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Full-Length cDNA Cloning and Nucleotide Sequence Analysis
of Cucumber Mosaic Virus (Strain Kor) RNA2
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Full-length cDNA for RNA2 of cuacumber mosaic virus strain Kor (Kor-CMYV) was cloned
downstream of synthetic T7 promoter by reverse transcriptase-polymerase chain reaction (RT-
PCR). The clone could generate a full-length transcript corresponding to RNA2 in size when
synthesized by T7 RNA polymerase. The complete nucleotide sequence has shown that the
RNA2 is composed of 3,049 nucleotides and contains one functional open reading frame
(ORF) of 2,574 nucleotides encoding 2a protein. The deduced translation product of the 2,574
nucleotides contains GDD motif which is a characteristic of RNA-dependent RNA. polymerase
(RdRp). The amino acid sequence analysis of the 2a protein has shown that the homology is
found in decreasing order with O-CMV (98.8%), Y-CMV (98.7%), Fny-CMV (98.3%), K-
CMV (94.9%), Ix-CMV (91.9%), and Q-CMV (74.9%). Kor-CMY is suggested to belong to
subgroup I in the aspect of nucleotide sequence homology of RNA2.
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To protect economically important crops against
plant RNA viruses, several pathogen-derived virus
resistance strategies have been developed (reviewed
by Wilson, 1993). The resistance strategies were to
express virus-encoded replicase protein gene, coat
protein gene or antisense RNA in transgenic plants.
The strongest resistance was often shown in the
plants expressing an intact or mutant form of the re-
plicase protein (reviewed by Wilson, 1993; And-
erson et al., 1992), but the resistance was strain-spec-
ific as well as virus-specific (Zaitlin er al., 1994).
Therefore, it is necessary to clone and characterize
the replicase gene of specific virus strain of interest.

Cucumber mosaic virus (CMV) infects a wide
range of hosts exceeding 800 species including cu-
cumber, cabbage, and pepper plants (reviewed by
Palukaitis et al, 1992). CMV is a single-siranded
and plus-sense RNA virus of which genome is com-
posed of RNAs 1, 2 and 3. RNAs 1 and 2 express
la and 2a proteins, respectively, both of which are
virus-encoded replicase components (reviewed by
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Palukaitis et al, 1992). The purified viral RNA re-
plicase from CMV-infected plants showed po-
lymease activity upon addition of CMV RNA as
template (Hayes and Buck, 1990). The 2a protein
containg GDD motif that is highly conserved in
RNA replicase (RNA-dependent RNA polymerase)
which is essential in the life cycle of animal and
plant RNA viruses (Kamer and Argos, 1984). The
transgenic tobacco plants expressing a mutant form
of the 2a protein could show effective resistance
against CMV infection (Anderson er al., 1992).

Therefore, the cloning of full-length ¢cDNA for
CMV will be very useful in the development of re-
plicase-mediated resistance strategy and in the molec-
ular study of RNA replicase per se. Additionally, it
is also necessary that the cloned cDNA should be
transcribed to generate an intact and functional viral
RNA for the study of virus replication (Rizzo and
Palukaistis, 1990).

In this study, RNA2 in Kor-CMV (Korean isolate)
was cloned in the form of full-length ¢cDNA that can
generate an intact RNA2 by T7 RNA polymerase.
Sequencing analysis of the cDNA revealed the com-
plete nucleotide sequence of Kor-CMV RNA2, and



266 Kwon, Chang Seob et al.

phylogenetic relationships between Kor-CMV and
other CMYV strains are presented here.

MATERIALS AND METHODS

Virus strain and RNA extraction

Kor-CMV used in this study was supplied from
Korea Ginseng and Tobacco Research Institute. The
propagation and purification of Kor-CMV were des-
cribed in the previous paper (Kim et al., 1996). Kor-
CMV RNAs were extracted with phenol buffered
with TNE (10 mM Tris-HCL, pH 7.5, 100 mM NaCl,
10 mM Na,-EDTA) from virus particles, and then
precipitated by ethanol. The resulting RNAs were
dissolved In diethylpryrocarbonate-treated water and
quantitated by measuring absorbance at 259 nm.

cDNA synthesis

The cDNA of Kor-CMV RNA2 was synthesized
using AMV reverse transcriptase (Poscochem.). The
reverse transcription reaction was performed at 40°C
for 3 h from 10 pg of purified RNA in a 50 |l reac-
tion volume which contained 500 uM dNTP, 100
pmole of 3' MB primer [GACA(GGATCC : BamHI)
(ACGCGT : MIu)GGTCTCCTTTTGGAGG],
RNasin (0.5 U/ul), AMV reverse transcriptase (1.0
U/ul), and reaction buffer supplied from manufac-
turer. Then, the reaction mixture was extracted with
phenol/chlorform, and precipitated with ethanol. The
resulting pellet was dissolved in 20 pl water which
could be used at least 4 times for polymerase chain
reaction.

Polymerase chain reaction and cloning

Five ul of the obtained ¢cDNA mixture was ampli-
fied using Dynazyme (GENOMED). Polymerase chain
reaction (PCR) was carried out in a 50 pl containing
additional 100 pmole of 3' MB primer, 100 pmole
of 1,2-5' primer [ACG(GGATCC : BamHI) (TAATAC-
GACTCACTATA : T7 promoter) GTTTTATITACAA-
GAGCGT], 500 uM dNTP, 5 unit of Dynazyme, and
reaction buffer supplied from manufacturer. PCR was
performed in a thermal cycler (Perkin Elmer Cetus) for
20 cycles with each cycle consisting of 94°C for 1
min, 60°C for 0.5 min, and 72°C for 3.5 min. The
amplified products were digested with BamHI, and
then electrophoresed on 0.8% agarose gel. The PCR
product corresponding to approximately 3 kb was
eluted with JETSORB kit (GENOMED), and then li-
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gated into pUC18. The resulting plasmid was desig-
nated as pT7Kor2T.

In vitro transcription

The pT7Kor2T purified with Wizard Midipreps
DNA purification system (Promega) was linearized
with Mliul digestion, and then transcribed by T7
RNA polymerase (Promega). In vitro transcription
was performed at 37°C for 1 h from the linearized
template in a 50 pl reaction volume that contained T
7 RNA polymerase (1.0 U/ul), 500 uM NTP, and
RNasin (0.5 U/ul). The heat-denatured transcripts
were electrophoresed on TAE-buffered agarose gel,
and stained with ethidium bromide.

Sequencing analysis

The pT7Kor2T was digested with Sall and Sphl,
and serially deleted with FErase-a-Base system
(Promega). The deleted ¢cDNAs of various length
were sequenced by dideoxy chain termination
method using Sequenase Version 2.0 DNA Sequenc-
ing Kit (USB). For the sequencing of the other
strand, the insert cDNA of the pT7Kor2T was sub-
cloned in the opposite orientation by ligation after
BamHI digestion, resulting in pT7Kor2TR. The pT
7Kor2TR was digested with Sphl and Mliul, serially
deleted from the 3' terminus of RNA2 cDNA, and
then sequenced.

Computer analysis

The PC/Gene (Intelligenetics) package programs
were used in the analysis of CMV genomic RNAs
and phylogeny. The published sequence sources of
RNAZ2s used in computer analysis are following:
strain Q (Rezaian ef al., 1984), Fny (Rizzo and Palu-
kaitis, 1988), Y (Kataoka et al., 1990), O (Hase et
al., 1992), K (Hellwald and Palukaitis, 1994), and
Ix McGarvey et al., 1995).

RESULTS AND DISCUSSION
Strategy for the cloning of the full-length cDNA

Two primers used in the reverse transcriptase-po-
Iymerase chain reaction (RT-PCR) were specifically
designed to clone the complete cDNA for RNAs 1
and 2 of Kor-CMV (Hays and Buck, 1993). The
one is 1,2-5' primer that contains BamHI site, T7
promoter sequence, and 5' terminal sequence. The 5'
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Fig. 1. Full-length ¢cDNA cloning of Kor-CMV RNAZ. (A)
Schematic representaion of pT7Kor2T that contains the
cloned full-length ¢cDNA of Kor-CMV RNAZ2. T7 in-
dicates synthetic T7 promoter. (B) Agarose gel (0.8%)
electrophoresis of RT-PCR products amplified from the
first strand cDNA synthesized from CMV RNAs. 1,2-5
primer and 3' MB primer were used in the PCR am-
plification. DM and R2 indicates 1 kb size marker and RT-
PCR  products, respectively. (C) Agarose gel elec-
trophoresis of in vitro transcripts from the pT7Kor2T. In
vitro transcription was performed by T7 RNA polymerase
from the Mhu-linearized pT7Kor2T, and the resulting tran-
scripts were electrophoresed on 1.0% agarose gel. RM in-
dicates RNA. size marker; TC, in vitro transcripts.

terminal sequence is invariably conserved among
various CMV strains and highly conserved between
RNAs 1 and 2. The 1,2-5' primer was thought to fa-
vor the amplification of the cDNA of RNA1 rather
than RNA2 because the primer would have perfect
match with the 5' terminus of the RNA1l in com-
panison with one T insertion (5-GTTTTA-) at 5'-
GTTTA- of 5' terminus of the RNA2. Interestingly,
the major PCR product was corresponding to RNA2
(3.0 kb) rather than RNA1 (3.4 kb) in our PCR con-
dition (Fig. 1B). This reflects that the size difference
rather than the slight Tm difference might be an im-
portant factor in the first-strand ¢cDNA synthesis and
PCR. The 5' half cDNA fragment of RNA1 could
be amplified selectively with the use of 3' primer
which is highly conserved minus-sense sequence in
the middle of RNA1 (unpublished result). The T7
promoter sequence in the 1,2-5' primer was designed
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to initiate transcription at the G of the 5-GTTTTA-
which is thought to be the 5' proximal sequence of
Kor-CMV RNAZ2 except viral cap structure (Fig. 2).

The other is 3' MB primer that contains BamHI
site, Mlul site, and the complementary sequence of 3'
terminus. The BamHI sites in the 1,2-5' primer and 3'
MB primer were inserted on purpose for the easy
cloning of the amplified cDNA with BamHI diges-
tion. The complementary sequence to the 3' MB
primer was derived from the published sequence of
Kor-CMV RNA3 because the 3' proximal sequence
was thought to be highly conserved among RNAs 1,
2, 3, and 4 in the same virus strain (Kim ef al.,
1996). The Mlul cleavage of the cloned cDNA of
RNAZ2 will terminate in vitro transcription at A of -
CCA-3' which is thought to be the 3' proximal se-
quence of Kor-CMV RNAZ2. Therefore, it is possible
to generate only virus sequence by inm vitro tran-
scription with the Mlul-linearized template (Fig. 1A).
Fig. 1C shows that the full-length transcript cor-
responding to RNA2 (3.0 kb) was generated by in vi-
tro transcription from the pT7Kor2T which has the
complete cDNA of RNA2.

Analysis of 5' and 3' untranslated sequences (UTRs)
and coding regions

Kor-CMV RNA? has 5' untranslated region (UTR)
of 86 nucleotides, one functional coding region of
2574 nucleotides, and 3' untranslated region (UTR)
of 389 nucleotides (Fig. 2). The 5' UTR contains
conserved sequences homologous with internal con-
trol regions (ICRs) motifs that exist in the promoters
of tRNA genes (Fig. 2; Marsh et al., 1989). The
ICRs motifs are also found in brome mosaic virus
(BMV) which is another member of tripartite plant
RNA viruses (Marsh er al,, 1989). The mutational
analysis around the ICRs 1 and 2 in BMV has
shown that the ICRs 1 and 2 are essential with the
sequence- and structure-specific manner in the am-
plification of plus-sense RNA from minus-sense
RNA (Pogue and Hall, 1992). From the viewpoint
of similarity between CMV and BMV, the proposed
structure of the 5' terminus is likely to be important
in the replication of CMV RNAs 1 and 2 (Fig. 3A).

The translation product of the functional coding re-
gion of Kor-CMV RNAZ2 is 2a protein of 96.7 kDa
which is a virus-encoded component of RNA-de-
pendent RNA polymerase (RdRp). The 2a protein of
Kor-CMV RNA2 contains "polymerase site" which
is characterized by GDD and TGxxxTxxxNT motifs
in RNA-dependent polymerases (Fig. 2; Morch et al.,
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——-ICR 2___
gt tta ttt aca aga gcg tAC GGT TCA ACC CCT GCC TCC CCT GTA AAA CTC CCT AGA CTT TAA AAC TTT CTT TCT AGT ATC TTT TCT Afw GCT TCC CCT GCC CCC GCA
2at MET Ala Ser Pro Ala Pro Ala

108 TTC TCA CTA GOC AAT CTT TIG AAC GGT AGT TAT GGT GTC GAC ACT CCC GAG GAT BTG GAA CBT TIG CGA TCT GAG CAA CGT GAA GAG GCT GCT GCG GUC TBT CBT AAC
Phe Ser Leu Ala Asn Leu Leu Asn Bly Ser Tyr Gly Val Asp Thr Pro Glu Asp Val Glu Arg Leu Arg Ser Glu Gln Arg @lu Glu Ala Ala Ala Ala Cys Arg asn

216 TAC AGG CCC CTA CCC GCT GTG GAT GTC' AGC GAG AGT GIC ACA GAG GAC GCG CAT TCC CTC CGA ACT CCT GAC GGA GCT CCC GCT GAA GUG GTG TCT GAT GAG TTT GTA
Tyr Arg Pro Leu Pro Ala Val Asp Va) Ser Glu Ser Val Thr Glu Asp Ala His Ser Leu Arg Thr Pro Asp Gly Ala Pro Ala Glu Ala Val Ser Asp Glu Phe Val

324 ACT TAT GGT GCT GAA GAT TAC CTT GAM AAA TCT GAT GAT GAG CTC CTT GIC ECT TIT GAG ACG ATG GTC AAA CCC ATG CGT ATC GGA CAA CTA TGG TGC CCC GCG TIT
Thr Tyr Gly Ala Glu Asp Tyr Leu Glu Lys Ser Asp Asp Glu Leu Leu Val Ala Phe Glu Thr MET Val Lys Fro MET Arg Ile Gly Gln Leu Trp Cys Fro Ala Phe

432 AAT AAA TGT TCT TTT ATT TCC AGC AIT GCT ATG GOC AGA GCT TIG CTG TIG GCA CCT AGA ACA TCC AAC CGA ACC ATG AAG TGT TTT GAA GAC CTG GTC GCG GCT ATT
Asn Lys Cys Ser Phe Ile Ser Ser Ile Ala MET Ala Arg Ala Leu Leu Leu Ala Pro Arg Thr Ser Asn Arg Thr MET Lys Cys Phe Glu Asp Leu Val Ala Ala Ile

540 TAC ACT AAA TCT GAT TIC TAT TAT GGT GAA GAG TGT GAA GCT GAC GAC GTT CAG ATG GAT ATC TCG TCT CGC GAT GTA CCC GGT TAT TCT TIC GAA CCG TGE TCC CGA
Tyr Thr Lys Ser Asp Phe Tyr Tyr Gly Glu 6lu Cys Glu Ala Asp Asp Val Gln MET Asp Ile Ser Ser Arg Asp Val Pro Gly Tyr Ser Phe Glu Pro Trp Ser Arg

648 ACG TCT GGA TIC GAA CCG CCG CCC ATT TGT GAA GCG TGC GAC ATG ATC ATG TAC CAG TGC CCG TGT TIC GAT TTC AAT GCT TTA AAG AAA TUG TGC GCT GAG AGG ACT
Thr Ser Gly Phe Glu Pro Pro Pro Ile Cys Blu Ala Cys Asp MET Ile MET Tyr Gln Cys Pro Cys Phe Asp Phe Asn Ala Leu Lys Lys Ser Cys Ala Glu Arg Thr

796 TTC GCT GAT GAC TAT GTT ATT GAA GGT TTA GAT GGT GTT GTT GAT AAT GCG ACT CTG 1TTG TCG AAT TTG GBT CCA I'TT TTIG BTA CCC GIG AAG TGC CAA TAT GAA AAT
Phe Ala Azp Asp Tyr Val Ile Glu Gly Leu Asp Gly Val Val Asp Asn Ala Thr Leu Leu Ser Asn Gly Asn Pro Phe Leu Val Pro Val Lys Cys Gln Tyr Glu Asn

864 TGT CCA ACA CCA ACC CTC GCG ATT CCT CCG GAT TTA AAT CBT GCT ACT GAT CGT GTT GAT ATT AAT TTA GIT CAA TCC ATT TGT GAC TCG ACT CTG CCC ACT CAT AST
Cys Pra Thr Pro Thr Leu Ala Ile Pro Pro Asp Leu Asn Arg Ala Thr Asp Arg Val Asp Ile Asn Leu Val Glp Ser Ile Cys Asp Ser Thr Leu Pro Thr His Ser

972 ART TAC GAC GAC TCT TIT CAT CAA GTG TIT GTC GAA AGT GCA GAC TAC TCT ATA GAT CTG GAT CAT GIT AGA CIT CGA CAS TCT GAT CTIT ATC GCG AAA ATT CCA GAT
Asn Tyr Asp Asp Ser Phe His Gln Val Phe Val Glu Ser Ala Asp Tyr Ser Ile Asp Leu Asp His Val Arg Leu Arg Gln Ser Asp Leu Ile Ala Lys Ile Pro Asp

1080 TCA GGG CAT ATG ATA CCG GTT CTG AAC ACC GGG AGC GGT CAC AAG AGA GTA GBT ACA ACG AAG GAG GTC CIT ACA GCA ATT AAG ARA CGT AAT BCT GAC GTT CCA GAG
Ser Gly His MET Ile Pro Val Leu Asn Thr Gly Ser Gly His Lys Arg Val Gly Thr Thr Lys Glu Val Leu Thr Ala Ile Lys Lys Arg Asn Ala Aep Val Pro Glu

1188 CTA GGT GAT TCC GIT AAT CTG TCT AGR TT@ AGT AAA GCT GTG GCT GAG AGA TIC TTC ATT TCA TAC ATC AAT GGT AAC TCT CTA GCA TCC AGT AAC TTT GTC AAT GTC
Teu Gly Asp Ser Val Asn Leu Ser Arg Leu Ser Lys Ala Val Ala Glu Arg Phe Phe Ile Ser Tyr Ile Asn Gly Asn Ser Leu Ala Ser Ser Asn Phe Val Asn val

1296 GTT AGT AAC TTC CAC GAT TAC ATG GAA AAA TGG RAG TCC TCA GGT CTT TCT TAT GAT GAT CTC CCA GAT CTT CAT GCT GAG AAT TTA CAG TTT TAT GAT CAC ATG ATA
Val Ser Asn Phe His Asp Tyr MET Glu Lys Trp Lys Ser Ser Gly Leu Ser Tyr Asp Asp Leu Pro Asp Leu His Ala Glu Asn Leu Gln Phe Tyr Asp His MET Ile

1404 AAA TCT GAT GTG AAA CCT GTG BTG ASC GAC ACA CTC AAT ATC GAC AGA CCG GTT CCA GCT ACT ATA ACG TAT CAT AAG AAG AGT ATA ACC TCC CAS TTC TCA CCB TTA
Lys Ser Asp Val Lys Pro Val Val Ser Asp Thr Leu Azn Ile Asp Arg Pro Val Pro Ala Thr Ile Thr Tyr His Lys Lys Ser Ile Thr Ser Gln Phe Ser Pro Leu

1512 TIC ACA GCG CTA TTC GAG CGT TTC CAG AGA TGC CIT CGA GAA CGT ATT ATT CTT CCT GIT GET AAG ATT TCA TCC CTT BAG ATG BCA GBA TTT GAT GTC AAA AAC AAG
Phe Thr Ala Leu Phe Glu Arg Fhe Gln Arg Cys Leu Arg Glu Arg Ile Ile Leu Pro Val Gly Lys Ile Ser Ser Leu Glu MET Ala Gly Phe Asp Val Lys Asn Lys

1620 CAC TGC CTC GAA ATT GAT CTG TCT AAG TTT GAT AAA TCT CAA GBT GAA TTC CAT TTG CTA ATT CAG GAA CAT ATT TTG ART GGT CTA GEA TGT CCA GCT CCG ATA ACT
His Cys Leu Glu [le Asp Leu Ser Lys Phe Asp Lys Ser Gln BGly Glu Phe His Leu Leu Ile Gln Glu Has Ile Leu Asn Gly Leu Gly Cys Pro Ala Pro Ile Thr
e (ST B TN (8/T)

1728 AAG TGE TGG TET GAT TIT CAC CGA TTC TCT TAC ATT AGA BAC CGT AGA GCT GBT GIT GET ATG CCT ATT AGT TTC CAG AGA CGA ACT GGBT GAT GCA TIC ACT TAT TIT
Lys Trp Trp Cys Asp Phe His Arg Fhe Ser Tyr Ile Arg Asp Arg Arg Ala Gly Val Gly MET Pro Ile Ser Phe Gln Arg Arg Thr Gly Asp Ala Phe Thr Tyr Phe

1836 GGC AAT ACC ATT BTC ACC ATG GCA GAG TIT GCC TOG TGT TAC GAC ACC GAC CAM TIC GAA AAG CTT TTA TTC TCG GGC GAT GAC TCT CTA GGA TIT TCA TTG CTT CCC
Gly Asn Thr Ile Val Thr MET Ala Glu Phe Ala Trp Cys Tyr Asp Thr Asp €1ln Phe Glu Lys Leu Leu Phe Ser Gly Asp Asp Ser Leu Gly Phe Ser Leu Len Pro

1944 CCT GIT GBT GAT CCG AST AMA TTC ACA ACT CTT TTC AAC ATE GAA BCT AAG GTG ATG GAA CCT GCA GTA CCA TAT ATT TGT TCG AAG TIC TTA CTC TCT GAC GAS TIC
Pra Val Gly Asp Pro Ser Lys Phe Thr Thr Leu Phe Asn MET Glu Ala Lys Val MET Glu Pro Ala Val Pro Tyr Ile Cys Ser Lys Phe Leu Leu Ser Asp Glu Phe

2052 GET AAC ACA TIT TCC GTT CCA GAT CCA TTG CGC GAG GIT CAG CGG TTA GGA ACA AAG AAA ATT CCC TAT TCT GAC AAT GAT GAA TTC TIG TIT GCT CAC TIC ATE AGC
Gly Asn Thr Phe Ser Val Pro Asp Pro Leu Arg Glu Val Glu Arg Leu Gly Thr Lys Lys Ile Pro Tyr Ser Asp Asn Asp Glu Phe Leu Phe Ala His Phe MET Ser

2160 TTT GIT GAT CGA TTG AAG TTT TTG GAT CGA ATG TCT CAG TCE TGT ATC GAT CAG CTT TCA ATT TTC TIT GAA TTG AAA TAC AAG AAG TCT GGG GAA GAG GCT GCT TTA
Phe Val Asp Arg Leu Lys Phe Leu Asp Arg MET Ser Gln Ser Cys Ile Asp Gln Leu Ser Ile Phe Phe Glu Lew Lys Tyr Lys Lys Ser Gly lu Glu Ala Ala Leu

2268 ATG TTA GGC GCC TTT AAG AAA TAT ACC GCT AAT TIT CAS TCC TAC AAG GAA CTC TAC TAT TCA GAT CGT CGT CAG TGC GAA TTG ATC AAT TCG TTT TGT AGT ACA GAG
MET Leu Gly Ala Phe Lys Lys Tyr Thr Ala Asn Phe Gln Ser Tyr Lys Glu Leu Tyr Tyr Ser Asp Arg Arg Gln Cys Glu Leu Ile Asn Ser Phe Cys Ser Thr Glu

2376 TIC AGS GTT GAG CET GTA AAT TCC AAT AAA CAG CGA AAG AAA TAT GGA ATT GAA CGT AGG TGC AAT GAC AAA CGT CGA ACT CCA ACT GGC TCG TAT GGT GOA GOC GAA
Phe Arg Val Glu Arg Val Asn Ser Asn Lys Gln Arg Lys Lys Tyr Gly Ile Glu Arg Arg Cys Asn Asp Lys Arg Arg Thr Pro Thr Gly Ser Tyr Gly 8ly Gly Glu
2b: MET Glu Lew Asn Val Gly Ala MET Thr Aen Val Glu Leu Gln Leu Ala Arg MET Val Glu Ala Lys

2484 GAA GCA GAG ACG AAG ATC TCA CAA GCA GAA TCG ACG GBA ACG AGG TCA CAA AAG TCC CAG CBA GAG AGC GCG TTC AAA TCT CAS ACT GTT CCG CTT CCT ACC GTT CTA
6lu Ala Glu Thr Lys Tle Ser GIn Ala Glu Ser Thr Gly Thr Arg Ser Gln Lys Ser Gln Arg Glu Ser Ala Phe Lys Ser Gln Thr Val Pro Leu Pro Thr Val Len
Lys Gln Arg Arg Arg Ser His Lys Gln Asn Arg Arg Glu Arg Gly His Lys Ser Pro Ser Glu Arg Ala Arg Ser Asn Leu Arg Leu Phe Arg Phe Leu Pro Phe Tyr

2592 TCA ABT AGA T6G TIC GGA ACT GAC AGE GIC GAG CCG CCA TGT GAA CGT GGC GGA GTT ACC CGA GCC TGA BEC CTC TCE TTT AGA GTT ATC GGC GGA AGA CCA TGA CIT
Ser Ser Arg Trp Phe Gly Thr Asp Arg Val Glu Fro Pro Cys Glu Arg Gly Gly Val Thr Arg Ala —
Gln Val Asp Gly Ser Glu Leu Thr Gly Ser Ser Arg His Val Asn Val Ala Glu Leu Pro Glu Pro Glu Ala $er Arg Leu Glu Leu Ser Ala Glu Asp His Glu Fhe

2700 TGA CGA TAC GGA TTG GTT CGC CGE TAA CGA ATG GGC GGA AGG TGC TTT CTG AAA CCT CCC CTT CCG CAA CTC CCT CUG GTC CTG TGE COE GAG CTG AGT TGG CAG TAT
Asp Asp Thr Asp Trp Phe Ala Gly Asp Glu Trp Ala Glu Gly Ala Phe — -

2808 TGC TAT AAA CTG TCT GAA GIC ACT AAA CAC ATT GTG GIG AAC GGG TIG TCC ATC CAG CTT ACG GCT AAA ATG GTC AGT CGT AGA GAA ATC TAC GCC AGC AGA CIT ACA
2916 AGT CTC TGA GGC ACC TTT GAA ACC ATC TCC TAG GIT TCT TCG GAA GGA CTT CGG TCC GTG TAC TIC TAG CAC AAC GTG CTA GTT TAS GGT ACG GGT 5CC CCC CCA CIT
302¢ TCG TEG GGG cot cca aas gga gac ca

Fig. 2. Nucleotide sequence of RNA2 and amino acid sequences of putative 2a and 2b proteins in the Kor-CMV. The con-
scrved sequence showing homology with ICR 2 motif is indicated by ICR 2. The highly conserved 'polymerase site' is
represented by GDD and (S/T)GxxxTxxxN(S/T) which are consensus sequences within RNA-dependent polymerases
(Morch ez al., 1988). The nucleotide sequences written in lower case mean the sense sequences of the primer binding sites
in RT-PCR for the cloning of Kor-CMV RNA2. The nucleotide and amino acid sequences are available in the GenBank
under accession number U66287.



December 1996

1988). Additionally, Kor-CMV RNA2 contains
homologous region with overlapping gene encoding
2b protein that has been found in Q-CMV (Fig. 2;
Ding et al., 1994). The 2b protein of unknown func-
tion is expressed only from a subgenomic RNA4A
(Ding et al, 1995). However, RNA4A was not
found in tobacco leaves infected with Kor-CMV
(unpublished result), so that the putative 2b protein
of Kor-CMV is not likely to be expressed.
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The 3" UTRs of CMV RNAs 1, 2, and 3 contain
the conserved sequences showing tRNA-like struc-
ture (Fig. 3B) that is thought to be the recognition
site of viral RdRp. Although some base changes
have been found in the 3' terminus of Kor-CMV
RNA2 compared with those of Fny-, Y-, K-, Ix-
and O-CMV (data not shown), the whole structure
of stem and loop is conserved well (Fig. 3B). Since
the 3' terminal sequence of Q-CMV (subgroup II) is
considerably different from that of Fny-CMV
(subgroup 1), it seems that the secondary structure is

B . . . .
A ¢ oA a®Cu, A—Uy more important than the simple primary sequence in
vl * CUWGG}‘UCGUC , the function of 3' terminus (reviewed by Palukaitis
UGCC u A aAAACC! AGGAGACCAS
ac y-cado u A et al., 1992).
c S cC Cg G u A
AU u u A
e GC G € c . . . .
‘sc Vs Sal & Analysis of nucleotide and amino acid sequence
AU \ u .
P 0G, Cclgm—s homology
A uGg-u C_Gg
c c CG y c bg
u AU Cca .. .
oS AU ‘s, CMV has been divided into two subgroups based
cC . . . - -
Y ya cq a8 °, on serological relationships, peptide mapping, _and
Ui < Ag vy nucleic acid hybridization (reviewed by Palukaitis ez
ER . al., 1992). Kor-CMV RNA2 shows nucleotide se-

Fig. 3. Secondary structure models of plus-sense RNA se-
quences al the 5' (A) and 3' (B) termini of Kor-CMV
RNA2. The structures were adapted from the similar
models for Q-CMV RNAs by Joshi er al. (1983) and Po-
gue and Hall (1992).

quence homology in decreasing order with O- (97.
5%), Y- (97.3%), Funy- (97.2%), K- (92.0%), Ix- (90.
0%), and Q-CMV (72.5%). From the nucleotide se-
quence homology, Kor-CMV is confirmed fo belong
to subgroup I (For RNA3, refer to Kim et al., 1996)
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Ix TMVKFMCIGQLWCPAFNKCSFISSIAMARALLLVENTPNRTMKCFEDLVAAL YTKSDFYYDDECEADDVQINI SSROVPGYSFEPWSRTSGFEPPPICEA 199
Foy TMVKPMRIGQLWCPAFNKCSFISSTAMARALLLAPRTEHRTMKCFEDLVAAT YTKSDFYVEEECEADDAQ] DISSROVPGYSFEPWSRTSGFEPPPICEA 199
0 TMVKPMRTGQLWCPAFNKCSF1SSTAMARALLT APRTSHRTMKCFEDLVAATYTKEDFYYSEECEADDAQT DISSROVPGYSFEPHSRTSGFEPPPICER 199
v TMVKPMRIGQLWCPAFNKCSF ISSIAMARALLL APRTSHRTMKCFEDLVAA T YTKEDFYYSEECEADDAQIDISSROVPGYSFEPHSRTSEFEPPPICEA 199
Kor TMVKPMRIGOLWCPAFNKCSFISSIAMARALLLAPRTSNRTMKCFEDLVAAI YTKSDFYYGEECEADDVOMDI SSROVPGYSFEPHSRTSGFEPPPICEA 199
****. ‘t' . t‘ ‘*‘ .. *’!¥' !‘*"*,’_’ !v ¥R ¥ ¥REIFNEREY ¥ *" . ,' £ . .’ .ﬂ***l R . .****t**ﬁt.
o CDLILYQCPCFDFNALRESCAEKTFSHDYV IEGLDGYV IDNATLLSNLGFFLLPVHCSYSKTEDPDEVVDPSLARPTORVDVHVVQAVCDTTLPTHENYDD 296
K CDMIMYQCPCFDFNALKKSCAERTFADDYV IEGLDGVVDNATLLSNLGPFL VPVKCQYEKCPTFTVANPFSLNRATORVDINLVQSICDSTLPTHSNYDD 299
Ix CNMIMYQCPCFDFNALKKSCAERTFADDYVIEGLDGVVDNATLLSNLGPFLVPVKCQYKQYPTPTVATPPSLNRATORVDINLVQSICDSTLFTHSNYDD 299
Fny CDMIMYQCPCFDFNALKKSCAERTFADDYVIEGLDGVVDNATLLSNLGPFLVPVKCQYEKCPTPTIATIPFDLNRATORVDINLVQSICDSTLPTHSNYDD 299
) CDMIMYGCPCFDFNALKKSCAERTFADDYV IEGLDGVVDNATLLSNLGFFLVPVKCQYEKCPTPTI ATPPDLNRATORVDINLVQSICDSTLPTHSNYDD 299
¥ CDMIMYQCPCFDFNALKKSCAERTFADDYV IEGLDGVVDNATLLSNLGPFLVPVKCQYEKCPTPTIATPPDLNRATORVDINLVQSICDSTLPTHENYDD 259
Kor CDMIMYQCPCFDFNALKKSCAERTFADDYVIEGLDGVVDNATLLSNLGEFLVEVKCQYENCPTPTLATFFDLNRATDRVDINLVQSICDSTLETHSNYDD 299
# ¥ MENFESZFTERN EXEX EX  TUTITNTINNIT NINANETENIEEEE XX X X_ X RE R EFERE NN ET RAEFE EETE
] SFHQVFVDSADYSTOMDHVRLRGSDLVAKI PDGGHMLPVLNTGSGHORVGT TKEVLTATKKRNADVPELGDSVNLSRLSKAVAERFRLSYMNVDALAKSN 396
X SFHQVFVESADYSIDLDHVRLRQASDLI AKT PDSGHMI PVLNTGSGHKRVETTKEVLTAIKKRNADVPELGDSVNLSRLSKAVAERFFIPYINGNSLASSN 399
Ix SFHQVFVESADYSIDLDHVRLRQSDLIAKTPDSGHMI PVLNTGSGHKRVETTKEVLTAIKKRNADVPELGDSVNLPRLSKAVAERFFIAVINGNSLATSN 399
Fny SFHQVFVESADYSIDLDHVRLRQSDLTAK I PDSGHMI PVLNTGESGHKRVGTTKEVLTAIKKRNADVPELGDSVNLSRLSKAVAERFFISYINGNSLASSN 399
0 SFHQUFVESADYSIDLDHVRLRASDL] AK] PDSGHMI PVLNTGAGHKRVETTKEVLTATKKRNATIVPELEDSVNLSRLSKAVAERFFISYINGNSLASSN 399
v SPHQVFVESADYSIDLDHVRLRQSDLI AKTPDSGHMIPVLNTGSGHKRVETTKEVLTATKKRNADVPEL GDSVNLSRLSKAVAERFFISYINGNSLASSN 399
Kor SFHQVFVESADYSIDLDHVRLRQSDLIAKTFDSGHMIPVLNTGSGHKRVG TTKEVLTAIKKRNADVPELGDSVNLSRLSKAVAERFFISVINGNSLASSN 399

ERTFEXEE CEREEE ¥ FEXLALTETEERE FXEES EEE EIUEFEEIET FRTTEFEFRIFLIEENTERFLTRLELRT FEIFATSASET | R, X | _EE_XEX

Fig. 4. Alignment of the deduced amino acid sequences in the 2a proteins from the published nucleotide sequences of Q-, K-
, Ix-, Fny-, O-, Y-, and Kor-CMV. Stars indicate the positions in the perfectly conserved amino acids. The positions in the
chemically similar amino acids are indicated by '". Four conserved motifs in RNA-dependent polymerases are represented
by A, B, C, and D (Poch et al,, 1987) and eight conserved motifs in RNA-dependent RNA. polymseases are designated by I,
I, II1, TV, V, VI, VII, and VIII (Koonin, 1991). The nearly invariant amino acids in RNA-dependent polymerases are und-

erlined (Poch et al., 1987).
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I II _IXX_
Q FYNVYSNFHAYMOKWPSSELSYDDLPDLHAENL OFYDHMIKSDVKEYVIDTLNVDOREVEAT I TEHKKT 1 TSQFSPLF 1 SLFERFQRCLRERVVLEVGKIS 496
K FYNVVSNFHDYMEKWKSSGLSYDDLPDLHAENLOFYDHMIKSDVEPVVSDTLNIDREVPATTTYHKKGI TSQFSPLETALFERFQRCLRERI ILEVEKIS 499
Ix FVNVVSNFHDYMEKWKSSGLSYDDLPDLHAENLOFYDHMIKSDVEKFVVSDTLN I DREVEAT I TYHKKGI TSAFSPLETALFERFORCLRERVILFVGKIS 499
Fny FVNVVSNFHDYMEKWKSSGLSYDDLPDLHAENLOFYDHMIKSDVKFVVSDTLN I DREVPATI TYHKKS I TSQFSPLFTALFERFQRCLRERI ILPVGKIS 459
o] FVNVVSNFHDYMEKWKSSGLSYDDLPDLHAENLOFYDHMIKEDVKFVVSDTLNI DREVPAT I TYHKKS I TSQFSPLETALFERFOQRCLRERI ILPVEKIS 499
Y FVNVVSNFHDYMEKWKSSGLSYDDLPDLHAENLQFYDHMIKSDVKPVVSDTLNI DRPVPATI TYHKKS I TSQF SPLETALFERFQRCLRERI ILPVGKIS 4599
Kor FVNVYSNFHDYMEXWKSSGLSYDDLPDLHAENLQF YDHMIKSDVKPVVSDTLNIDREVPATI TYHKKS I TSQFSPLETALFERFQRCLRERI ILPVGKIS 499
AEEETZERATNR EE FE ttxxxtttttttttt‘***!!l!*!!!!!!!l_ EEEN .l'l-llllA-ll.l-'Il'lU,_ FEEFEFTFETEET EXFEEETE
__*__IV _____ V.
Q SLEHTGFSVLNKHCLE1DLSKFDKSQGEFHLMIQEHILNDLGCPAPITKWHCDFHRFSYIKDKRAGVGHPISFQRRTGDAFTYFGNTIVTMAEFAWCYDT 596
K SLEMAGFDVKNKHCLEIDLSKFDKSQGEFHLMIQEHILNGLGCPAPITKWWCDFHRFSYIRDHRAGVGMPISFQRRTGDAFTVFGHTIVTMAEFANCYDT 599
Ix SLEMSGFDVKNKYCLEIQLSKFDKSQGEFHLMIQEHILNGLGCPAPITKNWCDFHRFSYIRDRRAGVGMPISFQRRTQDAFTYFGNTIVTMAEFANCYDT 599
Fny SLEMAGFDVKNKHCLEIPLSKFDKSQGEFHLL IQEHI LNGLECPAR I TKWWCDFHRFSY IRDRRAGVGMP 1SFQRRTGDALTYFGNTIVIMAEFAWCYDT 599
(8] SLEMAGFDVENKHCLEIDLSKFDKSQGEEFHLLIQEHILNGLGCPAPI TKWWCDFHRFSYIRDRRAGVGMPISFQRRTEGDAF TYFGNT IVIMAEFAWCYDT 599
¥ SLEMAGFDVKNKHCLEIDLSKFDKSQGEFHLLIQEHILNGLGCPAPITKWWCDFHRFSYTRDHRAGVGMPISFQRRTGDAFTYFGNTIVTMAEFAWCYDT =59
Kor SLEMAGFDVKNKHCLEIDLSKFDKSQGEFHLLIQEHILNGLGCPAPITKHWCDFHRFSYIHDRRAGVGHPISFQRRTGDAFTYFGNTIVTMAEFAWCYDT S99
’l!(t' ¥ = Tk FFEREEERE R MR RN EERERRSE MEFEEFUTNATETERATER W EXREENINNNNFILAANEIN FENNNRSFFFNNNENNNSNE
Vi _
———C—— ———D———— _VII__ —VIII.._
a DOFDRLLFSGDDSLAFSKLPPVGDPSKFTTLFNMEAKVMEPAVEY ICSKFYSLMSLVTRFQSPT-IREIQRLGTKKIPYSDNNDFLFAHFMSFVDRLKFM €95
K DOFEKLLFSEDDSLEFSVLPPVEDPSKFTTLENMEAKVHEPAVEY ICSKFLLSDEFGNTFSVPDPLREVQRLETEKIPYSDNDEFLFAHFMSFVIDRLKFL 699
Ix DQFEKLLFPGODSLEFSVLPPVEDPSKFTTLEFNMEAKVMERPAVPY I CSKFLLSDEFGNTFSVEDPLREVQRLG TKK IPYSDNDEFLFAHFMSEFVDRLKFL £99
Frny DOFEKLLFSEODSLEFSLLPPYGDRSKETTLENMEAKVMEPAVEY ICSKFLLSDEFGN T FSVPDPLREVQRLGTKK I FYSDNDEFLFAHFMSEVDRLKFL 659
0 DQFEKLLFSEDDSLGFSLLPPVGDPSKFTTLFNMEAKVMEPAVPY 1 CSKFLLSDEFGNTFSVPDPLREVORLGTKK Y PYSDNDEFLFAHFMSFVDRLKFL. 699
Y DOFEKLLFSGDDSLGFSLLPFVGDPSKFTTLFNMEAKVMEPAVEY ICSKFLLSDEFGNTFSVPDPLREVQRLGTKKIPYSDNDEFLFAHFMSFVDRLEFL 699
Kor DOFEKLLFSEDDSLGFSLLPFVGDPSKFTTLFNMEAKVMEPAVPY I CSKFLLSDEFGNTFSVPDPLREVARLGTKKI PYSDNDEFLFAHFMSFVDRLKFL 699
lxllltt*_ti***_*t EENEEEE LRI RSP TEE TR AT EENT .. . * !. '*K'*!**tt$*!*$#!. .**tkttxittltxxl.
Q DRMEOSCIDALSIFFELKYKKSGNEAALVLGAFKKY TANFNAYKELYYSDRQQCOLVNTFCISEFRVIRRTTVEKKKN--GCVDSSGVDRRFPLEQFAGE 793
K DRMTQSCIDQLSLFFELKYRKSCAEAALMLEAFKKY TANFOSYKELY YSDRROCELINSFACVELR I ERSSSTKQRKKKDG I ERRRDDKRRTFTGSYGGE 799
Ix DRMTQSCIDQLSLFFELKYRKSGAEAALMLGAFKKY TANFOQSYKEL YYSDRRACELINSFSCVELRI ERSSFIKQRKKKDG I ERRRNDKRRTPTSPHGGE 799
Fny DRMSQSCIDULSIFFELKYKKSGEFAALMLGAFKKYTANFASYKELY YSDRROCEL INSFCSTEFRVERVNSNKORKNY—G T ERRCNDKRATETESYGEE 798
o] DRMSQSCIDALSIFFELKYKKSGEEAALMLGAFKKY TANFQSYKELY YSDRROCELINSFCSTEFRVERVNENKQRKKY—-GIERRCNDERRTETGSYGES 798
Y DRMSQSCIDALS I FFELKYKKSGEEAALMLGAFKKY TANFOSYKELYYSDRROCELINSFCSTEFRVERVNSNKORKKY—G I ERRCNDERRTETGEYGEE 70E
Kor DRMSOSCIDQLSIFFELKYKKSEEEAALMLGAFKKYTANFQSYKELY YADRRACEL INSFCSTEFRVERVNSNKQREKKY -G I ERRCNDERRTRTGSYGEE 798
Exk FEEFTEFF FEEFIT 2ry FEEN FTEFTFEEETYY EEXFANNNE XN N K X, x = = =, W = T L .=
@ ETSKTKVSRUKPASEGLOKSQRESAIYSETFPDVTIFPRSR————————SRGLVS— 839
K EEAETKVSQAESTGTRSQUKSQREGAFKSQAVELET I LSSRWFGTDROVEPCEHGGIVRY 858
Ix EETETKVSQEESTGTMLOKSORESAFKSQTIPFETVLSSRRFGIDRDVPPRECEGIVRY 858
Fny EEAETKVSUTESTGTRIQKSQRESAFKESQT IPLPTVL SSGHWFGTDRVMPPCERGGV TRV 857
0 EETETKVSQTESTGTREQKSORESATKSQTVPLETVLSSRWFGTDRVIPPCERGGVTRA B57
4 EEARETKVSUTESTGTRSAKSORESAFKSOTVPLPTVLSSRWFGTORVMPPCERGGVTRA 857
Kor EEAETKISOAESTGTRSQKSQRESAFKSQTVPLFTVLESSRWFGTDRVEPPCERGGEVTRA 257

= wE Ok EkwExk ¥ X F T o=

Fig. 4. Continued.

because Kor-CMV shows higher homology with
Fny-CMV (subgroup I) than Q-CMV (subgroup II).
The amino acid sequence of the 2a protein of Kor-
CMV was aligned with those of Q-, K-, Ix-, Fny-,
Y-, and O-CMV (Fig. 4). The 2a protein (poly-
merase) is the only viral protein containing motifs
conserved throughout plus-sense RNA viruses. Eight
conserved motifs were identified from the linear
alignment of RNA-dependent RNA. polymerases from
plus-sense RNA viruses (Fig. 4; Koonin, 1991),
whereas only four motifs were found in RNA-de-
pendent polymerases including RNA-dependent DNA
polymerases (Fig. 4; Poch et al., 1989). The central
part that contains conserved motifs is more conserved
than N-terminal or C-terminal portion (Fig. 4). The
2a protein of Kor-CMV shows the highest homology
with that of O-CMV (98.8%) and the lowest homol-
ogy with that of Q-CMV (74.9%). Additionally, the
2a protein of Kor-CMV shows more homology with
those of Y-CMV (98.7%) and Fny-CMV (98.3%)
than those of K-CMV (94.9%) and Is-CMV (91.9%).
The phylogenetic tree based on the amino acid sim-
ilarity reflects that the 2a protein of Kor-CMV is
very closely related to those of O-, Y- and Fny-CMV
(Fig. 5). Additionally, the tree represents that the 2a

Y

Kor

Fig. 5. Phylogenetic tree based on the amino acid sim-
ilarities in the 2a proteins of Q-, K-, I, Fny-, O-, Y-, and
Kor-CMV RNAZ2.

protein of Q-CMYV is distinctly different from the oth-
er CMYV strains and the 2a proteins of Ix- and K-
CMYV are similar to each other.
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