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ABSTRACT: Cowpea chlorotic mottle virus (CCMV) is a widely used model for virus replication studies. A major challenge lies in
distinguishing between the roles of the interaction between coat proteins and that between the coat proteins and the viral RNA in
assembly and disassembly processes. Here, we report on the spontaneous and reversible size conversion of the empty capsids of a
CCMV capsid protein functionalized with a hydrophobic elastin-like polypeptide which occurs following a pH jump. We monitor
the concentrations of T = 3 and T = 1 capsids as a function of time and show that the time evolution of the conversion from one T
number to another is not symmetric: The conversion from T =1 to T = 3 is a factor of 10 slower than that of T=3 to T = 1. We
explain our experimental findings using a simple model based on classical nucleation theory applied to virus capsids, in which we
account for the change in the free protein concentration, as the different types of shells assemble and disassemble by shedding or
absorbing single protein subunits. As far as we are aware, this is the first study confirming that both the assembly and disassembly of
viruslike shells can be explained through classical nucleation theory, reproducing quantitatively results from time-resolved
experiments

S ingle-stranded RNA (ssRNA) viruses infect all species in the absence of genome are not stable under physiological

the tree of evolution, causing significant economic damage conditions.'”"®

and health concerns. The ssRNA genome of such viruses is To develop and validate a plausible model that describes
protected by a shell called the capsid, composed of many capsid assembly and disassembly, experimental conditions have
copies of a single or a few protein subunits. To infect a host to be found that allow for the elimination of the contribution
cell, a virus needs to enter, disassemble, release its genome, and of nucleic acids. This would not only lead to a better
use the cell’s machinery for replication. Clearly, the capsid is a understanding of virus assembly but also allow for the
responsive structure: Although it protects the genome and development of tools to manipulate this process, either by
should be stable outside the cell, it must also readily preventing capsid formation and counteracting viral replication
disassemble once inside the cell and present its genome for or by stabilizing empty capsids under physiological conditions
replication.” as tools for diagnostic and therapeutic applications.'”

Arguably the most extensively studied viruses in this context Several years ago we designed the CP variant ELP-CP,
are cowpea chlorotic mottle virus (CCMV) and Brome mosaic which involves the attachment of elastin-like polypeptides
virus (BMV), which have proven to be good models for virus (ELPs) at the N-terminus of the CPs of CCMV.*’ These ELPs
replication studies. The disassembly of the capsid in a cell must consist of nine repeating Val-Pro-Gly-Xaa-Gly pentapeptide
be triggered by changes in the chemical environment, resulting units, which switch from an extended water-soluble state to a
in the weakening of molecular interactions. Indeed, in vitro collapsed hydrophobic state in response to lan increase in
studies of CCMV and BMV show that following a pH jump temperature and/or electrolyte concentration.”’ The sequence
from a neutral to a basic environment at high ionic strength the contains 2 times the Trp, 2 times the Val, 4 times the Leu, and

3-5 1 time Gly as the guest residues (Xaa). At pH S, the ELP-CPs
form viruslike particles (VLPs) with a diameter of 28 nm,
similar to the native T = 3 particles.”” At pH 7.5, wild-type CPs
do not assemble into shells, yet ELP-CPs assemble into 18 nm
(T = 1) VLPs upon increasing the salt concentration, a process
induced by the hydrophobicity of the ELPs.*"*>**

capsids of these viruses spontaneously disassemble.
However, since the spatial and temporal resolution of
intermediate structures of these studies are limited, kinetic
pathways of disassembly have remained a mystery.

Generally, despite a huge body of work dedicated to
understanding virus uncoating, our understanding of its
kinetics and the factors contributing to it remains rudimen-
tary.é_15 One of the main reasons for the lack of insight is the Received: April 16, 2022
fact that the assembly of CCMV is governed by two driving Published: July 6, 2022
forces involving two species, namely, the interaction between
the capsid proteins (CPs) and that between the ssRNA and the
RNA-binding domain of CPps.'¢ Distinguishing the contribu-
tion of both in the disassembly is not trivial, as CCMYV shells in
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In this paper, we describe the results from time-resolved
experiments, allowing us to investigate the disassembly of one
type of ELP-CP capsid and reassembly of another in response
to pH changes (Figure 1). While changing the pH from $ to

T = 3 capsid

T =1 capsid
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#

Figure 1. Schematic overview of the size change of ELP-CP viruslike
particles (VLPs) upon a shift in pH.

7.5, we monitor as a function of time how the T = 3 shells
disappear, while the T = 1 shells appear. We also study the
disassembly of T = 1 capsids and the assembly of T = 3 capsids
by lowering the pH from 7.5 to S. Our experimental findings
can be explained by a simple model based on classical
nucleation theory (CNT) applied to viruslike capsids,”* >
accounting for the time-evolution of the concentrations of the
various species that result from the shedding or addition of
single protein subunits as the different types of shell assemble
and disassemble. As far as we are aware, this is the first study

confirming that both assembly and disassembly of viruslike
shells can be explained through CNT as a possible mechanism
for quantitatively reproducing experimental data.

For this purpose, we investigate the T number conversion
over time, using a combination of size exclusion chromatog-
raphy (SEC) and transmission electron microscopy (TEM).
We first evaluate the conversion dynamics from T=3to T =1
particles. Hereto, we dialyzed a 100 M solution of empty
VWI1-VW8 ELP-CCMV T = 3 capsids at 4 °C from a pH 5.0
buffer with 500 mM NaCl to a pH 7.5 buffer with 100 mM
NaCl, thus simultaneously increasing the pH and decreasing
the ionic strength of the buffer environment. In order to
stabilize the samples during SEC measurements, 0.2 equiv of
Ni** was added (Supporting Information section 2.3 for
optimization). Details of our experimental procedures are
found in Supporting Information sections 1 and 2. As our
experiments reveal that this process is very much dependent on
the NaCl concentration in the buffer (Figures S1 and S2), we
conclude that it must be driven by the stimulus-responsive
ELP-domains. Because of this NaCl dependency, we changed
the NaCl concentration from 500 mM at pH 5.0, to ensure
stable T = 3 capsids, to 100 mM at pH 7.5, to reduce the
strength of ELP-interactions and to ensure dynamics.
Monitoring the capsid assembly state (Figure 2A,B) shows
that after a short lag time, on the same time scale needed for
the equilibration of the NaCl concentration during dialysis
(Figure S2B), the shift from T =3 to T = 1 capsids takes place
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Figure 2. Analysis of ELP-CCMYV capsids during the transition from T = 3 to T = 1 particles at pH 7.5. (A) SEC chromatograms measured after
indicated dialysis times to pH 7.5. (B and C) Protein fractions as T = 1 (blue circles) and T = 3 (yellow squares) capsids as determined by
integration of the SEC chromatograms (see also Figures S7—S9). The solid lines are the results of our numerical solution (eqs 3 and 4). See Table
S4 for more details. (D) Schematic overview of the proposed reassembly mechanism during size decrease, where T = 1 capsids are energetically
most favorable under the buffer conditions used. AG values are in kT units. Energy barriers are not drawn to scale; the values provided are
indicative. (E) TEM micrographs of samples that were taken after the indicated dialysis times. T = 1 capsids in the 45 min image are indicated with
arrows. Scale bars correspond to 20 nm. Overview images and additional time points are depicted in Figure S10.
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Figure 3. Analysis of ELP-CCMYV capsids during transition from T = 1 to T = 3 particles at pH 5.0. (A) SEC chromatograms measured after
indicated dialysis times to pH S5.0. (B and C) Protein fractions as T = 1 (blue circles) and T = 3 (yellow squares) capsids as determined by
integration of the SEC chromatograms (see also Figures S13—S15. The solid lines are the results of our numerical solution (eqs 3 and 4). See Table
SS for more details. (D) Schematic overview of the proposed reassembly mechanism during size increase, where T = 3 capsids are energetically
most favorable under the buffer conditions used. AG values are in kT units. Energy barriers are not drawn to scale; the values provided are
indicative. (E) TEM micrographs of samples taken after the indicated dialysis times. The T = 3 capsids in the 0.5 h image are indicated with arrows.
Scale bars correspond to 20 nm. Overview images and additional time points are depicted in Figure S16.

via a rapid initial process, followed by one that is more gradual
(Figure 2B). The complete capsid size transition takes months.
Further evaluation with TEM (Figure 2E) confirms this
transition process. To get a better understanding of the
mechanism of transition, we performed experiments in which
we added fluorescently labeled ELP-CPs to unlabeled capsids.
We observe that at both pH 5.0 and 7.5 the capsids can
exchange dimers with the solution (Figures S11 and S12),
which makes it plausible that the observed size change involves
the transfer of dimers. Furthermore, we note that it is unlikely
for one structure to morph into the other one without
disassembly because of the change in the radius of curvature
between the two structures. If the sizes of the two structures
were close to each other, then it would be possible for the big
pieces of one shell to be recycled to form another shell.*®

Our experiments suggest that we are pitting the assembly
rate of one species against the disassembly rate of another. In
order to explore the role of metastability in our experiments,
we resort to CNT, as a plausible model to describe the system.
Within CNT, the steady-state capsid assembly and disassembly
rates [, and Jg; 7 can be written as”®??

]as,T = xsy*TZT exp(_AG*as,T) (1)

]diS,T = xTV*TZT eXp(_AG*dis,T) (2)

where v*, Z;, x, and x; denote the attempt frequency of
dimers attaching to the critical nucleus, the Zeldovich factor,

and the mole fraction of free subunits, and the capsid of a given
T number (Supporting Information section 3.1). AG¥ r is the
height of energy barrier between the free proteins and fully
formed capsids, while AG}; 1 is the height of the free energy
barrier between the assembled and free CPs (Figures 2D and
3D for the opposite size shift). The barrier height depends on
the overall protein concentration and on the binding free
energies of the proteins in the two types of shell, g7, in units of
thermal energy, averaged over all subunits of a fully formed
capsid. The kinetic equations describing the concentration of
dimers and T = 1 and T = 3 capsids read as

da,

dt = _quas,l - q3J35,3 + qudisyl + quiSﬁ ©)
and

dxr

? = ]aS,T - ]dis,T (4)

where ¢, and g; are the numbers of dimers in fully formed T =
1 and 3 capsids, respectively. The quantities on the left-hand
sides of eqs 3 and 4 represent time derivatives of the
concentrations of the species in our model. The terms on the
right-hand sides are due to the formation or dissociation of
capsids. We solve the above system of equations numerically,
using an explicit forward Euler method with adaptive time
steps (Supporting Information section 3.2).
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Consistent with the experiments (Figure 2B), we find that
upon increasing the pH from 5 to 7.5, the amount of T = 3
structures decreases while at the same time the number of T =
1 structures increases, indicating that under these experimental
conditions the protein—protein attraction is stronger between
subunits forming T = 1 shells than that of those forming T = 3
ones. Our curve fits in Figure 2C for times up to 30 h give g, =
—15.0 and g3 = —14.7 in thermal energy units (Supporting
Information section 3.1).

As the T = 3 shells disassemble, the concentration of free
dimers increases and, at some point, reaches the value of the
critical capsid concentration c¢f = €®, whereupon T = 1 shells
start forming and consuming free dimers. As the free dimer
concentration continues to increase, the disassembly rate of the
T = 3 shells decreases, and the assembly rate of T = 1 shells
increases, explaining the behavior of the disassembly and
assembly curves shown in Figure 2C. However, fairly quickly
the free dimer concentration attains a more or less constant
value because the disassembly of T = 3 shells produces dimers
that are immediately depleted by the formation of T = 1 shells,
confirming that the changes in protein fraction in the capsids
are due to the disassembly of T = 3 and assembly of T = 1
(Supporting Information section 3.3). We note that the
decrease in free dimer concentration after two months in
Figure 2A could be due to the fact that dimer proteins at pH
7.5 after prolonged storage are not highly stable and some
aggregation and denaturation will occur over time. The theory
presented in this paper does not include this effect.

We next discuss the size shift from T =1 to T = 3 following
a jump in pH from 7.5 to 5 at a constant NaCl concentration
of 500 mM. Herein, a 100 uM solution of empty VWI1-VW8
ELP-CCMV T =1 capsids in a pH 7.5 buffer with 500 mM
NaCl was dialyzed to a pH 5.0 buffer with 500 mM NacCl at 4
°C, during which the capsid assembly state was monitored with
SEC and TEM measurements. Figure 3A,B shows that T = 1
particles, stable at neutral pH, disappear over time, while T = 3
particles appear. The whole process proceeds much more
gradually than the opposite size shift and takes around 2
months to reach full completion (Figure 3B). We follow the
dynamics with TEM (Figure 3E), confirming the increase in
the number of T = 3 particles.

The number of T = 1 structures decreases and the amount of
T = 3 structures increases in parallel, which points at stronger
attractive interactions between CPs in the native species at low
pH. Our curve fits in Figure 3C for times up to 168 h give g, =
—15.0 and g3 = —15.4 in thermal energy units. Again we find
that the free subunit concentration very quickly becomes more
or less constant: The disassembly of T = 1 shells produces
dimers that are used for the formation of T = 3 shells.

From Figures 2B,C and 3B,C, it appears that T = 3 capsids
easily dissociate at pH 7.5, crossing the growing fraction of T =
1 capsids after 6 h, while the disassembly of T = 1 CPs at pH
5.0 is much slower, crossing the growing fraction of T = 3
capsids only after 48 h. This is expected because the smaller
size of a T 1 capsid produces fewer subunits per
disassembled shell. ELPs are positioned closer next to each
other because of the higher curvature of T = 1 shells, and the
interaction between ELPs remains strong at pH 5.0.

In this context we note that under certain conditions the
association and dissociation of empty capsids is characterized
by hysteresis: It is easier for capsids to assemble than to
disassemble.>® Hence, assembled capsids can be significantly
more stable kinetically than they are thermodynamically,

12611

implying that the height of the free energy barrier must be
larger for disassembly than it is for assembly.”**' For the
experiments described in this paper, this means that the
disassembly step must be rate-limiting if the unstable shells are
to be converted into stable shells of a different size. This is
indeed what we also find from our theoretical calculations.

In conclusion, we find that ELP-CPs can reversibly switch
between T = 1 and 3 structures upon changing the solution
conditions. While we have not ruled out the possibility that
other models can also describe our experiments, remarkably,
the interconversion between the two structures can be quite
accurately described at least for initial and intermediate times
by CNT. At pH 7.5, the driving force for the assembly of coat
proteins is the interaction between the ELPs, while at pH 5.0
the attractive interaction between capsid proteins predom-
inates over the attractive ELP—ELP interactions. Since ELPs
are attached to the capsid proteins, the ELP-CCMVs do form a
shell at pH 7.5, but only the smallest possible one as the ELPs
need to be as close as possible to each other to make contact.
This insight is of importance not only for a more fundamental
understanding of virus assembly but also for the improved
design of VLP-based nanomedicines.
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