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Abstract
Background

The polymorphic assembly of polyomaviridae capsids into spherical or tubular nano-particles
presents a fundamental challenge in understanding viral self-organization.

Objectives
Here, we the structural and energetic factors affecting the architecture of non-infectious tubular
Simian Virus 40 (SV40) particles, which hold promise for targeted drug delivery.

Methodology

By uniquely integrating an atomically detailed model of the energy landscape for VP1
pentamer trimers with viral tiling theory, we successfully predicted the structure of these
tubular assemblies.

Results

Our predicted tubular particle diameter (~424 A) is in close agreement with the experimentally
observed range of 400-450 A, and the predicted arrangement of pentamer subunits on the
tubular surface closely mirrors cryo-electron microscopy data. A key finding is that the
architecture of these tubular structures is largely determined by the lowest energy inter-
pentamer packing within the trimer, observed at pH 5. Furthermore, our model predicts a
destabilization of tubular structures at pH 8, consistent with experimental observations and
suggesting a pH-dependent assembly mechanism.

Conclusion

This work provides a crucial mechanistic framework for understanding the physical principles
governing capsid polymorphism in polyomaviridae, which can inform the rational design of
nano-scale VLPs for nanotechnology and drug delivery.
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Introduction

Virus-like-particles (VLPs) are self-assembling biomolecular structures with a
multitude of potential medical uses in drug delivery [1], gene therapy [2] and most notably as
vaccines [3-6]. The structural stability and biocompatibility of VLPs make them suitable for
drug delivery, with surface functionalization enhancing circulation half-life and target
specificity [7]. VLPs can be engineered to deliver therapeutic proteins and RNAs efficiently
[8]. They can overcome traditional delivery challenges by enhancing cargo packaging and
release, as demonstrated in engineered VLPs (eVLPs) that can achieve high levels of gene
editing in various tissues with minimal off-target effects [9].

Simian virus 40 (SV40), a member of the family Polyomaviridae, possesses the
potential to serve as a drug or gene delivery vector due to its ability to transduce a broad
spectrum of human cells [10], including haematopoietic stem cells [11]. A distinguishing
feature of viruses in the Polyomaviridae family is the unusual organisation of their capsid
proteins: They occur uniquely in clusters of five, called pentamers, as opposed to the commonly
observed mix of 12 pentamers and otherwise hexamers (clusters of six) predicted by Caspar-
Klug Theory [12]. In particular, the viral capsid of SV40 is composed of 72 pentamers of the
VP1 protein that are arranged with icosahedral symmetry [13]. The unique pentameric
arrangement of SV40 capsid proteins could potentially enhance the immunogenicity and
stability of VLP-based vaccines [14, 15].

The assembly of the viral capsid of SV40 from its protein building blocks has been
studied from both theoretical [12, 16-21] and experimental [22-27] points of view.
Experimentally, it has been shown that the recombinant VP1 protein assembles in insect cells
into VLPs in the absence of other virion constituents [28], and that such VLPs are
morphologically indistinguishable from the wild-type SV40. SV40 is hence a useful system for
studying virus disassembly [29]. Interestingly, it has also been shown that the VP1 pentamers
self-assemble into a variety of polymorphic aggregates of spherical or tubular particles
depending on pH, calcium concentration or ionic strength [30, 31]. While the spherical particles
can package the viral genome and are hence infectious, their tubular variants contain little or
no DNA [32]. Therefore, the assembly of tubular particles is therapeutically desirable, and a
deeper understanding of their assembly could be valuable for targeted drug delivery [33-35].

Mathematical models for the structure and assembly of viral capsids have been
investigated over the last few decades [12, 36]. Notably, Casper-Klug theory [12] has been
successful for most viruses except for polyoma and papilioma viruses where it falls short of
predicting their capsid structure. A promising approach for solving Casper-Klug structural
puzzles has been initiated by the viral tiling theory (VTT) [17] where the surface lattice of the
viral capsid is expressed in terms of pentagonal tessellations. The predictive power of the VTT
is significantly enhanced relative to Casper-Klug theory through its ability to locate not only
the location of virus capsid proteins but also through locating protein-protein interactions.
Interestingly, VTT has also been able to predict the structure of the tubular variants of the
spherical particles [37]. Given the scarcity of structural data for the tubular particles, this gives
an invaluable starting point for understanding the assembly of these particles.

In this work, we map the association free energy landscape of three of SV40 VP1
pentamers in order to locate their stable configurations at pHS and pHS. The topology of the
energy landscape is discussed and its implication to higher order sheet structures are
highlighted. We then use this knowledge along with the VTT in order to predict the curvature
and closure mode of SV40 tubular structure. The relative stability of the constructed tubular
structures is then inferred in terms of goodness of closure of the VTT surface tessellation.
Finally, the constructed tubular structures are compared to available experimental data.
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Methods

Computation of the binding free energy landscape

. Based on the assumption that the decision between different final products of assembly
is made at the early stages of assembly when, for example for spherical particles, the radius
and curvature of the particles are fixed, we choose to focus our analysis on a trimer of
pentamers. The trimer is an aggregate formed from 15 VP1 capsid proteins, later referred to as
trimers for brevity. Viral Tiling Theory shows that there are three different bonding
environments between SV40 trimers in the capsid of SV40 [18], only one of which is capable
of supporting formation a tubular structure. Experimental data on the structure of this trimer
were extracted from the pdb-files related to the X-ray crystal structure of SV40 [38]. The
configurational space this trimer can be represented via the packing angles y1 and 7., that
indicate the relative orientations of the pentamers as shown in Figure 1 (b) and serve as
collective degrees of freedom.

Intuitively, y1 and y2 represent the "hinge angles" or "bending angles" between adjacent
VP1 pentamers within the trimer. y1 describes the angle at which the first and second pentamer
are joined, dictating their relative orientation in space. Similarly, y2 describes the angle at
which the second and third pentamer are joined. These two angles are critical because they
determine the local curvature and geometry of the pentamer assembly, which ultimately
dictates the overall shape (e.g., flat sheet, curved helix, or closed particle) that the larger viral
structure can adopt. By systematically varying these angles, we can map out all possible
packing arrangements and identify the most energetically favorable ones.

The binding free energy landscape emerges from the variation of binding free energy
within this (y1, y2) space. This landscape allows us to study the relative stabilities of the
assembled particles. We computed the potential energy surface (PES) of the trimer across a
grid in the (y1, y2) space, using a 5° resolution over a range of 0° to 60° for both angles. These
limits were chosen to encompass the range of structures observed experimentally. To obtain
the atomic coordinates at each grid point, we used rotation around the intersection lines of
partial least square regression planes passing through neighboring pentamers. We computed
the trimer's PES at two pH values (5.0 and 8.0) by adjusting the protonation states of ionizable
residues using the PROPKA algorithm [39, 40]. The CHARMM22 force field [41] was used
for calculating the potential energy of the grid structures for each pH value with a relative
dielectric constant of 12 used for the electrostatic term, consistent with experimental pKa
measurement of buried residues [42] and subsequent continuum model calculation of solvation
energies [43] in analogous protein systems. To relieve steric clashes arising from the search
procedure at the pentamer-pentamer interface, we subjected the system to three consecutive
rounds of steepest descent energy minimization. During minimization, backbone atoms were
harmonically restrained with an initial force constant of 30 kcal mol "' A 2. The force constant
was decreased by 10 kcal mol™! A2 after each round. After this minimization stage the RMSD
of the backbone atoms was about 0.27 A relative to the initial structure. In order to account for
the effect of disulfide linkage formation and bound calcium ions, the above minimisation
protocol was repeated for possible combinations of ‘with/without calcium ions’ and
‘with/without disulfide linkages’. Presence of a disulfide linkage was determined based on a
distance threshold of 2.05 £ 0.03 A for the S-S distance of inter-pentamer cystein residues [44].
The positions of the calcium ions were determined based on a maximum distance of 4.0 A
from Glu 216 in one pentamer to Glu 330 for the first binding site and to ASP 345 for the
second binding site in neighbouring pentamers [38]. Distance restraints were applied to these
distances during the minimization stage described above.

We calculated the binding free energy AG binding at each grid point in the (y1, y2) configurational
space using the following thermodynamic expression:
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AG binding = AG trimer — ( AG pentamer 1 + AG pentamer 2 + AG pentamer 3 ) + AE vaw
AG = AG totalsolv = AG elec + AG apolar

The total solvation free energy AG totalsolv can be expressed as a sum of electrostatic AGelec and
non polar AGapolar components [45]. A finite difference solution of the linearized Poisson-
Boltzmann equation was used for calculating the electrostatic component [46] as implemented
in the APBS package [47] where a final grid spacing of 0.5 A was used. The relative dielectric
constants of the solvent and protein were set to 78.54 and 12 respectively and the salt
concentration was set to 0.15 M. The non-polar component was calculated as a solvent-
accessible surface area (SASA) dependant term where each A% of SASA contributes 5.0 cal
mol! A2 to the solvation free energy [48]. The change in the van der Waals component of the
potential energy AE vaw was extracted from the potential energy landscape computed using the
CHARMM22 force field [41].

Unlike molecular dynamics simulations [49, 50], which are inherently dependent on time-
domain conformational sampling, this study explores the viral assembly process through the
binding free energy landscape. Importantly, in the method adopted in this study, the search
procedure explicitly defines the limits of the configurational space to be explored and
circumvents timescale issues This approach has been used successfully in studying DNA [51]
and protein [52, 53] energy landscapes. Moreover, the topology of the energy landscape,
defined in terms of the connectivity of the energy valleys, provides a powerful framework for
understanding the formation, transformation or decomposition of transient intermediates
during the viral assembly process.

Results and discussion

The interaction of protein subunits within tubular virus nano-particles has been
explained by the viral tiling theory where subunit-subunit interaction is reflected in a periodic
surface tessellation of pentamers. Such abstraction of protein interaction in terms of tessellation
is useful for understanding the formation of virus particles. Correct closure of the tessellation
is thereby necessary for particle stability. More specifically, correct closure of the surface
tessellation of a flat sheet of protein subunits can, therefore, be viewed as a requirement for the
formation of tubular particles. Two key ingredients of this approach are: which type of
interaction is appropriate for a correct tessellation of a flat sheet structure, and what is the most
favourable way to close this tessellation in order to form the tubular particle. The first of these
has been uniquely solved by the viral tiling theory [54] whilst the second is addressed in this
manuscript.

Topology of the association free energy landscape:

Three types of subunit interactions are known to exist within polyomaviridae of which
only trimer-dimer interaction (Figure 1 ¢) is predicted by the viral tiling theory to be appropriate
for flat sheet structures [54]. The starting point of our calculations was therefore the X-ray
structure of the trimer-dimer interaction (three pentamers; 15 protein subunits) of Simian Virus
40 (SV40). The association free energy landscape of the three pentamers was calculated in a 2-
dimensional configuartional space defined by their packing angles (Yl & ¥2; Figure 2). The
free energy minima within the energy landscape dictate the stable combinations of these
packing angles.

It is noted that the distribution of the energy minima does not conform to a mirror-
image symmetry around the diagonal of the energy landscape. The energy minima are only
confined to the upper diagonal which indicates that the Y1 packing angle spans a degree of
flexibility higher than that of the 2. The essence of this topological asymmetry is due to the
different pentamer-pentamer interactions within the Y1 and y2 domains. On the one hand, the
Y2 pentamer-pentamer interface involves peptide chains that run back and forward from one
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pentamer to the other (Figure 1 c) and therefore imposes steric restraints on y2 variation. On
the other hand, variation of the yl is energetically less restricted as it involves mainly two
helices whose relative orientation is not hindered by steric restraints (Figure 1 c).

These distinct interaction characteristics are highly sensitive to the local electrostatic
environment, which in turn is modulated by pH-induced changes in residue protonation.
Specifically, at varying pH values (pH 5.0 and pH 8.0 in this study), the protonation states of
ionizable amino acid residues (e.g., aspartate, glutamate, histidine, lysine) at the pentamer-
pentamer interfaces are altered. For instance, as pH decreases towards pH 5, carboxyl groups
on aspartate and glutamate residues become more protonated (less negatively charged), while
amino groups on lysine become more protonated (more positively charged). Conversely, at
higher pH values like pH 8, these groups tend to be deprotonated or neutral. Such changes in
charge distribution directly affect the strength and nature of electrostatic interactions
(attractions and repulsions) between neighboring pentamers. This pH-driven re-tuning of inter-
pentamer electrostatic forces profoundly influences the local energy minima within the y1 and
v2 configurational space, thereby dictating the preferred packing angles and ultimately the
macroscopic assembly outcomes.
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Figure 1. a) Tiling of SV40 virus according to the virus tiling theory (VTT). VP1 protein
subunits are coloured by chain id in the asymmetric unit cell, the 5-fold symmetry axis
is shown as a red sphere while the three-fold axis is shown in black. b) Definition of
the pentamer-pentamer packing angles (yl and y2) within the trimer-dimer interaction
environment. ¢) Secondary structure elements of the pentamer-pentamer interface for the
v1 and 2 domains.
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Implications to the formation of tubular structures

In order to transfer the knowledge gained from the three-pentamer energy landscape to
a higher order structure namely a sheet of penatmer aggregates, the yl and y2 of the lowest
energy minimum were propagated over a two-pentamer-wide sheet structure (Figure 2 c). Sheet
virus structures are aggregates of protein subunits where all pentamer-pentamer packing angles
(y1 and ¥2) are zero. Interestingly, applying the Y1 and Y2, corresponding to the lowest energy
minimum, i.e. most stable aggregate of the three pentamers, transforms the flat sheet into a
helix (Figure 2c¢) which is a reminiscent of the observation of the microtubule growth from
gently curved sheets by cryo-electron microscopy [55]. Arise of the helical shape is due to the
varying degree of curvature introduced into the flat sheet by the yl and y2 packing angles.
Further, the right handedness of the helix is a direct consequence of y2 being greater than y1 at
the lowest energy minimum. This is in turn due to the topological asymmetry of the association
free energy landscape explained previously which means that the values of y1 and y2 are not
simply interchangeable. The helix radius, pitch and inclination angle of the helix are noticeably
dependent on pH and existence/absence of calcium and/or disulphide bridges (Table 1). At pHS
SV40 is known to form tubular structures whose diameter ranges from 400 to 450 A [56].
Interestingly, in absence of bound calcium ions and disulphide bridges at pHS5, the predicted
helix diameter (~424 A) lies within experimental range. However, presence of disulphide
bridges and bound calcium ions at pHS yields also a helical structure whose diameter (~416 A)
lies within that range.

In order to investigate the possibility of emergence of tubular particles from the
constructed helices, three helices were interdigitated (Figure 2 d). This resulted in tube like
structures with a varying degree of closure of VTT surface tessellation depending on the helix
pitch and inclination angle. The goodness of closure was measured by the degree of asymmetry
introduced in the tessellation lengths at the helix-helix interface (Table 1). At pHS, in absence
of calcium and disulphide bridges the tessellation lengths at the helix-helix interface (86.06,
97.58) A show less variation than their counterparts at pHS in absence of calcium and presence
of disulphide bridges (80.29, 107.64) A (Table 1). This indicates that SV40 tubular structures
are destabilized at pHS8 relative to their counterparts at pH5 which is in agreement with
experimental observation of these particles at pHS [31].

Comparison with experimental results

Given that the helix-helix interaction is absent from the energetic model used in the
calculation of the association free energy landscape, it is desirable to investigate how the
surface structure of the tubular particle predicted at pHS (Figure 2 d) compares to experimental
results. The surface structure of the tubular particles of polyoma viruses with a diameter of
400-450 A has been examined by cryo-electron microscopy [56]. In order to compare this data
( Figure 3 A; adapted from Figure 2A in [56] ) to the surface structure of the predicted tubular
particle (Figure 2 d), a flattened version of that particle (by cutting along the principal axis of
the tube) was superposed on Figure 3 a. Despite lack of helix-helix interaction from our
energetic model, inspection of Figure 3b reveals that the distribution of the pentamers on the
surface of the tubular SV40 particle predicted at pH5 (no calcium, no disulphide bridges)
comply reasonably well with that observed experimentally such that the pentamer-pentamer
interactions are fairly reproduced. This indicates that the long range structure of SV40 tubular
particles is determined to a large extent by local pentamer-pentamer interactions such that it is
pretty much dictated by the curvature of the pentamer aggregates at the early stages of the
assembly.

While the consistency of our structural predictions with existing cryo-EM data [56]
provides a significant validation of our model, we acknowledge that this represents the primary
form of experimental comparison at this stage. Future studies employing time-resolved
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experimental techniques, such as stopped-flow light scattering or time-resolved cryo-electron
microscopy, could provide valuable insights into the kinetics of tubular particle assembly and
the formation of potential intermediate structures predicted by our energy landscape analysis.
Furthermore, mutagenesis studies targeting key inter-pentamer interfaces identified in our
model could experimentally probe the energetic contributions of these interactions to the
assembly process and the stability of the resulting tubular structures. Such experiments would
provide a more direct and dynamic validation of the mechanistic principles uncovered in this
computational study.

The ability to computationally predict and understand the assembly of SV40 tubular
nanoparticles opens promising avenues for their application in nanomedicine [57]. The
observed pH-dependent stability of these tubular structures, with stability at pH 5 and
destabilization at pH 8 (as supported by our model and experimental observations [56], presents
a potential trigger mechanism for targeted drug release. Nanoparticles loaded with therapeutic
agents could be designed to remain intact under physiological pH conditions (pH ~7.4) during
circulation, thus minimizing premature drug release. Upon reaching acidic tumor
microenvironments [58] (pH ~6.5-7.0) or upon cellular uptake via endocytosis leading to lower
endosomal/lysosomal pH (pH ~5.0-6.0)[59], the destabilization of the tubular structure could
be exploited to release the encapsulated drug specifically at the target site. Furthermore, the
well-defined and predictable architecture of these viral-like nanoparticles, as revealed by our
study, could also be harnessed for vaccine development by presenting specific regulators [21]
and antigens[60] on their surface. The insights gained from our energy landscape analysis can
guide the rational design and engineering of these nanoparticles for enhanced stability, targeted
delivery, and improved therapeutic efficacy
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b)

Figure 2 a) Contour plot of the association free energy landscape of the three pentamers at 0.15 M
NaCl, pHS, no bound Calcium ions and without disulphide bridges. The colour ramp ranges from
deep blue (most stable) to dark red (least stable ~ -5 kcal mol™). Contours corresponding to positive
binding free energy change (unstable configurations) are shown as grey lines. b) Flat sheet structure
of aggregate of pentamers with the corresponding tiling shown as black lines. ¢) Emergence of helical
structure upon applying Y1 and 2 of the lowest energy minimum in (a) to the bottom layer of the flat
sheet. d) Interdigitated helices with the corresponding tiling of the helix-helix interface shown as red
(~86.1 A) and green ( ~97.6 A) lines. Tiling within helices is shown as black lines (~54.7 A).
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Figure 3 a) A filtered cryo-EM image of the front layer of a flattened tubular polyoma
virus particle (adapted from Figure 2A in [56]). b) A flattened version (shown in colour)
of the tubular particle predicted in Figure 2d (by cutting along the tube principal axis)
superposed on (a).

JQUS: Vol. 4, Issue 2, pp 136 DOI: 10.25259/JQUS_4 2 7



Table 1 The helix parameters and tiling edge lengths corresponding to the yl and y2 packing angles of the lowest energy minima at pHS and pHS8

Helix parameters Lengths of tiling edges Number
pH | Calcium D;)sll‘lil‘;)gh;:le v 12 Hand H.elix .Helix Inclination Within Helix Helix-Helix interface he;)ii;es
pitch diameter angle tube
5 no no 18.6 319 1 535.54 423.66 26.06 54.70+0.77 86.06+0.85  97.58+0.33 3
5 no yes 19.5  35.1 1 522.50 386.12 28.26 54.40+0.93 79.65+0.02  90.45+0.15 3
5 yes no 19.1 349 1 535.58 388.06 28.80 54.45+0.91 82.88+0.01  92.08+0.17 3
5 yes yes 19.4 352 1 526.60 384.34 28.57 54.40+0.93 81.40+0.01  89.56+0.17 3
8 no no 195 363 1 527.46 371.91 29.64 54.31+0.99 81.18+0.09  87.79+0.01 3
8 no yes 18.6 328 1 542.70 412.57 27.23 54.64+0.81 80.29+1.05 107.64+0.39 3
8 yes no 19.1 348 1 538.54 386.39 28.87 54.46+0.91 83.40+0.04  92.98+0.04 3
8 yes yes 235 40.7 1 430.06 342.09 27.47 53.62+1.24 115.46+£0.21 120.04+1.26 2
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Conclusion

By integrating an atomically detailed energy landscape of VP1 trimers with viral tiling
theory, we have successfully predicted the architecture of SV40 tubular particles. The predicted
particle diameter (~424 A) closely matches the experimentally observed range (400-450 A),
and the model accurately reflects the underlying pentamer subunit interactions in relation to
their key packing angles. Furthermore, our prediction of tubular structure destabilization at pH
8, contrasting with their stability at pH 5 observed experimentally, underscores the pH-
dependent nature of this assembly.

This interdisciplinary approach provides a novel framework for elucidating the
structural principles governing viral assembly polymorphism in polyomaviridae. Our findings
offer a significant step towards a deeper understanding of the physical determinants of viral
assembly polymorphism, with potential implications for controlling VLP morphology for
targeted drug delivery and vaccine development, particularly by exploiting pH-sensitive
assembly pathways.

The computational model employed allowed us to identify the key packing angles and
energetic preferences that govern the local curvature and the overall architecture of the tubular
particles. However, we acknowledge that this focus on local interactions does not fully capture
the potential influence of longer-range and cooperative effects. Longer-range interactions, such
as electrostatic forces between non-adjacent trimers along the tube, could contribute to the
overall stability and rigidity of the structure. Cooperative effects, where the binding of one
pentamer to a trimer influences the binding of subsequent pentamers, might affect the assembly
kinetics and the distribution of tube diameters. To address these limitations in future work,
several avenues could be explored. Coarse-grained models could be employed to simulate the
assembly of larger tubular structures and capture the collective behavior of multiple trimers.
These models would sacrifice some atomic detail but allow for the exploration of longer-range
interactions and assembly dynamics. Alternatively, multiscale modeling approaches could be
used, combining the atomic-level description of trimer interactions with a coarse-grained
representation of the tube. Furthermore, implicit solvent models with anisotropic dielectric
properties could better represent the complex electrostatic environment within the assembling
tube. Finally, experimental studies, such as time-resolved assembly assays combined with
computational modeling, could provide valuable insights into the assembly kinetics and
cooperative phenomena.

Further refinement of the model, incorporating the above mentioned limitations such as
electrostatic forces between non-adjacent trimers and exploring different kinetic pathways of
assembly, could lead to even more accurate predictions and a more complete understanding of
the self-assembly process. This study lays a crucial foundation for the rational design and
manipulation of viral nanostructures for diverse biomedical applications.
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