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In mammalian and yeast systems, methyltransferases have been implicated in the regulation of diverse
processes, such as protein-protein interactions, protein localization, signal transduction, RNA processing, and
transcription. The Cucumber mosaic virus (CMV) 1a protein is essential not only for virus replication but also
for movement. Using a yeast two-hybrid system with tobacco plants, we have identified a novel gene encoding
a methyltransferase that interacts with the CMV 1a protein and have designated this gene Tcoil (tobacco CMV
la-interacting protein 7). Tcoil specifically interacted with the methyltransferase domain of CMV 1a, and the
expression of Tcoil was increased by CMYV inoculation. Biochemical studies revealed that the interaction of
Tcoil with CMV 1a protein was direct and that Tcoil methylated CMV 1a protein both in vitro and in vivo. The
CMYV 1a binding activity of Tcoil is in the C-terminal domain, which shows the methyltransferase activity. The
overexpression of Tcoil enhanced the CMYV infection, while the reduced expression of Tcoil decreased virus
infectivity. These results suggest that Tcoil controls the propagation of CMV through an interaction with the

CMV 1a protein.

Protein methylation is a posttranslational modification by
which a methyl group from S-adenosylmethionine (AdoMet) is
added to a protein. In eukaryotes, proteins can be methylated
on the side chain nitrogens of arginine, lysine, and histidine
residues or on the carboxyl groups of proteins (1). Whereas
N-methylation on nitrogen or oxygen atoms of Lys and Arg
side chains, particularly on the same histone tails that are
acetylated, is more commonly reported, C-, O-, and S-methyl-
ations of protein side chains have also been reported previ-
ously (53). The C-methylation of arginine and glutamine side
chains has been detected by X-ray analyses of the structures of
methyl coenzyme M reductases from methanogenic bacteria
(15).

As other posttranslational modifications, protein methyl-
ation is involved in regulating protein-protein interactions, re-
sulting in a plethora of effects during key cellular events that
include the regulation of transcription (32, 48), stress response,
ageing and protein repair (8), nuclear transport (47), and ion
channel function (52), as well as cytokine signaling (42).

Furthermore, protein methylation has been shown to be
important for virus replication and the infectivity of various
viruses. Herpes simplex virus replication is regulated partly by
the methylation of the RNA binding domain (BD) in the
Herpes simplex virus ICP27 protein (39). In vaccinia virus, the
inhibition of AdoMet-dependent protein methylation reac-
tions results in decreased virus replication (4, 28). Arginine
methylation of the adenovirus E1B 55-kDa protein-associated
protein E1B-APS5 has also been shown previously to be re-
quired for efficient adenovirus replication (31). Furthermore,
in a small form of hepatitis delta virus delta antigen that can
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transactivate hepatitis delta virus RNA replication, methyl-
ation at arginine residues of the RNA binding motif is required
to support RNA replication (34). For human immunodefi-
ciency virus (HIV), various reports implicate the involvement
of methylation in virus replication regulation (5, 18, 24, 25, 30,
50, 55). For example, adenosine analogues have been shown
previously to have antiviral activity (18), and treatment with
adenosine periodate, a general inhibitor of many methyltrans-
ferases (MTs), increases virus production but reduces virus
infectivity (55).

Cucumber mosaic virus (CMV) is a type member of the
genus Cucumovirus in the family Bromoviridae. CMV particles
are icosahedral and contain a tripartite, positive-sense RNA
genome with components designated RNAs 1 to 3 (44). CMV
RNAs 1 and 2 each encode a protein involved in the replica-
tion of the viral genome, 1a protein and 2a polymerase protein,
respectively (6, 44). RNA 1, encoding sequence motifs con-
served in MTs (40, 41, 45) and helicases (Hels) (17, 19, 22), and
RNA 2, encoding the polymerase, have been shown to be
associated in a membrane-bound RNA-dependent RNA poly-
merase (RdRp) (21) constituting the CMV replicase. The ac-
tive CMV replicase consists of both la and 2a polymerase
proteins, as well as one or more host factors. RNA 2 has an
additional open reading frame encoding a protein called 2b
(14), which participates in host-specific virus accumulation, the
suppression of posttranscriptional gene silencing, and viru-
lence determination (38). RNA 3 encodes the 3a movement
protein (MP), which is crucial for the movement of viral RNA
from cell to cell (13). The MP also binds to single-stranded
nucleic acids in vitro (33, 51). RNA 4 is a subgenomic RNA
derived from the 3’ half of RNA 3 and is involved in the
synthesis of viral coat protein (CP) (46). The CMV 1a protein
has been implicated not only in replication, but also in the
regulation of systemic infections (43). Thus, the identification
of cellular proteins that are able to interact with and regulate
the CMV 1la protein may constitute the first step toward un-
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derstanding the mechanisms underlying CMV intracellular
propagation or other functions of this protein.

To search for cellular components that interact with the
CMYV la protein, yeast two-hybrid screening experiments were
conducted by using CMV 1a as bait. A novel protein contain-
ing an MT domain was isolated, and its gene was designated
Tcoil (tobacco CMV la-interacting protein 7). This report
presents in vitro and in vivo biochemical evidence which shows
the interaction of the la protein of CMV with Tcoil. It was
also shown that CMV 1a protein was methylated by Tcoil. In
addition, the reduction in the accumulation of CMV RNAs in
antisense-Tcoil transgenic plants implied that Tcoil may affect
CMV replication and/or spread.

MATERIALS AND METHODS

Yeast two-hybrid screening. The MatchMaker II GAL4 two-hybrid system was
purchased from Clontech Laboratories (Palo Alto, CA). The pACT2 activation
domain (AD) expression vector was used to make a cDNA library with the RNA
extracted from CMV-infected tobacco leaves. The library was screened using the
pAS2-1::CMYV 1a BD fusion vector as bait. Saccharomyces cerevisiae strain Y190
(MATa HIS3 lacZ npl leu2 cyh'2) or HF7c (MATa HIS3 lacZ trpl leu2) was
transformed with the two fusion vectors as directed by the manufacturer’s in-
structions. The transformed yeast cells were selected on minimal synthetic drop-
out medium that lacked Leu, Trp, and His. To eliminate false-positive clones, the
synthetic dropout medium plates were supplemented with 50 mM (Y190) or 5
mM (HF7c¢) 3-amino-1,2,4-triazole. Yeast cells were permitted to grow at 30°C
for 8 to 12 days and subjected to the colony-lift filter assay, which monitored
B-galactosidase activity using 5-bromo-4-chloro-3-indolyl-B-p-galactoside (X-
Gal) as the substrate. Putative positive clones (Leu™ Trp* His™) identified by
this assay were confirmed to be positive by retransformation. Plasmids were
isolated from each Leu* Trp™ His* LacZ" transformant by using a yeast
plasmid isolation kit (Clontech). Escherichia coli XL1-Blue cells (Stratagene)
were then transformed with the plasmids by electroporation. The bacterially
propagated pACT?2 fusion plasmid was isolated and analyzed.

Northern blot analysis. For Northern blot analysis, total RNA was prepared
from the tobacco leaves as described by Ausubel et al. (2). Fifteen micrograms of
total RNA was electrophoresed in a 1.0% agarose gel containing 6% formalde-
hyde in MOPS (morpholinepropanesulfonic acid) buffer (pH 7.0) and trans-
ferred onto a Nytran Plus membrane. The RNA analysis was repeated three
times, and samples from two plants per treatment were collected. Northern blot
hybridizations were carried out with 3P-labeled probes. After hybridization, the
membranes were washed twice with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015
M sodium citrate) at room temperature for 10 min each time, once with 0.1Xx
SSC containing 0.1% sodium dodecyl sulfate (SDS) at room temperature for 10
min, and once with 0.1X SSC containing 0.1% SDS at 65°C for 5 min. The
membranes were dried and exposed to X-ray film or directly visualized with the
BAS 2500 phosphorimager (using Fuji photo film). Filters were stripped in 0.1X
SSC-0.2% SDS at 80°C for 20 min when reprobing was required. For the
quantification of the CMV RNA band intensities, the CMV RNA 4 bands on
Northern blots were quantified using a phosphorimager and ImageQuant soft-
ware and the values were normalized by the intensities of the wild-type bands in
the corresponding lanes and expressed as log, ratios.

RT-PCR analysis. Total RNA was isolated from 4-week-old tobacco leaves by
the method of Ausubel et al. (2). For the reverse transcription-PCR (RT-PCR)
analysis, cDNA was synthesized from DNase I-treated total RNAs by using
Moloney murine leukemia virus reverse transcriptase (Promega) and random
hexamer primers. PCRs (94°C for 3 min; 25 cycles of 94°C for 1 min, 57°C for
45 s, and 72°C for 2 min; and 72°C for 7 min) were performed for Tcoil (primers,
5'-AACACGCAAATGGCTTTCAGTTTCAAG-3" and 5'-TATGGGGGGAA
AATTAGTAAGGAACGGT-3'), PR-1 (primers, 5'-GCGAAAACCTAGCTT
GGGGAAG-3' and 5'-TATATAACGTGAAATGGACGC-3"), the CMV 3’ un-
translated region (primers, 5'-TTCTGTGTTTTCCAGAACC-3’ and 5'-GACA
GGATCCACGCGTGGTCTCCTTTTGGA-3"), and L25 (primers, 5'-TGCAA
TGAAGAAGATTGAGGACAACA-3' and 5'-CCATTCAA GTGTATCTAGT
AACTCAAATCCAAG-3"). Unless otherwise specified, all experiments
reported in this paper were performed at least three times, with similar results.

In vitro transcription and translation. The pGADT?7 plasmids containing the
coding sequences for CMV 1la, the CMV la MT domain alone (CMV 1a-MT),
or the CMV 1la Hel domain alone (CMV 1la-Hel) under the control of the T7
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promoter were used as templates in coupled in vitro transcription-translation
reactions with the TNT wheat germ system (Promega). Proteins were synthesized
with [**S]Met (Amersham Pharmacia Biotech) for 1 h.

Preparation of recombinant proteins. All the glutathione S-transferase (GST)
fusion proteins were expressed in E. coli and purified by standard procedures. In
brief, cells harboring GST or GST fusion expression plasmids were induced with
1 mM isopropyl-1-B-p-thiogalactopyranoside (IPTG) for 2 to 3 h at 30 or 37°C.
Cells were washed with phosphate-buffered saline (PBS), resuspended in lysis
buffer, and sonicated. Supernatants obtained by centrifugation were loaded onto
a glutathione-agarose column (1 by 10 cm). The column was washed with 5
column volumes of lysis buffer. The bead-bound proteins were eluted with lysis
buffer containing 10 mM reduced glutathione. Purified proteins were stored at
—70°C.

BRET. Gaussia luciferase (RLuc) and yellow fluorescent protein (YFP) open
reading frames were inserted into the Sacl site of the modified pCAMBIA2300
vector (CAMBIA) containing the 35S promoter and the Nos terminator. The
CMYV 1la cDNA was fused upstream of the RLuc cDNA, and ¢cDNA for Tcoil,
the truncation form Tcoild3, or the Tcoil MT domain alone (Tcoil-MT) was
fused upstream of the YFP gene. RLuc cDNA was obtained from Prolume Ltd.
(Pinetop, AZ). For in vivo assays, luminescence activity and the yellow/blue ratio
were measured by following previously described procedures (49). Emission was
measured using an injector-equipped plate reader spectrofluorometer (Fluostar
Optima) at the wavelengths of 475 and 535 nm, corresponding to the maxima of
the emission spectra for RLuc and YFP, respectively. Bioluminescence reso-
nance energy transfer (BRET) measurements were taken at 0.4- to 0.5-s inter-
vals.

Immunoprecipitation. For the Tcoil-gene fluorescent protein (GFP) gene
construct, a fragment was generated by PCR using the primers Tcoil-5" (5'-CC
GGATCCCATGGCTTTCAGTTTCAAG-3") and TcoilNonstop (5'-AAGGAT
CCAGTAAGGAACGGTAGC-3"). The Tcoil-GFP gene fusion construct was
generated by positioning the coding region of Tcoil cDNA, without the termi-
nation codon, in frame relative to the end of the GFP gene corresponding to the
N terminus of soluble modified GFP. The construct comprised the cauliflower
mosaic virus 35S-mGFP4-NosT region from pBIN 35S-mGFP4 cloned into the
high-copy-number pUC118 plasmid, and site-directed mutagenesis was carried
out (10, 11). In the case of the CMV la-hemagglutinin (HA) construct, two
repeats encoding the HA epitope (YPYDVPDYA) were inserted into the Sacl
site of the modified pCAMBIA2300 vector (CAMBIA) containing the 35S pro-
moter and the Nos terminator. The CMV 1a cDNA was then fused upstream of
the double HA epitope sequence. The fusion constructs were introduced into
Arabidopsis thaliana protoplasts (26). Following this introduction, immunopre-
cipitation experiments were performed as previously described (9). The mem-
brane was then analyzed by a Fujix LAS3000 bioimaging analyzer.

In vitro MT assays. MT assays were carried out as previously reported (35, 36).
Briefly, a soluble cell extract or purified GST-Tcoil proteins were allowed to
react with methyl acceptors GST-CMV 1a-MT, GST-CMV 1a-Hel, or GST-
CMV 2a in the presence of 0.25 p.Ci of S-adenosyl-L-[methyl-*H]methionine as a
methyl donor for 2 h at 30°C. The reaction products were resolved by SDS-
polyacrylamide gel electrophoresis (PAGE). The gels were fixed and treated with
an amplifier (Amersham-Pharmacia Biotech) for 15 min, dried, and then ex-
posed to X-ray film at —80°C for 5 to 14 days. The gels were then analyzed by
using a Fujix BAS 1000 phosphorimager.

In vivo MT assays. For in vivo MT assays of CMV 1a, the CMV 1la-HA and
Tcoil-GFP or Tcoil-MT-GFP fusion constructs were introduced into Arabidop-
sis protoplasts, prepared from whole seedlings by the polyethylene glycol-medi-
ated transformation procedure (26). After 48 h, the incubated cells were har-
vested, rinsed with PBS, and incubated in 700 pl of lysis buffer (100 mM Tris-HCl
[pH 8], 250 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, Roche protease inhibitors) on ice for 30 min. After centrifugation for 15
min in a microcentrifuge, a 20-pl bed volume of protein A-Sepharose and 2 pl
of polyclonal anti-HA antibody were added to the supernatant and the mixture
was incubated overnight at 4°C with rocking. The Sepharose beads were then
washed three times with lysis buffer, and bound proteins were eluted with 40 pl
of 2% SDS. The total eluate was loaded onto a 12% polyacrylamide gel and
transferred onto a polyvinylidene difluoride membrane. CMV 1a proteins were
identified by Western blotting using monoclonal mono-/dimethylarginine anti-
body (Abcam). The blot was developed with horseradish peroxidase-conjugated
secondary antibodies and evaluated using ECL chemiluminescence detection
(Amersham Biosciences).

Analysis of transgenic plants with Tcoil in the sense or antisense orientation.
Plasmids used in the transformation of tobacco plants were constructed with
sense- and antisense-orientated full-length Tcoil ¢cDNA that was cloned into a
polylinker site of a binary vector, pMBP2 (20). The constructs were introduced
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into Nicotiana tabacum cv. Samsun NN by using Agrobacterium tumefaciens-
mediated transformation as described previously (23).

Detection of the CMV CP by ELISA. Tobacco leaves inoculated with CMV
were harvested at 9 days postinoculation (dpi). The leaves were transferred into
a microcentrifuge tube and ground with a disposable grinder in 200 pl of extrac-
tion buffer (0.1 M Tris-HCI with 1% sodium sulfite, pH 7.4). The total protein
concentrations were determined using Bio-Rad protein assay reagent (Hercules,
CA). The enzyme-linked immunosorbent assay (ELISA) plates were activated
overnight at 4°C with protein extract (45 ng). The plates were washed with a 0.01
M Tris-HCl solution containing 0.85% NaCl and 0.05% Tween 20 at pH 7.4. The
plates were then blocked for 1 h with 1% bovine serum albumin in 0.1 M
Tris-HCI with 0.85% NaCl at pH 7.4. After the addition of antigens, the anti-
CMYV antibody was diluted to 1:500, and 200 pl of the dilution was applied to
each plate for 2 h. After the plates were washed, 100-pl aliquots of alkaline
phosphatase goat anti-rabbit immunoglobulin G (Sigma) diluted to 1:2,000 were
added to the plates for 2 h. The plate contents were developed with 100 pl of a
substrate solution containing p-nitrophenyl phosphate (Sigma; 1 mg/ml) in 0.2 M
carbonate buffer, pH 9.8, and were measured at 4,5 in an ELISA reader
(Bio-Rad).

Nucleotide seq e accessi ber. The nucleotide sequence determined
in this study has been deposited in the GenBank database under accession
number AY391749.

RESULTS

Identification of Tcoil, a protein that interacts with CMV 1a
protein, by yeast two-hybrid screening. CMV 1a fused in frame
to the GAL4 DNA BD was used as the bait in a yeast two-
hybrid system. A library of N. tabacum cDNA fused to the
GAL4 AD sequence and expressed from the pACT2 vector
was screened. Of the 1.5 X 10° transformants screened, 368
colonies initially grew on plates devoid of Leu, Trp, and His.
When these 368 clones were retransformed and subjected to a
colony-lift filter assay, 14 clones were observed to exhibit B-ga-
lactosidase activity (data not shown). Three clones were shown
to contain the same cDNA insert, varying only in the length
upstream of the polyadenylation sequence. This cDNA insert
was designated Tcoil, and the longest form of the insert, ~900
bp, was further characterized.

The interaction between CMV 1la and Tcoil was confirmed
using additional plasmid combinations and constructs to test
for the autonomous activation of the HIS3 and lacZ reporter
genes, for possible direct interactions with the GAL4 BD or
AD, and for potential artifacts caused by high-level expression
of the encoded GAL4 fusion protein (Table 1). Neither
pAS2-1::CMV la (bait) nor pACT2::Tcoil (prey) alone acti-
vated the HIS3 or lacZ reporter gene. Tcoil (expressed from
pACT2::Tcoil) did not interact with the GAL4 BD itself, nor
did CMV la (expressed from pAS2-1::CMV 1a) interact with
the GAL4 AD. The CMV 1a protein has two functional do-
mains: a putative MT domain and a putative Hel domain. To
test which domain of CMV 1a interacted with Tcoil, each
domain was fused to the GAL4 BD. Tcoil was observed to
interact with CMV 1a-MT (the region from amino acids 1 to
456 of the CMV la protein) but not with CMV la-Hel (amino
acids 646 to 993). These results were confirmed by quantitative
B-galactosidase assays using a very sensitive luminescence-
based detection system. The B-galactosidase activity of co-
transformants expressing CMV 1a and Tcoil was about 44% of
that observed in the positive control (carrying pVA3-1 and
pTD1-1). Cotransformants expressing CMV 1a-MT and Tcoil
showed slightly higher activity levels than cotransformants ex-
pressing CMV 1a and Tcoil. Additionally, the interaction of
Tcoil with other CMV-encoded proteins, which are 2a, MP,
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TABLE 1. Interaction of Tcoil and CMV 1a in yeast cells

Result for yeast cells with
indicated vector(s) in

GAL4 BD vector GAL4 AD assay(s) for:
vector
. B-Galactosidase
His activity”
pAS2-1::CMV la None” - =
None* pACT2::Tcoil - -
pAS2-1:CMV la pACT2 - =
pAS2-1 pACT2::Tcoil - -
pAS2-1:CMV 1la pACT2::Tcoill  +  + (33,000 = 1,000)
pAS2-1:CMV 1a-MT”  pACT2::Tcoil +  + (35,000 = 2,000)

pAS2-1:CMV 1la-Hel® pACT2::Tcoill

“ No coexpressed vector.

? Encodes the MT domain of CMV 1a protein.

¢ Encodes the Hel domain of CMV 1a protein.

4 The colony-lift filter assay and a liquid culture assay with o-nitrophenyl-B-
D-galactopyranoside as the substrate were used to evaluate B-galactosidase ac-
tivity. +, blue colonies resulting from positive B-galactosidase activity; —, white
colonies resulting from negative B-galactosidase activity (same as that in the
buffer control). Values are means * standard deviations and are expressed as
Miller units.

and CP, was tested. The Tcoil did not interact with any other
CMV-encoded proteins (data not shown). Therefore, the
Tcoil appeared to interact specifically and strongly with CMV
la through the MT domain of CMV la.

Cloning and sequence analysis of Tcoil cDNA reveals an
MT domain. Sequence analysis of the 900-bp Tcoil cDNA
insert identified an open reading frame of 874 nucleotides in
frame with the GAL4 AD sequence and showed this cDNA to
be an incomplete clone. By using this 900-bp fragment for the
screening of the \-GEM11 N. tabacum cDNA library, we iden-
tified two hybridizing plaques, each of which contained a single
insert that included a genomic sequence identical to the se-
quence of the Tcoil cDNA clone. A comparison of the Tcoil
c¢DNA sequences and the 900-bp fragment showed that the
latter appeared to lack the 456 nucleotides of the coding region
corresponding to the N terminus of Tcoil. We then used 5’ and
3’ rapid amplification of cDNA ends to confirm this finding
and to clone full-length Tcoil cDNA from N. tabacum poly(A)-
containing RNA. Clones for a full-length cDNA sequence of
1,355 nucleotides, predicted to encode a protein of 370 amino
acids, were obtained. This cDNA contained the 1,100-nucleo-
tide complete Tcoil coding sequence, flanked by a 24-nucleo-
tide 5" untranslated region and a 221-nucleotide 3’ untranslated
region (Fig. 1A).

Sequence analysis of Tcoil revealed that it was an unchar-
acterized gene predicted to encode a novel protein. The posi-
tion-specific iterative Basic Local Alignment Search Tool (PSI-
BLAST) predicted residues 188 to 345 of Tcoil to contain an
MT domain belonging to the UbiE-like C-MT family, the
members of which are involved in carbon methylation reac-
tions in the biosynthesis of ubiquinone and menaquinone. As
shown in Fig. 1B, the primary sequence of Tcoil was only
distantly related to those of characterized UbiE MT family
members, including the A. thaliana UbiE (33% identity), E.
coli UbiE (19.8% identity), and S. cerevisiae UbiE (13.6%
identity). Two (motif II and motif III) of the three motifs of
sequence similarity present in AdoMet-dependent MTs were
present within the predicted Tcoil MT domain (27).
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A.

1 gctcgcatcaagattaacacgeaaatggetticagtticaagecttgacactgtgaatcee
M A F S F KL DTV NP
aatttcttcaccctaactaacaatccaataagaagaagccocgtaatgttttggggtitaaa
N F FTLTNNUNZP®PTIIRI®RSIRNUVILGTF K
ttgtcagcttcttcaagcagtagtggaaatgcacaaatttcagaggcatttgaggaagga
L S A S S8 8§ 8§ 8 G N AOQ S A F E E G
caacttgaaaggcctegttggacaggggaaaceccactttcacgtectagttggagetett
Q L E R P R W T G E P L S RL V G A L
atttccttcasacctetcttctetatactcaaacttggtgecagacaagttcttatecagt
I1 S FKPLUF FSILIKILGARTZ OUVILTIS
acagctgagaaaactaatattccatggagggagatgacaaaggagatactggattctgat
T AEKTWNTIUPWREMTI KETITLTDSD
gtttacaaagagttagagagcatccagaatcctgecattgtatatectgattattateta
vV Yy K ELE S I QNWPATI VY PDY Y L
aatceccttccacgegtatgatgaaggcaacctctectgoetggetgcagetgaagtagag
N P FH A Y DEGNILSWIUIL A A A E V E
gctgcaaccatgtcgatggtgagacgtgecaatacctaatgetteottcacttgaagaagea
A A TM S MV RRAI PNAS S L EE 2
aaccagatagtacgcggaaattggcttgacgcaatcgaaaaacatcatcaacaatattca
N Q I VR GNWULUDATIEIKHUHOQOQOUY S
ggagacttgtcaatcagagacattcttgacattogatgctetgttggtgtaagcacagga
G D L S I R D I L D o] s G
tatcttgecggacagatatccttitgetaaagtaactggtetggatectticacettatttt
Y L A D R Y P F A K V T G L DL S P Y F
cttgctgttgctcagtataaagasaagaaaagaagcgagagaaagaatcctatcagetgg
L a2 VvV A2 0 Y KE K KR S ERKNUP I S W 252
atacatgcaaacggcgaaaacactggcttgocttcoccaaatcatttgaccttgtttcaatt
I HANGEWNTGTLZ®P S KS F DL VS I
gcttatgtgtttcatgaatgtectgaaagagcaataagaaatttagtgaaggagtcattt
A Y V F HE CP E R A I R NTIL V KE S F
cggatactitegacctggaggaactgttgetataactgataactegecaaagtegaagatt
R I L R P & T ¥V A 1 T DN S P K S K I
cttcaggaattaccaccagtgectgtttacattgatgaagagcacagaaccttitctggat
L Q E L PP VL PFTULMUEKT STEZ®PTFTLD
gagtattacttgactgatcttgaaagagtgatgagggaaactggttttgeccaatgtacaa
E Y ¥ L T P L E RV MRETGTF a NV Q 352
actgttctcactgatectagacacagaactgttaccgetacegttecttactaattttee
T V L T DUP RHIRTV TATV P Y * 37
ccccatacttactgaageatgttttgttagecaatctgetcaggaaattggaagagaaaaa
asacatataatctgttaagtttggaacagattttttatccatcatttagaaaagaaaaaa
tgcagcagcttttgtasactatgaaattactatgttttttttttettgtagtaattattt
aattttecttttttgogasaaaaaaaaaaaaaaaa
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--------------------------- V A.thaliana
——————————————————— ETFQ A E. coli
------------------- K Y kil Wle] s K S. cerevisiae
TNIPWREMTKE 1D s vy ke LEMI N. tabacum
------------ RI--LBEINRIINP Vv A.thaliana
———————————— mAH H K E. coli
———————————— G S N R S. cerevisiae
P DY prHaYyDEGNMSEIL Aa AE N tabacum
N = D LEAS L GIdH R REEEW Bl A.thaliana
v - pLMsBlc 1 HR LEIWEEEEE E. coli
L - DAAM S L G I HR LENWENEEE S. cerevisiae
v R pNARsLEE Ao 1 v RGcMW N. tabacum
KN vVsw PN « I DY ----- A.thaliana
g - IDC vV R Thd- - - - - E. coli
j40 H NKLDAG PBIs T T p LBF s. cerevisiae
Y. ceExunnoo YERERLs trpI1 LD 1ccs vEIVE] N tabacum
A cl)- - - - - IR RS s = x - - - - - v A.thaliana
WYL - - - - - TR T AKEF - - - - - RLV E E. coli
IMvINES - - - - - FE 1 PG D s 2 el FBID T s. cerevisiae
T ¢ PSRN« vEdc L b s o B a0 vPE N. tabacum
ty - - - - - - - - - k viflc L o Bls B A ATROQ A.thaliana
- - - - - - - - - v L APEAN E s k MEIR eBL E. coli
ES-=-======~= TMD 1 viEdNEp KEIMME KR A S. cerevisiae
KKRSE---RKNPTIS H AN - 7 ¢ . PAIKHE N. tabacum
sLKARSCYR--cz EGDA ID - D C E A.thaliana
-RNIVI———GN YyvolxxBa -BPDNT E. coli
-MEoMk y FEAD pREAR F LV s xME E 1 DB s. cerevisiae
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FIG. 1. Comparison of Tcoil nucleotide and protein sequences. (A) Nucleotide sequence of Tcoil cDNA and corresponding deduced amino
acid sequence. The MT domain is underlined, and motif II and motif III of AdoMet-dependent MTs are marked in italics. (B) Alignment of the
predicted Tcoil amino acid sequence with those of other UbiE-like C-MT family members. Sequences from A. thaliana (At1g23360), E. coli, and
S. cerevisiae are compared. The alignments were generated from DNAStar MegAlign by using the PAM 250 table and the Jotun Hein method. The

shaded residues match the consensus within two distance units.

Genomic organization and tissue-specific expression of
Tcoil. Southern blot analysis carried out with a full-length
Tcoil probe revealed four or five fragments that hybridized to
the probe under medium-stringency conditions (Fig. 2A). This
result indicates that the Tcoil gene is present as a small gene
family in the tobacco genome.

To examine the steady-state transcript levels of the Tcoil
gene in various plant organs, total RNA was extracted from
stems, flowers, leaves, and roots and Northern blot analysis was
performed with a Tcoil-specific probe. Tcoil gene transcripts
accumulated in the stems and leaves but were not detected in
flowers and roots (Fig. 2B).

Expression patterns of Tcoil upon CMYV inoculation. The
expression pattern of the 7coil gene was monitored using
RT-PCR analyses of tobacco plants after CMV inoculation.
Total RNA from CMV-inoculated leaves was extracted at des-
ignated time points. A mock inoculation treatment was also
included as a control to eliminate any possible wounding-in-
duced Tcoil gene expression that may arise from rubbing with
Carborundum. As shown in Fig. 2C, there were no detectable
changes in Tcoil transcript accumulation in mock-inoculated
leaves. However, in CMV-inoculated leaves, Tcoil transcripts
were induced at 1 dpi and began to decrease by 3 days after
CMV inoculation. The band intensities observed for the CMV-

inoculated plants were 2.5 to ~3 times higher than those ob-
served for the mock-inoculated leaves. The expression of CMV
viral genes was investigated by the detection of the conserved
3" ends of CMV RNAs as a positive control for CMV inocu-
lation. PR-1 gene expression patterns were also monitored in
control experiments, as the PR-/ gene has been previously
reported to be induced during susceptible responses to CMV
(54). As an internal standard for cDNA quantity evaluation,
the expression level of ribosomal protein gene L25 was com-
pared to the results obtained. These results indicated that
Tcoil was induced in response to CMV infection.

Determination of the CMV 1a binding regions of Tcoil. To
determine the region in Tcoil that serves as a BD for CMV la,
full-length Tcoil and various N- and C-terminal deletion con-
structs were tested for their interaction with full-length CMV
la in a yeast two-hybrid system (Fig. 3A and B). Proper ex-
pression of the prey proteins was verified by protein gel anal-
ysis (data not shown). Some truncation proteins (Tcoild2 and
Tcoild3) showed a complete loss of interaction, while others
(Tcoildl and Tcoil-MT) still interacted with CMV la. From
these results, it can be concluded that the MT domain of Tcoil
was sufficient for the interaction with CMV la in the yeast
two-hybrid system.

To confirm the interaction between CMV 1la and the MT
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L25

FIG. 2. Southern blot analysis and comparison of 7coil expression
patterns in various organs and in tissues from CMV-Kor- and mock-
inoculated plants. (A) Tobacco genomic DNA was digested with
EcoRI (E), HindIII (H), or Xbal (X), and digestion products were
separated on 0.8% agarose gel. After being transferred onto a Nytran
Plus membrane, the blot was hybridized with a **P-labeled full-length
Tcoil cDNA probe under conditions of medium stringency. Autora-
diograms were visualized with a Fuji BAS 2500 phosphorimager. DNA
size standards (MM) are shown at the left. (B) Accumulation of Tcoil
transcripts in different organs. Lanes: S, stem; F, flower; L, leaf; and R,
root. Tcoil transcripts were monitored by Northern blot analysis using
the Tcoil-specific 3’ untranslated region as a probe. The transcript
level corresponding to ribosomal protein L25 was included as an in-
ternal standard for RNA quantity evaluation. (C) RT-PCR analysis of
Tcoil genes upon CMV-Kor inoculation. Total RNA was extracted
from leaf tissues at 0, 1, 2, 3, 4, 5, and 6 dpi. Tissue was isolated from
the leaves of either CM V- or mock-inoculated plants. The conserved 3’
ends of CMV RNAs and PR-1 were detected as a positive control for
CMYV inoculation. As an internal standard for cDNA quantity evalu-
ation, the level of L25 was monitored.

domain of Tcoil, we pursued an in vitro GST pulldown ap-
proach. GST fusion proteins with each N- and C-terminal
truncation form of Tcoil were produced and expressed in E.
coli. Intact GST (as a negative control) and GST fusion con-
structs were readily purified from E. coli (data not shown). For
the binding assay, [*>S]Met-labeled 1a protein was obtained in
a eukaryotic in vitro translation system that synthesized the
protein directly from the 1a cDNA clone under the control of
the T7 promoter. Each of the purified GST fusion proteins was
incubated with the radiolabeled CMV 1la. The mixture was
permitted to interact with glutathione-agarose beads at a low
temperature, and eluants from the beads were analyzed by
SDS-PAGE. The eluted GST-Tcoil, GST-Tcoild1, and GST-
Tcoil-MT fusion proteins trapped by the glutathione-agarose
beads appeared to have formed complexes with the CMV 1la
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polypeptide, as shown by the three respective bands resolved
by SDS-PAGE (Fig. 3C, lanes 2, 3, and 6). In contrast, no
significant interaction was observed when the CMV la
polypeptide was incubated with the GST control protein or the
GST-Tcoild2 or GST-Tcoild3 fusion protein (Fig. 3C, lanes 1,
4, and 5). Additionally, Tcoil-MT was observed to interact
with CMV 1a-MT but not with CMV la-Hel (data not shown).
These results indicate that the intermolecular association be-
tween CMV 1a and Tcoil or its derivatives that contain the
MT domain occurs effectively in vitro.

Direct in vivo interaction of the CMYV 1a protein and Tcoil.
Results obtained from interaction studies within the yeast sys-
tem and in vitro systems prompted us to investigate whether
such interactions occur in planta. The BRET technique offers
the advantage of detecting protein-protein interaction in intact
living cells. We used this technique to monitor such interac-
tions in real time. Pairs of tagged proteins (i.e., CMV la-RLuc
with Tcoil-YFP, Tcoild3-YFP, or Tcoil-MT-YFP) were co-
expressed in Arabidopsis protoplasts. At first, the expression of
YFP-tagged constructs was observed with a fluorescence mi-
croscope (Fig. 4A). The fluorescence of Tcoil-YFP and
Tcoild3-YFP fusion proteins accumulated throughout the in-
teriors of the cells, indicating that the proteins were distributed
within the cytosol at high concentrations. The Tcoil-MT-YFP
protein also was detected in the cytoplasmic compartment as a
ring structure. BRET was measured at 0.4- to 0.5-s intervals.
BRET levels for the CMV 1a-RLuc and Tcoil-YFP protein
pair and the CMV 1la-RLuc and Tcoil-MT-YFP protein pair
were highest at 2 min but declined thereafter. On the other
hand, BRET was suppressed in presence of the CMV la-RLuc
and Tcoild3-YFP protein pair (as shown in Fig. 4B).
pRLuc::YFP and pRLuc were used for the positive control and
the negative control, respectively (Fig. 4B, first and second
bars).

Furthermore, the in vivo interaction between CMV 1la and
Tcoil was confirmed via coimmunoprecipitation experiments
using cotransformed Arabidopsis protoplasts in which
Tcoil-MT or Tcoil was fused with GFP and CMV la was
tagged with HA epitopes (Fig. 4C). After the homogenization
of the cotransformed Arabidopsis protoplasts, the extract was
pulled down using polyclonal anti-HA antibody. The pellet was
washed with PBS and then analyzed using a Western blot
technique, and the blot was developed with polyclonal GFP
antibody. As shown in Fig. 4C, the molecular mass bands were
detected at approximately 43.0 and 63.0 kDa, respectively, the
estimated sizes of the recombinant Tcoil-MT-GFP and Tcoil-
GFP proteins. No significant interactions in the extracts from
Arabidopsis protoplasts transformed with a plasmid expressing
Tcoil-GFP only or GFP and CMV 1la-HA were detected (Fig.
4C). In the control experiment, the correct synthesis of the
HA-tagged CMV 1a was verified via Western blotting, in which
development was achieved with polyclonal HA antibody (Fig.
4D). Additionally, we verified that anti-HA serum did not
precipitate Tcoil-GFP alone (Fig. 4D). This result indicated
that Tcoil and CMV 1la formed a protein complex in plant
cells through the MT domain of Tcoil.

In vitro and in vivo MT activity of Tcoil. We next wanted to
demonstrate the MT activity of Tcoil and determine whether
CMV la protein could serve as a substrate for Tcoil in vitro by
incubating either recombinant GST-CMV 1a-MT or GST-
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FIG. 3. Identification of the region of Tcoil that is necessary for the interaction with CMV 1a protein and in vitro interaction analysis. (A) The
names of the truncated constructs and the positions of amino acids (aa) are indicated at the left and above, respectively. (B) Analysis of interaction
between different parts of Tcoil and CMV 1a protein in the yeast two-hybrid system. The interaction strength was scored by liquid assays using
a sensitive luminescence detection system (Clontech). The values are the means * standard deviations (n = 3) and are expressed as relative light
units (RLU) normalized to the cell content (optical density at 600 nm [ODy,]). In the evaluation of each interaction, three separate transformed
colonies were assayed, and each of the assays was performed in triplicate. PC, positive control; NC, negative control. (C) In vitro GST pulldown
assay of the GST-conjugated products of full-length and truncated Tcoil clones and in vitro-translated CMV 1a protein. [**S]Met-labeled CMV
1a was incubated with 10 pg of GST (negative control), GST-Tcoil, GST-Tcoild1l, GST-Tcoild2, GST-Tcoild3, or GST-Tcoil-MT in the presence
of glutathione-agarose beads. Precipitates from the binding mixture were subjected to SDS-PAGE, and proteins were visualized by autoradiog-

raphy. Numbers on the left are molecular size markers.

CMV 1a-Hel with purified GST-Tcoil and [*H]AdoMet in
PBS (pH 7.4) for up to 24 h at 25°C. In addition, we wanted to
assess the substrate specificity of Tcoil by using GST-CMV 2a
as a negative control for the Tcoil substrate. Surprisingly, both
CMYV 1a-MT and CMV 1la-Hel were methylated under these
conditions (Fig. 5A, lanes 5 and 6). The CMV 2a protein was
not methylated (Fig. 5A, lane 7), as was predicted since CMV
2a did not interact with Tcoil in the yeast two-hybrid assay.
When we tested whether GST protein itself had MT activity
with GST-CMV 1a-MT, GST-CMV 1a-Hel, or GST-CMV 2a,
no signals were detected (Fig. SA, lanes 2, 3, and 4). Addition-
ally, both GST-CMV 1a-MT and GST-CMV 1a-Hel did not
have auto-MT activity (Fig. SA, lanes 8 and 9). The arginine
MT (PRMT) using heterogeneous nuclear RNA protein 1
(hnRNP1) as a substrate was employed as a positive control for
the MT reaction (Fig. 5A, lane 1).

Next, we also tested the Tcoil MT activity in vivo using
cotransformed Arabidopsis protoplasts in which the Tcoil-
MT-GFP or Tcoil-GFP and CMV 1la-HA constructs were
used (Fig. 5B). After the homogenization of the cotransformed
Arabidopsis protoplasts, the extract was pulled down using a
polyclonal anti-HA antibody. The pellet was washed with PBS
and then analyzed by using a Western blot that was developed
with monoclonal mono-/dimethylarginine antibody. As shown
in the upper panel in Fig. 5B, the molecular mass band was
detected at approximately 97 kDa, the estimated size of the
recombinant CMV 1la-HA, in the extract from Arabidopsis
protoplasts cotransformed with plasmids expressing CMV
la-HA and Tcoil-MT-GFP or Tcoil-GFP. No significant
bands for the extracts from Arabidopsis protoplasts trans-
formed with a plasmid expressing Tcoil-GFP only or GFP and
CMYV 1la-HA were detected (Fig. 5B). In the control experi-
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FIG. 4. In vivo interaction tests of CMV 1a and Tcoil, Tcoild3, or Tcoil-MT. (A) Fluorescence micrographs of Arabidopsis protoplasts
coexpressing RLuc and YFP fusions. (B) BRET protein interaction analysis of Arabidopsis protoplasts. The yellow/blue ratio in living tissue after
the transient coexpression of the indicated fusion proteins was measured. The letters R and Y indicate the positions of the RLuc and YFP tags,
respectively. pRLuc:: YFP (R-Y) and pRLuc (R) were used as the positive control and the negative control, respectively. The data were averaged
from the results for three replicates. Error bars represent the standard deviations. (C and D) Arabidopsis protoplasts were cotransformed with
plasmids encoding GFP and CMV 1la-HA, Tcoil-MT-GFP and CMV 1la-HA, or Tcoil-GFP and CMV 1a-HA. As a control, protoplasts were
transformed with the plasmid encoding Tcoil-GFP. The immunoprecipitation of the protoplast extracts was performed with anti-HA antiserum.
The immunoprecipitated proteins were subjected to Western blot analysis with anti-GFP (C) or anti-HA (D) antibody.

ment, the correct synthesis of the HA-tagged CMV 1la was
verified via Western blotting, in which development was
achieved with polyclonal HA antibody (Fig. 5B). Additionally,
we verified that anti-HA serum did not precipitate Tcoil-GFP
alone (Fig. 5B). These results indicate that Tcoil has MT
activity to methylate CMV 1a protein not only in vitro but also
in vivo.

Reduced susceptibility to CMV infection in antisense-ori-
ented-Tcoil transgenic tobacco plants. To further understand
the biological function of Tcoil in vivo, we generated both
sense- and antisense-oriented-7coil transgenic tobacco plants.
All experiments using transgenic plants were performed in
triplicate using the second-generation (T,) descendants of in-
dependent T, lines that had a single copy of Tcoil. At first, we
compared the levels of RNA expression in transgenic plants
and control plants by using RT-PCR. A low level of endoge-
nous Tcoil gene expression in untransformed plants was ap-
parent, and the expression level in transgenic plants harboring
the sense Tcoil gene (sense transgenic plants) was higher than
that in the control plants. The expression level in control
plants, in turn, was higher than that in transgenic plants har-
boring the antisense Tcoil gene (antisense transgenic plants)
(Fig. 6A). We examined whether Tcoil transgenic tobacco
plants exhibited altered responses against CMV infection com-
pared to those of wild-type plants. Four leaves from each of 10
6-leaf-stage transgenic T, plants per independent line and 10
untransformed control plants of cultivar Samsun NN were

inoculated with the CMV Korean strain (CMV-Kor) for the
assessment of virus infectivity.

At various time points after inoculation, the levels of
accumulation of CMV viral RNAs were determined by RNA
hybridization with the end of RNA 3 corresponding to the C
terminus of the product as a probe. The CMV RNA accu-
mulation levels in inoculated leaves of untransformed plants
and transgenic plants were similar (data not shown). Next,
the accumulation pattern of virus-related RNA in uninocu-
lated upper leaves was investigated. The accumulation of
CMV RNAs in untransformed plants and sense transgenic
plants was detectable at 7 dpi. The levels of CMV RNAs in
sense transgenic plants were higher than those in untrans-
formed plants. In contrast, CMV RNA levels were reduced
in antisense transgenic plants compared to the levels in
untransformed plants (Fig. 6B). The intensities of the bands
for CMV RNA 4 on Northern blots were quantified using a
phosphorimager and ImageQuant software and were nor-
malized by the intensities of the wild-type bands in the
corresponding lanes (Fig. 6C). The band intensities for
sense transgenic plants were 2.5 to ~3 times higher than
those observed for the untransformed plants, and the band
intensities for antisense transgenic plants were 5.5 to ~6
times lower than those observed for the untransformed
plants. We also observed the patterns of symptom develop-
ment in uninoculated upper leaves. As shown in Fig. 6D,
typical symptoms of CMV infection were evident in untrans-



4830 KIM ET AL.

A +GST + GST ::Tcoil
) 1 T 1
= = = 3
= & = £ s =
o « 3 « o 3 « <
- — [} — — I — —
> o> > B > > 2
S g & g &
8§86 & & & & o ©C
9
= 838 8 ¢ & & ¢ ¢
1 2 3 4 5 6 7 8 9
774 CMV 1a MT
a
68 N _ or Hel
- ~——hnRNP1
43 —|
RN
5 £ 8%
8 & g3 &&
Qo ®] E' > Q >
= i % =g
=3
E & &¥ @&¢
97 kDa
anti-Met
anti-HA - e 1—97 kDa

FIG. 5. In vitro and in vivo methylation of CMV 1la by Tcoil.
(A) Methylation of the CMV la MT domain and the CMV 1la Hel
domain by purified Tcoil. The protein MT assay was carried out with
equal amounts (10 pg) of the indicated purified proteins in the pres-
ence of 0.25 wCi of S-adenosyl-L-[methyl-*H|methionine. Lane 1,
PRMT1 and hnRNP1 (as a positive control [PC]). The reaction prod-
ucts were separated by SDS-10% PAGE and visualized by autoradiog-
raphy. The hnRNP1 (59-kDa), GST-CMV 1a-MT (77-kDa), and
GST-CMV 1a-Hel (75-kDa) bands are indicated by arrows. Molecular
size markers (in kilodaltons) are indicated on the left. (B) Arabidopsis
protoplasts were cotransformed with plasmids encoding the indicated
proteins. As a control, protoplasts were transformed with the plasmid
encoding Tcoil-GFP. The immunoprecipitation of the protoplast ex-
tracts was performed with anti-HA antiserum. The immunoprecipi-
tated proteins were subjected to Western blot analysis with anti-
mono-/dimethylarginine (anti-Met) (upper panel) or anti-HA (lower
panel) antibody.

formed plants within 9 dpi and were slightly more severe but
did not occur earlier in sense transgenic plants, whereas
under the same conditions, the antisense transgenic plants
exhibited no visible signs of virus infection. The accumula-
tion of CMV CP in the uninoculated upper leaves at 9 dpi
was assessed by ELISA. The degree of CMV CP accumula-
tion in sense transgenic plants was 27 to ~45% higher than
that in untransformed plants, and that in antisense trans-
genic plants was 52 to 59% lower than that in untransformed
plants (Fig. 6E). However, 15 days after virus infection, the
symptoms were also detected in antisense transgenic plants.
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These results suggested that the replication and/or spread of
CMV was compromised in antisense-Tcoil transgenic
plants.

DISCUSSION

We identified a novel protein MT, Tcoil, based on its spe-
cific interaction with CMV 1la protein. This interaction was
shown to cause the methylation of CMV 1la protein both in
vitro and in vivo. The finding that CMV infectivity was en-
hanced, although only in uninoculated upper leaves, in trans-
genic tobacco plants that overexpressed Tcoil and reduced in
antisense-7coil transgenic plants suggested that protein meth-
ylation was crucial in regulating the function of CMV 1a pro-
tein, thereby facilitating virus replication and movement.

Tcoil and CMYV 1a were shown to interact both in vitro, in
the absence of other proteins, and in vivo by using four inde-
pendent assays: the classic yeast two-hybrid system, a GST
pulldown assay, BRET analysis, and coimmunoprecipitation
from Arabidopsis protoplasts (Table 1; Fig. 3 and 4). In addi-
tion, the expression of Tcoil was increased upon CMV infec-
tion (Fig. 2C), and when Tcoil was expressed from a YFP
vector, it accumulated in the cytosolic compartments of the
Arabidopsis protoplasts (Fig. 4A). Thus, Tcoil is a cytosolic
protein in plant cells, and this finding supports its role in
protein methylation modification.

It has been reported previously that PRMTs, including
CARMI1 (PRMT4), share a highly conserved domain encom-
passing the MT activity (7). In addition to its MT activity, this
homology domain is also responsible for the formation of ho-
modimers or large homo-oligomers (58). We also found that
the MT domain of Tcoil formed a homodimer in yeast cells
(data not shown). Additionally, the MT domain of Tcoil was
important for interaction with CMV 1a protein (Fig. 3), and
this domain showed MT activity against CMV la protein (Fig.
5). Although Tcoil interacted with CMV 1a-MT, but not with
CMYV 1la-Hel, Tcoil methylated both the MT and Hel domains
in vitro (Fig. 5A). When we predicted the site of protein meth-
ylation modification in CMV 1a by using a Web tool, MeMo
(http://www.bioinfo.Tsinghua.edu.cn/~tigerchen/memo.html),
there were three possible sites (amino acids 32, 111, and 182)
of arginine methylation in the MT domain of CMV 1a and one
site (amino acid 659) in the Hel domain of CMV 1la. Thus, it
is likely that Tcoil interacted with CMV 1la through the MT
domain of CMV 1a and then methylated both the MT and Hel
domains.

Posttranslational modifications of proteins expand the struc-
tural and functional diversity of the proteome (53). But how
the posttranslational modifications of CMV 1a are involved in
the life cycle of CMV in plants is not currently understood. A
postulated mechanism includes the regulation of CMV 1la MT
or Hel domain activity by a posttranslational modification such
as CMV la protein methylation through interaction with
Tcoil. It was previously reported that the yeast CoqS C-MT
regulates the stability of other polypeptides involved in coen-
zyme Q synthesis (3). Additionally, Invernizzi et al. described
the novel methylation in HIV type 1 (HIV-1) Rev’s arginine-
rich motif by PRMT6 (24). PRMT6 binds HIV-1 Rev and
decreases the stability of Rev in cells. Furthermore, the meth-
ylated Rev was shown previously to bind the Rev-responsive
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FIG. 6. Expression of Tcoil gene in transgenic tobacco plants and comparison of CMV RNA levels and patterns of CMV CP accumulation and
symptom development in wild-type and transgenic plants. (A) RT-PCR comparison of the transgenic T, tobacco plants and the untransformed
control plants. As an internal standard for cDNA quantification, the level of L25 transcripts was also monitored. WT, wild type; 35S::Tcoil-S,
sense-Tcoil transgenic plants; 35S::Tcoil-AS, antisense-Tcoil transgenic plants. (B) The levels of CMV RNA accumulation in the transgenic T,
plants, along with those in the control plants, were monitored by Northern blotting using the CMV RNA 3’ untranslated region as a probe on the
indicated days after inoculation. The uninoculated upper leaves from sense-7coil and antisense-7coil plants and wild-type plants, as indicated,
were monitored at 3, 5, and 7 dpi and then harvested for RNA analysis. The positions of the bands representing CMV RNAs 1, 2, 3, and 4 are
shown to the right of the panel. The RNA loading control was stained with ethidium bromide (EtBr). M, molecular size marker. (C) The intensities
of the bands for CMV RNA 4 on Northern blots were quantified. Boxes and error bars represent the means and standard deviations of results from
three independent experiments examining relative levels of viral RNA accumulation, normalized by the intensities of the wild-type bands in the
corresponding lanes. Values are expressed as log, ratios. (D) Comparison of the CMV-Kor infection symptoms in uninoculated upper leaves of
transgenic and untransformed plants at 9 dpi. The lower panels show higher magnifications of the boxed regions. (E) Comparison of CMV-Kor
CP accumulation patterns in uninoculated upper leaves at 9 dpi. The accumulation of CMV CP was measured via ELISA, and the results were
expressed as the absorbance at 405 nm (A4,s) per 45 g of total protein (n = 30 plants). The data were analyzed by analysis of variance. Error

bars indicate the standard deviations, and asterisks indicate significant differences compared with the wild-type control (P < 0.001).

element in HIV-1 RNAs (12) poorly and is associated with
attenuated Rev—Rev-responsive element-dependent export of
viral transcripts from the nucleus to the cytoplasm. Similar to
Coq5 and PRMT6, Tcoil may participate in regulating CMV
la stability. Moreover, methylation may regulate the process-
ing and/or assembly of the CMV 1a protein, as has been sug-
gested previously for the regulation of the HIV-1 Gag protein
processing (55). In that report, the authors mentioned differ-
ences in the compositions and sizes of virion proteins in the
presence and absence of adenosine periodate, a finding con-
sistent with perturbed virion assembly when methylation
events were inhibited, leading ultimately to the significant de-
crease in HIV-1 infectivity.

The interaction of CMV 1la and 2a was important for the
formation of the replication complex, and the phosphorylation
of the CMV replicase, protein 2a, inhibited the la-2a protein
interaction (29). We found that, relative to those of wild-type
plants, CMV RNA levels in systemically infected leaves of
sense-Tcoil transgenic plants were increased and those of an-
tisense-7coil transgenic plants were decreased (Fig. 6B). How-
ever, the CMV RNA levels in inoculated leaves were un-
changed between wild-type plants and transgenic plants

expressing sense and antisense full-length Tcoil cDNA.
Despite the role of CMV 1la in RNA replication, Tcoil does
not seem to have a significant effect on CMV RNA replication
in single cells or on the initial cell-to-cell spread of CMV
infection in inoculated leaves. Thus, CMV 1la methylation is
unlikely to regulate the la-2a interaction. Furthermore, Tcoil
appears to affect long-range systemic spread (Fig. 6B, D, and
E), which is often controlled by induced host defenses (16).
Additionally, the inhibition of systemic spread may represent a
threshold effect, changing the outcome of the race between
virus spread and host defense by slightly accelerating host
defense induction or slightly slowing early CMV spread out of
inoculated leaves. While the results are consistent with Tcoil’s
affecting CMV infection by methylating 1a, we cannot exclude
the possibility that Tcoil action on another viral or cellular
protein(s) causes or contributes to the effects on systemic in-
fection.

Interestingly, CARM1 has been shown previously to repress
CREB-dependent cellular gene expression (57). The methyl-
ation of the CBP/p300 KIX domain by CARM1 blocks CREB
activation by disabling the interaction between KIX and the
KID domain of CREB. Furthermore, arginine methylation of
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HIV-1 Tat protein was shown previously to negatively affect
Tat-Tat transactivation region-cyclin T1 ternary complex for-
mation and diminish cyclin T1-dependent Tat transcriptional
activation (56). Thus, the methylation of CMV 1a protein may
alter the interactions of CMV 1la proteins with other host
proteins, leading to either the increase or the decrease of the
level of CMYV infection.

Arabidopsis plants with a disruption of the menG gene en-
coding 2-phytyl-1,4-naphthoquinone MT show significantly re-
duced growth and chlorophyll contents that are caused by
changes in photosystem I stability or turnover, and the limita-
tion in functional photosystem I complexes results in the
overreduction of photosystem II under high light levels (37).
Antisense-Tcoil transgenic plants showed slightly reduced leaf
size compared to the leaf size of the untransformed plants
(data not shown). Therefore, Tcoil may be one of the genes
that regulate photosynthesis.

Although the exact significance of the Tcoil-CMV la inter-
action and the methylation of CMV 1a is unclear at this stage
and the site of the CMV 1a protein methylation is yet to be
identified, the idea that protein methylation plays a role in
virus multiplication is attractive. Therefore, the identification
of the methylated residues of the CMV 1a will improve our
understanding of such novel modes of CMV viral protein reg-
ulation and will further illuminate the subtle complexities of
protein structure and function.

In summary, we have discovered the function of a previously
uncharacterized novel MT, Tcoil, and our data support the
conclusions that Tcoil and CMV 1a interact directly and that
this interaction is specific, physiologically relevant, and impor-
tant for CMV systemic movement and CMV infection symp-
tom development.
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