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The Crystallographic Structure of Brome Mosaic Virus
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0022-2836/02/010095±14 $35.00/0
The structure of brome mosaic virus (BMV), the type member of the
bromoviridae family, has been determined from a single rhombohedral
crystal by X-ray diffraction, and re®ned to an R value of 0.237 for data in
the range 3.4-40.0 AÊ . The structure, which represents the native, compact
form at pH 5.2 in the presence of 0.1 M Mg2�, was solved by molecular
replacement using the model of cowpea chlorotic mottle virus (CCMV),
which BMV closely resembles. The BMV model contains amino acid resi-
dues 41-189 for the pentameric capsid A subunits, and residues 25-189
and 1-189 for the B and C subunits, respectively, which compose the hex-
americ capsomeres. In the model there are two Mg ions and one mol-
ecule of polyethylene glycol (PEG). The ®rst 25 amino acid residues of
the C subunit are modeled as polyalanine. The coat protein has the cano-
nical ``jellyroll'' b-barrel topology with extended amino-terminal polypep-
tides as seen in other icosahedral plant viruses. Mass spectrometry shows
that in native BMV virions, a signi®cant fraction of the amino-terminal
peptides are apparently cleaved. No recognizable nucleic acid residue is
visible in the electron density maps except at low resolution where it
appears to exhibit a layered arrangement in the virion interior. It is juxta-
posed closely with the interior surface of the capsid but does not interpe-
netrate. The protein subunits forming hexameric capsomeres, and
particularly dimers, appear to interact extensively, but the subunits other-
wise contact one another sparsely about the 5-fold and quasi 3-fold axes.
Thus, the virion appears to be an assembly of loosely associated hexame-
ric capsomeres, which may be the basis for the swelling and dissociation
that occurs at neutral pH and elevated salt concentration. A Mg ion is
observed to lie exactly on the quasi-3-fold axis and is closely coordinated
by side-chains of three quasi-symmetry-related residues glutamates 84,
with possible participation of side-chains from threonines 145, and aspar-
agines 148. A presumptive Mg2� is also present on the 5-fold axis where
there is a concentration of negatively charged side-chains, but the precise
coordination is unclear. In both cases these cations appear to be essential
for maintenance of virion stability. Density that is contiguous with the
viral interior is present on the 3-fold axis at the center of the hexameric
capsomere, where there is a pore of about 6 AÊ diameter. The density can-
not be attributed to cations and it was modeled as a PEG molecule.

# 2002 Elsevier Science Ltd.
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Introduction

Brome mosaic virus (BMV), a T � 3 icosahedral
virus, is the type member of the bromoviridae
family and bromovirus genus.1 It infects many
ing author:

e mosaic virus; PEG,
a chlorotic mottle
species of gramineae and can be easily transmitted
mechanically, as well as by various vectors.2 It is
composed of 180 identical polypeptides which
assume an equal number of either an A, B, or C
conformation, and a multipartite genome consist-
ing of four single-stranded RNA molecules of
3.2 kb, 2.8 kb, 2.1 kb and 0.8 kb designated RNA1,
RNA2, RNA3, and RNA4, respectively. RNA1 and
RNA2 are found alone in virions, while RNA3 and
RNA4, the latter of which codes only for the coat
protein,3 are found packaged together. Thus, the
# 2002 Elsevier Science Ltd.
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total complement of RNA in any of the three types
of particles is roughly the same. The coat protein is
composed of 189 amino acid residues, with a
highly positively charged amino-terminal segment.

BMV is one of the most thoroughly investigated
of all of the spherical plant viruses, and it is neither
possible nor necessary to review all of the infor-
mation available on its structure, assembly, or phy-
sico-chemical properties.2,4 ± 6 A number of points
are, however, directly pertinent to this investi-
gation and its results. BMV is similar in most
regards to the closely related cowpea chlorotic
mottle virus (CCMV) whose structure has been
determined elsewhere 7. It has a diameter of about
28 nm in the native state at low pH (< 6.0) and in
the presence of Mg2�, but experiences a profound,
though reversible, structural transition as the pH
approaches neutrality.8 ± 10 Mg2� helps stabilize the
native virion at higher pH, but does not prevent
the transition.11,12 The transition may be regulated
by carboxyl clusters and be mediated by cations as
proposed for other virions as well.13 At high salt
conditions and neutral pH, the virion loses its
RNA and dissociates into protein products. The
protein can be reassembled under de®ned con-
ditions into a variety of forms, including both
empty T � 3 and T � 1 icosahedra.14 ± 18

Most physico-chemical evidence suggests that
there are only weak interactions in the capsid
between individual protein subunits, though the
data equally support weak interactions between
capsomeric groups of subunits. Hence, empty ico-
sahedral shells are not observed in vivo and assem-
bly, unlike that for tymoviruses, is apparently not
driven by protein-protein interactions and capsid
formation. Instead, assembly seems to proceed by
concerted interactions between the very positively
charged amino-terminal polypeptides of the coat
proteins and more or less globular, preformed
masses of negatively charged RNA. Thus, the vir-
ions are believed to be created and maintained
principally by relatively ¯uid protein-nucleic acid
interactions.4

Nearly 60 years of experimentation on BMV
indicates that the virus is among the least rigid in
terms of structure, most malleable in terms of
form, and most susceptible to transitions. Inter-
subunit interactions appear weak and imprecise;
protein-RNA interactions are non-speci®c, and
encapsidation criteria meager.11,19 The structure we
present here suggests explanations for a number of
these features, and also suggests a mechanism for
assembly and disassembly compatible with the
observations.

Results

The asymmetric unit in the R3 crystals8 is com-
posed of 20 triangular faces each containing three
icosahedrally distinct protein subunits designated
A, B and C. All have identical amino acid
sequences but assume three different subunit con-
formations to accommodate their structural roles in
the virion. Therefore, 20-fold non-crystallographic
symmetry was used in all averaging operations
and maintained throughout re®nement. In the
model of BMV, the pentameric A subunits were
composed of residues 41-189, the B and C subunits
comprising the hexameric capsomeres of residues
25-189 and 1-189, respectively. Amino-terminal
segments of the A and B subunits were not visible
in electron density maps. The initial 25 amino acid
residues at the amino-terminal ends of the C sub-
units were observed as continuous chains, contigu-
ous with the remainder of the C subunits at amino
acid 26, but they were somewhat disordered.
These C subunit amino-terminal peptides were,
therefore, modeled as polyalanine chains.

The protein subunits are shown as they are
assembled to make pentameric capsomeres (from
A subunits), hexameric capsomeres (from B and C
subunits), and distributed about the quasi-3-fold
axis (A, B, and C subunits) in Figures 1, 2 and 3,
respectively. The coat protein exhibits the canonical
``jelly roll'' b-barrel topology with amino-terminal
polypeptides ultimately extended into the interior
of the virus. The visible portions of the amino-
terminal polypeptides of the B and C subunits
form a distinctive ``b annulus'' about the 3-fold
axis at the center of each hexameric capsomere, as
seen in a number of other icosahedral viruses.20

The hexamer is characterized by a pore at its center
of about 6 AÊ diameter and the pentamer by a simi-
lar channel of about 5 AÊ diameter.

The pore through the hexameric unit is
obstructed. This is illustrated by density, shown in
Figure 4, that appears to be contiguous with disor-
dered density in the interior. It could conceivably
be nucleic acid, or amino-terminal polypeptides
from either intact coat proteins or fragments from
cleaved subunits, but these do not appear likely. It
may also be ordered water, PEG, or disordered
ions, but does not appear to be discreet cations
such as Mg2� or Ca2�. The amino acid side-chains
making closest approach to the density are two
valine residues, 30 and 32, from the B and C sub-
units. There are no charged residues in the channel
and it appears to be hydrophobic in character. We
have modeled this density with what we feel is the
most innocuous choice, a PEG molecule.

In addition to the three protein subunits, Mg
ions were included on the quasi-3-fold axis and the
5-fold axis, based on pronounced spherical peaks
at those positions in the electron density maps (3 s
in 2Fo ÿ Fc composite omit maps). The Mg2� on
the 5-fold axis is at a radius of 127 AÊ from the cen-
ter of the virus particle. Although there are a num-
ber of negatively charged amino acid side-chains
in the immediate area, which are directly involved
is uncertain and the binding of the ion may be
mediated through water molecules. No water mol-
ecules were included, however, because of the
modest resolution of the data. The ion, in any case,
effectively blocks this channel.



Figure 1. The pentameric A sub-
units are shown here as yellow rib-
bons along with a central cation
bound by backbone carboxylate
groups. The B and C subunits are
cyan and green, respectively; the
cations on the quasi-3-fold axes are
also present.
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Precisely on the quasi-3-fold axis is a Mg ion
coordinated directly by three carboxyl groups pro-
vided by quasi-symmetric glutamates 84 from the
A, B and C subunits, as illustrated in Figure 5. The
three carboxyl groups of glutamates 84 are within
2.6 AÊ of the Mg2�. Within 5 AÊ to 6 AÊ of the Mg2�
Figure 2. The B and C hexameric
subunits are shown in cyan and
green, respectively, and 5-fold A
subunits, with which they make
contacts, are yellow. The b-annulus
at the center of the capsomere
forms a pore of about 6 AÊ diam-
eter. Ions on the quasi-3-fold axes
are also shown.



Figure 3. A ribbon diagram of
the BMV A, B and C subunits
colored according to thermal factor
B. Red indicates areas of higher
value while blue indicates less
mobile regions.
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are the three side-chain oxygen atoms of threonines
145, and the three side-chain carboxyl groups of
quasi-equivalent aspartic acids 148. All of these
could be bridged to the cation through water mol-
ecules. Thus, within a sphere of radius 6 AÊ about
the Mg2�, there are six negatively charged carboxyl
Figure 4. The channel through
the center of the hexameric cap-
somere is ®lled with density in this
2Fo ÿ Fc map that cannot be readily
explained by either protein or
nucleic acid. It has been modeled
as a 3-fold disordered molecule of
polyethylene glycol and probably
originated from the crystallization
mother liquor.



Figure 5. The coordination of the
Mg ion on the quasi-3-fold axis.
The glutamate, threonine, and
aspartate residues involved are
labeled. These cations may serve a
crucial role in the formation and
maintenance of the capsid struc-
ture, and the carboxyl groups are
likely those earlier identi®ed as
Caspar carboxyls.13
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groups plus three additional oxygen atoms. This
Mg ion appears to play a particularly important
role in maintaining the structure of the capsid and
is likely the source of the cation stabilization of the
native virion. Were it removed, then only water
would remain to mediate the close carboxyl inter-
actions. Such an arrangement involving Mg2� was
suggested by Speir et al.7 for CCMV as well.

The weakest interactions are amongst ABC sub-
units at the quasi-3-fold axes, and amongst A sub-
units about the 5-fold axes. This is evident in
Figure 6. The occluded surface areas at these inter-
faces are only about half those for the dimer inter-
faces and those within the hexameric capsomeres.
Inspection of the dimer and hexamer interface
areas, which are about 1000 AÊ 2 or greater, shows
that these are due almost entirely to contacts
involving the amino and carboxy-terminal poly-
peptides. Removal of residues 1-49 and 177-189 at
the two termini virtually eliminates any contact.
The extensive contact areas characterizing the
dimers, which range from 1244 to 1589 AÊ 2, suggest
that the dimers may be the molecular species
responsible for assembly.

Moderate subunit interactions woven together
via interdigitating carboxy termini may help to
explain the capsid plasticity characteristic of bro-
moviruses. These may facilitate the observed cap-
sid swelling preceding irreversible disruption of
the virus shell.7,21 The presence of stabilizing Mg
ions, which serve as lynchpins at 5-fold and quasi-
3-fold axes, would explain how cations stabilize
the capsid above neutral pH. In the absence of
these ions, increased pH would promote repulsive
interactions, thereby causing the capsid to dis-
sociate. The ultimate products are presumably AB
and CC dimers held together by the interwoven
carboxy termini.18,22

The appearance of the intact virion is seen in
Figure 7 along with relevant dimensions. The
plane cutting through the capsid in Figure 7 con-
tains both the 5-fold and 3-fold axes. It presents
the electrostatic distribution across the viral shell,
and through the channels at the two axes. At the
top of Figure 7 the exterior and interior electro-
static surfaces of the protein capsid are shown. As
one might expect, the interior surface of BMV,
even in the absence of the basic amino-terminal
polypeptides, is very positively charged and
undoubtedly closely associated with negatively
charged RNA.

Proteolytic cleavage of N-terminal polypeptides

We found in a separate study8 that dissociation
of the virions to produce capsid protein, and pro-
tein assemblies, was accompanied by proteolytic
cleavage of amino-terminal polypeptides from a
portion, and sometimes all of the protein subunits.
Mass spectrometry of BMV from rhombohedral



Figure 6. A diagram of the BMV
capsid showing contacting surface
areas for the symmetry-related pro-
tein subunits. Along each unique
interface the surface area buried by
that interface is noted. The values
in parentheses are those for the clo-
sely related CCMV structure. This
provides some measure of the
degree of interaction of two sub-
units across each interface. Exact
rotation axes are identi®ed by ®lled
symbols and quasi rotation axes by
open symbols.
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crystals used in this X-ray diffraction analysis
shows some degree of cleavage in these capsid
subunits as well. Intact subunits comprise the
majority of the population, but some subunits are
cleaved to produce signi®cant subpopulations of
subunits Mr � 14,533 and Mr � 10,180, correspond-
ing to N-terminal cleavages at amino acid residues
57 and 97, respectively. In addition, mass spec-
trometry also shows at least three peptides, pre-
sumably cleavage products, also present in the
crystals, and almost certainly in the virions. These
have molecular masses of about 5808 Da, 4770 Da,
and 4430 Da and are likely to be the complements,
or additionally degraded complements of the sub-
units.

We cannot be certain whether the visibility and
more ordered conformation of the amino-terminal
polypeptides of the C subunits have functional sig-
ni®cance or not. The C subunits may simply be
less susceptible to proteolytic cleavage, or their
amino termini may make more de®ned contacts
with the RNA. On the other hand, amino-terminal
polypeptides of the C subunits may be more vis-
ible and ordered because they play some special
role in guiding the arrangement of the capsid pro-
tein about the RNA cores, and in promoting
assembly.

Comparison to CCMV

The sequences of BMV and CCMV are 70 %
identical and highly homologous over the remain-
der. The sequence of BMV is one amino acid resi-
due shorter than that of CCMV due to deletions at
27 and 150 in the CCMV sequence, and the
addition of an arginine residue at the carboxy
terminus. The deletions occur at the start of the
b-annulus and at the end of the GH helix.7 Both
changes are accommodated easily. Most other
differences between the structures appear in loops
connecting b-strands of sheets. Both BMV and
CCMV have highly positively charged amino-term-
inal polypeptides that contain one arginine and
seven lysine residues for BMV, and three lysine
and six arginine residues for CCMV. Given the
degree of homology, it is not surprising that the
structures of the coat proteins of the two viruses
are nearly the same. The differences in amino acids
between the two, as seen in Figure 6, accumulate
at subunit interfaces in the capsid, and therefore
result in signi®cant differences in intersubunit con-
tacts.

The A, B and C subunits of BMV exhibit rms
differences for Ca positions of 0.88 AÊ (A-B), 1.01 AÊ

(A-C), and 0.99 AÊ (B-C). The superposition of cor-
responding subunit backbones of BMV on the
CCMV model is shown in Figure 8. The corre-
lations between equivalent Ca positions for BMV
and CCMV subunits are equally good with 1.02 AÊ ,
1.08 AÊ and 1.06 AÊ RMS differences for the A, B
and C subunits, respectively. The most striking
differences between the two structures arise as a
consequence of the bound cations. CCMV was
crystallized for X-ray diffraction at pH 3.3 in the
presence of EDTA and contained no cations. The
rhombohedral BMV crystals studied here were
puri®ed and crystallized in the presence of 0.1 M
magnesium acetate at pH 5.2. As a consequence,
cations were observed in the structure.



Figure 7. A quarter cross-section
through the BMV capsid. The plane
of the cross-section includes the 5-
fold and 3-fold axes that pass
through the centers of the penta-
meric and hexameric capsomeres.
The surfaces are colored according
to their electrostatic character; red
is negative, blue positive, and gray
neutral. Inset at the top contains
electrostatic surfaces of the exterior
of the BMV capsid on the right and
on the left an interior electrostatic
surface. Both images were created
using the program GRASP.42
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RNA distribution

The distribution of difference density in the
Fo ÿ Fc map of BMV is not entirely arbitrary inside
the virion, though there are no elements of density
that can be interpreted unambiguously as either
single or double-stranded RNA. The observed den-
sity appears simply to be where fortuitous super-
positions of RNA density occurred during the
averaging processes (both physical during crystalli-
zation, and computationally during map aver-
aging). The difference density is, however,
organized into two shells.

In agreement with low angle neutron scattering
studies,23 ± 25 there is a lumen at the center of the
particle of about 35 AÊ radius. This is presumably
occupied by bulk solvent. From about 35 to 65 AÊ

radius, there is a shell occupied by substantial den-
sity, then a distinctive trough until a radius of
about 75 AÊ . Between that radius and the inside of
the protein capsid is the strongest band of density.
This density does not appear to extend into the
protein shell to any appreciable degree except at
the centers of the hexameric capsomeres (the 3-fold
axes) where density (modeled as a PEG molecule)
is seen in the pore. The pore, however, is only 6 AÊ

in diameter so it is dif®cult to envision how this
could represent main-chain RNA. Indeed, there
appears to be close apposition of RNA to the
interior of the protein shell, consistent with the
observed positive electrostatic surface on the inside
of the capsid, but there is no visible penetration.

Because the distribution of the RNA is not uni-
form in the capsid, estimates of the RNA packing
density may have to be re-evaluated. Assuming a
more or less uniform RNA distribution between
radii 30 and the inside of the capsid, Anderegg
et al.25 calculated that this region was composed of
about 50 % solvent and that, therefore, the RNA
was rather loosely assembled. If, however, it exists



Figure 8. Backbone represen-
tation superimposing the BMV
ABC trimer on the corresponding
CCMV trimer, which is presented
as a transparent overlay.
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predominantly in two shells with a solvent volume
interposed, then the packing of the RNA in the
two shells would be signi®cantly greater than the
overall average. A greater local packing density
might be more consistent with the nearly 60 %
base-paired secondary structure of the RNA pre-
dicted from circular dichroism.5

Discussion

Subunit interactions and structural transitions

Most studies of the physical structure of BMV
have suggested that only tenuous interactions exist
between protein subunits in the capsid, and that
virion integrity is maintained principally by pro-
tein-RNA interactions (for a discussion, see
Kaper4). An examination of the structure shows
the situation to be somewhat more complicated.
Within hexameric capsomeres, but to a consider-
ably lesser extent pentameric capsomeres, subunit
interfaces are relatively large and the interactions
extensive, comparable to those in other T � 3
viruses. The interactions between capsomeres, i.e.
those around the quasi-3-fold axis where A, B, and
C subunits join, are meager. In addition, a princi-
pal component of the assembly at the quasi-3-fold,
perhaps the lynchpin of the capsid structure, is the
Mg ion that is coordinated by negatively charged
side-chains from each of the three subunits.

Indeed, were the Mg2�, which is known to
stabilize the structure and modulate swelling11

removed, then the charged carboxyl groups from
glutamates 84 and aspartates 148 would repel one
another. This would not only further weaken the
bonding at the quasi-3-fold, but would introduce a
destabilizing in¯uence. These carboxyl groups, in
the absence of Mg2�, as in CCMV, may be the
crucial carboxyl clusters suggested to control the
swelling of BMV and its ultimate disassembly.11,12

The susceptibility of the structure at the quasi-
3-fold axes coupled with ®rmer interactions within
capsomeres suggests that upon dissociation of the
capsid, the immediate products would be RNA,
and probably protein hexamers (B and C subunits)
and dimers. This is consistent with what is
observed by AFM in the transition of T � 3 to
T � 1 particles.8 On the other hand, there is evi-
dence that dissociated capsids ultimately yield
dimers in solution.18,22 This is realistic as well
because protein-protein interactions across icosa-
hedral dyad axes are also extensive (see Figure 6,
above).

RNA distribution

Evidence acquired over the past 40 years of
research on BMV and CCMV consistently suggests
that the structure of the virion is maintained princi-
pally by protein-RNA interactions with otherwise
weak intersubunit contacts. The close approach of
the RNA to the inside of the protein shell, and the
positively charged interior surface is consistent
with this view. Likely to be at least as important,
however, are the highly positively charged amino-
terminal polypeptides. These have clearly been
shown essential to virion assembly,26,27 protein-
RNA interactions,11 virion integrity,4 swelling
stages of the virion,9,10 and a number of other
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structural and physiological properties.5 These are
ambiguous or not observed at all in the electron
density map and are probably associated with the
outer shell of RNA. They may serve as anchors
and lines to moor the individual protein subunits
to the RNA core. Thus, the protein units on the
surface may experience only tenuous lateral inter-
actions among themselves while tethered to the
core. Such an imprecise capsid arrangement could
explain the relatively poor diffraction properties of
the various crystals of this virus, and why crystals
of the BMV T � 1 particles lacking RNA, but
requiring much closer protein-protein contacts, dif-
fract to substantially higher resolution.8

Protein-nucleic acid interactions and assembly

Icosahedral averaging, both physical upon crys-
tallization and computational in map averaging,
suppresses nucleic acid density inconsistent with
viral symmetry. Frequently, however, bits and
pieces, and occasionally large segments of nucleic
acid are visible in electron density maps of spheri-
cal viruses where the RNA or DNA does, through
virion design, appear systematically consistent
with the icosahedral symmetry (see Larson &
McPherson for examples).28 No discrete elements
of nucleic acid, however, were apparent in this
BMV structure.

This is, perhaps, not surprising. The BMV coat
protein encapsidates RNA1, RNA2, or RNA3 plus
RNA4. The RNAs are completely dissimilar in
sequence, and RNA3 � RNA4 consists of two inde-
pendent entities. They would be unlikely to share
the same secondary and tertiary structures, form
similar cores, or be capable of systematically mak-
ing the same speci®c interactions. The only com-
mon features they are likely to exhibit are a ®nal
core size and a display of negatively charged phos-
phate ions. It is not unexpected, then, that the prin-
cipal protein-nucleic acid interactions would be
electrostatic and non-speci®c in nature. This is con-
sistent with the very positively charged inner sur-
face of the BMV capsid, and the positively
charged, and structurally critical, amino-terminal
polypeptides.

There are three plausible mechanisms for the
assembly of small icosahedral viruses. Either (1)
encapsidation proceeds through highly cooperative
interactions between the RNA and protein in
which the nucleic acid assumes its virion confor-
mation as a consequence of its interactions with
proteins. This was proposed for satellite tobacco
mosaic virus (STMV).28 Another means (2) is
where the RNA folds independently into some
roughly spherical core structure, purely as a conse-
quence of secondary and tertiary nucleic acid inter-
actions, and the protein shell then forms around it
by virtue of non-speci®c charge interactions invol-
ving positively charged subunits and negatively
charged phosphate groups. A third possibility (3)
which might be operable, and is likely in the case
of the tymoviruses,4 is that a nearly complete cap-
sid forms entirely through protein-protein inter-
actions, and the RNA is then drawn into the
capsid, again, probably through charge inter-
actions.

In (1) there must be strong protein-nucleic acid
interactions, some consistent with icosahedral sym-
metry and, therefore, occasionally visible in elec-
tron density maps.20,28 No such interactions are
seen in BMV. Mechanism (3) is characterized by
rigorous protein-protein interactions and the in vivo
formation of empty capsids. All physico-chemical
evidence suggests this not to be the case for BMV.
Indeed, in vivo, bromoviruses apparently form no
empty capsids.22 The structure of BMV suggests
that mechanism (2) is more likely responsible for
assembly.

The fact that BMV can encapsidate RNA1,
RNA2, or RNA3 � RNA4, which share no
sequence homology, and, therefore, probably no
secondary and tertiary motifs, weigh against
speci®c interactions. Yet, protein-nucleic acid inter-
actions have been shown to be crucial in virion
assembly and maintenance.4,11 Other evidence26,27

indicates that interactions between protein and
RNA are essential for proper assembly, and are
mediated principally through the amino-terminal
polypeptides, which we observe to be spatially dis-
ordered for A and B subunits, and partially for the
C subunits as well.

The model that emerges, then, is that the RNAs
likely fold into globular forms that present nega-
tively charged binding sites for the amino-terminal
tails. By these tails, protein subunits are drawn
together and loosely organized around the RNA
where protein-protein interactions ultimately direct
formation of the icosahedral capsid. The amino-
terminal tails subsequently remain as electrostatic
anchors in the RNA cores to effect virion cohesion.
Swelling and disassembly occurs when those
anchors are disrupted or cleaved from the protein
units, or their tethers to the protein subunits are
weakened by extension.

An additional observation that supports mech-
anism (2) is that reassembly of BMV protein
around its various RNAs to produce intact virions
is virtually instantaneous.29 Were signi®cant
rearrangement of RNA structure required, or a
series of protein aggregation steps necessary to
form partial capsids, then the speed of the reassem-
bly reaction would not likely be so great. The reac-
tion suggests rapid initiation and propagation
accompanied by cooperative structural inter-
actions.

The swelling process

One of the most thoroughly studied aspects of
the behavior of BMV is the swelling transition the
virion experiences between pH 6 and 7. This tran-
sition is particularly pronounced in the absence of
Ca2� or Mg2�, which otherwise stabilize the virion.
The structure presented here is consistent with a
number of earlier proposals regarding that tran-
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sition. First, carboxyl groups are involved. These
are seen at the quasi-3-fold axes and 5-fold axes
where they interact with Mg ions and, thereby,
also explain the cation stabilization. Removal of
those cations would allow mutual repulsion of the
carboxyl groups and promote subunit separation,
and perhaps disassembly. Weak protein-protein
interactions between subunits were also predicted4,
and they were observed here between capsomeres,
also consistent with the transition. Finally, the dis-
order of the positively charged amino-terminal
tails of the coat proteins is consistent with a loose
and rather non-speci®c interaction with the RNA,
seemingly another requirement for the transition.
We see no evidence, however, that cations regulat-
ing the transition bind directly to the encapsidated
RNA as has been suggested.12

RNA4 and the evolution of satellite viruses

A possible mechanism for the origin of T � 1
satellite viruses, such as STMV, satellite tobacco
necrosis virus (STNV) and satellite panicum mosaic
virus (SPMV), is that they evolved from a recombi-
nation product in host cells which were multiply
infected with larger viruses.30 The replicase recog-
nition site of the helper virus, which must be a
common feature, de®ned the helper virus speci-
®city, and, therefore, also conferred the host range.
The coat protein, however, very probably came
from elsewhere, i.e. another virus.

We raise this issue because of the several RNAs
found in BMV and other multipartite T � 3 icosa-
hedral viruses. Certain correlations can be made,
particularly regarding the curious RNA4 species.
RNA4 in BMV is about 800 nucleotides in length
and has about 65 % internal base-pairing
capability.6,31,32 This is approximately the same as
for the satellite virus RNAs (SPMV/820 bases,
STMV/1058 bases, STNV/1260 bases). RNA4 has a
replicase recognition site, as do satellite virus
RNAs. RNA4 codes only for the viral coat protein,
and this is the only function presently assigned to
the satellite virus RNAs. Finally, when truncated
or incomplete RNAs are encapsidated, the product
is frequently a T � 1 virus having the properties of
the satellite viruses.8,16

While these observations are only suggestive, it
is not unreasonable to speculate that the satellite
virus RNAs may have been derived from RNA4
species of multipartite viruses. Of course the con-
verse might also be considered, but because of the
involvement of RNA3, this would necessarily be a
more intricate and less probable process.

Materials and Methods

Growth and purification of BMV

BMV was obtained from Dr A. L. N. Rao at the Uni-
versity of California Riverside and propagated in barley
plants (Hordeum vulgare cv. Dickson) in a greenhouse. At
the one leaf stage (approximately one week after sprout-
ing) plants were abrasively scarred with diatomaceous
earth and BMV virus solution was then applied to the
wound site. Infected plants exhibited narrow, subtle,
longitudinal striations along their leaves and were har-
vested and frozen at ÿ70 �C prior to virus puri®cation.

Frozen BMV leaves were mixed in a blender with two
parts of extraction buffer (0.5 M sodium acetate, 80 mM
magnesium acetate, 1 % (v/v) 2-mercaptoethanol at
pH 4.5). The mixture was then homogenized for ten min-
utes at 4 �C, strained through two layers of cheesecloth,
and then left on ice for one hour. The material was clari-
®ed by centrifugation at 20,000 g for 20 minutes, and the
supernatant mixed with 10 % (w/v) polyethylene glycol
(PEG) 8000 and stirred overnight. Virus was again pel-
leted from the mixture by centrifugation at 20,000 g for
20 minutes, and the isolated pellet dissolved over
12 hours in a 1:10 diluted extraction buffer. The solution
was then clari®ed, mixed with 15 % PEG 8000, pelleted
and resuspended as described above.

Final puri®cation was achieved by mixing the virus
solution with CsCl2 to a refractive index of about 1.3806
and centrifuging for 24 hours at 110,000 g. The milky
white band of virus was removed by puncturing the side
of the centrifuge tube with a syringe. After dialysis for
24 hours against 1:10 diluted extraction buffer at 4 �C,
virus was concentrated in Centricon concentrators to
about 7 mg/ml.

Crystallization

Rhombohedral BMV crystals were obtained by mixing
10 ml of virus solution with 10 ml of 23 % polyethylene
glycol 550 mono-methyl ether containing 0.1 M mag-
nesium acetate at pH 5.2. The drops were then equili-
brated at 18 �C by vapor diffusion with 1.0 ml reservoirs
in Cryschem plates (Hampton Research, Laguna Niguel)
sealed with clear plastic tape. Crystals were visible after
about seven days and grew to about 1 mm � 1.5 mm in
10-15 days.

Diffraction studies

Rhombohedral BMV crystals were exposed for about
60 seconds to a cryoprotectant mixture consisting of one
part precipitant, one part glycerol, and one part PEG
400, and excess solid sucrose. Crystals were then passed
repeatedly through perritone oil to remove excess cryo-
protectant prior to ¯ash cooling in a liquid nitrogen
stream. Crystals diffracted to about 3.4 AÊ and data were
collected at the Advanced Light Source, Beamline 5.0.2.

Images were collected with an oscillation angle of 1.0 �
and processed using a mosaicity of 0.9. Raw images
were reduced using DENZO and SCALEPACK.33 Separ-
ate runs of DENZO were required to process the full
dataset and each run of DENZO arbitrarily chose one of
the two possible indexing schemes for the R3 space
group. In SCALEPACK, each set of indexed images from
DENZO was then subsequently compared to each other
in both orientations and the best set of orientations was
used for the ®nal data set. The crystals were of rhombo-
hedral space group R3 with unit cell dimensions of
a � b � c � 263.5 AÊ , a � 61.5 � (equivalent centered hexa-
gonal cell of a � b � 269.2 AÊ , c � 638.1 AÊ , a � b � 90 �,
g � 120 �). A total of 2,463,817 observations were reduced
to 203,504 unique re¯ections with an overall
Rsym � 0.170. The data set was 86.4 % complete to 3.4 AÊ

as presented in Table 1.



Table 1. Data processing statistics

Shell lower
limit (AÊ )

Upper limit
(AÊ ) Average I

Average
error Stat.

Normal
chi*2

Linear
R-factor

Square
R-factor Completion

100.00 9.77 1368.3 198.2 94.6 0.452 0.055 0.067 86.3
9.77 7.75 766.0 110.5 51.9 0.589 0.070 0.079 93.8
7.75 6.77 435.9 66.5 34.7 0.775 0.098 0.102 94.8
6.77 6.16 291.2 49.3 29.7 0.880 0.129 0.128 96.0
6.16 5.71 222.4 42.6 28.5 0.970 0.165 0.150 96.4
5.71 5.38 243.9 46.9 31.6 1.037 0.174 0.162 96.5
5.38 5.11 252.4 49.5 33.8 1.081 0.184 0.174 95.8
5.11 4.89 219.7 47.5 34.4 1.133 0.214 0.200 95.1
4.89 4.70 204.9 47.8 36.0 1.188 0.236 0.211 94.6
4.70 4.54 201.0 49.1 37.8 1.206 0.250 0.218 93.8
4.54 4.39 179.0 83.8 51.0 0.746 0.282 0.239 93.6
4.39 4.27 167.2 82.1 52.4 0.794 0.309 0.250 93.5
4.27 4.16 141.0 75.9 50.8 0.815 0.354 0.287 93.6
4.16 4.05 103.8 65.5 47.9 0.855 0.453 0.341 93.7
4.05 3.96 76.2 59.2 46.6 0.900 0.601 0.450 94.0
3.96 3.88 72.6 59.4 47.8 0.906 0.656 0.462 94.0
3.88 3.80 69.2 60.2 49.6 0.898 0.695 0.475 91.5
3.80 3.73 53.8 58.4 50.5 0.967 0.859 0.551 80.9
3.73 3.66 56.0 62.8 54.8 0.911 0.820 0.598 73.6
3.66 3.60 45.8 66.4 59.9 0.910 0.000 0.631 69.3
All reflections 260.8 68.6 45.6 0.901 0.170 0.124 91.0
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Structure solution and refinement

The virus particle is centered at the origin with an ico-
sahedral 3-fold axis coincident with the body diagonal of
the rhombohedral R3 cell. Thus, the crystallographic
asymmetric unit consists of one-third of a particle, or 60
protein subunits, or 20 ABC trimers. Self-rotation
function searches produced 5-fold and 3-fold axes that
were consistent with icosahedral symmetry; however, a
direct rotation search was used to solve the structure.
The coordinates for CCMV were obtained from VIPER
Table 2. Re®nement results

Resolution Number reflections R-value

A. Rfree (F>4 sigma in bold)
7.32 100 1034 985 0.252 0.206
5.81 7.32 1157 945 0.308 0.242
5.08 5.81 1120 830 0.351 0.262
4.61 5.08 1155 775 0.406 0.266
4.28 4.61 1163 686 0.475 0.274
4.03 4.28 1103 358 0.577 0.286
3.83 4.03 1074 263 0.764 0.320
3.66 3.83 940 182 0.707 0.320
3.52 3.66 754 63 0.869 0.420
3.4 3.52 641 28 0.821 0.398

B. Rwork (F>4 sigma in bold)
7.32 100 20,495 19,362 0.242 0.195
5.81 7.32 21,620 17,568 0.286 0.226
5.08 5.81 21,653 16,277 0.331 0.239
4.61 5.08 21,319 14,341 0.395 0.252
4.28 4.61 20,995 12,626 0.455 0.266
4.03 4.28 21,192 7351 0.587 0.286
3.83 4.03 21,110 5270 0.701 0.307
3.66 3.83 17,637 2897 0.771 0.340
3.52 3.66 14,875 1195 0.860 0.352
3.4 3.52 12,467 376 0.906 0.414

C. All data
3.4 100 203,504 0.428
(http://mmtsb.scripps.edu/viper/) and expanded to an
asymmetric unit (20 ABC trimers) unique to a particular
icosahedral 3-fold axis. The model was rotated around
the origin to bring this 3-fold axis into coincidence with
the body diagonal of the R3 cell. The model was then
rotated incrementally about the body diagonal. At each
position, the correlation coef®cient and R-factor were cal-
culated. The ®nal direct rotation search included expan-
sion/contraction of the model along the vectors de®ned
by the origin and the centers-of-mass of the 20 trimers in
the model, followed by 20 group rigid body re®nement
Accum. Completeness (%) Accum. (%)

0.252 0.206 4.36 4.15 4.36 4.15
0.273 0.219 4.87 3.98 4.62 4.07
0.292 0.229 4.73 3.50 4.65 3.88
0.314 0.236 4.87 3.27 4.71 3.72
0.338 0.241 4.91 2.89 4.75 3.56
0.362 0.244 4.64 1.51 4.73 3.22
0.391 0.247 4.53 1.11 4.70 2.92
0.409 0.249 3.97 0.77 4.61 2.65
0.426 0.250 3.17 0.27 4.45 2.38
0.438 0.251 2.70 0.12 4.27 2.16

0.242 0.195 86.35 81.58 86.35 81.58
0.258 0.206 91.07 74.00 88.71 77.79
0.276 0.214 91.39 68.70 89.60 74.76
0.298 0.221 89.82 60.42 89.65 71.17
0.320 0.227 88.59 53.28 89.44 67.60
0.347 0.230 89.14 30.92 89.39 61.47
0.374 0.234 89.04 22.23 89.34 55.87
0.395 0.236 74.50 12.24 87.49 50.43
0.413 0.237 62.61 5.03 84.72 45.38
0.427 0.237 52.56 1.59 81.51 41.00

85.78

(http://mmtsb.scripps.edu/viper/)


Table 3. Final model statistics

A. Ramachandran statistics
Most favored regions (no., %) 311 68.2
Additional allowed regions (no., %) 122 26.8
Generously allowed regions (no., %) 22 4.8
Disallowed regions (no., %) 1 0.2

B. B factor statistics (AÊ 2)
Molecule All Main-chain Side-chain

A 102.6 91.5 114.9
B 103.9 91.3 118.1
C 101.2 91.5 113.2
Mg 56.7
PEG 62.3

C. RMSD
Bonds (AÊ ) 0.008
Dihedral (deg.) 29.7
Angles (deg.) 1.49
Improper (deg.) 0.69
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with each group de®ned as an ABC trimer. These
searches produced a CCMV-based model yielding a cor-
relation coef®cient of 0.325 and an R-factor of 0.439.
From this model, a skew matrix was determined by
rotating the initial model onto the correctly oriented
model and a unique set of 20 non-crystallographic sym-
metry operators was determined.

A correctly positioned CCMV ABC trimer was
mutated to the BMV sequence and an NCS-averaged
SIGMAA-weighted 2Fo ÿ Fc map was calculated. This
was the starting point for an iterative process of model
rebuilding, re®nement (using NCS operators) by simu-
lated annealing and/or conjugate gradient minimization,
and calculation of new NCS-averaged SIGMAA-
weighted 3Fo ÿ 2Fc, 2Fo ÿ Fc, Fo ÿ Fc and composite omit
maps for subsequent model rebuilding. A bulk solvent
correction was continually applied during this iterative
procedure. Averaging masks covered the protein and the
interior of the particle. All maps and re®nements utilized
all data with F > 4 sF; however, the sparseness of the
data beyond 4.0 AÊ makes this nominal 3.4 AÊ structure in
reality closer to a 4.0 AÊ structure determination.

Besides the capsid proteins, the model contains two
Mg ions and a fragment of polyethylene glycol. The Mg
ions were built into 2Fo ÿ Fc composite omit electron
density maps contoured at about 2.5 s, one on the quasi-
3-fold axis and the other on the 5-fold axis. The PEG,
which lies along the three-fold axis, was built into a
terminally ¯ared, 22 AÊ long tube of density in a 2Fo ÿ Fc

composite omit map contoured at 1 s. In each case, the
identities assigned to these non-protein components
were based on the crystallization medium (see Crystalli-
zation, above) and the local environment.

The re®ned model yields an R-factor of 0.237 (R-free
of 0.251) with a 4sF cutoff. Details of the re®nement stat-
istics are given in Table 2 and those for model geometry
in Table 3. All geometrical statistics are good for a 4.0 AÊ

resolution structure.

Procedures and programs

X-PLOR 3.85134 ± 36 was used for simulated annealing
and conjugate gradient minimization, and PROCHECK37

for evaluating model quality. Initially X-PLOR 3.851 was
used to make maps that were then NCS-averaged with
RAVE38 using masks generated with MAMA.39 During
the later steps of re®nement however, CNS40 was used
for averaging with automatic protein masks for bulk sol-
vent corrections and a MAMA mask covering all of the
protein and interior of the virus for NCS averaging.
Manual rebuilding was carried out using the program
O.41 Surface rendering was achieved with the program
GRASP.42 Ribbon models were made using the Molray
interface to Persistence of Vision2 Ray Tracer (POV-
Ray2) and MOLSCRIPT,43 with rendering using
Raster3d.44 Mini-maps were made using the Xcontour
Program in XtalView.45

Coordinates

The coordinates have been deposited in the RCSB
Protein Data Bank (accession code: 1JS9).
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