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Sesbania mosaic virus (SeMV) is a ss-RNA (4149 nt)
plant sobemovirus isolated from farmer’s field around
Tirupathi, Andhra Pradesh. The viral capsid (30 nm
diameter) consists of 180 copies of protein subunits
(MW 29 kDa) organized with icosahedral symmetry.
In order to understand the mechanism of assembly of
SeMV, a large number of deletion and substitution
mutants of the coat protein (CP) were constructed.
Recombinant SeMV CP (rCP) as well as the N-ter-
minal rCP deletion mutant AN22 were found to as-
semble in E. coli into virus-like particles (VLPs). AN36
and AN65 mostly formed smaller particles consisting
of 60 protein subunits. Although particle assembly
was not affected due to the substitution of aspartates
(D146 and D149) that coordinate calcium ions by as-
paragines, the stability of the resulting capsids was
drastically reduced. Deletion of residues forming a
characteristic f-annulus at the icosahedral 3-folds did
not affect the assembly of VLPs. Mutation of a single
tryptophan, which occurs near the icosahedral five-
fold axis to glutamate or lysine, resulted in the disrup-
tion of the capsid leading to soluble dimers that
resembled the quasi-dimer structure of the native
virus. Replacement of positively charged residues in
the amino terminal segment of CP resulted in the for-
mation of empty shells. Based on these observations, a
plausible mechanism of assembly is proposed.

Keywords: Coat protein dimer, icosahedral particles,
mechanism of assembly, Seshania mosaic virus.

Introduction

VIRUSES are obligate parasites that have proteinaceous
capsids that encapsidate and protect their cognate genetic
material. Small isometric viruses have a precise molecu-
lar structure. Therefore, their structures can be determined
by single-crystal X-ray diffraction studies. Structural
studies on several viruses at or near atomic resolution
have provided detailed information on the particle size,
radial distribution of nucleic acid and protein, morpho-
logy of particles, three-dimensional structure of coat pro-
tein, capsid architecture, distribution of residues on the
outer and inner surfaces, molecular interactions between
protein subunits and role of RNA-protein and metal ion
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mediated protein—protein interactions in the stability of
the capsids. Although structures of several viruses are
known, the precise mechanisms of their capsid assembly
are largely unknown. This is due to the fact that virus
particle assembly is highly co-operative and hence it is
difficult to isolate or characterize intermediates of the
assembly pathway.

It 1s well known that only 60 subunits can be organized
with exact symmetry to form a capsid such that the envi-
ronments of all subunits are identical. Coat proteins (CP)
of viruses such as satellite tobacco necrosis virus consist
of only 60 subunits with exact icosahedral symmetry and
are referred to as 7'=1 viruses. However, several plant
and animal virus capsids consist of 180 chemically iden-
tical CP subunits. These 7" = 3 viruses consist of 12 pen-
tameric and 20 hexameric protein subunits'. Although the
180 polypeptides of 7'=3 capsids are identical, they
occur in three slightly different bonding environments.
Therefore, these capsids contain 60 copies each of A, B,
C type subunits that occupy quasi-equivalent positions.
The architectures of 77=1 and 7" = 3 viruses are shown in
Figure 1. 7'=3 viruses contain two types of dimers A/B
and C/C. The C/C dimers are related by an exact 2-fold
symmetry (icosahedral 2-fold) while A/B subunits are
related by a quasi 2-fold symmetry. In contrast, 7= 1
viruses have only one type of dimers related by ico-
sahedral 2-fold symmetry.

During the past two decades, we have conducted a
large number of studies on the structure and assembly of
a small spherical plant virus, Sesbania mosaic virus
(SeMV). SeMV belongs to the genus Sobemovirus and
infects Seshania grandiflora belonging to Fabaceae. The
virus was discovered in farmer’s fields near Tirupathi,
Andhra Pradesh. We have determined the genomic
sequence’ and the three-dimensional structure of the
native virus at 3.0 A resolution’. SeMV genome is cova-
lently linked at the 5'-end to a viral coded genome linked
protein (VPg) and encodes four potential open reading
frames. The CP, coded by the 3’-terminal open reading
frame, 1s expressed by a subgenomic messenger. The
native virus particles are remarkably stable with a 77, of
91°C. Fluorescence studies have shown that even at 6 M
GuHClI, native virus particles do not undergo dissociation
or denaturation’. Removal of bound calcium ions by
treatment with EGTA or EDTA leads to swelling or slight
expansion of SeMV particles. The swollen particles are
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Figure 1.

Organization of protein subunits in 7= 1 and 7' = 3 icosahedral viruses. All the 60 subunits in 7= 1 capsids

are in identical surroundings whereas in 7'= 3 particles, three distinct bonding arrangements are found. The icosahedral
asymmetric unit consists of three chemically identical subunits in quasi-equivalent environments (A, B and C). Small dif-
ferences might exist in the conformation of the three polypeptides that might be crucial for the correct assembly of 7= 3

particles.
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Figure 2. SeMV coat protein structure revealed by X-ray crystal
structure determination at 3.0 A resolution illustrated as a cartoon dia-
gram. Subunits A and B of the icosahedral asymmetric unit have very
similar conformation (Figure 1a). The conformation of the C subunit
(Figure 15b) shows significant differences from those of A and B sub-
units, particularly in the amino terminal segment of the polypeptide.
Protein subunits consist of three distinct structural features. A large
arginine rich segment at the N-terminus (N-ARM) is disordered. This is
followed by a segment ordered only in one-third of the subunits (C
subunits) and form a characteristic hydrogen bonded structure at the
quasi 6-fold (icosahedral 3-fold) axes (see Figure 4). The reminder of
the C-terminal polypeptide folds in to an eight-stranded antiparallel
F-barrel with ‘jelly roll” topology. This fold is also found in a large
number of unrelated icosahedral viruses.

less stable, suggesting that divalent metal ion-mediated
interactions are essential for the stability of the particles.
Further incubation of the swollen virus in 4 M LiCl dis-
rupts the particles into CP dimers. The swollen virus and
the dissociated dimers are sensitive to treatment with pro-
teases due to the exposure of the amino terminal segment,
which is rich in arginines and lysines.
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A careful analysis of the three-dimensional structure of
the virus revealed segments of the polypeptide that might
be important for the assembly of virus particles. The
SeMV CP expressed in E. coli assembles into virus-like
particles (VLPs) that are nearly identical to the native
virus particles. With the view of understanding the
mechanism of assembly, we have constructed a large
number of CP mutants and overexpressed them in . coli.
In this review, we briefly describe the structural and sta-
bility studies carried out on the wild type and mutant
VLPs and CP subunits and discuss their implication to
SeMV particle assembly.

Structure of SeMV and its implication to
assembly

The structure of native SeMV particles was determined at
3.0 A resolution®. As in other 7 =3 viruses, the capsid
consists of 180 coat protein subunits (CP, 29 kDa). The
CP adopts a jellyroll sandwich fold consisting of eight
antiparallel A-strands connected by loops and a few heli-
ces (Figure 2). Similar polypeptide folds are found in
several other plant and animal viruses. The asymmetric
unit of the capsid is composed of three chemically identi-
cal subunits (named A, B and C) arranged in quasi-
equivalent environments (Figure 3). The A subunits form
pentamers at the icosahedral 5-fold axes while the B and
C subunits from hexamers at the icosahedral 3-fold (quasi
6-fold) axes in the capsid. An icosahedral 2-fold relates
two C type subunits while a quasi 2-fold relates A and B

347



SPECIAL SECTION: BIOLOGY AND PATHOGENESIS OF VIRUSES

subunits. The amino terminal arms of the C subunits are
ordered from residue 44 while in the A and B subunits
they are ordered from residue 73. The ordered amino
terminal arms of C type subunits form a S-annulus-like
structure at the quasi 6-fold axes (residues 48-59; Figure
4). The B-annulus and the dimeric interactions between

Figure 3. The organization of the three subunits A, B and C of the
icosahedral asymmetric unit. The polypeptide folds are shown as
ribbon diagrams. The amino terminal segment ordered only in C sub-
units is at the left lower edge of the figure. Spheres correspond to ions
bound to the capsids. The ions bound at the inter-subunit interfaces are
calciums. The nature of the ion bound on the quasi 3-fold axis is not
known.

ARG-61

Figure 4. fannulus: The amino terminal arms of three C subunits
(shown in different grades of grey) related by the icosahedral 3-fold
axis are involved in an intricate pattern of hydrogen bonding. These in-
teractions, along with the interactions across the icosahedral 2-fold
related C subunits link all C subunits of the capsid. This is a feature
shared by several viruses.
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icosahedral 2-fold related protein subunits form a con-
tinuous scaffold connecting all C subunits of the capsid.
Therefore, it was thought that the f-annulus is instrumen-
tal for the error-free assembly of 7'=3 particles. The
asymmetric unit of the icosahedral particle also contains
three calcium ions (Figure 3, ref. 3), accounting for a
total of 180 calcium ions on the capsid. These ions re-
lated by quasi 3-fold symmetry are located at the A-B,
B-C and C-A subunit interfaces. The calcium is coordi-
nated in an octahedral geometry with six ligands (Figure
5). Two of the ligands are the carboxylate oxygens of
D146 and D149 from one subunit and three others are
from the neighbouring subunit (carbonyl oxygen atoms of
Y205, carboxyl oxygen of N267 and C-terminal carboxyl
oxygen of N268). The sixth ligand, represented by a weak
electron density in most of the structures determined so
far, 1s a molecule of water hydrogen bonded to S116. The
amino acid sequence constituting the calcium binding
motif (CBS) is highly conserved across sobemoviruses
and other related viruses suggesting that the calcium
binding and the associated ligands might be essential for
the integrity or assembly of the capsids. A fourth ion in
the icosahedral asymmetric unit is on the quasi 3-fold
axis and its identity has not been clearly established. The
disordered segment of the amino terminal arm contains
an arginine rich motif (N-ARM). The positive charges in
the 180 ARMs of the capsid could neutralize nearly a
third of the negative charges of RNA phosphates. This
motif is present in several viruses, although the precise
position of its occurrence in the polypeptide is variable.
The role of this arginine rich motif, if any, in the assem-
bly of SeMV needed to be established.

The three-dimensional structure revealed four aspects
of the structure that may be crucial for the assembly of
SeMV: (i) the arginine rich motif, (ii) the Sannulus, (iii)
calcium binding motif and (iv) inter-subunit interactions

Figure 5.

The geometry of calcium binding. This geometry is com-
mon to both 7 =3 and 7' = 1 capsids.
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promoted by specific residues. We probed the importance
of each of these interactions by site-directed mutagenesis
followed by structure and assembly studies.

Structure and assembly of recombinant capsids
of SeMV

Over expression of SeMV-CP gene in E. coli was shown
to result in the assembly of 7= 3 VLPs resembling native
particles. VLPs encapsidate CP mRNA and E. coli 23S
rRNA®. It may be noted that the size of the 23S RNA is
comparable to that of the cognate viral RNA. The thermal
stability of VLPs (7}, ~ 87°C) was only slightly less when
compared to that of the wild type particles (7}, ~ 91°C).
Treatment with EDTA reduced the sedimentation coeffi-
cient of VLPs and increased their sensitivity to treatment
with proteases showing that the VLPs are also stabilized
by calcium-mediated protein—protein interactions. GuHCI
induced denaturation profile of VLPs showed that they
were less stable when compared to the native virus
although even here denaturation was not complete at 6 M
GuHCI (ref. 4).

T'=3 capsids of intact VLPs and VLPs formed by the
N-terminal deletion mutant (CP-NA22) could be crystal-
lized. The crystals of these intact and mutant VL.Ps were
isomorphous. A substitution mutant of the intact CP, CP-
P53A, in which a conserved proline at position 53 was
substituted by alanine (CP-P53A) also assembled into
1"= 3 capsids and was crystallized. This proline occurs in
the S-annulus at which there is a characteristic kink that
might be important for the formation of the annulus struc-
ture. The structures of rCP, CP-NA22 and CP-P53A were
determined at 3.6, 5.5 and 4.1 A respectively® ™.

The structures of these recombinant capsids closely
resemble that of the wild-type particles. Inter-subunit
interactions and binding of calcium ions at the inter-
subunit interfaces of the A, B and C subunits are also
similar in these capsids. As in the native capsid, calcium
ions adopt an octahedral coordination. At the quasi 6-fold
axis, the A arms of the three C subunits interact to form
the S-annulus as in the native capsids. In CP-P53A, the
substitution of the conserved proline by alanine at posi-
tion 53 does not seem to affect either the bending or con-
formation of the Aannulus. The structures of these
capsids indicate that differences in the nucleic acid that is
encapsidated, deletion of short segments from the amino
terminus and substitution of a conserved proline at the
f-annulus do not affect the assembly of VLPs.

Assembly of truncated CP to particles of smaller
diameter and their structures

Deletion of longer segments from the amino terminus
resulted in the formation of VLPs of smaller diameters.
Polypeptides obtained by the deletion of 31 (CP-NA31)
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and 36 residues (CP-NA36) from the amino terminus
assembled mostly into particles of smaller diameter of
~20 nm. The smaller particles had only 60 copies of sub-
units (7'=1 capsids; Figure 1). Close examination of
assembly products formed by CP-NA36 in an electron
microscope revealed not only particles of ~20 nm dia-
meter but also particles that were intermediate in size to
those of 7’=1 and 7" = 3 particles. The sedimentation co-
efficient of this component was also intermediate to those
of 20 and 30 nm particles. Therefore, these VLPs are
likely to possess pseudo 7'= 2 morphology with 120 sub-
units. It was shown that the deletion of the N-terminal 65
amino acid residues (CP-NAGS) resulted in the exclusive
formation of 7'=1 particles. CP-NA65 7'=1 particles
were slightly less stable than those of 7' = 3 particles with
a T, of 83°C and stability up to 5M GuHCIL As in the
case of 7= 3 particles, EDTA treated 7' = | particles were
less stable and half of the particles dissociated at 2 M
GuHCI suggesting the role of calcium ions in the stability
of smaller particles also.

The structure of the 7'=1 particles formed by CP-
NAG5 was determined at 3.0 A resolution®. This recombi-
nant protein possesses the sequence corresponding to the
S-domain of the native 7'= 3 icosahedral particles and
lacks the fannulus, the fA strand (residues 67-70) and
the arginine rich motif (ARM; residues 28-36; ref. 10).
The polypeptide fold of the subunit closely resembles that
of the S-domain of the native virus. The structure of the
icosahedral dimeric unit in the 7'=1 structures closely
resembles the structure of the quasi-dimer of the 7'=3
structure. The recombinant particles bind calcium ions in
a manner indistinguishable from those of native capsids.
Dimers resembling icosahedral CC dimers of 7'=3
capsids are not observed in the 7= 1 capsids (Figure 1).

In the native virus particles, the N-terminal 43 residues
are disordered in all the three subunits of icosahedral
asymmetric unit. Therefore, it was anticipated that dele-
tion of these N-terminal residues would not affect assem-
bly into native like 7" = 3 particles. Surprisingly, CPAN31
and CPAN36 mutants assembled mostly into 7= 1 parti-
cles similar in structure to particles assembled from ANGS
protein. The ‘unseen’ or disordered amino terminal
segment of the coat protein seems to exert a strong influ-
ence on the particle assembly. This suggests that the
interaction between the amino terminus and RNA may be
crucial for initiating 7' = 3 particle assembly.

Recombinant capsids with deletion or
substitution of calcium ligands

The three-dimensional structure of SeMV shows that the
two carboxy terminal residues contribute to calcium bind-
ing. Deletion of two residues the carboxy terminal did not
prevent assembly of 7'= 3 particles. However, the stabi-
lity of the resulting capsids (CP-CA2) was drastically
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reduced. Although it was possible to crystallize CP-CA2,
the crystals did not diffract X-rays, perhaps reflecting the
lack of rigid structure of these capsids. Polypeptides
obtained by the deletion of these two residues in NA6S5
(CP-NAG65-CA2) could assemble into VLPs of approximate
diameter 20 nm. These VLPs were less stable with a
denaturation profile similar to that of CP-NAG6S5 treated
with 2 mM EDTA suggesting that calcium ions are not
bound to these VLPs. Similarly, CP-NA65-D146N-
D149N, where the calcium ligands Aspl46 and Aspl49
were replaced by Asn assembled into homogeneous parti-
cles of ~20 nm diameter similar to those of CP-NAGS.
However, these particles did not bind calcium. The struc-
ture of this mutant revealed particles that were slightly
expanded. In contrast to the uniform particles observed
with the calcium ligand substitution mutants of the trun-
cated polypeptide CPNAGS, similar mutations in the full
length polypeptide (CP-D146N and CP-D146N-D149N)
resulted in particles of heterogeneous morphology. These
observations demonstrate that calcium ions are more cru-
cial for the stability of the larger 7'=3 particles when
compared to 7' =1 particles, although in neither case they
are mandatory for assembly'’.

N-terminal ARM and fannulus deletion
mutants

The structure of SeMV and other related viruses had sug-
gested that the amino terminal segment of the polypeptide
is likely to play a major role in the assembly of virus par-
ticles. In order to address the role of these segments in
virus assembly, a number of mutants were constructed.
Substitution of a few arginine residues (CP-R32-36E) or
all arginine residues (CP-R28-36E) to Glu in the basic
ARM led to less stable, empty 7'=3 capsids (CP-R28-
36LE), suggesting that the positively charged ARM is
essential for the neutralization and encapsidation of the
nucleic acid and not for 7' = 3 particle assembly.

Although the A-annulus structure found in several ico-
sahedral viruses has been regarded as a crucial element in
the assembly of virus particles, its importance was not
experimentally examined earlier. In SeMV, f-annulus is
formed by hydrogen bonding interactions between resi-
dues 48-52 from one C-subunit and residues 55-59 of the
neighbouring three-fold related C-subunit (Figure 4). To
examine the importance of the f-annulus, the residues
involved were partially (CP-A48-53) or fully deleted
(CP-A48-59). Crystal structure of the mutant rCP-A48-59
which lacked the whole segment forming the annulus was
determined'". Contrary to expectations, in this mutant, the
capsid assembly and stability were unaffected. The struc-
ture revealed that indeed the f-annulus is absent. There-
fore, capsid assembly can proceed without the formation
of the fannulus and its formation is probably a conse-
quence of the assembly.
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Mutational studies on interfacial residues of
SeMV coat protein

SeMV particles are constructed from two types of dimers:
one related by icosahedral 2-fold and the other related by
quasi 2-fold. Disassembly of SeMV leads to the forma-
tion of coat protein dimers. It was of interest to determine
the structure of isolated dimeric units and compare the
inter-subunit packing to the corresponding contacts in
7'=1 and 7' =3 particles. With this view, the key inter-
actions between subunits in the 77=3 virus were dis-
rupted by mutation of crucial residues at these interfaces.
Tryptophan 170 (W170), which occurs at a site close to
the icosahedral 5-fold (Figure 6), and which constitutes a
cluster of large hydrophobic residues at the 5-fold inter-
face was targeted for mutagenesis. The mutations were
carried out both in rCP and CP-NAG6S.

Gel filtration studies showed that CP-W170E, CP-
WI170K, CP-NA65-W170E, CP-NA65-W170K mutants
were indeed expressed as dimers. The purified CP dimers
were prone to protease degradation, probably because of
the exposure of the arginine rich N-terminus. This was
further confirmed by the observation that CP-NAG6S5-
WI170E and CP-NA65-W 170K, where the N-terminus is
absent, did not show any signs of degradation. Studies
using CD showed that CP-NA65-W170E was the most
stable among the mutants with a melting temperature of
about 65°C. The other mutants had a 7%, around 45°C,
which was similar to that of the dimers obtained by lith-
ium chloride induced dissociation. Crystal structure of
the dimer resulting from W170K mutation was deter-
mined'?. The structure of the isolated dimers was found

3o
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Figure 6. Cluster of tryptophan residues around the icosahedral
5-fold axes. Mutation of these residues to lysine or glutamic acid leads
to the disruption of the capsids. The resulting protein is in dimeric
form.
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Figure 7. A plausible model for the assembly of SeMV. Initially the

protein subunits (with disordered amino termini) assemble into a pen-
tamer of A/B dimers. Interaction of the flexible amino terminal ARM
with RNA leads to the formation of CC dimers and ordered S-annulus.
Interactions with RNA is disrupted in the CP R28-36E mutant, which
forms only empty 7'= 3 particles. If the amino terminus is truncated,
only 7= 1 or pseudo 7' = 2 particles are formed. Calcium binds to the
assembling or assembled particles resulting in a slight reduction in
the particle radius.

to resemble the A/B dimer and not the C/C dimer of the
T'= 3 virus particles. It also revealed a number of structural
changes that take place, especially in the loop and interfa-
cial regions, during the course of assembly.

SeMV assembly

A model for the assembly of SeMV particles (Figure 7)
could be proposed on the basis of the large number of
studies summarized in this review: structures of 7'= 3 and
I"=1 particles formed by intact protein and its deletion
and substitution mutants, calcium ligand and interfacial
residue mutants, and isolated dimeric structure of the coat
protein. The analysis of the structures of these mutant
capsids suggests that although calcium binding contri-
butes substantially to the stability of the particles, it is not
mandatory for their assembly. Similarly, the structure of
the Mannulus deletion mutant provides clear evidence
that the F-annulus is not necessary for the formation of
the 7" = 3 capsids. In contrast, the presence of a large frac-
tion of the amino terminal arm including sequences that
precede the f-annulus appears to be indispensable for the
error free assembly of 7'=3 particles. When mutations
that disrupt particle assembly such as W170K are intro-
duced, the CP is expressed in a dimeric form that resem-
bles the dimer of 7'=1 particles and the quasi symmetric
A/B dimer of 7'= 3 particles. Therefore, it is likely that a
pentamer of A/B dimers in which the f-annuli are dis-
ordered could initiate the assembly of the capsids at the

icosahedral five-fold. Further assembly proceeds in the
presence of RNA. Interaction of the ARM with RNA
imposes order in the amino terminal segments of dimers
added to the 10-mer complex leading to the formation of
the fannulus and C/C dimers. Subsequent addition of CP
dimers leads to the formation of swollen 7" =3 particles.
The particles become compact after the addition of
calcium ions at the intersubunit interfaces.
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