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Role of genome topology in the stability of viral capsids
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We explore how the stability of RNA viruses depends on genome topology and interactions between RNA
and the capsid proteins. RNA is modeled as a branched polymer with 12 attractive sites (packaging signals)
that can form bonds with 12 icosahedrally distributed capsid sites. The genome topology is encoded as a graph
by mapping pairs of adjacent packaging signals to edges. We perform replica exchange molecular dynamics
simulations and evaluate the osmotic pressure of all unique branched topologies of encapsulated RNA. We find
that virion stability depends in a complex fashion on both genome topology and degree of confinement, and
predict that MS2 bacteriophage should prefer a more linear genome topology.
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Introduction. The assembly of virions, i.e., viral capsids
containing genetic material, is a key process in the reproduc-
tive cycle of viruses [1]. While bacteriophages and double
stranded DNA (dsDNA) viruses use molecular motors [2] to
pack the genome into pre-assembled capsids, single-stranded
(ssRNA or ssDNA) viruses package their genomes concur-
rently with capsid assembly [3]. Since the N-terminal tails
of capsid proteins (CPs) are positively charged, the neg-
atively charged genome molecules provide a nonspecific
electrostatic driving force [4–6] for the co-assembly process
[7]. Additionally, partially hybridized encapsidated ssRNA
features single-stranded motifs (∼20 base pair long stem
loops) [8] that can form specific hydrogen bonds with CPs,
triggering conformational changes [9] promoting assembly
[10,11]. We refer to these motifs as packaging signals (PSs)
binding to capsid sites (CSs). It is assumed that during
co-assembly, RNA acts as a template recruiting CPs and
promoting the assembly of shells with CS positions en-
coded as the vertices of a polyhedral graph with icosahedral
symmetry [12].

The optimal RNA conformation and the connection be-
tween its topology and capsid symmetry [4,13], are poorly
understood. The Hamiltonian path hypothesis [14] conjectures
a minimum free-energy conformation where each dsRNA seg-
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ment connects two adjacent CSs corresponding to an edge in
the underlying polyhedral graph (see Fig. 1). This assumption
is compatible with crystallographic and cryo-EM observations
[15–17]. Several other experiments demonstrate that virion
self-assembly relies on specific CS-PS interactions [10,18–
20] that enable differentiation between cognate and nonviral
RNA.

Here, we use replica exchange molecular dynamics sim-
ulations to explore the effect of genome topology on the
thermodynamics of assembled icosahedral virions. We set
up a coarse-grained model of RNA with 12 PSs, identify
all unique topologies, and evaluate their osmotic pressure
on the capsid walls. Our results show that the complex in-
terplay of interactions, topology, and capsid geometry gives
rise to rich behavior with regimes dominated by entropy,
bond formation, and elasticity. The optimal chain topology
changes from linear in large capsids (forming Hamilto-
nian paths) to highly branched in smaller capsids (forming
bridged structures).

Topology. The genome topology can be encoded as a graph
by mapping adjacent PSs to edges. Assuming a one-to-one
CS:PS ratio, the spatial distribution of CSs generates a hard
constraint: PSs that bind to any pair of CSs must be at least as
“far apart” along the genome as the CSs are in space. The
Hamiltonian path hypothesis (HPH) offers a further, softer
constraint: for maximally efficient self-assembly, adjacent PSs
must bind to adjacent CSs. In such a configuration, each chain
segment bridges a pair of CSs that correspond to an edge in
the underlying polyhedral graph (first-order bridge). Longer
segments can form higher-order bridges between nonadjacent
CSs (an nth-order bridge connects CSs n edges apart). With
12 PSs and 12 CSs, these constraints limit the genome topol-
ogy to one of the 434 symmetry-unique spanning trees of
the icosahedral graph; those are the topologies we explore
here. They include a linear chain which can bind to CSs as
a Hamiltonian path, and branched chains which can adopt
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FIG. 1. Illustrations of the ssRNA model for the bolus topology.
The illustration shows the mapping of the chain and the capsid to
a tree/spanning tree (upper) and the corresponding snapshots from
numerical simulations at two different capsid sizes (lower). Cyan,
purple, and green spheres represent type A, B, and C beads, respec-
tively (see text for their definitions). The bridges are shown as links
in cyan (first-order bridges) and red (second-order bridges). Apart
from the CSs, the spherical capsid is not shown.

non-Hamiltonian configurations (see Fig. 1). It is important to
notice that “linear” does not imply unhybridized; we assume
that the degree of partial hybridization of RNA does not vary
with branchedness, achieved in our model by keeping the
bending modulus � equal across all topologies.

Pressure. Our goal is to determine the effect of genome
topology on capsid stability. Instead of evaluating the free-
energy difference between a formed capsid and a reference
state, we use osmotic pressure exerted by the genome on the
capsid walls as a proxy for thermodynamic stability. This
approach avoids the difficult problem of defining a proper
reference state. In previous studies of the role of genome
secondary structure on the stability of capsid [21], the conclu-
sions obtained through the osmotic pressure are completely
corroborated by the more detailed free-energy calculations.
The pressure is computed as a sum of two terms: P = Psurf +
PCS. Psurf is a sum of nonspecific repulsive capsid-chain forces,
while PCS includes (attractive and repulsive) normal compo-
nents of the forces on the CSs.

Topological indices. Theoretical studies of encapsidated
RNA with nonspecific electrostatics [22] suggest a negative
correlation between the number of annealed branch points
and the capsid osmotic pressure [21]. The structure-property
relationship is more complex with specific CS-PS interactions
[23]. The branchedness of RNA genomes is often quanti-
fied with the ensemble-averaged maximum ladder distance
(〈MLD〉), i.e., a statistical average over the diameters of the
graphs of RNA secondary structures [24–26]. For the small
graphs considered here, MLD is a relatively coarse quantifier;
to resolve the finer structure, we invoke the Wiener index W
[27] and the number of angles, nθ ,

W =
∑

u �=v

duv ; nθ = 1

2

∑

u

deg(u) [deg(u) + 1], (1)

TABLE I. Three representative topologies along with values of
topological indices. The vertices are colored by their degree: dark
blue for deg = 1, light blue for 2, gray for 3, and red for deg = 5.

Linear Bolus Wiener

Topology

MLD 11 5 5
W 286 194 176
nθ 10 22 18

where duv is the graph distance between vertices u and v, and
deg(u) is the degree of (number of edges made by) vertex u.
The more compact the topology, the smaller W and MLD,
and the larger nθ , as demonstrated in Table I. The linear
chain takes on extreme values for all three indices, while
W min = 176 (“Wiener”) and nmax

θ = 22 (“bolus”) are distinct
topologies, which cannot be distinguished by MLD.

The indices W and nθ probe different properties: nθ is
sensitive to local structure, e.g., nearest-neighbor PS distance,
while W correlates with global properties, e.g., radius of gyra-
tion Rg of the chain [28]. We thus expect W to correlate with
the behavior of a weakly confined genome at high temper-
atures where the polymer degrees of freedom are efficiently
explored, while nθ should work better in smaller capsids
where long-range order is precluded by strong confinement
and bond formation.

Simulations. In what follows, we use dimensionless units,
measuring lengths in units of σ , energy in ε, temperature in
ε/kB, and pressure in ε/σ 3. We approximate an encapsidated
genome by mapping a tree to a branched chain of soft, repul-
sive beads of diameter σ . The unit length is set to σ = 2 nm,
as in similar models of DNA [29]. This choice ensures that
the persistence length of the model at � = 1 and T = 1 corre-
sponds to that of unfolded RNA at room temperature [30]. A
single coarse-grained bead contains between 6 and 12 bases,
depending on the degree of local hybridization. Vertices in the
tree of the genome graph are mapped to a single bead (type A),
and each edge between the vertices is represented by five A
beads. Another bead (type B, representing PSs) is connected
to each of the 12 vertex beads, giving a total of N = (11 ×
5 + 12)A + 12B = 79 beads (i.e., 500–1000 bases). Beads
are bonded by two-body stretching Vb = 16 �(r − 1)2 and
three-body bending potentials Vθ = �(1 + cos θ ), where r is
the distance between two consecutive beads, and θ is the
angle between consecutive bond vectors (the ratio 16 follows
the exact result for elastic rods [31]). Additionally, A–A and
A–B pairs interact via a Weeks-Chandler-Anderson (WCA)
repulsion with strength ε. Beads are confined to a sphere of
radius R by the same WCA repulsion. Twelve additional beads
(type C, representing CSs) icosahedrally decorate the sphere
interior, interacting with B beads via a 12-6 Lennard-Jones
potential with well depth εBC . Finally, B–B pairs repel via a
stronger WCA than the other beads (strength εBC and effective
diameter 2σ ) to prevent multiple B binding to one C, reflect-
ing the specific nature of PS-CS binding in viruses [9]. The
real nature of the interactions is of course electrostatic, involv-
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FIG. 2. (a) Pressure as a function of temperature for a linear genome in a capsid R = 6.2. Blue, orange, and green lines correspond to
εBC = 12, 14, 16; solid, dashed, and dash-dotted lines correspond to � = 1, 2, 4. Symbols mark where 97% and 10/12 bonds are formed on
average (empty circles and full diamonds, respectively). Typical snapshots are shown for the harmonic and attractive regimes. Results for other
topologies and capsid sizes are summarized in Fig. S1 in the Supplemental Material [46]. (b)–(d) Pressure against radius at select temperatures
for the (b) linear, (c) bolus, and (d) Wiener topologies, with snapshots at R = 5.4 and 7.2 (T = 0.5). CSs are shown as green spheres, PSs as
purple spheres, and chain segments as cyan or red tubes, indicating a first- or second-order bridge, respectively. Black stars indicate the radius
of minimum pressure at T = 1.

ing strong, nonlinear many-body effects and complex charge
regulation mechanisms operating between protein N-tails and
RNA, which are computationally expensive to model. Here,
we implemented a much simpler pairwise-additive WCA in-
teraction to model repulsive interactions. The WCA model
captures the general physics of the problem and is compu-
tationally cheap to compute, allowing for a comprehensive
study of the effect of the chain topology on thermodynamic
stability [32].

The packing density of our model genome with fixed
length is controlled by R alone. The accessible interval is
4 � R � 8 (at smaller radii, simulations are frustrated by high
density and chain rigidity, while at larger radii, sampling of
fully bound configurations is poor). Therefore, we can access
packing fractions roughly between 0.05 to 0.5 bases/nm3,
which falls within the range of known RNA viruses (0.05–
1 bases/nm3 [34]).

We performed NV T replica-exchange molecular dynamics
simulations [35,36] using the LAMMPS package [37], simulat-
ing 24 replicas with temperature T regulated by a Langevin
thermostat for up to 2 × 109 steps, attempting exchanges be-
tween replicas every 104 steps and dumping snapshots every
106 steps. We chose a geometric temperature distribution T ∈
[0.5, 2], which produced exchange probabilities between 46%
and 76%. We employ a variable time step �τ , which is dy-
namically determined such that no bead moves by more than
0.018σ/�τ , leading to �τ = 0.005τ at T = 1. To dampen
statistical noise, we smooth the temperature-series pressure
data using a Savitsky-Golay filter [38], whereafter we mea-
sure the linear correlation between pressure and topological
indices at fixed R, T via the Pearson correlation coefficient
r. Initial configurations were generated, analyses performed,
and graphs drawn with the aid of the networkx [39], pynauty,
numpy [40], scipy [41], pandas [42,43], and matplotlib [44]
libraries. Simulation snapshots were drawn inVMD [45].

Results. We have performed extensive simulations evaluat-
ing the pressure P by varying genome topology, chain rigidity
�, attraction strength εBC , temperature T , and capsid radius
R. Some generic observations are summarized in Fig. 2(a),
where the pressure exerted on the capsid with radius R = 6.2

by a linear genome is plotted as a function of temperature for
various εBC and �.

We observe qualitatively distinct regimes. At low-enough
temperatures, all 12 bonds are formed and the PS-CS pairs
behave as harmonic springs. In this elastic regime, the total
confining pressure is independent of εBC , scales with �, and
decreases linearly with T . As T increases, the individual con-
tribution of each PS-CS pair to PCS increases in magnitude
due to thermal fluctuations, but the PS-CS bonds also start
breaking, reducing the number of these contributions; as a
result, the pressure develops a minimum as a function of T .
The temperature of the pressure minimum varies nonmono-
tonically with radius, peaking at around R = 6.2 for εBC =
16, � = 1 (see Fig. S1 in the Supplemental Material [46]).
Beyond the minimum, in the attractive regime, the pressure is
dominated by the CS-PS attraction εBC , and is proportional to
the number of formed bonds [47]. This behavior is universal
at large-enough R regardless of the genome topology, but at
small R, second-nearest-neighbor CSs are close enough to
form second-order bridges, which are entropically disfavored
but lower both the elastic energy and PCS with respect to
first-order ones; as a result, the pressure continues to decrease
even when all PSs are bound, as second-order bridges replace
first-order ones.

At a fixed T , P exhibits a minimum as a function of ra-
dius, suggesting a preferred capsid size [see Figs. 2(b)–2(d)].
Reducing the radius below the minimum increases P: at high
T , it increases Psurf, and at low T , it decreases PCS by re-
moving tension from the bridges. Similarly, increasing R also
increases P by lowering the entropy of bound configurations
and therefore the number of bonds. While these trends are
qualitatively preserved across genome topologies, we observe
that pressure also depends on topology in a complex manner,
which varies with both T and R.

In the attractive regime at large R, less-branched genomes
typically exert more-negative pressures on their capsids [see
Fig. 3(a)]. This effect is most pronounced when an average
of 10/12 bonds has formed and is strongly associated with
both W and nθ . To understand this, we distinguish between
vertices of a low degree (“peripheral”) and those of a higher
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FIG. 3. The relationship between pressure and various measures of branchedness depends sensitively on both temperature and capsid
radius. Top panel: Correlation coefficient r between P and nθ (left) and −W (right) as a function of T and R. From top to bottom, the dotted
lines are drawn where, on average, 8 of 12, 10 of 12, and 97% of PSs are bound to CSs. Lower panel: Least-squares fits of P to nθ or −W
at select (R, T ). Blue dashed lines are lines of best fit. At large R, P (A) decreases with branchedness at high T , but (B) increases with
branchedness at low T . For all T , P increases with branchedness (nθ ) at intermediate R [see, e.g., (C)], but decreases with branchedness at
small R [e.g., (D)].

degree (“central”). Peripheral PSs have a larger propensity to
form bonds than central ones (see Fig. S2 in the Supplemental
Material [46]): at R = 7.4, degree-one PSs are bound 95% of
the time at T ≈ 1.32, while the same binding is achieved by
degree-five PSs at T ≈ 0.86.

Conversely, in the harmonic regime, pressure is neg-
atively correlated with branchedness; it is most strongly
correlated with W , suggesting a global topological feature
[see Fig. 3(b)]. More-branched topologies are more com-
pact (smaller 〈Rg〉) and less compressible [smaller Var(Rg)]
(see Fig. S3 in the Supplemental Material [46]); as such,
fully bound configurations exert a greater pulling force on
the capsid. This is reflected in the preference of more-
(Wiener)-branched genomes for more compact enclosures

[Figs. 2(b)–2(d)]: at T = 1, the linear, bolus, and Wiener
topologies prefer capsids with radii 7.7, 7.5, and 7.1, respec-
tively.

Reducing the capsid radius in the harmonic regime both
reduces the magnitude of the capsid pressure and brings about
a weak preference for less-branched topologies, most pro-
nounced at R = 6.2 [see Fig. 3(c)]. In this more compact
regime, being less compressible elevates Psurf. Additionally,
since less-branched topologies exhibit a smaller mean neigh-
bor distance 〈di j〉, their bridges are held under greater tension,
producing a lower PCS.

Second-order bridges become abundant at small R and
low T [48]. They lower P by localizing chain segments
away from the capsid surface and by orienting the CS-PS
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bonds towards the capsid center, increasing the nonlocal elas-
tic bridging attraction. More-branched topologies more often
form second-order bridges (Fig. S4 in the Supplemental Ma-
terial [46]; such topologies are weakly preferred at R = 5.8
and strongly preferred at R = 5.4 and R = 5.0 [see Fig. 3(d)]).
Moreover, the pressure exerted by highly branched topologies
on the capsid walls develops a second, low-T minimum as a
function of R [see Figs. 2(c) and 2(d)].

Discussion and conclusions. Extensive simulations re-
vealed the connection between the topology of RNA genomes
and the structural stability of co-assembled virions as quanti-
fied by their osmotic pressure. We identified the topological
indices describing the branchedness of RNA that best cor-
relate with the computed pressure (W and nθ ). All 434
symmetry-unique topologies can therefore be classified—and
their behavior in capsid confinement predicted—by evaluating
these quantifiers.

Over a wide parameter range, pressure develops a mini-
mum as a function of R. The optimal R depends on genome
topology, suggesting branchedness as a selection criterion for
capsid size. Experimental data with which we can compare
our predictions are not abundant. Cryo-EM experiments on
MS2 bacteriophage [49] identify 59 stem loops (PSs) on
the encapsidated RNA, 44 of which (around 75%) are co-
localized with CP2 RNA binding sites (CSs). The radius and
genome length of the MS2 virus are ≈25 nm and 3569 bases
[50], corresponding to packing density (≈0.06 bases/nm3),
i.e., R = 6.3. From Fig. 3, we estimate our model predicts a
fraction of the formed bonds comparable to the experimental
value at T ≈ 2. Hence, our prediction is that MS2 prefers a

linear genome topology, which supports the Hamiltonian path
hypothesis [14].

Highly branched topologies produce a second minimum
under strong confinement, where RNA forms bridging con-
formations. The fact that branched RNA can enable bistable
virion assembly is interesting, and we speculate that the ex-
istence of multiple packaging states could play a role in
multipartite RNA viruses [51], enabling maintenance of the
genomic integrity and virus identity in viruses with segmented
genomes [52].

Although not addressed here, it is easy to imagine that the
topology of the genome will also have a strong effect on the
co-assembly kinetics [13,53–63]; topologies that form more
stable virions may also have frustrated energy landscapes with
many kinetic traps, impeding self-assembly. Furthermore, the
most stable virion need not be the biologically most fit since
both assembly and disassembly are essential parts of the viral
life cycle. Thus, it would be extremely interesting to compare
our results with experiments and kinetic assembly simulations
in the future, to complete the connection between virus self-
assembly dynamics and thermodynamics.
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