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Bamboo mosaic virus (BaMYV) is a positive-sense RNA virus belonging to the genus Potexvirus. Open reading
frame 1 (ORF1) encodes the viral replication protein that consists of a capping enzyme domain, a helicase-like
domain (HLD), and an RNA-dependent RNA polymerase domain from the N to C terminus. ORF5 encodes the
viral coat protein (CP) required for genome encapsidation and the virus movement in plants. In this study,
application of a yeast-two hybrid assay detected an interaction between the viral HLD and CP. However, the
interaction did not affect the NTPase activity of the HLD. To identify the critical amino acids of CP interacting
with the HLD, a random mutational library of CP was created using error-prone PCR, and the mutations
adversely affecting the interaction were screened by a bacterial two-hybrid system. As a result, the mutations
A209G and N210S in CP were found to weaken the interaction. To determine the significance of the interaction,
the mutations were introduced into a BaMYV infectious clone, and the mutational effects on viral replication,
movement, and genome encapsidation were investigated. There was no effect on accumulations of BaMV CP
and genomic RNAs within protoplasts; however, the virus cell-to-cell movement in plants was restricted.
Sequence alignment revealed that A209 of BaMV CP is conserved in many potexviruses. Mutation of the
corresponding residue in Foxtail mosaic virus CP also reduced the viral HLD-CP interaction and restricted the
virus movement, suggesting that interaction between CP and a widely conserved HLD in the potexviral

replication protein is crucial for viral trafficking through plasmodesmata.

To spread throughout hosts, plant viruses have evolved a
number of pathways to allow their progeny to pass across
plasmodesmata into neighboring cells and travel along the
vascular system (8, 26). The virus-encoded movement proteins
play a pivotal role through diverse mechanisms in these cell-
to-cell and vascular transports. Ancillary proteins, for example,
the viral coat proteins (CPs) in some cases, and host factors
may also participate in these processes. Numerous studies have
been conducted to elucidate the movement mechanisms. Many
of the results have been summarized in a number of recent
reviews (23, 28, 30). They provided in-depth discussions on
issues such as the identification and characterization of the
involved viral and host proteins and the transport models for
some exemplified viruses, such as Tobacco mosaic virus (TMV)
and Potato virus X (PVX). Despite these efforts, many details
of the processes remain elusive.

Members of the genus Potexvirus have a positive-strand
RNA genome that contains five open reading frames (ORFs),
a 5" methyl cap, and a 3’ poly(A) tail. ORF1 encodes the viral
replication protein, consisting of a capping enzyme domain, a
helicase-like domain (HLD), and an RNA-dependent RNA
polymerase domain (RdRp) from the N terminus to the C
terminus (16, 17). The HLD has RNA 5'-triphosphatase and

* Corresponding author. Mailing address: Graduate Institute of Bio-
technology, National Chung Hsing University, 250 Kuo-Kuang Rd.,
Taichung, Taiwan 40227, Republic of China. Phone: 886-4-22840328,
ext. 636. Fax: 886-4-22853527. E-mail: mhmeng@dragon.nchu.edu.tw.

V Published ahead of print on 14 September 2011.

nucleoside triphosphatase (NTPase) activities (18). With the
concerted actions of the HLD and the capping enzyme do-
main, the cap structure can be formed at the 5’ end of the
viral RNA (17). ORF2 to ORF4 overlap. They encode the
viral movement proteins, called triple gene block protein 1
(TGBpl), TGBp2, and TGBp3. ORFS5 is responsible for coat
protein production. Based on studies of movement of many
potexviruses, such as PVX and White clover mosaic virus, vi-
ruses of this group need TGB proteins and CP for their own
transport (3, 7, 22, 25). TGBpl is able to increase plasmodes-
mal size exclusion limits (1, 11). In addition, it has RNA heli-
case activity (12) and acts as an RNA-silencing suppressor
(31). TGBp2 and TGBp3 are endoplasmic reticulum (ER)-
associated proteins (14, 24). Two models have been proposed
to describe the cell-to-cell movement of potexviruses (22, 27).
The basic difference between these two models concerns whether
a virion or a ribonucleoprotein (RNP) complex is transported
across plasmodesmata. In the RNP model, the complex con-
sists of viral RNA, TGBpl, and CP, and the viral CP was
proposed to act in concert with the TGB proteins to mediate
the complex translocation into neighboring cells. Recently, a
more elaborate cell-to-cell transport model with RNA silenc-
ing of potexviruses was proposed (30).

Bamboo mosaic virus (BaMV) is a potexvirus commonly
found in many bamboo varieties and artificially infectious to
Nicotiana benthamiana. The functions of TGB proteins in
BaMV movement in N. benthamiana have been studied. Ala-
nine substitution for R16 or R21 of TGBpl diminished the
RNA-binding and NTPase activities of the protein and conse-
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quently restrained the virus from moving (19). Mutations of
the conserved C109 or C112 of TGBp2 reduced cell-to-cell
movement and severely inhibited systemic transport of the
virus (29). A sorting signal in TGBp3 is necessary and sufficient
for the protein to target to cortical ER tubules, a step required
for BaMV cell-to-cell movement (32). To search for host fac-
tors involved in BaMV replication, each enzymatic domain of
the viral replication protein has been used as bait to hunt for its
interacting proteins from cDNA libraries prepared from both
healthy and BaMV-infected N. benthamiana leaves. A putative
plant methyltransferase was found to be associated with the
viral RdRp, and it had the potential to suppress the virus
replication (5). In this report, we describe another finding: that
the viral HLD has a high affinity for the virus’s own CP.
Moreover, CP mutations that decreased the protein inter-
action restricted the virus from movement. No effect on
virus replication or virion formation was observed in re-
sponse to these mutations. Similar mutational effects were
found in Foxtail mosaic virus (FOMV), suggesting a general
role of the HLD-CP interaction in cell-to-cell movement of
potexviruses.

MATERIALS AND METHODS

Yeast two-hybrid screening. The yeast Hybrid Hunter system (Invitrogen) was
employed to search for BaMV HLD-interacting proteins from a BaMV-infected
leaf cDNA library of N. benthamiana. An interaction between bait and prey in
the system would result in the induction of his3 and lacZ genes. Construction of
the pYESTrp2-based library was described previously (5), unless the leaves 3
days postinoculation with BaMV were used for mRNA isolation. In brief, the
region within ORF1, encoding amino acids 513 to 900 of the viral replication
protein, was added with EcoRI and PstI sites at the 5" and 3" ends, respectively,
by PCR. The amplified DNA fragment was inserted into EcoRI-PstI-cleaved
pHybLex/Zeo to become the bait plasmid. Saccharomyces cerevisiae strain 140
that harbored the bait plasmid was transformed with the library of prey plasmid
pYESTrp2 cDNAs. The colonies grown on YC-WHUK/Z300 selection agar
plates were further analyzed for their B-galactosidase activities based on both
filter and quantitative assays. Plasmids were isolated from those exhibiting sig-
nificant B-galactosidase activities and transformed into Escherichia coli Top10F’.
Prey plasmids were isolated from the E. coli transformants and transformed back
into the bait-expressing 140 strain to confirm the bait-prey interaction. Nucleo-
tide sequences of the cDNA fragments from the screened prey plasmids were
determined with an ABI Prism 3100 genetic analyzer.

For the B-galactosidase activity assay, yeast cells adhering to a filter paper were
disrupted by repeatedly freezing and thawing. The paper was soaked in buffer
that contained 100 mM phosphate (pH 7.0), 10 mM KCI, 1 mM MgSO,, and 1
mg/ml X-Gal until color developed. For the quantitative activity assay, 100 wl of
disrupted cells was added to 900 .l reaction buffer as described above, except
that X-Gal was replaced with 0.64 mg/ml O-nitrophenyl B-galactoside. After
incubation at 30°C for 10 h, the optical density at 420 nm was determined with
a spectrophotometer, and the activity was calculated according to the manufac-
turer’s manual.

Bacterial two-hybrid screening. The bacterial adenylate cyclase two-hybrid
(BACTH) system (Euromedex) was used to screen BaMV CP mutations that
decreased the binding affinity of the viral CP to the HLD. In this system, an
interaction between bait and prey could regenerate the adenylate cyclase activity,
resulting in the activation of lac and mal operons. The BaMV HLD-coding
region was added with Pstl and BamHI sites at the 5" and 3’ ends, respectively,
by PCR and inserted into PstlI-BamHI-opened pKT25 to become pKT25-
HLDg, v for the production of the T25-HLDg, v fusion protein. Similarly, the
BaMV CP-coding region was added with Sphl and BamHI sites at the 5" and 3’
ends, respectively, and inserted into Sphl-BamHI-opened pUT18 to become
pUT18-CPg, v for the production of the CPg,y\n-T18 fusion protein. The
interaction strength between the BaMV HLD and CP was assayed by growing
the recombinant E. coli BTH101 in M63 minimal medium supplemented with
0.2% maltose, 40 pg/ml X-Gal, 50 pg/ml kanamycin, 50 pg/ml streptomycin, 100
prg/ml ampicillin, and 0.5 mM isopropylthiogalactoside (IPTG).
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Mutagenesis. Random mutagenesis of the CP-coding region in pUTIS-
CPg.mv Was performed by error-prone PCR using the GeneMorph II random
mutagenesis kit (Stratagene). In brief, 500 ng pUT18-CPg,\;v Was used as a
template in a 50-pl PCR solution for 23 cycles. After sequencing the PCR-
amplified DNA fragments, the average mutation frequency was calculated to be
2 mutations per 1 kb of DNA. The amplified CP-coding region was inserted into
pUT18 again by using the cut sites of Sphl and BamHI to obtain the mutation
library of pUT18-CPg,\v- Site-directed mutagenesis was performed with spe-
cific primers according to the protocol of the QuikChange site-directed mutagen-
esis kit (Stratagene).

Preparation of E. coli-expressed proteins. The BaMV HLD-coding region was
added with BamHI and SacI at the 5’ and 3’ ends, respectively, by PCR and
inserted into BamHI-SacI-opened pETDuet for the production of the His-tagged
BaMV HLD. The viral protein was expressed as inclusion bodies in E. coli
BL21(DE3). To purify the viral protein, inclusion bodies were dissolved and
refolded according to a protocol described previously (10). In detail, inclusion
bodies were dissolved in protein buffer that contained 50 mM Tris (pH 7.5), 20
mM KClI, 0.1% Brij-35, 10% glycerol, and 10 mM B-mercaptoethanol supple-
mented with 8 M urea. The dissolved protein solution was added drop by drop
into 40 volumes of gently stirred protein buffer for protein renaturation. The
supernatant of the protein solution was mixed with Ni*>*- nitrilotriacetic acid
(NTA) resin. After an extensive wash with protein buffer supplemented with 1 M
KCI and 20 mM imidazole, the refolded BaMV HLD was eluted with protein
buffer supplemented with 500 mM imidazole. Similarly, the PCR-amplified
cDNA fragment encoding amino acids 451 to 857 of the FoMV replication
protein was inserted into pETDuet by using the cut sites of BamHI and EcoRI,
and the plasmid construct was transformed into E. coli BL21(DE3). Preparation
of the His-tagged FOMV HLD was like that of BaMV HLD, described above.

To produce the CPg,\n-T18 fusion protein, the culture of the recombinant
E. coli BL21 that harbored pUT18-CPg,\;v Was treated with 0.4 mM IPTG for
16 h at 37°C. The cells were disrupted by sonication, and the protein in the
supernatant was collected after a 10-min centrifugation at 15,000 X g. To pro-
duce the CPgip\y-T18 fusion protein, the PCR-amplified ORF5 of FOMV was
inserted into pUT18 by using the cut sites HindIII and EcoRI, and the plasmid
construct pUT18-CPp,\y Was transformed into E. coli BL21. Preparation of the
fusion protein was as described for CPg,\p-T18.

For the production of BaMV CP in E. coli, BaMV ORF5 was added with Ndel
and EcoRI at the 5" and 3’ ends, respectively, by PCR and inserted into Ndel-
EcoRI-opened pET29. The plasmid construct was then transformed into E. coli
BL21(DE3). To induce protein expression, 0.5 mM IPTG was added into the
culture of the recombinant E. coli, and the cultivation was continued at 30°C for
10 h. The harvested cells were disrupted by sonication in protein extraction buffer
that contained 50 mM Tris (pH 8.0), 200 mM NaCl, 10 mM B-mercaptoethanol,
and 1 mM EDTA supplemented with 1 mM phenylmethylsulfonyl fluoride
(PMSF). The extract was adjusted to contain 300 mM (NH,),SO,. After cen-
trifugation, the supernatant was loaded onto a phenyl-Sepharose column (1.6 by
10 cm; GE Healthcare), and the proteins bound to the column were eluted with
a linear gradient of (NH,),SO, (150 to 0 mM) in protein extraction buffer. The
fractions containing BaMV CP were concentrated and dialyzed against NaCl-
omitted protein extraction buffer. The protein solution was then loaded onto a
DEAE-Sepharose column (1.6 by 10 cm; GE Healthcare), and the elution was
performed with a linear gradient of NaCl (0 to 1 M) in protein extraction buffer.
Finally, the BaMV CP-containing fractions were concentrated, and the CP within
was further purified with a Sephacryl S-300 column (1.6 by 60 cm; GE Health-
care).

Electrophoretic mobility shift assay (EMSA). Indicated amounts of the E.
coli-expressed BaMV CP were mixed with 1 fmol 3?P-labeled RNA probe in 12
pl buffer that also contained 20 mM Tris (pH 8.0), 3 mM MgCl,, 10 mM KCl, 2
mM dithiothreitol (DTT), and 4% glycerol. After incubation at room tempera-
ture for 15 min, the mixture was separated on a native 6% polyacrylamide gel and
visualized by autoradiography. The probe was prepared by incubating 5 pg
template DNA, the BaMV 5’-untranslated region (UTR) fragment preceded by
the T7 promoter, with 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.5 um UTP,
100 pCi [«->*P]JUTP (6,000 Ci/mmol), 1 pl RNase inhibitor (40 U/pl), and 3 pl
T7 polymerase (14 U/ul) in 50 pl 1X T7 transcription buffer. After incubation at
37°C for 2 h, template DNA was removed by RNase E, and the radiolabeled
probe was purified with a MicroSpin G-50 column (GE Healthcare).

Circular dichroism spectrum. The E. coli-expressed BaMV CP was purified
and adjusted to a concentration of 25 wg/ml in 2 mM phosphate buffer (pH 7.2).
The spectrum within the range of 190 to 250 nm was recorded at room temper-
ature using a Jasco J-815 CD spectrometer fitted with a quartz cell of a 5-mm
path length.



12024 LEE ET AL.

A B

o8]

[}

LexA-Fos2
AD-Jun

N

B- galactosidase activity
N

L)
o

o =
LexA-HLD o5 IO _.c S
D C = <d SE3
<o X2 U A
§< 9 92

(kDa)

97 -

66 -
<« HLD

45-

204 <*cp

PB- galactosidase activity
(filter assay)

1: markers

2: crude His-tagged HLD

3: crude CP

4: purified His-tagged HLD by IMAC

5: co-purified CP with His-tagged HLD by IMAC
6: crude CP after IMAC

FIG. 1. Interaction between the BaMV HLD and CP. (A) S. cerevi-
siae 140 expressing the various combinations of bait and prey proteins
were grown on YC-WU/Z300 plates and then transferred to a filter
paper for B-galactosidase activity assays. The cells expressing LexA-
Fos2 and AD-Jun were used as a positive control. (B) Yeast cells
expressing the indicated bait and prey proteins were disrupted and
incubated with O-nitrophenyl B-galactoside for 10 h. The activity was
determined based on the optical density measured at 420 nm. (C) Co-
purification of BaMV CP with the refolded His-tagged HLD by IMAC.
The renaturation and purification of BaMV HLD were described in
Materials and Methods. Lanes 2 and 3 are crude extracts of E. coli that
expressed BaMV HLD and CP, respectively. Lane 4 shows the re-
folded HLD purified from lane 2 by IMAC. Lane 5 shows the copu-
rification of HLD and CP by IMAC. It should be noted that BaMV CP
alone could not be purified by IMAC (lane 6).

Agrobacterium-mediated expression of BaMV replicase complex. The cDNA
of BaMV satellite RNA SF4 was added with HindIII and Clal recognition
sequences at the 5’ and 3’ ends, respectively, by PCR and inserted into the binary
plasmid pKn. This construction placed the SF4 ¢cDNA downstream of the
Cauliflower mosaic virus (CMV) 35S promoter. Similarly, BaMV ORFS5 was
inserted into pKn by using the cut sites Xhol and Kpnl for the production of viral
CP in plants. BAMV ORF1, which had been tagged with a hemagglutinin (HA)-
coding sequence at the 3’ end, was inserted into the binary plasmid pEpyon by
using the cut sites of Smal and Sacl. pEpyon contains a TMV Ul w sequence
preceded by the CMV 35S promoter so that the translation of BaMV replication
protein could be enhanced. Agrobacterium tumefaciens LBA4404 carrying spec-
ified binary plasmids were infiltrated into 3-week-old N. benthamiana plants. The
leaves were harvested 5 days postinoculation and homogenized in buffer that
contained 50 mM Tris (pH 8.0), 15 mM MgCl,, 120 mM KCl, 0.1% B-mercap-
toethanol, 20% glycerol, 1 wM pepstain, and 0.1 mM phenylmethylsulfonyl
fluoride (PMSF). After centrifugation at 30,000 X g for 1 h, the membrane
fraction (P30) was collected and solubilized in detergent buffer that contained 50
mM Tris (pH 8.0), 150 mM NaCl, and 1.5% NP-40 for coimmunoprecipitation
assay and endogenous RdRp activity assay.

Endogenous RdRp activity assay. The solubilized P30 fraction that contained
specified BaMV proteins and RNA was added into reaction buffer that contained
30 mM Tris (pH 8.8), 10 mM MgCl,, 20 mM DTT, 2 mM ATP, 2 mM CTP, 2
mM GTP, 2 pM UTP, and 100 pCi [«-**P]JUTP (6,000 Ci/mmol), and the
mixture was incubated at room temperature for 3 h. The reaction product was
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FIG. 2. In vivo interaction between BaMV replication protein and
CP. Recombinant strains of A. tumefaciens carrying the indicated pro-
tein- and RNA-expressing plasmids were infiltrated into N. benthami-
ana leaves as described in Materials and Methods. The P30 fraction,
isolated from the leaves, was solubilized and treated with or without
micrococcus nuclease prior to coimmunoprecipitation using anti-HA
antiserum (A). Western blotting indicates the presence of CP in the
immune precipitate (A) and BaMV replication protein (B) and CP
(C) in the P30 fraction. Endogenous RdRp activity assay (D) was used
to ensure that the satellite RNA SF4 in the P30 fraction was removed

after treatment with micrococcus nuclease.

extracted with an equal volume of phenol-chloroform, and the nucleic acids
within were precipitated with ethanol. The radiolabeled RNA products were
separated on a 0.8% agarose gel and visualized by autoradiography.

Virus replication assay in protoplasts. Preparation of N. benthamiana proto-
plasts and plasmid transfection were performed as described previously (5). In
brief, 3 pg pCBG, a green fluorescent protein (GFP) gene-carrying BaMV
infectious clone, or its derivative was mixed with 1 X 10° protoplasts in the
presence of final 20% polyethylene glycol 4000. Protoplasts were disrupted 2 days
posttransfection, and accumulations of the viral CP and genomic RNAs were
analyzed by Western blotting and Northern blotting, respectively.

Virus infectivity assay in plants. A specified infectious clone or its derivative
was mechanically inoculated into leaves of 3-week-old N. benthamiana or Che-
nopodium quinoa at a dosage of 2 ng DNA per leaf, as described previously (21).
The expression of GFP, represented by fluorescent spots, in infected plants at
the indicated days postinoculation was visualized with Kodak Image Station
2000MM.

Northern blotting. Total RNA was isolated from 1 X 10° transfected proto-
plasts using the TriSolution Reagent Plus kit (GeneMark). Each RNA sample
(17 p.g) was treated with 3 M glyoxal and separated on a 0.8% agarose gel. After
transfer and fixation onto a nylon membrane, the samples were hybridized with
a radiolabeled probe complementary to the 3'-UTR of BaMV. The probe was
produced from an in vitro transcription reaction that contained 5 wg HindIII-
cleaved pBaMV-O/SB2.6, 0.5 mM ATP, 0.5 mM CTP, 0.5 mM GTP, 0.5 pM
UTP, 100 p.Ci [a->*PJUTP (6,000 Ci/mmol), 40 U of RNase inhibitor, and 3 pl
SP6 polymerase (14 U/pl) in 50 pl 1X SP6 transcription buffer. After incubation
at 37°C for 30 min, template DNA was removed by RNase E, and the radiola-
beled probe was purified with a MicroSpin G-50 column (GE Healthcare).

Transmission electron microscopy. Full-length BaMV c¢cDNA was amplified
from pCBG by PCR and inserted into pKn by using the cut sites Sbfl and Sacl.
A. tumefaciens LBA4404 carrying pKn-based infectious clones was infiltrated
into the leaves of 3-week-old N. benthamiana. The leaves were harvested 5 days
postinfiltration, and the virus particles within were purified according to the
protocol described previously (20). The purified virus particles on a copper grid
were negatively stained with 3% uranyl acetate and observed under a transmis-
sion electron microscope (JEM-100CX II).

RESULTS

Yeast two-hybrid screening. Viruses recruit or hijack host
factors to complete their replication cycle and evade host de-
fense mechanisms. To continue searching for plant proteins
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FIG. 3. BaMV CP mutants that had weaker affinities to the viral HLD. (A) A 2-pl aliquot of E. coli BTH101 cell culture at the indicated optical
density was added onto an M63 selection agar plate and incubated at 30°C for 5 days. The combinations of bait and prey proteins expressed in
the cells were as indicated. The cell culture expressing T25-Zip and Zip-T18 was used as a positive control. (B) The cell cultures expressing
T25-HLD and the indicated CP-T18 variants were grown on an M63 selection agar plate as described above. (C) E. coli cell extracts containing
the indicated CPp,\-T18 variants were mixed with purified His-tagged HLD and Ni>"-NTA resin. After being washed with 20 mM imidazole-
containing buffer, the proteins were eluted with 500 mM imidazole-containing buffer. CPy,,y~T18 in fractions of load, wash, and eluate and the
HLD in wash and eluate were analyzed by Western blotting by using specific antisera.

that interact with the BaMV replication protein, the viral HLD
was used as bait to screen against a cDNA library of BaMV-
infected leaves of N. benthamiana. Initially, 60 yeast colonies
exhibiting the histidine autotrophic phenotype and significant
B-galactosidase activity were identified. DNA sequencing
found that 48 out of these 60 colonies contained the BaMV CP
gene in their prey plasmid (Fig. 1A). The high frequency of
finding CP in the prey plasmid suggests a strong interaction
between the two viral proteins and/or the abundance of CP
mRNA in the viral-infected leaves. Quantitative B-galactosi-
dase activity assay indicated a stronger interaction between the
BaMV HLD and CP than that of the positive control (Fig. 1B).
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FIG. 4. Circular dichroism spectra of various BaMV CPs. The pro-

tein preparation and CD measurement were as described in Materials
and Methods.

To carry out an in vitro pulldown assay, the His-tagged HLD
was expressed in E. coli, which formed inclusion bodies, re-
folded, and purified by immobilized metal affinity chromatog-
raphy (IMAC). The purified HLD was mixed with the crude E.
coli-expressed BaMV CP and Ni**-NTA resin. BaMV CP
could be found with HLD in the elution fraction (Fig. 1C),
further confirming the HLD-CP interaction.
Agroinfiltration-immunoprecipitation assay. BaMV repli-
case complex with endogenous RdRp activity in the P30 frac-
tion was prepared by transiently expressing the HA-tagged
viral replication protein with satellite RNA SF4 in N. bentha-
miana leaves via Agrobacterium infiltration. Incubation of the
P30 fraction with isotope-labeled nucleoside triphosphates re-
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FIG. 5. RNA-binding affinities of various BaMV CPs. The mobility
shifts of the RNA probe caused by the CP variants in a native poly-
acrylamide gel were assayed as described in Materials and Methods.
The amount of CP used in the assay was 0.23 pg (1X) or 0.46 pg (2X)
per reaction. Bovine serum albumin (BSA; 0.46 ng) was used as a
negative control.



12026 LEE ET AL.

Cp P | e o o —

L-Rubisco # [ i s e

CP(100%) 100 75 100 110

6kb-
4kb-.
3kb -
2kb -
1.5kb -

1kb -

J. VIROL.

__ -8RNA
- gRNA(ACP)
- SgRNA
‘ ;"‘- sgRNA
- sgRNA

gRNA (100%) 100 105 100 70 5

FIG. 6. Effects of CP mutations on BaMV replication in protoplasts. pCBG and the indicated derivatives were transfected into N. benthamiana
protoplasts as described in Materials and Methods. (A) BaMV CP accumulation in protoplasts was assayed by Western blotting using anti-BaMV
CP antiserum. The amount of Coomassie blue-stained ribulose-1,5-bisphosphate carboxylase (L-RubisCO) was used as the protein loading control.
(B) BaMV genomic and subgenomic RNAs accumulated in protoplasts were assayed by Northern blotting by using a probe complementary to the
BaMV 3'-UTR. Each lane was loaded with approximately 17 pg total RNA.

sulted in the formation of the isotope-labeled SF4 (Fig. 2, lane
1). To determine the in vivo interaction between the BaMV
replication protein and CP, the two viral proteins were coex-
pressed in N. benthamiana. Coimmunoprecipitation by using
anti-HA antisera showed that CP could be detected in the
precipitate if the sample contained the viral replication protein
(Fig. 2, lanes 1 and 2). Because both viral proteins have RNA-
binding activity, it was unclear whether the two proteins were
indirectly associated through RNA molecules. Removal of the
endogenous satellite RNA SF4 by micrococcus nuclease did
not interrupt the protein interaction (Fig. 2, lane 2), suggesting
that BaMV HLD and CP were in direct contact.

Bacterial two-hybrid screening. At first, we investigated
whether the enzymatic activity of the HLD could be modulated
by CP. The presence of CP had no influence on the RNA
5'-triphosphatase/NTPase activity of the HLD (data not
shown). To map the regions of CP that contacted the HLD,
BaMV ORFS5 was subjected to random mutagenesis by error-
prone PCR. A bacterial two-hybrid system was exploited for
the screening of mutant CPs that had weaker binding affinities
to the HLD because of the following reasons: (i) there is no
need for transformation back and forth between yeast and
E. coli and (ii) the transformation frequency of E. coli is much
higher than that of yeast. In this system, adenylate cyclase was

FIG. 7. Effects of CP mutations on BaMV infectivity in N. benthamiana. Plants were inoculated with pCBG or its derivatives as described in
Materials and Methods. Fluorescent images of N. benthamiana leaves were taken 20 dpi. Leaves 1 to 3 were the inoculated leaves; others were

upper leaves.
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FIG. 8. Effects of CP mutations on BaMV infectivity in C. quinoa. (A) Leaves of C. quinoa were inoculated with pCBG or its derivatives as
described in Materials and Methods. Fluorescent images of inoculated leaves of C. quinoa were taken 8 dpi. (B) Effects of the CP mutations on
the development of disease symptoms. The photos of the inoculated leaves were taken 14 dpi.

split into two parts, T18 and T25; one was fused with bait and
the other was fused with prey. The interaction of bait and prey
would bring back the enzymatic activity for cAMP production,
which in turn would activate the transcription of the lac and
mal operons. The usefulness of this screening system in this
study was first verified by growing the recombinant E. coli
BTH101 strain that produced T25-HLDg,\., and CPy, -
T18 on M63 selection medium, supplemented with X-Gal and
maltose as the sole carbon source. An interaction between the
two viral proteins would support the growth of blue colonies on
the selection medium plate. The initial cell density minimally
required for giving rise to apparent blue colonies of the cells
expressing T25-HLDg, .y, and CPg,\-T18 was three orders
of magnitude less than that of the cells expressing none or only
one of the viral fusion proteins (Fig. 3A). Moreover, the cells
expressing the two viral fusion proteins grew much better than
those expressing T25-Zip and Zip-T18, used as a positive con-
trol, suggesting that the interaction between BaMV HLD and
CP was relatively strong in E. coli. The mutant CPs with
weaker affinities to HLD were screened from a randomly mu-
tated CP library. Three clones, CP(17-3), CP(1-22), and CP(7-
1), were subsequently identified (Fig. 3B). DNA sequencing
revealed that CP(1-22) contained four amino acid mutations,
which are 1130M, D170N, A209G, and N218K, while both
CP(17-3) and CP(7-1) had a single N210S mutation. To con-
firm the differential interaction of the variant CPs to the HLD,
E. coli cell extracts containing various CP-T18 fusion proteins

were mixed with purified His-tagged HLD and Ni**-NTA
resin, and the bound proteins were subsequently eluted. The
amount of wild-type CP copurified with His-tagged HLD was
indeed much more abundant than that of the two mutant CPs
(Fig. 3C).

Biochemical characterization of the mutant CPs. Although
there are four mutated residues of CP(1-22), A209 was thought
to play a more important role than the others, because it is next
to the N210 residue that was changed to serine in CP(17-3) and
CP(7-1). This speculation prompted us to propose that the
region around A209 and N210 of CP contributes a significant
role in the protein interaction. Accordingly, two single muta-
tions, A209G and N210S, and one double mutation, A209G/
N210S, were created in a pET29-based CP expression vector.
To determine whether the mutations would affect the protein
structure, we analyzed the circular dichroism spectra of the
various purified CPs (Fig. 4). Nearly identical spectra indicated
that the global structure of CP was not altered by the muta-
tions. The prime function of CP is to encapsidate the viral
genome. The mutational effects on RNA binding were assayed
by EMSA using a probe corresponding to the BaMV 5'-UTR
(Fig. 5). The results suggested that the RNA-binding activity of
CP was not changed in response to the mutations.

Effects of CP mutations on BaMV accumulation in plants.
Each of the CP mutations, A209G, N210S, A209G/N210S, and
CP deletion (ACP), was subcloned into the genetic background
of pCBG and transfected into N. benthamiana protoplasts.
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FIG. 9. GFP expression in inoculated leaves of N. benthamiana (A) and C. quinoa (B). Inoculated leaves in Fig. 7 and Fig. 8A were
homogenized in buffer that contained 50 mM Tris (pH 8.0), 2% SDS, 2 mM DTT, and 4% glycerol. The relative amounts of GFP in the samples
were analyzed by Western blotting by using anti-GFP antiserum. Each lane was loaded with 1.5 mg total protein.

Accumulations of the viral CP and genomic RNAs were mea-
sured 2 days posttransfection. Neither CP nor genomic RNA
accumulation was affected by the point mutations (Fig. 6A and
B). However, the level of the viral RNAs was significantly
reduced when CP was absent (Fig. 6B). The various infectious
clones were also used to inoculate N. benthamiana and C.
quinoa. In this study, green fluorescence emitted from GFP
was a convenient marker for monitoring BaMV replication and
movement in plants. In N. benthamiana, inoculation using the
wild-type clone resulted in GFP expression in both the inocu-
lated and systemic leaves 20 days postinfection (dpi) (Fig. 7).
In contrast, inoculation using any of the mutant clones failed to
produce a discernible amount of GFP, even in the inoculated
leaves. In C. quinoa, the leaves inoculated with the wild-type
clone exhibited clear green fluorescent spots 7 dpi (Fig. 8A).
The leaves infected by the N210S mutant seemed to produce
few dim fluorescent spots. However, there was no clear sign of
fluorescent spots on those leaves inoculated with the A209G,
A209G/N210S, or ACP mutant. Delayed observation revealed
that the N210S mutant indeed caused a mild infection, as
distinct lesions appeared in the leaves at the time when the
leaves infected by the wild-type clone had already withered
(Fig. 8B). GFP expression levels in the inoculated leaves of N.
benthamiana and C. quinoa, 20 and 7 dpi, respectively, were
measured by Western blotting. An abundance of GFP could be
detected in both plant samples that were inoculated by the
wild-type clone; however, the GFP expression was rare in the
leaves infected by the N210S mutant (Fig. 9). No GFP was
detected in leaves inoculated with the A209G or ACP mutant.
Taken together, the data clearly indicated that the mutations at
A209 and N210 of CP did not have a detrimental effect on viral
replication within plant cells; however, they did severely delay
the virus cell-to-cell movement. The slightly differential effects
caused by the A209G and N210S mutations urged us to deter-
mine whether the deleterious effects on the virus movement
correlated with the strength of the HLD-CP interaction. The
relative binding affinities of CP(A209G) and CP(N210S) to
the HLD were compared by growing the relevant E. coli
BTHI101 cells on M63 selection plates with initial cell den-
sities at a 2-fold serial dilution (Fig. 10). The results indi-
cated that CP(N210S) had a slightly stronger binding affinity
to HLD than CP(A209G).

To determine whether the mutant CPs were competent in
viral particle formation, we set out to isolate the BaMV virion

from the protoplasts transfected with various pCBG clones.
The attempt was unsuccessful because the production yield
was very low. To overcome this problem, the full-length BaMV
transcript was transiently expressed in N. benthamiana through
the help of A. tumefaciens. BaMV virions in the agroinfiltrated
leaves were isolated and purified. Many flexuous viral particles
could be seen under a transmission electron microscope in
each preparation, regardless of whether it was prepared from
wild-type or mutant virus-infected leaves (Fig. 11A). The pu-
rified virions were disrupted, and the RNA molecules inside
were analyzed by agarose electrophoresis (Fig. 11B). Appar-
ently, the viral genomic RNA could be encapsidated by the
wild-type as well as the mutant CPs.

Effects of CP mutations on FoMV accumulation in plants. It
has been known that CP is required for the movement of
potexviruses. According to the aforementioned data, the role
of BaMV CP in the virus movement is dictated by its binding
ability to the HLD. Thus, it was important to know whether
this phenomenon is widely conserved among potexviruses. To
answer this question, the amino acid sequences of several
potexvirus CPs were aligned, and the results indicated that the
residue corresponding to BaMV A209 was conserved (Fig. 12).
Accordingly, A230 of FOMV CP was subjected to mutagenesis.
The HLD of the FOMV replication protein was expressed with
a His tag at its N terminus in E. coli. Similarly to the BaMV
HLD, the protein formed inclusion bodies; therefore, it was
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FIG. 10. Differential binding of the various BaMV CPs to the
HLD. A 2-pl aliquot of E. coli BTH101 expressing the indicated bait
and prey proteins was grown on an M63 selection agar plate as de-
scribed in Materials and Methods. The cells expressing T25 and T18
were used as a negative control.
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FIG. 11. BaMYV virions formed by the various mutants of BaMV
CP. (A) Virions were prepared and observed under a transmission
electron microscope as described in Materials and Methods. All scale
bars indicate 100 nm. (B) BaMV virions were heated in buffer con-
taining 6 mM phosphate (pH 7.2), 0.2 mM EDTA, 1% B-mercapto-
ethanol, 1% bentonite, and 1% SDS at 60°C for 5 min, followed by
phenol extraction. The purified RNA molecules were analyzed by
0.8% agarose electrophoresis.

denatured, refolded, and purified by the protocol that had
been used for the preparation of the BaMV HLD. The NTPase
activity of the refolded protein (data not shown) suggested that
it had a correct conformation. FOMV CP was also expressed in
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FIG. 13. A230G mutation of FOMV CP that decreased the CP-
HLD interaction and reduced the viral infectivity in C. quinoa. (A) The
purified His-tagged FoMV HLD was mixed with the E. coli extract that
contained the indicated CPp,y-T18 fusion proteins and Ni**-NTA
resin. The proteins bound to the resin were purified by IMAC.
CPromv-T18 in fractions of load and eluate and the HLD in the
eluate were analyzed by Western blotting using specific antisera.
(B) Lesion developments on the leaves of C. quinoa that were
inoculated with the wild type or A230G mutant of FoMV. The
photos of the inoculated leaves were taken 8 dpi.

E. coli as a fusion protein (CPgy-T18). The interaction
between the FoMV HLD and CPpgy,-T18 was verified by
copurification of the two proteins by IMAC (Fig. 13A). A
significant amount of CPg,p-T18 could be found in the elu-
ate with the FoMV HLD. However, when the A230G mutation
was introduced into CP, the yields of the CP fusion proteins in
the eluate drastically decreased. This result suggested that
A230 is involved in the HLD-CP interaction. The same muta-
tion was created in the FOMV infectious clone pCF, and the
derivative was used to inoculate C. guinoa. Lesions were ob-
served on the leaves inoculated with the wild-type pCF 8 dpi;

BaMV 129-PIHKVTYYLAKPTFAIRQS PPA KKNVPSQYKWCAFDRAFDGLYDPTCL-ASELPY
FoMV 150-PVHKLCYFYTKPAYANRRV PPARWTNENVPKANKWAAFDTFDALLDPYVV-PSSVPY
PVX 121-TLRQFCKKYAPVVWNWMLTN|N|SIPPANWOQAQGFKPEHKIFAAFDF[FDGVI[NPAAITPKEGLM
CcMV 114-TLRQFCRYYAKIIWNARVKANII[PPA NAHIKPEQAFAGFEFDFF[FDGVMNVAALEPSGGLV
HrvV 111-PIRKFCRYFAQYIWNARLT PPAISWEAWNFPENEK|FAGEDIFFDGVLINTASLKPPQGLV
k

BaMV MAYATFKTIQIKIAINDQKGEFNLNYNPNVTQARIUPNAPLP---—--- ALPEPTSD
FoMV QVNEIFKKDNLS SR-NQLLGTQAS[ITRGRUYNGAPALPNNGQYFIEAPQ
PVX NAAQTAAFVKIT AQSNDFASLDAAVTRGRITGTTVA----EAVVSLPPP
CcMV 174-REPTPPQEIIIAAETARSLNLFERADSKGNNLATNATQVTRGRYSSSEPQ----VQFLTGVDE
Hrv VANATAKSLHLFERATQRSNLASTATQF TRGRYTDTSPT----IQFLPAPE

FIG. 12. Alignment of partial amino acid sequences of CP among several members of the genus Potexvirus. The GenBank accession numbers
of FoMV, PVX, Cassava common mosaic virus (CcMV), and Hydrangea ringspot virus (HrV) are ABW25052, CAA61265, NP_042699, and
YP_224088, respectively. Consensus motifs and residues are boxed. An asterisk denotes the residues that were mutated in this study.
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in contrast, no apparent lesions appeared on the leaves receiv-
ing the clone carrying the A230G mutation (Fig. 13B).

DISCUSSION

CP of the genus Potexvirus is a multifunctional protein, play-
ing a role in virion assembly (15), cell-to-cell movement (7),
and regulation of viral translation (2). In addition, CP has been
reported to regulate RNA replication in other plant viruses.
For example, RNA replication of Alfalfa mosaic virus (AMV)
was strongly stimulated at low CP concentrations but progres-
sively decreased at higher concentrations (9). In the protoplast
assay, we found that CP deletion in BaMV significantly de-
creased genomic RNA accumulation. It is not currently known
how CP affects RNA accumulation. Perhaps it has a role sim-
ilar to that in AMV CP in the activation of RNA replication.
Alternatively, the presence of CP might protect RNA from
RNase degradation, leading to the increase in RNA accumu-
lation.

Understanding the mechanism underlying the CP require-
ment for potexvirus movement is an important issue. This
study determined that BAMV CP interacts with the viral HLD.
The A209G and N210S mutations on the CP reduced the
affinity of the interaction and restricted the virus from cell-to-
cell movement; however, the CP’s function in RNA binding
and genome encapsidation remained intact. This result is con-
sistent with a previous notion that the C-terminal region of
PVX CP plays a role in virus movement independent of en-
capsidation (6). The importance of the HLD-CP interaction in
BaMV movement suggests that the BaMV replication protein
is included in the infectious entity that moves to and through
plasmodesmata. It is very likely that the infectious entity is an
RNP complex comprising TGBp1, CP, RNA, and the replica-
tion protein. Involvement of the TMV replication protein in
the viral movement complex has been proposed based on the
remarkable difference between the time required for TMV to
spread from the primary inoculated cells to secondary cells
(i.e., 18 to 20 h postinoculation) and that required for spread
from secondary to tertiary cells (2 to 4 h) (13). Such an ar-
rangement enables TMV to replicate immediately once it is
deposited in the adjacent cell. With the same argument, re-
cruitment of the BaMV replication protein in the RNP com-
plex would allow the virus to reinitiate replication rapidly in
the newly invaded cells. Interfering with the CP-HLD interac-
tion of FOMV also deprived the virus of the ability to move,
implying that recruitment of the replication protein in the virus
movement complex may be a general feature of potexviruses.

The HLD of the BaMV replication protein preferentially
binds the cloverleaf-like structure in the 3’-UTR BaMV RNA
(4). If inclusion of the viral replication protein in the move-
ment complex is necessary for efficient dissemination of BaMV
in plant, why is the interaction between HLD and the viral
RNA not sufficient to do the job? The expression amount of
CP is overwhelmingly larger than that of the replication pro-
tein at the time when the virus moves. Therefore, we speculate
that the abundance of CP will interfere with the interaction
between replication protein and RNA. To overcome this situ-
ation, the virus evokes to carry its replication protein in the
movement complex through the binding of CP to the HLD.
Once the complex is deposited in the adjacent cells, CP is

J. VIROL.

removed from the viral RNA by a yet-unknown mechanism,
and the replication protein can immediately start to replicate
the viral RNA.
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