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Abstract Virus-like particles (VLPs) are noninfectious nanocapsules that can be used for drug delivery or
vaccine applications. VLPs can be assembled from virus capsid proteins around a condensing agent, such
as RNA, DNA, or a charged polymer. Electrostatic interactions play an important role in the assembly
reaction. VLPs assemble from many copies of capsid protein, with a combinatorial number of intermediates.
Hence, the mechanism of the reaction is poorly understood. In this paper, we combined solution small-angle
X-ray scattering (SAXS), cryo-transmission electron microscopy (TEM), and computational modeling to
determine the effect of ionic strength on the assembly of Simian Vacuolating Virus 40 (SV40)-like particles.
We mixed poly(styrene sulfonate) with SV40 capsid protein pentamers at different ionic strengths. We then
characterized the assembly product by SAXS and cryo-TEM. To analyze the data, we performed Langevin
dynamics simulations using a coarse-grained model that revealed incomplete, asymmetric VLP structures
consistent with the experimental data. We found that close to physiological ionic strength, T = 1 VLPs
coexisted with VP1 pentamers. At lower or higher ionic strengths, incomplete particles coexisted with
pentamers and T = 1 particles. Including the simulated structures was essential to explain the SAXS data
in a manner that is consistent with the cryo-TEM images.

We are delighted to dedicate this paper with lots of
love to our dearest friend Philip (Fyl) Pincus, for won-
derful and inspiring times together at UCSB, Israel, and
all over the globe, for educating us with much generos-
ity and excitement to clearly think about soft matter
problems, and for expressing his thoughts directly and
loudly with integrity and honor.

1 Introduction

About half of the known virus families have icosahedral
capsids, which can, under the right conditions, sponta-
neously self-assemble around RNA or DNA molecules.
Virus assembly is an important step in the life cycle of
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viruses and has become a target for antiviral research
[1–13] and a model for self-assembly in nanotechnology
[14–23]. Yet many details of this reaction are unknown.
A simple virus may have about a hundred subunits,
combinatorially more intermediates, and many more
assembly pathways.

A complete description of virus assembly should
include the structures of intermediates, paths between
intermediates, rate constants for each step, and the
stability of the species. Resolving the empty capsid
assembly mechanism is already a very challenging prob-
lem [24–77], despite recent progress with experimen-
tal techniques such as resistive pulse sensing [78,79],
mass spectrometry [80], charge detection mass spec-
trometry [81–84], and solution small-angle X-ray scat-
tering (SAXS) [85–91]. We, however, developed a robust
and transparent mechanism for isolating the most prob-
able intermediates at equilibrium and on the assem-
bly path of an empty Hepatitis B capsid [92]. Using
MC simulations, we created a library of representative
intermediates and showed that at equilibrium, a very
limited number of relevant assembly reaction products
are selected based on their Boltzmann weights, com-
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puted from the self-association standard free energy
between subunits [93]. The analysis method assumes
that intermediates can only be fragments of capsids.
This approach, however, is insufficient to describe the
assembly of a virus capsid around a template (e.g., a
polymer chain) because the number of possible inter-
mediates and assembly products is considerably larger
(e.g., [28,30,45,63,67,68,94–120]). In addition, the
structural configurations resulting from the interaction
of the protein subunits with a flexible polymer can-
not be captured by assuming an ‘on-path’ assembly
mechanism based on the final capsid structure. Coarse-
grained Langevin dynamics simulations offer a more
advanced sampling approach, taking into account con-
figurations beyond the capsid ‘lattice.’ The assembly
reaction involves electrostatic interactions and hence
depends on ionic strength.

In this article, we determined the effect of ionic
strength on the assembly of virus-like particles (VLPs).
We assembled simian vacuolating virus 40 (SV40)-like
particles by mixing poly(styrene sulfonate) (PSS) with
SV40 capsid virus protein 1 (VP1) pentamers. The
structures of the assembly products were characterized
by solution small-angle X-ray scattering (SAXS) and
transmission electron microscopy at cryogenic temper-
atures (cryo-TEM). An earlier study [121] showed that
simulations might capture experimental trends of virus
capsid assembly reactions. To rigorously analyze our
experimental data, we performed Langevin dynamics
simulations using a coarse-grained model, accounting
for the interactions between the capsid protein sub-
units and between the capsid protein subunits and the
polymer template. The simulations provided a library
of relatively stable and thus probable intermediates,
obtained based on a physical model, previously shown
to match observations on virus assembly around RNA
and other polyanions [122,123]. We created atomic
models of intermediates by docking the atomic model
of the protein pentamer subunit and the PSS monomer
into the simulated coarse-grained models. Using our
analysis software D+ [92,124–127], we computed the
solution scattering curves of each of the atomic models.
We then selected the models that best explained the
data and computed their mass fractions while ensuring
total mass conservation.

We found that the mass fraction of pentamers, assem-
bled into T = 1 SV40 VLPs, was maximal near physio-
logical ionic strength. Decreasing or increasing the solu-
tion ionic strength changed the interactions between
capsid protein subunits and between the capsid protein
subunits and the polymer chain, and led to a decrease
in the fraction of T = 1 SV40 VLPs and an increase in
the fraction of free pentamers. In addition, the fraction
of incomplete asymmetric VLP structures, obtained by
the simulations and observed by cryo-TEM, increased.
Importantly, including the simulation structures in the
fitting of the SAXS data was essential to obtain con-
clusions that were consistent with theory and the cryo-
TEM observations. The approach of combining coarse-
grained simulations with analysis of SAXS profiles to

identify highly asymmetric assembly structures is gen-
eral and can be applied to diverse assembly systems.

2 Results and discussion

As a control, we first determined the effect of ionic
strength on the assembly reaction of VP1 pentamers
(VP15) in the absence of PSS at pH 7.2. We measured
the solution SAXS intensity as a function of the mag-
nitude of the scattering vector, q, from solutions of
VP1 pentamers at increasing ionic strength (Fig. 1a).
Above q ∼ 0.4 the SAXS curve adequately fit the
computed scattering curve from the atomic model of a
hydrated VP1 pentamer (Fig. S1). At lower q values,
however, the measured scattering intensity deviated
from the expected value of freely diffusing VP1 pen-
tamers. The increased scattering intensity suggests that
higher-order complexes formed in the solution (Fig. 1).
For noninteracting particles, the scattering intensity
when q → 0 is proportional to the concentration of
the scattering particles and the average of their molec-
ular weight squared [128]. Here, VP1 pentamers were
measured at a fixed protein concentration of 3.75 μM
while varying the ionic strength. At q → 0, the ratio
between the experimentally measured intensity and the
soluble hydrated VP1 pentamer form-factor intensity
(computed based on its atomic model taken from PDB
ID 1SVA and shown in Fig. S1) provides a qualitative
measure for the average mass of the particles in the sam-
ple. This intensity ratio at the lowest scattering vector
(Fig. 1b) reveals that the average molecular weight of
the assemblies decreased with increasing ionic strength.
At the highest ionic strength (562 mM), the average
molecular weight was less than two VP1 pentamers.

Cryo-TEM images at low salt concentration revealed
long tubular and aggregated structures (Fig. 1c), which
contributed to the enhanced and slightly oscillatory
scattering intensity at q < 0.4 (Fig. 1a). The measured
scattering intensities could be modeled as a coexistence
of soluble hydrated VP1 pentamers (based on its atomic
model, PDB ID 1SVA), VP1 self-assembled uniform
long tubules with an inner radius of 15 nm and a wall
thickness of 5 nm [129,130], and large VP1 aggregates,
represented by a q−4 Porod law (Fig. 1a, blue curves)
[131,132]. Even though the tubule model also scales
as q−4, it could not fit the data by itself. Similarly,
q−4 alone was insufficient to fit the data as it did not
have the weak oscillatory features observed at q < 0.4.
The deviation from the pentamer model decreased with
ionic strength (shown in Fig. S1), and as a result, the
fraction of tubules and aggregates decreased with ionic
strength, in agreement with the intensity at q → 0
(Fig. 1b) and cryo-TEM images (Fig. 1c). The mass
fraction of soluble VP1 pentamers decreased by about
20% when decreasing the ionic strength from 562 to 87
mM. This mass fraction was converted to tubules and
aggregates.

We then mixed PSS with VP1 pentamers at a 1:15
molar ratio and measured the SAXS curves as a func-
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Fig. 1 Effect of ionic strength on the assembly of VP1 pen-
tamers, in the absence of poly(styrene sulfonate) (PSS). a
Small-angle X-ray scattering (SAXS) intensity as a function
of the magnitude of the scattering vector, q, from 3.75 μM
VP1 pentamers at pH 7.2 and varying ionic strengths (black
curves). The curves were horizontally shifted for clarity
of presentation. The computed scattering intensity curves
(blue) are linear combinations of a q−4 power law, repre-
senting large aggregates, a model of infinitely long tubules
with uniform density (inner radius of 15 nm and a wall

thickness of 5 nm) [129,130], and the computed scattering
intensity of a soluble hydrated VP1 pentamer, based on its
atomic structure, taken from PDB ID 1SVA (see cartoon
and red curves in Fig. S1) [124,125]. b The ratio at q = 0.05
nm−1 between the experimental SAXS signal (IExp) and the
soluble hydrated VP1 pentamer form-factor intensity (IFF,
red curves in Fig. S1) as a function of ionic strength. c
Cryo-TEM measurements of 6 μM VP1 pentamers at ionic
strengths of 87, 137, and 562 mM (a pair of images for each
ionic strength condition)

tion of ionic strength (Fig. 2a). The scattering curves
are consistent with the formation of T = 1 SV40 virus-
like particles (VLPs) [91,121]. Comparing the absolute
scattering intensity curves (Fig. 2b) shows nonmono-
tonic changes in the measured scattering curves as the
ionic strength of the solution was increased, correspond-
ing to a nonmonotonic change in the particles’ average
mass. At low ionic strength (starting from 137 mM),
the scattering intensity at low angles was stronger than
at higher ionic strength. This result is consistent with a
higher average molecular weight at lower ionic strength,
as observed with VP1 pentamers in the absence of PSS
(Fig. 1a). In addition to T = 1 VLPs (each contain-
ing 12 VP1 pentamers around a PSS chain), excess free
VP1 pentamers contributed to the scattering intensity.
Nevertheless, the number of possible structures that
may form when PSS interacts with VP1 pentamers is
immense because of the number of possible PSS chain
conformations and the number of ways that each con-
formation can interact with the VP1 pentamers. At
equilibrium, however, the number of dominant struc-
tures is likely to be much smaller, and their mole frac-

tion is set by their excess stability with respect to the
reactants (PSS and VP1 pentamers) [121].

To rationally unravel the dominant coexisting sta-
ble structures and analyze our scattering data (Fig. 2),
we performed Langevin dynamics simulations using
a coarse-grained model for templated assembly of
VP1 pentamers around a PSS chain. The simulation
model for pentamer–pentamer interactions accounts
for excluded volume and short-ranged attractions that
drive assembly toward T = 1 capsids. The pentamer–
PSS and PSS–PSS interactions include excluded vol-
ume and screened electrostatics (see Sect. 4 for details).
We performed the simulations under different ionic
strengths and pentamer–pentamer attraction well-depth
values (εVP1−VP1).

When the simulations attained steady state, we iso-
lated the assembled VLPs (Fig. 3a) and classified them
according to their size (determined by the number of
VP1 pentamers attached to the PSS chain). We docked
the atomic model of a VP1 pentamer (Fig. 1a) into
the simulated coarse-grained pentamer model (Fig. 3b),
after scaling the simulations to the correct physical
dimensions (according to the atomic model of the sub-
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Fig. 2 Assembly of VP1 pentamers and PSS at different
ionic strengths. Assembly was induced by mixing equal vol-
umes of 0.87 μM 78 kD PSS and 13 μM VP1 pentamer aque-
ous solutions (i.e., the final concentrations were 0.435 and
6.5 μM, respectively) at different ionic strength conditions
(see Sect. 4). a The SAXS curves were horizontally shifted
for clarity of presentation. Each curve was fit to a linear
combination of the following SAXS models, computed using
D+ software [124,125]: solvated PSS-containing T = 1 VLP,

free hydrated VP1 pentamer, and simulated models, repre-
senting possible assembly products. The fits were performed
while maintaining mass conservation (Eq. 3; for a complete
explanation of the pool of models, see Sect. 4). b Comparing
the measured absolute SAXS intensity curves from repre-
sentative assembly conditions. The inset shows the absolute
intensity at a low scattering angle (q = 0.0677 nm−1) as a
function of ionic strength

Fig. 3 Illustration of our protocol for converting the sim-
ulated coarse-grained models to atomic models for comput-
ing their solution X-ray scattering curves. a Isolating the
assembled particle (in the green circle) from the simulation
box after steady-state was attained. b Scaling the simula-
tion pentamer coarse-grained model to the real-space atomic
structure of VP1 pentamer (PDB ID 1SVA) and align-
ing the atomic structure to a reference coarse-grained sub-
unit. c Computing the solution X-ray scattering curve from

an atomic model of a VLP particle. The aligned reference
atomic VP1 pentamer model (b) was docked into the iso-
lated coarse-grained VLP assembly (a), accounting for sym-
metry by defining the rotations and translations of repeat-
ing pentamer subunits. The solution scattering curve of the
VLP atomic model was computed by D+ software [124,125].
The hydration layer of the subunits and the instrument reso-
lution function were taken into account as described in Refs.
[92,126,127]
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Fig. 4 The predominant assembly morphology as a func-
tion of VP1-VP1 affinity, ε, and ionic strength, I, predicted
by the coarse-grained simulations. VP1 subunits were mod-
eled as rigid pentamers, interacting with 78 kDa PSS, mod-
eled as a 400-mer bead-spring polyelectrolyte. Morphologies
are indicated by symbol color: VP1 pentamers bind weakly

to the PSS (gray); VP1 pentamers saturate the PSS, but
do not nucleate (pink); VP1 pentamers package the PSS in
capsids with T = 1 symmetry (green); VP1 pentamers pack-
age the PSS in two capsids (Doublet), each with a T = 1
symmetry (blue); overly strong interactions drive excessive
nucleation and formation of malformed capsids (red)

unit). Similarly, starting with the simulated coarse-
grained PSS chain model, we docked in uniform spheres
with radius and electron density parameters optimized
to fit the scattering intensity from the atomic model of
a styrene sulfonate monomer.

We then aligned the atomic models onto the isolated
coarse-grained simulated VLP subunits (Fig. 3a), cre-
ated an atomic model of the simulated VLP particle,
and calculated its expected solution X-ray scattering
curve, using our home-developed D+ software [124,125]
(Fig. 3c).

The morphologies of the simulated VLP assemblies
varied with the strength of the interaction between pen-
tamers and ionic strength (Fig. 4). We ran many sim-
ulations under a wide range of conditions and created
a diverse and representative library of relatively stable
self-assembled structures. The solution X-ray scatter-
ing curve from the atomic model of each structure was
computed as demonstrated in Fig. 3, and a library of
representative scattering curves was created (Fig. 5). In
addition, we computed a series of scattering curves from
models of incomplete empty T = 1 VLPs, containing
between 1 and 12 VP1 pentamers on the T = 1 lattice
(Fig. S2). The typical T = 1 oscillations are observed
when the capsid is half complete or larger (Fig. S2).

We could adequately fit the data when using the scat-
tering curves of T = 1 SV40 VLPs, VP1 pentamers,

and the simulated assemblies (Fig. 2a). The fraction
of T = 1, VP1 pentamers, and simulated assemblies
varied with ionic strength (Fig. 6a, b). This variation
can be understood as follows. The electrostatic self-
repulsion between the negatively charged outer surfaces
of the VP1 pentamers scales as the Debye screening
length, λD, whereas the attractive interaction between
the negatively charged PSS and the positively charged
inner surface of the VP1 pentamers scales as λ4

D [133].
Hence, the attractive PSS/VP1 pentamer interaction
likely dominates at low ionic strengths but weakens
more rapidly with increasing ionic strength than the
VP1-VP1 repulsions (Fig. 1). Thus, above a threshold,
intermediate salt concentration, the repulsions become
stronger leading to a maximum in T = 1 capsid
assembly at an intermediate salt concentration and a
minimum in the concentration of free VP1 pentamers
(Fig. 6a), in agreement with an earlier theoretical pre-
diction [133].

In addition to capsids and free pentamers (which
were in excess), the attractive interaction between PSS
and the VP1 pentamers and the self-repulsion between
VP1 pentamers resulted in coexistence with incom-
plete, more open assemblies, observed by cryo-TEM
(Fig. 7). The simulated coexisting assemblies (Figs. 4,
5, 6c and d) qualitatively appear similar to the par-
ticles observed by cryo-TEM (Fig. 7), and hence were
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Fig. 5 Solution X-ray
scattering curves from
simulated VLPs under
different ionic strengths (in
mM) and interaction
energy between pentamers,
ε (in units of kBT), as
indicated. The scattering
curves were computed
based on atomic models of
the coarse-grained VLPs as
demonstrated in Fig. 3

included in the library of possible states in our analysis.
The mass fraction of the simulated assemblies, which
are not T = 1 VLPs, decreased with ionic strength to a
minimum at physiological ionic strength (137 mM) and
then increased with further increasing ionic strength.

Attempts to analyze the SAXS data without the
library from simulations led to an adequate fit (Figs. 8,
9a) but a conclusion that was inconsistent with known
physics and the coexisting additional assemblies observed
by cryo-TEM (Fig. 7) and simulations (Fig. 6). In par-
ticular, fitting the data to a linear combination of the
computed scattering curves from a complete T = 1
SV40 VLP and VP1 pentamers (a two-state model)
while maintaining total mass conservation and the cor-
rect PSS:VP1 molar ratio resulted in a large (up to
20%) fraction of PSS chains that did not assemble with
VP1 pentamers (and a corresponding fraction of free
VP1 pentamers), even at the lowest ionic strength when
the pentamer-PSS attraction was maximal (Fig. 9b, cir-
cle black symbols). Even when the mass fraction of
the simulated particles was minimal (close to physi-
ological ionic strength, Fig. 6b, circle black symbols),
the two-state model led to the conclusion that about
10% of the PSS chains did not assemble with VP1 pen-
tamers (Fig. 9b). In contrast, when including the library
of simulated assemblies in the fit, most of the nega-
tively charged PSS chains assembled with the positively
charged residues of the VP1 pentamer throughout the
entire range of salt concentrations (Fig. 9b, square blue
symbols). This conclusion is consistent with theoretical
expectations and is supported by the simulations, which
always showed complexes between PSS chains and VP1
pentamers (Figs. 4, 5).

The average number of pentamers per particle was
calculated by

∑
i iχi, where χi is the mass fraction of

particles, containing i pentamers. Both the two-state
models and the models that included the simulated
structures resulted in a similar nonmonotonic average
mass per particle (Fig. 9c). This result is consistent with

the observed nonmonotonic scattering intensity at low
angles (inset to Fig. 2b).

The information content of the SAXS data alone was
insufficient to distinguish between the two-state model
and the models that included additional structures from
the simulations. This result suggests that the total con-
tribution to the scattering curves from the simulation
assemblies (Fig. 5) could be modeled as a linear combi-
nation of pentamers and T = 1 capsids. When the par-
ticles are compact, their scattering curves resemble the
scattering from a T = 1 particle, and when the struc-
tures are open their scattering curves resemble the scat-
tering curve of VP1 pentamers. The two-state model
thus appeared to be a simple way to interpret the SAXS
data. However, the cryo-TEM data revealed additional
structures similar to the simulated structures. Further-
more, the excess VP1 pentamers may form additional
structures without PSS chains (Fig. 1). Hence, based on
all the available data, the two-state model provided a
less accurate interpretation of the SAXS data than the
state including the simulation library. Crucially, this
result highlights the importance of additional observa-
tions when analyzing complex structures with SAXS.

At a fixed ionic strength (137 mM), we varied the
molar ratio between PSS and VP1. Our analysis shows
that the contribution of free VP1 pentamers was min-
imal at a PSS:VP1 molar ratio of 1:12 (the expected
T = 1 stoichiometry) and increased with the molar frac-
tion of added VP1 (Fig. 10). The fraction of VP1 pen-
tamers forming incomplete complexes was rather small
(≈ 10%) at the stoichiometric PSS:VP1 molar ratio and
with about 25% excess of VP1 pentamers. Most PSS
chains formed complete T = 1 particles with a greater
excess of VP1 (1:18).
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Fig. 6 Dominant assembly states of PSS-containing VLPs
at pH 7.2 and the indicated ionic strengths. a Mass frac-
tions of the two dominant populations as a function of ionic
strength, based on the SAXS analysis. Black square symbols
correspond to the contribution of T = 1 PSS-containing
VLPs. Orange circle symbols correspond to the contribu-
tion of VP1 pentamers. b The total mass fraction of incom-
plete simulated PSS-VP1 assemblies as a function of ionic

strength. c The distributions of the total mass presented in
panel b as a function of the size (number of VP1 pentamers)
of the simulated assembled states. The ionic strength is
indicated in each histogram. d Examples of coarse-grained
structures, selected by the SAXS curve fitting procedure.
The number of VP1 pentamers incorporated in each assem-
bled structure is indicated

123



107 Page 8 of 19 Eur. Phys. J. E (2023) 46 :107

3 Conclusions

In this paper, we combined SAXS, cryo-TEM, and
Langevin dynamics simulations to unravel the effect of
ionic strength on the assembly of SV40 VP1 pentamers
around a charged polymer template. We found that free
VP1 pentamers coexisted with T = 1 VLPs as well
as incomplete asymmetric structures. Close to physio-
logical ionic strength, the mass fraction of incomplete
structures was minimal, consistent with other virus sys-
tems (e.g., [27,29,46,50,51,134–137]). The mass frac-
tion of incomplete structures increased when the ionic
strength deviated from the physiological ionic strength
toward lower or higher ionic strengths (and changed
the interaction between subunits). The morphologies of
the incomplete particles, predicted by the simulations,
were qualitatively consistent with cryo-TEM images
and essential for a rigorous analysis of the SAXS data.
Our results demonstrate that such additional observa-
tions are essential to unambiguously interpret SAXS
data for complex systems. Our approach is broadly
applicable to self-assembly reactions and provides a
means to elucidate the ensemble of structures for com-
plex systems involving a large number of subunits and
an immense number of possible products. In the future,
our approach can be used to study the effect of ionic
composition or added crowding agents on the assembly
reaction.

Finally, while we focused on the equilibrium product
distribution in this article, our approach may also be
applied to analyze time-resolved SAXS (with msec tem-
poral resolution) [91] to identify the structures of assem-
bly intermediates and their dynamics as was recently
demonstrated [92]. Simulations can create a comprehen-
sive library of distinct intermediates and compute their
relative stability. The library can be used to compute a
prior distribution, fitted to either the onset or the end
of an assembly reaction. The prior distributions of other
time points can be the fitted distributions of earlier and
successive time points, making the optimization more
robust, which in combination with maximum entropy
optimization may be used to fit an entire time-resolved
SAXS data sequence [92].

4 Materials and methods

4.1 Sample preparation

4.1.1 VP1 production and purification

VP1 virus-like particles (VLPs) were produced as pre-
viously described in Spodoptera frugiperda (sf9) cells,
using baculovirus expression vector [138]. VP1-VLPs
were then purified from nuclear extract using CsCl den-
sity gradient centrifugation. Nuclear extracts were 2-
fold diluted with 0.5M NaCl solution and added to a
concentrated CsCl solution, adjusted to a final den-
sity of 1.3 g/mL. The nuclear extract suspension was

100nm

50nm87 mM

137 mM

562 mM

Fig. 7 Cryo-TEM images of the dominant PSS and VP1
pentamers assembly reaction products at pH 7.2 at three
representative ionic strengths (87, 137, and 562 mM). The
final concentrations of VP1 pentamers and PSS were 6 μM
and 0.4 μM, respectively. For each ionic strength condition
(indicated in the figure), a selected set of particles is shown
on an expanded scale on the right side

centrifuged in a Beckman 13.2 mL, open-top Thin-
wall polypropylene tube (cat. number 331372) in SW41
Ti Swinging Bucket rotor at 38,000 RPM for 40 h.
Following centrifugation, VP1-VLPs could be detected
by scattered light, as a thick white band in the mid-
dle of the tube. The band was pulled and rebanded
using a second centrifugation. The fractions were ana-
lyzed to assess VP1 content using SDS-polyacrylamide
gel electrophoresis (Novex WedgeWell 4–12% Tris-
Glycine) with Coomassie-Blue staining (Instant blue
stain, Expedeon). VP1-VLPs were dialyzed against 0.5
M NaCl at 4 ◦C using GeBa dialysis tubes with a cutoff
of 8 kDa (Gene Bio Application Ltd. cat. no. D070-6).
Two dialysis cycles were applied, 1.5 h each, against
bulk solutions, whose volumes were 1000× the VP1-
VLPs suspension volume. VP1-VLPs were stored up to
a month at 4 ◦C.

4.1.2 Preparing VP1 pentamers solution for assembly
reactions

Polymer-containing VLP (pcVLP) assembly followed
the disassembly-reassembly procedure described earlier
[91]. Briefly, the purified VP1-VLPs were first disas-
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Fig. 8 Fitting the solution X-ray scattering data from
Fig. 2 using a linear combination of two states: the com-
puted scattering curves from atomic models of hydrated
VP1 pentamers (Fig. S1) and the complete T = 1 SV40
VLPs. The fits were performed while maintaining mass con-
servation (Eq. 3)

sembled, using two dialysis cycles against disassembly
buffers. VP1-VLPs were first dialyzed against disassem-
bly buffer A, containing: 20 mM Tris at pH 8.9, 2 mM
DTT, 5 mM EDTA and 50 mM NaCl, followed by a
second dialysis against disassembly buffer B, which was
similar to buffer A but contained only unit 2 mM EDTA
(instead of 5 mM). Both dialysis cycles were performed
at 4 ◦C for 1.5–2 h each, where the ratio between the
bulk solution volume and the VP1-VLPs suspension
volume was greater than 1000. Following disassembly,
the solution containing VP1 pentamers was centrifuged
at 20,000g for 40 min at 4 ◦C to precipitate larger
oligomers. The concentration of VP1 pentamers was
measured using UV–Vis absorption spectroscopy with
an extinction coefficient of 32, 890M−1cm−1 for a VP1
monomer.

4.1.3 VP1-PSS measurements

The reactions were initiated by mixing equal volumes
of 13 μM (data in Figs. 2 and 7) or 10.6 μM (data in
Fig. 8) VP1 pentamers in disassembly buffer B (20 mM
2-Amino-2-hydroxymethyl-propane-1,3-diol (Tris), pH
8.9, 2 mM DTT, 2 mM EDTA and 50 mM NaCl) with
0.87 μM (Figs. 2, 7) or varying concentrations (Fig. 8)
of 78 kDa polystyrene sulfonate (PSS) solutions, con-
taining 100 mM 3-morpholinopropane-1-sulfonic acid
(MOPS) buffer (pH 7.2) and different concentrations of
NaCl. SAXS measurements were taken following incu-
bation for at least 5 h at ambient room temperature.

Fig. 9 Comparing the SAXS data analysis with (open
square blue symbols) and without the simulated assemblies
(open circle black symbols). a The Chi-square values of the
fit from Fig. 8 using the two-state model (circle symbols) and
the fit from Fig. 2a with the simulated assemblies (square
symbols) as a function of ionic strength. b The total PSS
mass concentration of assembled PSS chains as a function
of ionic strength when fitting the data with (square sym-
bols) and without (circle symbols) the simulated assemblies.
c The average number of VP1 pentamers per particle as a
function of ionic strength when fitting the data with (square
symbols) and without (circle symbols) the simulated assem-
blies

4.1.4 VP1 pentamer assembly in the absence of PSS

PSS-free assembly reactions of VP1 at each solution
condition were initiated by mixing equal volumes of
7.5 μM VP1 pentamers in disassembly buffer B with
buffered solutions, containing 100 mM MOPS buffer at
pH 7.2 and different NaCl concentrations. All samples
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Fig. 10 SAXS analysis of assembly reactions at different
PSS to VP1 molar ratios. Assembly was performed at a
fixed ionic strength (137 mM) and induced by mixing equal
volumes of 10.6 μM VP1 pentamer solution with varying
concentrations of 78 kD PSS solution leading to the indi-
cated molar ratios. Each SAXS curve was fit to a linear
combination of the following modeled scattering curves: free
hydrated VP1 pentamer, hydrated PSS-containing T = 1

VLP model, and simulated models of VP1 - PSS com-
plexes, representing likely assembly products with the indi-
cated interaction strength, ε, values. The modeled scattering
curves were calculated using D+ software [124,125]. The his-
tograms on the right show the mass fraction of pentamers
in each model with a resultant mass fraction above 0.01.
The scattering curves were horizontally shifted for clarity of
presentation

were measured following several hours of incubation at
ambient room temperature.

4.2 SAXS measurements

Solution small-angle X-ray scattering (SAXS) measure-
ments were taken at the P12 EMBL Beamline (headed
by D. Svergun) in PETRA III (DESY, Hamburg) [139].
Measurements were taken using an automated sample
changer setup as described [92,93,140]. The wavelength
of the incident X-ray beam was 1.24Å, and the scatter-
ing intensity was recorded on a single-photon PILA-
TUS 2 M pixel area detector (DECTRIS). The sample
to detector distance was 3.1m. Thirty–forty microliters
of each sample was injected in each measurement, and
25 frames were recorded with an exposure time of 45 ms
per frame. Initial reduction of the scattering signals to
one-dimensional curves of scattering intensity as a func-
tion of the magnitude of the scattering vector, q, was
performed using the P12 pipeline [141].

Background measurements before and after each
sample were taken on the solvent of each sample, under

identical measurement conditions. Both background
and sample scattering curves were averaged over all the
frames, and the averaged background signal was sub-
tracted from the averaged sample and gave the final
background subtracted scattering intensity curve of the
assembly reactions, as explained in our earlier papers
[92,124–127]. All the assembly reactions were measured
at 25 ◦C.

SAXS measurements were also taken at the ID02
beamline (headed by T. Narayanan) in the European
synchrotron radiation facility (ESRF, Grenoble). Mea-
surements were taken using the flow-cell setup, which
included a temperature-controlled, 2 mm thick, quartz
capillary [142,143]. The wavelength of the incident
beam was 0.995Å, and the scattered intensity was
recorded on a Rayonix MX170-HS detector [143,144].
Data reduction was performed using SAXSutilities soft-
ware.
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4.3 Cryo-TEM measurements

Assembly reactions for cryo-TEM measurements were
prepared using a protocol identical to the protocol used
for SAXS measurements. The final concentrations of
VP1 and PSS were 6 μM and 0.4 μM, respectively.
All assembly reactions were incubated at ambient room
temperature for ∼24 h. Sample preparation and image
acquisition were performed as described in our earlier
publication [86].

4.4 Coarse-grained computational model

To develop a library of intermediate structures, we per-
formed Langevin dynamics simulations with a coarse-
grained model for the assembly of T = 1 SV40 VLPs
around a polyelectrolyte. The model is adapted from
models previously used to simulate the assembly of
empty capsids [64,145,146], which were extended to
model assembly around RNA and other substrates in
Refs. [122,123,147–150].

The T = 1 SV40 VLP capsid is modeled as a
dodecahedron composed of 12 pentagonal subunits. The
subunits are attracted to each other by an attractive
Morse potential between Attractor (‘A’) pseudoatoms
at each subunit vertex. The Top (‘T’) pseudoatoms
interact with other ‘T’ pseudoatoms through a poten-
tial consisting of the repulsive term of the Lennard–
Jones (LJ) potential, the radius of which is chosen to
favor a subunit-subunit angle consistent with a dodec-
ahedron (116 degrees). The Bottom (‘B’) pseudoatom
has a repulsive LJ interaction with ‘T’ pseudoatoms,
to prevent ‘upside-down’ assembly. The ‘T,’ ‘B,’ and
‘A’ pseudoatoms form a rigid body [64,145,146]. To
represent the capsid shell excluded volume more accu-
rately than the original model, we add a layer of
‘Excluder’ pseudoatoms, having a repulsive LJ inter-
action with the polyelectrolyte and the ARMs (dis-
cussed next). The attraction strength is controlled by
the model parameter ε. In Ref. [123], the relationship
between the potential well-depth ε and the dimeriza-
tion standard Helmholtz free energy was estimated to
be gss/kBT = 1.5 − 5.0ε/kBT .

We represent the PSS with a linear bead-spring poly-
electrolyte, with a charge of -e per bead. To repre-
sent the SV40 capsid protein RNA binding domains
(arginine rich motifs, ARMs), we affix flexible poly-
mers to the inner surface of each model capsid subunit.
There are 5 ARMs per capsid subunit (since it is a
homopentamer). While in previous work [123] we simu-
lated ARMs with both charged and neutral segments, in
this work each ARM contains only 5 positively charged
beads for simplicity. The first segment of each ARM
is part of the subunit rigid body, whereas the remain-
ing ARM segments are not rigid but connected to the
rigid body through the bonded interactions within each
ARM. Each ARM is modeled as a bead-spring polymer,
with one bead per amino acid. The ‘Excluders’ and first
ARM segment are part of the subunit rigid body. ARM
beads interact through repulsive LJ interactions and, if

charged, electrostatic interactions modeled by a Debye–
Hückel (DH) potential.

Electrostatics are modeled using DH interactions,
where the Debye screening length (λD) is determined
by the ionic strength IS as λD ≈ 0.3/I

1/2
S with λD in

nm and IS in molar units. We consider monovalent salt,
for which IS is given by the salt concentration Csalt.
Perlmutter et al. [122] showed that DH interactions
compare well to simulations with explicit counterions
for the parameter values under consideration; however,
we note that the DH approximation is less accurate at
lower salt concentrations.
Simulations and units Simulations were performed

with the Langevin dynamics algorithm of HOOMD,
which uses the Langevin equation to evolve positions
and rigid body orientations in time [151–153]. Sim-
ulations were performed using a set of fundamental
units. The fundamental energy unit is selected to be
E0 ≡ kBT . The unit of length D0 is set to the circum-
radius of a pentagonal subunit, which is taken to be
D0 ≡ 5 nm so that the dodecahedron inner radius is
1.46D0 = 7.3 nm, which is on the order of the size of a
T = 1 SV40 VLP.

The library of simulation structures is composed
of representative samples from thermally equilibrated
ensembles. Assembly simulations were performed at
least 10 times for each set of parameters, with each
simulation concluded at either completion, persistent
malformation, or 1 × 108 time steps. For all dynam-
ics simulations, there were 30 subunits in a box with
dimensions 75 × 75 × 75 nm3, resulting in a concentra-
tion of 120 μM VP15. The simulations employed peri-
odic boundary conditions.

4.5 Analyzing the SAXS signals

4.5.1 Calculation of SAXS intensities from
coarse-grained Langevin dynamics simulations

To compute the expected solution X-ray scattering
intensity curves from the polymer-VP1 pentamer com-
plex in D+ software [124,125,154–156], we used the
atomic model of a VP1 pentamer (taken from PDB
ID 1SVA) and a small sphere representing the PSS
monomer. We docked the VP1 pentamer atomic model
into its assembly symmetry, describing the manner by
which copies of a subunit are shifted and rotated.

Generating assembly symmetry files from the
simulation frames: An equilibrated MD simulation
trajectory included 4 saved frames. Each frame included
the size and shape of the box (3 edges and 3 angles
between them) and a list of 3D bead coordinates (a
polymer contained 400 beads, each VP1 pentamer con-
tained 22 beads, and each simulation included a poly-
mer chain and 30 VP1 pentamers). Each pentamer con-
tained a list of 22 consecutive bead coordinates (using
periodic boundary conditions), 20 of which defined the
rigid core, whereas the top and bottom beads defined
its inner and outer faces, respectively. The simulation
frames did not include the coarse-grained representa-
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tions of the N-terminal ARMs. The polymer chain inter-
acted with the pentamers and formed complexes that
coexisted with free pentamers.

A Python program identified the pentamers that
formed a complex with the polymer and computed the
assembly symmetries of the VP1 pentamers and the
polymer subunit, based on the MD simulation frames.
An assembly symmetry contains the manner by which
copies of a subunit are shifted and rotated and was
required for computing the X-ray scattering curve of a
complex in D+ software (Fig. 3).

Each equilibrated simulation frame was corrected for
periodic boundary conditions by surrounding the sim-
ulation box with 26 copies of its translated pentamer
beads.

We identified the coordinates of fragmented subunits
near the periodic boundaries if the distance between
beads and the geometric center of the pentamer was
larger than the pentamer enclosing radius. To correct
the coordinate list of these subunits, we applied a k-
means clustering algorithm with an initial guess of 8
clusters [157]. If the separations between the resultant
centroids were smaller than the size of a pentamer, the
clusters were merged, and the number of clusters was
modified. A second k-means procedure was applied with
the modified number of clusters as an input parame-
ter, and the resultant clusters defined the subunit frag-
ments. The fragments were then combined by a series
of translations.

To isolate the VP1-polymer complex (Fig. 3a), as a
first step, VP1 pentamer subunits within an interaction
distance of 1.5 in the simulation units (where 1 in the
simulation units equals 4.6 nm) between the geometric
center of the pentamer and the polymer beads were con-
sidered to be part of the complex. The remaining pen-
tamers were initially considered free. A free pentamer,
interacting with any of the pentamers in a complex, was
added to the complex. This was repeated until no free
pentamer had to be added. The interaction cutoff dis-
tance between two pentamers was set to 0.6 in the simu-
lation units between the most peripheral beads of these
pentamers. (The 5 peripheral beads of each pentamer
were located at the largest distance from its geometric
center.)

A reference subunit was aligned such that its geo-
metrical center was at the origin, and its director (the
vector connecting the bottom and top bead centers) was
aligned with the positive z axis (Fig. 3b). To extract the
position and orientation of each pentamer in the com-
plex, the rotation Euler angles and translation vectors
were calculated with respect to the aligned reference
subunit. The output of the calculation included a list of
the geometric centers and Euler angles of each pentamer
in the complex and the geometric centers of the poly-
mer subunits. The exported positions were multiplied
by an optimized scaling factor of 4.6, representing the
ratio between the real-space and simulated VP1 pen-
tamer dimensions (obtained by comparison with scat-
tering data), and translated such that the center of mass
of the pentamers was located at the origin.

Docking of the VP1 pentamer atomic struc-
ture: To compute the solution X-ray scattering curves
from VP1-polymer complex in D+ software [124,125],
we first aligned an atomic model of a VP1 pentamer,
taken from PDB ID 1SVA and a published cryo-TEM
data [90], with the coarse-grained reference subunit.
The center-of-mass of the pentamer atomic model was
located at (0,0, 2.6 nm), and the alignment of the pen-
tamer C-arms was compared with the attractor beads
in the coarse-grained reference subunit. The alignment
was validated by comparing the computed scattering
curve of a T = 1 particle from the Langevin dynamics
simulations with the computed scattering curve based
on a published cryo-TEM T = 1 SV40 virus-like particle
structure [90]. The scattering amplitude of the hydrated
VP1 pentamer was computed in D+, using a solvent
probe radius of 0.14 nm, a hydration layer thickness of
0.2 nm, and a mean electron density of 364 e/nm3.

Docking of the styrene sulfonate monomer:
The orientation-averaged scattering intensity from an
atomic model of a styrene sulfonate monomer (CID
75905) was computed and fitted to a sphere model with
a radius of 0.23 nm, and a mean electron density of
1208e/nm3. The contribution of the PSS polymer was
computed by docking the best-fitted sphere model into
the assembly symmetry of the 400 polymer subunits,
obtained from the Langevin dynamics simulations.

4.6 Fitting the SAXS data

The scattering data were fitted to a linear combination
of the following computed scattering curves:

1. Computed free VP1 pentamer: The solution SAXS
intensity from the atomic model of a free VP1 pen-
tamer (taken from PDB ID 1SVA) was computed
with a hydration shell, computed by D+ program
[124,125] with a solvent probe radius of 0.14 nm,
a hydration layer thickness of 0.2 nm, and a mean
electron density of 364 e/nm3.

2. T = 1 SV40 virus-like particle: The atomic model
of the T = 1 SV40 virus-like particle was cre-
ated by docking the VP1 atomic pentamer model
and the spherical polymer subunits to a complete
T = 1 particle taken from a simulation frame (as
explained above). The structure was further modi-
fied by adding an inner uniform sphere, represented
by a hyperbolic tangent model with a radius of 5.5
e/nm3, maximum electron density of 378 e/nm3,
and a slope of 0.8, as explained in Ref. Thermal
fluctuations were taken into account by allowing
the center of mass of the VP1 pentamers to fluctu-
ate about their position. The fluctuation amplitude
was randomly drawn from a uniform distribution
between −0.5 and 0.5 nm. The scattering model rep-
resents an average of 15 generated T = 1 particles.

3. A library of VP1-polymer complexes: The library
was generated by coarse-grained MD simulations,
using a range of pentamer–pentamer interaction
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parameters (3 ≤ ε ≤ 7) and Debye lengths
(0.5 nm ≤ λD ≤ 1 nm).

4.6.1 Constrained data fitting

The fitting algorithm included a least-squares fitting
of the model to the data, where the contribution of
each component, representing its mass fraction, had
to be nonnegative and obey the constraint of total
mass conservation. The total modeled scattering inten-
sity can be written as ITotal(q) = sMTotal

∑
i χiI(q)i,

where χi is the mass fraction of material found in state
i, I(q)i is its normalized scattering curve per 1 g/L,
MTotal = mVP1 +mPSS, is the total mass concentration
in the sample and s is a fitted scaling factor to con-
vert the modeled scattering curves to the signal abso-
lute scale. Since VP1 pentamers are the major contrib-
utors to the total scattering intensity, we can assume
that MTotal ≈ mVP1. This assumption was justified by
the higher concentrations of the VP1 pentamers com-
pared with the PSS polymer (15:1) and the correspond-
ing higher molecular mass (210 kDa compared with 78
kDa). The two conservation laws can be therefore writ-
ten as,

∑

i

χi = 1 (1)

for the mass conservation of the VP1 pentamers and as

MTotalM
w
PSS

∑

i�=VP15

χi

Mw
i

≤ mPSS (2)

for the PSS polymer, where Mw
i and Mw

PSS are the
molecular weights of the VP15-PSS complex and the
molecular weight of the polymer, respectively.

To take into account the conservation laws and our
lack of sensitivity to accurately measure the residual
PSS polymer in solution, the minimized cost function,
g, for the fitting was

g =
1

nq − 1

qmax∑

qi=qmin

(
ITotal(qi) − Isignal(qi)

σqi

)2

+ λ · Δ

(3)
where Δ is

Δ =

⎧
⎨

⎩

(
mmodel

PSS
mPSS

− 1
)2

, if mmodel
PSS > mPSS

0, otherwise
(4)

where,

mmodel
PSS = MTotalM

w
PSS

∑

i�=VP15

χi

Mw
i

(5)

and λ is a regularization parameter set to 103.

Supplementary information. The Supporting Infor-
mation includes three additional supporting figures.

Supplementary information The online version con-
tains supplementary material available at https://doi.org/
10.1140/epje/s10189-023-00363-x.
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Möller, M. Zeghal, G. Tresset, Nonequilibrium self-
assembly dynamics of icosahedral viral capsids pack-
aging genome or polyelectrolyte. Nat. Commun. 9(1),
3071 (2018)

90. S. Kler, J.C.-Y. Wang, M. Dhason, A. Oppenheim, A.
Zlotnick, Scaffold properties are a key determinant of
the size and shape of self-assembled virus-derived parti-
cles. ACS Chem. Biol. 8(12), 2753–61 (2013). https://
doi.org/10.1021/cb4005518

91. S. Kler, R. Asor, C. Li, A. Ginsburg, D. Harries, A.
Oppenheim, A. Zlotnick, U. Raviv, RNA encapsida-
tion by SV40-derived nanoparticles follows a rapid two-
state mechanism. J. Am. Chem. Soc. 134(21), 8823–
8830 (2012)

92. R. Asor, C.J. Schlicksup, Z. Zhao, A. Zlotnick, U.
Raviv, Rapidly forming early intermediate structures
dictate the pathway of capsid assembly. J. Am. Chem.
Soc. 142(17), 7868–7882 (2020). https://doi.org/10.
1021/jacs.0c01092. (PMID: 32233479)

93. R. Asor, L. Selzer, C.J. Schlicksup, Z. Zhao, A. Zlot-
nick, U. Raviv, Assembly reactions of hepatitis b cap-
sid protein into capsid nanoparticles follow a narrow
path through a complex reaction landscape. ACS Nano
13(7), 7610–7626 (2019)

94. R.D. Cadena-Nava, M. Comas-Garcia, R.F. Garmann,
A.L.N. Rao, C.M. Knobler, W.M. Gelbart, Self-
assembly of viral capsid protein and RNA molecules
of different sizes: requirement for a specific high pro-
tein/RNA mass ratio. J. Virol. 86(6), 3318–3326 (2012)

95. M. Comas-Garcia, R.D. Cadena-Nava, A.L.N. Rao,
C.M. Knobler, W.M. Gelbart, In vitro quantifica-
tion of the relative packaging efficiencies of single-
stranded RNA molecules by viral capsid protein. J.
Virol. 86(22), 12271–12282 (2012)

96. R.F. Garmann, M. Comas-Garcia, M.S.T. Koay,
J.J.L.M. Cornelissen, C.M. Knobler, W.M. Gelbart,

The role of electrostatics in the assembly pathway of
a single-stranded RNA virus. J. Virol. (2014). https://
doi.org/10.1128/jvi.01044-14

97. Y. Hu, R. Zandi, A. Anavitarte, C.M. Knobler, W.M.
Gelbart, Packaging of a polymer by a viral capsid: the
interplay between polymer length and capsid size. Bio-
phys. J . 94(4), 1428–1436 (2008)

98. S.N. Fejer, D. Chakrabarti, D.J. Wales, Emergent com-
plexity from simple anisotropic building blocks: shells,
tubes, and spirals. ACS Nano 4(1), 219–228 (2010)

99. R. Kusters, H.-K. Lin, R. Zandi, I. Tsvetkova, B. Drag-
nea, P. Schoot, Role of charge regulation and size poly-
dispersity in nanoparticle encapsulation by viral coat
proteins. J. Phys. Chem. B 119(5), 1869–1880 (2015).
https://doi.org/10.1021/jp5108125

100. R. Zandi, P. Schoot, Size regulation of ss-RNA viruses.
Biophys. J . 96(1), 9–20 (2009)

101. M.F. Hagan, Controlling viral capsid assembly with
templating. Phys. Rev. E 77, 051904 (2008)

102. M.F. Hagan, A theory for viral capsid assembly around
electrostatic cores. J. Chem. Phys. 130, 114902 (2009)

103. V.A. Belyi, M. Muthukumar, Electrostatic origin of the
genome packing in viruses. Proc. Natl. Acad. Sci. USA
103(46), 17174–17178 (2006)

104. R. Twarock, R.J. Bingham, E.C. Dykeman, P.G. Stock-
ley, A modelling paradigm for rna virus assembly. Curr.
Opin. Vir. 31, 74–81 (2018)

105. S. Li, P. Roy, A. Travesset, R. Zandi, Why large icosa-
hedral viruses need scaffolding proteins. Proc. Natl.
Acad. Sci. USA 115(43), 10971–10976 (2018)

106. S. Li, R. Zandi, A. Travesset, G.M. Grason, Ground
states of crystalline caps: generalized jellium on curved
space. Phys. Rev. Lett. (2019). https://doi.org/10.
1103/PhysRevLett.123.145501. arXiv:1906.03301

107. P. Schoot, R. Zandi, Impact of the topology of viral
rnas on their encapsulation by virus coat proteins. J.
Biol. Phys. 39(2), 289–299 (2013). https://doi.org/10.
1007/s10867-013-9307-y

108. G. Erdemci-Tandogan, J. Wagner, P. Schoot, R. Pod-
gornik, R. Zandi, RNA topology remolds electrostatic
stabilization of viruses. Phys. Rev. E 89, 032707 (2014)
https://doi.org/10.1103/PhysRevE.89.032707

109. A. Siber, R. Zandi, R. Podgornik, Thermodynamics of
nanospheres encapsulated in virus capsids. Phys. Rev.
E 81(5), 051919 (2010)

110. E.C. Dykeman, P.G. Stockley, R. Twarock, Packaging
signals in two single-stranded RNA viruses imply a con-
served assembly mechanism and geometry of the pack-
aged genome. J. Mol. Biol. 425(17), 3235–49 (2013).
https://doi.org/10.1016/j.jmb.2013.06.005

111. N. Patel, E.C. Dykeman, R.H.A. Coutts, G.P.
Lomonossoff, D.J. Rowlands, S.E.V. Phillips, N. Ran-
son, R. Twarock, R. Tuma, P.G. Stockley, Revealing
the density of encoded functions in a viral rna. Proc.
Natl. Acad. Sci. USA (2015). https://doi.org/10.1073/
pnas.1420812112

112. E.C. Dykeman, P.G. Stockley, R. Twarock, Solving
a Levinthal’s paradox for virus assembly identifies a
unique antiviral strategy. Proc. Natl. Acad. Sci. USA
111(14), 5361–5366 (2014). https://doi.org/10.1073/
pnas.1319479111

113. E.C. Dykeman, P.G. Stockley, R. Twarock, Building
a viral capsid in the presence of genomic RNA. Phys.

123

https://doi.org/10.1021/acs.analchem.0c02133
https://doi.org/10.1021/acs.jpcb.0c05024
https://doi.org/10.1021/cb4005518
https://doi.org/10.1021/cb4005518
https://doi.org/10.1021/jacs.0c01092
https://doi.org/10.1021/jacs.0c01092
https://doi.org/10.1128/jvi.01044-14
https://doi.org/10.1128/jvi.01044-14
https://doi.org/10.1021/jp5108125
https://doi.org/10.1103/PhysRevLett.123.145501
https://doi.org/10.1103/PhysRevLett.123.145501
http://arxiv.org/abs/1906.03301
https://doi.org/10.1007/s10867-013-9307-y
https://doi.org/10.1007/s10867-013-9307-y
https://doi.org/10.1103/PhysRevE.89.032707
https://doi.org/10.1016/j.jmb.2013.06.005
https://doi.org/10.1073/pnas.1420812112
https://doi.org/10.1073/pnas.1420812112
https://doi.org/10.1073/pnas.1319479111
https://doi.org/10.1073/pnas.1319479111


107 Page 18 of 19 Eur. Phys. J. E (2023) 46 :107

Rev. E 87(2), 022717 (2013). https://doi.org/10.1103/
PhysRevE.87.022717

114. V.L. Morton, E.C. Dykeman, N.J. Stonehouse, A.E.
Ashcroft, R. Twarock, P.G. Stockley, The impact of
viral RNA on assembly pathway selection. J. Mol. Biol.
401(2), 298–308 (2010)

115. R. Zhang, E. Wernersson, P. Linse, Icosahedral cap-
sid formation by capsomer subunits and a semiflexible
polyion. RSC Adv. 3(47), 25258–25267 (2013). https://
doi.org/10.1039/c3ra44533j

116. R. Zhang, P. Linse, Topological effects on capsomer-
polyion co-assembly. J. Chem. Phys. 140(24) (2014)
https://doi.org/10.1063/1.4883056

117. R. Zhang, P. Linse, Icosahedral capsid formation by
capsomers and short polyions. J. Chem. Phys. 138(15)
(2013) https://doi.org/10.1063/1.4799243

118. D.G. Angelescu, J. Stenhammar, P. Linse, Packaging
of a flexible polyelectrolyte inside a viral capsid: effect
of salt concentration and salt valence. J. Phys. Chem.
B 111(29), 8477–8485 (2007)

119. D.G. Angelescu, P. Linse, Monte Carlo simulations of
flexible polyelectrolytes inside viral capsids with dodec-
ahedral charge distribution. Phys. Rev. E 75(5 Pt 1),
051905 (2007)

120. S. Panahandeh, S. Li, R. Zandi, The equilib-
rium structure of self-assembled protein nano-cages.
Nanoscale 10, 22802–22809 (2018) https://doi.org/10.
1039/C8NR07202G

121. C. Waltmann, R. Asor, U. Raviv, M. Cruz, Assem-
bly and stability of simian virus 40 polymorphs. ACS
Nano 14(4), 4430–4443 (2020). https://doi.org/10.
1021/acsnano.9b10004. (PMID: 32208635)

122. J.D. Perlmutter, C. Qiao, M.F. Hagan, Viral genome
structures are optimal for capsid assembly. eLife 2,
00632 (2013)

123. J.D. Perlmutter, M.R. Perkett, M.F. Hagan, Pathways
for virus assembly around nucleic acids. J. Mol. Biol.
(2014). https://doi.org/10.1016/j.jmb.2014.07.004

124. A. Ginsburg, T. Ben-Nun, R. Asor, A. Shemesh, L.
Fink, R. Tekoah, Y. Levartovsky, D. Khaykelson, R.
Dharan, A. Fellig, U. Raviv, D+: Software for High-
Resolution Hierarchical Modeling of Solution X-Ray
Scattering from Complex Structures. J. Appl. Crys-
tallogr. 52, 219–242 (2019) https://doi.org/10.1107/
S1600576718018046

125. A. Ginsburg, T. Ben-Nun, R. Asor, A. Shemesh, I.
Ringel, U. Raviv, Reciprocal grids: a hierarchical algo-
rithm for computing solution x-ray scattering curves
from supramolecular complexes at high resolution. J.
Chem. Inf. Model. 56(8) (2016) https://doi.org/10.
1021/acs.jcim.6b00159

126. R. Asor, O. Ben-nun-Shaul, A. Oppenheim, U. Raviv,
Crystallization, reentrant melting, and resolubilization
of virus nanoparticles. ACS Nano 11(10), 9814–9824
(2017)

127. A. Ginsburg, A. Shemesh, A. Millgram, R. Dha-
ran, Y. Levi-Kalisman, I. Ringel, U. Raviv, Structure
of dynamic, taxol-stabilized, and gmppcp-stabilized
microtubule. J. Phys. Chem. B 121(36), 8427–8436
(2017)

128. H. Fischer, M.d. Oliveira Neto, H. Napolitano, I.
Polikarpov, A.F. Craievich, Determination of the
molecular weight of proteins in solution from a single

small-angle x-ray scattering measurement on a relative
scale. J. Appl. Crystallogr. 43(1), 101–109 (2010)

129. T. Ben-Nun, A. Ginsburg, P. Székely, U. Raviv,
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130. P. Székely, A. Ginsburg, T. Ben-Nun, U. Raviv, Solu-
tion x-ray scattering form factors of supramolecular
self-assembled structures. Langmuir 26(16), 13110–
13129 (2010)

131. R.P. Rambo, J.A. Tainer, Characterizing flexible and
intrinsically unstructured biological macromolecules by
sas using the porod-debye law. Biopolymers 95(8),
559–571 (2011)

132. S. Ciccariello, J. Goodisman, H. Brumberger, On the
porod law. J. Appl. Crystallogr. 21(2), 117–128 (1988)

133. P. Schoot, R. Bruinsma, Electrostatics and the assem-
bly of an rna virus. Phys. Rev. E 71(6), 061928 (2005)

134. A. Zlotnick, J.M. Johnson, P.W. Wingfield, S.J. Stahl,
D. Endres, A theoretical model successfully identifies
features of hepatitis B virus capsid assembly. Biochem-
istry 38(44), 14644–14652 (1999)

135. A. Zlotnick, P. Ceres, S. Singh, J.M. Johnson, A small
molecule inhibits and misdirects assembly of hepatitis
b virus capsids. J. Virol. 76(10), 4848–4854 (2002)

136. A. Zlotnick, Are weak protein–protein interactions the
general rule in capsid assembly? Virology 315, 269–274
(2003)

137. P. Ceres, A. Zlotnick, Weak protein–protein inter-
actions are sufficient to drive assembly of hepatitis
B virus capsids. Biochemistry 41(39), 11525–11531
(2002)

138. S. Mukherjee, M. Abd-El-Latif, M. Bronstein, O. Ben-
nun-Shaul, S. Kler, A. Oppenheim, High cooperativity
of the sv40 major capsid protein vp1 in virus assembly.
PLoS ONE 2(8), 765 (2007)

139. C.E. Blanchet, A. Spilotros, F. Schwemmer, M.A.
Graewert, A. Kikhney, C.M. Jeffries, D. Franke,
D. Mark, R. Zengerle, F. Cipriani, S. Fiedler, M.
Roessle, D.I. Svergun, Versatile sample environments
and automation for biological solution X-ray scatter-
ing experiments at the p12 beamline (petra iii, desy).
J. Appl. Crystallogr. 48(2), 431–443 (2015). https://
doi.org/10.1107/S160057671500254X

140. A. Round, F. Felisaz, L. Fodinger, A. Gobbo, J. Huet,
C. Villard, C.E. Blanchet, P. Pernot, S. McSweeney,
M. Roessle, D.I. Svergun, F. Cipriani, Biosaxs sample
changer: a robotic sample changer for rapid and reliable
high-throughput x-ray solution scattering experiments.
Acta Crystallogr. Sect. D 71(1), 67–75 (2015). https://
doi.org/10.1107/S1399004714026959

141. D. Franke, A.G. Kikhney, D.I. Svergun, Automated
acquisition and analysis of small angle x-ray scatter-
ing data. Nucl. Instrum. Methods Phys. Res., Sect. A
689, 52–59 (2012)

142. P. Van Vaerenbergh, J. Léonardon, M. Sztucki, P.
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