolytically processed to give active 
viral proteins. By the analogy to Picornavirus protease cleavage sites, Gor-
balenya et al. (1988) predicted that sobemoviral polyproteins are cleaved at 
E/S,T sites. Several putative cleavage sites in CfMV-NO P2a, RYMV, SBMV, 
and SCPMV polyprotein were suggested (Paper I). The determination of N-
terminus of two sobemovirus VPg-s gives the first indication about the cleavage 
sites used by the sobemoviral serine protease (see also section 1.1.4.3). The 
finding that the N-terminal cleavage site of CfMV-RU VPg is E/N, does not 
support the proposition of Gorbalenya et al. (1988). In summary, it is not pos
sible at the moment to propose the polyprotein processing sites for sobemovi
ruses. Unfortunately, the cell-free in vitro translation system cannot be utilised 
for this study, as no proteolytic activity has been described in translation pro
ducts of CfMV-NO virion extracted RNA (Paper III). 

3.2.4. -1 ribosomal frameshifting (Papers II, III) 

As noted above, the C-terminal half of the CfMV-NO polyprotein is encoded 
by separate ORF2b (see also section 3.1) and is expressed as an ORF2a-2b 
translational fusion protein by -1 ribosomal frameshifting (Paper II). The 
consensus signals for a -1 ribosomal frameshift event can be found in the 
beginning of the overlapping region between CfMV-NO ORF2a and ORF2b. 
These signals are the heptanucleotide (slippery) sequence 5' UUUAAAC 
(nt 1634-1640) and a stem-loop structure located 7 nucleotides downstream 
from the heptamer (Paper II, Fig. IB). The presence of the stem-loop structure 
has been confirmed by chemical "footprinting" (Fig. 4) (Tamm, unpublished 
data). 

The -1 ribosomal frameshifting directed by CfMV-NO signal sequences was 
examined in vitro by inserting the cDNA fragment representing the nt 1621-
2521 of CfMV-NO RNA in the middle of the ß-glucuronidase (GUS) sequence 
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(Paper II, Fig. 2A). This CfMV-NO region contains the overlapping region of 
ORF2a and ORF2b, including the consensus sequences for frameshifting. 
When translated in WGE, this sequence directed frameshifting with the effi
ciency of 26-29%. This experiment showed also that no CfMV-NO specific 
sequences upstream of the consensus signals are required for an efficient 
-1 ribosomal frameshift event. 

The immunoprecipitation studies showed that ORF2b is not capable of 
initiating its translation from genomic RNA. The 100 kDa in vitro translation 
product of CfMV-NO was immunoprecipitated with both, P2a and P2b antisera 
(Paper HI, Fig. 2B and C). The 100 kDa polyprotein was the only protein 
observed after immunoprecipitation with P2b antiserum (Paper EI, Fig. 2C), 
indicating that ORF2b is translated only as a part of the polyprotein by -1 
ribosomal frameshifting. When the construct containing the entire ORF2a-
ORF2b region was transcribed-translated in WGE, the polyprotein of CfMV-
NO was produced with an efficiency of 10.6±1.4% (Paper ID). The obtained 
frameshifting efficiency was lower than described in the reporter gene context. 

The consensus signals for -1 ribosomal frameshifting, similar to those charac
terised for CfMV-NO can be found in the genomes of all sobemoviruses 
(Fig. 4). The slippery sequence, UUUAAAC followed by the putative stem-
loop structure are located upstream of the translational initiation codon of 
ORF3 of LTSV, RYMV-CI, SBMV-Ark, and SCPMV. There are no stop 
codons present between the slippery sequence and the initiation codon of ORF3 
in both reading frames. It has been proposed that ORF3 is likely translated by 
the -1 ribosomal frameshifting mechanism similar to that shown for ORF2b in 
CfMV-NO, but this has not been verified experimentally (Papers II, HQ. Five 
facts support this hypothesis: (i) no in vitro translation product has been at
tributed to this ORF; (ii) no sgRNA corresponding to this region has been 
found; (iii) SCPMV mutant, which had an in-frame stop codon between the 
predicted frameshift site and potential initiation codon in the ORF3 reading 
frame, was not able to infect cowpea, suggesting that ORF3 protein was not 
expressed (Sivakumaran et al., 1998); (iv) the 70 kDa in vitro translation 
product of SCPMV may represent ORF2-ORF3 transframe fusion protein, as 
the calculated molecular mass for ORF2-ORF3 fusion of SCPMV is 65.8 kDa 
(Paper IH); (v) similarity of P3 to the N-terminal part of the ORF2b encoded 
protein of CfMV as well as to the N-terminal part of PLRV and BWDV ORF2 
encoded proteins, and MBV and PEMV1 ORF3 encoded products starts up
stream from the putative ORF3 translation initiation signal (Paper II; Ryabov et 
al., 1996). 
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Figure 4. The -1 ribosomal frameshifting consensus signals in sobemoviruses. The 
shifty heptanucleotide sequences are underlined and italicised. Computer predicted (A) 
and proven (B) secondary structures downstream from the slippery sequences are 
presented. Bases conserved among all sobemoviruses are shadowed. The reactivity of 
nucleotides to the chemical probes dimethyl sulphate (DMS), ß-ethoxy-oc-ketobutyralde-
hyde (kethoxal) and l-cyclohexyl-3-(2-morpholinoethyl) carbodiimide metho-p-toluene 
sulfonate (CMCT) are indicated. 
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4. CONCLUSIONS AND 
FURTHER PERSPECTIVES 

The genus Sobemovirus contains viruses that have similar biological properties 
(transmission, subcellular localisation, symptomatology), and some similar mo
lecular properties (particle structure, putative protease motif, putative RdRp 
motif, coat protein sequence). However, the genome organisation of these vi
ruses and therefore the polyprotein expression differs inside the genus. 

During the present study the complete nucleotide sequence of CfMV-NO 
genomic RNA was determined and the genome organisation was charac
terised. The RNA genome of CfMV-NO, being 4082 nucleotides long, contains 
four ORFs. In contrast to other sequenced sobemoviruses, CfMV lacks the 
continuous large ORF that codes for the polyprotein. Instead it has two overlap
ping ORFs, 2a and 2b. The -1 ribosomal frameshift consensus signals are 
present in CfMV genome just in the beginning of the overlapping region, sug
gesting that polyprotein of CfMV is expressed via -1 ribosomal frameshifting 
mechanism. The close relationship between CfMV and the other sobemoviruses 
is evident from the strong amino acid sequence similarities of putative protease 
and putative RdRp domains as well as some similarities of their coat proteins. 

Both genomic organisation as well as primary structures of several sobe
moviral nonstructural proteins (except PI) indicate that these viruses are related 
to Polero- and Enamovirus genera in the family Luteoviridae. Initially, polero-, 
enamo- and sobemoviruses were classified into the plant "picorna-like" super
group (Dolja & Carrington, 1992; Koonin & Dolja, 1993). Viruses belonging to 
this supergroup have virion RNA with 5' linked VPg and their genomes encode 
a polyprotein. Their polyprotein arrangement is similar to that of picornaviruses 
and includes helicase, VPg, chymotrypsine-like protease, and RdRp. Later, 
"sobemo-like" supergroup of plant (+)-strand RNA viruses have been recog
nised (Gorbalenya & Koonin, 1993). This supergroup includes enamo-, polero-, 
and sobemoviruses. The genome of these viruses code for VPg, similarly to 
"picorna-like" viruses. However, they do not code for the helicase and the poly
protein domains are in order protease-VPg-RdRp, not VPg-protease-RdRp as in 
the "picorna-like" viruses (Van der Wilk et al, 1997; Revill et al, 1998; Van 
der Wilk et al, 1998; Wobus et al, 1998; Mäkinen et al, unpublished results). 

The translational strategies used by CfMV-NO were under investigation. It 
has been shown that plant (+)-strand RNA viruses use a large variety of strate
gies for protein expression. CfMV and other sobemoviruses are not the excep
tions. We have demonstrated that the genomic RNA of sobemoviruses func
tions as bicistronic mRNA, the polyprotein of CfMV is translated by -1 ribo
somal frameshifting, and the coat protein of CfMV is translated from sgRNA. 
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The first indications how the sobemoviral polyprotein is processed are obtained 
(Van der Wilk et al, 1998; Mäkinen et al, unpublished results). It is important 
to mention that -1 ribosomal frameshifting consensus signals are present in all 
sobemovirus genomes and possibly -1 ribosomal frameshifting is used for the 
expression of ORF3 of LTSV, RYMV, SBMV-Ark, and SCPMV. 

Intriguing is the similarity between animal astroviruses, fungal barnavi
ruses and plant sobemoviruses. This similarity extends to both the genome 
arrangement and gene function and expression. The genome organisation 
of MBV resembles that of CfMV. The similarities of expression strategies 
include (i) translation initiation for ORF2 by the leaky scanning mechanism, 
(ii) posttranslational processing of the polyprotein, (iii) coat protein translation 
from sgRNA, (iv) expression of the putative RdRp as a fusion protein with 
ORF2 encoded protein by a -1 ribosomal frameshifting. Although astroviruses 
do not have a small ORF in the beginning of the genome, their putative protease 
and putative RdRp share similarity with corresponding proteins of sobemovi
ruses (Jiang et al, 1993). Moreover, RdRp of astroviruses is expressed as a 
fusion with protease via -1 ribosomal frameshifting mechanism (Marczinke et 
al, 1994; Lewis & Matsui, 1996). In summary, genome organisation, primary 
structure of some nonstructural proteins and translational strategies characteris
tic to sobemoviruses have been conserved among viruses infecting three large 
kingdoms of eukaryotes. 

During the recent years a great deal of information has been collected on 
sobemoviruses. Much has been understood about the gene function and expres
sion by (i) comparison with genes of known function, (ii) using the reporter 
gene assays in vitro and in vivo, (iii) construction of full-length infectious 
cDNA constructs and the analysis of mutants, (iv) the N-terminal sequencing of 
viral VPg-s, (v) mapping of the transcriptional start sites of sgRNAs. However, 
a better understanding of mechanisms of transmission, replication, and move
ment would provide new insights into important aspects of the sobemovirus life 
cycle. 

RNA genomes of certain plant viruses present the same characteristics as cel
lular mRNAs, i.e., a cap structure and a poly(A) tail. It is usually considered 
that in cellular and viral RNAs, these elements have the same functions during 
translation. Several plant viruses, including the sobemoviruses, contain a VPg 
at the 5' end and lack the poly (A) tail. At the same time, these viruses compete 
effectively with host mRNAs for translational machinery. Therefore, many 
questions arise, e.g. (i) what is the mechanism of cap-independent translational 
initiation; (ii) how 5' and 3' ends interact during the translation; (iii) how these 
structures affect the stability of messenger. At the moment these questions are 
unanswered. 
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Genome sizes of plant viruses are mostly within the range of 1 to 10 kb, regard
less of the type of virion nucleic acid or expression strategy. The genetic 
elements that direct the expression of virus genomes are therefore highly ef
ficient, often small, and multifunctional. It is known that sobemoviruses appear 
at relatively high concentrations in infected plants (Hull, 1988). Unfortunately, 
studies about the cw-acting signals of sobemoviruses, which are required for 
efficient RNA translation, replication, and encapsidation are almost lacking. 
The information of structure and function of these genetic elements will make 
sobemoviruses useful models for the study of minimal forms of expression 
of genetic information in plant cells, and possible candidates for plant virus 
vectors. 
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KERAHEINA LAIGUVIIRUS: 
GENOOMNE ÜLESEHITUS JA 

TRANSLATSIOONI STRATEEGIAD 

Kokkuvõte 

Keraheina laiguviirus {cocksfoot mottle virus, CfMV) kuulub sobemoviiruste 
perekonda. Sobemoviiruseid on iseloomustatud kui ikosaheedrilisi taimeviirusi, 
mille genoomiks on üks cap'imata ja polüadenüleerimata (+)-ahelaga RNA 
molekul ning mis levivad taimelt taimele nii mehaaniliste vigastuste teel kui ka 
mardikatest vektorite abil. Sobemoviiruste peremeestaimede ring on kitsas. 
Oluliseks muudavad sobemoviiruste perekonna eelkõige asjaolud, et need viiru
sed paljunevad nakatatud taimedes väga efektiivselt, viiruspartiklid on silma
paistvalt stabiilsed ning mõned perekonna liigid on olulised patogeenid kultuur-
taimedele. 

Käesoleva doktoritöö esimeseks eesmärgiks oli kindlaks määrata CfMV 
Norra isolaadi (CfMV-NO) genoomi nukleotiidne järjestus ja struktuur. CfMV-
NO genoom, mis on 4082 nukleotiidi pikk, sisaldab nelja avatud lugemisraami 
{open reading frame, ORF). Sarnaselt teiste sobemoviirustega on CfMV genoo
mi 5' terminaalses osas väike ORF1 ja 3' terminaalses osas katte valku kodeeriv 
ORF. Teine ORF kodeerib enamusel sekveneeritud sobemo viirustel suurt polü-
proteiini, mis protsessitakse vähemalt funktsionaalseks proteaasiks, viiruse 
RNA-ga seonduvaks valguks {genome-linked protein, VPg) ning viiruse RNA-
sõltuvaks RNA polümeraasiks {RNA dependent RNA polymerase, RdRp). Eran
diks on siin CfMV, kus see ORF on asendunud kahe osaliselt kattuva avatud 
lugemisraamiga ORF2a ning ORF2b. Samuti puudub CfMV-1 polüproteiini ko
deeriva ORF-i sisse -1 lugemisraamis peidetud väike ORF3, mis on ise
loomulik ülejäänud sobemoviirustele. Eksperimentaalselt on tõestatud, et 
CfMV ORF2a kodeerib VPg molekuli, kusjuures VPg kodeeriv regioon paik
neb oletatavast proteaasi domeenist allpool (Mäkinen et ai, avaldamata tulemu
sed). Samas on proteaasi ja RdRp domeenide olemasolu P2a ja P2b-s senini 
teada vaid arvutianalüüside põhjal. 

In vitro translatsioonil nisuidude ekstraktis sünteesitakse CfMV RNA-lt nel
ja põhilist valku molekulmassidega 100, 71, 34 ja 12 kDa. Käesoleva töö raa
mes näidati, millistelt geenidelt need produktid transleeritakse. Samuti uuriti, 
milliseid translatsiooni strateegiaid kasutab CfMV oma valkude ekspressioonil. 
Selgus, et CfMV genoomne RNA töötab kui bitsistroonne mRNA. CfMV ge
noomi 5' terminaalne osa sisaldab kahte ORF-i (ORF1 ja ORF2a), mille trans
latsioon initseeritakse genoomselt RNA-lt. Kasutades immunosadestamist spet
siifiliste polüklonaalsete antikehadega, näidati, et CfMV 12 kDa ja 71 kDa val
gud kodeeritakse vastavalt ORF1 ning ORF2a poolt. Seejuures toimub ORF2a 
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translatsiooni initsiatsioon suure tõenäosusega lekkiva skaneerimise tõttu läbi 
ORF1, kuna ORF1 translatsiooni initsiatsiooni signaali ümbrus ei ole taimedele 
soodsas kontekstis. 

CfMV oletatav RdRp (kodeeritakse ORF2b poolt) transleeritakse üksnes liit-
valguna polüproteiini koosseisus ribosomaalse raaminihke toimumise tõttu 
-1 suunas. Immunosadestamise katsed näitasid, et 100 kDa suurune CfMV in 
vitro translatsiooni produkt on ainus valk, mille tunneb ära P2b spetsiifiline 
antikeha. CfMV -1 ribosomaalse raaminihke signaal koosneb kahest ise
loomulikust motiivist: nn. libisevast järjestusest (5' UUUAAAC) ning sellele 
järgnevast tüvi-aas struktuurist. See signaal indutseerib -1 ribosomaalset raami-
nihet reportergeeni kontekstis efektiivsusega 26-29% ning ORF2a-2b konteks
tis efektiivsusega 10,6±1,4%. CfMV-sarnaseid -1 ribosomaalse raaminihke sig
naale on võimalik leida ka teiste sekveneeritud sobemoviiruste genoomidest 
enne ORF3 AUG koodonit. Seni pole üheselt näidatud ORF3 ekspresseerumine 
in vivo ning pole teada ORF3 translatsiooni initsiatsiooni mehhanismid. Võiks 
arvata, et kui üldse, siis ekspresseerub neil viirustel ORF3 -1 ribosomaalse 
raaminihke abil. 

CfMV kattevalk on ainus viiruse valkudest, mida sünteesitakse subgenoom-
selt RNA-lt. Northern blot analüüs näitas, et CfMV-ga nakatatud odrataimedest 
on võimalik detekteerida lisaks 4,1 kb suurusele genoomsele RNA-le ka ühte 
CfMV spetsiifilist RNA-d suurusega 1,2 kb. See genoomsest RNA-st lühem 
RNA molekul võib olla subgenoomne RNA, kuna kattevalgu translatsiooni init
siatsiooni koodon asub 989 nukleotiidi 3' terminusest ülespoole. Kasutades im-
munosadestamist kattevalgu spetsiifilise antikehaga, selgus, et 34 kDa suurune 
CfMV in vitro translatsiooni produkt on viiruse kattevalk, mis süntesitakse 
viiruspartiklisse pakitud subgenoomselt RNA-lt. 
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and Mart Saarma' 
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Estonia and3 The Norwegian Crop Research Institute, Fellesbygget, N-I432 As, Norway 

The genome of cocksfoot mottle virus (CfMV) is a 
positive-sense ssRNA molecule of 4082 nucleotides as 
revealed by sequencing the entire genome. The 5'-
untranslated region of the genome is 69 nucleotides and 
the 3'-untranslated region is 225 nucleotides in length. 
The coding region contains four open reading frames 
(ORFs). The organization of CfMV ORFs differs 
significantly from that of the previously sequenced 
sobemoviruses southern bean mosaic virus and rice 
yellow mottle virus. ORF1 encodes a protein having a 
calculated molecular mass of 12-3 kDa. The function of 
this protein is unknown. The next ORF codes for the 

Introduction 

Cocksfoot mottle virus (CfMV) is a member of the 
sobemovirus group (Rybicki, 1991). The vims particles 
are isometric and 30 nm in diameter. The CfMV genome 
is a monopartite ssRNA molecule with an Mr of 
1-45 x 10". Its main host is cocksfoot (Dactylis 
glomerata), an important herbage grass in the Nordic 
countries. Wheat, oat and barley are experimental hosts. 
The entire nucleotide sequence of the RNA genome has 
been reported for three members of the sobemovirus 
group: the cowpea strain of southern bean mosaic virus 
(SBMV-C; Wu et al., 1987), the bean strain of SBMV 
(SBMV-B; Othman & Hull, 1995) and rice yellow mottle 
virus (RYMV; Ngon A Yassi et al., 1994). Recently we 
have reported that the CfMV genome organization 
differs substantially from that of SBMV-C and RYMV, 
as its polyprotein is translated from two different open 
reading frames (ORFs) via — 1 ribosomal frameshifting 
(Mäkinen et al., 1995). In this paper the entire nucleotide 

* Author for correspondence. Fax + 358 0 4346046. e-mail Makinen 
@ operoni.helsinki.fi 

The nucleotide sequence data reported in this paper have been 
deposited with EMBL Database under accession number Z48630. 

0001-3305 © 1995 SGM 

putative VPg and serine protease. The ORF2a product 
consists of 568 amino acids, with a calculated molecular 
mass of 60-9 kDa. The replicase of CfMV is translated as 
part of a polyprotein by — 1 ribosomal frameshifting in 
ORF2a. The calculated molecular mass of the trans-
frame protein is 103-4 kDa. ORF3 encodes the 27-6 kDa 
coat protein. This has been verified by amino acid 
sequencing of the CfMV coat protein N terminus. 
Northern blots of total RNA from CfMV-infected barley 
leaves reveal the 4-1 kb genomic RNA band and one 
virus-specific band of 1-2 kb, which may represent a 
subgenomic RNA for coat protein synthesis. 

sequence of CfMV is reported and compared to related 
viruses. The possible origins of the in vitro translation 
products produced from CfMV genomic RNA are 
discussed. 

Methods 
Virus purification anil nucleic acid extraction. CfMV origin, propa

gation and the purification of virions were as described earlier (Mäkinen 
el al., 1995). Viral RNA was purified by treating the virus with 
proteinase K and SDS (Dougherty & Hiebert, 1980) followed by 
phenol-chloroform extraction and ethanol precipitation (Puurand et 
al., 1992). 

CfMV cDNA synthesis, cloning, sequencing and analysis. CfMV 
cDNA synthesis and cloning in the Lambda gtl I Vector (Promega), 
screening of the resulting library, isolation of CfMV-specific cDNA 
clones and their sequencing have been described (Mäkinen el al., 1995). 
Both subcloning using standard methods (Sambrook et al., 1989) and 
generation of nested unidirectional deletions with exonuclease III 
(Nested Deletion Kit; Pharmacia) were used to make clones suitable 
for sequencing. Genetics Computer Group programs (University of 
Wisconsin; Devereux et al., 1984), DNA Strider (Commissariatc a 
1'Energie Atomique, France), DNAid+ (Ecole Polytechnique, France), 
Clustal V (Higgins et al., 1992) and PCGENE (University of Geneva, 
Switzerland) were used for sequence analysts. 

N-terminal amino acid sequence of the coat protein. The coat protein 
of CfMV was separated out by SDS-PAGE (12-5% gel) as described 
by Laemmli (1970). The gel was aged for 3 days at 4 °C prior to 
electrophoresis (Staunton et al., 198S). The coat protein was electro-
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1 GATAATAGTGCGAAGAAAGACACACTGTTATCGTTCCCCTCCCGAATCAGAGGTTGAGAAGTAGCTTAGATGTGCGAACCTCCCCCTGGTTTTATAACCG 100 
ORFI MCEPPPGFITV 

101 TTCAGTGCTACACGAGCGAÖ3ATTTGTTGACAGGCGATTCCACAATTGTCAAGTCCATTCCCGTCCGCTCGTGCTTCTTCCGCCAAGGCGTTGAAGTTGT200 
Q C Y T S D D L L T G D S T I V K S I P V R S C F F R Q G V E V V  

201 TCTGTTCCGGTGTGAGTCCAACAAACATCGCTGGTCGAAGATCAGAGGTCCTGTGAGCTTGACAGTTCACTGTGATATCTGTGAATrCCGCGAAACTGTT" 300 
L F R C E S N K H R W S K I R G P V S I , T V H C D I C E F R E T V  

301 GTGATTCCATCCCTGCCCAAAGGCTTCAAAGTATCTAGCGATTTCTCTTACAGTGTAACGTGGAATTGCTaTTACAGCCGTGGCAGGACAGAGTAGCACA 400 
V I P S L P K G F K V S S D F S Y S V T W N C C Y S R G R T E *  

401 GAGGTTAGTTGGTTGAGGGTGACCAAGAATGGGTTGTTCTGTTGTTGGAAACTGCAAGTCCGTGATGTTGATGAGCAGGATGAGCTGGTCAAAGCTAGCT 500 
O R F 2 »  M G C S V V G N C K S V M L M S R M S W S K L A  

501 CTCCTCGTATCCGTCGCAATGGCGGCAGCCATGACAGACTCCCCACCCACTCTGATATGTATGGGGATCCTAGTGAGCGTGGTGCTCAACTGGATCGTCT 600 
L L V S V A M A A A M T D S P P T L I C M G I L V S V V L N W I V C  

601 GCGCAGTATGGCAAGAAGCTTCAGAGCTAATTCTGGGCGTTTCCTTGGAAGCGACTCGTCCTAGTCCCGCACGGGTCATAGGAGAGCCGGTCTTTGACCC 700 
A V W Q E A S E L I L G V S L E A T R P S P A R V I G E P V F D P  

701 CCGGTATGGCTATGTTGCTCCTGCTATCTATGATGGCAAGTCGTTTGACGTGATCCTGCCTATTTCCGCTCTGTCCTCCGCTTCAACAAGGAAGGAGACA 800 
R Y G Y V A P A I Y D G K S F D V I L P I S A L S S A S T R K E T  

801 GTAGAGATGGCAGTTGAGAACTCACGGCTACAGCCTCTGGAAAGCAGTCAAACGCCGAAGTCCCTAGTGGCTTTGTACTCGCAGGATCTGCTATCAGGCT 900 
V E M A V E N S R L Q P L E S S Q T P K S I i V A L Y S Q D L L S G W  

901 ggggttcccggattaaaggccctgatggccaggaatacctcttgacagccctgcatgtgtgggagaccaacatctctcacctttgcaaggacggaaagaa 1000 
g s r i k g p d g o e y l l t a l h v w e t h i s h l c k d g k k  

1001 ggtaccgatÄagcggatgcccaatcgttgcgagctctgctgattcggacttggactttgtccttgtgtccgtgccgaggaacgcttggtctgttctaggc iioo 
v p i s g c p i v a s s a d s d l d f v l v s v p r n a w s v l g  

1101 GTCGGTGTGGCTCGTTTGGAATTGCTCAAACGCCGAACCGTCGTAACAGTCTATGGAGGCCTAGACTCAAAGACCACCTACTGTGCCACTGGTGTGGCGG 1200 
V G V A R L E L L K R R T V V T V Y G G L D S K T T Y C A T G V A E  

1201 AGTTGGAAAATCtXrCTCCGCATAGTCACGAAAGTGACGACAACGGGGGGGTGGTCAGGCTCTCCACTCTACCACAAGGACGCAATCGTCGGGTTGCACTT 1300 
L E N P F R I V T K V T T T G G W S G S P L Y H K D A I V G L H L  

1301 GGGTGCGAGACCATCTGCGGGGGTCAATAGAGCGTGTAACGTCGCTATGGCCTTTAGGGTTGTGCGGAAATTTGTCACTGTTGAAAACAGTGAGTTATAT 1400 
G A R P S A G V N R A C N V A M A F R V V R K F V T V E N S E L Y  

1401 CCCGACCAAAGCAGTGGCCCCGCCOGAGAGCTTGATGCTGAGACATACACGGAAAGGCTAGAGCAAGGAATTGCTTTTACTGAGTACAATATATCCGGCA 1500 
P D Q S S G P A R E L D A E T Y T E R L E Q G I A F T B Y N I S G I  

1501 TTACGGTGAAAACCTCCGACCGAGAGTGGACAACAGCTGAGGCGTTGCGTGTCGCAAGATACAAACCCTTGGGTGGAGGAAAAGCATGGGGTGATAGTGA 1600 
T V K T S D R E W T T A E A L R V A R Y K P L G G G K A W G D S D  

1601 TGACGAGGACACa^GAAACTGCAATCCGGCCTTTAJUkCTACCAGCGGGCGGGCrCCCTACGGGGCAGTCCGCCCTTGGCCAACTTATCGAGTACGCGG 1700 
O R F 2 b  R G H P R N C N P A F K L P A G G L P T G Q S A L G Q L I E Y A G  

D E D T Q E T A I R P L N Y Q R A G S L R G S P P L A N L S S T R  

1701 GCTACGTCTGGCGTGACGAAGGAATCATCAATTCCAACGGCATGCCTITCCGATCCGCTGGAAAGTCGAGTTGCCGGTTTAGAGAAGCTGTGTGCAGAGC 1800 
Y V W R D E G I I N S N G M P F R S A G K S S C R F R E A V C R A  

A T S G V T K E S S I P T A C L S D P L E S R V A O L E K L C A E R  

1801 GGTTCACAGAGATG1TCGAGCTGCTGAGACAGAGTTCCCAGAACTCAAAGAGCTCGCCTGGCCAAGCCGCGGATCAAAAGCAGAAATCGGATCGCTCCTC 1900 
V H R D V R A A E T E F P E L K E L A W P S R G S K A E I G S L L  

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

1901 TTCCAAGCCGGCAGGTTTGAGAGAGTCGAAGCGCCCGCCAATCTGCAATTGGCAATCACTAACCTCCAAGCCCAGTACCCGAGGTCCAGACCCCGCTCCT 2000 
F Q A G R F E R V E A P A N L Q L A I T N L Q A Q Y P R S R P R S C  

S K P A G L R E S K R P P I C N W Q S L T S K P S T R G P D P  ' A P  

2001 GCTTCCGCAGXGAGCCCTGGTGTCGCGAAGACTTCGTCGCAGAAATCGAAAAGATCGCGCACTCGGGGGAAATCAACCTCAAAGCAAGTCCCGGCGTCCC 2100 
F R R E P W C R E D F V A E I E K I A H S G E 1 M L K A S P G V P  

A S A E S P G V A K T S S Q K S K R S R T R G K S T S K Q V P A S P  

Fig. 1. For legend see opposite. 
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2101 CCTCGCCGAAATCGGGGTCAGCAACCAGCAAGTAATTGATGTAGCTTGGCCCTTGGTGTGTGAGGCTGTGGTGGAAAGGCTCCATGCCTTGGCATCCGTA 2200 
L A E I G V S N Q Q V I D V A W P L V C E A V V E R L H A L A S V  

S P K S G S A T S K *  

2201 gacccgcgccagcaogattggtctccagaagaactcgtgaaaagaggattotgcgatccagtgaflactctltgtcaaacagxsaacctcattctcgacaga 2300 
d p r q h d w s p e e l v k r g l c d p v r l f v k q e p h s r q k  

2401 TTTGTGGCATTCAAATCCCTCTAAACCCGGGATGQGTCTGTCGAAAGCTAGCCAAGTCGCGCTGTTATGGGAiGGATrrGGCGCGCAAGCACCAAACCCAC 2s00 
L W H S N P S K P G M G L S K A S Q V A L L W E D L A R K H Q T H  

2501 CCGGGTGCCATGGCTGATATCTCAGGGTT"rGACTGGTCCGTTCAGGATTGGGAACTCTGGGCTGACGTATCTATGAGGAT'IX3AGCTAGGCTCGTTTCCAG 2600 
P G A M A D I S G F D W S V Q D W E L W A D V S M R I E L G S F P A  

2601 CGlTCATGGCGAAGGCAGCTATATCGCGGTTTrACTCCTTGATGAACGCTÄcCTTCCAATTAACGAATGGAGAGCTCITAGCCCAGGAACTGCCAGGACT 2700 
L M A K A A I S R F Y C L M N A T F Q L T N G E L L A Q E L P G L  

2701 catgaagtccgggtcgtactgtacctccagctccaactcccgcattcgctgccttatggctgagctcatcggctcgccttggtgtatcgcaatgggagat 2800 
m k s g s y c t s s 5 n s r i r c l m a e l i g s p w c i a m q d  

2801 gattctgttgagggatgggtcgatgatgctcccaggaaatattcagcactaggccatctctgtaaagagtatgaagcgtgtccagtgctccccaacggag 2900 
d s v e g w v o d a p r k y s a l g h l c k e y e a c p v l p h g d  

2901 ATTTGAAGGAGGTGAGCTTTTGCTCCCATCTCATCTCTAAGGGTCGAGCGGAACTGGAGACGTGGCCCAAGTGTCTGTTOCGATATCTCAX3TGGACCACA 3000 
L K E V S F C S H L I S K G R A E L E T W P K C L F R Y L S G P H  

3001 TGATGTGGAAAGCTTGGAGATGGAGCTAAGCTCTTCTCGCCGCTGGGGCCAGATAGTCAGATACCTCCGCCGGATTGGCCGGGTCTCCGGAAATGATGGT 3100 
D V E S L E M E L S 5 S R R W G Q I V R Y L R R X G R V S G N D G  

ORF3 M M V 

3101 GAGGAAAGGAGCAGCAACGAAAGCCCCGCAACAACCAAAACCCAAGGCTCAGCAGCAGCCTGGGGGCCGCCGCAGGAGGCGTGGCCGGTCGATGGAGCCA 3200 
E E R S S N E S P A T T K T Q G S A A A W G P P Q E A W P V D G A S  

R K G A A T K A P Q Q P K P K A Q Q Q P G G R R R R R G R S M E P  

3201 GTCTCTCGACCTTrGAACCCTCCAGCAGCGGTTGGTTCCACCTTGAAGGCTGGTAGAGGCAGGACCCCTGGTGTGAGTGACTGGTTTGATACCGGCATGA 3300 
L S T F E P S S S G W F H L E G W *  

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

3301 TCACCAGTTACCTAGGTGGnTTCAGCGCACAGCTGGAACTACCGACTCCCAGGTATrCATTGTGTCACCCGCTGCATTGGACCGTGTTGGAACCATAGC 3400 
T S Y L G G F O R T A G T T D S Q V F I V S P A A L D R V G T I A  

3401 TAAGGCGTATGCGTTGTGGAGACCTAAGCATTGGGAAATCGTGTATCTCCCCAGATGTTCTACTCAGACAGATGQGTCGAPTGAAATGGGATTTCTCTXA 3500 
K A Y A L W R P K H W E I V Y L P R C S T Q T D G S I E M G F L L  

3501 GATTATGCAGATAGCGTCCCAACCAACACCCGAACTATGGCCTCCTCCACCTCCITCACAACTrCAAACGTGTGGGGAGGTGGGGATGGCAGCAGTTrGT 3600 
D Y A D S V P T N T R T M A S S T S F T T S N V W G G G D G S S L L  

3601 tgcat^cgtccgtgaagtccatgggcaacgctgttacgagcgctcttccttctgatgagttctcgaacaaatggtttaagttatcttggagcactcctga 3700 
h t s v k s m g n a v t s a l p c d e f s n k w f k l s w s t p e  

3701 ggaatcggagaacgctcatrtaactgacacctacgttccggcgcgcttcgtggtgaggtctgacttcccägtagtcacggctgaccaacccggtcatctc 3800 
e s e n a h l t d t y v p a r f v v r s d f p v v t a d q p g h l  

3801 tggctccggtccaggatcttgctcaagggatcagtttccccttctacaaatttgtagtcaagtactgcagggatgacaaacctgtaaaacagtgtccgcg 3900 
w l r s r  x l l k g s v s p s t n l  •  

3901 CTTGGTGGAGTCGCGTTCGTCCACTrGGAAATCTAACTCCAAAGCTTTGCTTGAAGATTGACGGATTGGTATCATCTCCGTAAGGATACCGACCACTGGC 4000 

4001 TGGGCTCGTCACCCCTCCTTTGTGTCTCACAAACGACGAATCTGCGCTCGGCCAATGACAGGATCATGGCCGGGGCAGGTCC 4082 

Fig. 1. The complete nucleotide sequence of the CfMV genomic cDNA. The amino acid sequences of the ORFs 1, 2a, 2b and 3 are 
presented under the nucleotide sequence in single letter code. The slippery heptanucleotide used for the — 1 ribosomal frameshift is 
shown in bold. 
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transferred onto PVDF membrane and visualized by staining with 
Coomassie brilliant blue (Staunton et at., 1989). The band corre
sponding to the coat protein was excised and applied to the reaction 
cartridge of a gas-pulsed-liquid sequencer equipped with an on-line 
phenylthiohydantoin amino acid analyser (Kalkkinen & Tilgmann, 
!988). 

PCR amplification of the cDNA. Some clones were obtained by PCR 
amplification. Both single- and double-stranded cDNA were used as 
templates for the PCR amplification using a Perkin Elmer DNA 
Thermal Cycler or MJ Research Minicycler. The reaction mixture 
contained 10 mM-Tris-HCL pH 8-8, 1 5 mM-MgC'L, 50 ITLM-KCI and 
0-1 % Triton X-100, 01 mM-dNTP, 80 pmol of each primer, 50 ng of 
template cDNA and 2 units of DynaZyme DNA polymerase 
(Finnzymes) or Taq DNA polymerase (Perkin Elmer, Fermentas). 
After denaturation of the DNA at 95 °C for 5 min, the reaction 
mixtures were subjected to 30 cycles of 1-5 min at an annealing 
temperature calculated for each primer pair used, 2-5 min at 72 °C and 
1*5 min at 95 °C. The PCR fragments obtained were cloned into vectors 
pGEM-T (Promega), pCRlOOO (Invitrogen) or pUC57 (Fermentas). 

Cloning of the 5' and 3' ends. The 5'-terminal sequence of CfM V was 
determined using the PCR product. The first strand of cDNA was 
synthesized using an oligodeoxyribonucleotide complementary to 
nucleotides 357-380 in the CfMV sequence: 5' CGGCTGTAACA-
GCAATTCCACGTT (primer #4615). Single-stranded DNA was 
purified with a Sephaglas PhagePrep Kit (Pharmacia) or Wizard DNA 
Clean-Up System (Promega) and a poly(A) tail was added by terminal 
transferase (Promega). The DNA product was amplified by PCR using 
(dT)2.dN as the second primer. 

To clone the 3' end, I ng of viral RNA was polyadenylated with 
5 units of poly(A) polymerase (Pharmacia) according to the manu
facturer's instructions. First-strand synthesis of cDNA was primed 
with 5' AACTGGAAGAATTCGCGGCCGCAGGAA(T)1# oligo-
deoxynucleotide. The cDNA was then subjected to PCR using the same 
primer and a specific primer 5' CAGGATCTTGCTCAAGGGA-
TCAGT (primer #4614; nucleotides 3812-3835 in the CfMV sequence). 

Primer extension. Three ng of CfMV RNA was subjected to primer 
extension using the oligodeoxynucleotide primer 5' CTAAGCTAC-
TTCTCAACCTC, located 50-70 nucleotides from the 5' terminus of 
the obtained 5'-end clones. These clones were also used to provide the 
size markers for the urea-polyacrylamide gel by using the same primer 
for chain-termination sequencing reactions (Sambrook et ai, 1989). 

Isolation of the total RNA and Northern blot analysis of the 
subgenomic RNA. Total RNA from CfMV-infected barley (cv. Lise) 
leaves and from control barley leaves was isolated using the method 
described by Logemann et al. (1987). Electrophoresis in formaldehyde-
containing agarose gels and hybridizations were done according to the 
blotting and hybridization protocols for Hybond membranes 
(Amersham). Blotting of the gel onto Hybond-N nylon filters was done 
using alkaline transfer of total RNA as described by Low & Rausch 
(1994). Eight pg of total RNA was loaded per lane. A probe covering 
364 3'-terminal nucleotides of CfMV ORF3 was randomly primed 
(Feinberg & Vogelstein, 1983) and labelled with [3äP]dCTP (NEN). 

Results and Discussion 

The CfMV cDNA clones picked up from the library or 
obtained by PCR were sequenced on both strands. The 
sequence of 98-2 % of the genome was obtained from at 
least two independent clones. The complete nucleotide 
sequence of CfMV RNA was 4082 nucleotides long, 
being the shortest sequenced sobemovirus (Fig. 1). 

Terminal sequences were verified by polyadenylation of 
the termini prior to PCR amplification. The nucleotides 
determined by primer extension matched the sequences 
obtained with 5'-end clones (Fig. 2). The 3'-end sequence 
was proven by sequencing three cDNA clones obtained 
by RT-PCR of three independently isolated and in vitro 
polyadenylated CfMV RNAs. All of the sequences were 
identical. The 5'-untranslated region was 69 nucleotides 
and the 3'-untranslated region was 225 nucleotides in 
length. 

Coding capacity of CfMV 

The CfMV genome contains four ORFs (Fig. 3), 
which are compact and overlap each other, except that 
between ORFs 1 and 2a there is a 32 nucleotide intergenic 
region. The A of the first AUG is located at nucleotide 
70. The context of this AUG is poor when compared to 
the consensus sequence for translation initiation in 
plants, AACAAUGGC, described by Lütcke et al. 
(1987). However, as in RYMV, this is the only translation 
initiation codon in any frame upstream from ORF2a. 
ORF1 encodes a protein with 109 amino acids and a 
calculated molecular mass of 12-3 kDa. In vitro 
translation of CfMV genomic RNA revealed four protein 
products of 100, 71, 34 and 16 kDa (Makinen et al., 
1995). The smallest protein may represent the ORF1 
product. Its function is unknown, but Othman & Hull 
(1995) have suggested a movement protein function. 
CfMV ORF 1, at nucleotides 236-312, has 59-2% identity 
with the beet yellows closterovirus 65 kDa protein gene, 
which is related to the heat shock protein 70 gene. The 
65 kDa protein is believed to provide a virus transport 
function (Agranovsky et al., 1994). 

CfMV, in contrast to other fully sequenced sobemo-
viruses, lacks the continuous large ORF that codes for 
the putative VPg, protease and replicase. Instead it has 
two overlapping ORFs, called 2a and 2b, which code for 
these proteins (Fig. 3). In the CfMV genome, ORF2a 
begins 32 nucleotides after the stop codon for ORF1. 
ORF2a comprises 1710 nucleotides (from 424 to 2133) 
and encodes a protein of 568 amino acids with a 
calculated molecular mass of 60-8 kDa. ORF2b is in the 
-1 reading frame compared to ORF2a. Consensus 
signals for a — 1 ribosomal frameshift event (Jacks et al., 
1988) can be found at the beginning of the nucleotides 
that overlap in ORF2a and ORF2b: the slippery 
heptanucleotide sequence 5' UUUAAAC and a 
stem-loop structure just downstream. We showed pre
viously that the putative replicase of CfMV is translated 
in vitro as a part of a polyprotein by —1 ribosomal 
frameshifting (Mäkinen et al., 1995). ORF2b has 1650 
nucleotides (1603-3253) and encodes a 56 3 kDa protein 
comprising 504 amino acids from the first AUG. The 
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C T A G l 2 

Fig. 2. Primer extension (lanes 1 and 2) and the sequence of the 5'-end 
cDNA clone of CfMV. 

transframe protein is 942 amino acids long and has a 
calculated molecular mass of 103-4 kDa. The size of the 
transframe protein and the largest CfMV RNA in vitro 
translation product correlate well (Mäkinen et al., 1995). 

The N-terminal part of the ORF2a-encoded protein is 
presumably the VPg by analogy to the location of the 

putative VPgs of other sequenced sobemoviruses. In 
addition to the conserved 14 and 9 amino acid blocks 
proposed by Ngon A Yassi et al. (1994), the sequence 
motif GxPxFDPxYG can be found in the putative VPg 
of each of these viruses (Figs 3 and 4). Despite the fact 
that these three motifs are well conserved among all the 
sobemoviruses, their location in the putative VPg domain 
is different (Fig. 4). In general, no common sequence 
elements in plant viral VPgs have been found 
(Gorbalenya & Koonin, 1993). However, an amino acid 
triplet FDP is present in the VPg of the potyviruses 
tobacco etch virus (Allison et al., 1986; Murphy et al., 
1991), potato Y virus (Robaglia et al., 1989) and potato 
A virus (Puurand et al., 1994). The significance of motif 
GxPxFDPxYG is unknown. 

The next protein coded by ORF2a has features of a 
typical sobemovirus/luteovirus serine protease. It has 
the H and D residues common to all serine proteases, 
and an S at the site where the Picornavirus 3C protease 
has C in its catalytic centre (Gorbalenya et al., 1988). 
E/S and E/T cleavage sites were proposed for the 
sobemovirus serine proteases by Gorbalenya et al. (1988). 
There are several putative cleavage sites in the ORF2a-
coded protein. One putative protease cleavage site, 
located after the protease consensus sequence, is 
conserved among the sobemoviruses SBMV-C, RYMV 

CfMV Rf-2 

SBMV-C Rf-2 

SBMV-B Rf-2 

4000 nt 

Frameshtft signal 
WG + D rich 

Replicase 

GxPxFDPxYG 

ORF) 

1 1IÕRF3J 
. 1 nnm i | ORF2 flllll!§llllp«««i 

1 ORFl T „ CP I 

ORF1 

ORF2 

RYMV Rf-1 ORF3 

ORFl 

Fig. 3. The ORF maps of the sequenced sobemovirus genomes. The numbers indicate the nucleotide positions in the CfMV genome. 
Rf, reading frame; CP, coat protein. The first AUG of each ORF is marked by a vertical line. Different sequence motifs discussed in 
the text are indicated. Putative E/T and E/S protease cleavage sites are indicated by arrows. Amino acid sequences related to the CfMV 
polyprotein-coding regions are shaded. 
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CfMV 26 VBVRMAftAMTnSPPTLTCM-GHiVSWLNWIVCAVWOEÄSELILGVSL 
RYMV 27 AfiT.TRRRTVfiKRT.PVTASLWAIPSAIIANWIVLSAHESFSRFVEGVEI 
SBMV-C 24 RFTVG.qvnPKHNTPTVALMTLCATGLWLSTSVVSFGIRYVRVRVSPEK 
SBMV-B 25 FnTHBGVTNPAHYPIVAWIPRSLLCL-VERVIRDIPYKYVRTRL---L 

1  !  I  * 1  1  1 1 1 !  

CfMV 73 EATRPSP-ARVIQEPVPDP-RY-QYVAPAIYDGKSFDVILPIS A 
RYMV 75 EPMSMLRYGKVOSAPRFDP-SR-GYWDVSYNGHVIPVILDFTTT-TA 
SBMV-C 72 TQNRTI-YVSS-GLPHFDP-VY-GWKKCEPMGGGPAIELQVNPSWIH 
SBMV-B 67 QRRRLPGY-IAQS-AVFVPLVYTDLIARMSETAWTTGTGYQLMSTGIR 

! I 1 *1* 1 1 I 1 1 
CONS a p FdP y g 

Fig. 4. Amino acid alignment of the putative VPg regions of CfMV, RYMV. SBMV-C and SBMV-B. The conserved sequence motif 
GxPxFDPxYG is indicated. The 14 and 9 amino acid motifs proposed by Ngon A Yassi el al. (1994) are underlined. CONS, conserved 
amino acids; (*), conserved in all sequences shown; (!), partially conserved. 

and CfMV (Wu et al., 1987; Ngon A Yassi et al., 1994; 
Fig. 3) and other viruses; potato leafroll virus (PLRV) 
and beat western yellows virus (BWYV) (both belonging 
to luteovirus subgroup II; Mayo et al., 1989; Veidt et al., 
1988), pea enation mosaic virus (PEMV; Demier & de 
Zoeten, 1991), mushroom bacilliform virus (MBV; Revill 
et al., 1994) and a human astrovirus (H-Ast2; Jiang et 
al., 1993). The use of this E/S cleavage site in CfMV 
polyprotein processing would produce proteins with 
calculated molecular masses of 35-6 and 68-6 kDa. In 
vitro translation of the CfMV genomic RNA revealed a 
protein of 34 kDa, which correlates well with the joint 
size of VPg and the protease. 

In the ORF2a protein product we have located a 
highly conserved WAD/WGD amino acid sequence 
followed by a D/E-rich domain. This amino acid motif 
or a very similar one can also be found in SBMV, 
RYMV, PLRV, BWYV, PEMV, MBV and H-Ast2 in 
front of the putative or proven — 1 frameshift signal 
(Figs 3 and 5). Its function is unknown. The remainder 
of the ORF2a-encoded protein is very basic. 

The amino acid sequence of the putative replicase, 
encoded by ORF2b, contains the GDD motif typical of 
RNA-dependent RNA polymerases (Kamer & Argos, 
1984) near the C terminus of the protein (Fig. 3). In vitro 
translation of the CfMV RNA results in a 70 kDa 
product from this ORF. The theoretical size of the 
replicase produced using the E/T cleavage site in front of 
the replicase is 60-7 kDa (Fig. 3). If the E/S cleavage site 
after the protease consensus sequence is exploited instead 
then the protein product would be 68-6 kDa. This could 
be the 70 kDa product seen on SDS-PAGE. 

The mechanism for the translation initiation of ORF2a 
is currently unknown. Since the AUG for ORFl is in a 
poor context for the initiation of protein synthesis, it 
could permit the 40S ribosomal subunit to bypass ORFl 
by leaky scanning (Kozak, 1989) and initiate translation 

at the first AUG of ORF2a. This AUG is surrounded by 
a sequence that satisfies the proposed initiation context 
in plants (AAGAAUGGG versus AACAAUGGC; 
proposed by Liitcke el al., 1987). 

ORF3 encodes the coat protein. This was verified by 
comparing the deduced N-terminal amino acid sequence 
of the coat protein, VRKGAATKAPQQPKPKA, to the 
obtained cDNA sequence. There was 100% identity 
between these after the removal of the first two M 
residues. The calculated molecular mass of the coat 
protein was 27-6 kDa. The size of the coat protein 
determined by SDS-PAGE was 32 kDa (data not shown; 
Rybicki, 1991). This is quite close to the 34 kDa protein 
produced in the in vitro translation of the viral RNA. The 
coat protein of SBMV is translated from a subgenomic 
RNA molecule, which is also present within the virus 
particles (Ghosh et al., 1981). In contrast, it was not 
possible to detect any subgenomic RNA enclosed in 
CfMV particles in Northern blot hybridization (Fig. 6). 
When the in vitro translation mixture was subjected to 
Western blot analysis no coat protein signal was seen, 
while coat protein isolated from purified virus particles 
was easily detected (Tamm, 1994). For these reasons it is 
more likely that the 34 kDa translation product is a 
cleavage product of the polyprotein. 

In Northern blots of total RNA of CfMV-infected 
leaves, two virus-specific bands of 4*1 kb and 1-2 kb were 
detected (Fig. 6) using a probe from the C-terminal part 
of ORF3 coding for the coat protein. A total RNA 
sample from uninfected barley did not give a CfMV-
specific signal. Whether the 1-2 kb CfMV-specific RNA 
molecule is the subgenomic RNA for coat protein 
synthesis and the true initiation site for the synthesis of 
CfMV subgenomic RNA remains to be determined. As 
the translation initiation site of CfMV coat protein is 989 
nucleotides upstream from the 3' end of the genome, a 
subgenomic RNA of 1-2 kb seems highly possible. 
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CfMV 343 
RYMV 384 
SBMV-•C 370 
SBMV-•B 371 
PLRV 435 
BWYV 434 
PEMV 568 
MBV 481 
H-Ast2 83 6 
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Fig. 5. Fig. 6. 

Fig. 5. Amino acid alignment of the WAD/WGD plus D/E-rich region upstream from putative or proven frameshift signals in CfMV 
and other viruses. 

Fig. 6. Northern blot analysis of total RNA from CfMV-infected barley plants. Lanes 1-3, 8 ng of total RNA isolated from three 
different CfMV-infected barley plants; lanes 4-6,8 ng of total RNA from three different healthy barley plants; lane 7, 100 ng of CfMV 
RNA isolated from purified virus particles; lane 8, 50 ng of CfMV RNA from virus particles. Positions of RNA markers are shown 
on the left. 

CfMV G - - AUAAUAGUGCGAAGAAAGACAC A CUGUUAUCGUUCC 37 
RYMV A—CAAUUGAAGCUAGGAAAGGAGC AUAUU GCGAAAG-CAUCCC 41 
SBMV-C CACAAAAUAUAAGAAGGAAAAGUGCUGAUUUUCCUACCUUUGUGUUUC- 48 
SBMV-B CACAAAAUAUAAGAAGGAAA GCUGGAUUUCCUACCUUUGUGUUUCC 46 

1*1*1 ! I I I*!**** 1*1 * J J I 1 1* * • 

CfMV -CCUCC CGA—AUCAGAGGÜUGAGAAGU—AGCUUAG AUG 72 
RYMV UCCUUC CGACGAACAAUUGUAGCCACAC—UGCAUCGU—GUAUG 82 
SBMV-C AUG 51 
SBMV-B AUUGUCGAAGCAUUGGUCAACGAUUACAAAACGGUGCAUUUUCUGCAUG 95 

* * *  

Fig. 7. Multiple alignment of the 5'-end sequences of CfMV, SBMV-C, SBMV-B and RYMV. No clear consensus sequence was 
detected. 

Sequence similarities to related viruses 

CfMV proteins are remarkably similar to their counter
parts in SBMV and RYMV, although there are substan
tial differences in genome organization. The intergenic 
region between ORFl and ORF2a is present in CfMV, 
RYMV and SBMV-B genomes but is absent in SBMV-
C. SBMV-C and RYMV have ORF3 nested in the ORF2 
sequence but in another reading frame. The CfMV 
genome lacks the analogous ORF. ORF3 in the CfMV 
genome codes for the coat protein. 

The lengths of CfMV untranslated termini are similar 
to those of RYMV; CfMV 5', 69 nucleotides; 3', 225 
nucleotides; and RYMV 5', 79 nucleotides; 3', 245 
nucleotides. In the SBMV-C genome the untranslated 
regions have been reported to be much shorter (48 and 

138 nucleotides, respectively). The 5'-untranslated region 
of CfMV shares 62%, 42-5% and 58-3% identical 
nucleotides with the corresponding regions of SBMV-C, 
SBMV-B and RYMV, respectively. However, multiple 
alignment of the 5'-end sequences of CfMV, SBMV-C, 
SBMV-B and RYMV reveals only 141% identity (Fig. 
7). We were not able to detect any clear consensus 
sequence from sobemovirus 5'-untranslated regions. 
Obvious sequence similarities were also not found in the 
3'-untranslated regions of CfMV, SBMV-C, SBMV-B 
and RYMV. Secondary structure analysis of the CfMV 
3'-untranslated region with RNAFOLD (Devereux et 
al., 1984) did not reveal the presence of a tRNA-like 
structure, which can be found in the 3'-untranslated 
region of RYMV (Ngon A Yassi et al., 1994). 

ORFl of CfMV is unrelated to the corresponding 



2824 K. Mäkinen and others 

ORFs of other sequenced sobemoviruses. The putative 
ORF2a-encoded proteins (VPg, protease and the amino 
acid sequence after the protease) were separately com
pared to the polyproteins of SBMV-C, SBMV-B and 
RYMV. The CfMV ORF2a product was divided into 
separate parts using the putative E/T and E/S cleavage 
sites before and after the protease consensus sequence. 
The potential VPg region was 30% identical between 
RYMV and CfMV, 23 % identical between CfMV and 
SBMV-C and 19% identical between CfMV and SBMV-
B while the corresponding values for the protease region 
were 37%, 38% and 28%, respectively. Several cellular 
proteases and proteases of picorna-, poty- and como-
viruses have H, D and C or S residues in their catalytic 
sites (Gorbalenya et al., 1988). These important amino 
acids can be found in the CfMV serine protease, located 
exactly as in the RYMV amino acid sequence: H is 
separated from D by 32 amino acids and the distance 
between D and S is 66 amino acids. Comparison of the 
ORF2a amino acid sequence after the WAD/WGD plus 
D/E-rich region is complicated because in this region 
CfMV does not have the replicase as in SBMV-C and 
RYMV, but instead has the end of ORF2a which 
overlaps with ORF2b. This kind of genome organization 
resembles that of luteovirus subgroup II. The 5' end of 
CfMV ORF2b contains signals for ribosomal — 1 frame-
shifting (Mäkinen et al., 1995). Similar frameshifting 
consensus signals can be found in the beginning of ORF3 
of SBMV-C and RYMV. ORF3 is nested in the ORF2 
sequence of these two viruses but in another reading 
frame and its function is unknown. Amino acid com
parisons between the putative replicases of CfMV and 
the other sequenced members of sobemo- and luteovirus 
subgroup II viruses have been reported by us earlier 
(Mäkinen et al., 1995). 

Although SBMV-B had an overall similarity to 
SBMV-C and RYMV, it lacked the analogue of ORF3 of 
these two viruses. Its genome organization resembles 
that of CfMV. However, SBMV-B polyprotein was 
reported to be translated from a single ORF without 
ribosomal frameshifting. Interestingly, the SBMV-B 
genome also contains a putative — 1 ribosomal frameshift 
signal: slippery sequence UUUAAAC starting at pos
ition 1728 followed by a strong stem-loop structure after 
7 additional nucleotides. 

Comparison of sobemovirus coat proteins revealed 
23% identity between CfMV and SBMV-C, 23% 
identity between CfMV and SBMV-B and 35 % identity 
between CfMV and RYMV. SBMV-C and RYMV have 
29 % identical amino acids. CfMV has, in common with 
the other sequenced sobemoviruses, a highly basic amino 
acid sequence at the N terminus of the coat protein. This 
region in CfMV resembles the bipartite signal proposed 
for nuclear targeting (Dingwall & Laskey, 1991). The 

significance of this finding is presently not known, but 
CfMV particles have been reported to be present in the 
cell nucleus (Chamberlain & Catherall, 1976). 

Conclusions 

CfMV is a member of the sobemovirus group based on 
the sequence similarities between the polyproteins and 
coat proteins of CfMV, SBMV and RYMV. CfMV is 
more "closely related to RYMV than SBMV-C and 
SBMV-B. However, the genome organization of CfMV 
is significantly different from other characterized sobemo
viruses. It is more closely related to SBMV-B, as both 
lack the ORF3 of SBMV-C and RYMV. The 
polyprotein-coding region of CfMV is more similar to 
that of subgroup II luteoviruses, PLRV and BWYV, 
than to the reported genomic organizations of sobemo
viruses. The evolution of subgroup II luteoviruses has 
been proposed to have occurred by a recombination 
event between a sobemovirus and a subgroup I luteovirus 
(Miller et al., 1995). The polyprotein in this recom
bination evolved from the sobemovirus counterpart. The 
finding that the replicase of the CfMV is translated, in a 
similar way to the subgroup II luteoviruses, as part of the 
polyprotein by — 1 ribosomal frameshifting supports this 
model. 
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The Putative Replicase of the Cocksfoot Mottle Sobemovirus Is Translated as a Part 
of the Polyprotein by -1 Ribosomal Frameshift 
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Tha polyprotein of cocksfoot mottle sobemovirus (CfMV) Is encoded by two overlapping open reeding frames (ORF). The 
ORF 2a codes for the putative VPg and serine protease and the ORF 2b codes for the putative replicase. The consensus 
signals for a -1 ribosomal frameshifting event are found at the very beginning of the overlapping region of these ORFs. 
The shifty heptanucleotide in CfMV Is UUUAAAC, and the secondary structure after the shifty sequence Is predicted to be 
a stem-loop. In vitro translation of the CfMV RNA in wheat germ extract produced proteins of several sizes, including one 
of 100 kDa. According to the nucleotide sequence data, no single ORF is capable of directing the synthesis of a 100-kDa 
protein. A chimeric ^-glucuronidase-CfMV cDNA containing the entire ORF 2a and 2b overlap region Including frameshift 
signals was constructed. A trans-frame protein of 108 kDa was produced from this construct with an efficiency of 26-29% 
by In vitro translation in wheat germ extract. CfMV Is the first sobemovirus in which the putative replicase Is reported to 
be produced as a part of a polyprotein by a -1 frameshift event The repllcases of the sobemoviruses are related to the 
luteovirus subgroup II repllcases, which are known to be produced by -1 ribosomal frameshift The reported amino acid 
sequences of the putative repllcases of sobemo- and subgroup II luteoviruses were compared to that of the putative 
replicase of CfMV. This comparison revealed more extensive homology between these groups than previously reported. 
© 1895 Academic Press, Inc. 

Cocksfoot mottle virus (CfMV) is a member of the sobe
movirus genus (7). The virus particles are isometric and 
30 nm in diameter. The CfMV genome is a monopartite, 
single-stranded RNA of about 4000 nucleotides. CfMV 
infects only a few species of the family Gramineae (2). Its 
main host is cocksfoot (Dactylis glomerata), an important 
herbage grass species in the Nordic countries, although 
wheat, oat, and barley are experimental hosts. CfMV 
causes yellow streaking and severe mottling, and in
fected plants die without flowering (3). Rapid spread of 
the virus has resulted in substantial yield losses. Chryso-
melidae beetles are the natural vectors for CfMV but, in 
cocksfoot monocultures, the virus is mainly transmitted 
mechanically. The genomic organization of two members 
of the sobemovirus group, southern bean mosaic virus 
(SBMV) (4) and rice yellow mottle virus (RYMV) (5), has 

been reported. The RNA polymerase of SBMV is closely 

related to the polymerases of two subgroup II luteovi-

The nucleotide sequence data reported in this paper have been 
deposited with the EMBL Database under Accession No. Z36903. 
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ruses, potato leafroll virus (PLRV) and beet western yel
lows virus (BWYV) (6). Both sobemo- and luteoviruses 
have a translational strategy based on the production of 
a large polyprotein and the production of the coat protein 
from a subgenomic RNA (7). We have now cloned and 
sequenced the 5' untranslated region and the coding 
region for the polyprotein of CfMV. The polyprotein of 
CfMV is encoded by two overlapping open reading 
frames (ORFs), ORF 2a and ORF 2b. The polyproteins of 
SBMV and RYMV are encoded by one ORF. The deduced 
ORF 2a protein product is related to the putative VPg 
and serine protease of SBMV and RYMV (Mäkinen et al., 
unpublished observation). ORF 2b codes for the putative 
replicase. In this paper we show that the putative repli
case is translated in vitro as a part of the polyprotein by 
a eukaryotic -1 ribosomal frameshift mechanism. We 
also compare the amino acid alignments of the replicase 
part to those of the other sequenced sobemoviruses 
and to the closely related luteoviruses PLRV (8, 9) and 
BWYV (70). 

Primary isolate 9 from naturally infected cocksfoot 
plants (Gran, Hadeland, Norway) was used as a source 
of CfMV particles. Oat plants cv. Blenda were sap-inocu
lated and grown for 4-5 weeks. CfMV particles were 
purified (7 7) and viral RNA was isolated as described 
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FIG. 1. The frameshift consensus signals in CfMV, SBMV, and RYMV and their locations in the polyprotein region, (a) The ORF maps of the 
polyprotein regions of CfMV, SBMV, and RYMV. The sites of the frameshift signals are marked by wavy lines on the map and the first ATG in each 
ORF is marked by a vertical line, (b) The shifty sites of CfMV, SBMV, and RYMV along with the predicted downstream secondary structures. The 
number pointing to the first nucleotide in a slippery site indicates the actual site in the genome. The shifty heptanucleotides are written in bold 
and underlined. 

previously (12).  The cDNA synthesis, using 3 of CfMV 
RNA, was randomly primed (Promega Riboclone kit). 
EcoRI adapters were ligated to the blunt-ended cDNA 
and the products were cloned into the EcoRI site of the 
vector Xgt11 (Promega). The X. library was screened ini
tially using CfMV cDNA labeled with digoxigenin (Boeh-
ringer-Mannheim), and later using probes closely ap
proximating the missing nucleotide sequences. Some of 
the clones were obtained by PCR amplification of the 
cDNA using Dynazyme DNA polymerase (Finnzymes). 
With these cloning strategies, a total of nine different 
clones covering the polyprotein coding region were iden
tified and the inserts from X. vectors then subcloned into 
pBluescript SK+ (Stratagene). 

The clones were sequenced from both strands by the 
dideoxy chain-termination method (13) using the Seque-
nase Version 2.0 sequencing kit (US Biochemicals). 
Some minor parts of the sequence were obtained using 
the ALF DNA sequencer (Pharmacia LKB). The PCR frag
ments were directly sequenced with the CircumVent DNA 
sequencing kit (New England Biolabs) and, after cloning, 
with the Sequenase Version 2.0 kit. The polyprotein cod
ing region of CfMV RNA is 2831 nucleotides, revealing 
two overlapping reading frames called ORF 2a and ORF 
2b (Fig. 1). The overlapping region is 541 nucleotides. 
ORF 2a has 1710 nucleotides from position 424 to 2133 
and ORF 2b has 1650 nucleotides from position 1603 to 
3253. ORF 2a encodes a protein containing 568 amino 
acids with a calculated M, of 60.8 kDa. ORF 2b encodes 

a protein containing 504 amino acids and a calculated 
M, of 56.3 kDa. 

In vitro translations of the CfMV RNA were made in 
wheat germ cell-free extracts (Promega) according to 
the manufacturer's instructions. One microgram of CfMV 
RNA was added per reaction after the RNA was dena
tured at 65° for 10 min. The reaction was carried out at 25°. 
for 60 min. The [36S]Met-labeled (Amersham) translation 
products were analyzed on 12% SDS-polyacrylamide 
gels. The in vitro translation of the genomic RNA revealed 
four major products with molecular weights of 100, 71, 
34, and 16 kDa, respectively (Fig. 2B). In contrast to the 
SBMV (4) and RYMV (5) sequences, the CfMV sequence 
data (not shown) indicated that no individual ORF is capa
ble of directing the synthesis of a 100-kDa protein. How
ever, it can be expressed as a trans-frame protein by the 
-1 ribosomal frameshifting event within the overlapping 
regions between ORF 2a and ORF 2b. This trans-frame 
protein contains 942 amino acids and has a calculated 
M, of 103.4 kDa. In the very beginning of the overlap 
between ORF 2b and ORF 2a we found the two character
ist ic structural  e lements for  the -1 frameshi f t  event (14)- .  
the slippery sequence UUUAAAC and a stem-loop struc
ture just downstream from that (Fig. 1). Similar frameshift 
signals were also found in the beginning of ORF 3 in 
SBMV and RYMV. The programs used for folding and 
drawing the frameshift region were respectively MFOLD 
(15-17) and Loopview (Indiana University). The possibil
ity of pseudoknot formation was also studied, but it 
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FIG. 2. In vitro translations of CfMV RNA and the frameshift construct. (A) The cloning map of the frameshift construct The GUS gene is labeled 
uidA. The EcoRV fragment of the uidA gene was replaced with a cDNA fragment corresponding to nucleotides 1621-2521 in CfMV RNA This 
fragment contains the frameshift consensus signals from the beginning of ORF 2b. the entire region of overlap between ORF 2a and ORF 2b, and 
an extra region farther downstream. The part of the uidA gene before the EcoRV site is called GUS-N and the part after that Is called GUS-C in 
the text The Sal I site at the 5'-terminus of the CfMV cDNA comes from the adaptor of the clone used. (B) The in vitro translation of the CfMV: Lane 
1 is CfMV RNA translation. The sizes of the proteins produced are 100, 71, 34, and 16 kDa. Lane 2 is a control translation with no added RNA The 
molecular weight markers are given on the left. (C) The in vitro translation of the GUS-CfMV chimeric frameshift construct Lane. 1 is the control 
with no DNA added. Lane 2 is the first GUS-CfMV control construct, which should give a single product of 102 kDa. Lane 3 is the GUS-CfMV 
frameshift construct, which should give a GUS-N-ORF2a protein of 39.5 kDa and the frameshift product GUS-N-ORF2a-ORF2b-GUS-C of 102 kDa. 
Lane 4 is the second GUS-CfMV control construct, which should give a single product of 21.5 kDa. The apparent sizes of the proteins produced 
are slightly larger than their calculated sizes: lane 2, 108 kDa; lane 3, 45 kDa and 108 kDa; lane 4, 26 kDa. The molecular weight markers are 
given on the left. 

is not possible to form a pseudoknot 5-9 bases 
downstream from the shifty site, where it in most cases 
exists (18). 

Fusion constructs of the CfMV sequence with the 
Escherichia coli /^-glucuronidase gene (GUS, uidA in Fig. 
2A) for in vitro translation experiments on ribosomal 

frameshifting were constructed as follows: The GUS 
gene was isolated after Sac\IBamH\ digestion, which cut 
at the sites flanking the GUS coding region in pANU5 
(generously provided by Kristian Aspegren, Institute of 
Biotechnology, Helsinki, Finland), and ligated to the cor
responding sites in the pGEM3Z(-) (Promega) under the 
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control of the T7 promoter. The pGEM3Z-GUS construct 
was digested with EcoRV, which removes a 230-bp-long 
internal GUS fragment. A Sa/l/EcoRV cDNA fragment rep
resenting nucleotides 1621-2521 of CfMV RNA was li-
gated to the pGEM3Z-GUS EcoRV site (Fig. 2A). This 
region was selected because it contains the entire region 
of ORF 2a and 2b overlap, including the putative shifty 
heptanucleotide and a sequence that can fold into the 
proposed secondary structure. In this construct, the fu
sion of the N-proximal half of the GUS gene (GUS-N) to 
the residual ORF 2a part would yield a chimeric GUS-N-
ORF2a protein of 39.5 kDa, while a frameshift into ORF 2b 
would allow translation to proceed to the GUS carboxy-

terminus (GUS-C) and produce a chimeric trans-frame 
protein GUS-N-ORF2a-ORF2b-GUS-C of 102 kDa. Two 
chimeric GUS-CfMV control Plasmids were also con
structed: The first control plasmid is similar to the 
frameshift construct except that it has a 1-nucleotide de
letion before the frameshift signal. This mutation fuses 
ORF 2a and 2b into one reading frame. The only expected 
translation product is of the same size as the frameshift 
product (102 kDa). The second control plasmid is similar 
to the frameshift construct except that it has a 1-nucleo
tide insertion before the frameshift signal. This mutation 
causes the translation to terminate in a stop codon, UAA, 
formed by the frameshift signal. The expected size of 
the translation product from the second control plasmid 
should be 21.5 kDa. Chimeric GUS-CfMV plasmids, lin

earized with HindUl, were transcribed and translated in 
the TNT T7 Coupled Wheat Germ Extract System (Pro-
mega). Four different translations were performed: a con
trol with no added DNA, the first control plasmid, the -1 
frameshift construct, and the second control construct. 
The results of the in vitro translation of genomic RNA, 
the -1 frameshift chimeric GUS-CfMV construct, and the 
controls are shown in Fig. 2C. For quantification of the 
radioactivity in the polypeptide bands two alternative 
methods were used; The gel was cut in pieces, swollen 
in water, and solubilized in NCS (Amersham), and the 

radioactivity scintillation was counted in OptiPhase 
"HighSafe" 3 (Wallac LKB). The intensity of the bands in 

autoradiography film was measured with an Ultroscan 
XL enhanced laser densitometer. The measured radioac
tivity of the trans-frame protein GUS-N-CfMV-ORF2a-
ORF2b-GUS-C was corrected for background radioactiv
ity and varying methionine content, and frameshift effi
ciencies were calculated in relation to the 100% control 
GUS-N-ORF2a. The efficiency of the in vitro frameshifting 
achieved by CfMV cDNA was determined from three 
different translations by two different methods to be 
26-29%. 

The programs used for sequence analysis were DNA 
Strider (Commissariate a I'Energie Atomique, France), 
DNAid+ (Ecole Polytechnique, France), and Clustal V 
(EMBL). Amino acid sequence comparisons were made 
between the CfMV ORF 2b-encoded protein and the pro

tein products of SBMV and RYMV and the two luteovir-
uses PLRV and BWYV. The ORF 2b-encoded polypeptide 
contains conserved domains for RNA-dependent RNA 
polymerases. The N-terminal part of CfMV replicase was 
found to be similar to the N-terminal part of ORF 3 in 
SBMV ana RYMV. In the SBMV and RYMV sequences, 
ORF 3 is nested within the polyprotein sequence but in 
another reading frame. The percentage of similar amino 
acid sequences of SBMV is 63.7% and of RYMV is 62.0% 

in this area. The function of ORF 3 in SBMV and RYMV 
is unknown. The C-terminal part of the CfMV replicase 
is related to ORF 2 in SBMV and in RYMV. SBMV and 
RYMV are respectively 70.7 and 74.0% similar in this 
region. The replicase of SBMV and RYMV is translated 
from ORF 2. Figure 3 depicts the amino acid sequence 
alignments of CfMV, SBMV (4), RYMV (5), PLRV (8), and 
BWYV (10).  

CfMV is the first sobemovirus reported to translate the 

replicase by using a -1 frameshift event. In SBMV and 
RYMV, the replicase is produced as a part of the polypro
tein from a single ORF. However, it is possible to find 
similar consensus sequences for frameshifting in the be
ginning of the SBMV and RYMV ORF 3 (Fig. 1). That 
region of the ORF 3 of SBMV and RYMV also contains a 
high level of sequence similarity to the replicase of CfMV. 
The frameshifting shifty sequence for CfMV is UUUAAAC. 
The same shifty sequence is used by infectious bronchi
tis Coronavirus (IBV) (79) and human T-cell leukemia virus 

type I (20). The secondary structure after the shifty hepta
nucleotide sequence in CfMV appears to be a stem-
loop. Other viruses, such as human immunodeficiency 
virus (21) and red clover necrotic mosaic virus (22), re
quire a simple stem-loop secondary structure, whereas 
most of the others require a pseudoknot 5 to 9 bases 
downstream of their shifty sites for efficient frameshift
ing (23-25). The downstream secondary structure is 
probably needed to slow down the movement of ribo-
somes along the mRNA or to force the ribosomes to slip 
(26,  27).  

The polymerases of sobemoviruses are closely related 
to subgroup II luteoviral polymerases. The subgroup II 
luteoviruses and sobemoviruses have been classified as 
the Sobemovirales (28). In luteoviruses, the polymerases 
are expressed by using a -1 frameshift in the transla-
tional reading frame (25, 29-32). The overlapping region 

between the two ORFs coding for the polyprotein is from 

475 to 628 nucleotides long in subgroup II luteoviruses. 
The analogous region in CfMV is 541 nucleotides long, 
which fits well with the genomic organization of subgroup 
II luteoviruses. The shifty heptanucleotide for BWYV is 
GGGAAAC and for PLRV is UUUAAAU. The subgroup II 
viruses have a weak pseudoknot secondary structure 
following the shifty sequence (25, 31). Another secondary 
structure for PLRV is a stem-loop (32). The nucleotide 
sequence and the genome organization of mushroom 
bacilliform virus (MBV) were recently published (33). This 
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FIG. 3. The amino acid sequence comparison of the putative replicases of SBMV (4), RYMV (5), PLRV (8), BWYV (10), and'CfMV. (A) A schematic 
presentation of the amino acid comparison. The solid line from CfMV to BWYV indicates the previously reported extent of the replicase relatedness 
between sobemo- and luteoviruses (6). The position of the main replicase motif GDD is marked. 0, frameshift signal; 53, nucleic acid binding 
motif; EE, replicase, <50% homology; SI, replicase, >50% homology. Rf is an abbreviation for reading frame. (B) The amino acid sequences In the 
region where the replicase sequences of CfMV switch from ORF 3 to ORF 2 In RYMV and SBMV genomes. The amino acids at the switch point 
are underlined. The identical amino acids are marked by a star and the similar amino acids are marked by an exclamation mark in separate rows 
above (sobemo group comparison) and below (luteo group and sobemo/luteo group comparisons) the amino acid sequences. 

virus has a replicase which is related to luteo- and sobe
moviruses. The polymerase gene of MBV is also pre
dicted to be expressed by a -1 frameshift event. The 
frameshift signals in MBV genome can be found at the 
beginning of ORF 3, which codes for the putative repli
case. The putative shifty sequence is GUUUUUC, which 
is followed by a potential stem-loop structure. In CfMV, 
the frameshifting is highly efficient, with a frequency of 
about 26-29% in vitro. This correlates well with the 
frameshifting rates reported for other systems, such as 
25-30% for IBV in vitro (19), but is considerably higher 
than the 1% reported for PLRV (32) and BWYV (25). The 
very high efficiency of replication in CfMV-infected 
cocksfoot could be due to the relatively high frameshift
ing efficiency in producing the replicase. 

A gene exchange between BWYV, BYDV, and SBMV 
has been proposed (10). Recently a recombination model 
for the origin of luteovirus subgroup II was put forward 
(34). In addition to the polymerase similarity, there is 
substantial similarity between the first ORFs of sobemo-
and subgroup II luteoviruses. The model would require 
one recombination event in a mixed infection of a sub
group I luteovirus and a sobemovirus, where polymerase 
switches from the sobemoviral genomic RNA to luteovi
rus subgroup I šubgenomic RNA (34). The finding that 
CfMV polymerase is expressed by -1 ribosomal frame-
shifting supports this model. 
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Summary. Cocksfoot mottle sobemovirus (CfMV) has a monopartite single-
stranded positive-sense RNA genome. In wheat germ extract, in vitro translation 
of CfMV virion RNA resulted in the production of four major proteins of 100, 
71, 34 and 12 kDa. In this paper we show the individual genes from which these 
polypeptides are synthesised. Polyclonal antisera against the proteins encoded by 
all open reading frames (ORFs) of CfMV were produced. Antibodies were used 
to immunoprecipitate the in vitro translation products of CfMV genomic RNA 
as well as the coupled in vitro transcription/translation products of individual 
viral genes. We demonstrate that the 12, 71, and 100 kDa CfMV proteins are 
synthesised from the bicistronic genomic RNA of the virus. The CfMV 12 kDa 
protein is produced from ORF1, the 71 kDa protein from ORF2a (and does not 
result from the proteolytic cleavage of the polyprotein) and the 100 kDa protein is 
a polyprotein encoded by ORFs 2a and 2b by a — 1 ribosomal frameshift. ORF2b 
alone does not direct any in vitro protein synthesis. CfMV 34 kDa protein is a coat 
protein synthesised from the virion-packed subgenomic RNA. The translational 
strategies of different sobemoviruses are also discussed in this paper. 

Introduction 

Cocksfoot mottle virus (CfMV) is a member of the Sobemovirus genus of plant 
viruses [10]. The genome of sobemoviruses is a monopartite single-stranded 
positive-sense RNA molecule linked to a protein VPg at the 5'-terminus and 
non-polyadenylated at the 3'-terminus [3, 9]. The complete nucleotide sequences 
of the genomic RNA of two CfMV isolates, Norwegian isolate (CfMV-Nor) and 
Russian isolate (CfMV-Rus), have been determined [12, 18]. The coding region 
of CfMV contains four open reading frames (ORFs) (Fig. 1) [12]. 
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Fig. 1. Genome organization of CfMV, SBMV-CP and RYMV-IvC. The ORFs are illustrated 
as boxes. The putative serine protease (Pro) and RNA-dependent RNA polymerase (RdRp) 
domains are indicated. The ORFs coding for the coat protein are marked as CP. The sites of 
— 1 ribosomal frameshift consensus signals are shown as a filled boxes and the first AUG in — 1 

reading frame after these signals is marked by a vertical line 

The organisation of the CfMV genome differs significantly from that of other 
sequenced sobemoviruses (Fig. 1). First of all, CfMV lacks ORF2 that codes for 
the polyprotein. Instead CfMV has two overlapping ORFs, ORF2a and ORF2b. 
The ORF2a encodes a 60.9 kDa protein which contains motifs characteristic for 
serine proteases and the putative VPg. The putative replicase of CfMV is encoded 
by ORF2b and is translated as part of a polyprotein by — 1 ribosomal frameshift 
[11]. Although the other sobemoviruses which have been sequenced [i.e. the bean 
strain of southern bean mosaic virus (SBMV-B), the cowpea strain of southern 
bean mosaic virus (SBMV-CP), the Ivory Coast isolate of rice yellow mottle virus 
(RYMV-IvC), the Nigerian isolate of rice yellow mottle virus (RYMV-Nig) and 
lucerne transient streak virus (LTSV)], do not appear to use the —1 ribosomal 
frameshifting mechanism [6, 13-15, 22], they do contain the consensus signals 
for — 1 ribosomal frameshift, the heptanucleotide sequence UUUAAAC and the 
putative stem-loop structure just downstream. CfMV differs also because it lacks 
a nested coding region similar to the ORF3 of SBMV-CP, RYMV and LTSV 
(Fig. 1). The function and the translational mechanisms of ORF3 are not known 
[13,22]. 

The 5'-proximal ORF1 of CfMV potentially encodes a 12.3 kDa protein (PI) 
[12]. Recently it was demonstrated that PI of RYMV-IvC is required for the 
infection of plants and is important for virus spread [2]. The function of the CfMV 
PI is unknown. The coat protein (CP) of CfMV is encoded by ORF3 (Fig. 1). It 
was verified by N-terminal amino acid sequencing of the CfMV CP [12]. It has 
been demonstrated that the CP of SBMV is translated from a subgenomic RNA 
(sgRNA), which is also present within the virus particles [4, 17]. The genomic 
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RNA of 4.1 kb and one virus-specific RNA of 1.2 kb were detected in CfMV-Nor 
infected barley leaf extracts [12]. An RNA molecule of about 1.0 kb in addition 
to the genomic RNA has been identified also in virus particles of CfMV-Rus [18]. 

In vitro translation of CfMV-Nor virion-extracted RNA in wheat germ extract 
(WGE) revealed four major protein products of 100, 71, 34 and 16 kDa [11]. 
Similarly, RNAs of SBMV-B and SBMV-CP induce the translation of four ma
jor proteins in cell-free systems: 105, 75, 29, 14 kDa, and 100, 70, 30, 20 kDa 
respectively [9, 19]. It has been proposed that the polyprotein of SBMV-CP is 
translated from ORF2, the 70 kDa protein is derived from polyprotein by pro
teolytic processing, the 30 kDa protein is viral CP and the 20 kDa protein is 
presumably encoded by ORF1 [22]. The analysis of the nucleotide sequences 
of sobemoviruses suggests a number of possible strategies for gene expression. 
However, thorough studies on the mechanisms of protein translation in CfMV 
and other sobemoviruses are lacking. Furthermore, it has not been proven which 
ORFs are encoding the individual translational products of the sobemoviral 
virion-extracted RNAs. In this study we identified the proteins translated by 
virion-extracted RNA of CfMV-Nor in WGE system. We report here the pro
duction of polyclonal antisera against all proteins encoded by individual ORFs of 
CfMV-Nor. These antisera allowed us to identify by immunoprecipitation the in
dividual ORFs responsible for coding the described in vitro translation products. 
As a result of the present study translational strategies used by CfMV and other 
sobemoviruses are proposed. 

Materials and methods 

Virus isolate and viral RNA extraction 

CfMV-Nor propagation and purification were carried out as described earlier [20]. Total RNA 
was extracted from purified virus as described by Puurand et ai. [16]. 

Plasmid construction 

Specific oligonucleotides corresponding to the sequences located upstream and downstream 
of individual ORFs of CfMV were synthesised: 5'CCTAGATCTAGCTTAGATGTGCGAA-
CCTC (contains a Bgill site and CfMV nt 62 to 82) and 5'GAGCTXjCAGAACAACCCATTC-
TTGGTCACCCT (contains a Pstl site and sequence complementary to CfMV nt 441 to 416) 
for ORF1,5'GCATGCAGATCTGTTCTGTTGTTGGA AACTGCAAG (contains a Bgl II site 
and CfMV nt 435 to 458) and 5'TAACTGCAGTCTACGGATGCCAAGGCATGGA (con
tains a Pstl site and sequence complementary to CfMV nt 2203 to 2180) for ORF2a, 
5'TAGGATCCGAGGACACCCAAGAAACTGCAATC (contains a BamUl site and CfMV 
nt 1605 to 1628) and 5'ACTGCAGTCCTGCCTCTACCAGCCTTCA (contains a Pstl site 
and sequence complementary to CfMV nt 3265 to 3239) for ORF2b, 5'ATGGATCCGGTGA-
GGAAAGGAGCAGCAACGAA (contains a BamHl site and CfMV nt 3098 to 3121) and 
S'CATCCCTGCAGTACTTGACTAC (contains a Pstl site and sequence complementary to 
CfMV nt 3875 to 3854) for ORF3. The restriction endonuclease sites are underlined. Base 
numbering refers to the CfMV genome as in Mäkinen et ai. [12]. 

CfMV cDNA fragments corresponding to the individual ORFs were produced from total 
viral RNA by RT-PCR using M-MLV-reverse transcriptase (Promega), Taq DNA polymerase 
(Perkin-Elmer), and appropriate primers. The cDNA fragments were cloned into pUC57/T 
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vector (Fermentas) and sequenced. Expression plasmids pORFl, pORF2b and pORF3 were 
generated by inserting the coding sequences of PI, P2b and P3, respectively (Xbal-Pstl 
fragements) into the Xbal and Nsil sites of pGEM- 9Zf(—) (Promega). pORF2b utilises the 
internal translational initiation site present in ORF2b. The coding sequence of P2a (Apal-Pstl 
fragment) was cloned into the Apal and Pstl sites in the pGEM-5Zf(—) to produce pORF2a. To 
generate pORF2a-2b, the Sacll-Pstl fragment of pORF2b was cloned into the corresponding 
sites of pORF2a. 

In vitro transcription with T7 RNA polymerase 

The plasmid pXL15 was prepared by inserting a DNA fragment prepared by PCR, containing 
nucleotides 1-4082 of CfMV RNA, into plasmid pUC57. The insert is flanked at the 5'-end by 
a Xhol restriction site followed by a bacteriophage T7 RNA polymerase promoter sequence 
and at the 3'-end by the Sail restriction site (T. Tamm, E. Truve, unpubl. res.). In vitro 
transcription reaction was carried out in a volume of 100 jxl in 40 mM Tris-HCl (pH 7.5), 
6 mM MgCl2,2 mM spermidine, 10 mM NaCl, 10 mM DTT, 10 jxg of BSA, 50 U of RNasin, 
1 mM ATP, CTP, and UTP, 0.1 mM GTP, 0.75 mM m7GpppG, 3 fig of Sa/I-linerized pXL15, 
and 100 U of T7 RNA polymerase (Pharmacia). After 2.5 h at 37 °C, 0.9 mM GTP was added 
and the reaction mixture was incubated for an additional 30 min. The in vitro transcripts 
were digested with 10 units of RQ1 DNase I (Promega) for 15 min at 37 °C followed by 
phenol-chloroform extraction and isopropanol precipitation. 

Cell-free translation 

In vitro translation in WGE was carried out as specified by the manufacturer (Promega) in 
the presence of [35S]-methionine (Amersham) and using in vitro transcribed capped RNA 
(1.5 |xg of transcript/25 |xl of translation mixture) or RNA purified from viral particles (1.0 fxg 
of RNA/25 fxl of translation mixture). 

In vitro translation was also performed in the coupled transcription-translation WGE sys
tem (TNT System; Promega) as described by the supplier. The constructs pORFl, pORF2b 
and pORF3 were linearized with Notl, pORF2a and pORF2a-2b were linearized with NdeI 
before adding to the reaction mixture (0.5 |xg of linearized DNA/25 (xl of translation mixture). 
Translation products were separated by SDS-PAGE [7] using either 12.5 % or 15% Polyacry
lamide gels and detected on dried gels using Bio-Rad Molecular Imager System GS-525. The 
results were processed using Adobe Photoshop 3.0 program (Adobe Systems). The relative 
amount of frameshifted product versus P2a was calculated by quantifying radioactive label 
in specific areas of the gel using Molecular Analyst software (Bio-Rad) and correcting for 
background and different methionine content of products. 

Preparation of antisera 

Antisera against the CfMV P I, P2a, P2b and P3 were generated against polypeptides produced 
in E. coli strain M15[pREP4J (T. Tamm, E. Truve, unpubl. res.). The purified recombinant 
proteins were fractionated on preparative SDS-PAGE, proteins were visualised by copper 
chloride staining [8] and the appropriate bands were excised. Gel slices were fragmented 
and emulsified in two volumes of complete Freund's adjuvant. The equivalent of 0.5 mg to 
1.0 mg of protein was injected subcutaneously at multiple sites into rabbits. The rabbits were 
boosted three times at intervals of four weeks using the same amount of protein in incomplete 
Freund's adjuvant. Serum was collected eight days after each booster injection. 
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Immunoprecipitation 

Immunoprecipitation of in vitro translation products was performed as described by Anderson 
and Blobel [ 1 ] with modifications. Twenty |xl of in vitro reaction mixture were mixed with 2 jxl 
of 10% SDS and heated for 4 min at 100 °C. Four volumes of dilution buffer [1.25% Triton 
X-100,160 mM NaCl, 60 mM Tris-HCl (pH 7.4), 6 mM EDTA] were added to the above 
sample and incubated overnight at 4 °C with 1.2 |xl antiserum. The immunocomplexes were 
precipitated with protein A-Sepharose CL-4B beads (Pharmacia) for 4 h at room temperature. 
The protein A-Sepharose beads were pelleted (1 min at 10,000 g) and were washed seven 
times with wash buffer [0.1% Triton X-100, 0.02% SDS, 150 mM NaCl, 50 mM Tris-HCl 
(pH 7.5), 5 mM EDTA] and four times with the same buffer without the detergent. Finally, 
the pellets were resuspended in SDS-PAGE sample buffer and heated for 5 min at 100 °C 
before analysis by SDS-PAGE on 12.5% or 15% Polyacrylamide gels. Gels were dried and 
immunoprecipitated proteins were visualised using the BioRad Molecular Imager. 

Results 

Analysis of CfMV RNA iri vitro translation products 

It has been demonstrated that in WGE CfMV virion-extracted RNA directs the 
synthesis of four major protein products of 100, 71, 34 and 16 kDa, respectively 
[11]. In this work we have noted that the smallest major protein product migrates 
in SDS-PAGE with an apparent Mr of 12 kDa rather than 16 kDa (Fig. 2, lanes 
1). The size of 12 kDa correlates well with the calculated Mr of ORF1 encoded 
protein, which is 12.3 kDa. Therefore we refer this protein as pi2. In addition 
to those, polypeptides of 54, 43 and 23 kDa were translated in relatively low 
abundance (Fig. 2, lanes 1). 

In vitro transcription/translation of ORFs 1, 2a, 2b, 2a-2h and 3 

To facilitate investigation of the mechanism of expression of different ORFs of 
CfMV, cDNAs corresponding to the individual ORFs were cloned downstream 
of the bacteriophage T7 RNA polymerase promoter. The products of coupled 
transcription-translation reactions were analysed by SDS-PAGE (Fig. 2A, lane 
2; Fig. 2B and C, lanes 2 and 3; Fig. 2D, lanes 3 and 4). The apparent sizes of 
the products were 12 kDa for ORF1, 71 kDa for ORF2a, 66 kDa for ORF2b and 
34 kDa for ORF3. The sizes of these proteins, determined by SDS-PAGE, do not 
correlate precisely with calculated Mr's, but correlate well with CfMV genomic 
RNA translation products (except the p66). Expression of plasmid pORF2a-2b 
containing the entire ORF2a-ORF2b region of CfMV yielded two major protein 
products (Fig. 2B and C, lanes 2; Fig. 2D, lane 3). The translational product of 
71 kDa has an electrophoretic mobility equal to the mobility and size of the ORF2a 
encoded protein. The upper protein band showed an apparent Mr of 100 kDa as 
expected for the putative transframe protein. Frameshifting efficiency was de
termined by counting incorporation of radioactive label into individual proteins 
and normalising for methionine content. Following the expression of pORF2a-
2b, the polyprotein of 100 kDa was produced with an efficiency of 10.6±1.4% 
(calculated from 18 individual translations). Additional minor translation prod
ucts were observed when pORF2a, pORF2b, pORF2a-2b or pORF3 constructs 
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Fig. 2. Immunoprecipitation of CfMV in vitro translated proteins with PI (A), P2a (B), P2b 
(C), and P3 antisera (D). The RNA templates used for in vitro translation (virion RNA = 
CfMV RNA purified from virus particles; in vitro RNA = in vitro transcribed CfMV full-
length RNA) and the DNA constructs used for coupled transcription-translation (pORFl, 
pORF2a, pORF2b, pORF2a-2b, pORF3) are indicated above each lane. The immunoprecip
itation of the CfMV in vitro translation products were carried out in the presence of specific 
antiserum (+) or in the presence of preimmune serum (—). The proteins were analysed on 
15% (A) or 12.5% (B-D) SDS-PAGE. The positions of molecular mass markers are shown 

on the left 
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were translated. This can be attributed to downstream translational initiation or 
premature termination. 

Immunodetection of CfMV recombinant proteins 

The antisera generated against proteins encoded by the individual ORFs of CfMV 
recognised specifically the recombinant viral proteins expressed in E. coli (data 
not shown). In addition, P3 antiserum as well as polyclonal antibodies against 
CfMV particles [20] recognized specifically CfMV CP and 34 kDa protein from 
the CfMV infected leaf material similarly (data not shown). 

The antisera were used to immunoprecipitate the products translated in vitro 
from individual ORFs. PI antiserum immunoprecipitated the gene product of 
ORF1 synthesised in vitro in WGE, whereas the preimmune serum did not recog
nise any product (Fig. 2A, lanes 5 and 6). Furthermore, no cross-reactivity of PI 
antiserum with other in vitro translated individual products was observed, proving 
that the PI antiserum is specific for PI (data not shown). Similarly, P2a, P2b and 
P3 antisera immunoprecipitated specifically the in vitro translation products of 
ORFs 2a, 2b and 3, respectively (Fig. 2B and C, lanes 9; Fig. 2D, lane 12). The 
antisera did not precipitate in vitro translation products of brome mosaic virus 
RNA, which served as a negative control (data not shown). The preimmune sera 
did not precipitate any of the in vitro translation products (Fig. 2A, lane 5; Fig. 
2B and C, lanes 8; Fig. 2D, lane 11). 

Identification of CfMV in vitro translation products 

The antisera were used to identify the proteins produced from CfMV virion RNA 
during in vitro translation in WGE. PI antiserum immunoprecipitated a single 
protein band which comigrated with ORF1 encoded protein (Fig. 2A, lane 4). 
This result indicates that CfMV ORF1 is translationally functional in the WGE 
system and the in vitro translation product of 12 kDa is CfMV PI. 

Immunoprecipitation employing a P2a antiserum detected not only a 71 kDa 
protein, but also significant amount of 100 kDa product (Fig. 2B, lane 5). In a 
similar analysis of in vitro transcribed-translated pORF2a-2b, 71 and 100 kDa 
proteins were immunoprecipitated by P2a antiserum as well (Fig. 2B, lane 7). In 
addition, minor bands with apparent molecular masses of 54 and 43 kDa were 
also reactive with the P2a antiserum when the translational products of CfMV 
RNA, pORF2a-2b and pORF2a were studied (Fig. 2B, lanes 5, 7 and 9). 

A single protein band was observed after immunoprecipitation with P2b an
tiserum of CfMV proteins translated in vitro from virion RNA (Fig. 2C, lane 5). 
This protein of 100 kDa comigrated with the polyprotein in the unprecipitated 
translation mixture. None of the major low-molecular-mass proteins were pre
cipitated by this antiserum, indicating that ORF2b is not capable of initiation of 
in vitro translation from genomic RNA and is translated only via -1 ribosomal 
frameshifting mechanism. 

When the CfMV in vitro translation products were immunoprecipitated with 
polyclonal serum against P3, a 34 kDa protein was detected (Fig. 2D, lane 6). 
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This result suggests that the CfMV 34 kDa protein is the CfMV CP and it is 
translated from the virion-extracted RNA. To test the possibility that an sgRNA 
in the viral RNA preparation was responsible for synthesis of p34, the translational 
products of full-length in vitro transcribed CfMV RNA (Fig. 2D, lane 2) were 
immunoprecipitated with P3 antiserum. No immunoprecipitated proteins were 
detected (Fig. 2D, lane 8). Since in vitro transcribed RNA does not contain sgRNA, 
these results suggest that the p34 is translated from the sgRNA encapsidated in 
the virus particles. 

It should be noted that the 23 kDa minor product, observed in CfMV RNA 
translation mixtures, was not immunoprecipitated by any antisera used. The 
source of this minor polypeptide remains unknown. 

Discussion 

In vitro translation of CfMV virion-extracted RNA resulted in the synthesis of 
four major proteins of 100, 71, 34 and 12 kDa in the WGE translation system 
(Fig. 2, lanes 1). As outlined above, the genome organisation of CfMV differs 
remarkably from other, so far sequenced sobemoviruses. Despite this, the in vitro 
translation of genomic RNA of all examined sobemoviruses in cell-free systems 
produces similar patterns of translation products. The data presented here to
gether with the pre-existing information available for sobemoviruses, enables us 
to propose a model for the gene expression mechanisms used by CfMV and other 
sobemoviruses. 

We have shown by immunoprecipitation that the S'-terminal ORFs of CfMV 
are translated from the full-length genomic RNA whereas only the 3'-terminal 
ORF3 encoding the CP is translated from the sgRNA (Fig. 2A, lane 4; Fig. 2B 
and C, lanes 5; Fig. 2D, lanes 6 and 8). 

The immunoprecipitation of in vitro translated CfMV proteins using the PI 
antiserum identified a 12 kDa protein (Fig. 2A, lane 4). A comparison of the 
sequences surrounding the initiation codons for 5' ORFs of sobemoviruses with 
the consensus sequences established for plant mRNAs shows that the sequences 
surrounding the AUG codon for ORF1 are in poor context for translation by 
plant ribosomes [12]. So far there was no experimental evidence that the first 5' 
terminal ORF of CfMV is translationally active. It was recently demonstrated 
that two proteins of 18 and 19 kDa are translated in vitro in WGE from ORF1 
sequence of RYMV-IvC and both proteins immunoreact with PI specific antibody 
[2]. The immunoprecipitation of the CfMV RNA translation mixture with P2a 
antiserum detected two protein products of 71 and 100 kDa (Fig. 2B, lane 5). 
According to the immunoprecipitation results, both the 12 and 71 kDa proteins 
of CfMV are expressed from the same 4.0 kb genomic RNA which thus appears 
to be functionally bicistronic. 

The 5; terminal half of the CfMV genome resembles in organisation the 
genome of subgroup II luteoviruses. ORFs 0 and 1 of subgroup II luteoviruses are 
both translated from genomic RNA, probably by the leaky scanning mechanism 
[21]. 
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It has been demonstrated that the addition of the AUG codons to the 5' UTR 
of SBMV-CP RNA not only decrease the translation of PI but also reduce the 
overall translational level of SBMV-CP RNA [5]. By analogy with luteoviruses 
and considering the results described above it seems reasonable to speculate that 
ribosomes could bypass the 12 kDa gene because of the suboptimal context of 
its initiation codon and therefore ORF2a could be translated by a leaky scanning 
mechanism. However, the experiments carried out so far do not exclude other 
possible mechanisms for the translational initiation of ORF2a of CfMV. 

In general, the polyprotein of the sobemoviruses is encoded by the large ORF2. 
The only exception of this rule is CfMV, as its polyprotein is translated from two 
overlapping ORFs, ORF2a and 2b [12]. We have shown by immunoprecipitation 
that both P2a antiserum and P2b antiserum precipitated the 100 kDa in vitro 
translation product of CfMV (Fig. 2B and C, lanes 5 and 7). In addition, the 
100 kDa protein was the only protein observed after the immunoprecipitation 
with P2b antiserum (Fig. 2C, lane 5). These results indicate that ORF2b is not 
capable of initiating its translation from genomic RNA and is translated only by 
— 1 ribosomal frameshift. We also found that when the pQRF2a-2b construct was 
transcribed-translated in WGE, the efficiency of —1 ribosomal frameshift was 
10.6±1.4%, which is lower than in the reporter gene context [11]. 

The genomes of SBMV-CP, RYMV and LTSV have a small ORF3 nested 
in the middle of ORF2 in —1 reading frame. The functions and the translational 
mechanisms of this ORF are not known. Interestingly, the ORF3 encoded proteins 
have homology to the N-terminal part of the ORF2b encoded protein of CfMV 
[11]. The genomes of all sobemoviruses contain similar consensus signals for — 1 
ribosomal frameshift as characterised for CfMV. In the case SBMV-CP, RYMV 
and LTSV these signals are located upstream of the initiation codon of ORF3. It 
is interesting to note that there are no stop codons present between the slippery 
sequence and the initiation codon of ORF3 in both reading frames. The most 
obvious way for expression of this part of the genomes of SBMV-CP, RYMV, 
LTSV to occur is via — 1 ribosomal frameshift since a sgRNA corresponding to 
this region has not yet been found. The calculated Mr's for ORF2-ORF3 fusions 
are 65.8 kDa for SBMV-CP, 67.8 kDa for RYMV-IvC, 64.1 kDa for RYMV-Nig 
and 63.3 kDa for LTSV. It was hypothesized that the 70 kDa in vitro translation 
product of SBMV-CP RNA is derived from the polyprotein (pi00) by proteolytic 
processing [22]. We propose here that the 70 kDa in vitro translation products 
of SBMV-CP and RYMV-IvC virion RNA may represent the ORF2-ORF3 trans-
frame fusion proteins. The fact that CfMV 71 kDa protein is encoded by ORF2a 
and is not the product of the proteolytic cleavage support this idea. 

Previous studies have indicated that the CP of SBMV is translated from a 
sgRNA which is encapsidated in the virus particles [4, 17]. Sobemoviral RNAs 
smaller than unit length have been also reported for RYMV-IvC (1 kb) [2], CfMV-
Nor (1.2 kb) [12], CfMV-Rus (about 1 kb) [18]. We have shown that the 34 kDa 
protein which is translated in vitro from the CfMV virion-extracted RNA comi
grated with ORF3 encoded CP and immunoprecipitated with P3 antiserum, specif
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ically recognising the CfMV CP (Fig. 2D, lane 6). When the translation products 
of full-length in vitro transcribed CfMV RNA were immunoprecipitated with P3 
antiserum, no proteins were detected (Fig. 2D, lane 8). These results support the 
model according to which ORF3 of CfMV is expressed from sgRNA. In ear
lier report we have been unable to detect the sgRNA from CfMV-Nor particles 
[12]. However, subsequent experiments have shown that when larger amounts 
of virion RNA were loaded on the gels or the autoradiographs were exposed for 
longer times, it was possible to detect the sgRNA also from CfMV-Nor parti
cles. The content of the sgRNA in virions was largely dependent on the stage of 
the infection when virus particles were isolated from infected material (data not 
shown). 

In conclusion, we suggest that all sobemoviruses have several common fea
tures with respect to in vitro messenger function: (i) the genomic RNA appears to 
be functionally bicistronic and both ORF1 and ORF2 encoded proteins are trans
lated from the genomic RNA; (ii) the CP is translated as a single translational 
product from a sgRNA, which is also present within the virus particles; (iii) the 
— 1 ribosomal frameshift is probably exploited by all sequenced sobemoviruses. 
In vitro translation of CfMV genomic RNA defines a set of possible gene products 
that may appear in vivo during the virus infection. The availability of antisera 
specific for the proteins encoded by the individual ORFs of CfMV will allow us 
to determine whether the in vitro synthesised polypeptides can be identified in 
virus-infected plants. 
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laks määranud CfMV Norra isolaadi genoomi nukleotiidse järjestuse, iseloomus
tanud in vitro translatsiooni produkte, näidanud, millistelt geenidelt need produk
tid transleeritakse ning iseloomustanud viiruse poolt kasutatavaid translatsiooni 
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spetsiifilised antiseerumid kõikide selle viiruse valkude vastu. 
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