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A Kinetic Zipper Model and the Assembly of Tobacco Mosaic Virus
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ABSTRACT We put forward a modified Zipper model inspired by the statics and dynamics of the spontaneous reconstitution
of rodlike tobacco mosaic virus particles in solutions containing the coat protein and the single-stranded RNA of the virus. An
important ingredient of our model is an allosteric switch associated with the binding of the first protein unit to the origin-of-
assembly domain of the viral RNA. The subsequent addition and conformational switching of coat proteins to the growing capsid
we believe is catalyzed by the presence of the helical arrangement of bound proteins to the RNA. The model explains why the
formation of complete viruses is favored over incomplete ones, even though the process is quasi-one-dimensional in character.
We numerically solve the relevant kinetic equations and show that time evolution is different for the assembly and disassembly of
the virus, the former exhibiting a time lag even if all forward rate constants are equal. We find the late-stage assembly kinetics in
the presence of excess protein to be governed by a single-exponential relaxation, which agrees with available experimental data

on TMV reconstruction.

INTRODUCTION

Arguably, virology as a field of study in biology started in
1898 with a publication of Beijerinck on a communicable
disease afflicting tobacco plants, causing lesions in and
curling of the leaves detrimental to crop yields (1-3). He
showed that the disease was caused by neither a bacterium
nor any other microscopic organism but by a contagious
fluid that reproduces itself in diseased plants. This conta-
gious fluid contains what we now know to be tobacco
mosaic virus particles. Tobacco mosaic virus (TMV) is a
rod-shaped virus consisting of a single-stranded RNNA mole-
cule of 6395 nucleotides and 2130 identical protein
subunits. The latter are helically arranged around the RNA
molecule, 16 1/3 proteins per turn, producing a particle
that measures ~300 nm in length and 18 nm in width (4).
It has a characteristic cylindrical cavity ~4-nm wide that
runs through the entire length of the rod; the RNA is locked
in the protein body of the cylinder ~2 nm from the cavity.
Each coat protein binds to three nucleotides via a combina-
tion of hydrogen-bonding, hydrophobic, and electrostatic
interactions (5).

Although superficially TMV perhaps appears like a
simple virus consisting of only two components, coat
protein and single-stranded RNA, the processes involved
in its reconstitution from its constituents are far from that
even in vitro (6,7). Despite half a century of intense research
there are still many open questions and we refer to recent
reviews of the assembly kinetics by Caspar and Namba
(7), Butler (4), and Klug (6). Under conditions similar to
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those where in infected tobacco cells assembly occurs, a
20S coat protein aggregate is known to be required for effi-
cient nucleation (4,6,8). Still under debate is the precise
nature of this 20S aggregate structure, that is, whether it
constitutes a disk or a short helix and therefore two nucle-
ation pathways have been put forward. See Fig. 1.

In both cases the adsorption of the first 20S protein aggre-
gate at the origin-of-assembly sequence (OAS) of the RNA
requires a conformational change of the 20S aggregate,
either from a disk to a proto-helix (9,10) or from a disordered
to an ordered state of the inner loops of the helical aggregate
(7,11-13). The subsequent elongation of the virus is
currently viewed to involve a bidirectional process origi-
nating from the OAS on, with a much more rapid elongation
toward the 5’ terminus than toward the 3’ terminus. The
latter probably occurs by the addition of single subunits
(14,15), whereas the elongation toward the 5’ tail may
take place by the addition of disks, helices (4,9,16), and/or
smaller protein aggregates (17-19). See Fig. 1. Despite
the controversies surrounding the nucleation and elongation
of TMYV, there is little doubt that the initial conformational
switching is crucial to an efficient and successful assembly
of the virus. Indeed, the concept of autosteric control, in
which conformational switching is used as a regulatory
control mechanism in biology, and which was put forward
by Caspar 30 years ago, was inspired by assembly studies
on TMV (20). Strong support for the importance of confor-
mational switching for self-assembly of viruses is not
restricted to TMV and other rodlike viruses such as papaya
mosaic virus (21), but extends to icosahedral viruses (22),
e.g., hepatitis B virus (23), the plant virus CCMV (24),
and the phage MS2 (25).

Here, we argue that some sort of allosteric conforma-
tional switching is not only advantageous to the assembly
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FIGURE 1 Schematic representation of our kinetic zipper model for the
assembly of Tobacco Mosaic Virus from coat proteins onto RNA templates
with ¢ binding sites. Nucleation of the assembly of the rodlike virus parti-
cles starts at the origin of assembly (OAS) region and is speculated to occur
by either of two mechanisms: (A) by conformational switching of the 20S
disk aggregate to a helix, which requires an energy £, to the OAS. (B) Alter-
natively, nucleation takes place by binding of the 20S helical aggregate with
the RNA and ordering of the inner loops of the proteins making up the
aggregate, which requires an energy 4. Subsequent elongation happens by
binding of (C) larger units such as the disk or the helical 20S protein aggre-
gate or (D) the much smaller A-protein. Binding of the protein units to the
RNA yields a binding free energy g, and the binding between two protein
disks is associated with an interaction free energy e. This guarantees
sequential assembly commencing at the OAS.

of viruses but may in fact even be a necessity if only to pre-
vent empty viral shells from self-assembling in solution. For
linear viruses, the additional reason is that the self-assembly
of molecular building blocks (coat proteins) onto the linear
template molecule (a single-stranded RNA molecule) is
dominated by fluctuations, as this in essence constitutes
a quasi-one-dimensional process (26). Fluctuations imply
imperfect coverage of the template molecule, which is detri-
mental to the survival of the virus as the coat protects the
genome from, e.g., the attack of nucleases. Indeed, recent
experiments on the reversible, Langmuir-type adsorption
of naphthalene derivatives to single-stranded, homopoly-
meric DNA molecules support this: for this kind of system,
full coverage is virtually impossible to attain (27).

We base our conclusions on the application of a model
inspired by the well-known zipper model originally devised
to describe the melting of DNA (28). We specifically model
the self-assembly of the virus from the OAS in the
5’ direction and for simplicity ignore the finalization of it
in the 3’ direction. The latter process is slow and it involves
a relatively small portion of the RNA (4). We find that allo-
steric regulation necessitating the sequential binding of coat
proteins starting at the OAS strongly favors either complete
assembly toward the 5 end or no assembly at all. The
strong suppression of incompletely covered RNAs we
believe is of evolutionary advantage to the virus. A kinetic
version of the zipper model is proposed to describe the
kinetics of reversible assembly. We find that conformational
switching introduces nucleation-type kinetics, and an
inherent asymmetry in the assembly and disassembly
kinetics. Although highly idealized, our model describes
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the limited available experimental data on the encapsula-
tion of TMV RNAs by coat proteins reasonably well.
From comparison with these data, we learn that the precise
determination of the start time of assembly, as well as
knowledge about the thermodynamic state at the starting
and end-points of an experiment, are crucial to infer quan-
titative predictions from the model such as the size of the
basic protein-building units.

EQUILIBRIUM ASSEMBLY MODEL

To describe the assembly of TMV virus particles in a solu-
tion containing single-stranded RNAs and 20S aggregates,
we apply a model that, in essence, is equivalent to the
well-known zipper model for the melting of DNA (28). In
our case it is used to describe the elongation of the virus
capsid from the OAS onwards to the 5’ end of the RNA.
The model does not allow for random adsorption onto
different sites of the template, for this is not seen in nature
and in fact constitutes a cooperative binding that in itself
strongly promotes complete coverage of the RNA (16,29).
This is in contrast to the also well-known model of McGhee
and von Hippel (26,30), in which random adsorption is
allowed, and therefore also in contrast to the equivalent
one-dimensional Ising model of ferromagnetism as well as
the Bragg-Zimm model for the helix-coil transition (31-33).

Binding of the first protein to the template necessitates
a conformational change of the proteins to accommodate a
helical structure if the nucleating agent is indeed a disk
(9,10), or, if it is a short helix, to induce a helix-coil transi-
tion in the so-called flexible loop involved in the locking in
of the RNA (7,11-13). The helical aggregate taking part in
the binding with the OAS we presume to be a high-energy
structure, otherwise it would already form in free solution—
that is, without binding to the RNA. This is plausible, as
elongation of this structure in the absence of bound RNA
is prevented, either by the closed structure of the disk, or
the electrostatic repulsion between the carboxylate pairs
and steric hindrance of the flexible-loop structures within
the short helices (7). Of thermodynamic importance for
our model is the required conformational switching and
the associated free energy cost h(n) > 0 that this implies
for n = 1. We thus need not specify the precise structure
of the nucleating agent.

We assume that the switching of subsequent protein units
is catalyzed by the presence of the previous protein unit and
costs much less free energy than that of the first. For
simplicity, we put this free energy cost equal to zero, so
we put i(n) = 0 for n > 1 (note that, formally, this contribu-
tion can be absorbed in the free energy gain of binding).
This way, allosteric binding enters in our model in two
ways: first to enforce sequential binding of protein units,
and second through a nucleation barrier that will further
increase the level of cooperativity of the self-assembly.
Binding of the first 20S aggregate and of each subsequent



Self-Assembly of Tobacco Mosaic Virus

coat protein aggregate after that, shown schematically in
Fig. 1, liberates free energy. This free energy is in part
needed to allow for the conformational switching of the first
20S aggregate (and/or the proteins therein) upon binding.
There are two obvious sources of binding free energy: that
of the interaction of the proteins with the RNA, and that
of the protein-protein contacts in the growing helix. The
former is relative to that associated with the self-basepairing
of the RNA in free solution, whereas the latter is taken rela-
tive to that between the proteins in the aggregates in free
solution. Given these assumptions, we can now make the
model more explicit.

Let each viral RNA strand present in the solution act as
a template that can accommodate a maximum of g protein
units. Considering a total of N RNA strands in the system
therefore corresponds to Ng binding sites for protein mate-
rial. If the total amount of protein material present in the
solution corresponds to M protein units, we can define the
stoichiometry between available binding sites and protein
aggregates as A = Ng/M. It turns out useful to work not in
a canonical but grand canonical ensemble, in which case
N and M are expectation values. Later on we return to the
canonical ensemble. The quantity of interest describing
the thermodynamic state of the solution is, in that case,
the grand potential. Adsorption of the protein onto the
RNA liberates a binding free energy, g < 0, presumed equal
for all units. This parameter also implies any helicase
activity the protein might have on the RNA. Furthermore,
sequential binding of protein to previously adsorbed ones
produces an additional protein-protein interaction free
energy, € < 0.

Let Q denote a dimensionless grand potential density
(note that the grand potential is scaled by the thermal
energy, and multiplied by the ratio of a molecular volume
and the system volume) of coat protein aggregates, RNA
molecules, and partially assembled viruses in an ideal solu-
tion of volume V. The only interactions we account for are
those involved in the binding of protein aggregates onto
the RNA binding sites. The grand canonical potential then
consists of contributions from the translational entropy of
protein units in solution—the RNA strands with n adsorbed
protein units, the chemical potentials of RNA molecules, ug,
and that of the free and adsorbed protein aggregates, up.
There is also a contribution accounting for the different
configurations of n bound protein units on an RNA,
expressed in an intrachain partition function Z (n). If the
dimensionless number densities of the coat proteins and
partially assembled viruses (i.e., RNA molecules with n
adsorbed protein units (0 < n < ¢g)) are defined as pp and
pr (n), we have

Q =

)=

p(n)g[In pp(n) =1 =1InZ(n) — ug — npp

n=0

+pp(In pp — 1 — pp). ()
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In thermodynamic equilibrium, the optimal number
densities of the RNA molecules and the free protein units
minimize the grand potential. Hence, we set

0Q
—_— =0, 2
(6PR(n)>;LR#P,V‘T @

and find that the number density of chains that have n bound
protein aggregates is given by

pr(n) = Z(n) exp(ug + np) 3)

and the number density of free protein units by pp = exp(up).
Given the above assumptions, the dimensionless free energy
F (n) of n protein aggregates adsorbed to one RNA can be
written as

+e(n—1)+gn, forn>1 @
, forn = 0.
Here, h(n = 1) > 0 is the conformational free energy cost
of the first 20S aggregate upon adsorption onto the OAS,
and for the subsequently adsorbed protein units we set
h(n > 1) = 0. The expression € < 0 is the protein-protein
interaction free energy and g < 0 is the free energy associ-
ated with the binding of the protein units to the RNA. We
take all energies to be in units of the thermal energy, kgT.
It turns out useful not to focus on the canonical partition
function Z(n), but rather on the semigrand canonical parti-
tion function

q
E(up) = Y exp[— F(n) + np, ©)
n=0

that is, the sum over all possible configurations of bound
coat protein aggregates onto RNA. Here, F(n) = —In Z(n).
The quantity E is easily calculated using Eq. 4 and reads

— ¢4
E:l-i—as[ll s], 6)
where we have defined the parameters s = exp(—e —g +
up) = pp exp(—e —g) and ¢ = exp(—h + €). The quantity
s is a measure for the affinity of proteins for RNA mole-
cules, combining the binding free energy between the
proteins and that to the RNA with the number density of
free protein aggregates. The effect of nucleation and allo-
stery is captured in the quantity ¢, a measure for the net
free energy cost of adsorption of the first 20S aggregate as
described in the introduction. If s-¢ is small, then the
binding of the first 20S aggregate to the template constitutes
a high-energy state.

From the semigrand partition function of the RNA mole-
cules, we can now calculate the average level of their
coverage by the coat proteins,
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Equation 8 shows that increasing the affinity of the protein
for the RNA, that is, increasing the value of s, e.g.,
by changing the pH or the concentration of free protein
aggregates in solution (5), can only lead to full encapsida-
tion of the viral RNA and () — 1 if s > 1. Fors < 1,
(f) — 0 and RNA molecules and protein aggregates then
remain freely dispersed in solution. For s = 1, we have
(8) = 1/2 a(q + /(1 + q), which is equal to one-half if
qo > lorto1/2a0(q+ 1)if go < 1.

From the plots of (6) in Fig. 2, C and D, it is apparent
that the transition from free RNA and protein aggregates
to fully functional TMV particles occurs for values close
to s = 1 and becomes sharper with increasing template
length. The required sequential binding implies long-range
correlations between bound protein units, which is why
the adsorption transition becomes a true phase transition
in the limit ¢ — oo despite the model being one-
dimensional. For templated assembly models such as that
based on the one-dimensional Ising model (26), there
is no phase transition even in the infinite-chain limit.
Allostery causes the point where half of the RNA molecules
are, on average, covered with coat protein (the ad-
sorption transition point) to shift toward larger values
of s, while at the same time sharpening the transition (see
Fig. 2, C and D).

We now investigate whether the mean coverage applies to
all individual RNA molecules or whether there are great
differences in coverage between different ones. From the
equilibrium distribution of RNAs occupied by n protein
aggregates, defined as

n
Py = ©)
Z:OPR(”)
we find
1
Pey(0) = = for n =20
e (10)
P,(n) = for n>0.

From Fig. 2, A and B, we conclude that allostery plays an
important role in strongly favoring fully, over partially,
covered RNA molecules. For ¢ = 1, that is, in the absence
of allosteric effects, RNA molecules coated with n protein
units obey an exponential distribution in n, leading to
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FIGURE 2 Ratio of probabilities P(n)/P(0) for an RNA molecule to be
coated by n protein units as a function of the affinity s (A) in the absence
of allostery (¢ = 1), and (B) in the presence of allosteric effects
(¢ = 107%). The average fraction of binding sites occupied by protein
aggregates, (6), for (C) ¢ = 1 and (D) ¢ = 1073 also as a function of the
affinity s. For the number of binding sites on each polymeric template we
set ¢ = 63. (E and F) The average level of coverage of RNA strands by
coat proteins () as a function of the bare affinity s (E) in the absence of
allostery (¢ = 1), and (F) in the presence of allosteric effects (¢ = 1073).
The effective number of binding sites equals g = 63.

partially covered TMV particles of all intermediate lengths
n for s > 1 albeit favoring the completely filled one for
n = q. When allostery does come into play and ¢ < 1,
the probability for coverage of RNA with coat proteins
below a critical value 0 < n* = —In ¢/In s is much lower
than that of the empty RNAs (with n = 0). Only above
n*, substantial coverage of RNA with coat protein occurs,
producing either empty or almost fully covered viruses, in
particular if ¢ is sufficiently small. Nucleated virus capsids
with n < n* are thus high-energy structures that do not form
free in solution in appreciable concentrations and are ther-
modynamically unfavorable.

We now come back to the issue of linking the affinity, s, to
an experimentally controllable quantity and return from
a grand canonical to a canonical description in which the
amount of material in solution is fixed rather than the chem-
ical potentials. Let ¢p denote the overall (dimensionless)
concentration of proteins present in the solution. From the
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condition of the conservation of mass of the protein aggre-
gates, we have

q
¢p = pp+ > _npr(n) = pp+aq(O)pr, (11
n=0

where pg = Y7 p(n) is the dimensionless RNA concentra-
tion. Hence,

= 5+ SA(6), (12)

with A = gpr/pp the earlier defined stoichiometric
ratio and S = ¢p exp(—e—g) a bare affinity. The bare
affinity is the product of the overall protein concentration
¢p, which is a known quantity, and a binding constant
K = exp(—e — g). Clearly, Eq. 12 is an implicit expression
that needs to be solved for s. For the case of excess protein A
— 0 we obviously have the identity s = S. In the other limit,
for concentrations of RNA binding sites far in excess of that
of protein units in the solution, 2 — 0 and s — 0, implying
low average RNA coverage.

Perhaps not entirely surprisingly, we conclude that to
fully cover all the RNA molecules present in the solution
such that (f) = 1, we need an amount of protein far in excess
of the number of binding sites, gN. This can also be deduced
from Fig. 2, E and F, where we plot the mean fraction of
occupied sites as a function of the bare affinity, S, and of
the stoichiometry, A. Apparently, the level of cooperativity
of the binding of the proteins to the RNA strongly decreases
with increasing stoichiometry. It is in this context not quite
clear why so many experimental studies focus on stoichio-
metric ratios close to unity (13,17,34,35).

KINETIC MODEL

To extend our equilibrium model toward a description of
the dynamics of the assembly and disassembly of the rodlike
virus particles, we consider a reversible sequential associa-
tion or dissociation of coat proteins, with adsorption rates
k, (n) and desorption rates k_ (n) that depend on how
many protein units n are bound onto the RNA. From this,
we obtain a set of kinetic equations for the probabilities
P (n, t) that RNA molecules are occupied by n protein aggre-
gates at time ¢. Our approach is similar in spirit, yet not
directly comparable, to that of recent work describing the
assembly and disassembly kinetics of capsids of spherical
viruses (36-38), and approaches to describe the helix-coil
transition kinetics in polypeptides (31-33).

For convenience, we imply the time dependence of the
occupation probabilities by writing P (n) = P (n,), and
distinguish these from the equilibrium distribution written
as P,, (n). The set of kinetic equations is

aP(0)
ot

= —k.(0)P(0) + k_(1)P(1), 13)
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aPa(;n) = —ky(m)P(m)+k_(m+1)P(m +1)— k_(m)P(m)
+ki(m—1)P(m—1)for0<m<gq,
(14)
ag(,") = —k_(¢)P(q) + ki (g—1P(g—1),  (15)

where the first and last equation involve the empty and
fully bound RNAs, respectively. In time, the system
evolves toward its equilibrium state as discussed in the
previous section, and hence lim P(n,r) = P.(n) and
lim dP(n,1)/dr = 0. With these conditions, the disas-
[sgrﬁ“bly rates k_(n) can be expressed by the assembly
rates k,(n) and the equilibrium probabilities P, (n) as
k_(n) = ky(n — 1) P,,(n — 1)/P,,(n), where the equilibrium
distribution P,,(n) is given by Eq. 10.

After the adsorption of the first 20S aggregate onto the
OAS with a rate k, (0), the adsorption kinetics of subsequent
protein aggregates should not differ significantly from each
other. We therefore presume that the on-rates are indepen-
dent of the number of previously adsorbed protein units,
so k(n) = k,, at least for n > 1. Then, it makes sense to
relate the on-rate of the first protein aggregate to that of
the others, k,(0) = kk,. Here, k is a measure for how
much faster or slower binding of the first 20S aggregate is
relative to that of the subsequent protein units. Clearly, if
k < 1, we expect assembly to be slowed down drastically
as the binding of the first aggregate will become rate-
limiting. However, as we shall see below, for the viruses
to assemble, we need to pass a free energy barrier if ¢ <
1. The reason is, of course, that assemblies of size 0 <
n < n* are high-energy structures, as discussed in the
preceding section. This implies that in practice it will be
difficult to distinguish between kinetic and thermodynamic
nucleation, although their effect on the disassembly kinetics
turns out to be quite different.

If, in addition, we substitute k. t=7 and 0<f(n)=
P(n)/P.y(n) <1, we obtain the kinetic equations

9f(0)

PO — —p() ), (16)

PO — )@+ S0 - £, a7
P — )+ lm 1) - pm — 1)

—f(m)], for 1<m<gq, (18)

LD = g -1 -1 19
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where we see that the second equation depends on the ratio
of k and ¢. The former is a measure for the importance of
kinetic nucleation and the latter for thermodynamic nucle-
ation. Note that k occurs in the first equation independently
of g, yet the ratio of k and ¢ occurs in the kinetic equation of
RNA molecules with one bound protein aggregate. For the
matrix notation, see the Supporting Material.

We employed a classical fourth-order Runge-Kutta
method to numerically solve the kinetic equations for
protein concentrations in excess of the number of binding
sites, i.e., A — 0 or § = s, and investigate the characteristics
of assembly and disassembly of our model. We need not
focus on the case of excess protein, of course. Subunit
depletion can be taken into account by calculating (6) at
every time step 7 and calculating from Eq. 11 the corre-
sponding value of s that becomes a function of 7. The
physics is not appreciably different, which is why we focus
our discussion on the numerically much simpler case A — 0.

Assembly from nearly empty to fully covered RNA mole-
cules requires a deep quench in the affinity S, for example by
a sudden change in pH or temperature, or by a sudden addi-
tion of proteins to a solution of RNA molecules. Upon
a quench from, say, conditions where (6) = 1.0 x 10~* to
those with (f) = 0.99, assembly occurs via unstable inter-
mediates toward the stable equilibrium distribution. See
Fig. 3, C and D. In this case, the majority of RNA molecules,
roughly 95%, is covered with >60 protein 20S assemblies
after assembly has completed, if we presume g = 63 (note
that ¢ = 63 corresponds to full coverage of the RNA if we
presume the adsorbing protein units to consist of 20S assem-
blies consisting of ~17 coat proteins; we chose this value of
q only for discussing the model and do not imply that the
building blocks have to be 20S units) and ¢ = 0.01. For
these values of ¢ and ¢, the affinities s = 0.35 and s = 2.6
correspond to the values for the initial and final coverage.

The rate-determining step for assembly is the adsorption
and conformational switching of the first 20S protein aggre-
gate, as indicated by the slow decrease in concentration of
empty RNA molecules, P(0). See Fig. 3 C. After nucleation
has occurred and the highly unfavorable intermediate states
are populated temporarily, assembly occurs quickly toward
fully assembled virus particles. If allosteric effects were not
important and ¢ = 1, P(0) decreases significantly more
quickly than if ¢ < 1. So, although allostery helps to
completely cover the RNAs, it does so at the cost of slowing
down the assembly kinetics.

Not surprisingly, the disassembly is not delayed by a slug-
gish nucleation process and therefore the fraction of fully
assembled viruses quickly decreases upon a downward
quench of the affinity s. According to our model, disassembly
is quite a bit swifter than assembly. Still, ¢ influences the
disassembly kinetics, although subtly (see Fig. 3 B). Unfortu-
nately, we have not been able to find in vitro disassembly
studies in the literature, so whether this prediction holds
any water remains unclear. It is true that in the in vivo exper-
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FIGURE 3 (A) Assembly and (B) disassembly kinetics of TMV as
modeled by a kinetic zipper for different values of the allosteric parameter
o presuming 63 binding sites for each RNA molecule. The quenches are
between average surface coverages () = 0.001 — (f) = 0.9 and () =
0.9 — () = 0.001. (A, Inset) Expanded view of the onset of assembly,
to point out the lag time introduced by the allosteric factor . (C) Assembly
after a sudden quench from affinities s; = 0.35 — s, = 2.6 and (D) disas-
sembly after the quench s, = 2.6 — s, = 0.35. Shown are the probabilities
P(n) of n protein units on RNA molecules consisting of 63 binding sites as
a function of the dimensionless time 7. Here, s; = 0.35 and s, = 2.6 corre-
spond to a coverage of (#) = 10™* and (f) = 99, respectively, and the allo-
steric parameter ¢ = 0.01. All on-rates are equal, implying k = 1.

iments, disassembly from the 5’ to the 3’ end occurs rapidly in
2-3 min (39-41). In vitro assembly into full viruses occurs on
the timescale of 6-10 min, which would support our predic-
tion (4). However, disassembly in vivo is thought not to
proceed via spontaneous processes but rather by cotransla-
tional disassembly (42,43) so this observation does not lend
actual support for our model.

Decreasing the value of the allostery parameter o
increases the influence of allosteric effects on the binding
of protein to the RNA and thus the dynamics. As can be
seen from Fig. 3 A, the average coverage by coat proteins
shows a lag time in the early-stage kinetics due to the nucle-
ation step that strongly influences the overall rate of
assembly. The rate of disassembly is decreased as well by
a stronger allosteric effect, as is shown in Fig. 3 B. Here,
assembly and disassembly were chosen between a coverage
of () = 0.001 and of (f) = 0.9. It implies that different
quench depths As were employed because the coverage
depends on g, as discussed in the previous section.

The disassembly rates for deep quenches of equal quench
depth are essentially equivalent for different values of o,
except for the very late stages (see Fig. S1 in the Supporting
Material). For shallow quenches in the affinity s, the rates
are indeed different and the late-stage assembly can be
described by a single exponential relaxation (see Fig. S2).
We quantify the rates by evaluating the half-coverage time
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T1p, 1.€., the time required to achieve 50% coverage (see the
Supporting Material for extended discussion). We find for
shallow quenches that the nucleation step predominates
over the overall rate of assembly, and less so for disas-
sembly. As a consequence, disassembly rates are always
larger than assembly rates. This qualitatively different
behavior for shallow and deep quenches originates from
the variation of mean coverage (f) with the affinity s. For
deep quenches in s, (f) does not significantly change with
different o. For shallow quenches, (§) varies strongly as
a function of ¢, which translates itself in different rates of
assembly and disassembly.

In Fig. 3, the assembly rates for adsorption of the first and
subsequent protein units were taken to be equal, i.e., k = 1
so k. (0) = k,. The observed nucleation-type assembly
kinetics originates solely from the costly conformational
switching of the first adsorbed protein aggregate and the
melting of the RNA strand. By taking a different assembly
rate for the adsorption of the first protein unit, implying
k # 1, or, in other words, k,(0) # k., we find an even
stronger delay of the assembly the smaller « is, and the
slower the first step is in comparison with subsequent steps.
See Fig. S3 A. The disassembly kinetics of the removal of all
but the last coat protein unit is unaffected by the parameter
choice of k < 1 (see the Supporting Material for details, and
Fig. S3 B). Setting k > 1 does not influence the assembly
and disassembly kinetics to any discernible level. This, we
believe is caused by the presence of the high-energy inter-
mediates, and hence to be an effect of the allostery. As the
assembly kinetics is already well captured by the introduc-
tion of the allosteric factor o, it seems sensible to set k = 1
for comparison with experiments in the following section.

COMPARISON WITH EXPERIMENTAL DATA

From comparison with experiments we ideally would not
only confirm the validity of our model but also determine
the correct model parameters and thus be able to distinguish,
for example, between the contested building blocks
involved in TMV assembly, that is, the template length g,
as well as the cooperativity ¢. Although the model describes
the dynamics of the assembly quite accurately as we shall
see, the determined parameters are of limited precision
due to several experimental challenges, not least the fact
that RNA extracted from TMV-infected plants often
contains shorter RNA pieces, presumably due to the pres-
ence of nucleases in solution. As a result, the observed
length distribution of assembled virus particles contains
a significant fraction of short virus particles, which are
indistinguishable from incompletely assembled viruses.
Furthermore, because the allostery parameter ¢ in particular
influences the initial stages of the virus particle growth,
determination of the starting time of the experiment is
crucial yet not always clearly stated in experiments. Lastly,
knowledge of the phase diagram of the virus assembly and
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thus the experimentally employed quench depth would limit
the number of freely adjustable parameters significantly.
Without knowledge of the quench details, the parameter
space is considerable and requires one to guess for at least
some of the parameters.

To compare our model with available experimental data,
we presume that the addition rate of the first protein unit is
equal to that for all subsequent protein aggregates and set
k = 1. Even if this is not quite true and, say, k < 1, the nucle-
ation-type of kinetics that this produces cannot easily be
distinguished from that resulting from the effects of allo-
stery as we have seen previously. We thus absorb potential
kinetic effects into the thermodynamics of allostery, i.e.,
into the value of ¢ that becomes an effective one.

The most detailed experimental data we confront our
theory with are those of Butler and Finch (44), who, in
1973, studied the reconstitution of TMV particles. In these
experiments, solutions of protein disks were added to the
RNA molecules in excess of the number of binding sites
on the RNA with a stoichiometry of A = 0.45. The length
distribution of the assembled structures was recorded as
a function of time and corrected for the effects of the degra-
dation of RNA molecules. Partially assembled rods shorter
than 20 nm were ignored due to limitations of the electron
microscopy that was used to determine the size distribution.
We set the length of the template equal to the effective
number of binding sites per protein unit on the viral RNA.
We now presume that such a protein unit is equivalent to
a 20S aggregate, i.e., either a disk or a proto-helix, as the
authors have claimed to have used 20S protein aggregates.
Thus, we set g = 63.

The best fit to the data, presented in Fig. 4 A, we found by
setting ¢ = 0.001, and presuming a quench from an affinity
of s = 0.84 to that of s = 2.6. This corresponds to bare
values of the affinities of S = 0.84 and S = 4.7 and average
coverage () = 5 x 10* and (f) = 0.99. Following the
experiments, we left out partially assembled rods shorter
than 20 nm, equivalent to 0 < n < 4, from the analysis,
and we renormalized the probabilities. The timescale
T = 15¢ [min] we set equal to the actual time in minutes
t [min] to obtain the best fit, giving an add-on rate of
k., = 15 [min']. Here, we presumed that the experimental
data at + = 0 [min] indeed corresponds to the beginning of
the assembly process, that is, ) = 0 [min] ignoring any
delay time between the moment the sample was taken
from the protein RNA solution, and the time at which the
assembly was actually stopped. A somewhat different
choice of zero-time may lead to a smaller value for ¢ than
we estimated from our curve fitting.

Butler and Finch (44) divided the experimental data
for the time evolution of the various levels of completion
of the encapsulation of the RNA into bins of multiples of
40-nm particle lengths. As is clear from Fig. 4 A, our kinetic
zipper model describes the time dependence of the entire
population of TMYV particles of different states of
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A I Experimental data (Butler 1973)
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FIGURE 4 Comparison of the predictions of the
kinetic zipper model with experimental data. (A)
Experiments of Butler and Finch (44) on the recon-
stitution kinetics of TMV. Shown are fractions in
percentile units of binned length ranges as a func-
tion of dimensionless time 7. To obtain a good fit,
we set the model parameters described in the
main text at ¢ = 0.001 and x = 1, and presumed
a quench from s; = 0.84 to s, = 2.58. (B and C)
Comparison between experimental results probing
some average of the size of the growing virus parti-

cles in TMV assembly experiments and the kinetic
zipper model. (B) Radius of gyration R,, ., as
obtained by SAXS versus time. (Symbols) Experi-
mental data (35). (Drawn line) Theory (k (6 =1)=
40[min~"'], k; (¢ = 0.001) = 65[min~"]). (Inser)
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completion reasonably well. In the late stages, i.e., after
10 min, still a very large fraction of almost complete
TMV particles with an average length of 240 = 20 nm
remains, which does not quite agree with our predictions
as is evident from Fig. 4 A.

Although Butler and Finch did correct their data for
growth termination due to degraded RNA, it is reasonable
to assume that, in the late assembly stages, distinguishing
discontinued growth of the 240 = 20 nm particles for ther-
modynamic reasons from that due to broken RNA molecules
is not possible. The latter is of course not accounted for in
our model. From the best fit to the experimental data, we
conclude that the assembly has not completed at the point
when the experiments halted (Fig. 4 A, bottom right).

Another explanation for the discrepancy may be that the
elongation of the virus is bidirectional: assembly from the
origin of assembly region on toward the 5’ end of the viral
RNA completes much more rapidly than the assembly in
the direction of the 3’ end. If the assembly in the 5’ direction
is completed, the virus particles are roughly 260 nm in
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length, which is in good agreement with the large fraction
of almost fully complete viruses 240 = 20 nm in length
seen in experiments. Similar experiments by Fukuda et al.
(14) with a higher resolution in the particle length observed
this slower assembly toward the 3’ end. Although a different
TMV strain (namely, the Japanese common strain OM) and
higher salt concentrations were used, the length distribu-
tions during the reconstitution reaction closely resemble
the ones from Butler and Finch.

We compare the evolution of the particle distribution ob-
tained from our model for various values of ¢ and quench
depths in Fig. S4 and show the best fit we could find for
a template length ¢ = 400 corresponding to a smaller
protein unit (A-protein, with 4-6 proteins per unit)
in Fig. S5. From comparing the best fits for ¢ = 63 in
Fig. 4 A and g = 400 in Fig. S5, we find that our model is
not capable of distinguishing between the two values for
the template length and hence the building block size given
the noise in the experimental data. To be able to infer the
type of building blocks from similar experiments, one would
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need a higher resolution of the virus particle-length distribu-
tion as well as a reasonably accurate zero-time to obtain
a correct value for o.

Despite all this, it seems that our model captures the main
elements of the assembly kinetics of TMV, certainly of that
in the direction of the 5" end. As a further test, we compared
our model with reconstitution data obtained by means of
small-angle x-ray scattering (SAXS) (35) and turbidity
measurements (45). In both these studies, experiments
were conducted with just as many coat proteins as RNA
binding sites available, implying that A = 1. Strictly
speaking, our numerical model does not apply for this stoi-
chiometric ratio as we presumed A < 1, except in the initial
stages when the solution concentration of protein units
remains close to its initial value, and thus our predictions
for the late stages may be more tenuous.

The mean radius of gyration, R, ., of the assembling virus
particles, extracted from (time-resolved) static-radiation-
scattering experiments is a so-called z average of all parti-
cles in the population and related to the z-averaged particle
length, (L,), via

=_n= 1 (20)

where L(n) = 1 x n obviously depends on how many protein
units n of length / have adsorbed onto the RNA (46) and
(...), denote z averages. In Fig. 4 B, we fit the theory to
the SAXS data of Sano et al. (35), where we set ¢ = 63,
1=4.76 [nm], ¢ =0.001, and k, = 65 [min_l] and presume
a quench from (#) = 0 to (#) = 0.9. The value of the add-on
rate k, that we now find is larger by a factor 4 than the one
we found previously, but this may of course be due to
different solution conditions. For comparison we plot the
numerical results for ¢ = 1 and k, = 40 [min_l]. As the
zero-time is not precisely known in these experiments
either, we set the assembly to commence at o = —3 [min]
in our model to obtain good agreement with the experi-
mental data.

Quite similar results for the size of the growing rods may
be obtained from turbidity measurements. The turbidity is
proportional to the scattered total intensity that within the
Rayleigh-Debye-Gans approximation scales as the weight
average of the rod length (47),

L, ="=-4+H———. Q1)

By setting o = 0.001, k. = 112 [min~'], #, = 0.7 min, and
presuming the assembly proceeds from a coverage of
(f) = 0 to that of () = 0.9, we find good agreement
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between the experimental data, as is shown in Fig. 4 C.
We also compare the data to the best fit for ¢ = 1.0,
k = 60 [minfl], to = 0.7 min. For short timescales,
the theoretical values for ¢ = 1 diverge slightly from the
experimental data.

Because the parameters associated with the best fit are
somewhat ambiguous due to the experimental uncertainties,
the question as to which building blocks may be involved in
the assembly of TMV remains unanswered at this point.
New experiments could improve the accuracy of the
measurements and thus of the extracted parameters, and
might allow us to distinguish between the contested
assembly paths.

CONCLUSIONS

In summary, we have presented a kinetic zipper model
to describe the statics and dynamics of the assembly and
disassembly of tobacco mosaic virus particles in solutions
containing coat protein units and RNA molecules. The key
ingredient of our theory is the integration of allostery:
only the binding of the first 20S aggregate and concomitant
conformational switching is penalized by a free energy cost.
The conformational switching of subsequent aggregates (or
single proteins) bound to the RNA is in our model catalyzed
by the already present helical arrangement of proteins.

The model, although admittedly crude, does explain the
main features of the in vitro reconstitution of TMV particles
as observed in experiments. We find that allostery, if suffi-
ciently strong, leads to all-or-nothing behavior in the
assembly. This means that rather than incompletely encap-
sulating all RNAs in the solution, there is a strong driving
force to (nearly) completely cover a fraction of RNAs, while
keeping the remainder naked. Arguably, this all-or-nothing
coverage enhances the survival probability of the virus,
because the exposed (i.e., naked) RNA of an incomplete
viruses is susceptible to attack, e.g., by nucleases.

We find that the cooperative assembly of fully covered
RNA molecules, i.e., intact virus particles, is strongly influ-
enced by the stoichiometric ratio that is proportional to the
number of nucleotides and proteins in the solution. Only for
the case where protein is available vastly in excess of the
total number of nucleotides, full coverage can be achieved.

If allostery is indeed an important mechanism in virus
assembly, as we believe is the case, then our calculations
show that the assembly kinetics must occur via high-energy
intermediate states that are present only in low concentra-
tions. This makes the nucleation process the rate-limiting
step. The associated lag time before assembly commences
seems to be influenced by both the relative rate of adsorption
of the first 20S aggregate and the extent of allostery. For
disassembly of the virus, these parameters only influence
desorption of the last protein unit and hence not the overall
rate of disassembly. The combination of conformational
switching and template-assisted self-assembly is not

Biophysical Journal 102(12) 2845-2855



2854

specific to the in vitro assembly of tobacco mosaic virus, and
our model hence may apply to other viruses and protein-
macromolecule binding processes as well. The late-stage
assembly and the early-stage disassembly kinetics we find
to be governed by a single-exponential relaxation, at least
for the situation of excess protein.

Comparison of our quite simple model with available
experimental data shows remarkably good agreement.
From our curve fitting, we obtain estimates for the allostery
parameter of ¢ = 0.001. However, this value may be some-
what ambiguous related to the difficulty of establishing zero
time and/or a stoichiometry ratio that is not sufficiently
small as well as to experimental difficulties involving
partially broken RNA pieces. Thus, to draw reliable conclu-
sions new experiments are required, ideally conducted with
the now available high-resolution electron microscopy
techniques at well-controlled conditions, e.g., pH and salt
concentration, and possibly varying stoichiometry. Good
control over the starting time f, is crucial for extracting an
accurate value for o.

An ideal testing ground for the model would be experi-
ments employing poly-A nucleic acid containing the origin
of assembly region of TMV. These experiments could
distinguish between ideal assembly kinetics and any issues
related to the tertiary structure of the RNA or the bidirec-
tional assembly of TMV. Variation of the length of the
poly-A molecule allows us to investigate the influence of
the template length and if conducted under controlled condi-
tions may resolve the controversy on the primary building
block for assembly. Clearly, more experiments are needed
to resolve these issues, as is an analysis of the kinetic model
that deals with more realistic stoichiometries. The latter is
left for future work.

SUPPORTING MATERIAL

List of symbols, five figures, the kinetic equations in matrix form, additional
sections, and reference (48) are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(12)00560-7.
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