Emergent Complexity from Simple
Anisotropic Building Blocks: Shells,
Tubes, and Spirals

Szilard N. Fejer, Dwaipayan Chakrabarti, and David J. Wales*

University Chemical Laboratories, Lensfield Road, Cambridge (B2 1EW, United Kingdom

he structure of a biological macro-

molecule generally plays a key role

in determining function and is usu-
ally achieved through self-assembly of mo-
lecular building blocks. Although the major-
ity of viral capsids, assembled from multiple
copies of protein monomers or oligomers,
are spheroidal with icosahedral symmetry,’
a rich variety of nonspherical morphologies
are also known.2? There are essentially two
types of curved surfaces abundant in na-
ture: spheroidal and tubular. Spheroidal vi-
rus capsids are often icosahedral in symme-
try.! Larger assemblies usually have a lower
symmetry, for example alfalfa mosaic virus
capsids have an oblate ellipsoidal shape,*
while HIV virus capsids are conical.? The
number of virus capsid proteins forming
icosahedral structures can be rationalized
using the concept of quasi-equivalence.’
Several models used to represent virus
capsids®~? support geometries correspond-
ing to spherical shells or infinite tubes, while
recent molecular dynamics simulations
have also found nonicosahedral capsids as
byproducts of icosahedral shell formation.'®
The existence of nonicosahedral capsids in
nature implies that there must be certain
conditions, either kinetic or thermody-
namic, that favor these structures over
icosahedra. Protein units belonging to dif-
ferent viruses can self-assemble into their
“preprogrammed” capsid structure under
very similar conditions (concentration, tem-
perature, pH, ionic strength, etc.) in a living
cell. Nonspherical viruses are often poly-
morphic, and this property is attributed to
the greater flexibility of their capsids.* Al-
though it is known that the shape of the
building blocks directly influences the over-
all shape of the assembled structure, the
way in which it does so is not understood
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ABSTRACT We describe a remarkably simple, generic, coarse-grained model involving anisotropic interactions,

and characterize the global minima for clusters as a function of various parameters. Appropriate choices for the

anisotropic interactions can reproduce a wide variety of complex morphologies as global minima, including

spheroidal shells, tubular, helical and even head —tail morphologies, elucidating the physical principles that

drive the assembly of these mesoscopic structures. Our model captures several experimental observations, such

as the existence of competing morphologies, capsid polymorphism, and the effect of scaffolding proteins on capsid

assembly.
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well enough to allow for efficient
bottom-up design of nanostructures.'" Vi-
rus capsid proteins are typical building
blocks for which small changes in particle
shape and interaction anisotropies intro-
duced by evolution can drive assembly into
topologically different shells, while most
evolutionary changes do not affect the
overall structure of the capsid.

In this contribution we present a simple,
yet generic, unconstrained model, based
on two-body anisotropic interactions,
which contains all the features necessary
for self-assembly into a wide variety of
shapes found in nature. We show that the
main factor determining the shape of such
macromolecular assembilies is the direction-
ality and strength of the anisotropic interac-
tion between the building blocks. By identi-
fying and analyzing the most favorable
structures for clusters of anisotropic bod-
ies, we also show how the directionality of
the interactions influences the overall me-
soscopic assembly. Our main objective is to
identify universal aspects of the assembly
of virus capsid structures. In our model each
building block consists of an ellipsoidal
core and two “polarized” repulsive Lennard-
Jones (LJ) sites within a rigid-body frame-
work.'? The building blocks represent
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Figure 1. Global minima for the simplest parametrization of the model: (a) Energy/particle (U/N) in units of &, of the global minima as a
function of cluster size. Inset: definition of interactions between two anisotropic building blocks with two repulsive sites on either side of
the ellipsoid. Primary apex sites are colored in blue. (b) Conical, prolate, and oblate-shaped global minima. Secondary apex sites are
only displayed in the dimer structure.

protein pentamers or hexamers. The preferred geom- to mimic the shape anisotropy of the protein pentam-
etry of two building blocks interacting with the simplest  ers (and hexamers) that often act as building blocks in
parametrization considered is shown in the inset of Fig-  capsid assembly.'”'® The semiaxis lengths of the ellip-

ure 1a, together with the definition of the intersite soids are therefore fixed to 0.15, 0.5, and 0.5. The repul-
interactions. sive LJ sites are placed on opposite sides along the

A key result in the present work is the identification  shortest semiaxis, at a distance of 0.5 from the center
of characteristics in the pair potential that systemati- (inset of Figure 1a). All distance units here are absolute,
cally favor particular morphologies. We find a wide which allows us to change the range of the potential ex-

range of parameter space supporting spheroidal assem-  plicitly. We have located the likely global minima for
blies analogous to virus capsid shells. Clusters with glo-  clusters containing 2 = N < 73 particles for the above
bal minima corresponding to capsid triangulation num-  parametrization, and Figure 1a shows the energy per
bers> T = 1, 3,4, and 7 have been identified, as well as  particle as a function of cluster size. The diagram has

octahedral shells, together with nonspherical struc- some features in common with the model of Bruinsma

tures of lower symmetry (Figure 1). et al.,>'°?° where each particle is confined to the surface
In an experimental system, solvent properties such of a sphere. However, during capsid assembly, incom-

as pH and ionic strength change the surface charges plete shells might relax to distorted nonspherical con-

on the protein subunits, thereby directly affecting the figurations that are lower in energy than spherical ge-
strength and directionality of protein—protein interac-  ometries. Cluster sizes that are incommensurate with a
tions. A phase diagram constructed using these quanti-  spherical topology would therefore exhibit artificially
ties is conceptually analogous to changing appropriate  high energies when confined to a sphere. Our model
parameters in our model, in a systematic way. We find ~ shows that the clusters do indeed relax to nonspheri-
that such modifications of the anisotropy in the interac-  cal geometries when the number of particles is insuffi-
tion between building blocks are sufficient to drive the  cient to give a complete icosahedral or octahedral con-
assembly of clusters into structures such as tubes and figuration. The number of particles in the vicinity of a

spirals. partially formed capsid in a real system is determined
by the (fluctuating) local concentration of building
RESULTS AND DISCUSSION blocks, so the probability of forming capsids with a
“Magic Number” Clusters. In our model the curvature of  lower (or higher) number of particles than the ideal
the assembling shell can be controlled by changing value could be rather high.
the repulsive character of the LJ sites. Here we present The interaction energy that we have defined is
results for the simplest parametrization, using axially in fact an effective free energy, since it has been

symmetric oblate ellipsoids with an aspect ratio of 0.3 shown that virus capsid self-assembly is usually an
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Figure 2. Disconnectivity graphs constructed for different sized shells: (a) N = 12; (b) N = 32; (c) N = 33. The structures of

low-energy minima are also depicted.

entropy-driven process, in which there is a net in-
crease in entropy during the burial of hydrophobic
surfaces involved in capsomer association. This ef-
fect is due to the entropy gain of bound water mol-
ecules released on association, which overcomes the
entropy loss associated with protein aggregation.?'
The average association free energy determined ex-
perimentally is typically between
—3 and —4 kcal/mol,?"?? and this value is generally
used to parametrize coarse-grained models based
on geometrical considerations.'®? Using a value of
—3.5 kcal/mol, the unit (go) of the absolute energy
used in Figure 1 would correspond to 1.5 kcal/mol.
For the parametrization considered here, the follow-
ing “magic number” clusters have significantly lower
energies per particle than their neighboring sizes:
N = 12,24,27,32,44,48, and 72. Structures N = 12,
32, and 72 are icosahedral and correspond to capsid tri-
angulation numbers T = 1, 3, and 7 in the Caspar—Klug
notation.> The latter two structures provide a good ex-
ample of how capsids containing only pentameric units
in icosahedral shells adjust to being in different environ-
ments:'” our building blocks overcome the size mis-
match between pentameric and hexameric environ-
ments by adopting a slightly larger distance from the
center for 5-fold coordinated sites. In the results pre-
sented in Figure 1 all particles have the same size, and
we refer to capsomers in pentameric or hexameric po-
sitions based on the number of nearest neighbors. The
global minimum for N = 24 is an octahedral structure,
observed in vitro for polyoma virus capsids.'” To our
knowledge, the only other model that supports the
N = 24 octahedral capsid geometry as a low-energy
minimum, without restricting the building blocks to the
surface of a sphere, is our multisite rigid-body model
based on pentagonal pyramids as building blocks.™
Interestingly, the energy gap between the global
and second-lowest minima for the “magic number”
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cluster sizes N = 27, 44, and 48 is between 1 and 2 or-
ders of magnitude smaller than for N = 12, 24, 32, and
72, suggesting that the former shells are more flexible,
and hence capsids with such sizes are likely polymor-
phic. We also find relatively small gaps between low-
energy minima for the sizes adjacent to highly symmet-
ric structures (e.g., clusters N = 31 and 33 would be
more polymorphic than N = 32). We suggest that the
flexibility of capsids assembled from an incorrect num-
ber of particles makes it easier for new building blocks
to incorporate into the shell, therefore facilitating
capsid growth.

Using the discrete path sampling technique,?*?> we
mapped out the potential energy landscape for cluster
sizes N = 12,32, and 33 in order to gain insight into the
size-dependent kinetics of assembly. The three discon-
nectivity graphs?®~28 constructed are shown in Figure 2.
For N = 12, the graph corresponds to the characteris-
tic “palm tree” motif associated with efficient self-
assembly over a wide range of temperature.?’ The two
lowest-energy minima are the icosahedral structure and
a partial shell reminiscent of half the octahedral “snub-
cube” structure, which is the global minimum for 24
particles. The fastest path between the T = 1 shell and
the partially formed shell involves two low-energy tran-
sition states, suggesting that for this parametrization,
the growth of the T = 1 capsid is not kinetically hin-
dered. The disconnectivity graph for N = 32 also has a
funnel-like shape, with the T = 3 icosahedral structure
well separated in energy from the other minima on the
landscape. However, for N = 33, there are two distinct
sets of low-energy structures separated by a large bar-
rier. The prolate global minimum can interconvert with
other low-energy minima belonging to the same basin
via relatively small barriers, and is therefore quite flex-
ible. The set of low-energy minima that is separated by
a large barrier from the global minimum contains struc-
tures with a capsomer loosely bound to the icosahe-
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dral N = 32 shell. Therefore, on the landscape for 33
particles, the assembling shell can easily be trapped in
a T = 3icosahedral + 1 capsomer configuration.

On the basis of our results, the proposed mecha-
nism for efficient formation of highly symmetric shells
from misassembled structures is an overall downhill
process: incomplete, but closed shells require little acti-
vation energy to incorporate more capsomers, until a
particularly stable structure (containing a magic num-
ber of particles) is formed. From that point onward, shell
growth is disfavored, since incorporating new capsom-
ers has a significantly larger activation energy in this
case. The flexibility of shells containing particle num-
bers that are incommensurate with highly symmetric
configurations enhances the self-assembling character
of the capsid assembly process, and drives it toward
larger assemblies. As a direct consequence of the mul-
tiple funnel-like shape of the overall energy landscape
for our model systems, once an incorrect shell is as-
sembled, it will grow until it reaches the bottom of the
catchment basin for the next shell with a magic number
of particles. We emphasize that by incorrectly as-
sembled shell we mean closed shells that are the
lowest-energy configurations for a certain number of
particles, and the flexibility of these structures enhances
further shell growth. This result contrasts with previ-
ous models that produce more rigid assembling shells,
because they employ more strictly defined orientational
interactions for the building blocks.®'%?3 Once a cor-
rectly formed shell emerges, however, it is stable for a
wide range of temperature. Incorporating extra par-
ticles in a stable shell is kinetically hindered, as shown
in Figure 2c. The ratio of capsid sizes present in a real
system is dependent on the temperature and concen-
tration of particles, factors that control the relative
abundance of nucleation and shell growth events.'%?

The N = 27 cluster is roughly spherical, with D
point group symmetry. Polymorphic spheroidal capsids
assembled from 27 units (12 pentamers and 15 hexam-
ers) have been found experimentally.*?* A highly sym-
metrical structure with 27 particles was previously
found to be a magic number as well in a model based
on cone-shaped building blocks.3° We have observed
that decreasing the anisotropy of the building blocks
results in global minima of higher symmetry than for
the parametrization considered in Figure 1, correspond-
ing to the symmetries of the Thomson problem for like
charges confined to the surface of a sphere®'32 for the
same number of particles. More details about the ob-
served properties, which suggest a high degree of poly-
morphism for these cluster sizes, can be found in the
Supporting Information. We also observe global
minima with oblate and prolate, cone-like shapes, and
even biaxial geometries for cluster sizes that are incom-
mensurate with a completely symmetric capsid; ex-
amples are shown in Figure 1b.
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Figure 3. Two-layer assemblies: (a) Global minimum of a
cluster containing 32 particles of type A (green, inner layer)
and 42 particles of type B (red, outer shell). (c) Global mini-
mum for a 44-particle system (12 particles of type A, colored
in green and 32 particles of type B, colored in red). The outer
layer here is a T = 3 shell. Half of the outer shells are re-
moved in structures b and d to reveal the icosahedral T = 3,
and T = 1 inner layers, respectively. The primary apex sites
of the inner shell are not displayed for clarity.

Scaffolding. It is important to note that the global
minimum for the triangulation number T = 4 (N = 42)
is not icosahedral, but has a lower Ds, symmetry for the
parametrization considered in Figure 1. This result
agrees with the findings of Zandi et al.>* and other
studies.3%32 However, the icosahedral structure for our
model is a low-energy local minimum for various pa-
rametrizations. We find that the global minimum is
icosahedral if two different sized (12 “smaller pentam-
eric” and 30 “hexameric”) building blocks are used, and
the repulsive interaction is longer range (r ¢ instead of
r—n).

In nature scaffolding plays a major role in the cor-
rect formation of certain virus capsids.>*** The exist-
ence of a scaffolding protein might guide the assem-
bly of capsid proteins into a well-defined geometry,
possibly selecting configurations that would not other-
wise be kinetically accessible. To probe how scaffolding
affects the assembly of T = 4 capsids for our model,
we have designed a binary system using the same
building block geometry as for Figure 1. The difference
between the two types of particles is that the repulsive
sites of particle type A do not interact with the repul-
sive sites of particle type B (ef5, = 0). We have located
the global minimum of a 74-particle binary cluster pa-
rametrized in this way (starting from 32 type A and 42
type B particles in a random configuration), and found
that it has icosahedral symmetry (Figure 3a,b), contain-
ing an inner T = 3 shell, which acts as a scaffold for
the correctly assembled outer T = 4 shell. Moreover,
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Figure 4. (a) Disconnectivity graph for N = 60 particles with an alternative parametrization that supports low-energy tubular structures
as illustrated. The building blocks have been scaled up in size by a factor of 1.5, and the secondary apex sites are not displayed for clar-
ity. Nodes corresponding to likely tubular structures are colored blue. The tubular structures were identified on the basis of the moments
of inertia calculated from the center of mass coordinates of the rigid bodies: |, — I,| < 200 and /,/I, < 0.8. (b) Disconnectivity graph for

N = 32 particles with a parametrization supporting low-energy spiral and stacked disk morphologies, as illustrated.

we did not find a local minimum that would have an
outer shell with Ds, symmetry for this binary system.
The size mismatch betweena T = 3 and T = 1 shell
composed of the same subunits is larger than that be-
tween a T = 4 and T = 3 shell. To compensate for this
effect, efficient packing of ellipsoids can be achieved if
their anisotropy is decreased. Figure 3c shows the glo-
bal minimum for a binary system composed of 12 type
A and 32 type B particles, with the ellipsoids having an
aspect ratio of 0.6. This system forms an inner T = 1
shell that has a T = 3 shell wrapped around it in regis-
ter, with the 5-fold rotation axes of the two shells
aligned. The aspect ratio was chosen to be similar to
the height/width ratio of retrovirus CA capsid protein
pentamers, and the assembled structure is in excellent
agreement with recent experimental results*® showing
that double-layered icosahedral structures arise sponta-
neously during in vitro assembly of the protein units.
We therefore postulate that the anisotropy of the build-
ing blocks (pentamers or hexamers) determines prima-
rily whether double-layered shell structures can form.
We did not find icosahedral global minima containing
an outer T = 3 shell and an inner T = 1 scaffold for the
aspect ratio used in the original parametrization (0.3).
Furthermore, an icosahedral structure for the 74-
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particle system with less anisotropic ellipsoids (aspect
ratio 0.6) is a high-energy local minimum, suggesting
that side-by-side contacts between such ellipsoids are
lost in the T = 4 and larger shells when the anisotropy
is decreased. Since close contacts between protein
units are actually holding the capsids together, it is
likely that multilayered spherical capsid shells form
when the contact between protein units in different
shells is competitive with side-by-side contacts within
the shell. The anisotropy of the building block therefore
determines the stability of a particular two-layered
structure, and favors only shells of a certain size, as
seen in Figure 3.

Polymorphism. By changing the interaction anisot-
ropy of the ellipsoids, together with the curvature, we
find a large parameter space supporting low-energy
minima that are open tubes (Figure 4a). These struc-
tures are always higher in energy than spheroidal clus-
ters, but have larger catchment basins (nodes colored
blue in the disconnectivity graph), with entropy favor-
ing tubular structures. Retroviruses are typical viruses
that have competing morphologies coexisting in
solution.3738 We find that for these low-energy tubu-
lar structures to appear, the main necessary condition
is that the interaction along the longer semiaxes of the
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Figure 5. (a) Structures of the stationary points involved in the pathway shown by a red curve in the b panel. Only the centers of mass
of each building block are shown, and each strand in the chiral tube is colored differently for the starting structure. The four building
blocks involved in breaking and making new contacts during a diamond—square—diamond type rearrangement are shown with a black
polygon. (b) Blue line: fastest pathway from a chiral tubular structure with 10 strands to the spheroidal global minimum for the 60-
particle cluster supporting tubular assemblies: (red line) single transition state pathway between two tubular structures (9 and 10 verti-
cal strands); (green line) single transition state pathway from an open conical structure to the global minimum. (c) Schematic view of
mechanisms that change the chiral pitch of the tubular structure. A Voronoi construction is used to represent each building block with
a hexagon, and the tube is rolled out onto a flat sheet. The direction of the tube axis is shown by the long dashed lines, and the tube is
remade after the rearrangement by rolling the sheet up having the green edge overlapping with the black edge, as shown by the ar-
rows. The bonds are broken and reformed between the differently colored strands: (top part) “vertical” sliding mechanism changing the
chiral pitch of the tube; (bottom part) diagonal sliding mechanism, changing the number of strands in the tube.

ellipsoids must be significantly stronger than the “stack-
ing” interaction (along the shortest semiaxis).

Figure 4a shows a disconnectivity graph constructed
for a 60-particle cluster that supports low-energy tubu-
lar structures, but has a spheroidal global minimum
(column “Tubular” in Supporting Information, Table 1).
The graph can effectively be split into two distinct re-
gions. The low-energy region around the global mini-
mum does not contain any tubular structures and has
a funnel-like topology with only one kinetic trap that
corresponds to a low-energy oblate structure having a
mirror plane. The higher energy region contains mostly
minima identified as being tubular in character (nodes
colored in blue in Figure 4a). This region of the graph is
frustrated, with low-lying minima separated by large
barriers, and several side funnels containing chiral tubu-
lar structures of different diameters. We also find struc-
tures that have varying curvature and are closed at one
end in the main funnel of the spheroidal global mini-
mum. These open conical structures, although lower in
energy than tubular assembilies, are intermediate in
character, because they can rearrange into more stable,
closed structures via small barriers. Open conical assem-
blies can be regarded as precursors to the formation
of chiral conical structures, as observed for HIV
capsids.3® In this case, the number of particles (60) is
not enough to close the shell while maintaining a vary-
ing curvature. The energies on the graph have been re-
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scaled by ¢ = 4.5 to allow for a quantitative compari-
son of the barriers connecting the different funnels with
those in Figure 2. When rescaling the energies, we as-
sume that the average energy per capsomer in the low-
est energy closed shell for this new parametrization is
the same as for the simplest parameters (Figure 1),
around —2.5g,.

HIV CA proteins, when assembling in vitro, are
known to form chiral tubes of different diameters,®
with CA hexamers acting as building blocks that pack
together in a way that causes hexamers to interdigitate
in the tube. Our observation that chiral tubes exist as
low-energy minima for a simple model system with axi-
ally symmetrical building blocks shows that the fine
structure of the HIV CA protein hexamers is not neces-
sary for the chirality to appear. The observed interdigi-
tation of the CA hexameric units might further stabilize
the already formed chiral structure, or perhaps fine-
tune the chiral pitch.

There are two types of polymorphism encoded in
their underlying potential energy landscapes. The struc-
tural polymorphism of closed shells containing the
same number of particles is dynamic, meaning that
these shells can interconvert via low barriers (see Fig-
ure 2¢). On the other hand, the polymorphism observed
between spheroidal and tubular structures is the result
of assembly processes kinetically trapped into the local
minima corresponding to either a tubular or spheroidal
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structure. Experimental systems exhibiting dynamic
polymorphism include influenza viruses, which have
flexible shells. The polymorphic structures observed for
retroviral capsid proteins®®3® are an example of kineti-
cally trapped polymorphism. These structures cannot
interconvert in vitro because of the high energy barri-
ers separating them. The model system shown in Fig-
ure 4a is an interesting example of an energy landscape
associated with kinetically trapped polymorphism.

Cooperative rearrangements between tubular structures. For
the system composed of 60 building blocks, we have lo-
cated low-lying tubular minima with different chirali-
ties that are separated by relatively large barriers from
the global minimum. This region of the landscape is
therefore frustrated, and even the interconversion of
different tubular structures entails a high activation bar-
rier. Interestingly, pathways between tubes of different
chiral pitch and radius were found to be relatively
simple, in most cases involving only one transition
state. However, the geometrical rearrangements in-
volved are highly cooperative, and can be best de-
scribed as a succession of diamond—square—diamond
rearrangements® (see Figure 5).

The mechanisms are illustrated on schematic
Voronoi representations of a 60-particle chiral tube
rolled out onto a sheet, with the original tubular axis
and the particles that move clearly indicated (Figure 5c).
During the rearrangement a flat representation of the
sheet is broken into two along a line, and the particles
belonging to one side slide in plane by one unit, and re-
form the contact. We have identified two rearrange-
ments, differing only in the direction along which the
sheets slide. The “vertical” sliding mechanism (top part
of Figure 5¢) does not change the number of strands.
After the rearrangement 10 strands still exist in the tu-
bular structure, but the angle they make with respect to
the tube axis is greater than for the original structure.
In contrast, the “diagonal” sliding mechanism depicted
in the bottom part of Figure 5¢ changes the number of
strands and does not affect the chiral angle as much
as the vertical sliding rearrangement. In our model sys-
tem, the activation energy for such a rearrangement is
around 3gy, which would correspond to 10.5 kcal/mol in
a protein shell. However, the barrier depends on the
relative stability of the two tubes. The chiral structure
with nine strands shown in Figure 5a needs only 1.5¢,
to convert to the less strained tube with 10 strands. We
expect that the activation energy for such rearrange-
ments will increase with the size of the tube, since more
contacts would need to be broken in a cooperative
fashion. We therefore predict that such sliding mecha-
nisms are likely to occur in short retroviral tubes acting
as nuclei during the assembly of rodlike capsids. It is
probable that more strained tubes use similar mecha-
nisms to relax into tubes with larger radii during the
nucleation phase, thereby reducing the number of
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tubes with different diameters observed experimen-
tally.3®

The blue line in Figure 5b shows the energy profile
of a pathway with the largest contribution to the over-
all steady-state rate constant ignoring recrossings,? for
the interconversion between a tubular structure and
the global minimum on the potential energy landscape
shown in Figure 4a. The first step of the pathway has a
high activation barrier, and results in the disruption of
the tubular structure. From this step onward, the path is
basically downhill toward the formation of the spheroi-
dal global minimum, with subsequent steps requiring
10—20 times less activation energy than the first, rate-
determining step.

In the present model, it is the overall strength of
the interaction between building blocks that deter-
mines the relative stability of icosahedral (and octahe-
dral) shells and nonspheroidal (oblate, prolate, conical)
capsules. A lower interaction strength means higher
flexibility. The interaction strength between capsid pro-
tein pentamers and hexamers depends on the nature
of the contacts, and is system dependent. Since the
value for the average interaction energy between two
protein units in a capsid is rather small, even a small
change in the protein structure can change the interac-
tion strength significantly. When using shorter-range in-
teractions between the ellipsoids, close-packing is more
favorable, and the rigidity of the shells is therefore en-
hanced (data not shown).

Rings and Spirals. The shell structures reported above
were found using uniaxial ellipsoids for the core of our
building blocks. However, it is possible to change the
shape of the ellipsoid or the interaction strength along
the three main axes. Having a stronger interaction be-
tween two ellipsoids in one direction, without any re-
pulsive sites, results in strands as global minima (data
not shown). The addition of repulsive sites along an or-
thogonal semiaxis forces the strands to become curved,
and they organize themselves into rings for a small
number of particles. The radius of the ring is defined
by the curvature that arises for the lowest-energy con-
figuration of two building blocks. Interestingly, for this
simple model, single or multiple stranded spirals
emerge as global minima for certain cluster sizes, this
being a very efficient way for the system to maintain a
maximum number of strong side-by-side contacts.

We find that for the parametrization considered
here, the morphology of the global minimum for small
clusters (whether it is stacked rings or spirals) depends
on the number of particles. For example, for N = 32 par-
ticles, the global minimum is two stacked rings of 16
particles each (Figure 4b), while in a cluster of size
N = 27, the global minimum is a spiral. The tobacco mo-
saic virus (TMV) is a well-known example of a self-
assembled helical structure that can be transformed
into stacked rings by changing solvent conditions,*4!
which influences the strength of the anisotropic con-
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Figure 6. More complex structures: (a) Global minimum and
(b) second-lowest minimum for a binary system containing
29 particles that favor spheroidal shells and 21 particles that
assemble into helical tubes when separated; (c) spiral assem-
bly resembling the structure of tobacco mosaic virus, cre-
ated with a patchy LJ site + ellipsoid model.

tacts among building blocks. All low-lying minima sepa-
rated by large barriers in the disconnectivity graph
shown in Figure 4b are spirals or stacked disks of differ-
ent diameters, suggesting that once a spiral structure is
formed, it is kinetically unfavorable to change morphol-
ogy into stacked rings, even if the stacked ring is the glo-
bal minimum for a certain cluster size, and vice versa. Ex-
perimental results on the assembly mechanism of TMV#!
suggest that nucleation has a very important role, with
small helical aggregates acting as nuclei. Our model fully
supports this observation and gives insight into the ki-
netic reason why helical aggregates and stacked disks of
different sizes are slow to interconvert in vitro under
physiological temperatures, provided that solvent condi-
tions such as pH or ionic strength are kept constant.

More Complex Structures. Using the original three-site
model, we have designed a system containing two
types of particles that self-assemble into two different
morphologies when separated. Particles of type A pre-
fer spheroidal structures, while particles of type B pre-
fer helical tubes. We have set the repulsive interaction
between the particles A and B to be slightly stronger
than between two particles of type A or of type B, to ac-
count for the different shape of the core ellipsoids. The
favored morphologies of such assemblies were found
to have distinct “head” and “tail” regions, as shown for
the two lowest-energy minima characterized for a bi-
nary system with 29 + 21 particles in Figure 6a,b. The
symmetry of the head region is broken by the attach-
ment of the helical tail, but in some structures certain
symmetry elements are retained for the head (see also
Supporting Information, movie 4). The observed spon-
taneous attachment of the tail to a spherical unit sug-
gests that such fusing processes could have played a
significant role in the evolution of head—tail viruses,
providing the first computational support for the theory
of modular evolution in bacteriophages.*?
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The preferred configuration of two building blocks
plays a major role in determining the structure of a
large cluster. Rings and spirals result when the pre-
ferred orientation is along one axis of the ellipsoid,
forming a V-shape. The geometry of the building block
in the example presented in Figure 4b is different from
the shape of the coat proteins in tobacco mosaic virus,
yet the observed low-energy structures are very similar
in morphology (single-stranded spirals and stacked disk
aggregates).

We have also attempted to design a model that sup-
ports helical assemblies from particles that are similar
in shape to those in TMV. We considered a V-shaped
dimer, with one LJ site buried in an ellipsoid, at roughly
the same distance from the center of the building block
to where the RNA is located in the native structure of
TMV. The ellipsoids therefore become “sticky” around
the location of the LJ site. The shape of the ellipsoid
controls the anisotropy of the stickiness: by increasing
the semiaxis length in one direction perpendicular to
the longest axis, the ellipsoids tend to bind along the
shorter semiaxis. The strength of the LJ interaction con-
trols the effective curvature of the dimer. The structure
presented in Figure 6c¢ is a low-energy minimum and
has very similar geometrical properties to the tobacco
mosaic virus, with 15.8 subunits per turn (TMV has
16.33) and an inner central channel with a radius that
is 12% of the value for the outer shell (in TMV this value
is 20%). Other low-energy minima identified are stacked
rings and tubular structures containing spirals and
stacked rings simultaneously, as with the previous
model discussed above. These observations further re-
inforce our conclusion that the preferred geometry of
two building blocks determines primarily the shape of
a large cluster, not the potential employed.

General Remarks. The building blocks of our model
can act as both pentameric and hexameric units, there-
fore we did not consider assembly from protein mono-
mers explicitly, except for our TMV model. Van Workum
and Douglas’ developed a model that incorporates ex-
plicitly long-range electrostatic and short-range disper-
sion forces contributing to the aggregation of protein
monomers. They have observed the independent for-
mation of pentameric and hexameric units from rigid
triangular building blocks formed by three point di-
poles and van der Waals spheres. Such building blocks
with discrete 3-fold rotational symmetry were found to
support assembly into T = 1 icosahedral shells and, un-
der certain conditions, tubular structures could also be
grown during their simulation. Their work suggests that
multipolar interactions are important in the assembly
of nanoscale biological aggregates. Our approach is
complementary to the model of Van Workum and Dou-
glas and deals with considerably larger building blocks
and their assemblies, using an effective potential de-
pendent on particle shape and interaction anisotropies.
We have shown in this work that long-range “soft” in-
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teractions are crucial in enhancing the self-assembling
properties of closed shells and tubular structures.

CONCLUSION

In summary, we have created remarkably simple
anisotropic building blocks that support assembly of a
wide range of mesoscopic structures found in nature,
including spheroidal shells, tubular, helical, and even
head—tail structures. We have found that nonspherical
(oblate, prolate, conical) shells spontaneously appear
whenever the number of particles is insufficient or in-
commensurate with a highly symmetric shell, this be-
ing the most efficient way to maximize favorable con-
tacts while minimizing interparticle repulsion. The
anisotropy of the building blocks determines in a sys-
tematic way the preferred geometry of the dimer,
which in turn largely defines the morphology of larger
clusters. Our results also suggest that the shape anisot-
ropy of the building blocks is a crucial factor in size se-
lection of the two-layered virus capsid structures ob-
served experimentally. We have also identified a simple
cooperative sliding mechanism for changing the diam-

METHODS SUMMARY

The interaction energy between the ellipsoids of different
bodies employed in the present work is based on their closest
approach (d, in Figure 1a), as defined by the Paramonov—Yarilaki
potential.” The repulsive LJ sites are placed on a main axis of
the ellipsoid and are located on opposite sides of the plane de-
fined by the other two axes (inset of Figure 1a). There is no inter-
action between the repulsive LJ sites and the ellipsoidal core.
The primary L sites interact with sites of the same type and also
with the secondary LJ sites in other bodies, while the secondary
LJ sites do not interact with each other. We have shown recently
that this polarized definition of repulsive sites gives rise to dimer
configurations that are similar to the orientation of amphiphilic
molecules, which greatly enhances the self-assembling behavior
of model pyramids into icosahedral shells.* The ellipsoid at the
core can be either uniaxial (prolate or oblate) or biaxial. We have
focused our investigation on a region of the parameter space
where the lowest energy configuration of two building blocks
has a side-by-side contact angle lower than 180° for the uniax-
ial ellipsoids, and in some cases also a preferred orientation
along one axis of the biaxial ellipsoids. To reliably locate the glo-
bal minima for a selected cluster size, basin-hopping global
optimization''¢ was performed starting from random configura-
tions. Further details about the model, our global optimization
approach, and the parameters used can be found in the Support-
ing Information.
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eter and chiral pitch of tubular assemblies, and predict
that similar rearrangements are possible to occur in
small aggregates acting as nuclei for tube growth. The
flexibility of our coarse-grained model makes it possible
to study important generic features of viral self-
assembly, such as the qualitative effect of a scaffolding
protein. The emergent behavior observed shows that
efficient self-assembly of a wide variety of nanoscale
structures can be obtained for suitable anisotropic in-
teractions. We have demonstrated with this simple
model that small changes in the interaction strength
and anisotropy can give rise to structures with com-
pletely different, but predictable, morphologies. The
shape and interaction anisotropies of the model can
be tuned based on experimental or computational data,
paving the way for further exploration of the dynamics
of capsid assembly and interconversion between com-
peting morphologies. The structural trends derived
from the model systems considered here can also be
used as a starting point for the rational design of nano-
scale assemblies with a particular shape.
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