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Unravelling the Stability and Capsid Dynamics of the Three
Virions of Brome Mosaic Virus Assembled Autonomously
In Vivo

Antara Chakravarty,a Vijay S. Reddy,b A. L. N. Raoa

aDepartment of Microbiology and Plant Pathology, University of California, Riverside, Riverside, California, USA
bDepartment of Integrative Structural and Computational Biology, The Scripps Research Institute, La Jolla, California, USA

ABSTRACT Viral capsids are dynamic assemblies that undergo controlled conforma-
tional transitions to perform various biological functions. The replication-derived
four-molecule RNA progeny of Brome mosaic virus (BMV) is packaged by a single
capsid protein (CP) into three types of morphologically indistinguishable icosahedral
virions with T�3 quasisymmetry. Type 1 (B1V) and type 2 (B2V) virions package
genomic RNA1 and RNA2, respectively, while type 3 (B3�4V) virions copackage
genomic RNA3 (B3) and its subgenomic RNA4 (sgB4). In this study, the application of
a robust Agrobacterium-mediated transient expression system allowed us to assem-
ble each virion type separately in planta. Experimental approaches analyzing the
morphology, size, and electrophoretic mobility failed to distinguish between the vi-
rion types. Thermal denaturation analysis and protease-based peptide mass mapping
experiments were used to analyze stability and the conformational dynamics of the
individual virions, respectively. The crystallographic structure of the BMV capsid
shows four trypsin cleavage sites (K65, R103, K111, and K165 on the CP subunits) ex-
posed on the exterior of the capsid. Irrespective of the digestion time, while retain-
ing their capsid structural integrity, B1V and B2V released a single peptide encom-
passing amino acids 2 to 8 of the N-proximal arginine-rich RNA binding motif. In
contrast, B3�4V capsids were unstable with trypsin, releasing several peptides in ad-
dition to the peptides encompassing four predicted sites exposed on the capsid ex-
terior. These results, demonstrating qualitatively different dynamics for the three
types of BMV virions, suggest that the different RNA genes they contain may have
different translational timing and efficiency and may even impart different structures
to their capsids.

IMPORTANCE The majority of viruses contain RNA genomes protected by a shell of
capsid proteins. Although crystallographic studies show that viral capsids are static
structures, accumulating evidence suggests that, in solution, virions are highly dy-
namic assemblies. The three genomic RNAs (RNA1, -2, and -3) and a single sub-
genomic RNA (RNA4) of Brome mosaic virus (BMV), an RNA virus pathogenic to
plants, are distributed among three physically homogeneous virions. This study ex-
amines the thermal stability by differential scanning fluorimetry (DSF) and capsid dy-
namics by matrix-assisted laser desorption ionization–time of flight (MALDI-TOF)
analyses following trypsin digestion of the three virions assembled separately in vivo
using the Agrobacterium-mediated transient expression approach. The results pro-
vide compelling evidence that virions packaging genomic RNA1 and -2 are distinct
from those copackaging RNA3 and -4 in their stability and dynamics, suggesting
that RNA-dependent capsid dynamics play an important biological role in the viral
life cycle.
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Assembly of infectious virions is an essential step in the life cycle of RNA viruses
pathogenic to eukaryotic organisms (1–3). Once assembled, a virion must fulfill two

stringent requirements. First, it must be stable enough to withstand physicochemical
aggression in the extracellular environment. Second, it must be flexible enough to
release the viral genome in the host cell for subsequent replication. In order to meet
these two competing demands, virions undergo dynamical fluctuations leading to
biologically relevant surface conformational changes.

Brome mosaic virus (BMV), a prototype of the plant virus family Bromoviridae, ranks
among the best-studied multipartite, positive-sense RNA viruses with respect to repli-
cation, virus assembly, and genome packaging (4, 5). The genome of BMV is divided
among three RNAs: the largest two genomic RNAs of BMV, RNA1 (B1) and RNA2 (B2),
are monocistronic, encoding nonstructural replicase proteins 1a (p1a) and 2a (p2a),
respectively (6). The third genomic RNA, RNA3 (B3), is dicistronic, encoding at its 5= end
a nonstructural movement protein (MP) and at its 3= end a structural capsid protein (CP)
(6). CP is translated from a replication-derived subgenomic RNA4 (sgB4), which is
synthesized from a minus-strand B3 by an internal initiation mechanism (7). A single CP
packages the three genomic RNAs (B1, B2, and B3) and the one subgenomic RNA (sgB4)
into three types of morphologically indistinguishable icosahedral virions (2, 6). Genomic
RNAs B1 and B2 are packaged separately into two virion types, B1V and B2V, respec-
tively, while genomic B3 and sgB4 are copackaged into a third virion type, B3�4V.
Remarkably, all three virion types are physically homogeneous in size and morphology
and are partially resolved by buoyant density sedimentation (8).

The structure of the BMV virion has been determined at 3.4-Å resolution showing a
T�3 icosahedral symmetric capsid composed of 180 identical subunits of a single
20-kDa CP (9) (Fig. 1A). In the BMV virion, pentameric capsid protein subunit A contains
ordered amino acid (aa) residues 41 to 189, while hexameric subunits B and C contain
residues 25 to 189 and 1 to 189, respectively (9) (Fig. 1A). The first N-proximal 25-aa
region of BMV CP contains an arginine-rich motif (ARM) and is not visible in the electron
density map, since the N-ARM is disordered and interacts with RNA inside the capsid (9).

In addition to protecting the progeny RNA from the cellular environment, virion
assembly in BMV is intimately associated with other functions such as modification of
endoplasmic reticulum (ER) (10), symptom expression (11), and cell-to-cell spread (12).
Therefore, it is reasonable to assume that all three virion types should exhibit physical
and structural homogeneity to promote optimal interaction with the host machinery
for establishing a successful infection in a given host system. Since the three virions of
BMV are physically inseparable, the reported crystallographic structure of BMV virions
(9) is an average of the three virion types. Therefore, it is not known whether the three
virion types are structurally identical and how local and global dynamical conforma-
tional changes of the stable states of the viral capsids modulate functions of biological
relevance. Thus, it is imperative to obtain, in pure form, each virion type, free from the
remaining two counterparts. A previous attempt to separate each virion type using
CsCl2 buoyant density centrifugation has resulted in samples that are enriched in one
type of virion but not free from the remaining two virion types (13, 14).

To understand the mechanism of RNA packaging and virion assembly in BMV, we
have developed an Agrobacterium-mediated transient expression (agroinfiltration) sys-
tem amenable for dissecting events involving RNA replication and packaging (15–17).
A series of agroinfiltration experiments performed in the last decade revealed that
although BMV RNA packaging is independent of replication, coexpression of viral
replicase components enhances packaging specificity (16). Also, a physical interaction
between CP and viral replicase, more specifically, replicase protein 2a, is obligatory in
regulating RNA packaging specificity (18). Based on this collective information, in this
study, we report a facile and robust agroinfiltration approach to separately assemble
each virion type of BMV in planta. Further characterization of each virion type with
respect to physical morphology by negative-stain electron microscopy (EM) and elec-
trophoretic mobility profiles revealed that all three virion types are remarkably indis-
tinguishable. However, examination of the viral surface structure using matrix-assisted
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laser desorption ionization–time of flight (MALDI-TOF) mass spectrometry, an approach
that can identify viral proteolysis products to examine the viral surface structure (19),
revealed that virions of type 1 and 2 are dynamically distinct from those of type 3. The
biological significance of the observed variation in the dynamics of the three different
virions of BMV is discussed.

RESULTS

Throughout this study, virion types B1V, B2V, and B3�4V represent individual virions
packaging genomic RNA1, RNA2, and RNA3 plus -4, respectively. Wild type (wt)
represents a constellation of three virions of BMV, each containing RNA1, RNA2, and
RNA3 plus -4 purified from infected barley or Nicotiana benthamiana plants.

Determining the quantitative distribution of virion types in wt BMV. To esti-
mate the percent distribution of each virion type, RNA was isolated from purified wt
virions and subjected to denaturing agarose gel electrophoresis. Following ethidium
bromide staining, the percent distribution of each of the four RNAs was estimated using
ImageJ analysis (Fig. 1B). The results (an average from three independent assays) show
that the three virion types accumulated disproportionately, with the most prevalent
species (�60%) being virion type 3 that copackaged RNA3 plus -4, followed by virion
type 2 packaging RNA2 (�30%), and virion type 1 packaging RNA1 (�10%) (Fig. 1C).
Consequently, without separating each virion type—as described below—the mixed

FIG 1 Quantitative analysis of the three types of BMV virions. (A) Structure of a BMV virion showing the
arrangement of subunits A, B, and C. (B) RNA was isolated from wt purified virion preparation, denatured
with formamide/formaldehyde, and subjected to 1.2% agarose gel electrophoresis as described previ-
ously. After staining with ethidium bromide, the amount of RNA molecules present in each band was
estimated using ImageJ software (42). Three lanes, each containing a different total mass of RNA (0.5, 1,
or 1.5 �g), were analyzed. (C) The intensity of each RNA band shown in panel B was determined using
ImageJ (42) and was used to determine the mole ratios of the viral RNAs isolated from virions. These mole
ratios were then used to determine the fraction of each virion type.

Stability and Capsid Dynamics of BMV Virions Journal of Virology

April 2020 Volume 94 Issue 8 e01794-19 jvi.asm.org 3

 on M
arch 31, 2020 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

https://jvi.asm.org
http://jvi.asm.org/


nature of BMV virions obscures the interpretation of biochemical (13, 14) and structural
studies (9).

Strategy for in vivo assembly of three independent virion types of BMV. Figure
2 summarizes the characteristic features of transfer DNA (T-DNA)-based vectors de-
signed to express the three biologically active genomic RNAs (gRNAs) of BMV (pB1, pB2,
and pB3) when transiently expressed in N. benthamiana plants (15). Likewise, T-DNA
constructs shown in Fig. 2B are designed to transiently express BMV replicase proteins
1a (p1a), 2a (p2a), and CP (pCP). A strategy for the separate assembly of each virion type
of BMV is shown schematically in Fig. 3. Prior to designing this strategy, we considered
the following three criteria: first, genome packaging in BMV is functionally coupled to
replication (16, 17), i.e., only the replication-derived progeny RNA is packaged into
virions; second, BMV CP (BCP) expressed in the absence of replication is nonspecific in
RNA packaging (15); third, the packaging specificity is dictated by an interaction
between CP and p2a (18). Therefore, keeping these requirements in perspective, the
strategy shown in Fig. 3 was designed to assemble desired virion types by infiltrating
the following sets of inocula. (i) Agrotransformants of all three wild type (wt) plasmids
(Fig. 3A) or only pCP (Fig. 3B) infiltrated into plants served as controls. (ii) An inoculum
was formulated to assemble B1V by mixing agrotransformants pB1, p2a, and pCP (Fig.
3C). Following infiltration into N. benthamiana leaves, pB1 would result in the synthesis
of a biologically active full-length B1, and its translation would yield p1a. Agrotrans-
formant p2a would result in the synthesis of an mRNA competent to translate p2a, but

FIG 2 Characteristic features of agroplasmids used in this study. (A) Characteristics of agroplasmids
harboring BMV genomic RNAs used for transient expression in plants. The 35S-B1 (pB1), 35S-B2 (pB2),
and 35S-B3 (pB3) constructs contain full-length cDNA copies of BMV genomic RNA1 (B1), -2 (B2), and -3
(B3), respectively. Single lines and open boxes represent noncoding and coding regions, respectively.
Monocistronic B1 encoding replicase protein 1a (p1a), and monocistronic B2 encoding replicase protein
2a (p2a) are indicated. In B3, the locations of the movement protein (MP) and coat protein (CP) genes
are shown. At the 3= end of each construct, the clover leaf-like conformation represents a tRNA-like motif
conserved among all three BMV genomic RNAs. Two black arrows at the 5= ends represent the double
35-S. A bent arrow indicates the predicted self-cleavage site by the ribozyme. The location of the Nos
terminator is also indicated. (B) Agroconstructs for transient expression of p1a, p2a, and CP (pCP). Open
reading frames (ORFs) of BMV p1a, p2a, and CP were fused in-frame to each pair of binary vectors using
StuI and SpeI sites. Each binary vector contained, in sequential order, a left border of T-DNA (LB), a double
35S promoter (35S�2), a tobacco etch virus (TEV) translation enhancer leader sequence (TL), multiple
cloning sites, a 35S terminator (T35S), and a right border of T-DNA (RB). The construction and charac-
teristic features of pCP are as described previously (15).
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FIG 3 Schematic representation of the strategy used for autonomous assembly of the three virions of the BMV in vivo. (A) (Positive control) Infiltration of the
inoculum containing a mixture of pB1�pB2�pB3 would induce wt BMV infection resulting in the assembly of mixture of all three virions; (B) (Negative control)
Infiltration of the inoculum containing pCP would result in the expression of CP mRNA followed by the translation wt CP and nonspecific assembly of virions
containing CP mRNA and cellular RNA, as demonstrated previously (15). (C) Assembly of virions packaging RNA1 (B1V). A mixture of inoculum containing
agrotransformants B1�p2a�pCP (see Fig. 2 for details) is infiltrated into N. benthamiana leaves. Transcription of pB1 results in the synthesis of a biologically

(Continued on next page)
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it would not be replicated since it lacks 5= and 3= noncoding regions (Fig. 2B).
Translation of mRNA synthesized from agrotransformant pCP would provide CP sub-
units to direct virion assembly. A functional replicase assembled with p1a and p2a
would result in the replication of B1. Since replicase-CP interaction directs the pack-
aging of replication-derived progeny (18), an interaction between p2a and CP would
result in the assembly of B1V (Fig. 3C). (iii) A similar strategy was used to assemble B2V

by mixing agrotransformants p1a, B2, and pCP (Fig. 3D). Infiltration would result in the
synthesis of biologically active B2 and its translation product, i.e., p2a complexed with
transiently expressed p1a would result in the assembly of a functional replicase
followed by the assembly of B2V (Fig. 3D). (iv) Finally, to assemble B3�4V (copackaging
B3 and sgB4), plants were infiltrated with a mixture of agrotransformants containing
p1a, p2a, and B3 (Fig. 3E). Assembly of a functional replicase would result in the
replication of B3 followed by the synthesis of sgB4 for CP production, resulting in the
assembly of B3�4V (Fig. 3E).

Characteristic properties of B1V, B2V, and B3�4V. Sucrose density gradient-
purified virions from N. benthamiana leaves infiltrated with either control infiltrations of
wt (i.e., pB1�pB2�pB3) (Fig. 3A) or pCP (Fig. 3B) or with pB1�p2a�pBCP (i.e., B1V) (Fig.
3C), p1a�pB2�pBCP (i.e., B2V) (Fig. 3D), or p1a�p2a�pB3 (i.e., B3�4V) (Fig. 3E) were
subjected to negative-stain EM examination. Results shown in Fig. 4A indicate that
virions of B1V, B2V, and B3�4V are indistinguishable from those of the wt control in
morphology and size (i.e., the average diameter being 26 to 28 nm). However, it is
interesting to note that virions of B1V appear to be fuller than those of B2V and B3�4V.
It is likely that the interaction between the CP and large size of RNA1 (3.2 kb)
compared to that of RNA2 (2.8 kb) or RNA3 plus -4 (2.9 kb) would result in the
assembly of fuller particles. Additional experiments using cryo-EM are in progress to
confirm this assumption.

The analysis of agarose gel electrophoretic mobility patterns of purified virions is an
ideal approach for identifying changes, if any, in surface charge (20, 21). Therefore, B1V,
B2V, and B3�4V were subjected to agarose gel electrophoresis along with wt virions of
BMV and Cowpea Chlorotic Mottle virus (CCMV; a member of the genus Bromovirus) as
controls. The capsid sizes of BMV and CCMV are essentially identical (8). However, the
charge on the solvent-accessible residues of BMV specified in VIPER (http://viperdb
.scripps.edu/) is �1,020 compared to �1,209 for CCMV. Consequently, CCMV and BMV
migrate toward the positive and negative electrodes, respectively (22). Results shown
in Fig. 4B confirmed the relative electrophoretic mobilities of wt BMV and CCMV virions
(Fig. 4B, compare lanes 1 and 2). The indistinguishable electrophoretic mobility profiles
of wt BMV (Fig. 4B, lane 2) and either B1V (Fig. 4B, lane 3), B2V (Fig. 4B, lane 4), or B3�4V

(Fig. 4B, lane 5) suggest that all three virion types exhibit similar surface charges.
To confirm the genetic composition of B1V, B2V, and B3�4V, virion RNA was isolated

and subjected to a reverse transcription-PCR (RT-PCR) assay using a set of primers that
are designed to specifically amplify each of the three gRNAs and a single sgRNA (see
Materials and Methods). RNA isolated from wt virions was used as a control. Results
shown in Fig. 5A confirmed that B1V, B2V, and B3�4V encapsidated expected RNA
progeny. Since the sgB4 RNA sequence is present in the 3= half of B3, an additional
Northern blot assay was used to confirm the copackaging of B3�4V (data not shown).

To further assess the purity of B1V, B2V, and B3�4V, an infectivity assay was
performed in Chenopodium quinoa. As shown in Fig. 5B, phenotypic local and systemic

FIG 3 Legend (Continued)
active full-length genomic RNA1 whose translation gives functional replicase protein p1a; similarly, agrotransformant p2a results in an mRNA competent to give
replicase p2a but not competent to be replicated, because it lacks the requisite 5= and 3= noncoding regions. Finally, translation of the mRNA transcribed from
agrotransformant pCP gives the CP subunits for directing virion assembly. As a result, a functional replicase complex is assembled from proteins p1a and p2a
that ensures the replication of B1 RNA followed by its packaging into virions by the transiently expressed CP subunits. (D) Assembly of virions packaging RNA2
(B2V). The inoculum shown in this panel is identical to the one shown in panel A, except that pB1 and p2a are replaced by p1a and pB2, respectively.
Agroinfiltration of this inoculum results in the assembly of virions containing B2 RNA. (E) Assembly of virions packaging RNA3 and -4 (B3�4V). The inoculum
shown in this panel is formulated to assemble virions packaging B3 RNA and sgB4 by mixing agrotransformants of p1a, p2a, and pB3. Transiently expressed
proteins p1a and p2a then direct replication of B3 followed by the synthesis of sgB4 for CP production.
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symptoms characteristic of wt BMV (11) were observed only when the inoculum
contained a mixture of all three virion types (i.e., B1V�B2V�B3�4V) but not with
either individual (i.e., B1V, B2V, or B3�4V) or pairwise combinations (i.e., B1V�B2V,
B1V�B3�4V, or B2V�B3�4V). Taken together, these results confirm that B1V, B2V,
and B3�4V are highly pure and completely free from their counterparts.

Virion stability of B1V, B2V, and B3�4V. To test the relative thermal stability of
B1V, B2V, and B3�4V, a differential scanning fluorimetry (DSF) assay was performed as
described in Materials and Methods. The hydrophobic dye used in this assay increases
the intensity of the fluorescence following its binding to the accessible hydrophobic
regions of the viral CP during thermal denaturation (23). Results of the DSF analysis of
the temperature-dependent melting of virions of B1V, B2V, and B3�4V and control
samples (wt BMV and lysozyme) under three buffer and pH conditions are summarized
in Fig. 6. Thermal denaturation in water showed a clear difference between virions of
B1V and B2V and those of B3�4V (Fig. 6A), For example, virions of B1V and B2V displayed
melting of thermally unstable populations at �50°C and �70°C (Fig. 6A, left and
middle). By contrast, virions of B3�4V melted only at �70°C (Fig. 6A, left and middle).
Analysis of the three virion types by DSF in virus suspension buffer (pH 4.5) and
phosphate buffer (pH 7.2) revealed identical thermal stability profiles, the least stable

FIG 4 Physical characterization of B1V, B2V, and B3�4V. (A) Negative-stain electron micrographs of density gradient-purified virions of either wt BMV from
mechanically inoculated N. benthamiana or barley plants or autonomously assembled virions of B1V, B2V, B3�4V, and BCPV via agroinfiltration. Graphic
representations shown below each image show a histogram of the virion sizes obtained by measuring at least 100 virions/sample. (B) Virion electrophoresis.
Density gradient-purified virions of CCMV (lane 1), BMV (lane 2), B1V (lane 3), B2V (lane 4), and B3�4V (lane 5) were subjected to agarose gel analysis as described
in Materials and Methods. Gel shown at the top was stained with ethidium bromide to detect RNA and then restained with Coomassie blue to detect protein
(bottom panel). BMV and CCMV virions migrating toward negative and positive, respectively, are indicated.
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FIG 5 Genome content and infectivity of B1V, B2V, and B3�4V. (A) RT-PCR analysis. Agarose gel analysis of RT-PCR
products amplified from total RNA and virion RNA of wt BMV (a), B1V (b), B2V (c), and B3�4V (d) using a set of primers
designed to specifically amplify the regions encompassing either p1a ORF, p2a ORF, 3a ORF, or CP ORF as described
in Materials and Methods. M, marker lane. (B) Infectivity assays. C. quinoa leaves were mechanically inoculated with
either wt BMV or agrotransformants of B1V, B2V, or B3�4V in the indicated combinations. Presence (�) or absence (�)
of local and systemic infection characteristic of BMV was monitored and recorded over a period of 2 weeks.
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being in phosphate buffer (Fig. 6A, right). Interestingly, a different scenario was
observed for wt BMV (Fig. 6B). The majority of the wt BMV virions remained thermally
stable in water and virus suspension buffer and displayed a small shoulder peak at
�50°C (Fig. 6B, left and middle). Since wt BMV represents a disproportionate mixture of
three virion types (Fig. 1C), it is likely that the shoulder peak represents virions of B1V

and B2V, as shown in Fig. 6A. As expected, the thermal stability of lysozyme remained
indistinguishable under all three buffer conditions (Fig. 6C).

Analysis of the capsid dynamics of B1V, B2V, and B3�4V by MALDI-TOF. One of
the promising approaches in distinguishing crystallographically identical viral capsids
involves the use of limited proteolysis followed by the identification of the cleavage
products of the capsid subunits by mass spectrometry (24). Proteolytic cleavage sites
present on the exterior of the capsid will be most accessible to the enzyme and
therefore will be among the first digestion fragments observed. Consequently, MALDI-
TOF analysis of proteolytic cleavage products would contribute to understanding the
dynamic domains within the capsid structure (24, 25).

First, the relative capsid dynamics were investigated by trypsin digestion performed
at various time points to verify whether B1V, B2V, and B3�4V virion types display any

FIG 6 Stability analysis of the three BMV virion types using differential scanning fluorimetry (DSF). DSF measurements of derivative of fluorescence intensity
as a function of temperature for each virion type normalized so that the maximum of the derivative is set to 1 (y axis) during heating of B1V, B2V, and B3�4V

(A), wt BMV (control) (B), and lysozyme (control) (C) at various temperatures (x axis) under indicated conditions. Although virions of wt BMV and B1V, B2V, and
B3�4V displayed identical temperature dependence (�70°C) for melting in all three solutions, a portion of virions of B1V and B2V melted at lower temperatures
(see “Virion stability of B1V, B2V, and B3�4V” for details). Lysozyme used as a positive control showed identical melting characteristics (�60°C) under all three
solution conditions.

Stability and Capsid Dynamics of BMV Virions Journal of Virology

April 2020 Volume 94 Issue 8 e01794-19 jvi.asm.org 9

 on M
arch 31, 2020 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

https://jvi.asm.org
http://jvi.asm.org/


discernible effect on the rate of digestion (see Materials and Methods). Parallel diges-
tions were performed with virions of wt BMV (mixture of all three virion types) and BCPV

(assembled in the absence of the viral replicase and packaging cellular RNA) as controls.
Trypsin cleaves peptides on the C-terminal side of lysine and arginine residues (X-K/-X
and X-R/-X); furthermore, if a proline residue is on the carboxyl side of the cleavage site,
the cleavage will not occur. Therefore, the BMV CP linear sequence that is 189-aa long
has 22 potential trypsin cleavage sites (26). Following trypsin digestion, each virion type
preparation was divided in half. One half was subjected to Western blot analysis using
an anti-CP antibody to identify the cleavage peptides, while the second half was
subjected to EM analysis to verify the integrity of virions. Results are summarized in Fig.
7A and B. Undigested CP of virions of control samples (Fig. 7A, left, lanes 1 and 5) as
well as all three individual virion types (B1V, B2V, and B3�4V) (Fig. 7A, left, lanes 2 to 4)
migrated as a single intact band with the expected molecular weight (�20 kDa).
Analysis of the trypsin cleavage products for each virus sample revealed interesting
profiles. For virions of wt and type 3 (B3�4V), trypsin digested �50% of the CP,
resulting in three faster-migrating peptide fragments in addition to a single intact
protein band (Fig. 7A, middle, lanes 1 and 4). Based on the mass spectrometry data,
these fragments correspond to residues 15 to 189, 27 to 189, and 43 to 189 (data not
shown). By contrast, digestion of virion types 1 and 2 and BCP with trypsin failed to
yield any detectable peptide fragments on the Western blot (Fig. 7A, middle, lanes 2,
3, and 5) and are indistinguishable from those of undigested samples (Fig. 7A, left, lanes
2, 3, and 5). These profiles did not change even after the digestion time to trypsin was
extended (10 and 45 min) (Fig. 7A, right; Table 1). Electron microscopic analysis of

FIG 7 Proteolysis of B1V, B2V, and B3�4V monitored by Western blotting and negative-stain EM analysis. (A) Western blot for
wt BMV (lane 1), B1V (lane 2), B2V (lane 3), B3�4V (lane 4), and BCPV (lane 5). Prior to Western blot analysis, each virion
preparation was either undigested (left) or digested with trypsin for 10 min (middle) or 45 min (right). (B) Negative-stain
electron micrographs show the integrity of the undigested and trypsin-digested virion preparations of the indicated samples.
(Inset) Arrows indicate intact virions of trypsin-resistant B1V and/or B2V.
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trypsin-digested virion preparations (Fig. 7B) confirmed the Western blot data, showing
that virions of type 1 and 2 as well as BCP are structurally intact, while those of wt and
type 3 are unstable and degraded rapidly.

Next, MALDI-TOF was used to identify the cleavage products present in the trypsin-
digested virion samples. The deconvoluted mass spectrum obtained from the total ion
chromatogram (TIC) of the undigested virions of wt, B1V, B2V, B3�4V, and BCPV indicate
that all the virions are assembled from a single protein of 20,296 Da, which underlines
their purity. A representative example of the deconvoluted mass spectrum of undi-
gested virions is shown in Fig. 8A.

Analysis of the released peptides after 10, 20, 30, and 45 min clearly distinguished
virions of B1V and B2V from those of B3�4V: virions of B1V and B2V are grouped into
class I and those of B3�4V into class II. Although early time points of the reaction are
indicative of the very first sites of protease cleavage (25), the trypsin digestion pattern
for B1V and B2V is similar and domain specific irrespective of time of exposure, either
early (10 and 20 min) or late (30 min, 45 min, and 3 h) (Table 1). MALDI-TOF mass
mapping identified a prominent but low-abundance fragment corresponding to the
N-terminal 2 to 8 aa (Fig. 8B and D). The authenticity of the 2 to 8 aa fragment was
confirmed when the mass spectrum between 670 to 690 m/z was analyzed (Fig. 8C and
E). Trypsin digestion did not release any peptide beyond 2 to 8 aa (Fig. 8F and G).
Extending the trypsin digestion time to 3 h and 18 h did not change the cleavage
pattern (Table 1). Although highly basic, the N-proximal region is predicted to be
mobile/disordered and internalized following its interaction with RNA (9). Taken to-
gether, these data suggest that in B1V and B2V, only the N-terminal ARM region,
encompassing aa 2 to 8, which is crystallographically defined as being internal to BMV,
is made accessible to protease digestion.

The scenario and the rate at which virions of B3�4V are digested by trypsin are
observed to be qualitatively distinct from those of B1V and B2V. For example, Western
blot analysis revealed that for virions of B3�4V, the intact protein present in trypsin-
digested sample was less than 50% compared to that of either untreated B3�4V or
trypsin-treated B1V and B2V samples (Fig. 7A). At every time point examined, including
the early time points (e.g., 10 and 20 min), virions of B3�4V were highly susceptible to

TABLE 1 Kinetics of trypsin cleavage sites located on B1V, B2V, and B3�4V

Residues Sequence m/z

Time to cleavage

10 min–
18 h B3�4V

B1V B2V 10 min 20 min 30 min 45 min 3 h 18 h

2–8 STSGTGK 679.3257 � � � � � � � �
20-26 RNRWTAR 959.5282 � � � � � � � �
21–26 NRWTAR 803.4271 � � � � � � � �
27–41 VQPVIVEPLAAGQGK 1,505.8686 � � � � � � � �
27–64 VQPVIVEPLAAGQGKAIKAIAGYSISKWEASS DAITAK 3,868.1219 � � � � � � � �
42–64 AIKAIAGYSISKWEASSDAITAK 2,381.2711 � � � � � � � �
45–64 AIAGYSISKWEASSDAITAK 2,069.055 � � � � � � � �
54–64 WEASSDAITAK 1,178.5688 � � � � � � � �
65–81 ATNAMSITLPHELSSEK 1,828.9109 � � � � � � � �
65–83 ATNAMSITLPHELSSEKNK 2,071.0488 � � � � � � � �
65–86 ATNAMSITLPHELSSEKNKELK 2,441.2705 � � � � � � � �
65–89 ATNAMSITLPHELSSEKNKELKVGR 2,753.4614 � � � � � � � �
84–103 ELKVGRVLLWLGLLPSVAGR 2,176.3329 � � � � � � � �
84–105 ELKVGRVLLWLGLLPSVAGRIK 2,417.5119 � � � � � � � �
87–103 VGRVLLWLGLLPSVAGR 1,806.1112 � � � � � � � �
90–103 VLLWLGLLPSVAGR 1,493.9202 � � � � � � � �
104–111 IKACVAEK 861.4863 � � � � � � � �
106–111 ACVAEK 620.3072 � � � � � � � �
112–130 QAQAEAAFQVALAVADSSK 1,904.9712 � � � � � � � �
112–142 QAQAEAAFQVALAVADSSKEVVAAMYTDAFR 3,258.61 � � � � � � � �
131–142 EVVAAMYTDAFR 1,372.6566 � � � � � � � �
166–189 AVVVHLEVEHVRPTFDDFFTPVYR 2,872.4781 � � � � � � � �
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trypsin, releasing multiple peptides. Identification of the released peptides by mass
mapping revealed that the accessible trypsin cleavage sites (e.g., K65, R103, K111, and
K165) (Fig. 9; Table 1) were consistent with the reported surface structure of the BMV
virions (9) (see Discussion). This explains why EM shows the trypsin-treated virions of
B3�4V to be visibly degraded (Fig. 7B). These observations suggest that virions of
B3�4V are either dynamically distinct from those of B1V and B2V and/or that the two
virion types are conformationally different in the exterior arrangement of the CP amino
acid residues. Although peptides representing N-terminal regions (21 to 26 aa) were
detected at the earliest time point (e.g., 10 min) (Fig. 9), their accessibility to protease
coincided with other cleavage sites as well (Fig. 9; Table 1). Therefore, it is likely that
these N-terminal peptides on virions of B3�4V may not be the first sites of protease
cleavage, since multiple simultaneous cleavages at other sites expose the otherwise
internalized N-terminal region to proteolysis (see Discussion). A similar explanation can
account for the detection of peptides encompassing the N-ARM region of 2 to 8 aa after
extended periods of digestion (e.g., 45 min in Fig. 9; Table 1). The rationale and
biological significance for the different surface configurations of the individual virions
of the tripartite BMV are discussed below.

Figures 7A and 10 summarize the Western blot analysis of trypsin digestion products
and their MALDI-TOF analysis, respectively, for the virions of the wt BMV and BCPV used

FIG 8 MALDI-TOF analysis of undigested and trypsin-digested virions. (A) Mass spectrometry of undigested virions of wt, B1V,
B2V, B3�4V, and BCPV yielded a single peak with a value of 20,296 Da. MALDI-TOF analysis of peptides released from B1V (B,
F and G) and B2V (D, F and G) following digestion with trypsin at the indicated time points. (C and E) Authenticity (intensity
nearing 100%) of a peptide corresponding to 2 to 8 aa of the N-ARM in B1V and B2V when the mass spectrum between 670
to 690 m/z was analyzed. Peaks are labeled with corresponding polypeptide fragments of indicated amino acids residues. Table
1 summarizes masses and identifies the corresponding amino acid residues.
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as controls. The digestion profiles of wt BMV are identical to those of B3�4V (Fig. 7, 9,
and 10). By contrast, unexpected trypsin cleavage profiles were obtained for BCPV (Fig.
10). Although BCPV virions are distinct in size and RNA packaging traits compared to
those of wt BMV (15), remarkably, their sensitivity to trypsin digestion and subsequent
MALDI-TOF profiles are shared with those of B1V and B2V (Fig. 10; Table 1). We speculate
that some of the unassigned peaks observed in MALDI-TOF analysis (Fig. 8 and 10) may
be the result of trypsin self-cleavage (http://prospector.ucsf.edu/prospector/mshome
.htm). For brevity, Fig. 11 summarizes the location of the trypsin cleavage sites
identified to be located on B1V, B2V, and B3�4V by MALDI-TOF.

DISCUSSION

Following entry to a susceptible host cell, viruses face a daunting challenge of not
only surviving in the harsh cellular environment, but they must also release their
genome to perform various functions in establishing an infection. A series of biochem-
ical and biophysical studies with a range of viruses has revealed that viral capsids
undergo controlled conformational transitions to alter the surface structures compat-
ible with disassembly and release of the genome when required (1, 3). The primary
focus of our present study is to investigate whether physically indistinguishable virions
of BMV— each with a different RNA content— can be distinguished in solution, as
demonstrated for other RNA viruses such as members of the families Nodaviridae (3, 23)
and Picornaviridae (25). Using agroinfiltration, we were successful in assembling, for the

FIG 9 MALDI-TOF analysis of peptides released from B3�4V following trypsin digestion at the indicated time points. Peaks are labeled with corresponding
polypeptide fragments of indicated amino acids residues. Table 1 summarizes masses and identifies the corresponding amino acid residues.
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first time, the three virion types of BMV, B1V, B2V, and B3�4V separately in planta,
virions which are otherwise impossible to separate in pure forms (8). A series of
biochemical (e.g., RT-PCR) (Fig. 5A) and biological assays (Fig. 5B) established the purity
of each virion type. Although the three virion types are physically and morphologically
indistinguishable (Fig. 4A), application of thermal denaturation analysis and limited
proteolysis with trypsin followed by MALDI-TOF distinguishes between two dynamical
classes of the three virion types: B1V and B2V are grouped into class I and B3�4V as class
II. Below, we discuss the biological significance of this distinction.

FIG 10 MALDI-TOF analysis of peptides released from virions of wt BMV and BCPV following trypsin digestion at 10 min. Peaks are labeled with
corresponding polypeptide fragments of indicated amino acids residues. Table 1 summarizes masses and identifies the corresponding amino acid
residues.

FIG 11 Summary of proteolytic cleavage sites mapped to the virions of B1V, B2V, and B3�4V. (A) Schematic
representation of linear representation of the 189 aa of the BMV CP subunit. Location of the arginine-rich motif
(ARM) at aa 10 to 22 in the N-proximal region is indicated as a stippled box. (B) Empty arrowheads represent the
trypsin-accessible sites located in the N-ARM regions of B1V and B2V (B) and B3�4V (C), whereas filled arrowheads
indicate the trypsin-accessible sites present at other locations on the CP.
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Virions of B1V and B2V are dynamically distinct from those of B3�4V. Prior to
this study, separation of the three types of virions into individual components by
multiple rounds of CsCl2 buoyant density centrifugation (13, 14) had resulted only in
the enrichment of a given virion type rather than freeing it completely from the other
two components. By contrast, the feasibility of assembling pure B1V, B2V, and B3�4V

virion types has been demonstrated by the strategy shown in Fig. 3C to E).
Although EM analysis (Fig. 4A) and electrophoretic mobility profiles (Fig. 4B) suggest

that virions of B1V, B2V, and B3�4V are physically indistinguishable and homogeneous,
limited proteolysis followed by MALDI-TOF analysis proved otherwise. Based on the
BMV structure model (9), the four accessible trypsin cleavage sites (K65, R103, K111, and
K165) located on the surfaces of the A, B, and C subunits of BMV CP are shown in Fig.
12. Arginine and lysine residues located in the highly basic N-proximal region (e.g., K8,
R11, and R14) are least exposed (Fig. 12) and predicted to internalize by interacting with
the packaged RNA (9). Consequently, these are not expected to be accessible for trypsin
cleavage.

Identification of the cleavage products of B1V, B2V, and B3�4V at various time points
by mass mapping suggested the following: (i) for B1V and B2V, the N-proximal ARM
region encompassing aa 2 to 8 is transiently exposed on the capsid surface. Since
N-terminal residues 1 to 27 are not ordered in the crystal structure (9), their cleavage
did not affect the structural integrity of the virions (Fig. 7B). (ii) For B3�4V, amino acids
K65, R103, K111, and K165 are located on the surface of the capsid and hence are readily
accessible for cleavage. In BMV, the stability of noncovalent dimers, the building blocks
of icosahedral viruses (27, 28), is controlled by the interaction between the invading
C-terminal arm and the N-terminal clamp of the adjacent CP subunits, and any
mutations engineered in the C terminus disrupt virion assembly (28, 29). Thus, cleavage
at K165 alone is sufficient to disrupt the capsid structure. This explains why B3�4V

appears visibly degraded in EM (Fig. 7B). Detection of peptides encompassing the
N-proximal 21 to 26 and 20 to 26 aa region at an early time point (10 min) suggests
their externalization in B3�4V (Fig. 9). Alternatively, it is likely that the extensive
cleavage of the capsid as early as 10 min by trypsin (Fig. 9) results in degradation of the
capsid structure (Fig. 7B), which leads to externalization of the N terminus and its
subsequent proteolysis.

MALDI-TOF analysis profiles of wt BMV virions are indistinguishable from those of
B3�4V (Fig. 11). This is not surprising, since purified virion preparation of wt BMV is a
mixture of all three virion types, with B3�4V constituting �60% of the total (Fig. 1C).
However, virions of BCP, characterized by the distinct virion phenotype packaging
cellular RNA (15), remained highly resistant to trypsin (Fig. 7A and B) and positioned the
N-proximal 2 to 8 aa peptides externally to the capsid (Fig. 10). Although the reasons
for the unexpected dynamics are currently unclear, it is possible that the type of RNA
packaged influences the observed conformational dynamics.

A couple of previous studies have attempted to analyze the dynamics of bromoviral
capsids without using pure virion type as reported in this study. For example, when the
dynamics of wt CCMV and a salt-stable variant of CCMV (SS-CCMV) (25) were compared,
it was observed that wt CCMV particles are more sensitive to trypsin than SS-CCMV.
However, the pattern of released peptides is similar for both forms of CCMV, and the
reported cleavage sites were localized to the N terminus of the CP (25). In contrast to
CCMV, Vaughan et al. (14) attempted to segregate each virion type of BMV using CsCl2
centrifugation, even though BMV has been shown to be unstable in CsCl2 due to its
“salt-labile” nature (30–32). However, they were only successful in getting the fractions
enriched in a given virion type (i.e., not free from remaining counterparts). The results
obtained using contaminated virion fractions in conjunction with a different protease
(broadly specific proteinase K), coupled with the fact that B3�4V constitutes �60% of
the total virion population (Fig. 1C) and that B1V and B2V are dynamically distinct from
those of B3�4V (shown in this study), make the comparison of our results to those of
Vaughan et al. (14) problematic.
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Biological significance. Based on our initial results comparing the stability (Fig. 6)
and proteolysis profiles (Fig. 8 and 10) for B1V and B2V on the one hand and B3�4V on
the other, we hypothesize that the stability and conformational fluctuations displayed
by B1V and B2V versus that of B3�4V are linked to a specific role during the establish-
ment of infection in a given host. For example, in B1V and B2V, the N-proximal 2 to 8
aa region is transiently externalized, allowing the virions to retain their structural integrity

FIG 12 Location of the amino acid sites accessible for trypsin digestion on the A, B, and C subunits of the BMV CP (http://viperdb.scripps.edu/). Location of
trypsin sites on A, B, and C subunits of BMV CP.
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following trypsin digestion (Fig. 7B), suggesting the scenario shown in Fig. 13A. It is well
established that the primary phase in the infection cycle of BMV (and other RNA viruses as
well) is the production of replicase proteins. BMV replication requires both p1a and
p2a (33) and occurs in ER-derived vesicles or spherules, and their induction is
mediated by p1a (34, 35). Therefore, following viral entry, the instability under
neutral pH conditions and the observed capsid dynamics allow ribosomes to bind
B1 and B2 RNA and initiate translation of p1a and p2a, respectively (Fig. 13A).
Instability of the virions in conjunction with translation of B1 and B2 RNA leads to
cotranslational disassembly of B1V and B2V (Fig. 13A).

A contrasting scenario is proposed for the virions of B3�4V (Fig. 13B). Unlike the
genomic RNAs B1 and B2, replication is favored over translation for the genomic RNA
B3 for the following reason. In BMV, CP plays a multifunctional role, including the
stimulation of plus-strand synthesis over that of minus strands (36) by interacting with
replicase protein p2a (18, 37). Thus, in order to synthesize CP, RNA3 must undergo

FIG 13 A schematic model showing a role for the externalization (in B1V and B2V) and internalization (in
B3�4V) of the CP-N-proximal region in translation and replication, respectively. BMV replication requires
both p1a and p2a (33) and occurs in ER-derived vesicles or spherules whose formation is mediated by
p1a (34, 35). Therefore, following virus entry, B1 and B2 RNAs must be available to the translational
machinery, and this is facilitated by fluctuation of the N terminus outside the capsid, as shown for B1 and
B2 virions (Fig. 11A), which carries with it the 5= RNA end needed for ribosomal binding followed by
cotranslational disassembly. In contrast, the B3�4V (Fig. 11B) virions make their RNA available to
replication by the replicase complex, resulting in the synthesis of sgRNA4 from replication-derived
minus-strand B3 progeny (7) for translation of the CP that stimulates plus-sense RNA synthesis over that
of minus-sense RNA (36). See “Biological significance” for details.
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replication to generate CP mRNA, i.e., sgB4. As in B1V and B2V, the N terminus of the CP
in B3�4V virions is not exclusively sensitive to trypsin digestion (Fig. 9 and 11C),
suggesting that the N-ARM region is internal and not exposed outside the capsid,
resulting in B3 RNA being unavailable for translation initiation. Virions of B3�4V are
highly sensitive to trypsin (Fig. 7B), resulting in complete release of their RNA. Conse-
quently, the internalization and the interaction between the N-ARM and B3 inhibit
translation and favor replication.

In conclusion, results of this study represent a starting point toward understanding
the differences among the otherwise structurally indistinguishable three virion types of
BMV. Our results obtained analyzing the virion stability and capsid dynamics place BMV
in a new perspective and shed light in understanding the overall biology of the virus.
The strategy used to assemble independent virions of BMV (Fig. 3) is applicable to other
RNA viruses and specifically to multicomponent viruses, such as cucumber mosaic virus,
that exhibit particle homogeneity similar to that of BMV. Finally, the independently
assembled virion types of BMV are ideal candidates for determining the structure of
each virion type and the application of single-particle tomography (38, 39) to complete
the map of the conformational heterogeneity in these virion types.

MATERIALS AND METHODS
Agroplasmids used in this study. Construction and characteristic properties of agroplasmids pB1,

pB2, and pB3 (Fig. 2A), engineered to express biologically active full-length genomic RNAs of BMV
following agroinfiltration into plants, were described previously (15). Likewise, agroplasmids p1a, p2a,
and pCP (Fig. 2B) were engineered to transiently express replicase protein 1a (p1a), replicase protein 2a
(p2a), and CP, respectively, as described previously (15, 40).

Virion purification, negative-stain electron microscopy, virion RNA electrophoresis, and West-
ern blot analysis. The procedure used to purify BMV virions from agroinfiltrated leaves 4 to 6 days
postinfiltration (dpi) followed by sucrose density gradient centrifugation was as described by Rao et al.
(41). For negative-stain EM analysis, gradient-purified virions were spread on glow-discharged grids
followed by negative staining with 2% uranyl acetate prior to examination with a Tecnai F20 transmission
electron microscope operated at 200 KeV (The Core Microscopy Facility, The Scripps Research Institute,
La Jolla, CA). EM images were collected using Leginon program. Virions of BCP were imaged at
UC-Riverside (UCR) using a Tecnai 12 operated at 120 KeV, and images were recoded digitally. For
electrophoretic mobility analysis, purified virions were loaded in a 1% agarose gel, prepared, and
electrophoresed in BMV suspension buffer at 7 V/cm for 2 to 2.5 h at 4°C. For RNA analysis, virion RNA
was electrophoresed in 1.2% agarose gels under denaturing conditions as described previously (15).
Following ethidium bromide staining, quantitation of each RNA was performed using Image J software
(42). Western blot analysis of undigested and trypsin-digested virion samples using anti-CP antibodies
was performed as described previously (15).

Differential scanning fluorimetry. DSF was performed essentially as described previously (23).
Desired virus and control (lysozyme) samples were resuspended either in Nanopure sterile water (pH 7.1),
in virus suspension buffer (50 mM sodium acetate, 8 mM magnesium acetate, pH 4.5), or in 100 mM
phosphate buffer (pH 7.2). The experiment was performed three times independently using three
replicates for each sample. DSF data were analyzed and plotted as described by Rayaprolu et al. (23).

MALDI-TOF. For MALDI-TOF analysis, a desired purified virion preparation was diluted to 1 mg/ml in
25 mM Tris-HCl, 1 mM EDTA buffer. A 30-�l sample (i.e., 30 �g of the virus) was digested with a 1:100
(wt/wt) ratio of trypsin (Pierce Trypsin protease, mass spectrometry grade; Thermo Fisher Scientific) to
virus for various time points at 25°C (19, 24). Twenty microliters of water was added to 10 �l of the
digested sample, and approximately 0.5 �l of each digested or undigested (control) sample was analyzed
on an AB Sciex TOF/TOF 5800 MALDI MS with �-cyano-4-hydroxycinnamic acid matrix. The instrument
was calibrated with standards, and the test samples were analyzed with external calibration. The
accuracy is approximately �0.05 Da. The MALDI-TOF data were analyzed with AB Sciex Data Explorer,
and baseline was corrected with peak width of 32, flexibility of 0.5, and degree of 0.1. For noise removal,
the standard deviation was set at 2. To determine the peak detection criteria, percent centroid was taken
as 50, signal/noise (S/N) threshold was 3, and the noise window width m/z was 250. The threshold after
S/N recalculation was set at 20. The peptide fragments were assigned based on the UCSF Protein
Prospector’s MS-Digest function (26).

RT-PCR. RNA was isolated from purified virions and subjected to RT-PCR using an RT-PCR kit (NEB)
and the following set of primers. A 1,700-nt fragment of B1 RNA located between the 3= tRNA-like
structure (TLS) and a portion of rep-1a open reading frame (ORF) was amplified with a reverse primer
(5=-3234TGGTCTCTTTTAGAGATTTAC3014-3=) and forward primer (5=-1534CTGAAGAGGACTTATTC1543-3=).
Likewise, a 1,700- nt fragment of B2 RNA located between the 3= TLS and a portion of rep-2a ORF
was amplified with a reverse primer (5=-2865TGGTCTCTTTTAGAGATTTAC2846-3=) and a forward primer
(5=-1149CTATGGATGTCATGACT1165-3=). A 650-nt fragment of MP ORF of B3 RNA located between
nucleotide (nt) 92 and 1007 was amplified using a reverse primer (5=-92ATGTCTAACATAGTTTCTC110-3=)
and a forward primer (5=-752CAGTCTGTCAAATGGCAT760-3=). Similarly, a 650-nt fragment of CP ORF of
B3/sgB4 RNA located between the 3= TLS and a portion of the CP ORF was amplified with a reverse primer
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(5=-2117TGGTCTCTTTTAGAGATTTAC1997-3=) and a forward primer (5=-1451CATGAGTATCACTCTGC1435-3=).
The resulting PCR products were analyzed by electrophoresis in a 1% agarose gel.
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