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Abstract:
Though eradicated in most of the world, poliovirus remains a common model virus for a
family of mammalian viruses known as Picornaviruses. Despite the development of a
vaccination, little is understood about the infection process, particularly the mechanism of cell
entry. Experimental studies have attempted to elucidate the dynamics of this process and have
proposed pathways focused on VP4, the smallest of the four peptides which makes up the viral
capsid, and its interaction with the pentameric interfaces of the five fold axes.1 This study utilizes
coarse-grained molecular dynamics to supplement these proposed mechanisms with simplified
simulations which reduce the computational load while maintaining a reasonably accurate
description of the system. We utilized artificial restraints to emulate the same externalization
process predicted for VP4 successfully, showing a significant difference between capsids
simulated with and without restraints. Analysis of the contacts VP4 peptides came into close
proximity with during externalization revealed a high degree of interaction between VP1 and
VP4 peptides, much higher than VP2 or VP3, even combined. This finding is in agreement with
mechanisms proposed by prior studies which utilized traditional experimental techniques.1
Despite the agreement with the existing model, we noticed several anomalous motions with VP4
peptides which may signify an alternate pathway which is unrelated to interactions with VP1
peptides or the five-fold axes of the capsid structure.
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Introduction:
Poliovirus is the primary cause of the debilitating disease Polio. Though widespread
vaccination has effectively eliminated it, poliovirus remains a commonly studied virus in biology.
It is used as a model virus for the greater family known as Picornaviridae or picornaviruses.
These are a group of viruses with many similar physical characteristics which target mammals,
humans included. These shared traits suggest that an understanding of the infection process in
poliovirus may offer insight into future treatment strategies for other picornaviruses.
Poliovirus, like all picornaviruses, is a positive sense RNA virus with a non-enveloped
capsid. This means that the genetic material contained inside the virus is RNA which can be
directly be translated to produce protein. A capsid envelope refers to an external layer around
the viral capsid composed of the remains of the cell membrane of host cells, often to improve
binding to successive hosts or to avoid detection from the host’s immune system.
Picornaviruses do not have these, instead exposing the capsid to the external environment.2
The capsid itself is a small (~35 nm diameter) and icosahedral, or 20-sided, a common structure
for many viruses and bears pT=3 symmetry, a pseudo-trimer. This means that each of the 20
faces is made of three peptides, but that the virus contains additional unused ones, in this case
VP4. Though icosahedral refers to 20 faces, due to the near spherical shape of the capsid and
deviations in angle between peptides, it is more accurate to describe the capsid as having
60-fold symmetry. The repeating monomer or asymmetric unit is made of four peptides,
produced from cleavage of a progenitor peptide VP0. The four peptides produced are numbered
VP1 through VP4 with the first three generating the capsid structure with the fourth buried within
the capsid.2 Though not responsible for the outer viral shell, VP4 is still thought to have
important structural value with implications in the cell entry process. Some environmental
conditions like receptor binding and pH changes have been shown to have an impact on VP4
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externalization, but the scale of the relation cannot be confirmed.3 Externalization refers to the
process by which the VP4 peptide protrudes out of the capsid. This occurrence has been tied to
infection process of poliovirus and similar picornaviruses, but the pathway for this mechanism
remains clouded. An understanding of externalization, would therefore, provide key information
regarding the method by which a picornavirus interacts with host cell membranes.
In Figures 1A and 1B, the asymmetric unit for the Mahoney Strain of poliovirus is shown
(PDB ID: 1HXS). The three larger peptides, VP1, VP2, and VP3, exist on the same plane and
share a structural motif, all composed of 8 ꞵ strands into a ꞵ barrel. However, VP4 is made of
approximately one third of the residues of the other peptides and contains both an ɑ helix and ꞵ
strands with a large segment of random coil connecting the two regions. The overall
coarse-grained structure in Figure 1C shows all 50 000 residues broken into the 240 associated
peptides within the whole capsid structure.
A recent experimental study has offered some possibilities for governing mechanics of
the adsorption process of poliovirus, indicating that the capsid opening process may occur in
multiple steps and that the peptides rearrange into a large circle around a canyon, a depression
at the intersection of five faces. The first conclusion has been tested through microscopy in
which the VP2 polypeptide could be seen in different conformations, leading the team to deduce
that their microscopy had caught two virus units in different stages of cell entry. The second
conclusion became evident since after some polypeptides had become detached from the
capsid structure, they rearranged into a ring surrounding the canyon.1 Though interesting new
theories of the capsid opening mechanism were made, one drawback to this study is its
experimental nature. The pathway is dynamic but the best model is static.
Our goal in this study was to perform externalization simulations on poliovirus to obtain
information which could not be attained through cryoEM. Like many structural biological
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methods, cryoEM is very effective for analysis of immobilized structures, but for more detailed
information on a dynamic pathway, as desired in this study, computational models are a more
viable technique to use. This supplemental information would provide new evidence on the
dynamics of VP4 externalization, and therefore, potential new leads on the overall cell entry
pathway.

Materials and Methods:
Molecular dynamics or MD refers to a versatile toolkit of computational techniques to
simulate the motion of molecular species. It follows from the principle that with knowledge of the
position of a particle and all the forces acting on it, one can predict the position of the particle
after a period of time has elapsed.4 These forces include Coulombic electrostatic interactions,
the spring-like motion of bonds, weaker interactions from van der Waals forces, and the entropic
impact of hydrophobic interactions. These forces can be calculated on each particle in the
system and then iterated over time to produce a dynamic model depicting the vibrations of a
molecule over time. With each time-step on the scale of femtoseconds or 10-15 s with systems of
hundreds of thousands of atoms, the computational load is severe, even for obtaining only
nanoseconds of data.
Simplification of the structure without significant loss in predictive power in molecular
dynamics is referred to as a coarse-grained structure. Here, amino acids are represented as
beads with defined angles between them and their neighbors. This simplifies the structure
15-fold from an all-atom model in which all atoms in each amino acid are explicitly accounted
for. The specific model used is a Gō model, a coarse-grained model which is ideal for evaluating
protein dynamics.5,6 Gō models group together amino acids into beads while applying an
attractive force between nearby pairs of residues or “contacts”. Due to the attractive forces, it
5

becomes energetically favorable to maintain these initial distances over the length of the
simulation, perfect for a capsid structure which ideally would remain in the same conformation.
The preparation of a Gō model requires application of a multitude of scripts which modify the
structure in specific ways to produce the appropriate structure. An automated process was
previously developed by a colleague and used after modification which greatly hastened
preparation of the simplified structure.7
The starting structure used to model poliovirus comes from X-ray diffraction data which
can be found on the RCSB Protein Data Bank with ID: 1HXS.8 This particular structure has been
utilized in various molecular dynamics studies of poliovirus to great success in the past due to
its high detail in description of side group positions.9 However, in order to study longer
time-scale dynamic processes, the structure must be simplified using Gō model. Once this
coarse-grained structure was prepared, the system underwent energy minimization and
equilibration which are common steps to ensure the simulation begins in a stable conformation
at standard conditions. In this study, the simulations were performed at 270 K in a vacuum, in
which solvent effects have been implicitly included, after 10 ns of minimization and equilibration.
The software used to perform these simulations was GROMACS or the GROningen MAchine
for Chemical Simulations, an all-purpose package which is commonly used throughout
computational biophysics. Each simulation ran for 50 ns and utilized the University of
Connecticut - Storrs High Performance Cluster.
The simulations were broken into two cases, a negative control in which the capsid was
modeled without any alterations. This represented a steady state environment for the virus in
which externalization would not occur. The second case incentivized externalization of the VP4
peptide out of the interior of the virus capsid using flat-bottomed potential restraints. The
residues which made up the 60 VP4 peptides within the capsid all faced large energetic
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penalties for remaining within the radius of the capsid. GROMACS internally contains a utility for
implementing this type of restraint. It applied a spherically shaped outward force on VP4
residues, ending at a radius of 17.54 nm. This sphere corresponds to a simplified capsid, which
is measured to have a diameter of approximately 35 nm, both in prior experimental studies and
in the initial structure used for this simulation. As a point of reference, the center of mass of VP4
peptides ranged between 8

and 10 nm from the center of the capsid, whereas all other

peptides, which form the capsid shell, ranged between 13 and 15 nm. The last element of
restraint is the force constant applied, which was 100 N/m, a value which was found to be
sufficient to induce the desired externalization of VP4 peptides while retaining capsid integrity.
This method for triggering externalization proved to be an effective way to force a positive
control case in which all VP4 peptides were drawn out of the capsid shell. The resulting
simulation trajectories were then analyzed using GROMACS to determine distances and
evaluate the number of close interactions, or contacts, the peptides had over the course of the
simulation.

Results and Discussion:
To first verify the effectiveness of using positional restraints to emulate VP4
externalization, we used a combination of observation of the simulation trajectory and
measurement of the distances of the peptides from the center of the capsid. Visually, the two
capsids are similar. With the only difference being restraints applied to the 60 VP4 peptides, the
majority of the two capsids remain unchanged. As such the general shape of the capsid remains
in its original icosahedral form. However, in the case of the capsid with restraints, several VP4
peptides can be seen poking through the capsid shell, approximately five to six times as many
as in the unrestrained capsid. The ability for VP4 to externalize even without an external force is
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a positive indicator of its feasibility in a more realistic in vivo environment. However the efficacy
of the restraints is clear in the number of externalization events generated. In Figure 2, we
compare the radial displacements of VP4 peptides with and without the effect of applied
restraints. The images shown are from the very end of the simulations, and as expected, there
are more protrusions of VP4 in the simulation with restraints. Though obscured by the other
residues in the capsid, the VP4 peptides under effect of restraints have multiple individual
peptides which are projecting out of the capsid in Figure 2B. Though some peptides are pointed
outwards in Figure 2A, none are externalized.

Though whole VP4 peptides tended to move toward the inner layer of the capsid, this
effect was most visible with the first 25 residues of VP4.10 A more flexible region which is
pointed toward the five-fold axes, this section of VP4 appeared to lead in each peptides’
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externalization motion. This is in agreement with experimental studies on poliovirus.1 However,
the remaining 40 residues for each VP4 lagged behind, struggling with steric hindrance from the
four other nearby VP4 peptides. As a result, even though the N-termini of many VP4 peptides
were able to extend out of the capsid, and as such were further than 17.5 nm from the capsid
center of mass, the centers of mass sometimes surpassed 12 nm from the center of the capsid.
Though this distance is not large, VP4 peptides without restraints rarely reached 11 nm and held
stable between 9 and 10 nm. In Figure 3, we display the motion for the same VP4 peptide with
and without restraints. In both cases it was fairly representative of the radial displacements
measured for all VP4 peptides. Interestingly, there are two peaks when restraints are applied,
which correspond to periods of time in which the N-terminus of the peptide had transiently

escaped out of the capsid, only to recede back in shortly after. Meanwhile, without restraints the
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peptide did shift towards the five-fold axis but did not meaningfully externalize. Instead, due to
steric hindrance with other VP4 peptides, it overall tended to move towards the center of the
capsid. This was a common outcome for many peptides, an expected result, as it would be
evolutionarily unfavorable if the key infection mechanism began with a transition so
thermodynamically favorable that it would occur without any trigger from approaching a host
cell. The whole capsid radius did not change radius significantly over the course of the
simulation in either case, remaining approximately 17 nm for all 50 ns. This allows for direct
comparison in radial displacement between the two simulation cases, since the measured radii
are effectively normalized. When comparing displacements between capsids with and without
restraints applied, we determined nearly a 20% increase in distance from the center, and
therefore can conclude that the restraints were an effective way to mimic externalization.
With confirmation of the efficacy of the restraints to stimulate externalization, the next
step is to examine the pathway which the VP4 peptides occupied in this process. Prior models
suggest that these five-fold axes function as the points of externalization with VP4 peptides
poking out of the viral caverns located at these pentameric interfaces. Since these five-fold axes
are locations where five VP1 peptides join to a common vertex, we have utilized the existence
of contacts between the externalizing VP4 peptides and VP1 peptides to evaluate this pathway.
Contacts refer to close spatial interactions between nearby atoms, typically on the scale of a few
angstroms (10-10 m). In this study, we used a distance of 5 Å to define interactions that would be
labelled as contacts. This choice was lower than normal for use with a coarse-grained system
but was still presented a result which closely matched expectations from both observations of
the simulation trajectories and prior literature, which predicted the pathway to be focused on
these five-fold axes. As shown in Figure 4, there were consistently between 80 and 100
contacts over the the course of the whole simulation between VP4 and VP1 peptides. By
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comparison, VP2 and VP4 peptides bounced between 20 and 50 contacts with VP3 and VP4
peptides around 30 contacts. Since there are the same numbers of all four types of peptides, it
is evident based on the significantly higher quantity of contacts between VP4 and VP1 that
these two groups of peptides must be significantly closer or more associated compared to the
alternative peptides. Furthermore, since five-fold axes are the junctions of five VP1 peptides, it
follows that VP4 peptides are concentrated around the pentameric interfaces of VP1, and are
externalizing through these gaps. As a result, we can conclude that the primary pathway
described in prior experimental studies, focusing on externalization via five-fold axes, is indeed
the most common pathway for externalization. However, it may not be the only pathway for this
process. Over short timescales, we have noticed transient movements of multiple VP4 peptides
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towards other axes, the two-fold and three-fold. These brief movements corresponded to small
spikes in the number of contacts with VP2 and VP3, for example, the uptick near 15 ns for VP3.

These transitions were visible even in observation of the simulation trajectories, but led to
minimal externalization when compared to the primary pathway.
As seen in Figure 5A, the VP4 peptides organize towards the 12 five-fold axes readily
while still maintaining the shape of the capsid since all peptides still line the inner surface of the
capsid. As time progresses, externalization becomes more common, with two examples in
Figure 5B and five in Figure 5C. Most of these externalizations occur at five-fold axes, including
most clearly, one at the top of the image. However, in Figure 5C, one externalization event, at
the far left of the image appears to occur in between the two five-fold axes above and below it.
This may be one case of an alternate pathway, and definitely would be a focus of additional
work on the subject.
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Conclusion:
Our coarse-grained Gō model structure for poliovirus appears to be an effective way to
perform simulation experiments on the viral capsid with high accuracy while simultaneously
significantly reducing the computational load. In addition, flat-bottomed potential restraints were
successful in mimicking the VP4 externalization process previously identified as an integral part
of the cell entry process. Their efficacy was verified by comparing the radial displacement of
VP4 between capsid with and without the effect of the restraints. With, on average, a 20%
greater distance from the center of mass of the capsid, VP4 peptides were far more likely to
externalize under restraints. These externalizations were then located to occur close to VP1
peptides, which form the five-fold axes of the poliovirus by comparing the relative numbers of
contacts below 5 Å between VP4 and the other peptides which make up the capsid. These
externalizations also were exclusively of the N-termini of VP4 peptides, which is consistent with
prior experimental analyses on poliovirus. Though the simulation trajectories and subsequent
distance measurements are in agreement with prior experimentally derived proposed
mechanism, we did find some VP4 externalization activity which may occur by an alternate
pathway, but cannot be confirmed conclusively.
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