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ABSTRACT Quaternary structure polymorphism found in quasiequivalent virus capsids provides a static framework for
studying the dynamics of protein interactions. The same protein subunits are found in different structural environments within
these particles, and in some cases, the molecular switching required for the polymorphic quaternary interactions is obvious
from high-resolution crystallographic studies. Employing atomic resolution structures, molecular mechanics, and continuum
electrostatic methods, we have computed association energies for unique subunit interfaces of three icosahedral viruses,
black beetle virus, southern bean virus, and human rhinovirus 14. To quantify the chemical determinants of quasiequivalence,
the energetic contributions of individual residues forming quasiequivalent interfaces were calculated and compared. The
potential significance of the differences in stabilities at quasiequivalent interfaces was then explored with the combinatorial
assembly approach. The analysis shows that the unique association energies computed for each virus serve as a sensitive
basis set that may determine distinct intermediates and pathways of virus capsid assembly. The pathways for the
quasiequivalent viruses displayed isoenergetic oligomers at specific points, suggesting that these may determine the
quaternary structure polymorphism required for the assembly of a quasiequivalent particle.

INTRODUCTION

Virus crystallography is a mature area of biophysics, with
nearly 20 years of productivity since the first high-resolu-
tion structure of tomato bushy stunt virus was reported
(Harrison et al., 1978). High-resolution virus structures
have had a large impact on virology, with detailed chemical
mechanisms now defined for functions as diverse as the
autocatalytic maturation cleavage in nodaviruses (Zlotnick
et al., 1994) and the details of antibody-virus interactions
(Smith et al., 1996). Particle-related functions in the viral
life cycle frequently direct attention to particular regions of
the structure, and in most cases either a rationale or a
detailed mechanism has emerged for various experimental
observations. A less studied aspect of virus structure/func-
tion is the importance of those parts of the particle that have
not been associated with a particular biological function and
that appear to form only the framework for spatially dis-
tributing the functional parts of the virion. Because the
average small RNA virus structure contains more than 106

nonhydrogen atoms, there is a need to provide a reduced
representation of the virus particle that is dependent on the
three-dimensional structure and that addresses a character-
istic common to all virus particles, namely the assembly. In

this paper we report an initial effort to represent high-
resolution virus structures as unique dimer association en-
ergies that occur between a single subunit type arranged on
a T 5 3 icosahedral lattice, or between three subunit types
(picornavirus capsid) arranged on a pseudoT 5 3 (P 5 3)
surface lattice. This representation addresses the energetics
of quasisymmetry in the protein capsid and utilizes the high
symmetry present in the shell to describe the features of
particle assembly. Electrostatic and van der Waals contri-
butions to the unique interface energies were computed with
refined, energy-minimized structures of three different vi-
ruses determined by x-ray crystallography.

Two significant observations emerged from our analysis.
First, it is possible to create an inventory of residues and
their relative contributions to interface stability. Of partic-
ular interest in this category is the similar contribution
toward stability that the same residue may make at
quasiequivalent interfaces (e.g., an interface created by an
icosahedral twofold axis compared to an interface created
by a quasi-twofold axis) through remarkably different
chemical interactions. In a second application, these asso-
ciation energies were used to compute and compare poten-
tial assembly pathways, employing a procedure introduced
by Horton and Lewis (1992). Although the “combinatorial”
approach to assembly is at best a first approximation to
actual assembly, its dependence on ratios of the association
energies among different interfaces suggests that these com-
puted parameters represent a fundamental property of the
particle. The combined results from these studies immedi-
ately suggest mutations that may affect the assembly and
disassembly processes and provide important insight into
events in the virus life cycle associated with these occurrences.
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SUBUNIT INTERFACES IN
QUASIEQUIVALENT LATTICES

Sixty copies of a single gene product distributed with the
symmetry of an icosahedron generate the largest shell pos-
sible for a subunit of a given size. Such an arrangement
places all 60 proteins in identical environments; hence the
proper intersubunit complementarity leads naturally to as-
sembly and a symmetrical particle. The large majority of
plant and animal viruses display icosahedral symmetry;
however, very few contain only 60 copies of the capsid
protein. Most icosahedral viruses display quasisymmetry,
leading to 60T subunits in the capsid, whereT is an integer
greater than 1, reflecting the selection rules for distributing
hexamers and pentamers of proteins on a surface lattice
(Caspar and Klug, 1962). Quasisymmetrical particles al-
ways display exact icosahedral symmetry, but they contain
T copies of the capsid protein in the asymmetrical unit.
Construction of a quasiequivalent capsid requires that sub-
units contain a molecular switch that facilitates polymorphic
association into hexameric and pentameric oligomers. The
12 pentamers are always exact and are located at positions
equivalent to the vertices of an icosahedron. The 10(T 2 1)
hexamers may form nearly perfect sixfold symmetrical as-
sociations, or they may form structures better described as a
trimer of dimers (Fisher and Johnson, 1993) or a dimer of
trimers (Munshi et al., 1996). The switching mechanism,
which is usually multifaceted and different for each virus
group, is a major determinant of the geometry of the hex-
amer structure. Depending on the nature of the hexameric
(sixfold) association, the distribution of subunits on aT 5 3
lattice can closely approximate well-defined geometric sol-
ids related to the icosahedron. Viruses withT 5 3 symmetry
and forming nearly exact sixfold symmetry interactions
generate a structure closely similar to a truncated icosahe-
dron (Speir et al., 1995; Canady et al., 1996), whereas
subunits associating as a trimer of dimers on aT 5 3 lattice
(Harrison et al., 1978; Wery et al., 1994) have the geometric
shape of a rhombic triacontahedron (Williams, 1979).

Fig. 1 illustrates a schematic drawing of the rhombic
triacontahedron, a space-filling model, and ribbon drawings
of the subunit organization of black beetle virus (BBV), a
member of the nodaviridae group. The viral subunit, which
contains 407 amino acids folded into an elaborate, trape-
zoid-shaped,b-sandwich structure (Fig. 1d), is represented
as a trapezoid in the diagram (Fig. 1a). Subunits labeled A,
B, and C have identical amino acid sequences, but are
structurally unique (quasiequivalent) and occupy the central
triangle, which is the icosahedral asymmetrical unit (Fig. 1
d). Subunits identified by the same letter (e.g., A, A5, A2)
are related by icosahedral symmetry. Icosahedral symmetry
elements (twofold, threefold, and fivefold axes) are labeled
as a white oval, triangle, and pentagon, respectively, and the
yellow oval and triangle refer to quasisymmetry elements.
The A subunit and its fivefold related equivalents form the
12 pentamers, and the B and C subunits alternate to form a
quasihexamer about the 20 threefold axes to generate a

particle formed by 180 copies of a single gene product. Fig.
1 e shows clearly the difference in contacts between sub-
units forming pentamers and those present only at hexa-
mers, illustrating how subunit interactions can switch be-
tween the two types of oligomers.

The distribution of hexamers and pentamers on aT 5 3
surface lattice generates other subunit contacts that are
similar, but not exactly the same. Examination of the C
subunits related by the icosahedral twofold axis (C and C2)
and the subunits labeled A and B5 shows that the same
regions of the trapezoid make contact, but the latter twofold
association is local or quasi in that a fivefold axis and a
threefold axis would be superimposed by the same symme-
try axis that relates A and B5 with reasonable fidelity.
Likewise, the A, B, and C subunits in the central triangle lie
in the same plane and are related by a nearly exact (quasi)
threefold symmetry axis, identified by a yellow triangle
(Fig. 1, a and c) that is perpendicular to the plane of the
trapezoids and parallel to the icosahedral twofold axis de-
fined by the white oval. The quasi-threefold axis is local
because it does not pass through the center of the particle,
and it only superimposes the trapezoids adjacent to it.

The difference between the C-C2 contact and the A-B5
contact is easily seen if the shape of the particle is consid-
ered (Fig. 1a). The rhombic face containing A, B, C, A2,
B2, and C2 is planar, and the C-C2 contact is referred to as
flat. In contrast, the triangular face containing A, B, and C
forms a dihedral angle of 144° with the triangular unit
containing A5, B5, and C5, and the A-B5 contact is referred
to as bent. Thus although the interactions at C-C2 and A-B5
are similar, as the same parts of the subunits are in contact
(Fig. 1), they require that the subunits form different con-
tacts along the line connecting threefold and fivefold axes
(A-B5) and the two adjacent threefold axes (C-C2). It is the
molecular switch, in the case of BBV a 15-amino acid
region of the polypeptide and a 10-bp RNA duplex, that
alters the subunit contacts (Fig. 1e). Note that theT 5 3
particle results from the perfect blend of the two contacts. If
all were of the C-C2 type, a flat sheet would result. If all
were bent like the A-B5 contact, a small particle with 60
subunits would result.

In this paper we examine the energetics of the subunit
associations at the unique interfaces of theT 5 3/P 5 3
surface lattices for three different viruses. Referring to Fig.
1, and grouped as quasiequivalent sets, these are [A-B, B-C,
C-A], [A-B5, C-C2], and [A-A5, C-B5, B2-C]. The refined
coordinates for BBV (Wery et al., 1994), southern bean
mosaic virus (SBMV) (Silva and Rossmann, 1987), and
human rhinovirus 14 (HRV14) (Arnold and Rossmann,
1990) were used to compute the van der Waals and elec-
trostatic association energy contributions to each of the
interfaces. BBV and SBMV areT 5 3 RNA viruses with
capsids that form a rhombic triacontahedron with an aver-
age diameter of;300 Å. Switching between flat and bent
contacts is regulated in a similar way for these two viruses,
but the details are different. The HRV14 capsid also has a
diameter of 300 Å; however, it differs from BBV and
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FIGURE 1 (a) Schematic representation of aT 5 3 quasiequivalent lattice, corresponding to a rhombic triacontahedron (Williams, 1979), the geometrical
architecture of black beetle virus (BBV). Each of the trapezoids represents a single subunit with the same amino acid sequence. TheT 5 3 particle is formed
of 180 subunits that lie in three structurally unique positions (labeled A, B, and C). Subunits labeled with same letter are related by icosahedral symmetry
axes corresponding to twofold, threefold, and fivefold rotations identified by white ovals, triangles, and pentagons, respectively (e.g., C and C2related by
icosahedral 2-fold axis). Subunits marked with different letters are related to one another by quasisymmetry axes corresponding to twofold and threefold
local rotation axes identified, respectively, by yellow ovals and triangles (e.g., A and B5 are related by a quasi-twofold axis). The subunits labeled A, B,
and C are related by quasi-threefold symmetry; they form an icosahedral asymmetrical unit (protomer) of theT 5 3 particle. There are two different joints
that a triangular asymmetrical unit makes with neighboring triangles, bent (left andright) and flat (bottom). (b) Schematic drawing of a pseudoT 5 3 surface
lattice, also known as aP 5 3 lattice. In this lattice there are three types of trapezoids (labeled VP1, VP2, and VP3) representing subunits with different
amino acid sequences; hence there is no quasisymmetry present. TheP 5 3 lattice is, in general, similar to theT 5 1 lattice, where VP1, VP2, and VP3
are considered together as a single subunit. The subunits identified by the same label are related by icosahedral symmetry elements, twofold, threefold, and
fivefold, identified by white ovals, triangles, and pentagons, respectively. (c) Space-filling model of black beetle virus (BBV). The A, B, and C subunits
are identified by blue, red, and green, respectively. The average diameter of the particle is 312 Å, and the maximum diameter of the particle is 340 Å at
the quasi-threefold protrusions. Icosahedral and quasisymmetry elements are identified by white and yellow labels, respectively. (d) Ribbon drawing of an
icosahedral asymmetrical unit (protomer) of BBV made up of the A, B, and C subunits and a strand of partially ordered RNA of 10 bases, shown as a
space-filling object. The molecular switch, required for quasiequivalent shell formation, is a segment of polypeptide corresponding to residues 20–34 of
the C-subunit, drawn as a ball-and-stick model, the duplex RNA. There are five Ca21 ions associated with each protomer, shown as yellow spheres. Three
of the five are located at the quasi-threefold related interfaces (A-B, B-C, and C-A), and two of them are located on the quasi-threefold axes. (e) Two
different quaternary contacts found between the triangular asymmetrical units of BBV and two other nodavirus structures. The top figure shows the flat
contact along the line joining the two adjacent threefold axes, formed by the C and B and C2 and B2 subunits. This contact results from the selective
presence of a segment of polypeptide of residues (20–34) of C (C2) subunits and 10 base pairs of duplex RNA. Together they act as a wedge (molecular
switch) at the contact of protein subunits. The bottom figure shows the bent contact formed by C and A and B5 and A5 subunits along the line connecting
adjacent threefold and fivefold axes. Both structural elements that act as the wedge at the flat contact are absent at this interface, allowing the subunits to
pivot about the three- to fivefold line and form a bent contact. Both the flat and bent contacts are needed to assemble into virions withT 5 3 quasisymmetry.

548 Biophysical Journal Volume 74 January 1998



SBMV in that the amino acid sequences of the three capsid
proteins are different. The surface lattice on which they are
arranged is similar to theT 5 3 lattice.

BBV is a member of the nodavirus group that infects
insects, mammals, and fish. The subunit contains 407 amino
acids, and the particle packages two RNA molecules (1.4 kb
and 3.1 kb) that contain the genes for three proteins; the
capsid subunit, an RNA-directed RNA polymerase and a
10-kDa protein of unknown function, believed to be asso-
ciated with RNA replication. SBMV is a plant virus with a
4.2-kb RNA molecule encoding four proteins. The coat
protein subunit contains 260 amino acids. HRV14 is the
causative agent of the common cold, with an RNA genome
of ;7.5 kb, which among a variety of other proteins,
encodes three major capsid proteins with molecular masses
of 30–40 kDa. The subunits of BBV, SBMV, and three
capsid proteins of HRV14 have tertiary folds similar to
canonical viral b-sandwiches (Rossmann and Johnson,
1989).

HRV14 has a capsid that is qualitatively similar to BBV
and SBMV, but the A, B, and C positions of theT 5 3
capsid are occupied by different gene products with very
similar folds. The surface lattice for HRV14 is referred to as
P 5 3 because it is a pseudoT 5 3 lattice formed of three
different major proteins (Fig. 1b). The P 5 3 lattice is
assumed to have evolved from aT 5 3 lattice by a tripli-
cation of the coat protein gene, followed by independent
evolution of the three major subunits, in which the fold of
the structure has been retained but the sequences have
changed dramatically (no significant sequence similarity is
detectable among the three subunits). In this process the
need for a switch has been lost, because the subunit inter-
faces at the quasiequivalent contacts are now defined by
altogether unique amino acids, and assembly may be similar
to that of a simple icosahedron in which the “subunit” size
(;100 kDa) is three times that of theT 5 3 subunits in BBV
and SBMV. It is useful to include HRV14 in this analysis,
because assembly intermediates have been well character-
ized and it therefore serves as a control, and because of the
qualitative differences observed in the assembly pathway of
P 5 3 and T 5 3 particles. The latter require points of
quaternary structure polymorphism, which are apparent in
the computationally determined assembly pathways,
whereas the former do not because there is no conforma-
tional switching.

METHODS

Computational procedures to analyze quasiequivalence and
assembly were initially performed with the coordinates of
BBV refined at 2.8-Å resolution. The model of an icosahe-
dral asymmetrical unit including the A, B, C subunits, a
segment of ordered RNA, five Ca21 ions, and 202 ordered
water molecules, was subjected to energy minimization to
relieve any unrealistic interactions in the starting x-ray
model. The program CHARMM (Brooks et al., 1983) was

used to compute four rounds of 1000 cycles of energy
minimization with a tolerance in the energy (change in the
energy between two consecutive steps of minimization) of
0.0001kcal/mol. Initially harmonic restraints (force con-
stant5 25 kcal/mol Å2) were imposed on all of the non-
hydrogen atoms, and the force constant was reduced by 5
kcal/mol Å2 at the end of each of the four rounds of
minimization. The positions of the Ca21 ions were held
fixed during the minimization procedure. To represent the
environment of the protein surrounding the asymmetric
unit, periodic images with icosahedral symmetry were em-
ployed, using the IMAGE facility in CHARMM. The all-
hydrogen parameters and topologies from version 22 of
CHARMM were used in all energy calculations. The energy
minimization was carried out using atom-based cutoffs:
CUTNB 5 13 Å, CUTOFNB5 12 Å, CTONNB5 10 Å,
and the nonbonded pairs were updated every 100 steps of
minimization. A distance-dependent dielectric constant was
assumed to represent some aspects of solvation during the
minimization. At the end of minimization the model had
moved only 0.04 Å (Ca rms deviation) from the original
structure.

The energy-minimized model was used to calculate as-
sociation energies for the unique subunit interfaces in the
orientation found in the assembled particle (Fig. 1c). The
procedure described by Gilson and Honig (1988) was used
to calculate association energies. In addition, the contribu-
tion of van der Waals interactions calculated using a Len-
nard Jones 6–12 potential, without any distance cutoffs
imposed, was included in the evaluation of the association
energy. The assocation energies were calculated as a sum of
energies due to desolvation, electrostatic, and van der Waals
interactions between the interacting subunits. The finite
difference solutions to the Poisson-Boltzmann (PB) equa-
tion were computed with the program DelPhi (Sharp and
Honig, 1990). The energy of desolvation and the electro-
static interactions between protein-protein, protein-Ca21,
and protein-RNA were calculated in the presence of bulk
solvent. For the purpose of reliably comparing the protein-
protein interactions at quasiequivalent interfaces, all of the
ordered water molecules were omitted from the calculation.
In initiating the Poisson-Boltzmann calculations, a grid size
of 0.7 Å and dielectric constants of 4.0 (within the protein)
and 78.5 (solvent) were used. Furthermore, the solvent ionic
strength was set at the physiological value (0.145 M), and a
2-Å stern layer was employed. We note that the qualitative
predictions of interface interactions and association energies
appeared to converge at the grid size used (0.7 Å). For
systems of this size, this also represents a practical limit.
Interaction energies upon binding to the adjacent subunit
were estimated for each residue as a summation of electro-
static and van der Waals contributions between all of the
atoms in the residue and all of the atoms of the neighboring
subunit. The electrostatic interaction energy at an atom was
calculated as a product of partial charge at the atom times
the electrostatic potential at the atom position due to the
interacting subunit. The plot of these energies as a function
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of residue numbers facilitates the comparison of interfaces
related by quasisymmetry; these are shown in Figs. 2–4.

The subunit-subunit association energies were then used
as a basis set to examine assembly intermediates and the
resultant pathways in the virus assembly. We have used the
combinatorial approach suggested by Horton and Lewis
(1992) to assemble the viral capsid by adding one subunit at
a time, starting with a single subunit. At each step, all
possible unique ways of adding a subunit within the context
of T 5 3 icosahedral symmetry were explored, with the
objective of maximizing the contacts between the precursor
structure and the newly joining unit. The cutoff limit of
9000 structures/configurations was used. The association
energy of the newly formed structure was calculated as a
sum of binding energies of all possible dimeric interfaces

present in the structure. The number of configurations in-
creases exponentially as a function of number of associating
subunits. All of the configurations for an oligomer ofN
subunits were sorted in increasing order of energy, and the
top 9000 configurations were chosen as precursors for gen-
erating the structures containingN 1 1 subunits. However,
at each stage on average, only 2500 structures were required
as precursors to generate 9000 structures of the next higher
oligomer. The cutoff limit of 9000 was selected to make the
calculation of the pathways computationally economical,
and a further increase in this limit did not affect the pathway
significantly. Hence each new assembly is not computed
completely de novo, but is assumed to be derived from one
of the energetically likely configurations of the previous
partial assembly. Considering only the lowest energy con-

FIGURE 2 (a) Plots showing resi-
dues of the A subunit that contribute
significantly to the interaction energy
while associating with the subunit B
at the quasi-threefold axes in BBV.
Some of the residues are identified by
their residue numbers. (b) A similar
plot showing the contribution of res-
idues in the B-subunit when interact-
ing with the A-subunit at the quasi-
threefold axes. Residues plotted in
the left panels interact with the resi-
dues plotted on the right.c and d
refer to the residue contributions at
the B-C interface, ande and f show
the energies at the C-A interface. A
comparison of all of the plots in the
figure suggests that, in general, the
same residues of the subunits interact
at each of the interfaces, indicating
the similarity of contacts along the
quasi-threefold related A-B, B-C, and
C-A interfaces. Residues shown in
bold italics coordinate Ca21 ions.
Residues 249 and 251 of the A, B,
and C subunits together coordinate
two Ca21 ions that lie on the quasi-
threefold axes. Residues 221 and 273
of the A subunit and residues 157 and
161 of the B-subunit coordinate cal-
cium ions at the A-B interface. These
same residues coordinate Ca21 ions
at the B-C and C-A interfaces. Major
contributions to the interaction en-
ergy at these interfaces comes from
the residues that coordinate Ca21

ions and those involved in salt links
(e.g., 341–87; 352–89; 229–91 and
295–322).

550 Biophysical Journal Volume 74 January 1998



figuration at every stage of assembly to generate higher
oligomeric structures (i.e., the method employed by Horton
and Lewis) did not always yield the lowest energy config-
uration at each stage of assembly. This affects the sampling
of configurations as well as the course of the assembly.
Typically, the highest energy structure ignored was;2000
kcal/mol above the most stable structure ofN subunits.

The absolute difference in the association energies of the
first and second most stable configurations for a given
oligomer of N subunits is considered as a measure of the
“preference” for the most stable assembly of the particular
association. The greater the difference between the most
stable and the next most stable configurations, the higher the
chance that the most stable configuration is the sole inter-
mediate. Assemblies where two or more configurations
have similar energies are potential points of conformational
polymorphism, where the path of assembly may take dif-
ferent directions. Plotting the difference in stability between
the most stable association and the next most stable asso-
ciation allows one to identify the best configuration for each
oligomeric association, thus leading to a potential assembly
pathway. The same procedure of calculating association
energies and the assembly pathway was employed with
structures of SBMV and HRV14.

RESULTS AND DISCUSSION

Association energies at subunit interfaces

The association energies for the unique dimer subunit in-
terfaces of BBV are shown in Table 1. The binding energies
for BBV at the quasi-threefold related interfaces, A-B, B-C,
and C-A, are very similar,21346 3 kcal/mol, showing that
the quasi-threefold symmetry is maintained at the atomic
level. Various contributions to the binding energies are
comparable at these interfaces, except for the electrostatic
energy contribution due to protein-protein and protein-Ca21

interactions at the C-A interface (Table 1). This difference
is due to small differences (,1.0 Å) in a few interacting

charged atoms. These differences in the structure are real,
supported by the encompassing electron density from the x-ray
structure analysis. The loss of protein-protein interaction en-
ergy at the C-A interface is somewhat compensated for by the
strong interactions of the protein with the Ca21 ions. The
similar binding energies for the C-B5 and A-A5 interfaces
demonstrate that the quasi-twofold symmetry is well main-
tained. However, quasi-sixfold symmetry that relates the bent
contact to the flat contact is not well conserved, as suggested
by the geometric shape discussed above. This is due to the
molecular switches, segments of partially ordered peptide and
RNA, that are present selectively at the C-B2, C-C2 contact
(i.e., the joint along the line between adjacent icosahedral
threefold axes) and absent at B5-C, B5-A, and A-A5 interfaces
(i.e., the joint along the line connecting adjacent threefold and
fivefold icosahedral axes). Likewise, the association energies
for SBMV reflect not only quasi-twofold and threefold sym-
metries, but also quasi-sixfold symmetry (Table 2). The cal-
culated association energies for HRV14 reflect no quasisym-
metry, in agreement with theP 5 3 architecture (Table 2 and
Fig. 1 b).

Figs. 2–4 show plots displaying the contribution of every
relevant residue to the interaction energy at each interface of
BBV. Similarity in the plots corresponding to the
quasiequivalent interfaces accounts for fidelity of
quasiequivalence, and the differences determine deviations
from quasiequivalence. The plots in Fig. 2 show that the
same residues at each side of the contact at the A-B, B-C,
and C-A interfaces have similar residue-wise contributions
to the interaction energy (comparea, c, ande; b, d, andf ).
This suggests that the quasi-threefold symmetry is well
conserved. Residues plotted in the left panels interact with
the residues in the right panels, and the similarity in the
plots results from closely similar contributions for the same
individual residues in each subunit. The differences in the
residuewise contributions are due to small differences in the
geometry of the interacting residues, especially involving
charge interactions with Ca21 ions. The interactions be-

TABLE 1 Association energies* for subunit-subunit contacts for BBV

interaction energy*

Interface
Energy of

desolvation* Eelec
1 # Eelec

2 § Evdw
¶

Binding
energy*

Buried
surface

area (Å2)

A-B; Ca21 180.0 232.0 2142.0 2142.0 2136.0 3150.0
B-C; Ca21 178.0 235.0 2130.0 2148.0 2135.0 3140.0
C-A; Ca21 184.0 220.0 2147.0 2148.0 2131.0 3115.0
A-A5 42.0 219.0 — 295.0 272.0 1500.0
C-B5 39.0 220.0 — 293.0 274.0 1570.0
C-B2 42.0 218.0 — 2122.0 298.0 2115.0
A-B5 51.0 225.0 — 282.0 256.0 1585.0
C-C2 20.0 27.0 — 277.0 264.0 1220.0
C-C2-dRNA 73.0 26.0 246.00 2132.0 2111.0 2375.0

*All energies are in kcal/mol. Electrostatic and van der Waals energies were calculated using DelPhi and CHARMM, respectively.
#Electrostatic energy due to protein-protein interactions alone.
§Electrostatic energy due to protein-Ca21 or protein-RNA interactions.
¶Van der Waals energy between all of the components interacting at the interface.
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tween quasi-threefold related subunits is substantially stron-
ger than the other subunit interfaces (Table 1). This is due
to the large number of residues that contribute to the inter-
action energy, the presence of Ca21 ions, and salt links that
are only at these interfaces.

Fig. 3,c–f, shows the plots corresponding to the B5-C and
A-A5 interfaces, which are related by quasi-twofold sym-
metry. These plots show that similar residues interact at
these interfaces, indicating that the quasi-twofold symmetry
is well conserved energetically. However, at the C-B2 in-
terface (Fig. 3,a and b), there are a number of residues
(20–34 and 146 of the C-subunit and residues 108, 130, and
300–305 of the B2 subunit) that interact only at this inter-
face, whereas residues 76–78 of the B5 and A subunits
make significant contributions only at the B5-C and A-A5
interfaces. This difference in the interactions at the C-B2
contact compared to C-B5 and A-A5 breaks the quasi-
sixfold symmetry.

Fig. 4 shows the interactions at the C-C2 interface in the
absence and the presence of duplex RNA (Fig. 4,a–d). The
C and C2 subunits are related by icosahedral twofold sym-
metry, which is reflected in these plots, where the same
residues of each side of the interface of the C and C2
subunits interact with each other (Fig. 4,a and b). The
residues 56–68, 371, and 375, present only in the middle
panels (c andd) and not in the top panels (a andb), interact
with RNA. Residues that interact at the B5-A interface
(bottom panels, eand f ) are similar to the residues that
interact at the C-C2 interface in the absence of RNA (a and
b). It is interesting to note that the same residues of the A
and B5 subunits interact at the A-B5 interface, indicating
that the quasi-twofold symmetry at this interface is nearly
perfect (Fig. 4,e–f). In this case local symmetry is not
necessarily inexact symmetry. The analysis demonstrates
that the quasi-twofold and threefold axes are individually

and locally highly symmetrical, but the symmetry breaks
down when the icosahedral twofold and quasi-twofold axes
are compared with each other (they are related by a quasi-
threefold axis, but are at a significant distance from it). It is
the lack of equivalence of these axes that makes the hex-
amer structure a trimer of dimers rather than a true hexamer
around the icosahedral threefold axes, as observed in some
otherT 5 3 lattices (Speir et al., 1995).

The inventory of individual residues and their contribu-
tion to interface stability provide an important guide for the
construction of potential assembly mutants and the predic-
tion of their phenotypes. Of particular interest are those
residues that make unique contributions at quasiequivalent
interfaces. The availability of both baculovirus expression
vectors (Schneemann et al., 1993) and reagents for trans-
fection with clonal transcripts (Dasmahapatra et al., 1986)
makes the nodavirus system particularly attractive for the
analysis of these phenotypes.

Combinatorial viral assembly based on subunit
association energies

The relative ratios of association energies among the cate-
gories of quasisymmetry related interfaces are probably the
determinants of assembly pathways. In the case of BBV, the
association energies favor the formation of the quasi-three-
fold related interfaces over others (Table 2). In contrast, for
SBMV, also aT 5 3 virus, the formation of quasi- and
icosahedral twofold related interfaces is favored. Examina-
tion of the ratios of the dimer interface binding energies for
a particular virus in Table 2 and the variation of these ratios
for different viruses suggested that they are an intrinsic
property of the particle. These ratios will probably be sim-
ilar for different viruses in the same family, thus represent-
ing a reduced characteristic of the individual virions, which
is potentially valuable for categorizing and comparing vi-
ruses. It is likely that the stability of the individual interfaces
is also related to the assembly properties of the subunits, and
this was explored for a number of different protein assem-
blies, including HRV14, by Horton and Lewis (1992). As-
sembly is a complex process for any large oligomer, and for
quasiequivalent capsids it certainly involves dynamic
switching between flat and bent joints that is influenced by
the extent of the growing shell to which subunits are being
added. It is also certain that RNA serves as a scaffold for
assembly in some viruses and must be important in BBV
assembly, where it serves as part of the molecular switch
generating the quasiequivalent capsid (Wery et al., 1994).
Furthermore, it is clear that icosahedral symmetry can only
exist in the final assembled particle and that there must be
sizable deviations from this symmetry in the course of
assembly. Despite the obvious dangers in ignoring the role
of disordered protein and RNA and significant asymmetry
that must occur in virus assembly, we have used the ap-
proach of Horton and Lewis to examine assembly pathways
for BBV, SBMV, and HRV14, based on the subunit asso-

TABLE 2 Comparison of dimer association energies* of
BBV, SBMV, and HRV14

T 5 3 interface BBV SBMV
P 5 3

interface# HRV14

A-B 2136.0§ 264.0§ VP1-VP35 2111.0
B-C 2135.0§ 264.0§ VP35-VP0 270.0
C-A 2131.0§ 253.0§ VP0-VP1 2246.0
A-A5 272.0 278.0 VP1-VP15 281.0
C-B5 274.0 274.0 VP0-VP3 2189.0
C-B2 298.0 271.0 VP0-VP33 2109.0
A-B5 256.0 259.0 VP1-VP3 2348.0
C-C2 2111.0¶ 266.0 VP0-VP02 243.0
A-C5 — — VP1-VP05 244.0
B-B5 — — VP3-VP35 256.0
A-C3 — — VP1-VP03 255.0

*In kcal/mol.
#VP1, VP0, and VP3 are the capsid protein subunits of HRV14, equivalent
to A, C, and B subunits in theT 5 3 lattice. VP0 includes both VP2 and
VP4. Superscripts refer to icosahedral symmetry elements, and the subunits
are symmetry-related partners.
§Including the interaction energy due to Ca21 ions.
¶Including the interaction energy due to duplex RNA.
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ciation energies in Table 2. This approach assumes that
subunits can only assemble into an icosahedral surface
lattice and that all interactions between subunits (i.e., the
association energies in Tables 1 and 2) are determined from
residues visible in the high-resolution x-ray structure. With
these criteria, the shell is allowed to grow as described in the
Methods section, and the relative stabilities of structures
formed by the same number of subunits are assessed and
compared. The free energy difference between the two most
stable structures, as each subunit is added, is computed for
analysis of assembly pathways of different viruses. The
objectives of carrying out this analysis are the identification
of potential assembly intermediates and the points of poten-

tial quaternary structure polymorphism required for
quasiequivalence.

Examination of the association energies of the best struc-
ture at each oligomeric association of subunits ranging from
2 to 180 demonstrated a continuous monotonic decrease
in the association energy, going from theNth association to
(N 1 1)th association. This suggests that assembly of sub-
units into a growing shell is a thermodynamically favorable
process. A large difference in association energy between
the two most stable structures possible for an association
indicates the preference of a particular configuration over
others, whereas small differences in energies reflect points
of polymorphism, where a number of configurations might

FIGURE 3 (a–f) Plots showing the
residues that contribute to the interac-
tion energy at the C-B2, B5-C, and
A-A5 interfaces in BBV. The similar
patterns at the B5-C and A-A5 inter-
faces (c–f) indicate that the same res-
idues are making contact, inferring
the quasi-twofold symmetry is well
conserved. The differences in the
plots for the C-B2 contact compared
to the B5-C and A-A5 interfaces are
consistent with the flat and bent na-
ture of the contacts at these interfaces.
Residues that interact at the C-B2 in-
terface but not at the B5-C and A-A5
interfaces form contacts with the or-
dered peptide, residues 20–34 of the
C-subunit, present only at the flat
contact. There are certain interactions
absent at the C-B2 interface com-
pared to B5-C and A-A5 interfaces
(e.g., with residues 76 and 77). These
interactions are unique to the bent
contact and partially compensate for
the interactions with molecular
switch at the C-B2 contact.
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be in equilibrium. It is important to note that each new
assembly is computed nearly de novo. It is not assumed that
the subunit is added to the previous most stable oligomer,
but the most stable 2500 structures from theNth assembly
product are tested for theN 1 1 assembly product. Such an
exploration is necessary to avoid losing an important con-
figuration that might give rise to a stable structure down the
assembly pathway.

Fig. 5 a is a plot of the difference in the free energies of
the two most stable structures in BBV, as each subunit (A,
B, or C) is added to the configurations from the previous
associations. From an examination of the results in Figs. 5
a and 6, it is clear that there is no preference for the initial
dimer formation among the three subunits that form a quasi-

threefold interaction; however, each of these dimers is much
more stable than any other dimer, as can be seen in Table 1.
The first oligomer showing significant relative stability
among its population of configurations for a given associ-
ation ofN subunits is the trimer. The preferred configuration
of the trimer is the triangular asymmetrical unit, made up of
subunits A, B, and C (DDG 5 260 kcal/mol; Figs. 5 and 6).
Even though the 4mer and 5mer associations have structures
significantly preferred over their next most stable structure,
the association of multiples of three subunits (“ABC” pro-
tomer) consistently gives rise to preferred structures. The
regular peaks in the pattern correspond to the structures
made up of multiples of trimeric protomers, and this is an
indication that the assembly of BBV, and probably nodavi-

FIGURE 4 (a–f) Plots identifying
the residues and their contributions to
interaction energy at the C-C2 and
B5-A interfaces in BBV. a and b
show the residues that are responsible
for protein-protein interactions alone
at the C-C2 interface.c and d show
the residues that interact with the du-
plex RNA (identified bybold letters),
along with the residues that contact
with the protein at the C-C2 interface.
These plots show perfect twofold
symmetry, as the C and C2 subunits
are related by an icosahedral twofold
axis. e and f show the high-fidelity
quasi-twofold symmetry at the A-B5
interface, which relates A with B5.
There are certain residues that are
common to both the C-C2 and A-B5
interfaces. The quasi-sixfold symme-
try that relates the A-B5 contact with
the C-C2 is poorly maintained be-
cause of the absence/presence of
the molecular switch at the respective
interfaces.
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ruses in general, proceed with the addition of trimeric asym-
metrical units. Fig. 5b shows the assembly of BBV, with
the ABC trimer as an assembling unit. The repetitive nature
of the trimer assembly and the similar preferred structures
found in both monomer and trimer assembly pathways
suggest that the trimeric protomer is formed readily and
often, creating a reservoir of these units, so that BBV
assembly proceeds as the continuous addition of trimers
(Fig. 6).

Fig. 6 shows that there are interesting patterns as the
trimers assemble. The 15mer is of interest because there are
two structures of nearly identical energy, a closed pentamer
of trimers and a “hexamer” (of trimers) with one trimer
missing. The similarity in stability of these two structures is
not intuitively obvious, because it appears that the closed
pentamer has much more buried surface area than the open
“hexamer” (Table 1). The closed pentamer, however, is
composed of all bent joint contacts that are less stable than
the flat joint contacts by nearly 100 kcal/mol, and the
combination of bent and flat joint contacts in the open
“hexamer” is equivalent to the contacts determining the true
pentamer. The occurrence of isoenergetic structures that
fluctuate between a hexamer and pentamer is consistent

with the assembly properties of a quasiequivalent shell in
which such switching must occur. Thus the pathway defined
by this approach has revealed a point of conformational
polymorphism that is expected in the assembly pathway of
a quasiequivalent shell. The energetics also reveal that the
subunits that form the pentamer as an open “hexamer” will
move into the most stable intermediate in the assembly, the
closed hexamer of trimers (18mer), which is a notable
organization found in the particle that is stabilized by RNA.
Experimental results demonstrate that deleting residues
1–50 or residues 364–407, both regions that interact with
RNA and appear essential for 18mer formation, disrupts the
assembly of the virus particle (Schnemann et al., unpub-
lished results).

Similar calculations were performed with the association
energies of SBMV and HRV14, and the assembly pathways
based on the combinatorial approach are shown in Fig. 7.
Each of these viruses has a novel pathway when the plots
are compared, and it is clear that these are determined by the
ratios of the intersubunit association energies listed in Table
2. Experimental data for assembly are only available for
HRV14, where trimer protomers (but not the same trimer as
observed in BBV) and pentamers of trimers (15mer) are

FIGURE 5 (a) A pathway of BBV
assembly derived from the combinato-
rial procedure, assuming a subunit
monomer as the assembling unit. The
(negative) difference in association en-
ergies of the best and second best con-
figurations is plotted as a function of
number of associating subunits. The
larger the peak, the greater the likeli-
hood of that particular configuration be-
coming a stable intermediate; smaller
differences refer to conformational poly-
morphism. A schematic representation
of the promiment intermediates is
shown. (b) A pathway of BBV assem-
bly, assuming the trimeric (ABC) pro-
tomer as the assembling unit. A peak at
each multiple of trimer of subunits ina
suggests that it is a preferred assembling
unit. Near-zero values ofDDG for cer-
tain structures, which are also made up
of multiples of trimers, suggest that
these structures are polymorphic in na-
ture and are essential for the assembly of
quasiequivalent capsids.
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stable intermediates that can be visualized on sucrose gra-
dients, and the 15mer is known to be the module that adds
to the growing shell. These assembly intermediates are
clearly identified in the combinatorial approach. It is also
obvious that HRV14 assembly is much more directed than
the quasiequivalent viruses, with larger free energy differ-
ences between the most stable and the next most stable
structures throughout the particle assembly process. This is
consistent with no requirement for conformational polymor-
phism in aP 5 3 shell. The differences in the energies
between the two best structures for any given oligomer in
the SBMV pathway are at least sevenfold less than those
calculated for HRV14, suggesting a less directed pathway
for SBMV.

CONCLUSIONS

The analysis reported here demonstrates a strategy for the
computation of intersubunit association energies and the
role of individual residues in stabilizing these interfaces. A
comparison of the relative stabilities of the unique dimer
interfaces within each virus suggested that the relative ratios
of association energies provide a novel and reduced descrip-
tion of the structure that is unique for each of the three
viruses examined. As subunit interfaces must relate in some

way to assembly, an attempt to understand the significance
of the relative stabilization of dimer contacts was made by
examining potential pathways of assembly with these ener-
gies and the combinatorial approach of subunit association
(Horton and Lewis, 1992).

Although there are substantial approximations in this
approach to virus assembly, properties of the pathways that
emerged are consistent with expectations for the formation
of T 5 3, quasiequivalent shells for BBV and SBMV and
theP 5 3, pseudoequivalent shell of HRV14. The presence
of conformational polymorphism in the former is consistent
with switching that must occur in quasiequivalent struc-
tures, whereas a highly directed pathway is consistent with
the latter, where each of the dimer interfaces is formed by a
unique set of amino acids. The isoenergetic states observed
in the quasiequivalent capsid assembly pathways are anal-
ogous to observations in the computational studies of pro-
tein folding. In the latter studies, a large gap between the
ground state (native structure) and numerous compact non-
native states of comparable energy provides information
about the overall stability of the native state (Shakhnovich
and Gutin, 1993).

It is also clear that each set of the dimer association
energies (Table 1) and their ratios gives rise to a unique
assembly pathway. Studies of combinatorial assembly using

FIGURE 6 (a) A table showing the
top three preferred configurations for
each association of subunits in the
computed assembly pathway for
BBV, with the monomer as the as-
sembling unit. The first column shows
the number of associating monomers.
Columns 2, 4, and 6 show a schematic
of the three best structures for each
association.2DDG12 and 2DDG23

refer to the negative differences of the
association energies of the first and
second and second and third configu-
rations. (b) The preferred structures,
with the trimer as the assembling unit.
It is important to note that the best
configurations for both assembly
pathways are nearly always the same;
in some cases even the second best is
the same, emphasizing that the trimer
is the likely assembling unit. An ex-
ception is the best structure of the
15mer association. In this case the
most stable monomer assembly is not
made up of a multiple of protomers,
but its preference, compared to the
second and third most stable struc-
tures, which are made of protomers, is
marginal.

556 Biophysical Journal Volume 74 January 1998



totally hypothetical ratios of dimer stabilities consistent
with features of quasiequivalence found in different virus
crystallographic structures indicated that pathways of assembly
change with particular sets of ratios. This suggests an experi-
mental approach to validate the computational results.

An inventory of interfacial residues and their contribution
to the dimer association energies is provided by our calcu-
lations. The effect of site-directed mutations of these resi-
dues can be estimated if it is assumed that side-chain ori-
entations are approximately similar in the native and mutant
structures. It should be possible to alter the association
energies in a predictable way with this approach and to
employ a heterologous expression system to examine the
assembly of site-directed mutants. A baculovirus expression
system has been used for mutational studies of the matura-
tion cleavage (Schneemann et al., 1993) and protein-RNA
interactions (Schneemann et al., unpublished results) in
nodaviruses. Straightforward use of this system will permit
the study of alterations in the assembly pathways of noda-
viruses. It is anticipated that when the ratios of dimer

interfaces arealtered beyond a particular point, the assembly
pathway will change and aberrant associations will result.
These are easily detectable by sucrose gradient analysis of the
baculovirus expression products, and the experimental studies
will provide an important assessment of the computational
work described.
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