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Crystallographic Structure of the TZ1 Particle of Brome
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TZ1 icosahedral particles of amino terminally truncated brome mosaic
virus (BMV) protein were created by treatment of the wild-type TZ3 virus
with 1 M CaCl2 and crystallized from sodium malonate. Diffraction data
were collected from frozen crystals to beyond 2.9 Å resolution and the
structure determined by molecular replacement and phase extension. The
particles are composed of pentameric capsomeres from the wild-type
virions which have reoriented with respect to the original particle
pentameric axes by rotations of 378, and formed tenuous interactions
with one another, principally through conformationally altered C-terminal
polypeptides. Otherwise, the pentamers are virtually superimposable
upon those of the original TZ3 BMV particles. The TZ1 particles, in the
crystals, are not perfect icosahedra, but deviate slightly from exact
symmetry, possibly due to packing interactions. This suggests that the
TZ1 particles are deformable, which is consistent with the loose
arrangement of pentamers and latticework of holes that penetrate the
surface. Atomic force microscopy showed that the TZ3 to TZ1 transition
could occur by shedding of hexameric capsomeres and restructuring of
remaining pentamers accompanied by direct condensation. Knowledge of
the structures of the BMV wild-type and TZ1 particles now permit us to
propose a tentative model for that process. A comparison of the BMV TZ1
particles was made with the reassembled TZ1 particles produced from
the coat protein of trypsin treated alfalfa mosaic virus (AlMV), another
bromovirus. There is little resemblance between the two particles. The
BMV particle, with a maximum diameter of 195 Å, is made from distinctive
pentameric capsomeres with large holes along the 3-fold axis, while the
AlMV particle, of approximate maximum diameter 220 Å, has subunits
closely packed around the 3-fold axis, large holes along the 5-fold axis, and
few contacts within pentamers. In both particles crucial linkages are made
about icosahedral dyads.

q 2004 Elsevier Ltd. All rights reserved.
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Introduction

There are several examples of plant virus coat
proteins normally found in TZ3 capsids that can be
made to reassemble in vitro into discrete TZ1
icosahedral particles. The principal requirement
lsevier Ltd. All rights reserve

mosaic virus; AlMV,
mosaic virus; SBMV,

atomic force
ment; SA, simulated
area; CC, correlation

ing author:
for reassembly appears to be the proteolytic
cleavage and release of extended, N-terminal
polypeptides. The lost peptides, which are essential
for encapsidation of nucleic acid,1,2 contain many
basic amino acid residues, are strongly positively
charged, and are primarily responsible for tethering
the capsid protein to the genomic RNA at the core of
the particle.
TZ3 icosahedral viruses whose coat proteins

exhibit that behavior are brome mosaic virus
(BMV), alfalfa mosaic virus (AlMV), sesbania
mosaic virus (SeMV), and southern bean mosaic
virus (SBMV). Both SeMV and SBMV belong to the
sobemovirus genus, BMV is the type strain of the
bromovirus genus, and some controversy remains
d.
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as to whether AlMV is a bromovirus3,4 or belongs in
the ilarvirus genus.5,6

The structures of SBMV, SeMV, and AlMV have
been determined crystallographically4,7–13 though
only coordinates for AlMV are currently available.
The structure of the AlMV TZ1 particle was solved
only to 4 Å resolution and no definitive placement
of amino acid residues was possible. AlMV,
however, provides the most relevant comparison
because its properties are somewhat similar to BMV,
and most taxonomy places it in the same genus.3,4

Table 1 describes the capsid protein properties
and the cleavages created by proteolysis that lead to
reassembly into TZ1 particles. To produce the TZ1
particles of SBMV and AlMV, the capsid protein
was exposed to trypsin;4,6,7,9 for SeMV, recombi-
nant proteins of two different lengths were
reassembled;10,11 and for BMV, TZ1 particles
formed after cleavage of the native coat protein
by, presumably, endogenous proteases.14

We previously reported the in vitro reassembly of
the coat protein of BMV into TZ1 particles after loss
of 35 amino acid residues from the N terminus, as
well as its crystallization for X-ray diffraction
analysis.14 In that investigation, no exogenous
protease was added and the cleavage, apparently,
was produced by endogenous enzymes present in
the preparation. It was earlier reported by others,
however, that TZ1 particles of BMV could also be
prepared by treatment of BMVwith trypsin and the
loss of 63 amino acid residues from the N
terminus.15,16 The dissociated protein of both BMV
and AlMV, as well as the trypsinized forms, have
also been reported to form other reassembly
products such as tubes, helices, double shelled
particles, empty capsids, and sheets.17–19

In addition to initiating an X-ray diffraction
analysis of both the native TZ3 BMV virions and
the TZ1 particles, we previously described an
in situ atomic force microscopy (AFM) investigation
to visualize the transformation of TZ3 into TZ1
particles in the presence of high concentrations of
CaCl2.

14 The study demonstrated that, at least in
some cases, TZ3 virions could condense directly
into TZ1 particles without undergoing complete
dissociation, and that this transformation was likely
accompanied by the shedding of hexameric
capsomeres. That is, as hexameric clusters dis-
sociated from the virions, the pentameric cap-
someres appeared to spontaneously reorganize
within the capsid of the disintegrating virions into
TZ1 icosahedra. Complete dissociation of TZ3
virions into individual capsomeres, dimers or
Table 1. Various physical properties associated with the four

SBMV SeMV

Native capsid protein Mr 28,214 29,000
Number of residues 279 268
Number of residues removed 61 36/65
TZ1 coat protein Mr 22,000 25,000/
Number of residues 218 232/203
protein subunits, and subsequent reassembly into
TZ1 particles may proceed as well, but the AFM
results demonstrate that the former process can,
and does, occur.

BMV is the type strain of the bromoviridae20,21

and has a multipartite genome of four separate,
single stranded RNA molecules that code for at
least four proteins, including the capsid protein.
RNA1 and RNA2 are encapsidated in separate but
otherwise identical TZ3 icosahedral particles, and
the pair RNA3 plus RNA4 (a subgenomic fragment
of RNA3 which codes for the coat protein) in
another.22 The virions are about 280 Å in diameter23

and the structure of the native TZ3 particle has
been solved in this laboratory by X-ray crystal-
lography.24 BMV virions are frequently character-
ized structurally as being rather loose assemblies
that depend upon protein–nucleic acid
interactions and divalent cations to maintain their
integrity.24,25,26 Indeed, Mg2C on quasi-3-fold axes
coordinated to three quasi-symmetrically
equivalent aspartic acid residues are observed in
the native structure. Pentameric and hexameric
capsomeres are otherwise rather loosely associated.

A prominent and extensively studied feature of
BMV is that it undergoes a reversible structural
transition at moderate (0.5 M NaCl) salt concen-
tration between pH 6 and pH 7.25 This results in an
RNase and protease sensitive particle whose
diameter is about 15% greater than the original
(310 Å versus 268 Å, as determined by small-angle
scattering).23,27,28 While this pH-promoted tran-
sition is suppressed to some extent by Mg2C, at
high-salt concentrations and pH 7 or higher, the
virions dissociate into free protein and protein–
nucleic acid complexes.15,29,30 RNA is lost, and the
N-terminal polypeptides become susceptible to
proteolysis.

We describe here the structure solution by X-ray
crystallography of the BMV TZ1 particle in a
tetragonal unit cell. By comparison with the wild-
type virion, the TZ1 particle structure lends some
insight into how TZ3 virions may transform into
TZ1 particles. Comparison with the TZ1 particle of
AlMV shows very little similarity in their structures
and, in fact, suggests that the modes and mechan-
isms of reassembly are quite different. In both cases,
however, residual architectural elements of the
structures of the native TZ3 virions persist.
Results

More than 20 sets of diffraction data were
viruses possessing the capacity to form TZ1 particles

AlMV BMV

24,238 20,346
220 189
26 35

16,900 21,400 16,450
194 154
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collected from crystals of the TZ1 particles of BMV,
and though the crystals appeared morphologically
the same, at least four different crystallographic unit
cells were observed. These were all tetragonal but
either differed by doublings of unit cell edge
dimensions, or the presence or absence of sym-
metry elements perpendicular to the tetragonal
axis. A further report on the other unit cells will be
given elsewhere, as the present analysis focuses on
the crystal form yielding the most consistent cell
dimensions, best comparison (Rmerge) of equivalent
data from different crystals, and which diffracted to
the highest resolution. This had unit cell dimen-
sions of aZbZ195 Å, cZ429 Å, and ZZ4. For the
structure determination described here, data from a
single frozen crystal were used.
Space group and structure determination

The process of space group and structure
determination is diagrammed in Figure 1. The
marginal difference in Rmerge between Laue groups
4/mmm and 4/m (0.153 versus 0.118) and the initial
orientation obtained from self-rotation functions
suggested that the space group was P4122 (or P4322)
with a particle on the y-axis near yZ1⁄2 and an inter-
particle distance of w175 Å. A molecular replace-
ment (MR) search using a pentamer of the native
BMV model as probe produced a model in which
the pentamer was rotated 378 about the 5-fold axis
and radially contracted along that axis to a mean
TZ1 particle diameter of 150 Å. A crystallographi-
cally unique, icosahedrally constrained hemisphere
of six pentamers was constructed. The position and
orientation of this model were refined by
translation along and rotation about the y-axis in
both P4122 and P4322 with essentially the
equivalent results of CCZ0.35 and RZ0.50. Phase
extension in both space groups, starting from the
corresponding model phases to 10 Å resolution,
was disappointing and was, therefore, halted below
5 Å resolution.
Expanding the hemisphere model to a full

icosahedrally constrained sphere of 12 pentamers,
the MR search was repeated in space groups P41
and P43 except that a two-dimensional translation
search in the x and y-directions was done in
addition to rotation about the y-direction. The
resulting CCZ0.59 and RZ0.44 for P43 versus
CCZ0.36 and RZ0.50 for P41 clearly showed P43
to be the correct space group. This refined model
provided the initial phases to 10 Å resolution for
phase extension to 3 Å using NCS map averaging
and solvent flattening in space group P43. The
results of the phase extension are plotted in
Figure 2.
Figure 1. Schematic diagram of
the structure solution process.
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Structure refinement

Using an electron density map calculated with
3 Å phases from phase extension, the model was
rebuilt and attempts were made to refine it by
simulated annealing (SA). This, however, proved
unsuccessful with both R and Rfree immobilized at
0.35. At this point icosahedral symmetry was
relaxed, since, indeed, there was no crystallo-
graphic constraint on the particles that required
any symmetry element of icosahedral symmetry.
Thirty cycles of 60-body rigid-body refinement
against 3.3 Å data immediately precipitated a
drop in the conventional R-factor to 0.263 and
Rfree to 0.277. We would have been cautious of this
result had the Rfree not fallen by 22%, as relaxation
of constraints might normally be expected to
improve agreement between calculated and
observed structure amplitudes. The reduction in
Rfree implied that the improvement was not simply
a case of over fitting.

The results from phase extension using strict
icosahedral NCS, although indicative of the
correct space group and a good starting model,
had been disappointing. Therefore, we deter-
mined the quasi-icosahedral NCS operators
between one subunit and the other 59 subunits
of the rigid body model. Starting from a 10 Å
phase set based on the 60 subunits of the rigid
body model, phase extension to 3 Å was per-
formed by map averaging with the quasi-
icosahedral NCS operators. The results, shown
Figure 2. Plot of correlation coefficient and R-factor versus r
icosahedral non-crystallographic symmetry averaging (CCZ
RZ:).
in Figure 2, demonstrate the superiority of the
quasi-icosahedral NCS model over the icosa-
hedral model, especially at higher resolution.
The results are reminiscent of correctly per-
formed phase extension procedures for viruses
and are comparable to our results with other
virus structural analyses.24,31–34

During the analysis of the particle asymmetry
that is described below, it was discovered that a
nearly exact 2-fold axis, parallel with the crystal-
lographic x-axis, did exist between specific orien-
tations of twofold related pentamers. After
reorienting the model to bring this axis coincident
with the crystallographic y-axis and eliminating the
twofold related pentamers, the model was refined
in space group P4322 producing comparable results
to the P43 model refinement. Thus, the correct space
group is P4322.

The model

Themodel, composed of 30 subunits of 154 amino
acid residues and 15 water molecules per subunit,
was alternately rebuilt and refined by SA in space
group P4322 using NCS restraints to a final R at
2.9 Å of 0.219 and Rfree of 0.239. Selected model
statistics are presented in Table 2. Figure 3
illustrates the quality and resolution of the electron
density on which the model is based. As suggested
by the mean thermal parameters of the N and
C-terminal polypeptides (residues 36–39 and 187–
189, respectively), the electron density in these
esolution for the final cycle of phase extension using both
, RZ!) and quasi-icosahedral NCS averaging (CCZ%



Table 2. Refinement and model statistics for TZ1 BMV

Protein Water

Residues/molecules 4620 450
Residues or molecules/subunit 154 15
Atoms 34,800 450
hBi (Å2) 63.6 53.6
Bmin (Å2) 20.2 10.9
Bmax (Å

2) 131.5 100.6

NCS restraints applied in 5 groups hBi

Group 1: all atoms of residues 48–177 WeightZ120 kcal/mol 61.2 Å2

Group 2: all atoms of residues 40–47 WeightZ20 kcal/mol 65.7 Å2

Group 3: all atoms of residues 178–186 WeightZ20 kcal/mol 65.1 Å2

Group 4: all atoms of residues 36–39 Weight Z0 kcal/mol 115.7 Å2

Group 5: all atoms of residues 187–189 Weight Z0 kcal/mol 91.9 Å2

(Note: weightZ0 implies no restraints)

RMS deviations from ideal geometry

Bonds (Å) 0.010
Angles (8) 1.42
Dihedrals (8) 25.80
Impropers (8) 0.77

Ramachandran plot summary

Most favored region 3584 residues 85.9%
Additionally allowed region 542 residues 13.0%
Generously allowed region 42 residues 1.0%
Disallowed region 2 residues 0.1%

Total 4170 residues 100.0%

RZ0.219, RfreeZ0.239 for 157,521 reflections with FR1.1sF (86.5% of the data).
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regions, although present, is poorly defined,
especially for side-chain atoms; however, no atoms
were assigned zero occupancy. Of the 44 residues in
the generously allowed or disallowed regions of the
Ramachandran plot, 15 are in the N and C termini.
There are only five non-equivalent residues in these
44; these are (with number of occurrences in
parentheses): Ala37 (9), Gln39 (4), Lys64 (18),
Lys165 (11), and Tyr188 (2). Lys64 is in the b-hairpin
BC loop. For the purposes of discussion, the
30 subunits in the model will be identified as six
pentamers, labeled A through F, with the five
subunits in each pentamer numbered 1–5, as
diagrammed in Figure 4. Throughout this paper,
superposing of subunits and the calculation of
centroids and RMS deviations will be based on the
Ca atoms of residues 41–181, unless otherwise
noted. Pair wise superposing of the 30 subunits
(435 combinations) produces a mean RMS deviation
of 0.13 Å (0.16 Å for all atoms in this region). It
should be noted that all these residues were in one
of the three restraint groups during refinement.
By contrast, the N termini (residues 36–40) and
C termini (residues 182–189) have mean RMS
deviations of 4.36 Å and 1.73 Å, respectively.
Clearly, variability of the N and C termini,
suggested by B-factors and map density, is
confirmed.
Comparison to native TZ3 BMV

The subunits of the TZ1 particle are nearly
identical with the subunits of the TZ3 native virion,
except for the N and C termini. Superposition of
subunits A, B, and C of the TZ3 model onto the
30 TZ1 subunits shows that the b-barrel cores
(mean RMSDZ1.14 Å) are very similar while the N
and C termini (mean RMSDZ12.25 Å and 9.06 Å,
respectively) are very distinct, indicating that a
substantial change in these terminal polypeptides
took place during the transition from a TZ3 virion
to a TZ1 particle. The superposition of the three
TZ3 subunits onto subunit A1 of the TZ1 particle
is shown in Figure 5. It should be pointed out
that the resolution of the structure determination
of the TZ1 particle was 2.9 Å, while that for the
native BMV was a nominal 3.7 Å.24 Thus, we might
expect the TZ1 subunit structure in the present
study to be more precise. Indeed, although the
statistics for bonds and angles are similar between
the TZ1 and the native model, the percentage of
residues in the most favored regions of the
Ramachandran plot (calculated with PROCHECK35

is 86% for the former versus only 68% for the
latter.
The six unique pentamers of the TZ1 particles

are virtually identical with the pentameric cap-
someres in the native particle, again with the
exception of the N and C-terminal peptides. The
average RMS deviation between the Ca atoms of
the TZ1 pentamers with the native pentamer
(excluding N and C-terminal residues) is 1.15 Å,
the same for single subunits (range: 1.14–1.17 Å).
This is not unexpected if the TZ1 particles are



Figure 3. A stereo view of the electron density from a 3.0 Å resolution Fourier map utilizing phases obtained from the
phase extension process. Density is contoured at 1.2s and covers adjacent strands of the eight stranded b-barrel
containing residues 89–96 and 167–176. The remainder of the subunit is rendered as a main-chain tracing.
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formed from disintegrating TZ3 virions by direct
condensation, as indicated by the earlier AFM
studies.14 It is quite clear from the structures that
the TZ1 particle is indeed formed from native,
pentameric units. The pentamers undergo a
rotation of 378 with respect to their orientation in
the TZ3 particle, and during transformation move
from a mean radius of 113 Å in the native TZ3
virion (or about 130 Å in the swollen virion) to 75 Å
in the TZ1 particle.

The pair wise relationships of subunits (defined
in Figure 6) in the TZ1 particle were compared to
the relationships of equivalent subunits in the TZ3
virion by superposing a subunit of the latter onto
the equivalent subunit of each of the subunits in the
TZ1 particle followed by superposition of the TZ3
paired subunit onto its equivalent TZ1 subunit.
The translation and rotation of the paired subunit is
a measure of the change in these pair-wise
relationships during the transformation from the
TZ3 virion to the TZ1 particle. These results are
presented in Table 3, along with the results for
similar calculations for the sesbania mosaic virus
TZ3 and TZ1 particles. Whereas, there is a single
calculation for each interaction in the SeMV case,
there are 30 calculations for each interaction in the
BMV case. As has been noted, the pentameric
relationship changed little between the TZ3 and
TZ1 particles. However, the dimer and trimer
relationships are very distinct. In the SeMV case,
the only extreme change in subunit interactions
occurred in the true dimer pair. In BMV, the true
dimer pair (the pentameric pair aside) experiences
the least change. It is obvious that all relationships
(except between pentameric subunits) undergo an
extreme separation as indicated by the residual
translations, which for most subunits is greater than
10 Å.



Figure 4. Schematic diagram illustrating how subunits
are identified. The six pentamers in the asymmetric unit
are labeled A through F and the five subunits in each
pentamer are numbered 1 through 5. Hence, the first
subunit is A1. Twofold equivalent pentamers are A 0

through F 0. Pentamers C, C 0, F, and F 0 are in the plane of
the page. Pentamers and subunits below the plane
(underside of the particle) are in parentheses.

Figure 5. Superposition of subunits A (yellow), B (red)
and C (green) of the intact BMV virion onto a subunit of
the TZ1 BMV particle (cyan). A least-squares fit of 141 Ca

atoms of the b-barrel of the respective subunits gave an
RMS deviation of 1.09 Å for the A subunit, 1.17 Å for the B
subunit, and 1.17 Å for the C subunit.
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The quasi-icosahedral TZ1 particle structure

The TZ1 BMV particle has a mean diameter of
about 150 Å (maximum diameter is w195 Å).
Figure 7 and the results in Table 3 suggest that
the capsomeres are loosely bound through the
C-terminal peptides. The extent of the union
between pentamers may best be illustrated by the
amount of surface area buried in the formation of
these interactions. The isolated subunits have an
average accessible surface area (ASA) of 9549 Å2. In
the presence of the other members of its pentamer
the ASA is reduced to 8253 Å2 for a net average loss
of 1296 Å2 per monomer. When a subunit binds to
another in an adjacent pentamer through the
C-terminal strands, the ASA is reduced to 6192 Å2,
an average loss of 2061 Å2. This would suggest that
inter-pentameric interactions, in the complete
particle, are in fact more extensive than intra-
pentameric interactions. However, the principle
source of this strength may lie in the very ends of
the C terminus with otherwise only tenuous
linkages between pentamers.

The interior of the particle contains a lumen of
about 85–90 Å in diameter. This is somewhat
smaller than that found in the satellite plant
viruses36 by about 10 Å, but could easily accom-
modate at least 1000 nucleotides. In difference
Fourier maps, however, we observe no evidence
of RNA fragments binding to the inside of the
capsid. There was also none observed, however, in
the native virion. The TZ1 capsid is penetrated by
large holes along the 3-fold axis, and indeed, the
entire protein surface network appears remarkably
open and tenuously maintained. Small molecules
and perhaps even small proteins could penetrate
the interior. The TZ3 virions of native BMV were
maintained in part by Mg2C located on the quasi
3-fold axis of the icosahedrons.24 We find no
evidence in difference Fourier maps for the
presence of any divalent ions in the TZ1 particles.
The nature of the breakdown of icosahedral

symmetry can be viewed in various ways. Since
the structure was initially solved as an icosahedral
particle, the final quasi-icosahedral particle model
can be compared to the last icosahedral model.
Clearly, the pentamers are fairly stable entities as
shown by the consistency between the native
pentamer and the TZ1 pentamers. This was further
substantiated by comparison of the six crystal-
lographically unique TZ1 pentamers to one
another in each of the five different orientations,
for example pentamer A was superimposed onto
pentamer B, first with subunit A1 onto B1, then with



Figure 6. TZ3 and TZ1 subunit
nomenclature. The icosahedral
asymmetric unit for TZ3 viruses
is three chemically equivalent sub-
units (A, B, and C). Symbols for
exact symmetry axes are solid black
and labeled I2, I3, or I5; symbols for
quasi symmetry axes are white and
labeled Q2, Q3 and Q6.
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A1 onto B2, then A1 onto B3, etc. There are 75 such
combinations and the RMS deviations ranged from
0.22 Å to 0.44 Å. Thus, it seems reasonable to look at
the distortions as a movement of pentamers rather
than individual subunits, which seem to maintain a
constant relationship within the pentameric
capsomeres. Diagrammatically, this has been done
in Figure 8, which illustrates the overall change
from icosahedral symmetry. There appears to be a
counter-clockwise rotation of subunits around
the 5-fold axis of the pentamer in the foreground.
The superposition of the icosahedral model onto the
quasi-icosahedral model produces a minimal
change in the position and orientation, the rotation
is 0.078 and the translation is 0.003 Å. The RMS
deviation between the two models is only 1.03 Å.
The superposition of each pentamer of the icosa-
hedral model onto the equivalent pentamer of the
quasi-icosahedral model produces moderately
larger changes with translations in the range of
0.29 Å to 1.14 Å and rotations of 1–28 (see Table 4).

The spatial relationships in the TZ1 particle are
diagrammed in Figure 9 and summarized in
Table 4. Analyzing the distribution of pentamers
in the capsid, we find that pentamer B moved the
most (1.14 Å), which resulted in the shortest inter-
pentamer distances of 73.9 Å, 74.5 Å, and 74.5 Å for
the B–B 0, B–C 0 and B–D pairs. Except for the A–E
distance of 76.1 Å, all other inter-pentamer dis-
tances are close to the icosahedral value of 75.2 Å.
Except for pentamer B, which has a radius of only
70.6 Å, the pentamer radii are within 0.5 Å of the
icosahedral value of w71.5 Å. Perhaps the greatest
deviation from icosahedral symmetry results from
the tilting of pentamers with respect to the original
icosahedral 5-fold axes. Clearly, the vectors between
pentamer centroids and the center of the particle
very closely align with the icosahedral axis, as
indicated by the narrow range of angles between
them. This is in contrast to the wide range of inter-
axial angles based on the calculated pentameric
5-fold axes. This wide range results from 5-fold axes
not passing through the center of the particle
because of the tilt of the pentamers. Thus, from
Figure 9, we could surmise that pentamers A, E and
F tilt towards each other to some degree because all
three inter-axial angles are considerably greater
than the icosahedral ideal. The range of radii of
subunits within each pentamer (see Table 4(D)) is
also a manifestation of the pentamer tilt. Pentamer F
contains subunits at a radius of 74.2 Å and 75.9 Å,
the largest range of any pentamer, and it also had
the largest rotation of 2.28. Lastly, the rotation axis
for the superposition calculations (Table 4(A)) for
every pentamer except B are axes that are nearly
perpendicular to the original icosahedral 5-fold
axes, and, therefore, produce tilted pentamers
with respect to those 5-fold axes. Pentamer tilts of
28 translate into a 2 Å difference in the distance
from the particle center for equivalent atoms
on opposite sides of the pentamer, 30 Å from its
center.

Thus, the TZ1 BMV particle has a nearly perfect
icosahedral framework from a spatial distribution
point of view, except that it is slightly twisted (as
seen in Figure 8); all pentamers have some tilt with
respect to the original icosahedral 5-fold axes; and,
some pentamers have contracted (minimum radius
of 70.6 Å for pentamer B) and some have expanded
(maximum radius of 72.0 Å for pentamer C) with
respect to the particle center.
Packing interactions

TZ1 particles pack in the lattice surrounded by
eight nearest neighbor particles such that the
interface between two particles involves three
pentamers from each particle. The particle is rotated
about the y-axis such that a quasi-2-fold axis of the
particle is approximately 3.48 from the crystal-
lographic y–z plane. Table 5 lists the pentamers,
subunits and residues that make up the four unique
interfaces based on a maximum 4 Å contact
distance. These interactions mainly involve
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residues in the BC, the DE, and the EF loops and
b-strand I and are symmetric across the interfaces
for the A–B–C/A 0–B 0–C 0 and D–E–F 0/D 0–E 0–F
interfaces. The other two interfaces are
equivalent to each other but the interactions are
not symmetric across the interfaces. Only 26 of
the 60 subunits in the particle are involved in
inter-particle contacts.
Comparison to AlMV

An attempt was made to compare in a quanti-
tative fashion the structure of the BMV subunit with
that of AlMV deduced at 4 Å resolution from the
TZ1 particle of AlMV.4 A sequence comparison
(using a BLAST search of the PIR-NREF website)37

showed almost no identity, and rather little hom-
ology, between the coat proteins. It further proved
very difficult to superimpose the three-dimensional
structures of the coat protein subunits of the two.
Because only alpha carbon coordinates were avail-
able for AlMV, the comparison had to be carried
out at that level. Although both the BMV and the
AlMV subunits are constructed around canonical
eight-stranded Swiss roll b barrel domains, the
sizes and overall shapes of the two were so different
that no meaningful superposition could be
obtained. It is, therefore, not surprising that the
TZ1 particles of AlMVand BMVare so dissimilar in
architecture.
Figure 10 shows the TZ1 particles of AlMV and

BMV viewed along dyad axes. The differences in
the particle structures are obvious. First of all, the
sizes of the two particles are considerably different.
For AlMV the maximum exterior feature is at a
diameter of 220.1 Å (using only Ca atoms), the mean
diameter is 167 Å, and the inside of the shell has a
117 Å diameter. The same measures for the TZ1
BMV particle are 195 Å, 150 Å, and 88 Å, respect-
ively. Although the BMV pentamers protrude
perceptibly, the subunits of the AlMV particles
appear to be standing even more “on end” and
extend radially even further. It is apparent from
Figure 10 that in AlMV there are also extensive
interactions about the dyad axes that likely even
exceed those in the BMV particle. This is
consistent with the observation that complete
dissociation of native AlMV virions produces
chiefly protein dimers in solution,5,26 while
dissociation of BMV yields pentamers and
hexamers14,30 or monomers.18,29

In the BMV TZ1 particles, there are large holes
along 3-fold axes, but no significant channels along
the fivefold directions. The opposite is true for
AlMV, and in fact, the subunits of AlMV are tightly
packed and closely interact about the 3-fold axes,
while they form only the most tenuous fivefold
contacts. While the TZ1 particles of BMVare clearly
made from pentameric units, the corresponding
AlMV particles are likely formed from dimers
aggregating about the 3-fold axes.4,5,13,26



Figure 7.A hemisphere of the TZ
1 particle of BMV viewed along a 5-
fold axis showing the protrusion of
pentamers from the surface. The
structure is very open, with large
channels along 3-fold axes. Penta-
mers are linked by extended car-
boxy terminal strands closely
paired about icosahedral dyads
between every adjacent pentamer.

824 Structure of TZ1 BMV
Discussion

A quasi-icosahedral particle

Table 5 shows that the interfaces between
particles are non-equivalent. We believe that these
differential packing forces, in conjunction with the
flexibility of the C-terminal inter-pentamer
Figure 8. Stereo diagram of the centroids of the subunits (d
and red) and the quasi-icosahedral model (white) with the cor
on pentamer B of the latter model in the foreground. Most su
from the icosahedral model by a counter-clockwise rotation a
linkages, produce the quasi-icosahedral particle
we observe. The flexible linkages allow the
pentamers to tilt, expand outward or contract
inward without disturbing the integrity of the
pentamer. The “1/6” subunit relationships invol-
ving these linkages, found in Table 3, demonstrate
this clearly. There is a 3.6 Å range in these spatial
relationships. The B pentamer, which has the three
epicted as spheres) of both the icosahedral model (green
responding pentamer of the former (green) superimposed
bunits of the quasi-icosahedral model have moved away
round the 5-fold axis of pentamer B.



Table 4. Icosahedral distortions determined as the movement of pentamers going from a strict icosahedral particle to the
quasi-icosahedral particle

A. Results of superposition of icosahedral model onto quasi-icosahedral model

Superposition group Rotation (8)
Rotation axis with
respect to 5-fold axis (8) Translation (Å) RMSD (Å)

Full particle 0.07 – 0.003 1.03
Pentamer A 2.09 91 0.68 0.43
Pentamer B 1.19 150 1.14 0.47
Pentamer C 0.97 89 0.59 0.44
Pentamer D 1.80 81 0.29 0.49
Pentamer E 1.78 87 0.39 0.45
Pentamer F 2.20 81 0.48 0.43

B. Inter-axial angles between 5-fold axes C. Inter-pentamer distancesc

Pair
Quasi-icosahedrala

(8)
Quasi-icosahedralb

(8)
Strict icosahedralb

(8)
Quasi-icosahedral
(Å)

Strict icosahedral
(Å)

Adjacent 61.7–67.0 63.0–64.0 63.2–63.7 73.9–76.1 75.0–75.4
Intermediate 113.9–119.1 115.8–117.0 116.3–116.9 120.4–122.5 121.3–122.0
Opposite 175.6–178.5 179.4–179.9 180 142.4–143.6 142.6–143.2

D. Radii from particle center to centroid

Quasi-icosahedral (Å) Strict icosahedral (Å)

Pentamer 70.6–72.0 71.3–71.6
Subunit 74.2–76.2 75.1–75.5
Range per pentamer 0.5–1.7 0–0.2

The strict icosahedral model was superposed on the quasi-icosahedral model after which each pentamer was superposed on its
equivalent pentamer in the quasi-icosahedral model. The translation is the distance between the pentamer centroids before and after
superposition.

a The 5-fold axis for each pentamer was determined by averaging the 5-fold axes obtained from the superposition of every pair of
subunits in each pentamer, a total of ten per pentamer.

b The angles were computed between vectors defined by the particle center and the centroids of the pentamers. For the strict
icosahedral case, (a) and (b) are the same.

c These distances are between centroids of the pentamers.
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shortest 1/6 translations (!7.3 Å), exhibits the
greatest movement from its icosahedral position,
has the smallest radial distance, and also has the
most diverse packing interactions of any pentamer.
So, surely, the flexibility of these linkages
facilitates particle deformation. The many crystal
forms, mentioned above, may be a result of
different modes of particle deformation or lack of
deformation. We presume that the same packing
forces that cause the deformation also stabilize it
so that uniform particles are maintained in the
lattice.

We investigated the packing of the icosahedral
model and found severe inter-particle contacts,
especially at the B, D, E, and F pentamers. The A1,
A3, C1, D5, and F3 subunits involved in packing of
the quasi-icosahedral particle are not found within
4 Å of neighboring particles in the icosahedral
model. On the other hand, subunit A5, not involved
in the quasi-icosahedral packing, has a contact
within 4 Å in the icosahedral case. Despite the
deformation we see in this structure, we may find
non-deformed particles in the other crystal
forms and, indeed, particles free in solution may
well, on average, have exact icosahedral
symmetry, or be in structural equilibrium about
the icosahedral ideal.
A model for the TZ3 to TZ1 transition

Earlier biochemical and physical analyses
showed that when BMV was exposed to pH above
7, and/or to high NaCl or CaCl2 concentrations,
they first underwent a distinctive swelling tran-
sition and ultimately dissociated into a variety of
products. After treatment with trypsin, which
removed 63 amino acid residues from the N
terminus, and subsequent dialysis, a variety of
structures were obtained including TZ1 icosa-
hedral particles.15,19,23,25,28,29,38 We later showed
that a similar treatment with CaCl2 and elevated
pH, but absent any explicit trypsin treatment,
produced TZ1 particles, but that these were
composed of protein subunits cleaved after amino
acid 35.14 Presumably, that cleavage was promoted
by some endogenous protease in our BMV prep-
arations. Using AFM, we were further able to show
that, in the presence of high concentrations of
CaCl2, TZ3 virions of BMV could directly trans-
form into TZ1 particles without undergoing com-
plete dissociation.14

From these observations, and the now known
structures of the initial and final particles, a picture
begins to emerge of the transformation. This is
illustrated in Figure 11. At pHO7 and in the



Figure 9. Diagram of the TZ1 particle with the
pentamers labeled as in Figure 4. Along the edges
(inter-pentamer lines) are (a) the inter-axial angles (see
note (1) of Table 4), (b) the angles (in parentheses)
between the pentamer centroid-to-center vectors (see note
(2) of Table 4), and (c) the inter-pentamer centroid-to-
centroid distances. The inter-axial angles and inter-
pentamer distances for the strict icosahedral structure
are w63.48 and w75.2 Å, respectively. Next to each
unique pentamer label are arrows indicating the direction
and distance that that pentamer moved from the
icosahedral model. The number between the arrows is
the movement in the z-direction. The total distance each
pentamer moved is listed in Table 4.
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presence of salt, the native TZ3 BMV virion in (a)
begins swelling to assume a more open structure
having a diameter about 15% larger.23 This, it is
believed,25 allows access of both proteases and
ribonuclease to the interior of the virion. Proteolytic
cleavage and probably RNA degradation likely
begin with (b), the swollen particle. As protein
subunits are cleaved, they disengage from the RNA
(which is simultaneously degraded or lost). There is
also loss of Mg2C from the quasi-3-fold axes
where mutual repulsion of quasi-equivalent
aspartic acid side-chains further promote dis-
sociation. Because BMV virions are primarily
maintained by protein–RNA interactions, and by
divalent metal ions liganded by carboxyl clusters,
this produces generalized instability.

From the AFM results, it appears that hexameric
capsomeres are lost from the dissociating virions,
but pentameric capsomeres are either not lost, or are
lost to a lesser extent. As the hexamers are shed ((c)
and (d)) condensation of the particles occurs as
well. This contraction, however, must be
accompanied by simultaneous rotation by 378 of
the pentameric units remaining in the capsid, along
with a conformational change in the C-terminal
polypeptides of the coat proteins. The rearrange-
ment of the C termini is crucial, as the termini are
responsible for virtually all of the new capsid
interactions that establish and maintain the TZ1
architecture. Thus, while Figure 11 shows the TZ3
to TZ1 transformation as a series of events, this is
undoubtedly an over simplification. Clearly, pro-
teolysis, loss of ions, RNA degradation, loss of
hexamers, rotation of pentamers, rearrangement of
C termini, and condensation are all occurring more
or less simultaneously but in some coordinated
manner once swelling has occurred. New inter-
actions between pentameric capsomeres through
the C termini must be occurring simultaneously
with loss of previous interactions between
pentamers and hexamers. Were this not true, of
course, the disrupted particles could not hold
together and there could be no direct TZ3 to TZ1
particle transformation.
The C-terminal polypeptides

The C-terminal polypeptides of the coat proteins
play a pivotal role in the transformation of TZ3
virions into TZ1 particles. Superficially, the inter-
actions that the C-terminal peptides make between
pentamers in the TZ1 particles appear similar to
those they make in the native virions, except that in
the latter, the peptides join pentamer subunits to
subunits in hexamers, or subunits in hexamers to
those in neighboring hexamers. Dyad related
C-terminal peptides are, however, quite near one
another in the TZ1 particle, but not in the native
virion.

With the exception of the N-terminal peptides,
the C-terminal peptides are the most conformation-
ally variable segments of the entire coat protein
when the A, B, and C subunits of a TZ3 virion are
compared. Thus, it is not unexpected that the C
termini are even more varied in the TZ1 particles.
The sequence of this peptide is somewhat curious in
that it has three phenylalanine residues, as well as
other hydrophobic amino acid residues in the last
ten. It is, therefore, probably capable of making a
diverse range of hydrophobic interactions with
adjacent subunits.

In the native virion, the C terminus of an A
subunit is in closest contact with segments 177–185,
170–171, and amino acid 142 of a B subunit and at
the same time with segments 128–133 and 146–150
of a C subunit. It would be risky to attempt
identification of specific interactions in any more
detail because of the relatively low resolution of the
native BMV structure. In the TZ1 particle, the
extended C-terminal peptide contacts the underside
of a subunit in a neighboring pentamer in quite a



Table 5. Subunits and residues at inter-particle interfaces that are within 4 Å of neighboring particles in the crystal lattice

A-B-C face A 0-B 0-C 0 face

A3 A63, A161 C 01 D59
B1 S99, P163 B05 A60, T62
B5 A60, T62 B01 S99, P163
B5 A63, K64, A113 B05 A63, K64, A113
C1 D59 A 03 A63, A161

A-E-F face B0-C-D0 face

A1 A60 C3 K64
E2 A60, I61, T62, N67 B02 Q114, E116
F3 Q114 D05 A63, K64

B-C 0-D face A 0-E 0-F 0 face

B2 Q114, E116 E02 A60, I61, T62, N67
D5 A63, K64 F 03 Q114
C 03 K64 A 01 A60

D-E-F 0 face D0-E0-F face

D3 T62, A63, K64 F1 T62, A63, K64, A65
E5 T62, A63, K64 E05 T62, A63, K64
F 01 T62, A63, K64, A65 D03 T62, A63, K64

The residues listed under each interface on the left of the table are in contact with the residues listed on the same line under the interface
on the right of the Table.
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different manner, with the nearest segments being
41–45, 50–53, 89–93, 131–134 and 172–177 of one
subunit, residues 123, 132 and 138 of a second
subunit, and five residues of three other subunits
are within 4 Å of the C termini. Thus, the detailed
interactions made by the C-terminal peptides are
Figure 10. The TZ1 BMV particle is shown at left and th
icosahedral dyad axes (shown in green). Both structures
architectures are quite different. While the BMV particle has l
AlMV has broad channels along 5-fold axes (shown in blue)
while that from AlMV has very little contact between pentam
quite different in the TZ3 and TZ1 particles. It
remains unclear whether the inherent versatility in
making key, but different interactions in both TZ1
and TZ3 particles is just fortuitous, or has some
functional significance.
Other researchers15,16 have reported that TZ1
e TZ1 particle from AlMV at right, both viewed along
are open lattice works of protein subunits, but their
arge holes at 3-fold axes (shown in red), the particle from
. The BMV particle is made of discrete pentameric units,
eric subunits.



Figure 11. A diagram showing the sequence of events in the transformation of a native TZ3 BMV virion in (a) into a
TZ1 particle (i). As a consequence of elevated pH and high-salt concentration, the native virion in (a) undergoes a
transition to the swollen form in (b) thereby allowing exposure of the virion interior to proteases and ribonucleases. As
proteolytic and nucleolytic cleavage proceeds, RNA fragments, amino terminal polypeptides, and hexameric units from
the capsid are lost ((c)–(e)). As hexamers are lost, restructuring begins (e) as pentameric units start their 378 rotation, as
they condense to the smaller particle. In (f)–(h) the pentamers continue their rotation as contraction of the assembly
proceeds simultaneously.
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particles derived from BMV can also be formed
when treatment with trypsin effects cleavage
between amino acid residues 63 and 64. This
cleavage point would remove the first strand of
the canonical b-barrel by cleaving at a b turn. The
C termini in the TZ1 structure we present here
come into contact with amino acid residues 41–45
and 50–53 of a neighboring subunit, as well as
additional amino acid residues on that, and other
adjacent subunits. Were cleavage to have occurred
after amino acid 63, then in that resulting TZ1
particle, interactions involving amino acid resi-
dues 41–45 and 50–53 could not exist. Thus,
subunit interactions in such a particle would be
lessened, if they were otherwise the same, or
they would have to be different to compensate
for the loss.
TZ1 particles of BMV and AlMV

The TZ1 particles of AlMV and BMV, both
bromoviruses, are, nevertheless, unlike one another
in architecture and probably form by different
mechanisms. Both, however, reflect the structures
of their parent virions. In BMV, the TZ1 particles
are composed of the TZ3 pentameric capsomeres,
simply assembled using alternative interactions.
The TZ1 particles of AlMV show a similar
character. Native AlMV particles, which are both
spherical and bacilliform in shape, have a surface
structure, as demonstrated by both transmission
and cryo-electron microscopy, which is very similar
to that in the TZ1 AlMV particles.26 Indeed, native
AlMV capsids have subunits closely aggregated
about the 3-fold axes, show strong dimer inter-
actions across dyads, and exhibit a very open lattice
permeated by large channels. Thus, it appears that,
in both BMV and AlMV, many of the bonding
properties of the capsid units inherent to the native
virion are preserved, but that the final particle
architecture is due to variation in interfacial
contacts.
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Particle transitions

Transition from an ordered TZ3 particle, through
partially ordered intermediates, to an ordered TZ1
particle in the case of BMV, did not proceed by
complete disassembly followed by self-reassembly.
A distinctly different process occurred which
involved the restructuring of the surface lattice of
a transition particle. Restructuring of ordered, or
partially ordered, surfaces is known to occur in
other systems, most prominently, the surfaces of
growing crystals39–41 and the surfaces ofmicelles.42,43

If such restructuring can take place in the trans-
formation of the virions and particles studied here,
then it may very well occur in natural virus
assembly processes as well. That is, virus particles
may not self-assemble in a sequentially ordered
manner, but may first form some less ordered
intermediate, which then restructures to create the
exact icosahedral organization that we observe in
the native particle.
Materials and Methods

Preparation of the TZ1 particles

BMV was obtained from Professor A.L. Rao at the
University of California at Riverside and infected into
young barley plants (H. vulgare cv. Dickson). It was
purified from mature plants as described by Adolph44

with some minor modifications described in Lucas et al.14

The final stages of the procedure included purification on
a CsCl gradient, dialysis, and concentration to about
7 mg/ml (the concentration used for the crystallization of
the intact virus). Throughout these procedures the pH
was maintained below pH 5.0
TZ1 particles of BMVwere produced by amodification

of the conventional procedure of Choi et al.,30 but no
extraneous trypsin or other protease was added to the
BMV preparation. Bovine RNase A was from Sigma Co.
(St Louis). Details of the procedure are given in Lucas
et al.14 SDS-PAGE and analysis by mass spectrometry
showed the coat protein to be an abbreviated form of the
wild-type protein and to have arisen from proteolytic
cleavage between amino acid residues 35 and 36.14

Crystallization

Polyhedral crystals of the TZ1 BMV particles as large
as 0.5 mm on edge were grown for X-ray diffraction
analysis using conventional procedures. These utilized
vapor diffusion in Cryschem sitting drop plates
(Hampton Research, Aliso Viejo, CA) using drop volumes
of 6–10 ml. Optimal conditions were identified, and these
were droplets composed of equal volumes of the particle
solution and 2.1 M sodium malonate45 at pH 7.5.
Reservoirs of 0.65 ml of the 2.1 M malonate were
equilibrated with the microdrops at room temperature
for approximately two to four weeks before crystals were
harvested.

Data collection

Data were collected on beamline 5.0.1 at the Advanced
Light Source (ALS) at the Lawrence Berkeley National
Laboratory using a wavelength of 1.1 Å and a two by two
CCD detector (SDMS, San Diego, CA). The crystals were
cryogenically frozen directly from their mother liquor, the
malonate serving as the necessary cryo-protectant as well
as the crystallization salt. Oscillation increments were 0.58
with exposure times of 120 seconds. The crystal to
detector distance was 250.4 mm. Data were processed to
a resolution of 2.9 Å and merged using the programs
DENZO/SCALEPACK.46 The data was 99.5% complete to
2.9 Å resolution with 100% completeness in the outermost
shell (2.90–3.00 Å). The Rmerge for all data was 0.153 with
an average redundancy of 18.9 for space group P4322. An
example of the diffraction pattern for these crystals was
shown by Lucas et al.14
Structure solution, refinement and analysis

Self-rotation functions with 4, 5, and 6 Å data using
CNS47 provided the initial particle orientation. The initial
structure solution was obtained by molecular replace-
ment using dimers, trimers, or pentamers of the native
TZ3 BMV model. An X-PLOR48–50 script was written in
which these BMV assemblies were incrementally con-
tracted along the appropriate icosahedral symmetry axis,
rotated about that axis, as well as translated along and
rotated around the crystallographic y-axis in space group
P4122. At each incremental change in the model, the
correlation coefficient (CC) and R-factor were computed.
Still assuming space group P4122, a model composed of a
hemisphere of six pentamers, corresponding to the
crystallographic asymmetric unit, was constructed. This
model was rotated about and translated along the y-axis
incrementally to refine the particle orientation and
position, calculating CC and R at each increment. This
procedure was repeated for space groups P41 and P43
using a full particle model.
An adaptation of the density modification script in

CNS47 was used to perform phase extension utilizing the
icosahedral non-crystallographic symmetry operators for
map averaging. The molecular replacement models were
used to calculate phases to 10 Å and to make averaging
and solvent masks, using the program MAMA.51 For
space groups P4122 and P4322, 30-fold NCS averaging
was performed while, for space groups P41 and P43, 60-
fold NCS averaging was executed.
Model rebuilding was accomplished with the program

“O”.52 All model refinement was performed with the
program CNS using the maximum likelihood target
based on observed intensities; no experimental phase
information was employed. Ultimately, the strict icosa-
hedral symmetry was released and the 30 subunits of the
TZ1 particle were refined under NCS restraints only. The
best NCS restraints were determined as those restraints
that produced the lowest Rfree after refinement. These
restraints are described in Table 2 along with some
refinement and model statistics.
A comparison of the spatial arrangements of subunits

across icosahedral and quasi-symmetry elements was
made as follows. The TZ3 subunit pair (e.g., A1/B5) was
superimposed onto the corresponding TZ1 pair (1/6)
utilizing the Ca atoms of residues 41–181 of subunit A1.
The residual rotation and translations were then deter-
mined from the superposition of subunit B5 onto subunit
6 of the TZ1 particle. This differs from the method used
in the calculations for SeMV in that the initial super-
position in SeMV was performed for the subunit pair, not
just a single subunit, followed by superposition of the
second subunit to obtain the residual rotation and
translation results. Due to the extreme changes in the
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BMV transition from TZ3 to TZ1, our method seems
more appropriate. Because of the relatively benign
changes between the TZ3 and TZ1 SeMV particles, the
differences between the two methods may be minimal for
SeMV.
Figures 1, 4, 6, and 9 were made with Adobe

Illustrator.† Figure 2 was produced with Microsoft
Excel.‡ Figure 5 was generated with MOLSCRIPT53 and
Raster3D.54 Figures 7, 8 and 10 were produced with
PyMol.55 Figures 3 and 10 were created with PyMol55 and
Adobe Illustrator.†
Protein Data Bank accession code

The coordinates have been deposited in the RCSB
Protein Data Bank under code 1YC6.
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