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A B S T R A C T

The coat protein (CP) is the only structural protein present in the polyprotein of bean common mosaic virus. The
well known characteristics of the CP are self-oligomerization and nucleic acid binding activity. The studies of the
coat protein mutants revealed that the oligomeric property of CP solely depends on the amino-terminal residues
and the nucleic acid binding domain present at the 194–202 residue position. The 3′UTR RNA of the virus
showed high binding affinity with the RNA binding domain as compared to the 5′UTR RNA. Further, the intrinsic
fluorescence study of the CP also suggested that the N- and C-terminal of CP contains a highly disordered region.
The present study also illustrates that the coat protein contains a conserved RNA binding pocket among the
potyviruses, but displays divergent oligomerization propensities due to the difference in residue at the N- and C-
terminal.

1. Introduction

The coat protein (CP) is the most abundant structural protein, plays
a key role during the life cycle of a virus by two crucial steps viz., as-
sembly and disassembly. During bean common mosaic virus (BCMV)
virion formation, the CP monomer units oligomerize to assemble in
helical manner around the viral RNA, which provides protection to viral
RNA from the external environment (Urcuqui-Inchima, 2001). The as-
sembled CP subunits can be dissociated at a high ionic strength and
extreme pH, but they can be re-assembled again into flexuous rod-
shaped structure via aggregating into a ring-like intermediate structure
at an optimum pH (Anindya and Savithri, 2003; Jagadish et al., 1991).
The interaction between CP subunits facilitate oligomerization through
electrostatic interaction between the residues present at the amino- and
carboxy-terminal ends of the CP (Kendall et al., 2008; Zamora et al.,
2017).

All potyviruses genome consist of a single positive-sense ssRNA of
∼10 kb in length which is encapsulated by approximately 2000 iden-
tical copies of coat protein (CP) (Anindya and Savithri, 2003). The
genome of potyvirus encodes a single polyprotein of 340–370 kDa
which later cleaves into 10 proteins viz. proteinase (P1), helper com-
ponent proteinase (HC-Pro), proteinase (P3), 6-kDa peptide 1 (6K1),
cylindrical inclusion (CI), 6-kDa peptide 2 (6K2), viral protein genome-
linked (VPg), nuclear inclusion a (NIa), nuclear inclusion b (NIb) and

CP (Revers and García, 2015). The polyprotein undergoes self-cleavage
into ten mature proteins through proteolytic activity of P1, HC-Pro, and
NIa-Pro. The proteolytic digestion of eight out of the ten polyprotein
digestion is carried out by NIa-Pro, whereas, P1 and HC-Pro undergo
self-cleavage at the P1/HC-Pro and HC-Pro/P3 junction, respectively
(Worrall et al., 2015). The encapsidation of potyviral genomic RNA
occurs inside the core of CP that forms characteristic flexuous rod shape
structure, which is 11–20 nm in diameter with 680–900 nm length
(Zamora et al., 2017).

The potyvirus coat protein (CP) is associated with different func-
tions during the infectious cycle, such as viral RNA translation, re-
plication, movement and encapsidation (Besong-Ndika et al., 2015).
Virus structure formation begins with the CP-CP as well as the CP-RNA
interaction. In addition to the virion packaging, another main function
of CP is to carry a viral RNA from cell to cell and over long distances
(Dolja et al., 1994). The replication as well as the translation me-
chanism of the viral RNA is regulated through the amount of CP present
in a cell (Ivanov and Mäkinen, 2012). The viral RNA replication is
suppressed at a higher CP concentration, whereas the RNA accumula-
tion and translation is enhanced at a lower concentration in potyviruses
(Ivanov et al., 2003).

Understanding the mechanisms through which the viruses wrap up
their genomes into a stable nucleoprotein structure is a foremost pre-
requisite for elucidating the replication cycle in plants. The present
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study, deals with the characterization of the different domains of BCMV
coat protein through biochemical approach. This study addresses two
major questions/research gaps, firstly, what is the oligomeric behavior
of the CP and secondly, how the CP interacts with the RNA to form the
BCMV virion structure.

2. Materials and methods

2.1. Virus source and coat protein gene isolation

French bean (Phaseolus vulgaris) seeds were sown in sterilized soil
and kept in an insect-free growth chamber. Seedlings were raised in
earthen pots at a frequency of 5 seeds per pot. Seedlings were mon-
itored for disease incidence from primary leaf stage, first trifoliate to
third trifoliate stage. Total RNA was extracted from 100mg bean
common mosaic virus (BCMV) infected leaves using TRIzol® LS Reagent
(Invitrogen). The isolated RNA was used for cDNA synthesis using
ImProm-II™ Reverse Transcription kit (Promega) according to the
manufacturer’s protocol. The coat protein gene was PCR amplified from
cDNA using gene-specific primers (Table S1). The amplified coat pro-
tein gene was cloned into expression vector pET28a at multicloning
sites using NdeI and HindIII restriction enzymes to obtain pET28a-CP
construct. The coat protein gene in pET28a vector was confirmed by
Sanger sequencing.

2.2. Purification of recombinant coat protein

The pET28a-CP clone was transformed into Escherichia coli BL21
(DE3) Rosetta cells (Novagen). A single colony of transformed cells was
inoculated in 10ml of Luria-Bertani medium (LB) containing
50mgml−1 kanamycin and 35mgml−1 chloramphenicol. The culture
was grown at 37 °C for overnight. The overnight culture was inoculated
to 1 L auto-induction media (1% Bacto-tryptone, 0.5% yeast extract,
25 mmol/L Na2HPO4, 25mmol/L KH2PO4, 50mmol/L NH4Cl, 5 mmol/
L Na2SO4, 2mmol/L MgSO4, 0.5% glycerol and 0.05% glucose) con-
taining appropriate antibiotics and culture was induced by auto-in-
duction method as described earlier (Studier, 2014). The cells were
pelleted by centrifugation and stored at −80 °C until further use.
Frozen cell pellets were resuspended in 50ml of lysis buffer (50mM
Tris pH 7.5, 300mM NaCl, 1 mM dithiothreitol and 10mM imidazole)
containing protease inhibitor cocktail (Complete, EDTA free; Roche).
The cells were lysed through sonicator for 30min at 30% amplitude and
cell debris was pelleted down by centrifugation at 10,000×g for 30min
at 4 °C. The supernatant was passed onto a pre-equilibrated nickel-af-
finity column (His-Trap HP; GE Healthcare) with wash buffer (50mM
Tris pH 7.5, 300mM NaCl, 10mM imidazole and 1% Triton X-100). The
bound N-terminal his-tagged coat protein was eluted at 0–60% of
imidazole gradient corresponding to 250–300mM imidazole. The
eluted fractions were analyzed on sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) for presence of coat protein.
The eluted fractions were treated with PreScission protease for removal
of his-tag. After PreScission protease digestion, fractions were passed
through the Ni-NTA column for elimination of his-tag. The coat protein
containing fractions were concentrated by ultrafiltration membrane
(10 K, Millipore) and injected on a gel filtration column (Superdex 200;
GE Healthcare) to analyze the characteristics of purified recombinant
coat protein. For identification of coat protein, the protein bands cor-
responding to coat protein molecular weight were excised from SDS-
PAGE which were trypsin-digested and the resultant peptides were
analyzed with an ABI 4700 matrix-assisted laser desorption ioniza-
tion–time of flight tandem mass spectrometer (MALDI-TOF/TOF MS).
To further ascertain the oligomeric nature of the CP, its Native-PAGE
analysis was carried out at two different concentrations (0.2 and
0.5 mgml−1). The samples were loaded onto a pre-run 6% native
polyacrylamide gel in 1X TBE buffer (0.9 M Tris pH 7.5, 1.125M boric
acid and 20mM EDTA). After electrophoresis at 100 V for 60min, the

gel was stained with coomassie brilliant blue and visualized after de-
staining using gel documentation system (Biorad).

2.3. Glutaraldehyde cross-linking

Cross-linking experiment was performed for analysis of coat protein
subunit. The recombinant coat protein was incubated with 10mM
glutaraldehyde in reaction buffer (25mM phosphate buffer pH 7,
100mM NaCl) in a time dependent manner. The cross-linking reactions
were stopped by 20mM Tris−HCI buffer (pH 8.0) and reaction pro-
ducts were analyzed on 12% SDS–PAGE.

2.4. Equilibrium unfolding experiments

The CP was subjected to unfolding at varying concentration of de-
naturant guanidine hydrochloride (GdnCl). An 8M stock of (GdnCl)
was prepared in CP buffer (50mM Tris, pH 7.5, 100mM NaCl). The CP
was incubated overnight with varying concentration of GdnCl in
aforementioned buffer such that final protein concentration was
0.2 mgml−1. The structural signatures of the incubated samples were
analyzed through following methods:

a) Fluorescence spectroscopy: All fluorescence experiments were
carried out on Varian Cary Eclipse spectrofluorometer (Varian, Inc.
USA) equipped with a Varian Cary temperature controller (Peltier
multiple holder). The excitation wavelength was 295 nm for intrinsic
tryptophan fluorescence, and spectra were collected over a wavelength
range of 310–400 nm. The excitation and emission slits were 5 and
10 nm, respectively and scan speed was 100 nm min−1. The protein
concentration used was 0.2mgml−1 and the pathlength of the cuvette
was 10mm. The buffer background was subtracted from all spectra.

The extent of hydrophobic patches exposure was quantified by in-
cubating the protein with 8-Anilino-1-naphthalenesulfonic acid (ANS).
A stock solution of ANS was prepared in milliQ water and concentration
was determined using molar extinction coefficient of 5000 M−1 cm−1

at 350 nm. Protein samples were incubated with ANS such that final
protein and ANS concentration were 0.2mgml−1 and 40 μM, respec-
tively. The mixture was incubated for 5min in dark and fluorescence
was measured over a wavelength range of 400–600 nm.

b) Far UV CD spectroscopy: Circular dichroism (CD) measurements
were carried out on a J-815 CD spectropolarimeter (JASCO
Corporation, Tokyo, Japan) equipped with a peltier multiple holder.
Conformational changes in the secondary structure of protein were
monitored in the region between 200 and 250 nm in a quartz cuvette
(Starna, Essex, England) with a path length of 1mm. The scanning
speed, band width and data pitch were 50 nm min−1, 1 nm and 1 nm,
respectively. Two accumulations of each scan (within 600 H T voltage
range) were averaged.

2.5. Purification of coat protein mutants

The coat protein mutants ΔN37CP, ΔNΔC37CP and ΔN37ΔC46CP
were PCR amplified from wild type pET28a-CP clone using different
sets of primers (Table S1). The amplified genes of mutant ΔN37CP,
ΔNΔC37CP and ΔN37ΔC46CP were cloned in pET28a vector as men-
tioned above. The expression vector pET28a containing ΔN37CP,
ΔNΔC37CP and ΔN37ΔC46CP genes were transformed into E. coli BL21
(DE3) Rosetta cells (Novagen) and were subsequently purified as men-
tioned in previous method. The purified recombinant ΔN37CP,
ΔNΔC37CP and ΔN37ΔC46CP mutant proteins were loaded onto gel
filtration column (Superdex 200; GE Healthcare) to analyze their hy-
drodynamic properties.

2.6. RNA-binding activity

The 5′ UTR and 3′ UTR genes were PCR amplified from cDNA of
BCMV using gene-specific primers containing T7 promoter sequence
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(Table S2). The purified PCR products of 5′ UTR and 3′ UTR genes were
used as template for in-vitro transcription. The 5′ UTR and 3′ UTR RNAs
were transcribed using a HiScribe™ T7 In-Vitro Transcription Kit (New
England Biolabs) according to the manufacturer’s protocol. The EMSA
experiment was carried out to study the RNA binding activity of mutant
ΔNΔC37CP and ΔN37ΔC46CP proteins. The mutant proteins were
mixed in a binding buffer (20mM HEPES pH 7.5, 85mM KCI, 1 mM
MgCl2, 1 mM DTT) with 1:1M ratio of UTR RNAs for 1 h at 4 °C. The
mutant protein-RNA complexes were analyzed on a pre-run 6% native
polyacrylamide gel as mentioned above. After electrophoresis at 100 V
for 60min, the gel was stained in a solution of ethidium bromide and
documented with Gel Imaging System (Bio-Rad).

2.7. Homology modeling and RNA-protein docking

The three dimensional (3D) structural model of mutant ΔNΔC37CP
was elucidated using RaptorX (Wang et al., 2016) and I-TASSER (Roy
et al., 2010) protein tertiary structure prediction server. The structure
prediction was performed on the basis of sequence similarity by both
the server which used coat protein structure of watermelon mosaic
virus potyvirus (PDB ID: 5ODV) (Zamora et al., 2017) as a template.
Stereo-chemical properties of the generated 3D model was examined
through PROCHECK software (http://swissmodel.expasy.org/)
(Laskowski et al., 1993) to assess geometry of the residues in protein
structure. The RNA secondary structure as well as RNAfold of 3′UTR
was observed through ViennaRNA webserver (Gruber et al., 2008). The
3D structure of 3′UTR RNA was simulated using SimRNA server
(Boniecki et al., 2015). The predict RNA model was elucidated on the
basis of Monte Carlo method which explained conformational space,
potential energy, secondary structure with high accuracy and predic-
tion of pseudoknots. The 3D model of 3′ UTR RNA was simulated with
3D model of mutant ΔNΔC37CP using NPdock (http://genesilico.pl/
NPDock) (Tuszynska et al., 2015) and HDOCK (http://hdock.phys.hust.
edu.cn/)(Yan et al., 2017) web servers for protein-RNA interaction
prediction study. The best RNA-protein model was predicted based on
1,000 simulation steps with initial temperature of 15,000 K, and 295 K
for the last step of simulation, RMSD cutoff for clustering, docking score
and structure refinement.

3. Results and discussion

3.1. Purification of the recombinant coat protein

Phaseolus vulgaris plants are the susceptible host for bean common
mosaic virus (BCMV) infection which causes severe yield loss in the
crop. BCMV is a seed-borne virus (Salem et al., 2010). The BCMV

infection was observed at the 3-leaf stage seedlings of P. vulgaris seeds,
in which 14.0% disease incidence was found. The infected leaves
showed leaf rolling, green-yellow mosaic, chlorosis and mottling upon
BCMV infection. The amplified PCR product of coat protein was ob-
served at ∼717 bp in agarose gel (Fig. S1A). Later, the CP gene was
cloned into pET28a expression vector. Insertion of CP gene was con-
firmed by sequencing.

The expression vector was transformed into expression E. coli strain
and the protein expression was carried out. Induced recombinant coat
protein was purified through Ni-NTA column. Further, the eluted
fractions showed protein bands corresponding to 30 kDa on SDS-PAGE
which was equal to the theoretical molecular mass of His-tag containing
coat protein (Fig. S1B). The 30 kDa protein was subjected to matrix-
assisted laser desorption/ionization - mass spectrometry (MALDI-MS),
and a mass spectra profile of peptides that made up the protein was
built using MASCOT. These peptides encompassed the amino acid
stretches of the coat protein (Fig. S1C). After the removal of N-terminal
His-tag, purification of CP was achieved through Superdex-200 Gel-
filtration column. The GFC profile of CP revealed that the retention
volume of CP was between 60ml–90ml, corresponding to the similar
retention volume of 200 kDa to 29 kDa proteins (Fig. 1B). The Native-
PAGE analysis showed that CP existed in different oligomeric forms, the
extent of which was concentration dependent (Fig. 1B). The number of
oligomeric forms was more at 0.5mgml−1, when compared with
0.2 mgml−1 sample. This result indicates that CP tends to form high
molecular weight oligomers even in the presence of 1mM DTT. The CP
monomer contains one cysteine, and it might be possible that the CP
underwent oligomerization due to the formation of inter-molecular
disulfide bond formation. To assess this, the cysteine amino acid was
mutated to alanine in the wild-type coat protein. In the absence of
cysteine, the elution profile of coat protein remained unchanged. Pre-
vious in vitro studies have shown that the CP monomers assembled to
form ring-like structure in the presence or absence of RNA (Jagadish
et al., 1991). The coat protein of pepper vein banding virus (PVBV)
assembled to form flexuous rod-shaped structure where the oligomer-
ization could be disturbed and reformed under the control of ionic
strength and pH conditions (Anindya and Savithri, 2003).

3.2. Equilibrium unfolding studies of coat protein

3.2.1. Tertiary structure assessment through intrinsic and extrinsic
fluorescence

To understand the structural properties of CP and its behavior in
stress conditions, spectroscopic assays were performed. Intrinsic tryp-
tophan (Trp) fluorescence provides important information regarding
the tertiary structure integrity of a protein. Tryptophan residue is

Fig. 1. Wild Type coat protein was analyzed on size-exclusion chromatography (SEC): (A) The SEC analysis of protein standards. Molecular mass markers
(Thyroglobulin: 669 kDa; β-Amylase: 223 kDa; Albumin: 66 kDa; Carbonic anhydrase: 29 kDa). (B) Wild Type coat protein showed retention volume between
60ml–90ml. The Native-PAGE analysis at 0.2 and 0.5 mgml−1 further reveal the oligomeric nature of CP.
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hydrophobic in nature, which tends to bury inside the protein core.
However, structure of some proteins is not globular by account of their
intrinsic disorder or due to structural perturbation. The Trp of those
proteins come in contact with water and display characteristic spec-
trum. Intrinsic tryptophan fluorescence of CP was monitored at 295 nm
excitation. The tryptophan fluorescence emission maximum (λmax) of
native protein was corresponding to 345 nm, which pointed towards a
slight structural disorder in CP (Fig. 2A & B). In general, a properly
folded protein (globular proteins) exhibits λmax corresponding to
330 nm in native condition. To understand the unfolding mechanism of
coat protein, it was subjected to denaturation using different con-
centration of GdnCl. With increasing GdnCl concentration, the fluor-
escence intensity of CP decreased with a concomitant red shift in its
λmax (Fig. 2A). It was observed that there was no further change in the
fluorescence intensity with λmax corresponding to 357 nm at 5M GdnCl,
which is a sign of a completely open protein structure, wherein all the
Trp residues have been exposed to the surrounding solvent. Further, we
monitored the percent loss in fluorescence intensity at 345 nm and
observed that the unfolding profile was non-sigmoidal in nature which
lacked a well defined pre- and post-transition baseline. In other words,
the transition was gradual and non-cooperative. This kind of gradual
transition has been observed in molten globular stage of many proteins,
which is characterized by a loose tertiary structure.

To further understand the tertiary structural perturbation, the cor-
responding ANS fluorescence was monitored at varying denaturant
concentration. In general, the emission intensity of free ANS is very less,
but enhances significantly after binding to the exposed hydrophobic
pockets of the protein. The ANS fluorescence intensity of CP displayed a
λmax of 480 nm in the native state, indicating that its hydrophobic
pockets were significantly exposed (Fig. 2C). This is quite different from
the globular proteins which show negligible ANS fluorescence in their
native state. The result was in accordance with the intrinsic Trp fluor-
escence data. The ANS intensity decreased dramatically at 1.5 M GdnCl,

which indicates a sudden loss in the structure.

3.2.2. Secondary structure assessment through far UV CD
Far UV circular dichroism (CD) gives good approximation of overall

secondary structural content of a protein. The GdnCl mediated dena-
turation indicated that the loss in secondary structure was gradual
beyond 1M GdnCl (Fig. 3). Hence, it can be concluded from the in-
trinsic Trp fluorescence and far UV CD spectra results that the CP dis-
played spectral properties of a polypeptide with major unstructured
region. Many nucleic acid binding proteins are known to have dis-
ordered regions and such regions tend to gain structure when bound to
their nucleic acid partners. Thus, we can conclude that CP subunit has
loosely packed tertiary structure but gained a compact and stable
structure when it makes contact with another subunit or viral RNA.
These outcomes are supported by the previous reports that the structure
of potato virus A (PVA) CP includes a significant disordered segment

Fig. 2. Tertiary structure analysis of CP: (A) Intrinsic Trp fluorescence spectra of CP incubated at varying concentration of GdnCl, (B) The corresponsing loss in the
signal intensity at 345 nm is plotted. In the inset, fluorescence emission maximum is shown for native CP and CP denatured in 5M GdnCl. (C) & (D) ANS fluorescence
spectra and corresponding loss in surface hydrophobicity, respectively for CP denatured at varying concentration of GdnCl.

Fig. 3. Secondary structure analysis of CP at varying GdnCl concentration: A
corresponding percent loss in signal intensity at 222 nm is shown.
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and sustained stability by interactions between them (Ksenofontov
et al., 2013).

The importance of this study was to investigate the viral CP struc-
tural behavior in the absence of viral RNA. The viral CP despite of
having an unstructured region plays a major role in the virus packaging
through oligomerization. The next step of the study was to investigate
how the unstructured CP oligomerize.

3.3. Oligomerization of coat protein

The cross-linking experiment was performed using glutaraldehyde
to investigate the oligomerization property of coat protein. Time-course
cross-linking results suggested that CP exist predominantly in a dimer
form. After 1 h of cross-linking reaction, all units of CP were shifted to
high oligomers, possibly due to non-specific crosslinking (Fig. 4A). This
result indicated that the dimerization could be a basic pre-requisite for
CP assembly or the dimers might be the building blocks of CP assembly.
Dimerization/oligomerization of protein has to happen through inter-
action between domains or terminal residues. Earlier reports observed
that the oligomerization of CP subunits was carried out by amino- and
carboxy-terminal residues in potexviruses (DiMaio et al., 2015). It was
shown that the N- and C- terminal exposed regions are essential for
initiation of assembly using the N- and C- terminal deletion mutants in
the case of pepper vein banding virus (Anindya and Savithri, 2003).
Hence, oligomeric property of CP depend upon the composition of re-
sidues present at the terminal ends. In the present study, the un-
structured domain (37 amino-acids of N-terminal) was deleted from the
wild-type coat protein, referred to as ΔN37CP to investigate the role of
the N-terminal residues. The purified mutant ΔN37CP showed a single
peak of ∼23 kDa protein profile on GFC, which corresponds to the
monomer of mutant CP (Fig. 4B). These results suggested that the N-
terminal residues are crucial in the polymerization of coat protein in
BCMV virion formation. Thus, the role of N-terminal residues varies
from virus to virus. For example, the N-terminal residues were re-
sponsible for the interaction between CP subunits in pepino mosaic
virus (PepMV) and watermelon mosaic virus (WMV) (Agirrezabala
et al., 2015; DiMaio et al., 2015; Zamora et al., 2017), while N-terminus
interacted with 3′ untranslated region of viral RNAs to facilitate alfalfa
mosaic virus (AMV) infection (Yusibov et al., 1996). Earlier reports
states that the CP oligomerized in the presence of RNA/DNA to form
different types of structure like spherical/ovoid or tubular, which de-
pends upon the length of the nucleic acid (Hull, 2013).

3.4. Interaction with the untranslated region of the viral genome

It is well known that the coat protein of RNA viruses displays high
affinity towards the viral RNA to maintain the RNA stability and thus
facilitate the cell-to-cell spread of the virus particle (Hyodo et al.,

2014). The untranslated regions (UTRs) are present at both ends of the
genome with polyA tail at the 3′ end, and a covalently linked virus-
encoded protein (VPg) at 5′ end (Oruetxebarria et al., 2001; Puustinen
et al., 2002). Mutational analysis of coat protein was performed to find
out the nucleic acid binding site. The C-terminal mutant was generated
by deleting 37 residues from the mutant ΔN37CP, which was referred to
as ΔNΔC37CP. The N-terminal ΔN37CP and C-terminal ΔNΔC37CP
mutants were analyzed for 3′ UTR-RNA binding assay, in which both
the mutants showed binding with 3′ UTR-RNA. Further, ΔN37ΔC46CP
mutant was constructed by removing additional nine amino acids from
the C-terminal of ΔNΔC37CP mutant. The 3′ UTR-RNA binding assay
was performed with both ΔNΔC37CP and ΔN37ΔC46CP mutant pro-
teins. The mutant ΔNΔC37CP showed binding with 3′ UTR-RNA as
observed through retarded migration of 3′ UTR-RNA on EMSA gel,
whereas, there was no shift observed with mutant ΔN37ΔC46CP when
compared with the control 254 nt long 3′ UTR-RNA (Fig. 5B). These
results indicated that the wild type CP, ΔN37CP and ΔNΔC37CP mu-
tants showed 3′ UTR-RNA binding activity due to the presence of nine
amino acids, which were not present in ΔN37ΔC46CP mutant.

The mutant ΔNΔC37CP contains AALSNVSSK extra residues at the
C-terminal as compared to ΔN37ΔC46CP, which could be crucial for
RNA binding. This RNA binding region is conserved among potyviruses
as observed through multiple sequence alignment (Fig. S2). This extra
RNA binding amino acid stretch contain hydrophobic and polar amino
acids, which might play a crucial role in the interaction with nucleic
acid. Hydrogen and hydrophobic interaction are the key factors re-
sponsible for protein-DNA/RNA complex formation (Jones et al., 2001).
This RNA binding amino acid stretch contains 27% serine, which could
play important role in CP-RNA interaction. Previously, it was observed
that the interaction of coat protein with viral RNA is regulated by the
phosphorylation of serine, which was under the control of protein ki-
nase CK2 (Ivanov et al., 2003). The RNA binding site was observed in
watermelon mosaic virus at the amino acid position S140-R172, which
was a long stretch of residues (Zamora et al., 2017). The cryo-EM
structure of pepino mosaic virus (PepMV) revealed a RNA binding
pocket near the residue position D163 in the coat protein (Agirrezabala
et al., 2015). There are no reports on the crystal structure of coat
protein which can explain the correct position of amino acids or do-
mains which interacts with the nucleic acid.

The 144 nt long 5′ UTR-RNA was also tested for its binding with
mutant ΔNΔC37CP. The mutant ΔNΔC37CP showed less binding with 5′
UTR-RNA, whereas the mutant ΔN37ΔC46CP did not bind to the 5′ UTR
RNA as observed through EMSA (Fig. 5C). Hence, the mutant
ΔNΔC37CP showed a higher RNA binding with the 3′ UTR as compared
to the 5′ UTR. Both the UTR RNA secondary structures were analyzed
online using RNAfold web server which showed more hairpin like
secondary structures or pseudo-knots in the 3′ UTR than in the 5′ UTR
(Fig. 5A&D). A previous study describes that the 5′ UTR is much less

Fig. 4. Analysis of oligomerization property of coat protein: (A) Glutaraldehyde cross-linking of coat protein was analyzed by 12% SDS–PAGE. (B) The SEC elution
profile of wild type CP, ΔN37CP, ΔNΔC37CP, and ΔN37ΔC46CP were shown.
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structured in Potyviridae (Kneller et al., 2006). In positive-strand RNA
viruses, the 5′ UTR of viral RNAs interact covalently with the 3′ UTR to
circularize the RNA for efficient translation (Iwakawa et al., 2012). The
3′ UTR had a tendency to adopt conformational changes for binding to
coat protein to inhibit negative strand promoter activity and enhanced
viral RNA translation (Neeleman et al., 2004). The CP of alfalfa mosaic
virus (AMV) binds to the 3′ UTR which leads to 50–100 fold enhanced
translation of viral RNA in tobacco protoplasts (Neeleman et al., 2001).
The binding of the CP with the 3′ UTR, resulted in the conformational
change in its pseudo-knot to play as a controller to regulate the trans-
lation and replication of the viral genome (Miras et al., 2017). In brome
mosaic virus (BMV), the 3′ UTR act as a cis- and trans- element for viral
genome encapsidation through interaction with the coat protein (Yi
et al., 2009).

3.5. In-silico study of a nucleoprotein complex

The three dimensional (3D) homology model of mutant ΔNΔC37CP
was generated using two different software; RaptorX and I-TASSER
which provided 3 top predicted models based on their scoring algo-
rithms (Fig. 6A). The 3D model of CP mutant was generated using PDB
5odvA as the template which showed 83% identity with the template.
The 3D model by RaptorX contained 35% helix and 49% coiled struc-
ture. Table S3 illustrated the confidence score (C-value), TM-score, root
mean square deviation (RMSD) and Cluster density of best-predicted 3D
model of CP by I-TASSER. The superimposition of predict 3D model of
CP mutant with template 5odvA showed 1.8 ± 1.5 Å RMSD. Ad-
ditionally, the modeled mutant ΔNΔC37CP was analyzed by PROCH-
ECK for Ramachandran plot analysis which revealed that 85.4% re-
sidues were present in the favored region, 13.2% in the allowed region
and 1.3% in the disallowed regions (Fig. S3). The earlier report pre-
dicted the 3D model of potato virus A (PVA) coat protein which con-
tained the high content of random coil structure (40–66%) and 25–45%
α-helix structure (Ksenofontov et al., 2013).

The 3D structure model of 3′ UTR RNA was generated by simulation
using SimRNA server. The simulated 3D structure of RNA was

generated with high accuracy pseudoknots and folds (Fig. 6B). The
predicted model of 3′ UTR was docked for interaction with the 3D
model of mutant ΔNΔC37CP using NPdock and HDOCK server. The
Lowest energy model nucleoprotein complex showed docking score
−191.90 with RMSD 44.87 ˚A in HDOCK server. The NPdock server
also simulated the best nucleoprotein complex on the basis of lower
energy structure. The binding of C-terminal of mutant ΔNΔC37CP with
3′ UTR was observed in predict 3D model of RNA-protein complex
through both servers (Fig. 6C). The 3′ UTR played a switch controller
between viral genome undergoing the replication and translation pro-
cess in many plant viruses to facilitating infection (Simon and Miller,
2013). The CP binds to 3′ UTR for stabilizing the translation machinery
(Bol, 2005; Neeleman et al., 2004).

In conclusion, this study explains the assembly and RNA binding
residues of BCMV coat protein through mutations. This study describes
that only first 37 N-terminal residues of CP are responsible for BCMV
virion assembly. The assembly of some potyviruses occurs due to both
terminal residues while some virion assembly happened without N- and
C-terminal residues. Thus, assembly of CP differs within the potyviruses
due to the amino acids variation in the terminal regions. The coat
protein-RNA interaction study also suggested that RNA binding domain
corresponding to 194–202 amino acid stretch is conserved among the
potyviruses despite variation in assembly process. From therapeutics
point of view, mutation in the RNA binding domain could be suppres-
sing the cell to cell movement of viral genome. The conserved RNA
binding site in CPs might be used as a target for antiviral compounds
that block genome packaging of potyviruses.
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Fig. 5. The RNA binding activity of coat protein mutants. (A) The
3′ UTR RNA secondary structure; (B) EMSA was performed for
analysis of 3′ UTR-RNA binding with CP mutants. Lane 1 contain
3′ UTR-RNA as control, lane 2 contain wild type CP and 3′ UTR-
RNA complex, lane 3 contain ΔN37CP mutant protein and 3′ UTR-
RNA, lane 4 contain complex of 3′ UTR-RNA and ΔNΔC37CP
mutant, lane 5 contain complex of 3′ UTR-RNA and ΔN37ΔC46CP.
(C) The mutant proteins ΔNΔC37CP and ΔN37ΔC46CP interaction
with 5′UTR RNA was analyzed on EMSA gel. Lane 1 contain 5′
UTR-RNA as control, lane 2 contain complex wild type CP and 5′
UTR-RNA, lane 3 contain ΔN37CP mutant protein and 5′ UTR-
RNA, lane 4 contain complex of 5′ UTR-RNA and ΔNΔC37CP
mutant, lane 5 contain complex of 5′ UTR-RNA and ΔN37ΔC46CP.
(D) The secondary structure of circularized 5′ UTR.
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