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ABSTRACT: The dynamic properties of the capsid of the
human papillomavirus (HPV) type 16 were examined using
classical molecular dynamics simulations. By systematically
comparing the structural fluctuations of the capsid protein, a
strong dynamic allosteric connection between the epitope
containing loops and the h4 helix located more than 50 A away
is identified, which was not recognized thus far. Computer

simulations show that restricting the structural fluctuations of

the h4 helix is key to rigidifying the epitopes, which is thought to be required for eliciting a proper immune response. The
allostery identified in the components of the HPV is nonclassical because the mean structure of the epitope carrying loops
remains unchanged, but as a result of allosteric effect the structural fluctuations are altered significantly, which in turn changes the
biochemical reactivity profile of the epitopes. Exploiting this novel insight, a new vaccine design strategy is proposed wherein a
relatively small virus capsid fragment is deposited on a silica nanoparticle in such a way that the fluctuations of the h4 helix are
suppressed. The structural and dynamic properties of the epitope carrying loops on this hybrid nanoparticle match the
characteristics of epitopes found on the full virus-like particle precisely, suggesting that these nanoparticles may serve as potent,
cost-effective, and safe alternatives to traditionally developed vaccines. The structural and dynamic properties of the hybrid
nanoparticle are examined in detail to establish the general concepts of the proposed new design.

B INTRODUCTION

Virus-like particles (VLPs) are assemblies of multiple proteins
that mimic the organizational features of viruses including
repetitive surface particulate structures such that they may elicit
a pathogen-associated molecular pattern recognition response
by the innate immune system.'~” Because they are devoid of
genetic material, VLPs provide a safer and more cost-effective
alternative to traditional vaccine development methods, and
several high-priority viruses' have been targeted, namely the
human papillomavirus (HPV)®*™'° (Gardasil'"'> and Cervar-
ix''*), Chikungungya,'>'® and hepatitis E'”'* viruses. Despite
these promising developments, the impact of VLPs on vaccine
design at large remains limited, in part because many technical
and fundamental challenges are currently unsolved."”'*~>* For
example, Gardasil is a very successful VLP-based vaccine that
comprises of a mixture of VLPs derived from the L1 major
capsid proteins of four different HPV types, namely 6, 11, 16,
and 18. Gardasil induces specific antibody responses against
these HPV types.”* >’ However, with more than 40 oncogenic
HPV types identified to date,>**" it is clear that the capabilities
of current vaccine design technology must be expanded to
enable a broader spectrum of protection. Traditional vaccine
design approaches rely on cost-intensive, repetitive laboratory
procedures and testing protocols. As a result, vaccine
development is a time-consuming and costly undertaking.
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One possible way of streamlining the discovery process is to
utilize computer-aided design strategies to narrow the search
and better understand the properties of various VLPs. By
exploring the structural and dynamic features of a VLP in silico
and correlating them to experimentally observable efficacy data,
the most salient molecular features of the VLP that may give
rise to the immunogenicity can be identified. Exploiting these
properties will enable a rational design approach that may
significantly shorten vaccine development time. Due to their
enormous size, probing the dynamic structure of a VLP under
realistic conditions requires computationally intensive molec-
ular dynamics (MD) simulations. The advent of high-
performance computing platforms®*~** and sophisticated
modeling algorithms®>*® made these daunting simulations
within reach.”” "%

Here, we extend our previously adopted strategy of applying
MD simulations for the in silico construction and molecular
level analysis of candidates for VLP vaccines.***" Specifically,
HPV type 16 is examined, as (i) an all-atom X-ray structure
with known epitope regions is readily available* ™* and (ii)
well-defined molecular level properties thought to be
responsible for the immunogenicity were previously identi-
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fied.*™* These VLPs can be assembled either from 12 or 72
pentamers of the L1 protein arranged in a T = 1 or 7
icosahedron structures, respectively.*”***” Whereas Gardasil is
based on T = 7 L1 icosahedral structure, Cervarix is an
alternative HPV vaccine that is based on a T = 1 L1 structure.
The assemblies are stabilized by strong hydrophobic
interactions.*"*> The C-terminus of the L1 protein consists
of four helical regions h2, h3, h4, and hS that are responsible for
intra- and intermolecular stabilization, as illustrated in Figure
la. The domains h2, h3, and hS are responsible for maintaining

(a) HPV-L1 Monomer

(b) HPV-L1 Pentamer
L

A,

() T=1VLP

Figure 1. The structures the VLP components: (a) The isolated HPV-
L1 monomer. The protein is depicted in gray with five different
epitopes presented in red (BC), yellow (DE), green (EF), blue (FG),
and cyan (HI). (b) HPV-L1 pentamer (c) HPV particle consisting of
12 pentamers arranged in T = 1 icosahedral structure.

the structural integrity of the pentamer, and h4 preserves the
interpentamer connectivity, thereby determining the overall
structure. The VLP surface has outwardly projecting protein
loops containing epitopes that interact with the immune system
to elicit production of type-specific antibodies.** Antibodies
binding to the epitopes often render the associated virus/VLP
inactive and neutralized. Neutralization assays of HPV-16 VLPs
with human sera were used to identify five epitope bearing loop
regions denoted BC (residue 49—70), DE (110—154), EF
(170—189), FG (262—291) and HI (347—360).*"** These
loops are thought to be more flexible than the rest of the L1
monomer and show notable conformational differences across
HPV types.*® Epitope deletion strongly affects the antibody-
binding capacity of the VLPs** and reduces their immunoge-
nicity by a factor of at least 10—20 compared to wild-type

VLPs.*® There are several characteristics of VLP epitopes that
may influence specific immune response; these properties
include peptide sequence, loop conformation, and proximity/
orientation relative to neighboring loops.*"**

The exact molecular-scale relationship between epitope
structure and immune response is difficult to establish. For
example, if individual epitope characteristics such as shape or
sequence were the only factors relevant for immunogenicity, an
L1 protein monomer or L1 pentamer could serve as a vaccine.
However, the monomer is essentiallsy not at all immunogenic,
and the pentamer is only weakly so,”" in contrast to the highly
immunogenic whole VLP. This difference in immunogenicity
cannot be explained by the assumption that a VLP contains
more epitopes than a pentamer or a monomer; as the increase
in the monomer/pentamer dosage (and hence the number of
epitopes) does not imply any associated increase in the HPV
immunogenicity.”” The epitope geometry among these
structures is also very similar.*’ Furthermore, weakly organized
VLP assemblies are found to be less immunogenic than more
tightly packed ones.>” One explanation of these observations
comes from the fluctuation-immunogenicity hypothesis: To
illicit proper immune response, epitope fluctuations must be
minimized,* such that the epitope structures are better defined
and rigid over time; in tightly packed VLPs the epitope
fluctuations are less pronounced than those in smaller systems.
In other words, simply presenting an epitope to the immune
system is not enough, as the structural fluctuations may render
them unrecognizable. This hypothesis emphasizes the im-
portance of understanding the dynamics of epitope structure
and suggests that the immune response to the smaller, simpler
assemblies could be improved if the structural fluctuations can
be reduced. Allosteric effects are widely recognized as central to
controlling structure and dynamics of high-order protein
assemblies,>™®® and the tightly packed VLP constitutes a
highly illustrative example of such long-range control. In
particular, we found that epitope structure and function are
strongly affected by allosteric interactions with the h4 helix of
the L1 protein. We envisioned that this key interaction may be
reproduced by tethering the L1 protein to a silica surface, thus
mimicking the structure and conformational dynamics of the
epitopes in the much more complex VLP assembly using a
bioinorganic hybrid construct consisting of a silica nanoparticle
and a much smaller piece of the virus. In this design the L1
protein is tethered to silica surfaces covalently. We examined
how the epitope structure and dynamics are modulated by
changing the curvature of the silica particle model and surface
protein concentration. Interestingly, we found that the
proposed bioinorganic mimics have epitope properties of the
wild-type VLP but do so in a way that (i) does not require
construction of large T-numbered assemblies, (i) facilitates
easy synthesis, and (iii) are genome-free and more stable than a
pure macromolecular assembly. A similar construct was
previously considered experimentally in the context of
designing a vaccine against Porcine Circovirus Type 2% and
is already in trials.”® Here, we extend such ideas to HPV 16
VLP vaccines and quantitatively assess the role of the silica
nanoparticle on the structure and, importantly, the dynamics of
the epitopes attached to it.

B METHODS AND MATERIALS

Model Preparation. The models presented in this work include
L1 monomer, pentamer and T = 1 VLP in various arrangements and
on different silica surface geometries connected via covalent tethers.
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All-atom, explicit solvent MD simulations were performed using
NAMD”"7* 2.7 for 10 ns on each of these assemblies. Atomic
coordinates of the L1 monomer are obtained from the crystal structure
(PDB code: 1DZL).** To validate the allosteric effect of the h4 helix
(residue 414—434), test simulations were performed on h4 helices that
were truncated and artificially rigidified. The T = 1 VLP is constructed
from 60 copies of the monomer using icosahedral symmetry
transformations (from VIPERDB).”> The pentamer is extracted from
this VLP to maintain structural continuity with the latter. All systems
considered are immersed in a box of TIP3P waters,”* extending at least
20 A from the surface of the protein models. A 0.3 M NaCl buffer
solution was introduced to mimic the conditions under which the
experiments we conducted, using the VMD”* auto ionize feature. The
resulting solvated system sizes range from ~10° to ~10° atoms. The 20
X 20 nm silica surface is generated by creating the appropriate images
of the central unit cell using the IMAGE facility in CHARMM.”®”’
The silica model has a thickness of S nm incorporating 2 core layers of
tetrahedral silicate moieties and surface layers including hydrophilic
(Si—OH) and hydrophobic (Si—H) groups on opposite ends.
Curvature is introduced in the silica surface via steered MD
simulations. The silica surface is functionalized with aliphatic-amino
tethers that can covalently hold the L1 protein to the silica surface, and
have simple electronic properties. CHARMM27”® force fields are used
for protein simulations. For simulating the silica surface, force fields
developed by MacKerell were used.”® For the simulations where the
protein was attached to the silica surface with the tether, the
parameters for silicon atoms were slightly modified so that all the force
fields were compatible to each other. A systematic procedure using
high-level quantum calculations® were employed to develop the force
fields for the tether molecule, as detailed in the Supporting
Information.®**

MD Simulation Details and Associated Analysis. All MD
simulations were run on PowerPC 970MP processors of the BigRed
supercomputer at Indiana University. Details of simulation settings are
provided in the Supporting Information. To distinguish the behavior
of the simulated constructs in terms of loop structures and their
fluctuations, following molecular scale measures were considered.
Here, we focus on the analysis of the FG loop (residue 262—291) as it
is found to be most relevant for eliciting immune response; for certain
comparison, the EF and HI loops are also considered.* Similar results
hold for the other epitopes.

Dihedral Distribution for Loops. The distribution of backbone loop
dihedral angles is a good indicator for the conformational space
explored by the epitope containing loops and provides a measure of
the flexibility of the loop. In each case, 10000 time points were
extracted from MD simulations to construct the probability
distribution of loop conformations. Since distribution from a randomly
selected half of the ensemble is found to accurately reproduce the
other half, analyzed structures are representative of the phenomenon
of interest.

Power Spectra. The power spectrum provides the distribution of
atomic vibration intensity across a range of frequencies. Lower
frequencies represent slower motions, while high frequencies represent
faster modes. These measures were used to discriminate between the
energies of different frequency motions of a given loop type as
manifested in an assembly of a given size (i.e,, from L1 monomer to T
=1 VLP). Simulations were designed to assess potential differences in
behavior of loops between the L1 protein assemblies and quantify
them to serve as a basis of our computer-aided vaccine discovery
strategy. This study focused on loops known to contain critical
epitopes, some of which are neutralizing.

Positional Variance. The overall fluctuations of a particular loop
from its average configuration were compared. Loop fluctuation is not
easily quantified in X-ray or cryo-EM data. While a structure provides
the most likely or average configuration, its fluctuation measures the
importance of other configurations away from the average, but which
may be functionally relevant within the framework of our
immunogenicity hypothesis. Information about the dynamics obtained
from MD provides advantages over the inherently averaged
experimental data. Positional variance of the loop atoms was quantified

as another measure of epitope fluctuation. Positional variance was
computed by summing over the deviation of individual backbone atom
position and dividing by the number of backbone atoms in the loop.
This measure is slightly different from the usual root-mean-square
fluctuation (RMSF). RMSF measures fluctuation from a fixed
reference structure by aligning two structures, thus eliminating
translational and rotational motions. In contrast, average loop
positional variance calculated here contains contributions from overall
displacements of the loops and their motions relative to the rotation/
translation and internal motions of the assembly. The overall motions
potentially affect epitope location and orientation within loops;
according to our hypothesis, these overall fluctuations also affect
immunogenicity and binding properties of the monomer or larger
assemblies. Thus, including the effect of overall and internal assembly
motions on loop fluctuations provides a more complete measure of
their potential relevance to immunogenicity.

Energy Analysis, Contact Maps, and Hydrogen Bonds. We also
performed energy, contact map, and hydrogen bond analyses. They
were carried out on each trajectory using standard tools available in
VMD.”® In particular, energies were computed using the NAMD
Energy plugin. Contact between two residues is considered if they
were within a cutoff of 10 A and neglected if the inter-residue distance
exceeds the cutoff. Finally, hydrogen bonds were defined solely on the
basis of geometric parameters (bond angle: 20°; bond length: 3.8 A)
between donors and acceptors. Analysis of interplay between these
properties for each of the simulated constructs yielded insights into
interactions between the pentamer, tether, and silica surface.

Correlation Analysis. The pairwise correlations measuring the
standard inter-residue three-dimensional orientational coupling were
computed using the covariance between positions of the i Car atom at
time ¢ with respect to its initial value along the computed trajectory. A
time averaged covariance matrix was built as

() = % /1 " AR AR (e

where A% is the unit vector of the displacement of the i C, atom at
time f, and T is the length of time over which we calculated the
covariations. Positive correlations indicate correlated motion between
the two residues, whereas negative values correspond to anticorrela-
tion. Correlations with magnitude <0.5 were considered statistically
insignificant and therefore neglected.

B RESULTS AND DISCUSSIONS

Dynamic Properties and Structural Fluctuations.
Figure la shows a space filling model and a cartoon
representation of the HPV-L1 protein monomer. The epitope
bearing loop regions denoted BC (residue 49—70), DE (110—
154), EF (170—189), FG (262-291), and HI (347—
360)41’43'49 are marked in red, yellow, green, blue, and cyan,
respectively. Five monomers assemble into a HPV-L1
pentamer, as illustrated in Figure 1b, and 12 pentamers can
finally be arranged in a T = 1 icosahedral structure to afford the
VLP, shown in Figure 1c. Of the five loops the FG loop is most
important for eliciting immune response, followed by the EF
and HL* The BC and DE loops are thought to be less
important. Therefore, we concentrate on the FG, EF, and HI
loops™® in this work.*” To examine the structural fluctuations
and dynamic properties of the epitopes in this series of
increasing complexity, we calculated the backbone dihedral
angle distributions, positional variance, and power spectra at
each stages of assembly. Not surprisingly, the dihedral angles
show the narrowest range in the VLP followed by the
pentameric structure and display the widest range in the
monomeric form (Figure S3a), which is simply an indication of
the increasing compactness as we move from the monomer to
the VLP. Similarly, the positional variance of the loop
fluctuations is largest in the monomer with amino acid
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Figure 2. Backbone atom positional variance for L1 monomer (left), pentamer (middle) and T = 1 VLP (center). For each loop X-axis denotes the
residue number and Y-axis denotes fluctuation in A% Like the spread of the dihedral distributions (Figure SI3), the positional variance decreases as
assembly size increases. The fourth column shows mean orientation of the epitopes suggesting they change minimally between the monomer (blue),

pentamer (red), and VLP (green).

positions showing variances as large as 12 A% in EF and 7 A” in
FG and HI loops, as shown in Figure 2a,d,g. In the pentamer
these positional variances decrease significantly with the
maximum not exceeding 3.5 A” in all cases (Figure 2b,e,f).
Finally, the fluctuations in the amino acid positions become
negligible in the T = 1 VLP, as illustrated in Figure 2¢fi. The
high-resolution profiles summarized in Figure 2 illustrate that
the loops are rigidified substantially as the monomers are
assembled into the pentamer. Although further stiffening occurs
when the pentamers are combined to give the final VLP, the
change in positional variance is much less pronounced,
supporting the idea that the full-scale VLP may not be
necessary to mimic the epitope dynamics sufficiently. As
expected, the power spectra show a successive decrease in the
low-frequency region upon forming the pentamer and the VLP.
At higher frequency, the power spectra for the three constructs
are similar because short time scale motions like bond
oscillations are similar for all three assemblies (Figure S3c).
These results establish a consistent trend of decreasing
structural flexibility of the epitopes as the assembly process
progresses from monomers to the full VLP; the dynamic
behavior of an epitope is therefore heavily influenced by the
neighboring regions of same protein and the presence of other
proteins. Interestingly, the mean structure of the epitopes
remains practically identical in all constructs, as shown in
Figure 2j, where the mean structures of EF, FG, and HI loops
in the monomeric, pentameric, and VLP constructs are
compared by overlaying them. This conclusion is somewhat
unexpected, as it is intuitively plausible that the organization of
the epitope carrying protein into the higher order constructs
should impact both the structure and dynamics of the protein.
The fact that the mean structure of the epitope in smaller
constructs is identical to that of the whole VLP is critically
important, however, as this structural fidelity is a necessary, but
not sufficient, requirement for utilizing smaller virus fragments
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to elicit the antiviral immune response. This result is
particularly interesting within the context of the aforemen-
tioned experimental observation that the monomeric protein
and the pentamer are essentially not immunogenic’' and
suggests that this failure is due to the dynamic flexibility of the
epitope in these constructs. To make the simpler constructs
immunogenic, we must better understand the origin of the
structural fluctuations and find means of inhibiting the
positional variance in them.

One important factor for decreasing epitope fluctuations is
structural confinement and inertial effects of the L1 assembly as
its size increases.”! A monomer has the lowest weight, and the
epitopes are least confined; therefore, associated fluctuations
are maximum. In the pentamer and subsequently the VLP, both
epitope confinement and assembly inertia increase notably,
suggesting a significant decrease in structural fluctuations. For
example, HI from one monomer is confined by FG from its
counterclockwise neighbor (Figure 1b). Similarly, FG interacts
with loops DE and HI from its clockwise neighbor. This
structural confinement from interepitope interactions is
particularly effective for loop HI, as shown in the positional
variance diagrams Figure 2g — 2h — 2i. On the other hand,
loop EF lacks interepitope contacts and is more solvent
accessible than FG or HI Thus, it preserves some of its
structural fluctuations in the pentamer, as illustrated in Figure
2a — 2b and becomes fully confined in the VLP (Figure 2c). In
other words, the neighboring proteins inhibit structural
fluctuations of the epitope carrying loops simply by occupying
the space that is needed to execute some of the structural
fluctuations. Second, epitopes are subjected to identical increase
in inertia as the system size increases, which will dampen
structural fluctuations of all epitopes. Thus, confinement and
increased inertia give a plausible overall trend, but specific
interepitope interactions are important and must be examined
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Figure 3. Covariance matrices from 10 ns trajectory of (a) an isolated L1 protein, (b) an isolated pentamer, and (c) T = 1 VLP.

in greater detail to understand the nonuniform changes in
fluctuations.

The tertiary structure of an L1 monomer is composed of -
sheets that carry the epitopes and a-helices on either end, as
illustrated in Figure la. To better understand how these
different components interact with each other and modulate
the fluctuations, we constructed a covariance matrix from a 10
ns trajectory, shown in Figure 3a. In this diagram, strongly
correlated structural distortions can be identified by high
correlation coefficients that are marked by bright yellow and
bright red spots in the diagram. Correlation coeflicients smaller
than 0.5 can be considered statistically independent. Not
surprisingly, all epitope carrying loops show significant
correlation, as they are spatially close and structural distortions
of one loop will cause steric clashes with another loop.
Surprisingly, strong correlations are seen between the highly
flexible h4 helix and all epitopes with correlation coefficients
that are consistently larger than 10.6l, marked in green in Figure
3a for the three loops of interest in this study. This strong
communication is unexpected, as h4 is on the opposite side of
the protein and the distance between the center of the h4 helix
and the center of the FG-loop, for example, is 55.3 A. It is not
obvious how structural fluctuations in the helix will be mediated
by the epitope region of the protein over such a long distance.
To further investigate this unusual coupling, we designed a
computational experiment by manually changing the force
fields associated with the amino acids in the h4 helix,®* as to
artificially rigidify the helix and simply freeze the h4 helix
structurally. If the fluctuations of the h4 helix and those of the
epitope loops are truly coupled in an allosteric fashion, this
artificially induced rigidity on the h4 helix should be translated
to the loops, and our simulations should show a reduced
positional variance for the loops. The positional variance plot
for the FG loop is given in Figure 4 and illustrates that loss of
structural fluctuations in the h4 helix are indeed reported to the
FG loop. The positional variance of the residues 267—280 that
are part of the FG-loop is greatly reduced from 3 to 7 A” in the
original protein (black line in Figure 4) to 1—3 A* (orange line
in Figure 4); similar observation can also be made for the other
loop regions. Thus, allosteric interactions between the h4 helix
and epitopes play a major role in modulating epitope
fluctuations. Whereas all epitopes show dynamic allosteric
coupling to the h4 helix in the monomer, as indicated by the
high correlation coeflicients shown in Figure 3,% the variation
of this coupling with the assembly into higher order constructs
is notably different from each other. In the monomer, the
differences in fluctuation between epitopes mostly arise from
intramolecular confinement. For instance, since FG is more

— Monomer -
— Monomer with hd frozen
—— Pentamer

— Tai VLP

(=]
T

Loap backbane atom positional variance [A?]
F-

o ey A M A 21
262 267 272 277 282 287 292
Ammo Acid Residue [#]

Figure 4. Positional variance for the FG loop fluctuations of free L1
protein, L1 protein with the h4-helix artificially frozen, pentamer, and
T =1 VLP.

confined than HI its fluctuations are dampened: Almost all of
the amino acids in the HI-loop can engage in fluctuations giving
rise to the positional variances of the backbone atoms of these
residues to be higher than 4 A” consistently, with the maximum
variance being around 7 A* (Figure 2g). Amino acids in the FG
loop display a distinctively different variance profile. Whereas
the maximum variance is comparable at ~6 A*> (Figure 2d),
there are many amino acids that show only small positional
variances affording a profile that covers a range of 0—6 A?
unlike in the HI loop where the range was 3—7 A% When
multiple L1 proteins are brought together, the epitopes arrange
on the surface, and the h4 helices are either solvent exposed in
the pentamer or they penetrate neighboring pentamers via
hydrophobic interactions which stabilize the VLP core. In the
higher order assemblies, additional confinement and strong
intermolecular interactions decrease epitope fluctuation com-
pared to the free monomer, simplifying the covariance matrices
significantly, as shown in Figure 3b,c. Most interestingly, the
FG and EF loops remain correlated to the h4 helix in the
pentamer, as highlighted in green on Figures 3b. The positional
variance of the amino acids in the pentamer, shown in red in
Figure 4, shows a striking similarity to the profile we obtained
by simply freezing the h4 helix (orange in Figure 4). Both the
magnitude and shape of the variance profiles are very
comparable, suggesting that the main reason for diminished
fluctuation of the FG loop in the pentamer is the change in
chemical environment of the h4 helix, which leads to an
allosteric stiffening of the epitope containing loops. In the VLP,
only the EF loop maintains a correlation to the h4 helix (Figure
3c), but this finding must be interpreted with caution, as the
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loops in the VLP are practically rigid structures showing little to
no structural variation. Whether or not these small positional
variances are correlated to the h4 helix bears little chemical
meaning. Interestingly, the allostery does not invoke any
significant changes in the mean structures of the epitopes.
Instead, the allosteric connection is expressed in variations of
structural fluctuations, which in turn impact the biochemical
behavior of the epitopes.®

This finding is interesting from a general pers3pective about
allosteric interactions in proteins. Traditionally,>>~%%76>87-8
allosteric interactions involve a small molecule binding event at
one site of a protein that triggers a structural change at a
different site, which is accompanied by reactivity changes at that
site. Recently, this classical view of allosteric interactions has
been extended, and there is growing awareness of the fact that
the modulation of chemical behavior does not have to be
related to structural changes necessarily,>®5%3%61-63,90-92
Changes in the entropy profile of molecular fragments can be
just as powerful in modulating the chemical behavior®®**%*
giving rise to dynamic allosteric effects,” the most prominent
manifestation of which is the change in structural fluctuation;
this type of allosteric control may be referred to as “nonclassical
allostery”, as to emphasize the distinctively different underlying
mechanism of remote controlling the chemical property. Our
study goes one step further in generalizing the concept of
dynamic allostery in that we find that the dynamic coupling
between two strongly correlated sites is general and substrate
binding is only one of many possible ways of changing the
chemical properties of a molecular fragment. In this case, the
mean structure of the epitope containing loops remains
practically invariant across the sequence of L1 constructs
noted above, but the function and biochemical reactivity of
these loops are nonetheless altered significantly, as the
structural flexibility of the epitopes are modified. Our current
work constitutes a rare demonstration of a strong dynamic
allosteric effect across a long distance of SS A, where the
allosteric signal transduction pathway contains standard
peptidyl building block. In a previous theoretical study,”® long
distance dynamic allostery was envisioned to require structur-
ally rigid components. Our findings suggest that these long-
range correlations may be more common than thus far
envisioned and that they do not require specially constructed,
exotic entities to establish the dynamic allostery.

Rapid and large structural fluctuations of the epitopes are
expected to reduce the antibody binding affinity** and diminish
the immune response. Depending upon micro-environmental
conditions the population of the L1 assemblies will shift from
one form to another, e.g., analytical ultracentrifugation and light
scattering analyses show that at a pH of ~6 and salinity >0.5 M
NaCla T =1 or T = 7 VLP structure is stable; at pH 8.2 they
dissociate into L1 sub assemblies.”* Larger assemblies exhibit
lower levels of epitope fluctuation that facilitates stronger
affinity for antibody binding.**>' However, some epitope
fluctuation is required to allow antibody binding due to
entropic enhancement of the epitope-antibody binding free
energy.97 Thus, there is an optimal level of epitope fluctuation
intensity at which binding is favored, and beyond which the
entropic barrier to binding becomes significant. Simulations
suggest that the optimal fluctuation level is at <1 A/residue,
which is observed in the VLP illustrated in Figures 2cfi.
Finally, the allosteric scheme presented here is positively co-
operative, ie., the association of the h4 helices within the
pentamer gives rise to an optimal epitope fluctuation level that,

in turn, promotes antibody binding and subsequent immune
response. A more quantitative and detailed study of the
energetics involving the allosteric signal transduction pathway
and epitope-antibody binding is required to decipher the exact
mechanism of our suggested allostery. This is beyond the scope
of the present study and is partly addressed elsewhere.”® In this
work, we questioned how the insight discussed above can be
exploited, and we considered a strategy for silica-based hybrid
nanoconstructs where HPV substructures are attached to a
silica nanoparticle in a way that will mimic the epitope
properties of an entire T = 1 VLP.

Hybrid Nanoparticles. Given the strong allosteric correla-
tion between the epitope containing loops and the h4 helix
examined above, one potentially effective way of controlling the
dynamic properties of the loop regions is to modify the
chemical environment of the h4 helix. To allow fluctuation of
L1 epitopes in the sub A range, which corresponds to the
fluctuations seen in the T = 1 VLP and which we assume to be
the optimal range of fluctuations for eliciting immune response,
we first attached the L1 protein to a model silica surface only
using the innate electrostatic and hydrogen-bond-based
attraction between the h4 helix and the silica surface. After
some experimentation, we chose to present the hydrophilic 100
surface of crystalline silica, where each terminal surface oxygen
of the silicate was protonated, to the h4 helix of a single L1
protein. The model surface was 20 X 20 nm large and had a
thickness of S nm incorporating 2 core layers of tetrahedral
SiO, moieties. This design is shown in Figure 5a, where only a

(a) (b)

OH-Terminated
100-Surface
of Crystaline Silicate

H-Terminated
hydrophobic
Surface

Figure 5. Proof-of-principle models of silica-bound L1 proteins where
(a) the h4 helix and (b) the f-sheet portions are connected to the
silica surface.

small portion of the 400 nm’ silica surface is shown for
illustration. The surface layers were properly terminated with
hydrophilic (Si—OH) and hydrophobic (Si—H) groups on each
side of the silica sheet. Due to the finite size of the silica sheet
chosen to make the simulations computationally feasible,
buckling is observed in the silica-water simulations. To avoid
such buckling of the surface, harmonic restraints are used on
the hydrophobic silica layer that is furthest from the L1-binding
surface. However, the surface in contact with the protein is kept
unconstrained so that surface fluctuations can affect protein
dynamics. This is a reasonable approximation that is commonly
used in studies involving silica sheets.” The positional variance
that results from letting the h4 helix interact with the silica
surface is shown in Figure 6 in cyan color. As seen above, all
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Figure 6. The positional variance profiles of the silica-bound protein
constructs. The profiles of the monomer and T = 1 VLP are shown as
references.

epitope fluctuations decrease significantly, and the variance of
almost all amino acids in the FG-loop is <2 A% The extent of
fluctuation dampening and the shape of the positional variance
profile is remarkably similar to what we found when we
artificially inhibited the h4 fluctuations (Figure 4, orange line),
indicating that our basic design idea is plausible and that
restriction of fluctuations of the h4 helix is faithfully coupled to
the FG loop leading to diminished loop fluctuations.

Whereas the model above is encouraging, it is not probable
that the L1 monomer will self-assemble into the desired
structure where only the h4 helix has contact to the silica
surface, while the rest of the L1 protein maintains its overall
structure. In fact, we found that a different structure, where the
P-sheet portion of the L1 protein gains contact with the surface,
is energetically more preferable in good agreement with the
notion that f-sheets can bind strongly to silica surfaces.'”
Among the many possible adducts, one is shown in Figure Sb.
The contact between the f-sheet and the silica surface is
maximized, and the h4 helix points away from the surface and,
thus, none of the conceptual design motif initially envisioned is
incorporated in this energetically more feasible structure. From
a possible vaccine design perspective this protein-silica
association is undesirable, as the structure of the protein as a
whole and the mean structures of the epitope carrying loops are
compromised significantly. As these latter structures are
energetically favorable and intuitively plausible, it is safe to
conclude that a self-assembly approach to preparing the desired
L1-silica hybrid system is not promising to succeed. In addition,
all of our monomer simulations suggest that the cooperative
confinement that is present in the pentamer is needed to
further reduce the positional variance to the desirable range of
<1 A%

A more complex design that may offer a solution to the
problems identified above and provide a more realistic
bioinorganic nanoparticle is to place the L1 pentamer on the
silica surface and control the protein-silica contact points by
using covalent linkages. Several strategies are readily available
for attaching proteins to a solid support.'”" For example, the
silica surface can be treated with amino silanes to afford a
uniform surface layer of primary amines,'”'® which we
modeled using terminal —Si—O—(CH,);—NH, moieties on the
silica surface. The L1 proteins can be covalently linked to such
an activated surface by a peptide coupling reaction'®* to afford

a permanent amide tether'”® containing a silica—Si—O—
(CH,);—NH—CO-L1 motif, where the tether is anchored at
the h4 helix. This design overcomes shortcomings of the
monomer-silica structure as (i) interactions between epitopes
that are located on different L1 proteins in the pentamer are
maintained, (ii) the covalent linkage provides control over the
silica-protein contact point and suppresses structural degrada-
tion that may arise from undesirable interactions between the
P—sheet portion of L1 and the silica surface, and (iii) the h4
helix fluctuations will be inhibited both by the covalent linkage
and noncovalent interactions of the h4 helix with the silica
surface, as demonstrated in our small model above. Use of silica
with aliphatic-amino tethers in the construction of hybrid VLPs
has several attractive features: silica has a highly tunable surface
chemistry which facilitates conjugation with biological
entities,'” is essentially transparent to light," and is nontoxic
and biocompatible.107 However, like most other nanomaterials,
including gold or magnetic nanoparticles and quantum dots,
silica particles are difficult to directly and uniformlgr suspend in
aqueous solutions with different salinities.'®'* Additional
details on practical advantages of the present design are
provided in the Supporting Information. The proposed design
provides a simple model that includes fundamental features of a
hybrid material based vaccine. However, for laboratory
preparation of such material, amorphous silica are preferred.'"
Studying amorphous silica computationally is difficult due to
the large range of surface silicate group densities that can be
obtained under various conditions and the associated range of
different interactions with proteins;'"" crystalline silica is more
tractable for computer simulations. Our focus is on under-
standing the effects of factors such as atomic forces, interaction
energetics, friction imposed by neighboring loops, allostery, and
inertia on the structure and function of L1 assemblies, and thus,
we attached our protein models to a 100-surface of crystalline
silica.”” With these factors well understood, additional
complexities in hybrid vaccine design arising from the use of
amorphous silica can be addressed in future work; for the
purpose of this study the use of crystalline silica is a reasonable
compromise. One additional design component that we found
to be important is that the silica surface must be curved, ideally,
resembling the surface curvature found in the VLP. Our final
model design protocol is illustrated in Figure 7. First, the flat
silica surface is brought in proximity to the VLP from the inside
of the capsid. Then the silica atoms on the surface edge facing
the interior wall of the capsid are steered toward atoms on the
VLP wall. Since overall stability, geometry, and nearest-
neighbor interactions within silica are maintained using
harmonic restraints, steered motion of atoms on the edges of
the silica sheet gradually couples to those toward the interior.
Consequently, the surface buckles forming a hydrophilic convex
face with radius of curvature similar to that of the interior of the
T =1 VLP. Next, the pentamer is tethered to the alkyl-amino
groups across the surface where the silica curvature matches the
inherent curvature of VLP-confined pentamer. If the silicon
surface is left flat, the match of structural fluctuations between
the silica-tethered pentamer and the VLP becomes less ideal, as
shown in magenta color in Figure 6. In addition, there are
notable, nontrivial structural consequences of the flat silica
surface, on which we elaborate in the Supporting Information.

The epitope fluctuation characteristics of the pentamer
covalently attached to the curved silica surface are remarkably
close to that of the full VLP, as shown in Figure 6 in blue
compared to the T = 1 VLP fluctuations shown in green.
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Figure 7. Hybrid design protocol: First, a flat sheet of silica generated
using CHARMM is curved using the T = 1 VLP as a template. Then,
tethers are planted on the curved hydrophilic silica surface forming a
—Si-O-(CH,);-NH, linkage. Finally an L1 pentamer is attached to the
surface via the tethers with the connectivity silica—Si—O—(CH,);—
NH-CO-LI1.

Engineering the structural and dynamic properties of the
epitope containing loops is a necessary condition for eliciting
the desired immune response, but there are additional
conditions that must be met to faithfully reproduce the
immunogenic properties of the wild-type virus and/or the full-
scale VLP. Several atomic scale features have previously been
identified to be important for eliciting a proper immune
response. For example, mouse monoclonal antibody H16.V5
binds to a major part of the FG loop and neutralizes HPV16;'">
mutation of ASN-285 leads to the failure of this antibody
binding, suggestin§ that ASN-285 is directly involved in the
H16.V5 binding.11 Similarly, SER-282 appears to be important
for the epitope to bind another antibody, H16.E70.'"> These

experimental observations emphasize that immune response to
the L1 epitopes strongly depends on the details of the epitope
structure. Fine scale structural details must therefore be
carefully accounted for within a design strategy for assembling
an artificial hybrid vaccine. Hydrogen bonds play a particularly
important role, and we have carefully monitored the hydrogen-
bond network that organizes the orientation of the epitopes to
each other. Two hydrogen bonds were especially interesting:
The THR-266 residue of the FG-loop forms a strong interloop
hydrogen bond with an ASN-357 residue on a neighboring HI
loop in the pentamer, as shown in Figure 8. This is an
important structural feature also found in the VLP that must be
preserved for proper immune response; it is impossible to form
this interloop hydrogen-bond in a monomer, which is one of
the reasons why the L1 monomer is unlikely to be useful as a
vaccine. A second hydrogen bond of importance involves the
residues 280—285, which enforce a relatively consistent
conformation in that part of the FG loop by engaging in a
network of mutually exchangeable hydrogen bonds with each
other. In Figure 8 we depict one such hydrogen-bonded
snapshot structure, where SER-280 and ASN-285 formed a
hydrogen bond. As a consequence of these intraloop hydrogen
bonds, the FG loop adopts a helix-like secondary structure, as
illustrated in the detailed view of this region in Figure 8. As this
portion of the FG loop is most solvent accessible, the helix-like
folding provides an energetic advantage. This structural detail is
present in the VLP, and we propose that it is an important
recognition motif that must be preserved in a vaccine to elicit a
proper immune response.''> Note that the positional variance
profiles (Figure 6) have consistently indicated a very large
change in positional variance around residue 280 when moving
from a monomer to higher order assemblies; this hydrogen-
bond network is responsible for the significant change in the
fluctuation profile, as it is not present in the monomer and the
residues around 280 have a much higher degree of structural
freedom. These delicate structural details support and amplify
the dynamic allosteric effects of the h4 helix discussed above to
ultimately generate a structural fluctuation profile of the
epitopes in the silica-mounted pentamer that is essentially
identical to what is seen in the much larger T = 1 VLP of HPV
16.

B CONCLUSIONS

The preparation of well-defined small subassemblies, such as
the pentamer, from monomeric L1 proteins is much easier'
than synthesizing the larger assemblies like the T = 1 or 7

Intra-Loop H-Bonding

FG .Y

Inter-Loop H-Bonding

Figure 8. Organization of the surface epitopes FG and HI using inter- and intraloop hydrogen bonds.
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icosahedra. Thus, the vaccine development process could be
expedited significantly if the smaller particles can be used to
elicit a immune response instead of having to prepare the much
more elaborate VLP structures.'** The difficulty of assembling
the higher order constructs lies in the strong contribution that
entropy makes to the energetics of the VLP; enthalpically, the
interactions between the monomers in the pentamer assembly
are much stronger than those between pentamers in the VLP.
Thus, the translational entropy penalty associated with the
formation of the pentamer from monomers is partially
compensated for, allowing the free energy of assembly to be
much more favorable for the pentamer than for the VLP.''®
Therefore, the pentamers are ideal targets in a rational vaccine
design strategy. Mounting the pentamer on a silica nanoparticle
is enthalpically highly favorable, ie, the enthalpy of tether-
mediated pentamer binding to silica is much higher than the
interaction between pentamers to afford the VLP (Figure S8).
By providing a minimally invasive chemical modification to
install the chemical anchor for coupling the pentamer to the
surface-modified silica nanoparticle, we introduce an additional
driving force and engineer precise control over the assembly. In
comparison, the preparation of the VLP from the pentamers is
much more demanding, as the entropic penalties originating
from the required precise relative orientation of the pentamers
during the final assembly to the VLPs must be overcome.
Computer simulations have become a standard tool of
biomedical research over the last few decades, but they are
mainly used to rationalize and confirm experimental observa-
tions."'®"'* Given the level of sophistication and degree of
realism in today’s computer models, truly predictive computer
modeling is not only possible but also bears significant
advantages over purely experimental approaches, as we
demonstrate in this work by deriving a logical and rational
vaccine design strategy. To the best of our knowledge, this is
the first computational study that used all-atom structures of
hybrid silica-protein nanoconstructs to provide a novel
nanoscale perspective on a long-standing challenge of VLP-
based vaccine design. We discovered an intriguing dynamic
allosteric coupling between the h4 helix and the epitope
containing loops and devised an effective exploitation strategy
for rigidifying the epitopes to reproduce the structural and
dynamic properties of these epitopes in the VLP using the silica
surface mounted pentamer. A silica mounted VLP as a basis of a
vaccine against porcine virus® was reported previously and
served as an inspiration of this work. Silica nanoparticles
provide a potentially revolutionary opportunity for developing
vaccines, and we demonstrate how they can be utilized
rationally. Our work highlights an intriguing connection
between structure, dynamics, and function, while explicitly
outlining a strategy for exploiting dynamic allostery which is a
relatively new concept that remains poorly understood. Our
design has advantages over traditional T = 1 VLPs in that they
are expected to be thermally stable, easy to prepare, and
genome-free. Furthermore, silica nanoparticles are already FDA
approved but remain an underutilized resource in vaccine
development. In ongoing work, these theoretically identified
vaccine candidates will be prepared and characterized in
collaboration with experimentalists to test our hypothesis;
whereas adjustments and improvements to our initial strategies
discussed above are expected, the foundation of the control
mechanisms that we identified and explained above is generally
valid. In addition to the obvious benefit of having identified a
specific vaccine development strategy, the dynamic allosteric

control mechanism outlined in this work appears to be
generally applicable and more common than previously thought
and deserves further investigation.
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