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A B S T R A C T

We present a novel kinetic Monte Carlo model to simulate the real process time-scale of the assembly of Human
Papillomavirus (HPV) virus-like particles (VLPs) incorporating the formation of intercapsomeric disulfide bonds.
The objective was to develop insights into the underlying mechanisms of HPV VLP assembly and cross-linking
during in vitro production of the HPV vaccine. The model integrates actual experimental data and detailed
information of VLP geometrical structure in microscopic mechanistic steps. The principal novelty of this model is
in the concurrent simulation of VLP assembly and cross-linking including a variable for spatial angular ar-
rangement of capsomeres during their assembly that affects the overall rates of VLP assembly and cross-linking.
The cross-linking modeled by using the mechanistic probability rules between involved cysteine residues. The
model was utilized to better understand the actual process data and check on the hypothesis related to factors
affecting the rates of HPV growth and maturation.

1. Introduction

The human papillomavirus (HPV) is a nanosized non-enveloped
DNA virus (Garcea and DiMaio, 2007; Buck et al., 2013) with diameter
∼50–60 nm (Mach et al., 2006; Zhao et al., 2012). HPV infections,
depending on the Papillomaviridae family, may cause genital warts and
cervical cancer (Dürst et al., 1983; Bosch and Munoz, 2002;
Walboomers et al., 1999; McBride and Münger, 2018; Fields et al.,
2007; Burd, 2003). Moreover, HPV might lead to other types of cancer
in some group of immunosuppressed individuals (Pastrana et al., 2018;
Siegel et al., 2012) and some human papillomavirus-associated head
and neck cancers (Gillison, 2004). There are several commercially
available HPV vaccines to protect against HPV related maladies (Zhao
et al., 2012; Stanley et al., 2006; Schiller and Muller, 2015; Wang and
Roden, 2013a). It is well established that the L1 major capsid protein of
HPVs can form virus-like particles (VLP) in vitro, which are not in-
fectious nanoparticles because they lack the viral DNA inside (Stanley
et al., 2006). These VLPs serve as immunogens stimulating both hu-
moral and cellular arms of the human immune system (Mach et al.,
2006; Kirnbauer et al., 1992; Noad and Roy, 2003).

An advanced understanding of the mechanisms of VLP assembly
process is extremely important for stable and robust in vitro vaccine
production. The HPV VLP molecular structure has been determined by
using X-ray scattering and Cryo-electron microscopy (Baker et al., 1991;

Wang and Roden, 2013b). The viral geometry has been studied theo-
retically in many works (Salunke et al., 1986; Casini et al., 2004; Carter
and Saunders, 2007; Modis et al., 2002; Lidmar et al., 2003; Siber,
2006) including a principle of Caspar-Klug (Caspar and Klug, 1962),
Lorman and Rochal's approach (Lorman and Rochal, 2008) based on the
Landau theory of crystallization, the viral tiling theory (Twarock, 2004,
2006; Angelescu and Linse, 2007; Twarock and Hendrix, 2006) etc. To
fulfill the geometric requirements of a T = 7 icosahedron (Zhao et al.,
2012; Kirnbauer et al., 1992) with 72 subunits, the capsomere must be
capable of different yet stable quasi-equivalent positions relative to
neighboring capsomeres. In the ideal structure, 12 capsomeres are in
pentavalent positions with five adjacent capsomere neighbors, and 60
capsomeres are in hexavalent positions with six adjacent neighbors
(Mach et al., 2006; Kirnbauer et al., 1992; Wang and Roden, 2013b;
Salunke et al., 1986; Casini et al., 2004; Carter and Saunders, 2007).

Many theoretical models have been proposed in the literature to
simulate and explain the VLP assembly (Angelescu and Linse, 2007;
Dykeman et al., 2014; Elrad and Hagan, 2008; Hemberg et al., 2006;
Nguyen et al., 2009; Prasad and Schmid, 2012; Whitesides and
Boncheva, 2002; Zlotnick and Stray, 2003; Zlotnick and
Mukhopadhyay, 2011; Hagan, 2013, 2014; Verdier et al., 2016;
Zlotnick, 2005; Moisant et al., 2010; Mateu, 2013; Schwartz et al.,
1998; Zandi et al., 2006; Vega et al., 2016; Arkhipov et al., 2006). These
models can be roughly categorized into three types according to the
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modeling scale used in them (Reddy and Sansom, 2016). The first ca-
tegory encompasses macroscopic modeling approaches (Hagan, 2013),
where the assembly is usually modeled as a nucleation step followed by
sequential addition of capsomeres to the growing VLP until all cap-
someres have added (Dykeman et al., 2014; Zlotnick and Stray, 2003;
Zlotnick and Mukhopadhyay, 2011; Moisant et al., 2010; Hagan, 2014;
Keef et al., 2006). These models can simulate the real process scales
(hours), but they ignore many microscopic details that may affect the
kinetics of VLP formation (Wilber et al., 2009). The second category
includes very detailed molecular dynamics (MD) simulations (Perilla
et al., 2016; Perilla and Schulten, 2017; Hadden et al., 2018). This
technique involves molecular-scale details but simulates relatively short
time intervals and a limited number of VLPs, usually only one. Notice
that all-atom MD simulations have not been applied to study VLP as-
sembly process yet, only to simulations of complete capsids. Another
approach here is to use coarse-grained models of capsid assembly
(Nguyen et al., 2009; Arkhipov et al., 2006; Rapaport, 2004, 2018;
Boyd et al., 2015; May et al., 2012). They allow modeling of micro-
second timescales and are mostly used to study the structural dynamics
of viral capsids (Arkhipov et al., 2006).

The third category comprises kinetic Monte Carlo (KMC) type
models for the assembly and nucleation of nanoparticles (Arkhipov
et al., 2006; Gorshkov et al., 2009, 2011; Hagan and Chandler, 2006;
Hagan and Elrad, 2010). Such models assume that the particles have a
rigid structure. In this work, the size of the scaffold is confined to an
icosahedral lattice and limited to 72 capsomeres. Therefore, VLPs of
larger size cannot be observed in this study. The process dynamics is
described by a set of potential events and their corresponding prob-
abilities (Hemberg et al., 2006). Such models lump many microscopic
details in the event-list. Nevertheless, they offer a good compromise
between capturing enough microscopic details of structural dynamics
while simulating large time scales needed to simulate an in vitro pro-
cess. The model presented in this study belongs to this category.

In addition to the assembly under certain conditions, the HPV
capsid undergoes significant changes characterized by morphological
transformations and called maturation (Buck et al., 2005; Cardone
et al., 2014; Stray et al., 2004). One of the important characteristics of
HPV VLP maturation is the formation of disulfide bond network (cross-
linking) across its supramolecular structure. For HPV type 16, the ma-
jority of cross-linking occurs between Cys 428 and Cys 175, while ad-
ditional bonding can also occur between Cys 428 and Cys186 (Duda,
1998; Hare and Chan., 1968; Ishizu et al., 2001; Mateu, 2013; Li et al.,
1998; Sapp et al., 1998; Twarock, 2006; Wolf et al., 2010; Zhang et al.,
2013). A part of the L1 protein has a structure of a flexible hinge (amino
acid bridges or “invading arms”). These invading arms propagate
within a gap between capsomeres and bring the Cys 428 (located on a-
helix h4) into close proximity with Cys 175 of another L1 (Conway
et al., 2011; Ishii et al., 2003; Mukherjee et al., 2008; Modis et al. 2002;
Sapp and Bienkowska-Haba, 2009). This leads to the formation of dis-
ulfide bonds between surrounding L1 proteins.

Under controlled conditions, purified recombinant L1 proteins can
be chemically disassembled and reassembled by varying the solvent
environment. In this study, by the VLP assembly we understand the
actual reassembly process from previously disassembled L1 proteins.
Conditions above physiological ionic strength favor VLP reassembly
while disulfide maturation favors an oxidizing environment. In the la-
boratory, step-wise solvent conditions were developed to maximize the
separation of the reassembly and disulfide maturation, allowing the
former to occur first, prior to solvent exchange into an oxidizing en-
vironment. Samples were collected and assayed to monitor both re-
assembly and disulfide maturation throughout. Reassembly was mon-
itored using size-exclusion chromatography to resolve reassembly
intermediates from free L1 to fully formed VLPs. Disulfide maturation
was monitored by size-exclusion chromatography after subjecting
samples to denaturing and non-reduced conditions. In this way, one can
monitor the loss of L1 monomer and the formation of L1 dimers and

trimers (Zhao et al., 2012).
To complement and expand upon the laboratory studies, we in-

troduce the developed microscale kinetic Monte Carlo model to enable
to concurrent simulation of the particle reassembly and cross-linking
maturation process in detail. The design and structure of the model
affords one the ability to scan a wider kinetic landscape of these pro-
cesses, also test and check on hypotheses related to reassembly and
particle maturation. The model simulates the process relevant time
scale with the experimentally reasonable set of initial parameters.

In Computational model section, we describe the range of initial
parameters and modeling details. Also, we provide some additional
discussion on the assumptions that were applied to the model. We focus
on some key parameters that are responsible for the kinetic properties
of the system. Result and discussion section presents the essential re-
sults of our modeling and a general discussion on the comparison of the
model with the available experimental results.

We would like to reiterate that this is the first study in which the
relationship between the kinetic characteristics of the capsid re-
assembly and the development of its subsequent maturation properties
is clearly determined.

2. Computational model

In this work, we present the kinetic Monte Carlo model that de-
scribes the coupled dynamics of capsomere reassembly and subsequent
cross-linking between two cysteine residues (Cys 175 and Cys 428) on
neighboring capsomeres of an HPV VLP. Different from previous KMC
models this model incorporates enough details of the microstructure to
capture the formation of cross-linked L1–dimers, and L1–trimers, which
are relevant measured attributes in the study of VLP reassembly sys-
tems. Another novel aspect of the model is in the possibility to explore
the direct relationships between VLP growth factors and the subsequent
L1 cross-linking evolution. For this purpose, we hypothesized that a
relative spatial position of the involved cysteines determines the cross-
linking kinetics.

The KMC model is driven by a set of discrete events in the homo-
geneous system that is considered by Markov type models and can be
effectively modeled using the standard Gillespie stochastic simulation
algorithm (Gillespie, 1976, 1977; Serebrinsky, 2011). In our work, we
implemented the algorithm described by Gibson & Bruck (Gibson and
Bruck, 2000). The main inputs to such models at every time step are: 1)
a list of events and corresponding event rates and 2) a method to update
the system after each event occurs, see Appendix A for details.

Although the model details will be given in the following subsec-
tions, the main steps are summarized here:

1. The simulations start with the box of free capsomeres suspended at a
concentration specified by the initial conditions.

2. Two free capsomeres can collide and form a dimer with a certain
probability (nucleation step). Once a dimer is formed a VLP scaffold
is assigned to it. This scaffold is a virtual VLP that determines the
possible sites where another free capsomeres can be attached.

3. Free capsomeres can attach to VLP scaffolds at allowed sites
(neighbors of occupied sites). This step is called a growth step and
continues until the scaffold is completely filled with 72 capsomeres
(intact VLP).

4. Furthermore, the capsomere docking at the scaffold during nuclea-
tion and growth was introduced in the model with the capsomere
spatial rotation around its center of mass. This rotation and relative
position mean to capture energetically favorable and unfavorable
capsomeres orientations for attachment and cross-linking.

5. Capsomeres that are neighbors within a VLP can be cross-linked
with a certain probability that is a function of the distance between
cysteines and the relative capsomere orientation.

Given that the probabilities of the nucleation, growth and cross-
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linking events depend on the scaffold structure (that approximates a
real VLP), the VLP geometry is defined first, and then the probabilities
of events are specified for this idealized configuration. With this ap-
proach, the modeling objectives are to include more microscopic details
than others KMC models, especially around the effect on VLP growth
rate and cross-linking. The approximated geometry allows for efficient
simulation of a large number of subunits over long process time scales,
while incorporating the important microscopic details.

2.1. Geometrical approximation of the forming VLP

The HPV VLP geometrical scaffold used in the model approximates
the real physical geometry of a VLP, which has been determined
through the HPV electron cryomicroscopy. The geometrical structure is
rather unusual. The idealized geometry approximates the structure PDB
ID: 3J6R with the resolution 9.1 Å (Cardone et al., 2014). Fig. 1 re-
presents only single pentameric capsomere. The center of mass of each
of the 72 capsomeres relative to the center of mass of the VLP was
derived from PDB ID: 3J6R and included in a form of Cartesian co-
ordinates in Appendix B.

Since the center of mass of the VLP is located at the origin, these
coordinates can also be considered as vectors between the two centers
of mass: VLP and capsomere. Each vector will be referred to as the
capsomere center of mass vector, Rcaps.

The scaffold geometry also includes the positions of two cysteine
residues, Cys 175 and Cys 428, identified from the PDB ID: 3J6R crystal
structure. For each of these cysteine residues, vectors were drawn from
the center of the VLP to the cysteine location, denoted here as cysteine
vectors, and the magnitude of these vectors were measured as, R175 or
R428, respectively. The angles between the cysteine vectors and the

corresponding capsomere center of mass vector, Rcaps, were also de-
fined, 175 or 428. Therefore, for each L1, each cysteine vector was
projected onto a normal plane to the corresponding vector, Rcaps. The
angle caps, between the projected vectors was determined and averaged
across all 360 L1 proteins. In this way, five averaged numbers were
determined for the location of the two cysteines of interest on an
idealized L1 protein. This idealized structure was also equally spaced
five times around the capsomere center of mass vector for each cap-
somere on the VLP (Fig. 2).

The average distances from the center of mass of the capsomere to
Cys 175 and Cys 428 were derived as 4.9 nm and 7.8 nm respectively
(Fig. 2). The average angle between vectors to Cys 175 and Cys 428 of
every L1 is °44. 8 . In reality, the capsomere is not a rigid structure. In
particular, Cys 428 is located on a flexible invading arm (Buck et al.,
2005; Cardone et al., 2014).

2.2. Cross-linking rates probability (effect of capsomere orientation)

With the model's rigid placement of the capsomere centers of mass,
we allow the capsomeres to have any arbitrary rotation around the
capsomere center of mass vector, Rcaps. The cysteine positions on a
given capsomere, while rigidly locked with respect to each other, are
rotated around this vector at the certain angle, , see Fig. 3. The rota-
tion represents a possible capsomere arrangement in the VLP relative to
its neighbors and allows the model to access the effect of different
conformational and interaction states on cross-linking.

We hypothesize that the overall probability of cross-linking is re-
lated to the distance between cysteine residues of two L1 proteins on
opposing capsomeres on the VLP surface.

The distance function, e r , has been used to introduce the de-
pendence on distance. Where = R Rr 428 175 is a distance, in nm, be-
tween a pair of Cys 428 and Cys 175; 1.4 is a cysteine interaction
factor. The choice of is intended to describe the flexibility of the in-
vading arm and possible conformational states within this rigid aver-
aged capsomere formulation. The overall rate of cross-linking between
any pair of Cys 428 and Cys 175 is given by:

=rate k Exp r( )XLink XLink (1)

Fig. 1. The illustration of a single HPV capsomere (top view). The image of
protein structure of PDB ID: 3J6R (Cardone, G.; Moyer, A. L.; at al. Maturation
of the human papillomavirus 16 capsid. MBio, 2014, 5, e01104–01114.) was
created with the Jmol, version 14, an open-source interactive viewer for three-
dimensional chemical structures. Yellow vectors connect the center of mass of
the capsomere with the Cys 175 and Cys 428. These two residues belong to the
same L1 protein. Cys 175 is positioned closer to the center in the part that is less
movable. Cys 428 is located on a flexible part of L1 called an “invading arm”.
Therefore, the position of Cys 428 relative to the center of mass of the cap-
somere varies. That allows it to reach the neighboring L1 proteins of adjacent
capsomeres.

Fig. 2. Schematic illustration of a rigid capsomere structure that has been used
in the model. The same geometrical structure was introduced for every cap-
somere in the system. The average distances from the center of mass of cap-
somere to Cys 175 and Cys 428 were 4.9 nm and 7.8 nm respectively. These
distances have been derived from the HPV crystal structure, PDB ID: 3J6R
(Cardone et al., 2014). The average angle between from the center of mass
vectors to Cys 175 and Cys 428 of every L1 (also obtained from the structure
PDB ID: 3J6R), is °44. 8 .
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where kXLink is the cross-linking rate parameter that controls the overall
cross-linking rate.

The vast majority of Cys 428 – Cys 175 pairs on the VLP surface are
too far apart to cross-link. A screening radius of D nm5screen was
employed and any pair exceeding this distance were removed from the
list of possible events. This eliminates cross-linking within the same L1,
and between different L1s of the same capsomere.

Schematic illustration in Fig. 4 demonstrates a few possible ex-
amples of configurations of cross-linked L1–dimers (panels A, B, C) and
one L1–trimer (panel D). These examples along with the more com-
plicated ones (L1–multimers) are realized and were observed in this

study.

2.3. Effective two-state capsomere orientation in further model
simplification

There are potentially infinite spatial combinations of relative angles
between two neighboring capsomeres that will lead to infinite combi-
nations of relative angles between cysteines. To further simplify the
model, an exploration of the cross-linking rates with respect to relative
orientation was performed.

For this procedure, all 72 capsomeres, one by one, were taken with
the fixed rotational angle, . At the same time, the rotational angles of
neighboring capsomeres were randomly selected for each run. This
process was repeated 10000 times for rotational angles within the in-
terval: < °0 360 , with the step °1 , for each capsomere.

The overall probability of cross-linking for every single capsomere
has been calculated using Eq. (1) and taking into account all possible
interactions between neighboring L1 proteins (Fig. 5, panel A).

This simulation revealed a periodical behavior of the probability
function, p, in respect to the rotational angle, . There are five peri-
odical angular intervals of p ( ) with a higher probability of cross-
linking, “H–state,” and five intervals of low cross-linking probability,
“L–state”.

In addition to the case, where a capsomere has all neighbors, other
situations with fewer neighboring capsomeres have been also con-
sidered (Fig. 5, panel B). In fact, the cross-linking probability demon-
strates the same periodical shape with fewer neighbors and even in a
presence of only one neighbor. The amplitude of this function, however,
strongly depends on the number of neighbors. This periodicity confirms
our idea on the existence of more and less favorable rotational cap-
somere positions.

We hypothesize that the capsomere attachment rate should be a
similar periodical function of the rotational angle, p ( ). Therefore, the
model was further simplified by approximating p ( ) for each cap-
somere as a step function with two only states: “H” and “L”, as it will be
discussed in the next subsections.

Fig. 3. The scheme represents a possible spatial arrangement of a pentavalent
capsomere on the VLP spherical surface relative to its neighbors. The cap-
someres are shown as pentagons, since every capsomere has a pentagonal
structure comprised of five L1 protein subunits. Capsomere azimuthal angle is
denoted by . This angle is an important parameter in the model representing a
rotational capsomere arrangement.

Fig. 4. The schematic illustration of the cross-
linking mechanism introduced in the model. It
shows three L1 proteins that belong to three dif-
ferent neighboring capsomeres. Cys 428 located on
the “invading arm” of one capsomere (blue dot)
reaches the cysteine Cys 175 of neighboring the L1
(red dot). The panels demonstrate possible oppor-
tunities to form the cross-linking (surrounded by
black dashed line). There are four panels that re-
present different types of cross-linked configura-
tions: L1–dimer (A, B, C) and L1–trimer (D). Vectors
are used to show the distance from the capsomere
center of mass vector, Rcaps, to the cysteine residues.
Blue vectors are pointed to Cys 428, red vectors –
Cys 175.
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2.4. Capsomere dimerization

A capsomere dimer is an initial nucleus or an initial basis of new
VLP scaffold. In order to form a dimer, two free capsomeres should be
involved in the collision. The capsomere collision frequency estimated
with the collision theory is much higher than the observed rate of
capsomere dimerization. Thus, the probability that two capsomeres will
actually stick together creating a capsomere dimer is low. Actually, two
capsomeres must overcome an energy barrier within a certain time
interval to be able to aggregate and reach the final bound state. This
interval is much shorter than the time of capsomere–capsomere inter-
action (Vega et al., 2016). Therefore, the attachment of disordered
capsomeres into an ordered capsid structure reduces their translational
and rotational entropy.

Once the initial nucleus of the VLP scaffold is formed, it grows by
subsequent adding other free capsomeres suspended in the volume thus
forming higher-order intermediates. At this step, a free capsomere is
placed on a VLP scaffold surface filings up a vacant site. This process
continues until the VLP is fully assembled.

We consider the following dimerization reaction:

+Capsomere Capsomere
k

Capsomere Dimerdim (2)

where kdim is the capsomere nucleation (dimerization) rate-constant.
This constant regulates the forming of dimers and uptake of free cap-
someres as initial “building blocks".

The variation of physical and chemical initial characteristics (e.g.
temperature, pH etc.) may significantly change the speed of dimeriza-
tion. Given all these uncertainties, the value of kdim is determined by
fitting of experimental data. The rate of capsomere–capsomere dimer-
ization plays a crucial role in VLP growth dynamics, varying the system
conditions from a very low assembled scenario to an undesirable case of
“kinetic trapping” (see the Results Section) (Hagan et al., 2011).

In order to estimate the rate of the dimerization event, the following
expression has been used:

=rate k N t[ ( )]dim dim caps
2 (3)

Here, N t( )caps is the number of free capsomeres available in the
system at the time t . It is squared due to the fact that two capsomeres
are involved in the dimerization process. Two capsomeres creating a
dimer are considered to be initially in the “H–state”.

2.5. VLP growth

The VLP growth process is modeled as a sequence of free capsomere
attachment events, where a single free capsomere occupies a vacant site
on the VLP scaffold:

+ +Capsomere Capsomere mer
k

Capsomere merN N( 1)att (4)

where katt is the VLP growth rate-constant (VLP-growth rate). Similar
to the nucleation step, the parameter katt is determined from experi-
mental data.

The vacant site is only available for attaching if it is not occupied
and has at least one neighboring capsomere. Once the number of at-
tached capsomere reaches 72, the growth of this particular HPV VLP is
completed, and intact VLP is formed.

In our theoretical framework, we assume that the binding forces
strongly depend on the particular relative angle between protein sub-
units. Therefore, the angular arrangement of neighboring capsomeres
has a significant effect on the attachment probability.

The attachment rate is given by the following equation:

= … = …rate k N t v t f N n( ) [ ( ) ( )] 1, ,6att att caps n H (5)

where vn is the number of vacant sites with n neighbors (n 6), and
f N( )H the function of capsomere–capsomere angular interaction
considered in a form:

=f N e( )H
N(6 )H (6)

where = 0.7 an interaction factor (defined empirically), and NH the
number of neighboring capsomeres in “H” state.

During attachment, every capsomere on the VLP scaffold is assigned
with the rotational angle, . This angle is chosen using the following
principle:

First, the state of the capsomere is chosen: “H” or “L”. The prob-
ability of the capsomere to be in an “H” state depends on the number of
neighboring capsomeres:

=
+

P N
N 1H L

H

Caps (7)

where = 1 is a coupling parameter that controls the ratio of “H-L”
capsomeres, Ncaps is the number of neighboring capsomeres. The para-
meter is important in the VLP growth dynamics since it controls the
interplay between the reassembly and cross-linking by determination
what fraction of capsomeres in the VLP scaffold will be in “H” or “L”
states. If = 0, all attached capsomeres are in “L” state, while inter-
mediate values of modulate the coupling between reassembly and
cross-linking.

Secondly, the rotational angle of capsomere is randomly

Fig. 5. Panel (A) demonstrates the overall probability of a capsomere, p, as a
function of azimuthal angle, (see Fig. 3), to be cross-linked calculated as an
average value over 10000 simulations while the neighboring capsomeres where
randomly rotated. The areas of higher cross-linking probability are highlighted
with the green pattern. Panel (B) represents the same probability, p ( ), but in a
case, where a capsomere has a different number of neighbors, from 1 to 5.
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calculated within defined “H” or “L” intervals using the previously
described step-function, p ( ).

The HPV VLP contains 360 of Cys 175 and 360 of Cys 428. The
coordinates of these residues are based on the rotational angles, , of
each capsomere. Once attached every L1 protein of the capsomere is
considered to be in the non-cross-linked state and its residues are in-
volved in the “cross-linking” dynamics.

3. Results and discussion

The efficient control of viral capsid reassembly process is important
for any virus-like particle system. Moreover, the detailed kinetic ana-
lysis of experimental data helps to understand the parameter con-
straints on self-assembly into closed supramolecular structures
(Michaels et al., 2017). To identify the appropriate kinetic parameter
space for subsequent simulations, the model has been run varying kdim
and katt in the interval: ×0.1 3.0 10 10. The total number of VLP
scaffolds (intact and incomplete VLPs) at the process time, =t 50 Hrs.,
was stored as a matrix ×300 300 and represented in the form of a color-
coded contour plot, see Fig. 6. There are three major parameter regions:
first – fast dimerization region or “kinetic trapping,” (Hagan et al., 2011;
Michaels et al., 2017) where the number of initiated VLP scaffolds is
more than the number of required free capsomeres to complete them;
second – fast VLP growth region or “kinetic inefficiency” results in slow
dimerization and low final number of intact VLPs; third – the efficient
assembly region, where the balance is kept between elongation and
nucleation processes. Therefore, the efficient VLP reassembly requires a
balance between elongation and nucleation processes.

To study the relationship between VLP reassembly and cross-
linking, we first established a standard reference model condition to
which all other model simulations are compared (Fig. 7). The model
was fit to real experimental data to define the overall kinetic parameter
optima across each of the VLP growth and cross-linking steps. To avoid
confoundedness of fit between the kinetic parameters of reassembly
with those of cross-linking, laboratory data were generated under sol-
vent conditions which favor the separation of the reassembly and cross-
linking. These kinetic parameters served to establish a benchmark

reference and relative starting point for subsequent simulations where
selected kinetic parameters were varied. The benchmark process time-
scale continues from 0 up to 50 h and includes two major phases: the
VLP reassembly process (0–25 h) and the cross-linking process
(25–50 h). The fitted kinetic parameter values used to fit the experi-
mental benchmark case at the first phase are: = ×k 0.94 10dim

10

sec−1, = ×k 0.55 10att
10, =k 0.35x , see also Table 1. At the second,

crosslinking phase, the parameter kx , was multiplied by the factor of
1.92.

The reassembly process in the benchmark case is characterized by
the complete VLPs and significantly low concentration of free cap-
someres at the end. Starting at 100% in the beginning, the concentra-
tion of free capsomeres abates over time due to participating in VLP
building (Fig. 7, Panel A). In consequence, the concentration of inter-
mediate VLPs grew first, while many capsomere dimers nucleated,
reaching the maximum at the middle of the reassembly time (Fig. 7,
Panel B). Then the concentration of intermediates drops down since
many of them will be completed. By the end of the reassembly phase,

Fig. 6. Color-coded contour plot demonstrates the population of VLP scaffolds
(complete and incomplete VLPs) at the end of process time, =t 50 hrs. For the
selected range of the kinetic rate-constants kdim and katt. The red dashed line
marks the “kinetic trapping” area of the excessive VLP development where
many of initiated VLP scaffolds are incomplete (see the right insert). The black
dashed line shows the region of “kinetic inefficiency” where the number of
complete VLPs is less than it should be with the given capsomere concentration.
In between there is a regime of “efficient VLP assembly” with mostly complete
VLPs (the insert in the center).

Fig. 7. Fitted reassembly profiles vs. process time: A. Capsomeres, B.
Intermediate VLPs, C. Intact VLPs, where lines correspond to modeling, points
represent experimental result. All three cases calculated for the same set of
fitted kinetic parameters, see Table 1.
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the concentration of intact VLPs reaches almost 100% (Fig. 7, Panel C).
This is a clear indicator that the process has almost finished at 25 h, so it
turns into phase two – the cross-linking development.

Separated from the reassembly as described above, the cross-linking
process starts with a high number of non-cross-linked L1 monomers.

The fitted cross-linking profiles are represented in Fig. 8 (lines – model
prediction, points – experimental results), where the following kinetic
values of kdim, katt , and ×k 1.92x were used (see Table 1). The L1
monomers incorporated into VLPs are actively interacting with their
neighboring L1s to form disulfide bonds. Consequently, the con-
centration of non-cross-linked monomers decreases by the end of the
process, see Fig. 8, Panel A. The number of L1 dimers in the experiment
reaches 60–70% (Fig. 8, Panel B). This number stops growing due to
geometrical constraints in the VLP that prevents cross-linking at long
distances. In addition to dimers, more complicated structures can be
formed such as L1 trimers, see Fig. 4, Panel D. Although, the con-
centration of trimers is three times lower than dimers, about 20%
(Fig. 8, Panel C).

This model explains potential underlying mechanism on the ex-
perimental observation that changes in reassembly kinetics only im-
pacts subsequent changes in cross-linking rates, even when the cross-
linking process conditions are the same. We performed a test to answer
two following important questions: how a change in VLP nucleation
only and in VLP growth only would affect the apparent cross-linking
rates (despite no change in the actual cross-linking kinetic parameters).

In the first case, see Fig. 9, we present two profiles: reassembly
(Panel A) and cross-linking (Panel B). For this simulation, the VLP
nucleation rate, kdim, was multiplied by the factor of 2, while the other
rates remain the same, see Table 1. The reassembly profile shifts faster,
up to 6 h, while the cross-linking profile has an only 2-h shift. The blue
curves highlight the fitted case along with experimental data (blue
dots), while the shifted case is presented only by the modeling results
(red curves). The slope of the curves in both simulations has been
changed as well: the increased dimerization caused faster VLP growth
and faster cross-linking. In another simulation, Fig. 10, we introduce a
case of growth rate shift, where katt was multiplied by the factor of 2,
but other rates kept constant (Table 1). Both, reassembly (Panel A) and
cross-linking (Panel B) profiles were obtained. Here, the reassembly
shift happens faster ∼3.3 h over ∼1.4 h in cross-linking. However,
those shifts are about 2 times less compared to dimerization shift case in
Fig. 9.

Summarizing these results, notice that there is a strong correlation
between the different condition in reassembly kinetics and the resulting
disulfide bonds formation. To identify the limits of this correlation at
the extremes of the unbalanced kinetic parameter space, two different
tests have been performed, Fig. 11, with the kinetic parameter values
represented in Table 1. In the first test, corresponding to “kinetic
trapping”, the nucleation rate was much higher than in the fitted case:

× k3.0 dim, but the growth rate remained low: × k0.5 att (see Fig. 11, red
curves). In our second test, parameters that belong to the low efficiency
region (see Fig. 11, green curves) have been used, × k0.5 dim, and

× k3 att . The major cross-linking profiles were introduced in Fig. 11:
monomers (Panel A), dimers (Panel B), and trimers (Panel C). One can
notice that the cross-linking rate is higher in a “kinetic trapping” (red
curves, Fig. 11) case than in fitted (blue curves, Fig. 11). However, we
know that the concentration of intact VLPs is lower because many

Table 1
Kinetic parameter values used in the simulations to produce each figure. Here = ×k 0.94 10dim

10 sec−1, = ×k 0.55 10att
10, =k 0.35x are the kinetic parameter

values used to fit the experimental benchmark case.

Dimerization rates VLP growth rates Cross-linking rates

=t hrs0 25 . =t hrs25 50 .

Fig. 7 kdim katt kx × k1.92 x
Fig. 8 kdim katt kx × k1.92 x
Fig. 9 (red curves) × k2 dim katt kx × k1.92 x
Fig. 10 (red curves) kdim × k2 att kx × k1.92 x
Fig. 11 (red curve) × k3 dim × k0.5 att kx × k1.92 x
Fig. 11 (green curve) × k0.5 dim × k3 att kx × k1.92 x
Fig. 12 kdim katt kx × k1.92 x

Fig. 8. Fitted cross-linking profiles vs. process time: A. Monomers, B. Dimers, C.
Trimers, where lines correspond to modeling, points represent experimental
result. All three cases calculated for the same set of fitted kinetic parameters
(Table 1).
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intermediates are not completed. In contrast to this case, the low-effi-
ciency case demonstrates not only a low concentration of assembled
VLPs but also a low level of cross-linking (green curves, Fig. 11).
Therefore, this parameter space is characterized by inefficiency in both
VLP growth and cross-linking.

The behavior of trimers in Panel C of Fig. 11 is opposite to that in
Panel A and B. This result is not immediately intuitive. In case of high
dimerization rate, this happens due to VLP geometrical imperfection
including many defects that prevents forming complicated structures
like trimers, and other multimers, resulting in lower trimer concentra-
tion. However, in high growth regime, all intermediate VLPs are fully
assembled by the time of cross-linking phase which allows forming a
higher number of trimers.

Another important hypothesis was that the overall rates of VLP re-
assembly and cross-linking are highly depending on an angular spatial
arrangement of capsomeres during attachment. To illustrate that we
performed two extreme regime tests (Fig. 12). In the first regime, we
forced all capsomeres to be only in “H–state,” (green curves) during the
simulation. In the second – only in “L–state” (red curves). Fig. 12 il-
lustrates these results along with the fitted case (blue curves). All three
case were performed with the same set of initial parameters: kdim, katt,
kx , see also Table 1. The only changes were related to the capsomere

state, which was achieved by varying the value of the parameter in
equation (7).

The significant displacement of the curves in both extreme cases, as
well as their slopes, indicate a high dependence of the reassembly and
cross-linking rates on the geometric factors. In our case, it is related to
an azimuthal capsomere angle, . The displacement obtained in this test
practically gives a result which is even higher than in the case of di-
merization shift. This suggests that factors which could potentially
impact capsomere-capsomere interactions (ionic strength, pH, tem-
perature, etc.), would in turn impact reassembly and cross-linking
profiles. Therefore, the proposed theoretical model explains a re-
lationship between the reassembly kinetics and cross-linking. The re-
sulting disulfide bonds formation highly depends on the efficient HPV
VLP reassembly process.

4. Conclusions

The developed kinetic Monte Carlo model can serve as a com-
plementary tool to empirical laboratory experimentation to further
optimize well established reassembly systems and cross-examine results
against expectations as a function of process time. The model includes
two major components: VLP reassembly dynamics and the formation of
intercapsomeric disulfide bonds (L1 protein cross-linking mechanism),

Fig. 9. Impact of increased VLP nucleation rate on reassembly and cross-
linking. Reassembly (A. Intact VLPs) and cross-linking (B. Monomers) profiles
represent two cases: one is a data fit (blue color lines – modeling and points –
experiment), and the second (red lines) corresponds to dimerization shift,
where the dimerization rate was significantly increased by the factor of 2, while
the growth rate remains the same.

Fig. 10. Impact of increased VLP growth rate on reassembly and cross-linking.
Reassembly (A. Intact VLPs) and cross-linking (B. Monomers) profiles for two
cases: data fit (blue color lines – modeling and points – experiment), and a case
of growth rate shift (red lines), where the growth rate was increased by the
factor of 2, while the dimerization rate remains the same.
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incorporating the real VLP geometry and the actual experimental data.
We established these phenomena as an ordered series of predictable and
interrelated events. We also confirmed our hypothesis that an angular
arrangement of capsomeres during reassembly highly affects the overall
rates of VLP growth and cross-linking.

In summary, there are many factors (chemical, thermal, mechanical

etc.) affect the capsid initiation (capsomere dimerization), growth, and
maturation (cross-linking). It is practically impossible to test and in-
clude all of them within one study. However, we address these issues to
the future research.
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Appendix A

The Simulation Procedure

The simulation starts with the initialization of the number of free capsomeres, Ncaps, in the system. The initial concentration of capsomeres (L1
pentamers) was equal to 0.4 mg/mL, similar to the work (Mach et al., 2006).

Let a t( )j be a rate at which the event with number j occurs in the system. Given the system state at a time, t , we denote the probability =P a t( )j j
that reaction j occurs within the time interval +t t( , ). Then we generate the overall sum of the reaction rates, =a t a t( ) ( )j0 . In this method
following two steps are executed in sequence after a final time is reached. Given a current state, at the next step, one has to find the time :

The time at which the next reaction takes place can be found from the following exponential probability distribution by drawing the first
random number, x1, on the interval [0, 1]:

Fig. 11. Demonstration of how inefficient VLP reassembly leads to inefficient
cross-linking represented by three profiles: A. Monomers; B. Dimers; C. Trimers.
Three cases are shown: fitted (blue curve and points related to experimental
data), high VLP nucleation rate (red) corresponds, and high VLP growth rate
(green), see Table 1 for the kinetic parameters.

Fig. 12. The illustration of the effect of capsomere geometrical spatial ar-
rangement in the VLP, represented by two profiles: the reassembly (A. Intact
VLPs) and cross-linking (B. Monomers) profiles for three different cases: fitted
(blue color lines – modeling and points – experiment), and two extreme cases
when all capsomeres in the system are in “H–state” (green lines) and “L–state”
(red lines).
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=x a t e j N( ( )) , ( 0, 1 )j
a t

1
( )j (A1)

which gives the next time interval in a form

= =logx
a t

logx
a t( ) ( )j

1 1

0 (A2)

Note that the stochastic simulation algorithm (Gillespie, 1976, 1977) uses the rigorous Monte-Carlo approach to generate random pairs ( , j).
Therefore, we choose what reaction takes place by drawing another random number, x2, from a uniform distribution between 0 and 1. This number
defines the next reaction, j, from the list of all possible reaction.

The reaction j is selected with probability:

<
a
a

P
a
a

j
j

j1

0 0 (A3)

The occurrence of the chosen reaction/event changes either the number of free capsomere population, Ncaps; the number of VLP scaffolds and
vacant sites available for attachments; or the number of attached capsomeres accessible for cross-linking. Therefore, we update the capsomere count
based on the reaction that occurred, as well as the number of possible reactions, N , and other reaction rates. In case of attachment event, we update
the VLP scaffold matrix, which contains the information about all capsomeres in this particular VLP along with their assigned azimuthal angles, .
Once attached, the L1 proteins of the capsomere are available for the cross-linking with their neighbors. Its Cys 175 and Cys 428 are being included
in “cross-linking” dynamics since that moment, increasing value of N . The time is now updated, = +t t , where is defined by Eq. (A2). These steps
are being repeated until the time, t , reaches the designed process time.

Appendix B

Capsomere number x (Å) y (Å) z (Å)

1 49.8 39.5 251.1
2 109.0 137.7 190.4
3 17.5 215.9 142.1
4 −98.2 166.0 172.9
5 −78.2 57.0 240.3
6 −49.8 −39.5 251.1
7 78.2 −57.0 240.3
8 172.9 −98.2 166.0
9 142.1 17.5 215.9
10 190.4 109.0 137.7
11 215.9 142.1 17.5
12 137.7 190.4 109.0
13 −57.0 240.3 78.2
14 −166.0 172.9 98.2
15 −240.3 78.2 57.0
16 −172.9 98.2 166.0
17 −142.1 −17.5 215.9
18 −109.0 −137.7 190.4
19 −190.4 −109.0 137.7
20 −215.9 −142.1 17.5
21 −137.7 −190.4 109.0
22 −17.5 −215.9 142.1
23 98.2 −166.2 172.9
24 57.0 −240.3 78.2
25 166.0 −172.9 98.2
26 240.3 −78.2 57.0
27 251.1 49.8 39.5
28 39.5 251.1 49.8
29 −39.5 251.1 −49.8
30 −251.1 −49.8 39.5
31 −39.5 −251.1 49.8
32 39.5 −251.1 −49.8
33 17.5 −215.9 −142.1
34 −57.0 −240.3 −78.2
35 −166.0 −172.9 −98.2
36 −172.9 −98.2 −166.0
37 −98.2 −166.0 −172.9
38 −240.3 −78.2 −57.0
39 −215.9 142.1 −17.5
40 −251.1 49.8 −39.5
41 57.0 240.3 −78.2
42 −17.5 215.9 −142.1
43 −109.0 137.7 −190.4
44 −190.4 109.0 −137.7
45 −137.7 190.4 −109.0
46 78.2 57.0 −240.3
47 142.1 −17.5 −215.9
48 49.8 −39.5 −251.1
49 −78.2 −57.0 −240.3
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50 −142.1 17.5 −215.9
51 −49.8 39.5 −251.1
52 137.7 −190.4 −109.0
53 109.0 −137.7 −190.4
54 190.4 −109.0 −137.7
55 251.1 −49.8 −39.5
56 215.9 −142.1 −17.5
57 172.9 98.2 −166.0
58 98.2 166.0 −172.9
59 166.0 172.9 −98.2
60 240.3 78.2 −57.0
61 0.0 137.6 222.6
62 0.0 −137.6 222.6
63 222.6 0.0 137.6
64 137.6 222.6 0.0
65 −137.6 222.6 0.0
66 −222.6 0.0 137.6
67 −137.6 −222.6 0.0
68 137.6 −222.6 0.0
69 0.0 −137.6 −222.6
70 −222.6 0.0 −137.6
71 0.0 137.6 −222.6
72 222.6 0.0 −137.6
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