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A Physical Interaction between Viral Replicase and Capsid Protein Is
Required for Genome-Packaging Specificity in an RNA Virus

Jang-Kyun Seo, Sun-Jung Kwon, and A. L. N. Rao
Department of Plant Pathology and Microbiology, University of California, Riverside, California, USA

Genome packaging is functionally coupled to replication in RNA viruses pathogenic to humans (Poliovirus), insects (Flock house
virus [FHV]), and plants (Brome mosaic virus [BMV]). However, the underlying mechanism is not fully understood. We have
observed previously that in FHV and BMV, unlike ectopically expressed capsid protein (CP), packaging specificity results from
RNA encapsidation by CP that has been translated from mRNA produced from replicating genomic RNA. Consequently, we hy-
pothesize that a physical interaction with replicase increases the CP specificity for packaging viral RNAs. We tested this hypothe-
sis by evaluating the molecular interaction between replicase protein and CP using a FHV-Nicotiana benthamiana system.
Bimolecular fluorescence complementation in conjunction with fluorescent cellular protein markers and coimmunoprecipita-
tion assays demonstrated that FHV replicase (protein A) and CP physically interact at the mitochondrial site of replication and
that this interaction requires the N-proximal region from either amino acids 1 to 31 or amino acids 32 to 50 of the CP. In con-
trast to the mitochondrial localization of CP derived from FHV replication, ectopic expression displayed a characteristic punc-
tate pattern on the endoplasmic reticulum (ER). This pattern was altered to relocalize the CP throughout the cytoplasm when the

C-proximal hydrophobic domain was deleted. Analysis of the packaging phenotypes of the CP mutants defective either in pro-
tein A-CP interactions or ER localization suggested that synchronization between protein A-CP interaction and its subcellular

localization is imperative to confer packaging specificity.

any icosahedral viruses with single-stranded, positive-sense

RNA genomes cause serious diseases in humans, animals,
insects, and plants. Assembly of infectious mature virions, a pre-
requisite for successful dissemination of a given viral infection to a
healthy host, is a carefully orchestrated process maintaining a high
degree of precision and requires protein subunits interacting with
each other and with viral nucleic acids. Since mature virions pre-
dominantly contain viral RNAs, it is reasonable to assume that
viruses have evolved to use mechanisms to exclude packaging of
RNAs other than those associated with the virus itself. Informa-
tion gleaned from recent studies with eukaryotic RNA viruses
pathogenic to humans and animals (e.g., Poliovirus and Venezue-
lan equine encephalitis virus) (20, 30, 44), insects (e.g., Flock house
virus [FHV]) (42), and plants (e.g., Brome mosaic virus [BMV]) (1)
revealed that the mechanism of genome packaging in these taxo-
nomically distinct viral systems is commonly shared and is func-
tionally coupled to replication.

FHV, a positive-strand RNA virus of a coleopteran insect ori-
gin, is a member of the insect virus family Nodaviridae (37). The
genome organization in FHV is simple, consisting of two RNAs
packaged in a single, nonenveloped icosahedral virion with T=3
symmetry (34). RNA1 (F1; 3.1 kb) encodes the viral RNA-depen-
dent RNA polymerase (protein A; 112 kDa), and RNA2 (F2; 1.4
kb) encodes the viral coat protein precursor o (CP-a; 43 kDa)
(36). F1 is capable of independent replication, whereas the repli-
cation of F2 is F1 dependent (5). During replication, the 3" end of
F1 synthesizes a subgenomic RNA3 (sgF3; 0.4 kb) coding for two
overlapping proteins B1 and B2. The function of B1 is unknown,
while B2 is the designated suppressor of RNA silencing to over-
come host defense response and maintain sustained replication
(22). Studies of FHV infection in Drosophila cells identified mito-
chondria as the key cellular organelle involved in RNA replication
by inducing the formation of membrane bound spherules in the
mitochondrial intermembrane space (27, 28).
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FHV CP-a must be translated from a replicating F2 in order for
the FHV genome to be specifically packaged (3, 42). CP-« and the
two genomic RNAs assemble into a noninfectious precursor par-
ticle called provirion (35). Provirions mature and acquire infec-
tivity by spontaneous cleavage of the CP-a into protein 3 (38 kDa)
and <y (5 kDa) subunits. Deletion analysis of FHV CP identified
critical regions required for packaging specificity. For example,
deletion of C-terminal residues 382 to 407 resulted in packaging
large amounts of random cellular RNA and various amounts of
viral RNA (35), while deletion of N-terminal residues 2 to 31 af-
fected the packaging efficiency of F2 but not F1 (26). Analysis that
is more recent showed that the packaging of F1 is determined by
an N-terminal arginine-rich motif (ARM) region located between
positions 32 and 50 (43). Based on these observations in conjunc-
tion with confocal microscopic analyses, it was proposed that an
ARM is required for the trafficking of CP to mitochondria where
FHV RNA replication occurs actively (43). Despite these ad-
vances, the underlying molecular mechanism regulating genome-
packaging specificity is not well understood.

Although FHYV is inherently an insect virus (37), it represents a
unique example of a eukaryotic RNA virus that crosses the king-
dom barrier and multiplies in a variety of cells, including plants (3,
38), yeast (27, 28), Drosophila (37), and Caenorhabditis elegans
(23). In the present study, we opted to use Nicotiana benthamiana
plants as a host for the macromolecular interactions involved
FHV packaging for the following reasons: (i) analogous to insect
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cells, FHV replication occurs on the outer mitochondrial mem-
brane of N. benthamiana cells (3); (ii) it has been shown that FHV
is not only competent to replicate in several monocotyledonous
and dicotyledonous plant species without producing symptoms
but also to assemble virions that can infect insect cells (38); (iii) a
simple, robust, and synchronized delivery of multiple plasmids to
the same plant cell via agroinfiltration (3, 17, 25) and development
of a wide range of vectors suitable for evaluating protein-protein
interactions using bimolecular fluorescent complementation
(BiFC) (8, 19) make the plant system an ideal platform for re-
search questions we sought to examine here.

The simple genome organization of FHV is attractive for elu-
cidating the mechanism of genome packaging in RNA viruses.
Despite significant advancement in understanding the various
factors regulating genome packaging in FHV (3, 42, 43), the fol-
lowing key issues still remain unanswered. First, the packaging
phenotypes exhibited by the FHV CP translated from a replicating
versus nonreplicating F2 are distinct (3, 42). However, it is not
known whether this differential packaging is due to variation in
the subcellular localization sites of the respective CP forms. Sec-
ond, although protein A and CP has been shown to colocalize to
replication sites (i.e., mitochondria), it is not known whether
these two macromolecules physically interact to regulate packag-
ing specificity. Therefore, to find answers to these questions, we
systematically analyzed and identified various viral and subcellu-
lar components involved in the regulation of packaging specificity
in FHV. We exploited the inherent salient features of agroinfiltra-
tion (2) for efficient transient expression of proteins and BiFC
assay (8) and fluorescent cellular marker proteins for evaluating
interactions between a pair of desired FHV proteins and their
subcellular localization in living cells. We found that FHV CP
directly interacts with protein A at the mitochondrial site of rep-
lication and the N-proximal arginine residues located in the re-
gion from amino acids 1 to 31 or the region from amino acids 32
to 50 of the CP promote this interaction. In addition, we also
found that the C terminus of CP, which contains a hydrophobic
domain, is critical for endoplasmic reticulum (ER) localization of
the CP. Finally, in vivo evaluation of selected CP mutants affecting
the interaction with protein A and ER localization revealed their
significance in packaging specificity of the FHV genome.

MATERIALS AND METHODS

Construction of YFP fusion proteins for ectopic expression. Agrobacte-
rium-based binary plasmids PZPc-nYFP, PZPc-cYFP, PZPn-nYFP, or
PZPn-cYFP, amenable for BiFC assays in planta, were used to assemble N
and C-terminal yellow fluorescent protein (YFP) fusion proteins (see Fig.
1). Either the N-terminal region of YFP (encompassing amino acids 1 to
156 [nYFP]) or C-terminal region of YFP (encompassing amino acids 157
to 239 [cYFP]) was amplified by PCR using appropriate primer sets and
the resulting product was inserted into the Stul-digested PZP vector. Add-
ing nucleotides for six histidines and an AGG sequence at the 3" ends of
the primers used to amplify nYFP and cYFP regenerated a Stul site. The
resulting constructs were referred to as PZPn-nYFP and PZPn-cYFP, re-
spectively (see Fig. 1). FHV protein A and CP open reading frames (ORFs)
were amplified by PCR and inserted into PZPc-nYFP, PZPc-cYFP, PZPn-
nYFP, or PZPn-cYFP utilizing Stul and Spel sites. Deletions and amino
acid substitutions were engineered into either N- or C-terminal domains
of CP by PCR using appropriate primer sets. Each CP mutant was inserted
downstream of nYFP or GFP to express the desired fusion protein. To
construct fluorescent cellular markers specific for the ER, nucleus, or mi-
tochondria, respective subcellular targeting signals were engineered into a
desired fluorescent protein by PCR using the appropriate primer sets. The
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resulting PCR products were inserted into Stul- and Spel-digested PZP
vector. These constructs were referred to as pMito-RFP (red fluorescent
protein), pNLS-CFP (cyan fluorescent protein), and pER-GFP (green flu-
orescent protein) that will be used, respectively, to visualize the mitochon-
dria, nucleus and ER (see Fig. 3A). Variants of full-length wild-type (wt)
F2 clones harboring CP mutations were assembled using PCR. To con-
struct pF2-ARM1&2 R—A, a 5’ 520-bp fragment from wt F2 was ampli-
fied by using the primers F2-NRA-5’-Fw and F2-519-BamHI-Rv and the
cDNA of CP ARM1&2 R—A as a template and inserted into pCassRz
vector digested with Stul and BamHI (2, 3). The resulting construct was
referred to as pF2-5'500RA. Then, the wt F2 sequence was amplified with
the primers F2-5'-Fw and F2-3’-BamHI-Rv, and the resulting PCR prod-
uct was digested with Spel and BamHI and inserted into Spel- and
BamHI-digested pF2-5'500RA. To construct pF2-C6Thr and pF2-C3Thr,
the 3’ end region of the CP gene harboring nucleotides (nt) 1065 to 1250
was first amplified with the primers F2-1065-Fw and F2-CThr-1250-Rv
and CP C-6Thr or CP C-3Thr as templates, respectively. The resulting
PCR products were gel purified and used as megaprimers for the following
steps. The combination of a primer F2-3’-BamHI-Rv and the megaprim-
ers as prepared above was used in a PCR to amplify a region spanning the
3’ sequence of F2 from nt 1065 to 1400. The resulting PCR products were
digested with BglII and BamHI and inserted into BglII- and BamHI-di-
gested pF2. The nature of all recombinant clones was verified by DNA
sequencing. The composition of the oligonucleotides used in the con-
struction of the above-described recombinant clones is available upon
request.

Agroinfiltration and confocal microscopy. After transformation of
the binary vectors into Agrobacterium strain GV3101, infiltration into N.
benthamiana leaves was performed as described previously (2, 39). At 3
days postinfiltration (dpi), epidermal cells of agroinfiltrated leaves were
observed for emission of fluorescence using a Leica SP2 laser scanning
confocal microscope (Leica, Germany) equipped with a specific laser/
filter combination to detect CFP (excitation at 458 nm), GFP (excitation
at 488 nm), YFP (excitation at 514 nm), and RFP (excitation at 594 nm).

Coimmunoprecipitation assays. Total protein extracts were prepared
from healthy and agroinfiltrated N. benthamiana leaves as described pre-
viously (7, 14), with minor modifications. Briefly, at 3 dpi, infiltrated
leaves were ground in liquid nitrogen by using a mortar and pestle and
homogenized in 3 volumes of protein extraction buffer (50 mM Tris-HCl
[pH 8.0], 150 mM NacCl, 0.5% Triton X-100, 0.2% 2-mercaptoethanol,
5% glycerol, proteinase inhibitor cocktail [Sigma, USA]). Cell debris was
removed by centrifugation at 18,000 X g for 20 min at 4°C. The resulting
supernatants were incubated with anti-protein A antibody at 1:100 dilu-
tion (kindly provided by Paul Ahlquist) for 8 h at 4°C. Then, a 30-pl
aliquot of protein G-agarose beads (Santa Cruz Biotechnology, USA) was
added to each tube, followed by incubation for 2 h at room temperature.
The immunocomplexes were then precipitated by centrifugation for 1
min at 10,000 X g and washed three times in 1 ml of phosphate-buffered
saline (0.1 M NaCl, 90 mM sodium phosphate [pH 7.0]). For RNase A
treatment, the precipitated proteins were treated with RNase A (50 pg/
ml) for 2 h at 25°C. The resulting precipitated proteins were eluted from
the beads by boiling in SDS-PAGE sample buffer for 3 min. Equal volumes
of protein samples were analyzed by SDS-PAGE, followed by immunoblot
analysis with anti-protein A and anti-CP antibodies.

Bioinformatic analyses. Predictions of transmembrane domain
(TMD) and hydrophobicity in the sequence of FHV CP was performed
using the programs TMHMM v.2 (21) and ProtScale (according to the
Kyte and Doolittle method) (16), respectively.

Purification of FHV virions. At 5 dpj, infiltrated leaves were ground
vigorously in buffer A (50 mM HEPES [pH 7.0], 5 mM CaCl,, 0.5%
[wt/vol] Nonidet P-40, 0.2% [wt/vol] 2-mercaptoethanol). After remov-
ing the debris by centrifugation at 18,000 X g for 20 min at 4°C, the
resulting supernatant was incubated with 10 pg of RNase A/ml for 1 h at
27°C. The incubated mixture was subjected to centrifugation at 18,000 X
g for 20 min at 4°C, and the virus was pelleted by centrifuging the super-
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FIG 1 Schematic representation of fluorescent protein fusion constructs used in the present study. Two pairs of basal BiFC binary vectors amenable for
agroinfiltration— one pair for generating N-terminal fusions (PZPn-nYFP and PZPn-cYFP [A]) and the other pair for generating C-terminal fusions (PZPc-
nYFP and PZPc-cYFP [B])—were constructed. ORFs of protein A and CP were fused in-frame to each pair of binary vectors using Stul and Spel sites. Each binary
vector contained in sequential order, a left border of T-DNA (LB); a double 35S promoter (355x2); a tobacco etch virus (TEV) translation enhancer leader
sequence (TL), six-histidine tag (HisX6), a fragment of N-terminal 157 residues of yellow fluorescent protein (nYFP), a fragment of C-terminal 83 residues of

YFP (nYFP), a 35S terminator (T35S), and a right border of T-DNA (RB).

natant at 280,000 X g for 3 h at 4°C. The pellet was resuspended in buffer
A by shaking for 16 h at 4°C. Debris was removed by centrifugation at
18,000 X g for 20 min at 4°C, and the supernatant was overlaid on a 30%
(wt/wt) sucrose cushion prepared in buffer B (50 mM HEPES [pH 7.0], 5
mM CaCl,, 0.1% bovine serum albumin, 0.2% 2-mercaptoethanol) and
centrifuged at 280,000 X g for 3 h at 4°C. The final pellet was resuspended
in buffer A.

FHYV progeny analysis. Total RNA and protein preparations were ex-
tracted from infiltrated leaves using TRIzol reagent (Invitrogen, USA)
according to the manufacturer’s instructions. FHV RNA in either total cell
extracts or purified virions was analyzed as described previously (3). FHV
RNA in total and purified virions was detected by Northern blot hybrid-
ization using riboprobes complementary to either full-length F1 or F2 as
described previously (3) using appropriate primers containing the T7
promoter sequence.

RESULTS

Protein A and CP physically interact at the mitochondrial site of
replication. As schematically shown in Fig. 1, two split fragments of
YFP, the N-terminal residues 1 to 156 (nYFP) and C-terminal resi-
dues 157 to 239 (cYFP) were fused to target proteins, protein A and
CP. First, to examine the self-interaction of either protein A or CP,
four pairs of nYFP and cYFP terminal fusions of protein A (A-
nYFP+A-cYFP, A-nYFP+cYFP-A, nYFP-A+A-cYFP, and nYFP-
A+cYFP-A) or CP (CP-nYFP+CP-cYFP, CP-nYFP+cYFP-CP,
nYFP-CP+CP-cYFP, and nYFP-CP+cYFP-CP) (Fig. 2) were infil-
trated into N. benthamiana, and the reconstituted YFP signal was
monitored. For protein A self-interaction, among the four pairs, only
one pair coexpressing A-nYFP and A-cYFP resulted in YFP fragment
complementation confirming protein A self-interaction (Fig. 2D).
Furthermore, unlike free YFP that was distributed throughout the

cytoplasm of epidermal cells (Fig. 2A), we found that yellow fluores-
cence representing protein A self-interaction was restricted to a spe-
cific location in the cytoplasm that was later identified to be the mi-
tochondria (see below).

For self-interaction of CP, among the four pairs tested, only
one pair coexpressing nYFP-CP and cYFP-CP resulted in YFP
fragment complementation confirming CP self-interaction (Fig.
2E). The subcellular distribution site of CP self-interaction was
distinct from that of free YFP, and later it was identified to be the
ER (see below). Collectively, the data provided a convincing
proof-of-concept for the efficacy of BiFC approach in detecting
self-interaction of protein A and CP.

A previous confocal analysis has shown that protein A and CP
colocalizes on mitochondria (43), but it is not known whether a phys-
ical interaction between these two macromolecules exists. Thus, us-
ing BiFC we sought to examine the interaction between protein A and
CP in living cells. To this end, eight possible pairs of N- and C-termi-
nal YFP fusions of protein A and CP were assembled and infiltrated
into N. benthamiana and monitored for fluorescence as described
above. Among the eight pairs infiltrated, we were able to detect
BiFC signals from two pairs, A-nYFP+cYFP-CP (Fig. 2F) and
A-cYFP+nYFP-CP (Fig. 2G), indicating that protein A and CP
interact.

Ithas been previously demonstrated that protein A localizes on
the outer mitochondrial membranes in both insect and plant cells
(3, 28). Furthermore, mitochondria, which are normally distrib-
uted in the cytoplasm, are clustered into the perinuclear region
following nodavirus infection (15, 43). Therefore, it is reasonable
to surmise that the reconstituted YFP signals resulting from inter-

FIG 2 Visualization in vivo of protein A and CP interactions. Each binary construct was transformed into Agrobacterium strain GV3103 and infiltrated into the
abaxial side of N. benthamiana leaves in either single or pairwise combinations, as indicated on the left side of each panel. The reconstructed YFP signals were
observed in the epidermal cells using confocal microscopy at 3 days postinfiltration (dpi). Representative confocal fluorescence images shown. (A to C) Three sets
of control samples. (D and E) Self-interaction of protein A and CP. (F and G) Protein A-CP interactions. Fluorescent signals from expression of YFP (in panel
A) represent a positive control. Subcellular images for fluorescence emitted by YFP and the merged images under the transmitted-light mode are shown. Images
a',b',c',d’,e',f, g’,and h', in either single or pairwise combinations, are enlargements that correspond to the areas indicated in panels a, b, ¢, d, e, f, g, and h,
respectively. The fluorescence signals were observed in the epidermal cells using confocal microscopy at 3 dpi. Bar, 30 wm. (H) Summary of self- and

»

cross-interactions. The presence or absence of yellow fluorescence was indicated by “+” and “—” symbols, respectively.
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action of protein A and CP might be localized on the clustered
mitochondria. To substantiate this assumption, we assembled flu-
orescent subcellular markers that are specifically targeted to mito-
chondria (pMito-RFP, characterized by the fusion of red fluores-
cent protein to mitochondrial targeting signal) (Fig. 3A). When a
pair of bona fide interacting partners of protein A and CP (i.e.,
A-cYFP and nYFP-CP) was coexpressed with pMito-RFP, the re-
constituted YFP signals were colocalized with RFP signals (Fig.
3B), demonstrating that the clustered mitochondria is the subcel-
lular localization site of protein A and CP interaction. These re-
sults were consistently reproduced in at least three independent
experiments.

Ectopic expression and subcellular localization of FHV pro-
tein A and CP. One of the hallmark features of nodavirus infection
is the perinuclear clustering of mitochondria (15, 43), the recog-
nized site of FHV replication (28). Similar mitochondrial cluster-
ing was observed when protein A and CP were coexpressed tran-
siently in N. benthamiana (Fig. 3B). It was previously shown that
the mitochondrial clustering is mediated by protein A in yeast cells
(27). To verify this in plant cells, protein A or CP was transiently
expressed with the mitochondrial marker. In contrast to the au-
tonomous expression of Mito-RPF resulting in cytoplasmic dis-
tribution of mitochondria, a clustering of mitochondria was ob-
served in leaves coexpressing Mito-RPF and either wt FHV or
protein A but not with CP (Fig. 3C). Taken together, these results
confirm previous observations in yeast cells (27) that protein A is
the sole determining factor for mitochondrial clustering in N. ben-
thamiana.

Next, we sought to examine and visualize the precise subcellu-
lar localization sites of protein A and CP in plant cells. Conse-
quently, these proteins were tagged to a fluorescent protein (pro-
tein A was fused to YFP, while CP was fused with either GFP or
RFP) and coexpressed with fluorescent subcellular markers in N.
benthamiana leaves. The results are summarized in Fig. 4A and B.
When A-YFP was coexpressed with Mito-RFP, as expected YFP
signals were colocalized with RFP signals, indicating that protein
A localized on the clustered mitochondria (Fig. 4A). Subcellular
localization of FHV CP was examined in Drosophila cells, where its
expression was contingent on replication (42), and was shown to
closely associate with the ER network (43). However, during FHV
infection, not only did the mitochondria cluster around perinu-
clear region, but the ER was also found to retract significantly
toward perinuclear region (43). Therefore, to verify whether the
subcellular localization of CP would be different when it is ex-
pressed independent of replication, CP tagged with either GFP or
RFP (GFP-CP and RFP-CP, respectively) was expressed ectopi-
cally in plant cells. As shown in Fig. 4B, GFP-CP showed a distinct
subcellular localization pattern reminiscent of the ER distribu-
tion. Coexpression with fluorescent subcellular markers revealed
that CP was predominantly localized on the ER as punctate bodies
(Fig. 4B, middle panel) but not on mitochondria (Fig. 4B, bottom
panel). However, when GFP-CP was coexpressed with CFP-NLS,
some overlapping fluorescence signals for GFP and CFP were ob-
served (Fig. 4B, top panel). Since in plant cells the perinuclear
region is highly structured with the ER network (18, 40), the ob-
served colocalization of GFP and CFP signals could be due to the
accumulation of GFP-CP on ER surrounding the nucleus.

Arginine residues at the N terminus of CP are required to
promote interaction with protein A. To identify the domains of
FHV CP required for its interaction with protein A, based on the
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previous data (26), we first focused on characterizing the N-prox-
imal region spanning amino acids 1 to 50 and the C-proximal
region spanning amino acids 381 to 407. The N-proximal 50-
amino-acid region of CP is very basic and is commonly referred to
as an arginine-rich motif (ARM). However, to precisely delineate
and characterize the critical part of this region with respect to its
interaction with protein A, we divided the N-proximal region
from amino acids 1 to 50 into ARM1 (spanning residues 1 to 31)
and ARM2 (spanning residues 32 to 50) (Fig. 5A). As shown in Fig.
5B, a series of deletions and amino acid substitutions were engi-
neered into the N-proximal ARM1 and ARM2, as well as the C-
proximal region (spanning amino acids 364 to 407). Engineered
deletions are classified into three sets. First set consisted of three
deletion mutants, each lacking either ARM1 (CPA1-31) or ARM2
(CPA32-50) or both (CPA1-50) (Fig. 5B). The second set con-
sisted of two deletion mutants: mutant CPA137-407 lacked amino
acids 137 to 407, whereas in mutant CPA382-407, the C-proximal
amino acids located between amino acids 382 and 407 were de-
leted (Fig. 5B). One of the two deletion mutants of the third set is
characterized by lacking both N-proximal ARMs (amino acids 1
to 50) and the C-proximal 26 amino acids (CPA1-50:382-407),
while the other mutant lacked amino acids 1 to 363 (CPA1-363)
(Fig. 5B). Since one of two bona fide pairs of interacting partners
of protein A and CP being A-cYFP and nYFP-CP (Fig. 2G), each
CP deletion mutant was subcloned into a genetic background
of nYFP-CP and coinfiltrated with A-cYFP into N. benthami-
ana plants for evaluating the interaction between protein A and
each mutant CP by BiFC. The results are summarized in Fig. 5D
to K.

As expected, control infiltrations involving coexpression of A-
cYFP and nYFP-CP interacted, emitting a yellow fluorescence sig-
nal (Fig. 5D). Among the three deletion mutants encompassing
the N-terminal ARMs, two mutants CPA1-31 and CPA32-50, but
not CPA1-50, interacted with protein A (Fig. 5E to G). This result
was unexpected since only ARM2 (i.e., encompassing amino acids
32 to 50) has been shown to be responsible for localizing CP to the
RNA replication sites (43). The critical involvement of the N-
proximal region encompassing the ARMs, but not the C-proximal
region, in interaction with protein A was further accentuated by
detection of YFP signals reconstructed by interactions between
protein A and either CPA137-407 or CPA382-407, whereas no
YEP signals were detectable in cells coexpressing protein A and
either CPA1-50:382-407 or CPA1-363 (Fig. 5E to K). Taken to-
gether, these results firmly established that a CP domain required
to interact with protein A is located in the N terminus extending
from residues 1 to 136.

To further examine the significance of specific arginine resi-
dues of the N-proximal ARM1 and/or ARM2 in interaction with
protein A, four additional amino acid substitution mutants were
engineered into the genetic background of selected deletion mu-
tants shown in Fig. 5A and B and are shown in Fig. 5C. First, all 12
arginine residues in ARM2 were substituted with alanine residues
in the genetic background of either wt CP or CPA1-31, respec-
tively, creating the variants CPARM2 R—A and CPA1-31 ARM2
R—A (Fig. 5C); similarly, the five arginine residues of ARM1 were
substituted with alanine residues in the genetic background of
CPA32-50 creating CPA32-50 ARM1 R—A (Fig. 5C); finally, all
17 arginine residues collectively located in the N-proximal ARM1
and ARM2 were substituted with alanine residues into the genetic
background of wt CP, creating CP ARM1&2 R—A (Fig. 5C). Each
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FIG 3 Protein A-CP interaction occurs on the mitochondria. (A) Schematic rep-
resentation of binary vectors designed to express fluorescent subcellular markers.
Three different subcellular marker genes were fused in-frame into the vector using
Stul and Spel sites. Plasmid pMito-RFP was designed specifically for mitochondria
to emit red fluorescence by fusing ORF of red fluorescent protein (RFP) to mito-
chondrial targeting signal (MTS), plasmid pCFP-NLS was designed specifically for
the nucleus to emit cyan fluorescence by fusing the ORF of cyan fluorescent pro-
tein (CFP) to the nuclear localization signal of simian virus 40 T antigen (NLS),
and plasmid pER-GFP was specifically designed for the ER to emit green fluores-
cence by fusing the ORF of green fluorescent protein (GFP) to the ER targeting
signal (ETS) and ER retention sequence (KDEL). (B) Visualization of subcellular
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FIG 4 Subcellular distribution pattern of protein A and CP in plant cells. (A
and B) Agrotransformants of protein A fused to YFP (A-YFP) and CP fused to
GFP or RFP (GFP-CP or RFP-CP) were mixed with agrotransformants ex-
pressing the desired fluorescent subcellular markers (see Fig. 3A) and infil-
trated into N. benthamiana leaves. The fluorescence signals were observed in
the epidermal cells using confocal microscopy at 3 dpi. Mitochondria, nuclei,
and ER emit red, cyan, and green fluorescence, respectively. Bar, 15 pm.

of these mutants was fused with nYFP and coexpressed with A-
cYFP in N. benthamiana and evaluated for the reconstituted yel-
low fluorescence by confocal microscopy. The results are shown in
Fig. 5L to O. Among four mutants, yellow fluorescence was de-
tected only with CP ARM2 R—A (Fig. 5L) but not with the other
three mutants (Fig. 5M to O), suggesting either N-proximal
ARMI or ARM2, but not both, having positively charged arginine
residues is necessary to promote interaction with protein A.
Coimmunoprecipitation assays confirm protein A and CP
interaction. N. benthamiana leaves were infiltrated to coexpress

localization of the protein A-CP interaction. A mixture of agro-constructs as
indicated on the left side of the image was delivered into N. benthamiana leaves
by agroinfiltration. The fluorescence signals were observed in the epidermal
cells using confocal microscopy at 3 dpi. Bar, 30 pwm. (C) Protein A mediates
the clustering of mitochondria in plant cells. N. benthamiana leaves were in-
filtrated with the indicated agrotransformants. FHV denotes a mixture of F1
and F2 agrotransformants (3). The fluorescence signals were observed in the
epidermal cells using confocal microscopy at 3 dpi. Mitochondria emit red
fluorescence. Bar, 15 pm. Agrotransformants of protein A fused to YFP (A-
YFP) and CP fused to GFP or RFP (GFP-CP or RFP-CP) were mixed with
agrotransformants expressing the desired fluorescent subcellular markers and
infiltrated into N. benthamiana leaves. The fluorescence signals were observed
in the epidermal cells using confocal microscopy at 3 dpi. Mitochondria, nu-
clei, and ER emit red, cyan, and green fluorescence, respectively. Bar, 15 pm.
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FIG 5 Identification of CP domains required for the interaction with protein A. (A) Schematic representation of CP variant containing deletions and amino acid
substitutions. Characteristic features of a binary vector, as described in the Fig. 1 legend, containing either nYFP or GFP is shown. A wt FHV CP (wt CP) of 407 amino
acids is shown. The N-terminal region from amino acids 1 to 50 is divided into two regions designated ARM1 (amino acids 1 to 30 containing 5 arginine residues
indicated in red font) and ARM2 (amino acids 32 to 50 containing 12 arginine residues indicated in red font) and are indicated by blue boxes. The region spanning mature
B-subunit (amino acids 1 to 363) and the y-subunit (amino acids 364 to 407) of the CP is indicated. The C terminus of the CP located between amino acids 382 and 407,
indicated by orange shading, contains a high proportion of hydrophobic amino acid residues. (B) Dashed lines represent the extent of engineered deletions in the CP
OREF. (C) Arginine residues located in ARM1, ARM2, or both were substituted with alanine residues (indicated in red font). nYFP fusions for each CP mutant (shown
in Fig. 5A to C) were constructed by using the binary vector shown in Fig. 1. (D to O) Each nYFP-CP mutant was coexpressed with A-cYFP in N. benthamiana leaves by
agroinfiltration. The reconstructed YFP signals were observed in the epidermal cells using confocal microscopy at 3 dpi. Images emitting yellow fluorescence by
reconstituted YFP are shown to the left, and images merged with those taken under the transmitted-light mode are shown to the right. Bar, 15 pm.
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FIG 6 Coimmunoprecipitation assay. Protein A was coexpressed with either
wt CP or its indicated mutants in N. benthamiana leaves by agroinfiltration.
(A) Expression of protein A and CP in total protein extracts was confirmed by
Western blotting with anti-protein A and anti-CP antibodies, respectively.
Total protein extracts from leaves infiltrated with the empty vector or CP only
were used as controls. (B) For coimmunoprecipitation, total protein extracts
of each sample were incubated first with anti-protein A antibodies, followed by
complex precipitation with protein G-agarose. The resulting coimmunopre-
cipitated products were subjected to Western blotting with anti-protein A and
anti-CP antibodies. The effect of RNase A treatment on coimmunoprecipi-
tated products was verified by Western blot analysis as described above.

protein A and either wt CP or three selected ARM mutants (CP
ARMI1&2 R—A, CP ARM2 R—A, and CP ARM1 R—A). At 3 dpi,
total proteins were extracted from infiltrated leaves and incubated
with anti-protein A antibodies, followed by the precipitation of
the complex with protein G-agarose. Western blotting with anti-
protein A or CP antibodies detected the resulting coimmunopre-
cipitated products. Consistent with the BiFC assay (Fig. 5), wt CP,
CP ARM2 R—A, and CP ARM1 R—A, but not CP ARM1&2
R—A, were coprecipitated with protein A (Fig. 6). These results
further validated the results of our BiFC assays showing that pro-
tein A interacts with CP and that the arginine residues of either
ARMI1 or ARM2 are intimately involved in promoting this inter-
action. In addition, RNase A treatment did not disrupt the copre-
cipitation of protein A and CP (Fig. 6, lanes 7 to 9), suggesting that
RNA is not involved in promoting the interaction between protein
A and CP.

Hydrophobic amino acids at the C terminus of FHV CP are
required for the specific subcellular localization of FHV CP. As
shown above (Fig. 4B), CP tagged with fluorescent proteins spe-
cifically localized on the ER. We extended this approach to char-
acterize the domain required for in the subcellular localization of
CP by constructing GFP-fused CP mutants having either deletions
or substitutions (Fig. 5A to C). The GFP-fused CP mutants were
expressed in N. benthamiana via agroinfiltration. The results are
summarized in Fig. 7. The pattern of GFP distribution for N-ter-
minal deletion mutants (i.e., GFP-CPA1-31, GFP-CPA32-50, and
GFP-CPA1-50) or substitutions (i.e., CP ARM1&2 R—A) was
indistinguishable from that of control infiltrations performed
with wt CP. In contrast, the pattern of GFP distribution for the CP
variants, (CPA382-407) lacking the C-proximal region or CPA1-
363 having amino acids encompassing the CP vy-subunit, was
identical to that of free GFP (Fig. 7A). Taken together, our results
show that, although the N-proximal region containing ARM1 and
ARM?2 is dispensable for ER localization, the C-terminal domain
of FHV CP is necessary but not sufficient for specific ER subcel-
lular localization.
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In eukaryotic cells, TMDs mediate the secretory pathway, in-
cluding the sorting, targeting, and membrane retention of pro-
teins (9, 10, 24, 33). Thus, we analyzed the FHV CP amino acid
sequence using the programs to identify potential TMDs and hy-
drophobic regions. First, the TMHMM v.2 program predicted
that FHV CP has a putative TMD at the C terminus (Fig. 7B). This
region was also predicted to have the highest hydrophobicity in
the FHV CP ORF by using the ProtScale program (with the Kyte
and Doolittle method) (Fig. 7C). Based on this prediction, we
constructed three CP mutants with the substitution of threonines
(ahydrophilic but uncharged amino acid) for hydrophobic amino
acids at the C terminus (Fig. 7D). These included the following: (i)
variant CP C-6Thr contains six threonines at positions 398, 400,
401, 402, 405, and 407, and (ii) variant CP C-3Thr contains three
threonines at positions 398, 400, and 401. (iii) Moreover, since it
was shown that FHV CP with alanine substitutions at positions
402, 405, and 407 was deficient for specific encapsidation of FHV
RNAs (35), we also constructed an additional CP variant, CP
C-3FA, with three alanines at positions 402, 405, and 407. All of
these CP mutants were predicted, using the above-described pro-
grams (data not shown), to lose the putative TMD at the C termi-
nus. These CP mutants tagged with GFP were expressed in N.
benthamiana, and we examined their subcellular localization. In-
terestingly, the GFP distribution pattern displayed by all CP sub-
stitution mutants losing the putative TMD was indistinguishable
from that of free GFP (Fig. 7E). This result suggested that the
hydrophobic domain at the C terminus of FHV CP, with a puta-
tive TMD, is important for the specific subcellular localization
of CP.

Effects of mutations disrupting interaction of CP with pro-
tein A and its subcellular localization on packaging specificity.
To investigate the biological significance of the CP mutants defec-
tive in either interaction with protein A or ER localization, we
subcloned three selected CP mutants into the genetic background
of a biologically active F2 agro-construct (3). The selected CP
mutants were CP ARM1&2 R—A (defective in interaction with
protein A [Fig. 5C and O]) and CP C-6Thr and CP C-3Thr (ex-
hibited altered subcellular localization compared to the wt [Fig.
7D and E]), and the resulting F2 mutants were designated pF2-
ARM1&2 R—A, pF2-C6Thr, and pF2-C3Thr, respectively. N.
benthamiana leaves were infiltrated with Agrobacterium cultures
containing pF1 and either pF2 wt or its mutants. At 5 dpi, infil-
trated leaves from each inoculum were divided into two lots. One
lot was used to extract the total RNA, while the other was used to
obtain RNA from purified virions. FHV RNA profiles of total
RNA extracts were analyzed by Northern blot hybridization. The
results are shown in Fig. 8A. As expected, total RNA preparations
of wt and each mutant inocula contained all three FHV RNAs.
However, quantitative analysis revealed that, compared to wt,
progeny accumulation for mutant pF2-ARM1&2 R—A was re-
duced by 39% for F1+F2+sgF3 and by 47% for F1+F2. In con-
trast, progeny accumulation for mutants pF2-C6Thr and pF2-
C3Thr was near wt levels (Fig. 8A). Sequence analysis of reverse
transcription-PCR products of progeny F2 confirmed that engi-
neered mutations were maintained during replication in plant
cells (data not shown).

Virions were purified from wt or mutant FHV infiltrated
leaves, and the yield was quantitated. Compared to the wt, the
virion yield recovered from leaves infiltrated with mutant pF2-
ARM1&2 R—A was reduced by 60%, while that of mutants pF2-
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FIG 7 Identification of the CP domain required for specific subcellular localization. (A) CP mutants were fused to GFP as shown in Fig. 5A to C. The indicated
GFP-tagged CP mutants were expressed in N. benthamiana leaves by agroinfiltration. The GFP signals were observed in the epidermal cells using confocal
microscopy at 3 dpi. Bar, 15 pum. (B and C) Prediction of the TMD (B) and the hydrophobic domain (C) of FHV CP. The TMHMM v.2 and ProtScale (the Kyte
and Doolittle method) programs were used to predict the TMD and the hydrophobicity of CP, respectively. (D) Binary plasmids designed to express CP
containing mutations (indicated in green font) in the C-terminal hydrophobic domain as GFP fusions. (E) After agroinfiltration of C-terminal mutants of CP,
GFP signals were observed in the epidermal cells using confocal microscopy at 3 dpi. Bar, 15 pm.
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FIG 8 Effect of the N- and C-terminal mutants of CP on replication and packaging. (A) Northern blot analysis of FHV RNA replication in plant cells. The
agrotransformant of F1 was mixed with either wt F2 or the indicated mutants and infiltrated into N. benthamiana. At 5 dpi, the total RNAs were extracted and
subjected to Northern blot hybridization with riboprobes specific for F1 and F2. The FHV RNA accumulation levels shown below the Northern blot were
normalized against the wt as 100%. (B) Virion yield. FHV virions were purified from the infiltrated leaves, and the yield was quantitated and normalized against
the wtas 100%. The data shown represent averages of three independent virion preparations. (C) Analyses of RNAs extracted from purified FHV virions. At 5 dpi,
virions were purified from the infiltrated leaves, and encapsidated RNA was isolated. Virion RNA was subjected to 1% agarose electrophoresis and visualized by
staining with ethidium bromide. An asterisk indicates a heterogeneous population RNA of cellular origin. (D) The RNA profile shown in panel C was subjected
to Northern blot hybridization with a mixture of riboprobes complementary to full-length F1 and F2. The positions of F1, F2, and sgF3 are shown to the right.

In panel A, rRNA indicates a loading control. Encapsidated FHV progeny was quantitated as described above.

C6Thr and pF2-C3Thr was near wt levels (Fig. 8B). To verify the
packaging efficiency and specificity, encapsidated RNA was ex-
tracted from purified virions and subjected to analytical gel elec-
trophoresis for visualization by ethidium bromide staining, fol-
lowed by Northern blot hybridization. The results are shown in
Fig. 8C and D. Ethidium bromide staining revealed that wt FHV
virions packaged F1 and F2 exclusively, a profile identical to that
observed in Drosophila cells (26), and packaging of no other RNAs
was evident (Fig. 8C). In contrast, virions of mutant CP ARM1&2
R—A packaged a significantly lower amount of F1 and F2 and a
faster-migrating heterogeneous population of RNAs varying in
size (Fig. 8C). On the other hand, unlike virions of CP ARM1&2
R—A, those of CP C-6Thr and CP C-3Thr packaged detectable
levels of progeny F1 and F2 in addition to a faster-migrating het-
erogeneous RNA population (Fig. 8C). To identify the nature of
faster-migrating RNA, virion RNA was subjected to Northern blot
hybridization using a mixture of riboprobes complementary to
full-length F1 and F2. Northern analysis revealed that FHV RNA
specific riboprobes hybridized to full-length F1 and F2 (Fig. 8D),
suggesting that faster-migrating heterogeneous RNA is not of viral
but of cellular origin. A comparative quantitative analysis of FHV
RNA accumulated in total RNA preparations versus those pack-
aged further revealed that mutant virions of pF2-ARM1&2 R—A
packaged the FHV RNA poorly due to the absence of the N-prox-
imal ARM region required for viral RNA binding. As expected, the
presence of the N-proximal ARM region in the mutants CP
C-6Thr and CP C-3Thr promoted near wt level packaging of F1
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and F2. However, despite variations in replication and packaging
efficiency, the presence of cellular RNA suggested that both N-
proximal ARM domains are required not only for RNA binding
but also for its interaction with protein A and that the C-proximal
domain required for precise subcellular localization of CP is im-
portant for FHV packaging specificity.

DISCUSSION

The major impetus for evaluating the interaction between viral
replicase and CP leading to packaging specificity in RNA viruses
was based on the following two observations. First, in FHV and
BMV, the packaging specificity is dependent on the translation of
CP from a replication-derived mRNA. Second, packaging exhib-
ited by CP expressed in the presence of replication is clearly dis-
tinct from packaging exhibited in its absence. Therefore, we hy-
pothesize that, before encapsidation, a physical interaction
between viral replicase and CP is obligatory for dictating packag-
ing specificity. Testing this hypothesis by the application of
agroinfiltration and BiFC in combination with fluorescent cellular
marker proteins has revealed that packaging specificity is depen-
dent on a physical interaction between protein A and CP occur-
ring at the mitochondrial sites of replication promoted by either
the ARM1 or the ARM2 region of the CP (Fig. 5 and 8).

Viral CPs have evolved to selectively package their genomes in
the presence of alarge pool of cellular RNAs. RNA-binding motifs
such as ARMs found in several viral CPs (32, 41) in cooperation
with the origin-of-assembly sequences (OAS) in viral nucleic acids
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have been shown to contribute to assembly and genome packag-
ing (31). However, other evidence argues that the presence of
either ARM or OAS is not always sufficient to guarantee assembly
or packaging. For example, a BMV CP variant with an unaltered
N-proximal ARM that was defective in 3-hexamer formation
failed to assemble in vitro; however, the environment provided by
in planta expression of the B-hexamer mutant CP via replication-
dependent transcription and translation supported in the assem-
bly of RNA containing virions indistinguishable from those of the
wt (12). Furthermore, similar to BMV and FHV, packaging of
viral progeny by a CP translated from a replication-derived
mRNA was demonstrated in other RNA viruses such as poliovirus
(30), Kunjin virus (20), and Venezuelan equine encephalitis virus
(44). Collectively, these observations suggested that some macro-
molecular interactions occurring in vivo at or near a subcellular
compartment that are integral to replication are likely to also play
an important role in controlling packaging specificity. Clearly, in
the present study, BiFC assays have not only revealed one such
macromolecular interaction but also identified where the interac-
tion occurs, i.e., the interaction of CP with protein A occurs on the
outer membranes of mitochondrial sites of replication.

The question that now needs to be addressed is how FHV CP is
trafficked to the mitochondria. Based on the subcellular localiza-
tion of FHV CP examined using a replication-dependent expres-
sion system, Venter et al. (43) proposed that trafficking of CP to a
mitochondrial site of replication is mediated through the ARM
region. Since FHV CP has no recognizable mitochondrial local-
ization signals and considering our observation that ectopic ex-
pression of FHV CP with an intact ARM was predominantly lo-
calized on the ER (Fig. 4B), it is difficult to envision how the ARM
could direct trafficking of CP to mitochondria. Since protein A has
a mitochondrial localization signal (29), it is more logical to pro-
pose that trafficking of CP to mitochondria is mediated through a
protein A-CP interaction, as demonstrated in the present study
(Fig. 2 and 5). Our results also show that apart from a protein A
and CP interaction, another characteristic feature integral to
packaging is the ER localization of CP mediated by its C-proximal
hydrophobic domain (Fig. 7). Subcellular localization of CP per-
formed in a replication-based expression system revealed that de-
letion of the C-proximal region of CP (referred as Ay381) encom-
passing the hydrophobic domain did not result in significant
reduction in mitochondrial colocalization of CP and protein A
(43). Since FHYV infection results in dramatic cytopathological
changes that include mitochondrial clustering (28) and significant
retraction of the ER toward the perinuclear region (43), the innate
characteristic of subcellular localization regulated by the C-prox-
imal domain was masked in a replication-dependent expression
system. Indeed, the precise role of the C-proximal domain in reg-
ulating the subcellular localization of CP became apparent when
either the wt FHV CP or a mutant lacking the C-proximal domain
was compared in ectopically expressed N. benthamiana cells, i.e.,
wt CP displayed a punctate distribution on the ER, whereas mu-
tant CP was distributed throughout the cytoplasm (Fig. 7).

In conclusion, in addition to the results presented here, BiFC
has been used successfully for evaluating the interactions of HIV
Gag proteins (6), herpes simplex virus glycoproteins (4), and
paramyxovirus fusion and hemagglutinin-neuraminidase pro-
teins (11). Therefore, the BiFC approach can be extended to test
whether packaging specificity regulated by a replicase-CP interac-
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tion is widely conserved in other viruses with positive-sense RNA
genomes.
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