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Abstract

Although many viruses have been crystallized and the protein capsid structures have been determined
by X-ray crystallography, the nucleic acids often can not be resolved. This is especially true for RNA
viruses. The lack of information about the conformation of DNA/RNA greatly hinders our
understanding of the assembly mechanism of various viruses. Here we combine a coarse-grain model
and a Monte Carlo method to simulate the distribution of viral RNA inside the capsid of Cowpea
Chlorotic Mottle Virus (CCMV). Our results show that there is very strong interaction between the
N-terminal residues of the capsid proteins, which are highly positive-charged, and the viral RNA.
Without these residues, the binding energy disfavors the binding of RNA by the capsid. The RNA
forms a shell close to the capsid with the highest densities associated with the capsid dimers. These
high-density regions are connected to each other in the shape of a continuous net of triangles. The
overall icosahedral shape of the net overlaps with the capsid subunit icosahedral organization.
Medium density of RNA is found under the pentamers of the capsid. These findings are consistent
with experimental observations.
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Introduction

Cowpea chlorotic mottle virus (CCMV) is a member of the Bromoviridae family and
alphavirus-like superfamily of viruses. There are three members in the bromovirus group:
CCMV, bromo mosaic virus, and broad bean mottle virus. The protein capsid of CCMV is
about 28 nm in diameter size and icosahedral shaped. Each capsid is formed by 180 identical
copies of protein subunits of 190 amino acids. The genome of CCMV exists in the form of
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four single-stranded, positive-sense RNA, but the four segments are encapsulated into three
structurally similar particles. RNA 1 (3171 nucleotides in length) and RNA 2 (2774
nucleotides), which encode proteins involved for viral RNA replication, are separately
packaged into different particles. RNA 3 (2173 nucleotides) and RNA 4 (824 nucleotides, a
sub-genomic RNA encoding the coat protein) are packaged together into a third particlel. All
three virions are required to establish infection of a plant cell.

CCMV is an ideal system for studying protein-protein and protein-RNA interactions that are
important in the assembly, stability and disassembly of icosahedral viruses 2,3 1t has been
used as a model system for viral assembly ever since it was first demonstrated that purified
RNA and coat protein can reassemble in vitro to produce infectious vrrlons 8 The crystal
structure of CCMV has been determined to 3.2 A by x-ray crystallography . The CCMV
capsid displays a T = 3, quasi-symmetry with 12 pentamers and 20 hexamers as capsomers.
All CCMV coat protein subunits adopt the canonical B-barrel fold, with residues 27-49 and
179-190 extending from the barrel at the amino and carboxyl termini and playing major roles
in the formation of particle quaternary structure. Residues 1-26 in CCMV are not visible in
the electron density map. This region has 6 Arg and 3 Lys residues, and it has been shown that
the capsid does not bind RNA without these residues 3, Mutagenesis studies on these basic
residues have suggested that the binding of RNA is non-specific in bromoviruses, because any
of these basic residues can be mutated without affecting the binding with RNA significantly

L This implies that the protein-RNA interaction is dominated by electrostatic interactions.
The conformations of the first 26 residues have been studied extensively by modeling and
NMR 12-17 The conclusion is that there is an ensemble of conformations rapidly converting
from a-helix to extended conformations.

The crystal structure of CCMV has provided the best structural information so far on RNA
positioning within the cap5|d . Asignificant amount of density was observed under the quasi-
three fold axes, which can be attributed to the N-terminal residues and some of the interacting
RNA. Although most of the density cannot be resolved, Trp47 clearly stacks onto two
consecutive RNA bases with a well-resolved protein-RNA boundary. In earlier studies, three
short fragments of RNA (selection of base is arbitrary) have been modeled per asymmetric unit
9 The total length is 600 nucleotides, and corresponds to about 20% of the total viral RNA
(VRNA) content in the capsid. This provides a good starting point for simulating the overall
organization of the vRNA as well as the interaction between VRNA and the protein capsid.
Later by comparing the density maps of the empty and vVRNA-filled capsids using Cryo
Electron Microscopy (Cryo-EM) and image reconstruction, it has been found that in CCMV,
VRNA packs against the interior surface of the virion shell, with little or no density attributable
to RNA found in the center of the virion 19. The VRNA appears to adopt an ordered
conformation at each of the quasi-three fold axes, and weaker density exists at each of the five-
fold axes. No sequence-specific interaction can be identified. This is true for all three types of
virions assembled in vitro. Detailed modeling of the overall organization of the tertiary or
secondary structure of the CCMV vRNA has not appeared in literature.

Similar features have been observed in other 5{)herical viruses. For a review of RNA-protein

interaction in spherical viruses, see reference --©. For satellite tobacco necrosis virus (STNV)
20 and satellite tobacco mosaic virus (STMV) , the VRNA is found to be in close association
with the inner capsid surface. Up to 72% of vRNA can be accounted for in the case of STNV
from a low resolution neutron diffraction study . Two motifs can be distinguished with RNA
localized at the 2-fold axes. Instead of forming a homogeneous layer, the vVRNA was found to
take on the shape of a continuous network on the close inside of capsid. Bacteriophages have
been subject to extensive crystallographic studies, and the crystal structure of bacteriophage

MS2 capsid has been solved by X-ray diffraction 22 Initially no RNA was found in the crystal
structure, but subsequently a hairpin operator was used in the crystallization process and was
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observed to form specific base-dependent RNA-protein interactions 23,24, Specific
nucleotides in the hairpin loop and a bulged purine interact with the MS2 capsid at the quasi-
two-fold axis, and this motif involved in RNA-binding is strongly conserved in all other
crystallized RNA bacteriophages 25,26 A more recent cryo-EM study with MS2 revealed that
more VRNA can bind to the coat protein dimer 27 Additional densities attributable to VRNA
were also observed to form an icosahedral network around the 3-fold and 5-fold axes.

In this work, we combine a coarse-grain model of RNA and a Monte Carlo approach to simulate
the distribution of VRNA under the electrostatic potential field of the protein capsid of CCMV.
The electrostatic potential was solved using the APBS software package 28 on the Blue Horizon
machine of the San Diego Supercomputer Center. Our results show that there is very strong
interaction between the highly positive-charged N-terminal residues of the protein capsid and
VRNA. Without these residues, the binding energy disfavors the binding of vRNA by the
protein capsid. The vVRNA forms a shell close to the inner side of the capsid with most of the
density close to the capsid protein dimer interface. A continuous net of triangles was observed
along the icosahedral surface close to the inner side of the capsid, in similar fashion to the
recent cryo-EM result for bacteriophage MS2 27,

Models and Methods

The coordinates of the crystal structure of CCMV 9 were downloaded from the Protein Data
Bank (pdb ID: 1CWP). The missing N-terminal residues were added using Sybyl (Tripos Inc.,
St. Louis, MO) according to conformations from previous theoretical and NMR studies of a
peptide representing the N-terminal residues of CCMV coat protein 12-17 The N-terminal
was acetylated according to literature 29,30, The structure was further optimized while fixing
the residues in the crystal structure using NAMD 31 The three RNA fragments in the structure
were also included and kept fixed. The CHARMM27 force field 32 \vas used in the
optimization.

The complete CCMV capsid was generated using the transformation matrices provided in the
1CWP pdb entry. The charges and radii of atoms in the PQR file required by APBS 28 were
taken from CHARMM27 force field. The electrostatic potential of the protein capsid was
solved by APBS using 92 nodes (729 processors) in Blue Horizon in the San Diego
Supercomputer Center. Each dimension was divided into 9 pieces, and the whole system was
divided into 729 cubic regions. Each cube was then solved by a single processor adaptively in
a 81 x 81 x81 grid. Each processor required 300 MB memory, compared to 3 GB of memory
for a sequential solver. The overlap factor was set at 0.1, and the fine grid size was 0.45 A. The
counterion concentration was set at 150 mM for both negative and positive charges. The
dielectric constant was 2 for the solute, and 78.54 for the solvent.

There are several Lys/Arg residues in the N-terminal region that are close to each other. It is
well known that the protonation state of charged residues can change depending on their local
environment. In the free capsid without RNA it is certain that some of the Lys/Arg residues in
the N-terminal have to be deprotonated in order for the capsid assembly to happen. However,
in the complete virus the N-terminal residues are in close contact to the massively negatively-
charged RNA. Presumably the negative charged RNA will stabilize the protonated state of the
Lys/Arg residues. Because here we simulate the state that both the capsid and RNA are present,
all the Lys/Arg residues in the N-terminal region were treated as positively charged when the
electrostatic potential was solved.

In the coarse-grain RNA model in this study, each RNA nucleotide was treated as an isolated
sphere. No connection was enforced between RNA spheres. This is necessary to speed up the
convergence of the simulation. A diameter of 7.5 A and a charge of —0.25e were assigned to
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each RNA sphere. The diameter of 7.5 A is approximately the size of a sphere occupying the
average molecular volume per nucleotide in tRNA and ribosome RNA. It also matches well
with the average distance between contacting bases in the ribosome. The charge of —0.25e for
nucleotides has been extensively used in nucleic acid simulations to mimic the effects of
counterions and solvent. And a recent study on the electrostatic potential of a 70S ribosome
showed that these parameters reproduced the potential very well compared with the full atom
model Léﬂng APBS33. The reduced charge may have a theoretical basis in the ion-condensation
theory °%.

Monte Carlo (MC) simulation was adapted to find the distribution of vVRNA with low energy.
The 0.45 A grid of the electrostatic potential field solved by APBS was down-sampled toa 2.5
A grid for use in the simulation. A matching solvent-accessibility grid map was calculated from
the coordinates of capsid, and used in the simulation to indicate the accessibility of each grid
point Those nucleotides modeled in the crystal structure were kept as part of capsid in the MC
simulation in order to preserve these positions, however, they were not included when only the
capsid electrostatic potential surface property was evaluated. The number of RNA spheres was
set at 2400 in the MC simulation. If the RNA in the crystal structure was considered (600), the
total number was 3000, which matches the average length of RNA encapsulated by each CCMV
viral particle.

The energy function used in the MC simulation was simply the electrostatic energy of all the
RNA spheres:
qi4j
E= ) qo+ c—,
Z‘ ZZ,: &rij

where gj is the charge of RNA sphere i (—0.25¢), ¢ is the electrostatic potential of the protein
capsid plus the pre-existing nucleotides in the crystal structure at the grid position occupied by
RNA sphere i. ¢ is the dielectric constant (a value of 4 is used), rj; is the distance between
sphere i and j, and c is a constant (332.056 if q is in electron units, r is in A and E is in kcal/
mol). The first term in the energy expression corresponds to the potential energy of all RNA
spheres in the electrostatic potential of the capsid, and the second term is the repulsion energy
between these RNA spheres. Note that no other apolar forces energy term is included, because
electrostatic energy is expected to dominate in such highly charged molecules. The steric
exclusion was enforced by a hard sphere model.

(1)

The initial positions of the RNA spheres were generated randomly inside the capsid in such a
way that grid positions that do not overlap with pre-existing spheres can be occupied by a
moving sphere. In one MC step, only the position of one of the RNA spheres is changed.
Therefore, only the energy terms involving the moved sphere need to be calculated for the
energy change. As a result the summation is not required for every step. Using the Metropolis
sampling convention, a random number p1 (0<p1<1) is generated when a move is generated.
Assuming the energy change associated with this move is AE, then the following probability
is calculated:

_AE
D2 =e kT, (2)

where R is the universal gas constant, and T is the temperature (set at 300 K in this study). If
pl <= p2, the move is accepted; otherwise, the move is rejected. Note that the move is always
accepted when AE < 0 using this formulation.

The electrostatic potential surface was visualized using OpenDX software (formerly IBM Data
Explorer, now open source at http://www.opendx.org). A chemistry module written by Gillilan
and Wood 3% was used to show the molecule on top of the potential surface. The molecular
rendering was prepared using VMD 1.8 36,
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Results and Discussion

The CCMV capsid is assembled from 180 chemically identical coat proteins. Each asymmetric
unit consists of three subunits, with each of them in a little different environment. Figure 1
shows the overall shape of the CCMV capsid centered on the pentamer (figure 1a) and hexamer
(figure 1b). The color coding is in convention with reference 9 with blue, red and green
representing subunit A, B and C, respectively. Five A subunits form a flat pentamer as shown
in Figure 1a, while three B and three C subunits form a flat hexamer as shown in Figure 1b.
The curvature of the icosahedral capsid appears in the interfaces of these pentamers and
hexamers, where the interaction of dimers occurs. Inter-penetrating interactions between
subunits are visible from these figures, as the carboxyl terminus of each subunit invades
neighboring subunits. For more description on the subunit interaction in CCMV capsid, see
reference 9.

The electrostatic potential of the CCMV capsid was solved adaptively in parallel using 729
processors in Blue Horizon in the San Diego Supercomputer Center. Figure 2 shows the +1
kT/e and —1 kT/e iso-surfaces of the electrostatic potential viewed from outside (figure 2a) and
inside (figure 2b). The missing N-terminal residues and the modeled nucleotides were not
included here. The hexamers and pentamers are easy to identify from the outside view. The
potential of the capsid is mainly negative outside and positive inside, however, positive
potential can be found outside and negative potential inside.

Figure 3 shows the potential surface mapped on the solvent-accessible surface of the capsid.
The N-terminal residues were included, but the nucleotides were not.

Monte Carlo simulation was run using a coarse-grain RNA model, in which each nucleotide
was treated as a sphere with a —0.25e charge and 7.5 A radius. The electrostatic potential was
down-sampled to a 120 x 120 x 120 grid (2.5 A). The overall size of the grid used in the
simulation was barely more than the dimension of the capsid itself. Because the RNA spheres
were confined inside of the capsid, this has no effect on where the spheres could go. The
modeled nucleotides in the crystal structure were treated as part of the capsid. Both the cases
with and without the missing N-terminal residues were considered in order to evaluate the role
of these highly positively charged residues.

We started with the case without the missing N-terminal residues. Figure 4 shows the energy
of the system during a 10,000,000 step MC run. It is clear that the system reached equilibrium
in about 3 million steps. The initial conformation of the RNA spheres in Figure 4 was generated
by randomly placing spheres close to the capsid. We also tried to place the spheres close to the
center of the capsid in the initial conformation, and all the spheres moved close to the capsid
quickly in the simulation (data not shown). To determine the driving force for the energy
change, we turned off the electrostatic potential field of the capsid in the simulation. Without
the electrostatic potential field, there was little change in energy in the MC simulation while
starting from the same initial conformation for the RNA spheres (Figure 5). Hence, the initial
energy decrease seen in Figure 4 is the result of RNA spheres moving to optimal positions with
favorable electrostatic energy in the potential field of the capsid. On the other hand, the RNA
spheres try to avoid each other to minimize the repulsion between the like charges. However,
the repulsion energy in the initial conformation was very close to the optimal value in Figure
5.

Figure 6 shows the stereo-view of the distribution of RNA spheres with optimal energy from
10 million steps of MC run viewed from inside (a) and outside (b) of the capsid. The RNA

spheres from the simulation are shown in red, and the pre-existing RNA nucleotides are shown
in orange with each sphere representing the phosphorus atom in the nucleotide. The capsid is
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also shown in a line model. When viewed from outside, part of the capsid was stripped to make
the RNA spheres clearer.

The most significant feature of the distribution of RNA spheres from this simulation was that
the RNA forms a shell under the capsid, consistent with X-ray and cryo-EM studies 919
Although the repulsion energy between the RNA spheres due to their like charges dominated
the total energy as evidenced by Figure 4 and 5, it is clear that the RNA spheres do adjust their
positions in the electrostatic potential field of the capsid. No special pattern was observed in
this case, presumably due to the lack of the N-terminal residues in the simulation. These
residues are expected to interact strongly with the viral RNA.

To evaluate the impact of the missing N-terminal residues, these residues were built into the
capsid asymmetric unit using Sybyl (Tripos Inc., St. Louis, MO). NMR studies on a synthetic
pentacosapeptide containing the first 25 residues of CCMV capsid has shown that there is a
conformation ensemble consisting of helical structures rapidly converting to more extended
states 12, At 10°C, a significant population in the conformation ensemble had helical
conformation between residues 9 and 17. Secondary structure prediction had a similar
conclusion 14. Therefore, in choosing the conformations, a random conformation was chosen
for each residue except residues 9 to 17, which were built as an alpha-helix. For subunit A,
residues 26-41 were also missing in the crystal structure, and they were built using
conformations from subunit B and C. Up to 20 rounds of different conformations were built
and further optimization was conducted on each conformation.

Each set of conformations was first energy-minimized using the CHARMM27 force field 32
in NAMD 31, During the minimization, only the newly-built residues were allowed to move.
The modeled nucleotides were also present and fixed in the optimization. The set with the
lowest energy was then chosen to run 100 ps constant temperature molecular dynamics. Only
newly built residues were allowed to move, as in the case of minimization. The final
conformation was energy minimized and used to construct the complete capsid. Figure 7a
shows the final conformation after these optimization steps. Part of the helix initially built for
residues 7-17 was lost during the optimizations. In the final conformation, residues 1-6 are
mostly buried, consistent with experimental results that the protein-RNA interface is located
in the region 8-25 37,38 In figure 7b the three subunits were superimposed to show the
difference of the conformation of the newly built residues. The conformation of subunit A is
significantly different from subunits B and C, while the later two are very similar. Presumably
it is because the local environment is more different for subunit A compared with subunits B
and C (subunit A forms pentamers, while subunits B and C together form hexamers). The other
reason might be that subunit A has more flexible residues than the other two subunits during
optimization steps.

The iso-potential surface of the complete CCMV capsid is significantly different from the one
without the highly positively charged N-terminal residues. As seen in inside view in Figure 8
(b), the +5 kT/e iso-surface consists of a series of connected bumps. This is evident on the
edge. The interface between the bumps has the shape of hexagons and pentagons, obviously
reflecting the capsomers’ composition. Because of the heavy positive charges on those N-
terminal residues, the electrostatic potential inside the capsid becomes much stronger.

When using the complete capsid in the MC simulation, it took a much longer time to converge
because of too many rejected tries. The equilibration needed 7 million steps (data not sown).
Figure 9 shows the radial distribution of the spheres from 5 million steps of MC simulation
after the system reached equilibration. As a comparison, the radial distribution of the capsid
including the added N-terminal residue atoms are also shown in figure 9. Figure 10 shows the
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distribution of the RNA spheres with the best energy from the MC simulation using the
complete CCMV capsid.

It still holds true that the RNA spheres form a shell close to the inner side of the capsid as in
the case of the capsid without the highly positively charged N-terminal residues. However, the
spheres now show a more structured distribution. Not a single sphere was found in the center
of the capsid, clearly due to the strong interaction between the RNA spheres and the
electrostatic potential of the capsid. Only a single layer of spheres was found in some places
(Figure 10a and b). This became clearer when this single layer of spheres (closer than 80 A to
the center of the capsid) was removed in Figure 10c. The heavily populated regions form the
shape of many triangles, in agreement with the observation by cryo-EM on bacteriophage MS2
27 'In addition, five of these triangles encircle a pentagon or star shape. Medium density of
spheres was found under the pentagon.

The overall triangle distribution of the RNA spheres formed an icosahedral shape that overlaps
with the capsid subunit organization as shown in Figure 10d. It was evident that the distribution
of the RNA spheres complemented the ditches on the inside face of the capsid. The reason may
be two fold: First, opposite charges on the inside face of the capsid (mainly formed by the
highly positively charged N-terminal residues) and the RNA spheres tend to attract each other;
On the other hand, the repulsion by like charges on the RNA spheres also force a shell
distribution, even with the electrostatic field turned off, as demonstrated in Figure 5. The
density of RNA spheres under the pentamers was due to the fact that the N-terminal residues
were clustered lower in elevation (closer to the capsid surface) than the hexamers. In our current
model, no linear connection was enforced on the RNA spheres. It was not clear whether a better
model would change the distribution or not, especially the uniform layer of the RNA spheres
that were closer than 80 A to the center of the capsid and were removed in Figure 10c. These
RNA spheres are probably more likely move to the edges of the triangles.

The N-ternimal residues were missing in the crystal structure, indicating they are flexible in
nature. In our modeling of the CCMV capsid, the conformations of the added N-terminal
residues were fixed during the MC simulation. Therefore, the local conformation might be
dependent on the choice of our conformation of the added residues. However, since
electrostatic interaction is long-range, different conformation will not change the distribution
of viral RNA by much. Furthermore, the conformations of these N-ternimal residues are largely
restricted by the position of the RNA fragments present in the crystal structure during the
optimization.

Using the conformations of RNA spheres obtained in the MC simulation, the binding energies
of the viral RNA to the capsid were calculated using APBS 28 for both the incomplete and
complete capsid. The RNA spheres and the pre-existing RNA nucleotides were merged
together to form the complete RNA. This gave an unfavorable 9800 kcal/mol for the capsid
without the N-terminal residues, or 54.5 kcal/mol for binding to each capsid protein subunit.
For the complete capsid with N-terminal residues, the binding energy is a favorable —482000
kcal/mol, or —268 kcal/mol for each subunit. Only electrostatic energy was considered here.
This result can be explained by the total charges of the capsid. The missing N-terminal residues
carry a total charge of +1620e. The net charge of the complete capsid is only +720g, and it
becomes —900e without these N-terminal residues. Considering that the RNA is heavily
negatively charged, it is reasonable that the binding energy does not favor the binding of RNA
by the capsid missing the N-terminal residues, as they are both negatively charged overall. In
vitro biochemical experiments are consistent with these results 3,

There are some important implications from this work. First, in our current coarse-grain model
the RNA spheres are not connected, however, they are found to cluster on the edges of many
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triangles despite their like charges. This indicates strong interaction between RNA and the
capsid, especially those N-terminal residues that were not resolved in the crystal structure.
Another implication is that the local interaction between the RNA and the capsid protein might
be sequence non-specific, because no distinction is made between different bases. Although
the RNA has a shell distribution and forms triangles on the icosahedral surface, this does not
indicate that the RNA has any such tertiary structure alone. As our simulation result suggests,
there is very strong interaction between the RNA and the capsid. Upon binding to the capsid,
it is possible that the RNA first undergoes “unfolding” to assume the shape, in which the
electrostatic interaction between the RNA and the capsid is optimal. The majority of plant and
animal viruses have basic N-terminal residues in their capsids, and it is very likely that the viral
RNA would have similar distribution inside the capsid according to our model. However, such
distribution does not require strictly that the capsid has heavily postive-charged residues, as
evidenced in the case of bateriophage MS2 21, Finally, the current model cannot identify any
non-electrostatic local interaction, such as base-stacking, between the RNA and the capsid.
This will require a more detailed RNA model than the one we are using currently.

Another fact we need to consider is, the Poisson-Boltzmann mean-field theory is not accurate
for highly charged systems, such as the one we are considering. However, there is no
experimental evidence for specific roles of the counterions in the capsid-RNA interface. As an
approximation to the charge condensation theory 34 we used reduced charge for the RNA
spheres in our simulation.
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Figure 1.

The overall shape of the CCMV capsid viewed from outside. Subunits A, B and C are colored
in blue, red and green, respectively according to convention 9. Pentamers (a) and hexamers (b)
can be seen at the center of the images. Images were prepared using VMD 36,
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(a) (b)

Figure 2.
The +1 kT/e (blue) and —1 kT/e (red) iso-surface of the CCMV capsid viewed from outside

(@) and inside (b).
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Figure 3.
The electrostatic potential mapped on the solvent-accessible molecular surface of the capsid
viewed from outside (a) and inside (b). The color bar is the same for both images.
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Figure 4.
The energy plot versus simulation steps in a 10 million step MC run.

Biopolymers. Author manuscript; available in PMC 2008 June 12.

Page 13



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Zhang et al.

162000 T T T T T

161800 |

161600 -

161400

y (kcal/mol)

161200

161000

T T
"e-4m-Oscale.dat"

160800 L L . L .
0 500000  1e+08 15408 20408  25e+06

Step

3e+08

3.5e+06 4e+06

162000

161800 —

161600 —

161400 1

Energy (kcal/mol)

161200 —

161000 —

LI e e s e e e [ e I

ogoolr v b b L a1
0

Le+06 2e+06 3e+06
MC steps

Figure 5.
The energy plot versus steps in the simulation with the electrostatic field of the capsid turned

off.
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Figure 6.
The stereo-view of the distribution of RNA spheres (in red) from the final conformation with

optimal energy as viewed from inside (a) and outside (b). The pre-existing RNA nucleotides
are shown in orange. The capsid is shown in a line model. Part of the capsid in (b) was stripped
to show the RNA more clearly.
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Figure 7.

The missing N-terminal residues that were built in the current study. (a) The vdW
representation of newly built residues. The basic residues (Lys and Arg) were colored in blue.
The pre-existing residues in the crystal structure were also shown in cartoon with subunit A in
blue, subunit B in red, and subunit C in gray. (b) The three subunits were superimposed to
show the difference on the conformation of the newly built residues. The color of the subunits
are the same as in (a).
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Figure 8.
The —1 kT/e (red) and +5 kT/e (blue) iso-potential surface of the complete CCMV capsid with
missing N-terminal residues built on, as viewed from outside (a) and inside (b) of the capsid.
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Figure 9.

The radial distribution of the RNA spheres during the 5 million steps of MC simulation after
equilibration. The radial distributions of pre-existing RNA and the capsid with and without the
added N-terminal residue atoms were also shown.
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Figure 10.

The stereo-view of the distribution of RNA spheres (in red) from a MC simulation using the
complete CCMV capsid with all missing N-terminal residues included. For clarity, only half
of the shell is shown. (a) Viewed from outside. The pre-existing RNA in the crystal structure
is shown in orange color. (b) Same as in (a) except viewed from inside. (c) Viewed from inside
with spheres closer than 80 A to the center of the capsid removed for clarity. Five triangles are
connected together to form a pentagon or star shape at the center. The density of spheres is
lower in the pentagon region. (d) The RNA spheres showed in (c) along with the solvent-
accessible surface electrostatic potential map. The image was generated using OpenDX with
the Chemistry module developed by Gillilan and Wood 35,
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