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ABSTRACT: Virus coat proteins spontaneously self-assemble into empty
shells in aqueous solution under the appropriate physicochemical conditions,
driven by an interaction free energy per bond on the order of 2—S5 times the
thermal energy kzT. For this seemingly modest interaction strength, each
protein building block nonetheless gains a very large binding free energy,
between 10 and 20 kgT. Because of this, there is debate about whether the
assembly process is reversible or irreversible. Here we discuss capsid
polymorphism observed in in vitro experiments from the perspective of
nucleation theory and of the thermodynamics of mass action. We specifically
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consider the potential contribution of a curvature free energy term to the
effective interaction potential between the proteins. From these models, we propose experiments that may conclusively reveal
whether virus capsid assembly into a mixture of polymorphs is a reversible or an irreversible process.

B INTRODUCTION

The genetic material of viruses is protected by a protein shell
known as the virus capsid. In the absence of the viral genome
and at the appropriate pH, ionic strength, and temperature, the
protein building blocks of, for example, Hepatitis B Virus
(HBV), Cowpea Chlorotic Mottle Virus (CCMV), and
Norwalk Virus (NV) spontaneously assemble into empty
capsids in vitro.' > The main interprotein interactions driving
the assembly are reasonably well-understood, as are the physical
quantities that set the overall interaction strength."® However,
the propensity of virus coat proteins to assemble into a mixture
of capsids of various size, known as capsid polymorphism,
continues to raise debate.”>”* This structural polymorphism
indicates that protein structure is not the only determining
factor of capsid size and geometry, so the question arises what
other factors may play a role. Understanding the determinants
of polymorphism might be biologically relevant, because it
occurs in vivo too and typically only one of the virus
polymorphs is infectious.” "' This suggests that antiviral
strategies that tip the balance toward the formation of
noninfectious polymorphs could be useful to explore.

A well-documented example of structural dimorphism in
viruses is HBV, an enveloped icosahedral virus that causes
infectious liver inflammation. The dimeric HBV capsid protein
mutant Cpl49, was shown to spontaneously assemble into
empty virus capsids at room temperature in the absence of
genome at near-neutral pH and medium to high salt
concentrations.””'"* These capsids comprise of T = 4 and
T = 3 particles in a ratio of about 95:5 almost independent of
the conditions”'* except at protein concentrations near the
critical assembly concentration.'® This raises the questions what
precisely determines this ratio and why it does not, or only very
weakly, depend on the concentration far above the critical
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association concentration. The successful description of the
equilibrium between HBV capsids and monomers in terms of
coarse-grained interaction energies6 suggests that a similar
approach may be useful to describe polymorphism as well."”
Here we extend the current models describing the statics and
dynamics of capsid assembly, provide an explanation for the
observations and pinpoint conditions that will allow us to
distinguish between kinetically and thermodynamically con-
trolled polymorphism.

The free energy gain per virus coat protein that drives the
virus capsid self-assembly process is of the order of 10—20
times the thermal energy ksT.° Because each protein building
block makes four contacts, this implies protein—protein
interactions of about 2—5 kyT' per bond. This is interesting
from a fundamental point of view because these bonds are not
all that weak, and hence it is not a priori clear whether the
spontaneous assembly and size selection of virus capsids is
dominated by the rate at which they are formed (kinetics) or by
the assembly free energies of the capsids (thermodynamics). In
general, one can state that the distribution of capsid sizes long
after the assembly reaction has terminated is either dictated by
thermodynamics, when all reactions are reversible and the
system can equilibrate, or by kinetics if, for example, no
disassembly of completed capsids occurs.'® In the latter case,
thermodynamically metastable capsids can form that are

kinetically trapped.
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Here we provide theoretical considerations on dimorphism
of icosahedral viruses and address the fundamental question of
whether it is governed by the thermodynamics or the kinetics of
virus capsid self-assembly. The remainder of this paper is
organized as follows. We first briefly review a description of the
equilibrium between capsids and monomers based on the law
of mass action® and compare it with in vitro observed free
monomer and capsid concentrations after assembly. From this
analysis, we find a binding free energy per protein building
block, which we later use as an input parameter in the
description of polymorphism. Next, we consider competition
between multiple capsid sizes by proposing two extensions to
the model, one based on nucleation kinetics, and one on
equilibrium thermodynamics. We compare predictions for both
models with the HBV polymorphism observed in vitro and find
that the free energy of assembly per monomer must depend on
capsid size. Following Siber et al., we introduce a curvature free
energy term to the interaction potential between two capsid
proteins.'” We find that taking this curvature free energy into
account, only the model based on equilibrium thermodynamics
reproduces experimental trends as a function of the coat
protein concentration. At very high coat protein concentrations,
where no experimental data are available, the models predict
opposite trends. On the basis of this finding, we propose
testable predictions that can conclusively distinguish between
kinetically and thermodynamically determined polymorphism.
Finally, we show that the same model also explains the absence
of other capsid sizes and provide some concluding remarks.

B LAW OF MASS ACTION

Let us first consider a reversible association equilibrium nA <
An, where protein building blocks (A) assemble into capsids
(A,) of aggregation size n. According to the law of mass action,
the relation between the mole fraction «; of the coat protein in
monomeric form and the complete capsid mole fraction x,, is

given by
] (1)

at least if the solution is ideal (that is, dilute) and incomplete
capsids are present only in minute concentrations.'” Here, Au,,
= ud — nud denotes the difference in chemical potential
between free monomers and monomers absorbed into a capsid,
which equals the gain in binding free energy upon assembly.
The free energy gain arises from a hydrophobic attraction
counteracted by an electrostatic repulsion between coat
proteins and can be described by®

A4,
kT

—_— n —
x, = x, exp[

Ap = —Ayy + Ao Ak kT + €c(n) @)
where the first term represents the hydrophobic attraction,
which is the hydrophobic contact area Ay between the proteins
times the surface tension y of the protein surface with water.
For HBV at room temperature, Ay = 19 kgT."® The second
term gives the screened electrostatic repulsion, where A¢ is the
Coulombic surface area, o is the net protein charge density, 43
is the Bjerrum length, which is 0.7 nm at room temperature,
1, 03
T e
nm for a 1—1 electrolyte in water at room temperature. For
HBV at near neutral pH, A.¢® = 1.2 X 10°> nm~%"° The last
term in eq 2 is a curvature free energy that we will specify later.
This term was not taken into consideration in the paper by

and k7" is the Debye screening length, which obeys x~
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Kegel and Van der Schoot on account of their monodispersity
approximation® and we conveniently set it equal to zero for
now.

The free energy of assembly given by eq 2 scales with the
capsid size through the hydrophobic and electrostatic surface
area. Because we want to study the competition between
different capsid sizes, it makes sense to express Ay, in terms of
the binding free energy per monomer ¢, so that Ay, = ne,.
Finally, we enforce conservation of mass by requiring that the
total protein building block mole fraction is the sum of the
mole fractions of free and absorbed monomers x = x; + nx, and

ﬁnd
6‘” '

This equation gives the monomer mole fraction as a function
of total protein mole fraction for a given interaction free energy
per protein building block €,. We can compare this with in vitro

observed concentrations of HBV capsids and monomers using
4

—_— n —_—
x = x; + nx; exp[ n

that the mole fraction relates to concentration c as x =

where 55.6 M is the molarity of water.
Figure 1 shows the assembly monomer, which is a protein
dimer for HBV, and capsid concentrations measured by Harms
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Figure 1. HBV monomer and capsid concentrations after assembly at
various coat protein concentrations. Experimental data on dimer (red)
and capsid (black) concentrations are used from Harms et al.'> The
data are fitted with eq 3 using n = 120 (the number of dimeric protein
building blocks in the HBV T = 4 capsid), yielding a binding energy ¢,
of —18.5 kyT.

et al."* for HBV in an aqueous solution of pH = 7.5 and 1 M
NaCl at room temperature. The red line in Figure 1 is a fit
using eq 3 for n = 120, corresponding to an HBV T = 4 for the
experimentally determined free monomer concentrations with
g, as a fit parameter. The black line contains all assembly
products except for free monomers and is obtained from mass
conservation, nx, = x — x;. Both the experiments and curve fits
show the existence of a critical association concentration, below
which no assembly occurs. For large aggregation numbers #,
this critical concentration is virtually independent of the exact
aggregation number and only depends on the interaction free
energy per monomer. Therefore, we can repeat the fit with n =
90 to obtain the same result, showing that polymorphism does
not affect the equilibrium between monomers and capsids. In
both cases, we find a binding free energy per protein building
block of —18.5 kgT.

Next we propose extensions to the model in order to predict
the mole fractions of the different capsid sizes and we use the
obtained value of €, = —18.5 k3T to compare the model with
experimental data on HBV dimorphism. It is reasonable to use
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the same value for the binding free energy because the data sets
on HBV polymorphism by Zlotnick et al.'* and on HBV
polymorphism and free monomer concentrations by Harms et
al."” were acquired at similar physicochemical conditions: room
temperature in an aqueous solution with pH = 7.5 and high salt
concentration, 1 and 0.8 M NaCl, respectively. Zlotnick et al."*
studied HBV dimorphism at high coat protein concentrations
(24, 118, and 294 uM), and found 95% of T = 4 capsid using
electron microscopy and 80% of T = 4 by sucrose gradient
ultracentrifugation independent of protein concentration. We
take the value of 95%, as this was also found by other
studies.”"” The data by Harms et al."> were obtained at low
protein concentrations, near the critical assembly concentration
where the capsid ratio strongly varies with total protein
concentration.

B THERMODYNAMIC COMPETITION

If assembly is a completely reversible process and capsids
continuously exchange protein building blocks to achieve an
equilibrium size distribution, then the ratio between two
geometrically allowed capsids is governed by the difference in
their free energies. We can simply find the mole fractions of
each capsid size by modifying eq 3 to allow for capsids
containing p and g building blocks

B

p % q “

x = x; + px{ exp| —p—— | + qx{ exp| —q——
1 T pxp exp ka gxy exp quT @
where p and g represent the allowed aggregation numbers.
These will be 90 and 120 for HBV T = 3 and T = 4 capsids,
respectively. We find that if there is no curvature contribution
to the interaction free energy, so that ¢, = £, the smaller capsid
is favored at all protein concentrations as is shown in Figure 2.
This is because the loss of translational entropy is smaller for
assembly into smaller clusters.'”"®
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Figure 2. Both the thermodynamic (black) and kinetic (red) model
predict a lower fraction of T = 4 capsids than is experimentally
observed, when no effect of curvature is assumed. The lines are
predictions from eq 4 (black) and S (red) using &, = &, = —18.5 k5T.
The black dots represent data collected from Zlotnick et al.'* and
Harms et al."?

B KINETIC COMPETITION

Alternatively, we can consider kinetic competition, where we
assume reversible assembly to prevent formation of kinetically
trapped intermediates, combined with strong hysteresis'® so
that disassembly of complete capsids and concomitant
equilibration is prohibited. This assumption is justified by the
observation of subunit exchange times for HBV of the order of
months.® The relative number densities of the two capsid sizes
will then only be determined by their respective time
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dependent rates of formation, J,(t) and J,(t). Previous studies
show that viral assembly is characterized by a sigmoidal increase
of capsid density with time.””*' We approximate this behavior
with a steady-state reaction rate J° after a lag time t, such that
there will be a linear increase in capsid concentration until the
number of monomers reaches the critical association
concentration and the capsid assembly stops.'” We compare
this approach with numerical calculations that do take into
account the time dependence of the assembly rate due to
depletion of the monomer pool from the solution as assembly
progresses and find no significant difference showing that this
approximation is sensible. (See Supporting Information for
more details.) Because we assumed that no disassembly can
take place once the capsid is formed, the ratio between two
different sizes of capsids at any time after assembly is given by

x(e0) L=ty ]
xp(oo) B ];)(tt - tO,p) ]I(’) ()

In the last step we use the fact that the lag times £, and £,
are small compared to the termination time f, where the
monomer concentration reaches the critical association
concentration,”” so that a difference in lag times will not have
a significant effect on the obtained dimorphism. According to
classical nucleation theory of virus capsids™ the steady-state
assembly rate is given by

)0 = yz,pe G 6)

for n = p,q, where v is the so-called attempt frequency that
measures the inherent rate of the addition of monomers to an
incomplete assembly, Z is the Zeldovich factor that is a measure
for the survival time of a critical nucleus before it shrinks or
grows, p is the concentration of free monomers at time zero,
and AG is the free energy of nucleation scaled to thermal
energy. We assume that the attempt frequency is independent
of capsid size and therefore it does not influence the ratio of
assembly rates in eq 5. This implies that we assume that
attachment is rate-limiting. Expressions for the Zeldovich factor
and the nucleation energy are given by”’

Z,= | (L + T
nmw

3k
AG, = %(,/rn2 +1-T) ©

Here I', is a measure of the supersaturation that drives the
capsid assembly and a represents the rim energy that
determines the nucleation barrier height in units of kzT.
These are given by the following equations™

™)

r=vi=i|i- In(x)
ln(xc,n) (9)
___ &%
S (10)

where x, = exp[e,/kT] is the critical association concentration,
below which no assembly takes place. In principle, it depends
on the size n of the capsid. Within this framework of nucleation
kinetics, it is the competition between the supersaturation,
favoring the formation of large capsids, and the nucleation
barrier, favoring the formation of small capsids, that determines
the different rates of formation and thus the dimorphism.
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In order to gain insight into the consequences of this model,
we investigate the limits of high and low concentration. We
again take identical interaction free energies ¢, = ¢, = &, for
proteins assembling into a T = 4 capsid as for proteins
assembling into a T 3 capsid. At very low protein

concentration, the supersaturation I', goes to zero and the

ratio x,/x, simplifies to exp[—%lsnl*(Jq -1-Jp—-1 )] In

this limit, the ratio between T = 4 and T = 3 capsids will always
be much smaller than 1, so T = 3 capsids are favored. If ' > 1,
the ratio between T = 4 and T = 3 capsids becomes 1
independent of the conditions. So, if the assembly rates set the
capsid size distribution and the free energy of assembly is
independent of the capsid size, then larger capsids are always
disfavored or at best equally abundant as the smaller ones, as is
shown in Figure 2.

B CURVATURE FREE ENERGY

The above finding that smaller capsids are always more
abundant if the free energy of assembly per monomer is size
independent is inconsistent with numerous observations that
for various mutants of the HBV capsid protein under various
conditions the larger capsid is the most abundant.”®'>'***
Therefore, we must conclude that the effective interaction free
energies between proteins absorbed in capsids of different sizes
is unequal. This can be understood intuitively from the fact that
different capsids have different geometries so that the local
interactions should be expected to vary.””*® However, it is
debatable whether the origin of this variation in effective
interaction free energy is due to varying interaction angles that
change the effective hydrophobic attraction, different protein
conformations that are not equally energetically favorable, or
the bending rigidity of the curved protein sheet. Although one
may argue that all are merely different levels of description of
an equivalent principle, we will not elaborate on the physical
nature of the size-dependent free energy but just note that it is
reasonable to introduce a curvature term to the free energy of
interaction in eq 2 for which we invoke the following Ansatz,
which was previously suggested by Prinsen et al. in a different
context”’

2

ec(n) = 8k \/Z -1
ny (11)

where nj, sets the preferred curvature of the protein and « is the
protein shell bending rigidity that sets the energy scale for the
penalty related to deviation from preferred curvature. We refer
to the Supporting Information for a discussion on the use of an
average size dependent-free energy of binding versus a local
geometry dependent-free energy. The harmonic spring
character of this curvature free energy makes it general because
it does not consider the source of the curvature stress. It can be
shown to be isomorphic to the rotational and translational
invariant curvature free energy deduced by Helfrich®® that for
spherical particles corresponds to

2
a
Ry (12)

where the first term accounts for the mean curvature and the
second term for the Gaussian curvature with bending elastic
modulus x and Gaussian modulus X. Here 1/R represents the
capsid curvature and 1/R; is the reference curvature.

2
E = 42R| 5[ = - _
2R R
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Figure 3 indicates the effect of the addition of a curvature
term to the free energy of interaction on the competition
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e k=0KT
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Figure 3. (A) Size-dependent free energy of interaction between coat
proteins from eqs 2 and 11. The interaction energy per protein
building block is shown for k = 0 kzT' (black, dashed), for k = 16 kgT
which is required to fit the thermodynamic model to the data (black,
continuous), and for k = 340 kT, which is required to fit the kinetic
model to the data (red, continuous). In all cases € = —18.5 kT as
found from Figure 1 and ny = 120 presuming the T = 4 structure to be
the most stable. (B) Free energy barriers for capsid assembly with k =
0 kgT (dashed) and « = 340 k3T (continuous), calculated using eqs 11
from both this paper and the paper by Zandi et al.>* The different
colors refer to different capsid sizes. Note that in absence of curvature
effects the smallest geometrically allowed capsid (T = 1) also has the
lowest free energy barrier for nucleation. The addition of a curvature
term, however, makes the barrier for T = 4 capsid formation (black
line) the smallest. Again & = —18.5 kT and n, = 120. Note that the
dashed and continuous line of the T = 4 capsid are on top of each
other because T = 4 corresponds to the preferred curvature so adding
a curvature term does not change the free energy of this capsid size.

between different capsid sizes. Assembly into capsids with a
curvature deviating from the preferred curvature n, leads to a
smaller gain in free energy per monomer upon assembly, as
shown in Figure 3A where we set ny = 120 favoring T = 4 shells
for dimeric coat proteins. If two competing capsid sizes
exchange building blocks to obtain an equilibrium size
distribution, the difference in free energy of assembly between
the two capsid sizes directly sets their relative mole fractions. If
the competition between capsid sizes is dictated by their
respective rates of formation, the effect of the curvature free
energy term is reflected in the energy barrier for nucleation as
shown in Figure 3B. The height of the barrier is given by the
supersaturation and by the critical nucleus size, which under
experimental conditions only marginally differs between capsid
sizes. For capsid sizes deviating from the preferred curvature,
the decreased gain in free energy upon assembly lowers the
supersaturation I';, which in turn increases the barrier with
respect to the situation without curvature.

Next we compare the models of thermodynamic and kinetic
competition with experimental data on HBV dimorphism from
Harms et al. and Zlotnick et al, this time taking the
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contribution of the curvature free energy into account.
Competition between the two polymorphs depends on protein
concentration and through the interaction energy and the
bending rigidity on temperature, salt concentration, and pH.
We focus on the trends in protein concentration as this is the
only parameter that does not change the bending rigidity so we
can use that as a fit parameter. We assume that n, = 120 based
on the experimental observation that the T = 4 capsid,
containing 120 monomers, is the most abundant aggregate and
we use the bending rilc%idity K as a fit parameter, similar to the
analysis by Siber et al.'”” We found that in the thermodynamic
model the protein bending rigidity must be around 16 kT with
a corresponding curvature free energy per protein building

2
block absorbed in a T = 3 capsid of %871’ 16 kBT< /% — 1)

= 0.08 k3T in order to fit the data. For the kinetic model the
required x is 340 kyT corresponding to a free energy difference
per monomer of 1.7 kgT. These values should be low with
respect to the magnitude of the original driving force because
the curvature free energy is only a correction to the protein—
protein interaction, and indeed they are only 0.5%, respectively
9%, of the size independent interaction free energy.

We compare the obtained values for the bending rigidity x
with literature values. Bending rigidity is a parameter in
continuum elastics that sets the energy scale for a bending
deformation. Direct measurements of k are complicated by the
fact that deforming virus capsids leads to local compression and
expansion in addition to bending. Some estimates based on
simulations and AFM measurements include x = 40 kT for
Sesbania Mosaic Virus,” k = 57 kyT for HK97 prohead I, k =
30 kyT for prohead II,*° and k = 10—15 kyT for HBV.”
Overall, the range of values for the bending rigidity that is
considered generally accep able for empty shells of viral coat
proteins is 10—250 kyT.””™** The k = 16 kuT used for the
thermodynamic model is within this range and compares well
with the prediction for HBV. The bending rigidity required to
fit the kinetic model is outside the range, making the
thermodynamic model somewhat more plausible. However,
because there is to the best of our knowledge no direct
measurement of the bending rigidity of a HBV coat protein
shell, we cannot exclude the possibility that polymorphism is
governed by kinetics based on the required value of k. Such
measurement would conclusively reveal whether kinetics or
thermodynamics are responsible for virus capsid polymorphism.

Figure 4 shows the fits of the thermodynamic and the kinetic
model to the experimental data by Zlotnick et al. and Harms et
al. Both models agree reasonably well with the data for higher
monomer concentrations, but the steep increase in the T = 4
capsid fraction with increasing monomers near the critical
assembly concentration is only reproduced by the thermody-
namic model and disagrees with the prediction based on the
kinetic model. This indicates that virus capsid polymorphism is
determined by equilibrium free energies and not by kinetic
trapping. Moreover, at high protein concentrations the
thermodynamic and kinetic model predict opposite concen-
tration dependencies, so measurements of the concentrations of
T =4 and T = 3 capsids at a coat protein concentration of 1
mM, where the models strongly differ, should conclusively
distinguish between kinetically and thermodynamically gov-
erned polymorphism.

In the kinetic model the capsid size distribution depends on
the supersaturation and through that on the protein
concentration. At high protein concentrations, the super-
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Figure 4. HBV capsid dimorphism as a function of protein
concentration. The inset shows a zoom-in at low protein
concentration. The circles represent the experimental data by Zlotnick
et al."* and Harms et al."® The lines are fits of the kinetic (red) and
thermodynamic (black) model to the data using protein bending
rigidity k as fit parameter. For the thermodynamic model x = 16 k3T,
and for the kinetic model k = 340 k3 T. In both cases, ny = 120 and €, =
—18.5 kyT.

saturation will dominate in particular in the contribution of
the rim tension and both capsid sizes will form at more or less
equal rates. As a result, if dimorphism is governed by kinetics
the number of T = 3 capsids will increase toward 50% at high
protein concentrations. In the case of HBV, about 30% of the
capsids should be T = 3 at 1 mM dimer concentration.

In the thermodynamic model, the concentration dependence
comes in via the xj-term in eq 1. If the total protein
concentration is lower than or of the same order of magnitude
as the critical association concentration, an increase in total
protein concentration leads to an increase in free monomer
concentration. The T = 4 capsid concentration scales with x,'*°
and the T = 3 capsid concentration with x,” (see eq 4). So, one
would expect a larger fraction of T = 4 capsids at higher protein
concentrations. Although this effect will be weak, the
concentration dependence is independent of the bending
rigidity and the preferred curvature because it is purely entropic
in nature. The effect will also be stronger for dimorphism
between T = 3 and T = 1 capsids (with a difference of 60
building blocks) than for T = 4 and T = 3 (with a difference of
30 building blocks). Measurements on dimorphism of other
viruses as a function of protein concentration could verify this.

B PREFERRED CURVATURE

Another parameter that can be varied to tune dimorphism is
the preferred curvature n, Changing the shape of the protein
would lead to a different preferred curvature and hence a
different ratio between T = 3 and T = 4 capsids. Zlotnick et al."*
found that this is indeed the case. They systematically removed
residues of the flexible C-terminus tail of the HBV capsid
protein and found that the number density of T = 3 capsids
increased at the expense of T = 4 capsids. So, apparently by
varying protein construct size they tuned the preferred
curvature. We can understand this qualitatively by comparing
capsid formation with micellization. Long fatty acid tails lead to
larger micelles (or even bilayers) because the aspect ratio
between charged headgroup and hydrophobic tail is decreased
and hence the preferred curvature is increased. Similarly the
length of C-terminal tail (the arginine-rich motif or ARM) with
respect to the size of the assembly domain of the capsid protein
could be expected to affect the preferred curvature. On the
other hand, the model calculations of Prinsen et al’® and
Kusters et al.’* indicate that the net repulsion between the
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ARMs does not contribute significantly to the overall free
energy of assembly. This suggests that they may play a different
role, for example, by somehow influencing the molecular
switching of the coat proteins required for assembly in a specific
T number and hence curvature."* What mechanism predom-
inates remains a subject of debate.

B GENETIC MATERIAL AND DISULFIDE BRIDGES

Other factors influencing the competition between T numbers
include the coassembly of genetic material and the presence of
disulfide bridges. Our model does not take the contribution of
genetic material into account but studies on this topic are
available from Krol et al.” and Zandi et al."> The presence of
disulfide bridges alters the number of smallest building blocks
and possibly the preferred curvature. We have so far only
discussed protein constructs where a disulfide bridge covalently
links the two proteins in a dimeric building block. Its absence
would effectively double the number of assembly monomers
and thus increase the contribution of entropy to the assembly
process. So for these constructs we predict a larger fraction of
the smaller capsid, which is in %ualitative agreement with
experimental findings® and theory."”

B COMPETITION WITH OTHER T-NUMBERS

The predictions presented above are based on a coarse-grained
description and ignore all atomistic effects of the protein
subunits. As a consequence there is a priori no reason that,
within this framework, Cp149, should only be able to form T =
3 and T = 4 capsids and no larger or smaller capsids. If capsid
polymorphism is indeed determined by a single curvature free
energy term, the same free energy should account for the
absence of other capsid sizes as well. Only considering
icosahedral geometry, other possible capsid sizes are T = 1
(containing 30 protein buildin§ blocks) and T = 7 (containing
210 protein building blocks).” Smaller than T = 1 is not
possible and we ignore capsids larger than T = 7. Using the
thermodynamic model with the same value for the curvature
energy as before, we found that in the range of experimental
concentrations the T = 4 capsids are 10%” times more abundant
than T = 1 capsids and 10** times more abundant than T = 7
capsids, which is in excellent agreement with the fact that these
have never been observed for HBV. In the kinetic model the
suppression of other capsid sizes is less pronounced but up to 1
mM it still predicts no T =1 or T = 7 capsids. However, at a
protein concentration of 1.2 mM one would expect measurable
quantities (about 1%) of the monomers to be absorbed in T =
7 HBV capsids. This observation would be a strong indication
that HBV capsid polymorphism is determined by the kinetics
instead of thermodynamics of the assembly process.

B CONCLUSION

We find that the observed virus capsid dimorphism of HBV as
well as the absence of larger and smaller capsids sizes can be
explained by adding a single free energy term to the interaction
potential between protein building blocks that depends on
capsid size. The added free energy term has a harmonic spring
character so that it is general and does not consider the source
of the curvature stress. We applied this curvature term in the
context of a kinetic and of a thermodynamic model to study
competition between different capsid sizes. The kinetic model
is valid if no monomer exchange between completed capsids
occurs, thus preventing equilibration. The thermodynamic
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model is valid if complete capsids do exchange monomers until
equilibrium is achieved. We find that the kinetic model fails to
describe the data at low protein concentration, indicating that
polymorphism is governed by thermodynamics. This suggests
that even complete capsids exchange building blocks and hence
reach an equilibrium distribution. Furthermore, we find that at
high protein concentrations the two models predict opposite
trends as a function of the protein concentration. Measure-
ments at protein concentrations of around 1 mM should
conclusively reveal whether virus capsid assembly into a mixture
of polymorphs is a reversible or an irreversible process.
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