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The sequence of the entire genome of citrus tristeza virus (CTV}, Florida isolate T36, was completed. The 18,296-nt CTV
gencme encodes 12 open reading frames (ORFs) patentially coding for at least 17 protein products. The 5'-proximal CRF
1a starts at nucleotide 108 and encodes a large polyprotein with calculated MW of 349 kDa containing domains characteristic
of {from 5’ to 3') two papain-tike proteases (P-PRO), a methyltransferase (MT), and a helicase {(HEL). Alignment of the
putative P-PRO sequences of CTV with the related proteases of beet yellows closterovirus (BYV) and potyviruses allowed
the prediction of catalytic cysteine and histidine residues as well as two cleavage sites, namely Val-Gly/Gly for the 5
proximal P-PRO domain and Met—Gly/Gly for the 5" distal P-PRQ domain. The autoproteolytic cleavage of the polyprotein
at these sites would release two N-terminal ieader proteins of 54 and 55 kDa, respectively, and a 240-kDa C-terminal
fragment containing MT and HEL domains. The apparent duplication of the leader domain distinguishes CTV from BYV and
accounts for most of the size increase in the ORF 1a product of CTV. The downstream ORF 1b encodes a 57-kDa putative
RNA-~dependent RNA polymerase (RdRp), which is probably expressed via a +1 ribosomal frameshift. Sequence analysis
of the frameshift region suggests that this +1 frameshift probably occurs at a rare arginine codon CGG and that elements
of the RNA secondary structure are unlikely t¢ be involved in this process. The complete polyprotein resulting from this
frameshift event has a calculated MW of 401 kDa and after cleavage of the two N-terminal leaders would yield a 292-kDa
protein containing the MT, HEL, and RdRp domains. Phylogenetic analysis of the three replication-associated domains, MT,
HEL, and RdRp, indicates that CTV and BYV form a separate closterovirus lineage within the alpha-like supergroup of
positive-strand RNA viruses. Two gene blocks or modules can be easily identified in the CTV genome. The first includes
the replicative MT, HEL, and RdRp genes and is conserved throughout the entire alpha-like superfamily. The second block
consists of five ORFs, 3 to 7, conserved among closteroviruses, including genes for the CTV homolog of HSP70 proteins
and a duplicate of the coat protein gene. The 3'-terminal ORFs 8 to 11 encode a putative RNA-binding protein (ORF 11},
and three proteins with unknown functions; this gene array is poorly conserved among closteroviruses. The genomic double-
stranded CTV RNA had an extra G at the 3" terminus of the minus strand and an extra U at the 3’ terminus of the plus
strand. © 1995 Academic Press, Inc.

INTRODUCTION pitting and reduced vigor and yield in susceptible varie-
ties, and is considered a serious threat to the citrus
industry worldwide. The 3’-terminal 9288 nt of the CTV
genome was shown to encompass at least 11 open read-
ing frames (ORFs) (Karasev et al, 1994; Pappu et af,
1994). Based on the sequence analysis of the incompiete
RNA-dependent RNA palymerase {RdRp) gene product,
CTV was shown 1o belong to a distinct closterovirus lin-
eage within the alpha-like superfamily of positive-strand
RNA viruses (Karasev et a/, 1994; Dolja et a/, 1984). The
CTV genome encodes a homolog of an HSP70 family of
heat shock proteins and a duplication of a CP gene
{Pappu et al, 1994}, thus resembling the beel vellows
virus {BYV) genome (Agrancvsky et al, 1991a; Boyko et
al, 1992). However, the size of the CTV genome was
estimated to be ca. 4.5 kb larger than the BYV genome,

Citrus tristeza virus (CTV) is a filamentous plant virus
with flexible virions composed of one molecule of single-
stranded (ss) RNA of positive () polarity anc one spe-
cies of coat protein {CP) with MW 25 kDa (Bar-Joseph
and Lee, 1989; Sekiva et af, 1991). With the genome
estimated to be ca. 20 kb (Bar-Joseph et al., 1985), CTV
is the largest known plant virus. The virus is aphid trans-
mitted semipersistently and has a very narrow host range
confined to species of Rutaceae, in which it is limited to
phloem-associated cells (Bar-Joseph et al, 1979; Bar-
Joseph and Lee, 1988). CTV is a major pathogen of Citrus
spp., often causing quick decline and death, or stem

The sequence reported has been deposited with the GenBank data
library under Accession No. U16304.

' Florida Agricultural Experiment Station Journal Series No. R-04158.
2To whom correspendence and reprint reguests should be ad-
dressed. Fax: (813) 956-4631.

and the number of genes in the 3"-terminal half of the
genome and their organization are different from those
of the BYV (Karasav et a/,, 1994; Pappu et al, 1994).
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Nine of the 11 3'-terminal ORFs were demonstrated
to have corresponding 3'-coterminal subgenomic RNAS,
suggesting expression of the 3'-proximal genes via for-
mation of the nested set of subgenomic RNAs (Hilf et af,
1995). The CTV RdRp was suggested lo be expressed
within a large protein product presumably encoded by
the &’-terminal half of the CTV genome (Karasev et al,
1994). The expression strategy of CTV seems to be simi-
lar 10 that of BYV, a type representative of the clostero-
virus group. At least five subgenomic RNAs were found
in BYV-infected plants (Dolja ef al, 1990), while the 5'-
proximal gene was demonstrated to program synthesis
of a 250-kDa protein /n vitro (Karasev et al, 1989).

CTV has long been classified into a diverse clostero-
virus group (Bar-loseph et af, 1979; Lister and Bar-Jo-
seph, 1981; Bar-Joseph and Murant, 1982) in which BYV
was the type representative. Comparison of sequences
of the entire 15.4-kb BYV genome (Agranovsky et al,
1994} and the 3" region of the CTV genome taxonomically
separated CTV from BYV based on a larger genome size
and substantial differences in the 3'-terminal gene orga-
nization {Karasev et al, 1994; Dolja et al, 1994; Can-
dresse and Martelli, 1995). According to the proposed
revision, the closterovirus group should be upgraded to
the family level, and both CTV and BYV would represent
wo related virus groups within the family Closteroviridae
(Dolja et al, 1994).

Here we present the complete 19,296-nt sequence of
the CTV gencme that potentially encodes at least 12
ORFs. The 5'-terminal half of the CTV genome codes for
two putative papain-like proteases and the replication-
associated complex including the RdRp, helicase (HEL),
and methyltransferase (MT) domainsg. The RdRp domain
may be fused to HEL and MT domains in a giant polypro-
tein via a +1 translational frameshift.

MATERIALS AND METHODS
Virus source and purification

The Florida decline isolate of CTV, T36 (Rosner &t al,
1986), was maintained in Mexican lime [Citrus auranti-
foiia (Christm.) Swing.] under greenhouse conditions, and
the virus was isclated according to the previously de-
scribed procedure (Lee ef af, 1987).

RNA isolation and cDNA synthesis

Virion RNA was isolated by conventional phenol/chic-
roform extraction after disruptiocn of CTV virus particles
with SDS at 65° (Hilf et af, 1994). Double-stranded RNA
{dsRNA) preparations were isolated by two cycles of CF-
11 cellulose column chromatography according to the
procedure of Valverde et a/. {1990). To facilitate clening
of the exact 6’ terminus of the CTV genome, dsRNAs
were polyadenylated as described previously (Pappu et
al, 1994). The first-strand cDNA synthesis was performed

on dsRNA templates after denaturation with 20 mM meth-
ylmercuric hydrexide using random primers and Moloney
murine leukemia virus reverse transcriptase {USB) as
described previously (Karasev et al, 1994).

PCR amplification and cloning strategy

Polymerase chain reaction {(PCR) amptifications utiliz-
ing two basic approaches were used for the second-
strand cDNA synthesis. We used degenerate primer-
mediated PCR in the HEL-encoding region and a step-
by-step 3’ to B’ walking upstream of the HEL region.
Treatment of the synthesized PCR products, fraction-
ation, and cloning into Smal-cut pBluescript {SK) (Stra-
tagene) were the same as described previously {Karasev
et al, 1994).

Sequencing

Cloned cDNAs were seguenced directly in double-
stranded plasmids using a Sequenase 2.0 kit (USB) ac-
cording to the manufacturer's instructions, Universal T3
and 17 primers were used 1o sequence termini of cDNA
inserts, and virus-specific primers to sequence the rest
of the inserts. Both strands were sequenced at least
twice.

Primer extension

The 5’ terminus of the primer C75 (Table 1} was la-
beled with [y-**PJATP {(New England Nuctear, 6000 mCi/
mmol) using T4 polynucleotide kinase {Promega) ac-
cording to the manufaciurer's instructions. Labeled prim-
ers were added to the CTV ss- or dsRNAs denatured with
20 mM methylmercury hydroxide, and after annealing in
16 mM Tris—HCI buffer containing 16 mAM KCL, 3 mM
MgClz., 3 mAf DTT, and 0.2 mA spermidine at 60° for 20
min, the run-off transcripts were synthesized using avian
myelcblastosis virus reverse transcriptass {Promega} at
42° for 1 hr (Sambrook et al, 1989). The resulting prod-
ucts were analyzed in 6% urea/polyacrylamide sequenc-
ing gels.

Sequence analysis

The sequence obtained was translated with the
PROTMAKE program (Trifonov, 1987, Brodsky et al,
1990). Putative translation products were compared with
the nonredundant sequence database at the National
Center faor Biotechnology Information (NIH) using pro-
grams based on the BLAST algorithm (Altschul et af,
1990, 1994). The program BLASTP was used 1o search
the amino acid sequence database and the program
TBLASTN was used to search the conceptually trans-
lated nucleoctide sequence database. Pairwise compari-
sons were performed with the ALIGN-2 program {Brodsky
et al, 1990). Multiple sequence alignments were gener-
ated by the MACAW program (Schuler et al, 1931}. RNA
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FIG. 1. Schematic representation of the CTV genome and the clening
strategy used in this work. Rectangles represent ORFs with the corre-
sponding nurber below, and vertical lines within the ORF 1a represent
the proposed protease cleavage sites. Horizontal bars represent clones
used for sequencing, with the respective designations to the right.

secondary structure was predicted using the algorithm
of Zucker and Stigler (1981).

RESULTS AND DISCUSSION
Cloning and sequencinhg sirategy

The 5'-terminal ¢a. 12 kb of the CTV gencme has been
cloned in 12 steps {Fig. 1} utilizing PCR to generate the
CTV-specific second-strand cDNAs. Based con the as-
sumption that CTV would have a HEL domain similar to
helicases of tricorna and tobamoviruses, we designed
the degenerate primer D2165, targeted to the N-terminal
“*GKT" conserved HEL motif. This assumption was sub-
stantiated by the fact that RdRp of CTV as well as other
closteroviruges is most closely related to the RdRp's in
the tobamoviral lineage of alpha-like positive-strand RNA
viruses (Karasev et &/, 1994, Agranovsky et af, 1991a).
The amplification of the DNA fragment that subsequently
generated clone p127 was performed with the use of this
degenerate primer and the D2205-specific primer from
the already-sequenced RdRp region essentially as de-
scribed previously {(Karasev et a/, 1994). Attempts to ex-
ploit this degenerate primer-mediated cloning strategy
further, targeting the conserved MET domains, were un-
successful. Thus, the ca. 7.8 kb upstream of the HEL
was amplified by PCR using a step-by-step walking pro-
cedure, in which specific primers from the sequenced
region were combined with a random ¢ne. The exact &’
terminus of the CTV genomea was amplified from poly(A)-
tailed dsRNA with the use of an oligo(dT}-containing
primer M111 and two different specific primers (C66 and
C67) from the downsgtream sequenced region, producing
clones h1b and h21, respectively. All primers used for

the amplifications are listed in Table 1. Seventeen CTV-
specific clonas representing independent cloning experi-
ments were chosen for seguencing (Fig. 1). Clones
pCT13 and p221 were described elsewhere (Karasev et
al, 1994; Pappu et al, 1994, respectively) and are pre-
sentad here for illustrative purposes. The complete
19,296-nt sequence of the CTV RNA genome has been
deposited with the GenBank data library under Acces-
sion No. U16304 and is not presented here as a separate
figure.

The 5’-terminal 10,008 nt reported here together with
9288 nt determined previously (Karasev et af, 1994,
Pappu et af, 1994} complete the sequence of the CTV
genomic RNA. The CTV genome includes 12 ORFs desig-
nated 1 to 11 {Fig. 1), plus the 5'-terminal untranslated
region (UTR) of 107 nt and the 3’-terminal UTR of 275 nt.

Nancoding regions

The 5"-terminal nuclectide of the CTV genome is an
A, differing from BYV in which the first nucleotide was
reported 1o be a G (Agranovsky ef al, 1994). Interestingly,
the full-genomic CTV dsRNA had an extra G at the 3'
terminus of its minus strand. Primer extension and se-
guencing experiments demonstrated an exact corre-
spondence of the 6"-terminal 94 nt of the virion genomic
RNA and the plus strand of the dsRNA genomic equiva-
lent (Fig. 2, lanes 1 and 2}. But the same region cloned
after poiyadenylation of the 3" terminus of the ds- minus
strand had an additicnal G residue (Fig. 2). The run-off
transcript synthesized on the virion genomic RNA pro-
duced on sequencing geis a strong band corresponding
to the &’-terminal A residue and probably a faint upper
band (Fig. 2, lane 2). it is generally believed that the
presence of double bands in primer extensicn experi-
ments reflects the presence of & cap structure ai the RNA
5’ terminus. Indeed, the capped odontoglossum ringspot
virug genomic RNA produces a clearly visible double
band (Fig. 2, lane 3). The 5'-terminal UTR probably con-
sists of 107 nt that is rich in C (29) and A (37) residues
and has a low G content (15 residues), thus resembling
other Sindbis-like viruses. The 5'-UTR sequence of CTV
had no statistically significant similarity to the respective
5'-terminal UTR of the BYV genome (data not shown).

The 3'-terminal UTR of 276 nt also has no statistically
significant similarity to the respective 3'-terminal UTR of
BYV. The exact 3’ terminus of the plus strand in the CTV
dsRNA was found to contain an extra U, absent from the
3' terminus of the genomic ssRNA. The difference was
revealed by comparison of two sets of 3'-terminal clones,
one obtained on the polyadenylated virion ssRNA and
another cne obtained on the polyadenylated dsRNA (data
not shown). Thus, the actual 3'-terminal UTR appears to
be 1 nt sherter than was reported previously (Pappu et
al, 1994), ending in CCA, the canonical tRNA 3’ terminus,
and thus resembling 3’-terminal UTRs of alpha-like vi-
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TABLE 1

Primers Used for Clening and the Primer Extension

Primer designation

Primer sequence

Sense-strand primers

Clone(s) generated

02056 CTGATRETNGTNTTYGGNTTNGAYTTYGGNA pz21
D2134 GGTGAGAYCTNTCNAARTTYGAYAARTCNCA oCT13
D2165 GGTCTCGAGGNGTNSCNGGNTGY GGNAARA p127
M111 GGTCTCGAGTTTTTTTTTTITTTITTTT h15, h21
Complementary-strand primers
D2058 CCAGAATTCGAGTTGATTCABAGAGRT 0221
D2146 CACGTAGGTATGTACGATGA pCT13
D2205 GGTGTCGACGCTGACCATCAALTGA p127
D2247 GCGCTRAGATATCTCGOTTTRA px121
D2374 CTATCGAAACCTGCGACCTTCA z31, 251
c12 CTTCCCTCTGCTTCCGTGAT p23
M34 CCTTACACCGCTCCAGAGAA k17
M48 CCTGGTCAGGTTGATCGLTA m19, m22, m27, m28
D2466 CACCGGTCTACAAACGTGAA nS14, ns110
Caa CGQGCATACTGATTCTCATACCT c7
C66 CCACGCATAGGAACCTTAAGA h16
Cce7 CCTGAGTGGAGAAATCAGTT h21
Run-off primer, complementary
strand
C75 GTTGTGGGAATATTAGAGCT

Mote. Redundancy codes R = {AG); S = (CQ), ¥ = (CT); N = (ACGT).

ruses possessing tRNA-like structures. However, com-
puter-assisted analysis demonstrated that the 3'-termi-
nal UTR can form several hairping (not shown) which
do not resembie tRNA-like structures characteristic of
several groups of Sindbis-like viruses of plants (Mans et
al, 1981).

Double-stranded RNAs of several plant viruses were
demonstrated to have nontempiate nucleotides at their
termini. An extra G has been reported at the 3" terminus
of the minus strand of the genomic dsRNA for cucumber
mosaic virus and its satellite RNA {Ccllmer and Kaper,
1986), barley stripe mosaic virus ds-equivalents of RNAs
1, 2, and 3 {Dolja and Atabekov, 1987), and genomic-size
dsRNA of potate virus X (Dolja et af, 1987). Based on
the absence of such an extra G at the 3’ terminus of the
minus strands of subgenomic dsRNAs, it is generally
believed that nontemplate nuclectides are features char-
gcteristic of virus repiicative forms, (Collmer and Kaper,
1985; Dolja and Atabekov, 1987). CTV, with an extra G
at the 3’ terminus of the minus strand of its genome-size
dsRNA, fits well among Sindbis-like viruses, suggesting
basic simitarity in the mechanism of the minus-strand
synthesis. The structure of the exact 5’ terminus of the
CTV RNA is al present unclear, but the presence of a
faint upper band in the gels with primer extension prod-
ucts (Fig. 2) may indicate that the 5’ terminus of the
CTV virion RNA is capped. Synthetic cap analog. m’Gpp.
completely inhibited cell-free translation of the BYV virion
RNA, suggesting the presence of the 5'-terminal cap
structure (Karasev et al, 1989).

Open reading frames

The first AUG codcn is located 108 nt downstream of
the &' terminus. It has a favorable context (Kozak, 1989)
and is likely to be an initiator for the first ORF, hereafter
referred 1o as ORF 1a (Fig. 1). The ORF 1a starting at
nucleotide 108 and ending at nucleotide 8480 potentially
encodes a large protein product of 3124 amino acids
with the calculated MW of 348,954 Da. The downstream
ORF 1b starting at nuclectide 9355 and ending at nucleo-
tide 10,855 overlaps ORF 1a by 123 nt and encodes a
putative protein product of 500 amino acids with the cat-
culated MW of 56,889 kDa. Gverall organization of ORFs
1a and 1b in the CTV genome is similar to that in BYV
(Agranovsky et al, 1994), suggesting by analogy that ORF
1b may be exprassed via a +1 ribosomal frameshift re-
sulting in a giant 3582-amino-acid fusion polyprotein with
the calculated MW of 401,097 Da, The downstream ORFs
2 to 11 (Fig. 1) encoding 10 protein products ranging
from 6 to 65 kDa were described in detail previously
(Karasev et af, 1994; Pappu et &/, 1994},

Duplication of the putative leader papain-like protease
and predicted polyprotein processing

Analysis of the amino acid sequence of the N-terminal
portion of the CTV ORF 1a-encoded product revealed two
putative papain-like thiol protease domains. The se-
guences of thegse domains showed statistically highly
significant similarity to each other and to the papain-
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FIG. 2. Analysis of the 5'-terminal CTV-specific primer extension
products in a 6% seguencing polyacrylamide gel. **P-labeled primers
C75 (lanes 1 and 2) and D377 {lane 3) were used for run-off transcrip-
tion. Lane 1, total dsRNA from CTV-infected plants; lane 2, virion CTV
ssRNA; lane 3, virion ORSY ssRNA. Sequencing ladders obtained on
CTV-specific clones h1b and h21 with the use of the C75 primer are
indicated. The 3'-tarminal seguence of the genome-size dsRNA minus
strand is presented at the left; the 5’ to 3' direction is from botiom to
top; the nontemplate 3'-terminal G residue is indicated by parentheses.

like leader protease of BYV, allowing an unambiguous
orediction of catalytic cysteine and histidine residues as
well as the cleavage sites for both of the putative CTV
proteases {Fig. 3; see the figure legend for statistical
estimates). The predicted catalytic residuss are Cys-403
and His-464 for the first, N-proximal protease, and Cys-
896 and His-956 for the second, distal protease. Tha
cleavage is predicted 10 occur between Gly-484 and Gly-
485 in the upstream domain and between Gly-976 and
Gly-977 in the downstream domain (Fig. 3). Characteristi-
cally, both of the cleavage sites are preceded by a bulky,
hydrophobic amino acid, Val and Met, respectively.
Cleavage at these sites would release two leader poly-
peptides of nearly identical size, namely 484 and 492
aming acid residues for the proximal and distal products,
respectively, and a C-terminal fragment of the ORF 1a-
encoded product of 2148 amino acids with the calculated
MW of 240,038 Da. The near identity of the size of both
ieaders as well as the fact that the two putative protease
domains of CTV showed somewhat higher similarity to
one another than to the BYV protease (Fig. 3} may sug-
gest that these two CTV leader proteases evolved by
tandem duplication.

The regions of these putative CTV leader proteins up-
stream of the papain-like protease (P-PRQO)} domains
showed n¢ significani similarity to one another, to the
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corrasponding region of the BYV leader protein, or to any
cther protein in the available database.

Replication-associated proteins

The region of the polyprotein immediately downstream
of the suggested P-PRO cleavage site was identified as
a putative MT domain (Fig. 4A). This sequence showed
high similarity 1o the homologous domain of BYV (47.8%
identical aminc acid residues in a 268-residue alignment)
and encompassed all the motifs characteristic of posi-
tive-strand RNA viral type | MTs (Rozanov et a/, 1992,
Koonin and Dolja, 1993).

The C-tarminal portion of the ORF 1a-encoded product
of CTV showed high similarity (48% identity in a 394-
residue alignment) 1o the putative HEL domain of BYV
(Fig. 4B) and contained the seven conserved motifs typi-
cal of superfamily | helicases (Gorbalenya and Koonin,
1993},

The CRF 1b-encoded product of CTV contained the
conserved motifs typical of positive-strand RNA viral
RdRp’'s (Koonin and Dalja, 1993} and was closely related
to the putative RdRp of BYV (60% identity in a 463-residue

BYV-L 447-58% DDFEIEVHPLRGGI{[SVILILPKGEAYCVVI‘AAT PQYHJ\ AL'I.'IARGDR
CTV-L1 339-485 'I'HVI_AITDPVT.»(I; 'IVSVT.MS'II:'VNI‘ARLD\NA PAYYAYA.ESLGARVR

CTV-L2 832-377 SR.FVRCIEPVESG--LVKVHFRSDVFRASFPFEGQP]}[PATALTEEVVVS
consensus & M. .G...V.U.&. . JALALST

BYVL PRVCELLOYREG- EGIB!LAHAALCCAIQECR’I‘F?EEDFF
i*i**

CTVL1 FLWES YFGRRADI.SVRRAIM?I‘\K}A

B 1 h hw dks ko ek L1l :l‘ *
CTVL2 Wm-mmmsmwmm-mm
consensus & ..........BGCYOH.........R......... 8P, .

1

BYVL FAKRLTEKLGF: smmanvsnsm VASAFSSPFYSLPRFIG/G
CTVLL LKAYL J LNLQVDLRSIPNHELVG/G

T * k K- :'- ** ¥ . L L]
CTVL2 mmymmmlc
CONSENsUsS &...L... &G.. . LJ. URG....... FHC. ..........&..... ua/G

FIG. 3. Alignment of the predicted amino acid sequences of the two
putative papain-like proteases of CTV with the homologous protease
domain of BYV. CTV-L1 and CTV-L2 designate the proximal and distal
leader protease domains of CTV, respectively, and BYV-L designates
the leader protease domain of BYV. Asterisks indicate identical amingc
acid residues and colons indicate simitar residues between CTV-L1
and CTV-L2, and between CTV-L1 and BYV-L. Percentage identity: CTV-
L1/CTV-L2 — 28.8% of 146 aligned residues; CTV-L1/BYV-L— 22% of
145 aligned residues; CTV-L2/BYV-L — 24% of 146 aligned residues.
The exclamation marks indicate the predicted catalytic Cys and His.
The slashes indicate the predicted cleavage sites. The consensus
shows amino acid residues conserved in the three aligned sequences;
U, a bulky aliphatic residue (I, L, V, or M); @, an aromatic residue (F,
Y, or W), &, any bulky hydrophobic residue; §, S or T, B, a negatively
charged residue (D or E); 1, a positively charged residue {K or R}; dot,
any residue. The segments of statistically significant similarity identified
using the MACAW program are overlined; the probability of obtaining
the alignment of the three sequences by chance was below 107 for
the region around the putative catalytic histidine, and below 107* for
the region around the putative catalytic cysteine.
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CTV-HEL
BYV-HEL
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CTV-HEL
BYV-HEL

CTV-HEL
BYV-HEL

CTV-HEL
BYV-HEL

HEL TIT
AGAIGAVVEFTSCKAVVFFGDSKDIHYIHRNDLGVSFVADIDAFIOPEHRIYGEVSYRCP

RS b L]
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FIG. 4. Alignment of the predicted amino acid sequences of the conserved, replication-associated domain of CTV and BYV. {A) The methyitransferase
domain. ldentical (asterisks) and similar (colons) residues are indicated. The conserved motifs typical of positive-strand RNA virus type | methyltrans-
ferases are overlined and designated after Rozanov et a/, (1992). The distances from the ORF ta ends are indicated. (B) The helicase domain. The
conserved motif for superfamily | viral ang celiular helicases are from Gorbatenys and Koonin {1983). (C) The RNA-dependemt RNA polymerase
domain. The conserved motifs are from Koonin and Dolja {1993). A complete alignment of ORF 1b is shown.

alignment; Fig. 4C) and beset yellow stunt virus (Karasev
et al, 1994, data not shown).

Phylogenetic analysis grouped the closterovirus
RdRp's into a distinct lineage within the “tchamovirus
subdivision™ of the Sindhis-like supergroup of positive-
stranded RNA viruses (Koonin and Dolja, 1893; Dolja et
al, 1894). Similar results were obtained for the MT and
HEL domains {data not shown), suggesting that all three
replication-associated genes probably evolved as a sin-
gle replication medule.

Absence of significant similarity between 5'- and 3’-
UTRs of CTV and BYV is surprising as replicaticn-associ-
ated proteins of both viruses demonstrate striking con-

servation at the amino acid sequence tevel (Figs. 4A-
4C}). This might suggest that elements of the RNA sec-
cndary structure rather than primary sequence are re-
sponsible for interaction between the closterovirus repli-
case complex and the 3'- and 5-terminal UTRs or that
protein domains involved in those interactions lay out-
side of the most conserved replicase regions. Interest-
ingly, 5'- and 3'-terminai UTRs in two genome compo-
nents of another closterovirus, lettuce infectious yellows
virus (LIYV), also tack similarity (Klaassen et &/, 1994a).

The vast ragion of the CTV ORF 1a-encoded polypro-
tein between easily identifiable MT and HEL dcmains
showed no significant similarity to any protein in the
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CTV-RdRp GVVRSGAIPPRKASLOENLLSYESRNYNFIKTERFVGPSEFGRAMAAAVIERCFKMEEMAK]RCD
. Lhkkdkkkk hihk khkkFhkok ckkkhkakxk Thkk ¥k kkk *k.k
BYV-RaRp SSIRSQAIPKRKPSLQENLYSYESRNYNFTVCERFSGPOEFGOAMAMVMLERSFDLEKVAKVRSD
RdRp I
CTY-RdRp IISLTEANILKNLDKRTPCOIKAVHGELKLPFSVEEOISNFKLMVKRDAKVKLDDSSLSKHPAAO
Fhrkhkwdhkkxkikhkkxhk * Kk kkhk KKk
BYV-RdRp UIA]TEKGVRTNMSKREPSOLEALSSDLQKPLNLEEEITTFKLMVKRDAKVKLDSSCLVKHPPAD
__RdRp [I ——nrdRp T[T
CTV-RdRp NIMFHKKFINAIFSPCFDEFKNRVLSSLNDNIVFFTEMTNAGLAEIIRRIIGDDDNLFV
hkkhkd .k .okkkkkkwokkdkkkdrk . . * kkkhkkkhkkokw . ko k
BYY-RdRp NIMFHRKAVNAIFSPCFDEFKNRVITCTNSNIVFFTEMTNSTLASIAKEMLGSEHVYNV
RdRp [V
CTV-RdRp GEVDFSKFDKSODLFIKEYERTLYSEFGFDTELLDVWMEGEYRARATTLDGQLSFS
Kk KT RITI T, AR ER kkEd hkkhkokdhk Ahkkk L hkkdhkk . - Rk kAEkAKxI kKA
BYV-RdRp GEIDFSKFDKSODAFIKSFERTLYSAFGFDEDLLDVWMOGEYTSNATTLDGOLSFS
RARp V¥ Rd_%_____
CTV-RdRp VDGORRSGGSNTWIGNSLVTLGILSLYYDVSKFDLLLVSG DSLIYSSEKISNFSSEICLETGFE
Kk hh . hE kdkdoRkAkRh . *hkkk .., LR AL & 1 4 2
BYVY-RdRp VDNORKSGASNTNIGNSIETLGILSMFYYTNRFKALFVSGDDSLIFSESP[RNSADAMCTELGFE
RdRp V]! RQRE VII]
CTY¥-RdRp TKFMSPSVPYFCSKFVVATGNKTCFVPO YKLLVKLGAPGNKLTUVELFELFTSFKDMTODFGDG
dhdk . chkkhkAkkdRhkkk ok *k e ¢ & v e vk e dok ok ek ke ok . * kkdakEkho . h .k K *
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N . hkkAhkkhkk . khkEkk kh k.k .. . &,k .
BYV-RdRp RVIELLTHLVHSKYGYESGDTYAALCAIHCIRSNFSSFKKLYPKVKGWVVHYGKLKF VLRKFAN
CTY-RdRp LICEvaydnrvsyfsyFDNPFtkpdanddnvddTgqagelatg
BYV-RdRp CFREK---==-n---- FDTAFgertf11ttk1etv] -------

FIG. 4— Continued

available databases. Somewhat surprisingly, it has
barely detectable similarity even io the corresponding
region in the ORF 1a-encoded product of BYV {data not
shown). Thus, the closely related replication-asscciated
MT, HEL, and RdRp domains of CTV and BYV are appar-
ently contained within substantially diverged genetic
backgrounds.

ORF 1a/ORF 1b frameshift site

It has been proposed previously that the BYY RdRp
encoded in GRF 1b is expressed via a +1 ribosomal
frameshift (Agranovsky et a/, 1994). Direct comparisan
of the CTV and BYV nucleotide sequences within the
ORF 1a/1b overlap revealed apparent and statistically

significant similarity {Fig. 5) which, at least in part, could
be a reflection of a very high level of aminc acid se-
quence conservation between HEL and RdRp domains
of both viruses (Figs. 4B and 4C). Inspection of the C-
terminal portion of the helicase alignment and the N-
terminal portion of the RdRp alignment between CTV and
BYV allowed precise mapping of the putative frameshift
within the CTV ORF 1a/1b cverlap, namely at C-9405 of
the CTV sequence {Fig. 5). The frameshift is predicted to
occur in homologous regions of the genomes of the two
closteroviruses. However, the CTV region around the pre-
dicted frameshift pcint had imporant differences from
the corresponding region of BYV, First, there is no stop
codon corresponding to the UAG stop codon of the BYV.
In CTV, an arginine (CGG) codon aligns with the BYV
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CTV-HEL » D S G W L H E P A

R
CTV-R
CTV(nt) ccT gAC tcG ggt AaC tta CAC GAa CCG get CGe aTr

G Vv v R S Q0 A 1 P P R K A

¢ gGC gta gTa aGg TCa CAa GCa ATT CCT cca AGa AAA glG

BYV{nt) gtT aAC aaG tcg AgC gat CACL GAc CCG cgg Egg EETL.&GE trg aTt cGe TCg CAg GCg ATT CCT aag AGg AAA cCh
K S T D H ] P

BYV-HEL ¥ N

BYV-RdRp

S S I RS 0 A [ P K R K P

FIG. 5. Alignment of the CTV and BYV nuclectide seguences (presented as DNA} in the vicinity of the proposed frameshift, nt 9380-9455 in CTV
and nt 7368-7443 in BYV. Identical nuclectides are typed in uppercase letters, the BYV TAG terminator and the correspending CTV Arg codon
{CGG) are underlined. The encoded C-terminus of HEL and N-terminus of RdRp are presented above (CTV) and below (BYV) the nucleotide alignment.

UAG terminator. Second, this region lacks the so-called
“slippery” GGGUUU sequence believed to be an im-
portant element of the BYV frameshift signaf. Third, a
stem-and-foop structure postulated to be involved in the
BYV frameshift {Agranovsky et &/, 1994) seems to be
absent from the CTV frameshift region.

Several groups of RNA viruses have a —1 translational
frameshift mechanism of RdRp expression, including
plant luteo- and dianthoviruses. A —1 frameshift signal
has & very complex structure, which includes extensive
stem—loop and pseudoknot elements (cf. ten Dam et
al, 1980). Both RdRp's of CTV and BYV are presumably
expressed via a +1 ribosemal frameshift resulting in a
huge fusion product of ORF 1a plus ORF 1b (Agranovsky
et al, 1994; Dolja et al, 1994; Fig. 5). This type of the
frameshift, which sc far is unigue among positive-strand
RNA viruses, has been reported 10 occur in soME yeast
retroelements (cf. Farabaugh et a/, 1993}, in a dsRNA
virug of Leishmania (Scheffter et al, 1994), and in an
artificially mutated thymidine kinase gene of herpes sim-
plex virus (Hwanrg et al, 1984). Information gathered on
the best-studied yeast retrctransposons indicates that
the +1 frameshift signal is retatively simple and might
contain only seven bases. To shift an ORF into a +1
direction, a ribosome needs to be stalled or paused,
which may be achieved at a termination codon, a slippery
sequence, a hungry or rare codon, or even due to strong
competition for the abundant tRNA species by neigh-
boring codons (Farabaugh, 1993; Farabaugh et g/, 1993).
Alignment of nucleotide and amino acid sequences in
the vicinity of the proposed frameshift for CTV and BYV
(Fig. 5) suggested that in both viruses the frameshift
event occurs at the same pcint, even though meacha-
nisms mediating this event might differ. A rare arginine
codon {CGG) in the CTV sequence aligns with the UAG
terminator in BYV, suggesting different pausing mecha-
nisms. A specific RNA secondary structure and a slippery
sequence which were postulated to be involved in medi-
ating the +1 frameshift of BYV {Agranovsky et af, 1994)
are not conserved in CTV, and their significance in the
shift mechanism remains uncertain.

Genome organization of CTV and relationships with
other closteroviruses

We have completed the 19,296-nt sequence of CTV
genome, the largest among known plant viruses (Francki
et al,, 1991). The single-stranded positive-sense RNA of

CTV is ca. 20% longer than the RNA of BYV, a related
closterovirus. Along with predictable, significant similari-
ties in amino acid sequence and genome organization,
CTV demaonstrated considerable difference from BYV
(Fig. 6). Perhaps the most conspicuous of these differ-
ences is the apparent duplication of the leader protease
domain in CTV which accounts for ca. 2b% ot the differ-
ence in the genome size between CTV and BYV. Duplica-
tion of a leader papain-like protease is a commaon theme
that is thought to have emerged independently in the
evolution of three other groups of positive-strand and
double-stranded RNA viruses: coronaviruses (Lee et &/,
1991), arteriviruses (Godeny et af, 1993}, and fungal
dsRNA hypovirulence virus of Cryphoneciria parasitica
(Kocnin et al, 1991). Such a persistent trend toward an
increase of the genome via leader protease duplication
in spite of the severe constraints on the RNA genome
size in general suggests that there might be some selec-
tive advantage for a virus to have two leader proteases
instead of only one. Understanding of the nature of this
advantage may come with a better functional character-
ization of this leader protease domain. The function
of the autocatalytically cleaved leader product in the
closteroviruses is unknown.

BYV RdRp p6  péd p20

PR MT HEL |
d S |

HSP70  p24CP pil

CTV RdRp pé p6l  pl8 p20

PRO PRO MT

HSPT0

FIG. 8. Schematic representation of the genomes of BYV (after Agre-
novsky et al, 1994), CTV, and LIYV (after Klaassen et a/, 1984b). Ractan-
gles represent ORFs; homologous genes are dashed similarly; opan
boxes indicate genes with no statistical similarity to other proteing in
existing databases, PRO, papain-like protease; MT, methyltransferase;
HEL, helicase; RdRp, polymerase; HSP70, homolog of HSP70 proteins;
CP, coat protein; RBP, putative RNA-binding protein.
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The ca. 4-kb difference in CTV and BYV genomes com-
prises, in additicn to the leader protease duplication, a
ca. 1-kb insert encoding an additionai 33-kDa protein
between the RdRp and HSP70 genes, a 3'-terminal, 0.7-
kb insertion encoding a 23-kDa protein that probably
binds RNA, and small inserts in the polyprotein between
the MT and HEL domains (Fig. 6).

Both CTV and BYV have apparent similarities in ge-
naome organization, suggesting a common avolutionary
origin for all closteroviruses (Dolja et al, 1994). However,
the CTV genome organization is clearly distinct from that
of BYV as well as that of the two-companent LiYV (Fig.
6). CTV, BYV, and LIYV have very similar replication-asso-
ciated gene modules or blocks including MT, HEL, and
RdRp domains {which is conserved in Sindbis-like vi-
ruses), preceded by the similar papain-like protease up-
stream of this replicative "module” (Figs. 3, 4, and 6).
Apparent similarity of both CTV P-PROs to papain-like
proteases of potyvirus helper components (data not
shown} coulg suggest involvement of one cor even both
N-terminal {eader proteins in aphid transmission of the
virus. CTV, BYV, and LIYV have a five-gene module which
seems to be a unique feature of closteroviruses. This
five-gene block encodes {1) a small hydrophobic, proba-
bly membrane-associated protein; (2) a homolog of the
HSP70 proteins; (3) a 58- 1o 64-kDa protein with unknown
function; (4) a diverged copy of the CP; and (5) a coat
protein. itis possible that some of the common biclogical
features of closteroviruses, i.e., association with the
phloem and unique cytopathology might be determined
by this “closterovirus-specific” five-gene module.

Outside of these two modules or gene blocks, other
genes in CTV, BYV, and LYV differ (Agranovsky et af,
1994, Klaassen et af, 1994b; Karasev et a/, 1994, Pappu
et al, 1994). Besides an additional copy of the leader
thiol protease, CTV has four unique genes that have no
counterpars in genomes of BYV and LIYV, ie., genes
encoding p33, p18, p13, and p23 {(RBP) {Fig. 6). BYV has
one unique gene encoding p20 (Agranovsky et al,
1991a), and LIYV has apparently four unique genes
{Klaassen et a/, 1994b}, The functionai significance of all
these "unique” genes remains to be elucidated.

CONCLUSION

Positive-strand RNA viruses represent more than
three-quarters of all plant viruses known to date {cf. Ma-
thews, 1991; Francki et /., 1991). While the genome orga-
nization and gene repertcir of these plant viruses demon-
strate great variability (Dolja and Carrington, 1982; Koo-
nin and Dolja, 1993}, they seem to have a certain limit
imposed on the length of their genocme, i.e., very few
viruses exceed the 10-kb size of a single genome compo-
nent. Closteroviruses are a notable exception to this gen-
eral rule, with CTV having a single genome component
roughly twice as large as, for example, potyviruses,

Mechanisms underlying and genes involved in stable
maintenance of a genome of this size remain to be deter-
mined. An unusually large replicase and an HSP70 ho-
molog are immediate candidates which might determine
this "jump” in the genome size (Dolja et al, 1994). What-
ever mechanisms may be involved in the genome expan-
sion, closteroviruses will undoubtedly provide important
clues to understanding interactions between complex vi-
ral genomes and the plant cell.
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