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Abstract

The stabilization of human papillomavirus type 16 virus-like particles has been examined by
means of different techniques including dynamic and static light scattering, transmission
electron microscopy and electrophoretic mobility. All these techniques provide different and
often complementary perspectives about the aggregation process and generation of stabi-
lized virus-like particles after a period of time of 48 hours at a temperature of 298 K. Interest-
ingly, static light scattering results point towards a clear colloidal instability in the initial
systems, as suggested by a negative value of the second virial coefficient. This is likely
related to small repulsive electrostatic interactions among the particles, and in agreement
with relatively small absolute values of the electrophoretic mobility and, hence, of the net
surface charges. At this initial stage the small repulsive interactions are not able to compen-
sate binding interactions, which tend to aggregate the particles. As time proceeds, an
increase of the size of the particles is accompanied by strong increases, in absolute values,
of the electrophoretic mobility and net surface charge, suggesting enhanced repulsive elec-
trostatic interactions and, consequently, a stabilized colloidal system. These results show
that electrophoretic mobility is a useful methodology that can be applied to screen the stabi-
lization factors for virus-like particles during vaccine development.

Introduction

Cervical cancer is found to be associated with human papillomavirus (HPV) infection, with
HPV16 being the most common type. The HPV genome encodes six early (E) proteins
involved in viral replication and host cell malignant transformation, and two late (L) structural
proteins, L1 and L2. Structural studies have shown that the virion, with a diameter of around
50-60 nm, is composed of 360 L1 (~ 55 kDa) protein molecules, assembled as 72 L1 pentamers
(capsomeres), and 72 copies of L2 protein located at the central opening of each pentamer [1].
Two types of interaction between the capsomeres have been reported in HPV;; either five units
can surround a capsomere forming a 5-fold axis (in twelve of the capsomeres), or six units can
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surround a capsomere forming a 6-fold symmetry (in the sixty others) [2-4]. The L1 C-termi-
nal arms mediate intercapsomeres contacts forming disulfide bonds and loops, which extend
from the core to create the contacts and reinserting back into the original pentamer. Heteroge-
neic eukaryotic expression procedures have been used to produce empty virus-like particles
(VLPs), which spontaneously assemble from preparations of recombinant L1 protein into a

T = 7 icosahedral lattice with 60 nm in diameter [5]. The L1 VLPs are almost identical both
morphologically and antigenically to the native virions [6]. In general, VLPs are useful model
systems for the investigation of the structural properties of the viral capsid and, additionally,
they are attractive candidates for vaccine development [7]. However, expression of HPV16 L1
proteins often yields irregularly shaped and broadly distributed VLPs with a smaller size (30-
50 nm) than the expected (60 nm). Notwithstanding, the HPV16 VLPs can be subjected to
reassembly and maturation processes in order to improve structure, thermal properties and
immunogenicity. Different techniques have been applied to study these processes, including
dynamic light scattering, Western Blot analysis, intrinsic fluorescence, transmission electron
microscopy and atomic force microscopy [8-13]. Since the viral protein has a net charge in the
solution, it can be assumed that repulsive electrostatic interaction competes with attractive
hydrophobic forces until a minimal total free energy is reached when the final size of the VLP
is attained. The competition between repulsive and attractive interactions in the kinetic process
of formation of virus capsids has been theoretically studied, by applying basic concepts of poly-
mer physics and nucleation-growth theory [14,15]. Other recent theoretical treatments have
accounted for the importance of the electrostatic interactions in the assembly of empty viral
capsids and found correlations between the electrostatic contributions and the capsid size with
experimental determinations of protein-protein contacts [16]. Then, any change in the size of
the particles given by an aggregation and redistribution of the protein subunits should be
accompanied by a change in the charge distribution and the electrophoretic mobility. Johnson
et al. argued in 1973 that the electrophoretic mobility is controlled solely by the surface charge
density [17]. Since then, the effects of ionic strength, pH and surfactants in electrophoretic
mobility of a number of viruses and VLPs have been studied [18-26], but as far as we know
this kind of measurements have not yet been performed to follow the maturation and/or stabi-
lization process.

To evaluate whether certain properties of HPV16 VLPs change during the maturation pro-
cess, we studied the effect of kinetics by using different experimental techniques. In this work,
we used dynamic (DLS) and static light scattering (SLS), transmission electron microscopy
(TEM) and electrophoretic mobility (EM). We first validated the use of DLS for measuring the
diffusion coefficients and apparent dimensions of VLPs, the latter of which was found to be
close to those measured by TEM. We additionally measured the second virial coefficient and
the apparent molecular weight by SLS. Finally we obtained the surface electrostatic properties
as determined by EM. Using these techniques, we found that HPV16 VLPs remain stable dur-
ing a period of 1-2 hours at 298 K for the selected ionic strength and pH. After the initial
induction time, the size, the second virial coefficient, the molecular weight and the electropho-
retic mobility, change dramatically with time, suggesting severe alterations in net surface char-
ges and/or their distribution.

Materials and Methods
Production and purification of HPV16 virus-like particles

The HPV16 VLPs were kindly provided by Sino Biological, Inc. (Beijing, China), and produced
with the system of insect cells infected with HPV L1 expressing baculovirus. Basically, HPV16
L1 gene was inserted into a baculovirus expression vector and transfected into insect cells
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expressing the HPV L1 proteins which self assemble into VLPs. After multi-step purification
process based on chromatography and filtration, the purified HPV16 VLP products can reach
at least 95% purity, and stored in aqueous histidine buffered solution at- 80°C until use. The
production and purification protocols are essentially those described elsewhere [27-29]. The
cryogenic vials were transferred from the- 80°C freezer into a pre-equilibrated cool box with
ice to facilitate transport and manipulation. Subsequently the vials were allowed to heat to
room temperature (T = 298 K), and manually agitated to enable the thawing process. Right
before the whole liquid is completely thawed the vials were placed into the cool box, being
ready to further manipulation. The reconstituted purified HPV16 VLPs in solutions containing
0.5 M NaCl, 50 mM sodium citrate, and 1 mM CaCl, (pH 6) were used for all experiments.
The initial protein concentration of HPV VLPs in bulk solution was determined by UV absor-
bance (c = 0.4 mg-mL’l). Water for all buffers and dilutions was obtained from Milli-Q water
purification system (EMD Millipore, Billerica, USA).

Dynamic light scattering

DLS electric field correlations have been obtained for the initial, intermediate and final states of
the VLP treatment using the Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK) at
T =298 K during a period of 48 hours, and with a 12 pL quartz batch cuvette (Malvern Instru-
ments ZEN2112). Internal control of the experiments was performed with aqueous solutions
of standard polystyrene beads (Thermo Scientific Inc., Waltham, MA, USA and Malvern
Instruments, Worcestershire, UK). The Nano ZS instrument incorporates non invasive back-
scattering (NIBS) optics and homodyne detection, to avoid artifacts in the determination of the
size of the particles. This technique measures the time-dependent fluctuations in the intensity
of scattered light that occur because particles in solution undergo Brownian motion. The inten-
sity fluctuations measured are used to produce the scattered intensity time correlation function,
2(7). The time-dependence autocorrelation function of the photocurrent was acquired in the
solutions at variable concentration (¢ < 0.4 mg-mL'l) and for fixed ionic strength (0.5 M
NacCl), every 10 s, with 15 acquisitions for each run. The sample solution was illuminated by a
Ao = 633 nm laser at a constant power, and the intensity of light scattered at an angle of 6 =
173° was measured by an avalanche photodiode. The Siegert equation expresses the relation
between the normalized time correlation function of the scattered intensity g,(7) and the nor-
malized time correlation function of the electric field g;(7) [30]:

gz(f) =B+ B[gl(f)]Q (1)

where 7 is the lag time, B is the baseline and § (<1) is a coherence factor that accounts for devi-
ations from the ideal correlation and the experimental geometry.

In the more realistic case, for polydisperse samples, a broad distribution of diffusion coeffi-
cient takes place, and then g;(7) is given by:

g.(x) = / " G(r)e Tdr @)

where G(T") represents the functional form of the distribution of decay rates I". The determina-
tion of G(I') is not a trivial problem. The cumulant analysis allows one to determine the first
few moments of the distribution. We have applied the cumulant analysis by a non-linear fitting
procedure using the program SEDFIT (from http://www.AnalyticalUltracentrifugation.com),
in order to overcome the shortcomings of the traditional linear fitting for podydisperse samples
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[31,32]. The corresponding cumulant for the field autocorrelation function can be written as:

g0 =145 ®)

where I" = D,-q” is the average decay rate with D, being the z-average diffusion coefficient and
q = (4nn/A)sin(8/2) corresponding to the magnitude of the scattering vector, n the refractive
index of the solution, A, the wavelength of the laser, and 8 the scattering angle. In Eq (3), p, is
the variance of the distribution, and the polydispersity index is defined as Q = p,-T">. Once the
decay rate I' is obtained, it is used to obtain D, and the size distribution by taking advantage of
the Stokes-Einstein relationship that relates I" and, alternatively, the diffusion coefficient to the
hydrodynamic diameter, d, of the object that undergoes translational motion as:

kT
~ 3D

(4)

In Eq (4), kg is the Boltzmann’s constant, T is the absolute temperature (T = 298 K), and n
is the solvent viscosity, n = 0.935 cP. This equation considers the particles as rigid spheres with
a diameter related to the translational diffusion coefficient, which, in this instance, depends on
the size and conformation of the particle at a given temperature and solvent viscosity. All this
process allows one to obtain the average z-size. The weight and number size averages, d,, and
d,,, respectively, are used for the interpretation of the results [33].

Static light scattering

SLS data were obtained using the Zetasizer Nano ZS apparatus. The measurements for different
sample concentrations in the dilute regime for solutions were obtained at T = 298 K. The
results were fitted by linear regression to the Zimm equation [34]:

where M,, is the weight average molecular weight of the solute, B,, the second virial coefficient,
and c its concentration in g-mL™". K is the optical constant given by:

4n’n? (dn\’
I<_ 0
Nalg (dc) (©)

where N, is the Avogadro number, and dn/dc is the specific refractive index increment of the

solution, which was set at 0.185 mg-mL ", the corresponding value for proteins, and the laser
wavelength, Ay = 633 nm. The Rayleigh ratio, Ry, was calculated by subtracting the solvent
intensity from the solution intensity (I = Isolution-Isolvent) Using toluene as the standard (Irt) for
which Ry = 1.41x107° cm™ at T = 298 K and A, = 633 nm [35]:

R, (7)

where ny and nr are the refractive index of the solvent and toluene, respectively. Each final Rq
data point was based on averaging not less than 10 statistically consistent measurements.
Finally, P(0) in Eq (5) is the shape factor, which embodies the angular dependence of the sam-
ple scattering intensity that occurs when the particles are big enough to accommodate multiple
photon scattering. When the particles in solution are much smaller than the wavelength of the
incident light, multiple photon scattering is avoided. Under these conditions, the angular
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dependence of the scattering intensity is lost and P(0) takes the value of 1 (in our case, as a first
approximation, for spherical shells of expected radius of gyration, Ry, of around 15-25 nm, it
takes a value of 0.90-0.95). The use of this simple approximation assumes that the third and
higher virial terms contribute only negligibly to the measurements; this assumption can be con-
sidered valid under the low protein concentrations used in our experiments. Additionally to
the SLS measurements, DLS experiments have been performed at each concentration, in order
to test the stability of the samples during the SLS experiments.

Transmission electron microscopy

HPV16 VLPs from solutions at different dilutions were adsorbed directly onto glow-discharged
400 mesh carbon-coated grids. Following negative staining with 2% (w/v) uranyl acetate, the
samples were visualized in a JEOL JEM-2100 electron microscope (JEOL Ltd., Tokyo, Japan)
operating at 200 kV. The size of the particles was obtained by taking the geometric mean of
two orthogonal measurements. To obtain the number size distribution histograms, a minimum
of 100 particles per sample was measured, using a binning interval of 2 nm. Fractional fre-
quency was calculated by dividing the particle count within a size interval by the total particle
count from the sample.

Electrophoretic mobility measurements

EM was measured in the Zetasizer Nano ZS apparatus, which uses phase analysis light scatter-
ing (PALS). In this application of the technique, a voltage is applied across a pair of electrodes
placed at both ends of a universal disposable capillary cell containing the particle dispersion.
Disposable polycarbonate folded capillary cells with gold plated beryllium-copper electrodes
(Malvern Instruments DTS1060) were used to perform the measurements. Charged particles
are attracted to the oppositely charged electrode, and their velocity was measured and
expressed per unit field strength as the EM, (.. A standard polystyrene latex particles in aque-
ous buffer (pH 9) with an assigned z-potential value of (- 42.0 £ 4.2) mV (Malvern Instruments
DTS1235) was used to verify the performance of the instrument. Measurements were carried
out in aliquots of the VLPs stock solution. The measurements were performed both as a func-
tion of time in continuous mode at T = 298 K, and also in batch mode at t = 0, 14 and 48 hours,
in samples of ¢ = 0.1 mg-mL™". PALS is an especially interesting technique to be applied in the
case studied here, as it permits to accurately measure samples with low particle mobility in
solutions with high conductivity (53.5 + 0.5 mS-cm™"). Due to the high conductivity of the solu-
tions the monomodal analysis has been applied for the long continuous mode experiment.
This type of analysis does not produce EM distributions but results in a faster experiment,
avoiding sample and electrode degradation. Additionally, reduced voltages have been used (in
the range 8-10 V). In some case the general purpose analysis mode has also been used in order
to test the quality and reproducibility of the experiments.

Results and Discussion

DLS results are presented as the squared electric field autocorrelation function, [g;(t)]?, for
samples treated at different times. Fig 1 A shows the values obtained for [g;(t)]” for the VLPs
studied during the whole period of time (48 hours) at T = 298 K for a sample of ¢ = 0.4 mg-mL’
', A clear delay of [g;(t)]” is observed as time increases. Due to the polydispersity of the samples
special care should be taken with the data treatment to determine the exact particle size. The
cumulant analysis given by Eq (3) has been shown to be suitable for obtaining the mean sizes
of the VLPs from the DLS autocorrelation functions, and the results are listed in Table 1 (see
S1 Fig). The fit of the experimental results to Eq (3) is outstanding, since the values of the
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Fig 1. Experimental results obtained from Dynamic Light Scattering experiments. (A) Squared electric field time autocorrelation function, [g+(t)]?, of the
HPV16 VLPs at T = 298 K versus time: (O, black) 0 h, (o, red) 1 h, (A, green) 2 h, (7, blue) 6 h, (<, magenta) 12 h, (>, cyan) 24 h and (¢,navy) 48 h. The lines
represent the cumulant fits given by Eq (3) of the experimental results. The insert shows the fit for initial (O h, O) and final (48 h, ¢) samples in the log-time
scale reduced coordinates (iI'). (B) Intensity distributions determined from DLS results for (B) initial and (®, blue) final VLPs. Each measurement is an
average of 15 scans.

doi:10.1371/journal.pone.0149009.g001

coefficient of determination, R?, are higher than 0.99 in all cases, giving rise to a standard error
of the parameters lower than 1%.

As it can be observed in Fig 2A, after an induction time of around 1-2 hours, during which
hydrodynamic properties remain constant, a decrease of the decay rate, I, with time is
obtained, which directly leads to a decrease in the diffusion coefficient, D,, with time. Also, a
slight increase in polydispersity index, Q, is seen just for the initial stages of the process. How-
ever, as time proceeds Q values seem to stabilize up to the similar values as those obtained for
the initial sample (around a moderate value of Q = 0.32-0.33). Additionally, the goodness of
the fits indicates unimodal distributions of diffusion coefficients in all of the cases. In fact, it is
also possible the application of a more complex procedure in order to obtain the complete par-
ticle size distribution from the autocorrelation function. Such analysis requires the application
of inverse Laplace transform by Thikonov analysis [36]. For that, we have also used the pro-
gram SEDFIT, and the results are shown in Fig 1B for the initial (Oh) and the final (48 h) sam-
ples. These results demonstrate that the VLPs are well dispersed in the conditions studied here
and that no traces of capsomeres or aggregates there exist in the sample.

Table 1. Results of the fit to Eq (3) to DLS data of the HPV16 virus like particles studied.

Sample

Oh
1h
2h
6h
12h
24 h
48 h

I (kcps) B (s.e.<0.1%) B (s.€.<0.5%) r-10® (1-ps™) (s.e.<0.1%) p2-108 (1-ps™) (s.e.<1%) R?

1606 1.0004 0.915 2.69 2.4 0.9998
1563 1.0003 0.916 2.68 2.6 0.9997
1471 1.0403 0.865 2.44 2.2 0.9976
917.3 1.0293 0.856 1.90 1.8 0.9981
529.7 1.0293 0.790 1.70 1.4 0.9980
199.7 1.0701 0.789 1.60 1.1 0.9925
107.5 1.0110 0.880 1.45 0.68 0.9997

s.e. is the standard error of the fit.

doi:10.1371/journal.pone.0149009.t001
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Fig 2. Hydrodynamic properties of virus-like particles. (A) Time evolution of (B, black) z-average diffusion coefficient (D, = '-q"?) and (@, blue)
polydispersity (Q = p,-I"2) obtained from the cumulant analysis (the error bars indicate the standard error of the fit). (B) Average sizes d, (B, black), d,, (®,
red) and d,, (A, green) obtained from the cumulant analysis and Eq (8) (the error bars indicate the standard deviation of three independent measurements for
initial and final samples).

doi:10.1371/journal.pone.0149009.9002

The main features affecting the Brownian diffusion of colloidal suspended particles are their
sizes and the balance between hydrodynamic and electrostatic forces among them. Then, the
changes observed in [g; ()] as the function of time should be attributed to an aggregation
mechanism leading to an increase of the size of the VLPs. The average diffusion coefficient
obtained from the cumulant analysis is related to the so-called z-average diameter, d,, upon
application of Eq (4), which is an intensity-averaged size. However, the corresponding weight
and number averages of the distribution, d,, and d,,, respectively, are more physically sound, as
they can be compared with the values obtained by means of alternative experimental tech-
niques (for example, size exclusion chromatography and transmission electron microscopy).
This comparison requires the assumption of a shape of the distribution. The simpler case is the
log-normal distribution, which is most likely fine as it can be observed in Fig 1B. In this case
there exists a simple relationship among z-, weight- and number-averages by means of the
polydispersity factor, Q. Assuming this specific shape distribution, we have made use of the
relationships obtained by Thomas [33] given by the expressions:

d d

d, id, = — (8)
(1+Q) (1+Q)

The results obtained for d,, d,, and d,, have been plotted against time in Fig 2B. It can be
clearly observed that the process gives rise to a 2-fold increase of the size of the VLPs. Addi-
tional DLS measurements of the initial (between 0-2 hours) and final (48 hours) states have
been performed for different aliquots within the concentration range ¢ = 0.01-0.4 mg-mL ™.
The values of the diffusion coefficients, and then of the hydrodynamic sizes are highly repro-
ducible. The autocorrelation coefficients obtained can be found in S2 and S3 Figs. The repro-
ducibility of the experiments is quite satisfactory, with standard deviations, o, around 3-5%. In
numbers the size (d,,) of the particles increases from ~ 29 + 1 nm to around ~ 58 + 2 nm (see
S1 Table for additional information). It is worthwhile to mention that during the process a
decrease of the total integrated intensity values is observed for the selected sample concentra-
tion and the laser power used (see Table 1). As both are kept at the same corresponding values,
the intensity variation also gives us a direct probe of the kinetics of the process. The total

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 7/17



o ®
@ : PLOS | ONE HPV16 VLPs: Hydrodynamic and Electrostatic Surface Properties during Stabilization

B VLPs (0 hours)

% number

HHHHH HHHHﬂHmm

VLPs (48 hours)

% number

o N A O OO N b O O

S [

0 10 20 30 40 50 60 70 80
d (nm)

Fig 3. Virus-like particles before and after the stabilization process. (A) Transmission electron micrographs of HPV16 VLPs in the initial (left) and final
states (right). (B) Number averaged size histogram obtained from the pictures. The vertical lines correspond to the number averaged results obtained from
the DLS analysis and Eq (8).

doi:10.1371/journal.pone.0149009.9003

integrated intensity depends not only on the actual size of the particles, but also on the balance
between hydrodynamic and electrostatic forces in the solution. This result may hint the pres-
ence of some interesting changes in the thermodynamic state of the VLP colloidal solution.

TEM imaging of the VLPs can provide us with information about the state of the VLP sam-
ples before and after the aggregation process. In Fig 3A representative images of the initial and
final VLPs obtained by this technique are observed. The dark centers in the empty capsids arise
from infiltration of the staining agent into the particles. Initial VLPs (left picture in Fig 3A)
appear to be significantly smaller than final ones (right picture in Fig 3A). Furthermore, a sub-
stantial portion of initial particles exists as clusters, as it can be also clearly seen in the left
micrograph of Fig 3A. The aggregation of VLPs during the preparation of samples for TEM
analysis has been also recently reported by other authors [10]. Size histograms (in number)
from these pictures can be obtained. If the distribution is monomodal, it can be assumed that
particles with one general morphology are present. However, their diameters vary around a
mean value, most likely due to a different degree of maturation [37]. The results of the analysis
of the TEM images are given in Fig 3B. The histograms confirm the results obtained by DLS.
Indeed an increase from around an average of 32 nm to 56 nm is observed (they compare well
with ~ 29 + 1 nm to ~ 58 £ 2 nm obtained by DLS). These results coincide with those
obtained for the initial and final states by DLS when the averages are expressed in number of
particle sizes (see Fig 2B). It should be also noted the similarities between the final VLPs and
the expected size of the virus of around 60 nm [1].

Although the structure of the mature VLPs studied here is still far from perfect, it is possible
to detect some particles with the expected 5- and 6-fold symmetries of the capsomeres, as it can
be observed in the micrographs of Fig 4. These interactions are possible due to the flexible C-
terminus of the L1 protein subunits, which extends into the nearest capsomeres where they are
anchored by a disulfide bond [3].

As judged by the results obtained from DLS, the VLPs remain stable around the first 1-2
hours at T = 298 K. A similar lag phase has been also reported for the kinetics capsid formation
from L1 protein in the case of HPV11 VLPs [38]. After this period of time an aggregation
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Fig 4. Capsomeres’ 5- fold and 6-fold symmetry of a virus-like particle. A HPV16 VLP at the final state of the stabilization process (48 hours). The dots
and dotted circles on the image at the right indicate the positions of the different groups of capsomeres with either a 5-fold or 6-fold symmetry. The size of the
particle is ~ 60 nm.

doi:10.1371/journal.pone.0149009.9004

(morphological or structural rearrangement) mechanism takes place, giving rise to an incre-
ment in the size of the VLPs. This fact, together with the unimodal nature of the size distribu-
tions of the initial and final states and the moderate values of size polydispersity (Q ~ 0.3) has
lead us to perform measurements of the light scattering intensity in static mode in order to
detect differences in particle interactions and/or molecular weights between the initial and
final VLPs. In Fig 5A the Debye plot of both initial and final samples is observed, and clear dif-
ferences are noticeable. First of all, for higher concentrations (c > 0.06 mg-mL ™ as used for
DLS experiments) the value of K-c/Rq is lower in the initial sample than in its final state. This

0.3 300
A B
= 0.2 200{e®@ ® o o © o
= _
D E
x £
(@) N
X 014 © 1001 T
0-0 T T T T T T T T T 0 T T T T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10
¢ (mg/ml) ¢ (mg/ml)

Fig 5. Experimental results obtained from Static Light Scattering experiments. (A) Debye plot of HPV16 VLPs from SLS measurements at T = 298 K for
determination of the VLPs molecular weight and the second virial coefficient: (R, black) 0 hours (R? = 0.9735) and (@, blue) 48 hours (R? = 0.9806). The error
bars indicate the standard deviation obtained from at least 15 scans. (B) Z-average size, d,, obtained from DLS cumulant analysis during SLS measurements
for each concentration. The standard deviation obtained for d, is less than 3%.

doi:10.1371/journal.pone.0149009.9005
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means that the intensity collected for a given concentration decreases with time, in agreement
with the DLS experiments above (see the values of collected intensity, I, in Table 1). Moreover,
the intercept of the straight lines is the reciprocal value of the weight average molecular weight,
1/M,,, following Eq (5). From the values of the intercept, values of 6.2 + 0.1 MDa and

18.4 + 0.4 MDa are obtained for the initial and final states, respectively, accounting for a 3-fold
increase in the molecular weight of the VLPs at the end of the process. It should be noted that
the final determined average molecular weight nicely approaches to the theoretical value of
19.8 MDa corresponding to T = 7 capsids with 360 L1 protein units (each at 55 kDa) and 72
pentamers (each at 275 kDa) [1]. It should be noted that DLS can only provide approximate
molecular weight for empty capsid, as it is indicated by the limitation of the technique in differ-
entiating filled global protein versus well-packed VLP with internal space empty. Here we recall
that DLS experiments have been performed in parallel with SLS measurements, as explained in
the experimental section. In Fig 5B it can be clearly seen that no changes in the diffusion coeffi-
cient or the hydrodynamic size occur during the experiments within the range of concentration
explored (see the autocorrelation function results obtained for each concentration in S3 Fig).
The results in Fig 5B show that the diffusion coefficient is larger in the later, as it was seen pre-
viously. Additionally, the cumulant analysis demonstrates that the size of the final samples is
closely twice the value of that shown by the initial VLP samples, as it was demonstrated in the
previous kinetics experiments in Fig 2.

Finally, the slope of the straight lines in Fig 5A (corresponding to the fit to Eq (5)), gives rise
to an estimation of the second virial coefficient, B,,, which is an empirical parameter that
accounts for the ideality of bio-macromolecular dilute solutions. A quantitative understanding
of B,, is given by the thermodynamic equilibrium solution theory in which this quantity is
related to the potential of mean force, W(r), which describes all of the interacting forces
between two protein molecules in infinitely dilute solution [39], including the repulsive electro-
static interaction, and the attractive van der Waals interaction in combination with hydropho-
bic and excluded volume or steric forces [40-44]. These interactions can be measured and
characterized in different ways. The potential between particles of radius r, at the equilibrium
is related to thermodynamics by means of B,,, which characterizes the pair wise interactions,
and defined as:

27 * e
B,, = _Mi,Na/r [eV@/T — 1]r’dr 9)

0

Qualitatively, positive values of B, indicate a mutual repulsive interaction between the parti-
cles, while negative values an attractive interaction. As it can be observed in Fig 5A, B,, is nega-
tive for the initial sample (B,, = — 0.0023 £ 0.0001 mol~mL-g’2) and positive in the final state
(B,, =0.00057 + 0.00003 mol-mL-g’z). What this means is that at the initial state attractive
forces do exist among the particles. At this stage the van de Waals, hydrophobic and steric inter-
actions dominate the system promoting aggregation. In the final state the repulsive interactions
are greatly enhanced, likely with the exclusion of solvent molecules from the VLP structure. In
other words, the electrostatic interactions are not screened in the final state. This suggests that
during the process not only an increase of the size and molecular weight of the VLPs takes
place, but also strong electrostatic changes over the surface of the particles are observed as time
proceeds. It should be noted that B,, comprises a dichotomy of interactions, and none of them
is excluded in the experiments performed, thus electrostatic repulsion is a significant but not the
unique or sole contributor to the potential of mean force. Additionally, in order to support our
results, it is of interest to examine in the future the consequences of changing the ionic strength
in the measured hydrodynamic and electrostatic properties of the VLPs.
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Fig 6. Results obtained from Electrophoretic Mobility experiments. Time evolution of (®) z-potential and

(O) z-average hydrodynamic radius at T = 298 K for the HPV16 VLPs studied. The error bars indicate the
variability of experiments in batch mode performed att=0 h, 14 h (or 24h) and 48 h.
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The results obtained from DLS, SLS and TEM experiments suggest that electrostatic interac-
tions have much to do in the observed trends. The role of electrostatic interactions in the stabil-
ity of viruses and VLPs has been explored in several experimental studies. From this point of
view, the assembly in vitro and its relation with electrostatic interactions have been studied for
a number of systems by changing pH, ionic strength and surfactant concentration [18,17,19-
26]. From the experiments it is shown that the self-assembly process of many viral capsids is
dominated by electrostatic protein-protein interactions and that significant change in surface
charge can be induced by altering the pH and ionic strength of the solution. More interestingly,
in some cases it has been probed that the EM of an empty capsid is very close to that containing
RNA, a result that reflects that the surface electrostatic properties rely only on the capsomer
and its distribution on the surface [17,25]. We have included in $4 Fig a calculation of the
charge distribution of the L1 subunit using the Swiss-PdbViewer package for a better visualiza-
tion of the electrostatic nature of the surface of the VLPs [45]. The top view of L1 in $4 Fig indi-
cates a high concentration of negative charges in the surface of the VLP.

The results obtained from the EM measurements during the aggregation process are pre-
sented in Fig 6. In this case we have expressed the results as z-potential, {, obtained from the
measured values of the electrophoretic mobility, ., using the Smoluchowski formula. This
approach is likely applicable as the Debye length in 0.5 M NaCl is only 0.43 nm, which is 35 to
70-fold smaller than the particle radius, for initial and final samples, respectively [46]. As it can
be observed, the values of {, measured by the unimodal analysis, sharply changes from an initial
value of- 5.6 £ 1.5 mV to a final value of- 26.5 + 3.0 mV. This later value compares very well
with that obtained in the batch measurement,- 23.5 mV + 1.0 mV, performed on a “fresh”
VLP (48 h) sample (i.e. it has not suffered any previous measurement) using the general pur-
pose analysis model. The standard deviation is obtained from three independent measure-
ments of the initial (0 h) and final states (48 h). In S5 Fig some examples of the results obtained
in EM experiments (phase plot) are given. The phase data show a closely flat signal in the initial
VLP (0 h) sample due to the low value of the {, close to neutral. For the final VLP (48 h) sam-
ples an increase of the amplitude in the oscillation of the signal is clearly seen, in the
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experiments performed in both monomodal and general purpose modes. Additionally, a good
reproducibility of the results is observed.

The trend in EM experiments goes parallel with that observed for the diffusion coefficient
and the size of the VLPs. Thus an increase in the net charge during the stabilization process
may be anticipated for the system under study. The trend is confirmed also from triplicate
batch measurements (see the error bars in Fig 6) performed for the initial and final samples as
well as for intermediate samples at time of 14 h for { and 24 h for D,. The results obtained sug-
gest that the initial VLPs are slightly charged under the conditions of pH and ionic strength
explored, and that the structural changes during the stabilization process cause a strong
increase of the surface net charge due to the size increase and accommodation of additional L1
pentamers into the VLP in the final state. This increase observed in the net charge is in strong
agreement with the change in the second virial coefficient observed previously, which in fact
should be due to strong repulsive forces among the particles.

The question about the importance of electrostatic interaction has also been addressed from
the theoretical point of view. Some recent theoretical models about the self-assembly of virus
and VLPs take into account the balance between repulsive interactions (electrostatic), which
acts against assembly, and binding interactions (van der Waals, hydrophobic or steric forces),
which are the driving forces for the assembly. Siber and Podgornik examined theoretically the
balance between these interactions in the self-assembly process [16]. In this framework, the
binding forces depend on the specific angle between protein subunits, or in other words on the
specific structural 3D arrangement, a situation that gives rise to a predetermined self-assembly
process. In highly salty solutions as those in the present study, the electrostatic interactions are
screened, resulting in larger binding energy that favors aggregation (in agreement with a nega-
tive value of the second virial coefficient, B,,, as occurs in our initial samples). An interesting
result of Siber and Podgornik model is that electrostatic interaction scales with the second
power of the capsid radius, so a change in the energetic balance would be present during the
process, as the size of the VLPs increases. This balance finally results in the formation of the
viral capsids with a predetermined radius, given by the specific angles between the protein sub-
units, which ultimately give rise to specific electrostatic properties of the capsid surface in the
final state. The process requires the reorganization of the subunits to be modulated by a fine bal-
ance between repulsive and attractive interactions. Taking into account this picture the changes
observed in B, and { indicate strong changes in the electrostatic features on the surface of
VLPs, due to the aggregation and reorganization of the protein subunits. However, the theoreti-
cal approaches provide explanations about possible changes in electrostatic features that go
beyond a simple counting of the number of charged residues on the surface of the particles
[47,48]. It should be noted here that unlike rigid charged colloids, for which the relation between
electrostatic properties and surface charge is straightforward, native virions and VLPs could be
considered as “soft diffuse particles” [47]. In these systems electrostatic properties are highly
dependent not only on the net charge on the surface, but also on charge distribution and perme-
ability with respect to solvent and ions. This means that any change in the surface charge distri-
bution might also lead to important changes in { for a given pH and ionic strength. The
electrophoretic mobility is determined in this case by a delicate balance between the electrical
force and electro-osmotic drag. In particular, the theoretical model developed by Duval et al. for
diffuse soft particles shows that the screening of the electro-osmotic drag increases upon
increasing the charge density and hydrodynamic permeability, thus resulting in a higher electro-
phoretic mobility [47]. In a different framework, by considering the case of hard spheres and
the Debye-Hiickel approximation, Lo§dorfer-Bozi¢ and Podgornik [48] analyze how the sym-
metry of charge distribution modifies the interaction energy and find that local charge inhomo-
geneities affect differently the electrostatic interactions of overall equally charged particles.

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 12/17



@’PLOS ‘ ONE

HPV16 VLPs: Hydrodynamic and Electrostatic Surface Properties during Stabilization

Taking into account these theoretical approaches, the changes observed during the stabiliza-
tion process of HPV16 VLP could be ascribed to both the increase of the hydrodynamic size of
the VLPs and a reorganization of the capsomeres into the final mature structure. In the initial
system, the electrostatic repulsion does not compensate the attractive interactions, which tend
to aggregate the particles. This means that the VLPs are not stable and tend to increase in size.
The size increase and likely the reorganization of capsid subunits into their preferred positions,
would directly lead to a change of the surface properties. As judged by the results obtained, the
system stabilizes when a determined size and surface charge (EM or ) is approached. The
increase in size is then related to an increase of net charge over the surface. Such reorganization
may be achieved either globularly within capsomeres or at local level for the L1 proteins. Also,
other observations reported may be related to this reorganization, such as the open and closed
VLP forms [49] and the flexible rearrangement of the extreme regions (last 20-30 residuals) of
the lysine- and arginine-rich C-terminals [13]. The largely basic C-terminal disordered seg-
ment in L1 subunits is strongly involved in intercapsomeric interaction. A recent study reports
that the C-terminal arm, loops out from the core of the L1 subunit, forms contacts (including a
disulfide) with two subunits in a neighboring pentamer, and reinserts into the pentamer from
which emanates the terminal. This segment is finally located in the innermost part of the VLP
surface (see S6 Fig [50]), so we do not expect contributions of C-terminal arm to the electro-
static particularities of the outer surface of the final VLPs. It has to be noted that a major con-
tribution to the strong repulsive force observed in the final state should come from the outer
surface of the VLPs, and then from the exposed segments of the L1 pentamers. This outer sur-
face is created by the protruding D-E, E-F and F-G loops (see S4 Fig). These loops, with an
excess of electric charges, are extremely variable regions among different HPV types, and are
known to interact with L2 protein [50,51]. These regions of the outer surface are the candidates
for receptor interaction [50] and are capable of inducing conformational neutralizing antibod-
ies [52-55].

Conclusions

Based on our results obtained by dynamic and static light scattering, transmission electron
microscopy and electrophoretic mobility, we conclude that strong electrostatic changes occur
during the stabilization process of HPV16 virus-like particles. All these techniques provide us
with different probes about the generation of stabilized virus-like particles after a time period
of 48 hours at a temperature of 298 K. Dynamic light scattering mainly probes an important
decrease of the diffusion coefficients during the process, which supports a 2-fold increase of the
hydrodynamic size of the particles. Interestingly, the result obtained in static mode supports
the presence of a clear colloidal instability of the initial virus-like particles, as revealed by a neg-
ative value of the second virial coefficient which is related to small repulsive electrostatic forces
among the particles. This is in agreement with a small absolute value of the electrophoretic
mobility and z-potential and, then, of the net surface charge. As time proceeds, and in parallel
to the increase of the hydrodynamic size, strong enhancements of the z-potential and of the net
surface charge (in absolute values) take place, suggesting enhanced repulsive electrostatic inter-
actions and, consequently, a stabilized colloidal system. Transmission electron microscopy
micrographs show that in the final state reached through the stabilization process the virus-like
particles tend to show the characteristic 6-fold symmetry of the capsomeres, as expected in

T = 7 icosahedral systems. The results obtained further show that electrophoretic mobility is a
valuable methodology that can be applied to monitor the process, with interesting applications
in vaccine developments, as it allows one to test readily the influence on VLP stability by both
process and formulation impacts.
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Supporting Information

S$1 Fig. Cumulant analysis given by Eq (3) applied to DLS autocorrelation functions. (O,
black) 0 h, (o, red) 1 h, (A, green) 2 h, (7, blue) 6 h, (<, magenta) 12 h, (>, cyan) 24 h and (o,
navy) 48 h. The parameters of the fits are given in Table 1.

(TIF)

S2 Fig. DLS autocorrelation functions of the initial and final VLP samples. Red symbols
correspond to VLP (0 h) and blue symbols to VLP (48 h). The measurements were performed
with triplicate at T = 298 K.

(TTF)

S3 Fig. DLS autocorrelation functions obtained for different aliquots of the samples. Open
symbols corresponds to VLP (0 h) and closed symbols to VLP (48 h). The experiments were
performed in the concentration range indicated. The solid lines correspond to the result
obtained for the stock initial and final solutions. The measurements were performed in a low-
volume quartz cuvette (Malvern Instruments ZEN2112) at T = 298 K.

(TTF)

$4 Fig. Distribution of the electric charge at the molecular surface of a single subunit of L1
(PDB 1DZL) in the standard orientation. The molecular surface is colored with a red (nega-
tive cutoff- 0.8 kT/e), white (neutral points), blue (positive cutoff + 0.8 kT/e) color gradient in:
A) side view and B) top view (exposed surface). The simplest calculation for the electrostatic
potential (Coulomb) has been selected as a first approach, using the Swiss-PdbViewer package
[45].

(TIF)

S5 Fig. Phase plot obtained for different samples in EM measurements. The shorter experi-
ments correspond to those obtained using the continuous monomodal analysis to follow the
stabilization process for the initial VLP (red) and final VLP (green) samples. The longest exper-
iment (blue) corresponds to a batch experiment performed in final “fresh” VLP samples (this
sample has not been handled in any previous experiment). Sample concentration was 0.1
mg-mL" in 0.5 M NaCl with a pH value of 6. The sample was transferred to a zeta cell (Mal-
vern Instruments DTS1060) and measured at T = 298 K using an applied voltage of 9 V.

(TIF)

S6 Fig. Interpentamer L1 interaction, viewed (A) normal and (B) perpendicular to the five-
fold axis (PDB 3J6R). The final 70 residues of the C-terminal in one of the L1 molecules (yel-
low) are indicated in cyan color (Swiss-Pdb Viewer package [45]). Note that the C-terminal of
one L1 (yellow) in the pentamer interacts with the L1 (pink) outside this pentamer, while the
C-terminal of the later L1 (pink) interacts with another L1 (blue). Consequently, the interac-
tions contribute to the formation of L1 trimer.

(TIF)

S1 Table. Values of z-, w- and n-average hydrodynamic diameters obtained from the cumu-
lant analysis of the autocorretation functions obtained in DLS measurements.
(DOCX)

Author Contributions

Conceived and designed the experiments: JEV JMS. Performed the experiments: EVA RNR
JEV. Analyzed the data: EVA RNR JFV. Contributed reagents/materials/analysis tools: YW.
Wrote the paper: JEV YW JMS. Participated in the decision to publish: YW.

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0149009.s007

@’PLOS ‘ ONE

HPV16 VLPs: Hydrodynamic and Electrostatic Surface Properties during Stabilization

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Buck CB, Cheng N, Thompson CD, Lowy DR, Steven AC, Schiller JT, et al. Arrangement of L2 within
the papillomavirus capsid. Journal of Virology. 2008; 82(11):5190-5197. doi: 10.1128/JV1.02726-07
PMID: 18367526 Pubmed Central PMCID: PMC2395198.

Baker TS, Newcomb WW, Olson NH, Cowsert LM, Olson C, Brown JC. Structures of bovine and
human papillomaviruses. Analysis by cryoelectron microscopy and three-dimensional image recon-
struction. Biophysical Journal. 1991; 60(6):1445-1456. doi: 10.1016/S0006-3495(91)82181-6 Pubmed
Central PMCID: PMC1260204. PMID: 1663794

Modis Y, Trus BL, Harrison SC. Atomic model of the papillomavirus capsid. The EMBO Journal. 2002;
21(18):4754-4762. doi: 10.1093/emboj/cdf494 PMID: 12234916 Pubmed Central PMCID:
PMC126290.

Wolf M, Garcea RL, Grigorieff N, Harrison SC. Subunit interactions in bovine papillomavirus. Proceed-
ings of the National Academy of Sciences. 2010; 107(14):6298-6303. doi: 10.1073/pnas.0914604107
PMID: 20308582.

Kirnbauer R, Booy F, Cheng N, Lowy DR, Schiller JT. Papillomavirus L1 major capsid protein self-
assembles into virus-like particles that are highly immunogenic. Proceedings of the National Academy
of Sciences. 1992; 89(24):12180-12184 Pubmed Central PMCID: PMC50722.

Trus BL, Roden RBS, Greenstone HL, Vrhel M, Schiller JT, Booy FP. Novel structural features of
bovine papillomavirus capsid revealed by a three-dimensional reconstruction to 9 A resolution. Nature
Structural Biology. 1997; 4(5):413—-420 PMID: 9145113.

Lua LHL, Connors NK, Sainsbury F, Chuan YP, Wibowo N, Middelberg APJ. Bioengineering virus-like
particles as vaccines. Biotechnology and Bioengineering. 2014; 111(3):425-440. doi: 10.1002/bit.
25159 PMID: 24347238.

Buck CB, Thompson CD, Pang YYS, Lowy DR, Schiller JT. Maturation of papillomavirus capsids. Jour-
nal of Virology. 2005; 79(5):2839-2846. doi: 10.1128/JV1.79.5.2839-2846.2005 PMID: 15709003
Pubmed Central PMCID: PMC548454.

Mach H, Volkin DB, Troutman RD, Wang B, Luo Z, Jansen KU, et al. Disassembly and reassembly of
yeast-derived recombinant human papillomavirus virus-like particles (HPV VLPs). Journal of Pharma-
ceutical Sciences. 2006; 95(10):2195-2206. doi: 10.1002/jps.20696 PMID: 16871523.

Hanslip SJ, Zaccai NR, Middelberg APJ, Falconer RJ. Intrinsic fluorescence as an analytical probe of
virus-like particle assembly and maturation. Biochemical and Biophysical Research Communications.
2008; 375(3):351-355. doi: 10.1016/j.bbrc.2008.08.019 PMID: 18706394.

Zhao Q, Allen MJ, Wang Y, Wang B, Wang N, Shi L, et al. Disassembly and reassembly improves mor-
phology and thermal stability of human papillomavirus type 16 virus-like particles. Nanomedicine:
Nanotechnology, Biology, and Medicine. 2012; 8(7):1182—1189. doi: 10.1016/j.nan0.2012.01.007
PMID: 22306156.

Zhao Q, Modis Y, High K, Towne V, Meng Y, Wang Y, et al. Disassembly and reassembly of human
papillomavirus virus-like particles produces more virion-like antibody reactivity. Virology Journal. 2012;
9. doi: 10.1186/1743-422X-9-52 PMID: 22356831 Pubmed Central PMCID: PMC3308208.

Cardone G, Moyer AL, Cheng N, Thompson CD, Dvoretzky |, Lowy DR, et al. Maturation of the human
papillomavirus 16 capsid. mBio. 2014; 5(4):1-11. doi: 10.1128/mBio.01104-14 PMID: 25096873
Pubmed Central PMCID: PMC4128349.

van der Schoot P, Bruinsma R. Electrostatics and the assembly of an RNA virus. Physical Review E.
2005; 71(6):061928. doi: 10.1103/PhysRevE.71.061928 PMID: 16089786.

Zandi R, van der Schoot P, Reguera D, Kegel W, Reiss H. Classical nucleation theory of virus capsids.
Biophysical Journal. 2006; 90(6):1939—1948. doi: 10.1529/biophysj.105.072975 PMID: 16387781
Pubmed Central PMCID: PMC1386774.

Siber A, Podgornik R. Role of electrostatic interactions in the assembly of empty spherical viral capsids.
Physical Review E. 2007; 76(6):061906. doi: 10.1103/PhysRevE.76.061906

Johnson MW, Wagner GW, Bancroft JB. A titrimetric and electrophoretic etudy of cowpea chlorotic mot-
tle virus and its protein. Journal of General Virology. 1973; 19(2):263-273. doi: 10.1099/0022-1317-19-
2-263

van Regenmortel MHV. Biochemical and biophysical properties of cucumber mosaic virus. Virology.
1967; 31(3):391-396. doi: 10.1016/0042-6822(67)90217-6 PMID: 6022487.

Taylor DH, Bosmann HB. The electrokinetic properties of reovirus type 3: electrophoretic mobility and
zeta potential in dilute electrolytes. Journal of Colloid And Interface Science. 1981; 83(1):153—-162. doi:
10.1016/0021-9797(81)90020-5

Penrod SL, Olson TM, Grant SB. Whole particle microelectrophoresis for small viruses. Journal of Col-
loid And Interface Science. 1995; 173(2):521-523. doi: 10.1006/jcis.1995.1354

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 15/17


http://dx.doi.org/10.1128/JVI.02726-07
http://www.ncbi.nlm.nih.gov/pubmed/18367526
http://dx.doi.org/10.1016/S0006-3495(91)82181-6
http://www.ncbi.nlm.nih.gov/pubmed/1663794
http://dx.doi.org/10.1093/emboj/cdf494
http://www.ncbi.nlm.nih.gov/pubmed/12234916
http://dx.doi.org/10.1073/pnas.0914604107
http://www.ncbi.nlm.nih.gov/pubmed/20308582
http://www.ncbi.nlm.nih.gov/pubmed/9145113
http://dx.doi.org/10.1002/bit.25159
http://dx.doi.org/10.1002/bit.25159
http://www.ncbi.nlm.nih.gov/pubmed/24347238
http://dx.doi.org/10.1128/JVI.79.5.2839-2846.2005
http://www.ncbi.nlm.nih.gov/pubmed/15709003
http://dx.doi.org/10.1002/jps.20696
http://www.ncbi.nlm.nih.gov/pubmed/16871523
http://dx.doi.org/10.1016/j.bbrc.2008.08.019
http://www.ncbi.nlm.nih.gov/pubmed/18706394
http://dx.doi.org/10.1016/j.nano.2012.01.007
http://www.ncbi.nlm.nih.gov/pubmed/22306156
http://dx.doi.org/10.1186/1743-422X-9-52
http://www.ncbi.nlm.nih.gov/pubmed/22356831
http://dx.doi.org/10.1128/mBio.01104-14
http://www.ncbi.nlm.nih.gov/pubmed/25096873
http://dx.doi.org/10.1103/PhysRevE.71.061928
http://www.ncbi.nlm.nih.gov/pubmed/16089786
http://dx.doi.org/10.1529/biophysj.105.072975
http://www.ncbi.nlm.nih.gov/pubmed/16387781
http://dx.doi.org/10.1103/PhysRevE.76.061906
http://dx.doi.org/10.1099/0022-1317-19-2-263
http://dx.doi.org/10.1099/0022-1317-19-2-263
http://dx.doi.org/10.1016/0042-6822(67)90217-6
http://www.ncbi.nlm.nih.gov/pubmed/6022487
http://dx.doi.org/10.1016/0021-9797(81)90020-5
http://dx.doi.org/10.1006/jcis.1995.1354

@’PLOS ‘ ONE

HPV16 VLPs: Hydrodynamic and Electrostatic Surface Properties during Stabilization

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Langlet J, Gaboriaud F, Gantzer C, Duval JFL. Impact of chemical and structural anisotropy on the elec-
trophoretic mobility of spherical soft multilayer particles: The case of bacteriophage MS2. Biophysical
Journal. 2008; 94(8):3293-3312. doi: 10.1529/biophysj.107.115477 PMID: 18192368 Pubmed Central
PMCID: PMC2275710.

Michen B, Graule T. Isoelectric points of viruses. Journal of Applied Microbiology. 2010; 109(2):388—
397.doi: 10.1111/j.1365-2672.2010.04663.x PMID: 20102425.

Dika C, Duval JFL, Ly-Chatain HM, Merlin C, Gantzer C. Impact of internal RNA on aggregation and
electrokinetics of viruses: Comparison between MS2 phage and corresponding virus-like particles.
Applied and Environmental Microbiology. 2011; 77(14):4939-4948. doi: 10.1128/AEM.00407-11
PMID: 21622784 Pubmed Central PMCID: PMC3147388.

Nguyen TH, Easter N, Gutierrez L, Huyett L, Defnet E, Mylon SE, et al. The RNA core weakly influences
the interactions of the bacteriophage MS2 at key environmental interfaces. Soft Matter. 2011; 7
(21):10449-10456. doi: 10.1039/c1sm06092a

Vega-Acosta JR, Cadena-Nava RD, Gelbart WM, Knobler CM, Ruiz-Garcia J. Electrophoretic mobili-
ties of a viral capsid, its capsid protein, and their relation to viral assembly. The Journal of Physical
Chemistry B. 2014; 118(8):1984-1989. doi: 10.1021/jp407379t PMID: 24467401.

Mertens BS, Velev OD. Characterization and control of surfactant-mediated norovirus interactions. Soft
Matter. Forthcoming 2015. doi: 10.1039/C5SM01778E

Kirnbauer R, Taub J, Greenstone H, Roden R, Diirst M, Gissmann L, et al. Efficient self-assembly of
human papillomavirus type 16 L1 and L1-L2 into virus-like particles. Journal of Virology. 1993; 67
(12):6929-6936 PMID: 8230414 Pubmed Central PMCID: PMC238150.

Cann PL, Coursaget P, lochmann S, Touze A. Self-assembly of human papillomavirus type 16 capsids
by expression of the L1 protein in insect cells. FEMS Microbiology Letters. 1994; 117(3):269-274. doi:
10.1111/j.1574-6968.1994.tb06778.x PMID: 8200503

Cook JC, Joyce JG, George HA, Schultz LD, Hurni WM, Jansen KU, et al. Purification of Virus-like Par-
ticles of Recombinant Human Papillomavirus Type 11 Major Capsid Protein L1 from Saccharomyces
cerevisiae. Protein Expression and Purification. 1999; 17(3):477-484. doi: 10.1006/prep.1999.1155
PMID: 10600468.

Berne BJ, Pecora R. Dynamic light scattering with applications to chemistry, biology and physics.
Mineola, New York: Dover Publications Inc.; 2000

Frisken BJ. Revisiting the method of cumulants for the analysis of dynamic light-scattering data.
Applied Optics. 2001; 40(24):4087—-4091. doi: 10.1364/A0.40.004087 PMID: 18360445

Hassan PA, Kulshreshtha SK. Modification to the cumulant analysis of polydispersity in quasielastic
light scattering data. Journal of Colloid and Interface Science. 2006; 300(2):744—748. doi: 10.1016/j.
jcis.2006.04.013 PMID: 16790246

Thomas JC. The determination of log normal particle size distributions by dynamic light scattering. Jour-
nal of Colloid and Interface Science. 1987; 117(1):187-192. doi: 10.1016/0021-9797(87)90182-2

Zimm BH. The scattering of light and the radial distribution function of high polymer solutions. The Jour-
nal of Chemical Physics. 1948; 16(12):1093-1099. doi: 10.1063/1.1746738

Itakura M, Shimada K, Matsuyama S, Saito T, Kinugasa S. A convenient method to determine the Ray-
leigh ratio with uniform polystyrene oligomers. Journal of Applied Polymer Science. 2006; 99(4):1953—
1959. doi: 10.1002/app.22695

Provencher SW. A constrained regularization method for inverting data represented by linear algebraic
or integral equations. Computer Physics Communications. 1982; 27(3):213-227. doi: 10.1016/0010-
4655(82)90173-4

Kuznetsov YG, McPherson A. Atomic Force Microscopy in imaging of viruses and virus-infected cells.
Microbiology and Molecular Biology Reviews: MMBR. 2011; 75(2):268-285. doi: 10.1128/MMBR.
00041-10 PMID: 21646429 Pubmed Central PMCID: PMC3122623.

Casini GL, Graham D, Heine D, Garcea RL, Wu DT. In vitro papillomavirus capsid assembly analyzed
by light scattering. Virology. 2004; 325(2):320-327. doi: 10.1016/j.virol.2004.04.034 PMID: 15246271,

Stigter D, Hill TL. Theory of the Donnan membrane equilibrium. Il. Calculation of the osmotic pressure
and of the salt distribution in a Donnan system with highly charged colloid particles. The Journal of
Physical Chemistry. 1959; 63(4):551-555. doi: 10.1021/j150574a025

McMillan WG, Mayer JE. The statisticalt thermodynamics of multicomponent systems. The Journal of
Chemical Physics. 1945; 13(7):276-305. doi: 10.1063/1.1724036

Neal BL, Asthagiri D, Lenhoff AM. Molecular origins of osmotic second virial coefficients of proteins.
Biophysical Journal. 1998; 75(5):2469-2477 PMID: 9788942 Pubmed Central PMCID: PMC1299921.

Wu J, Prausnitz JM. Osmotic pressures of aqueous bovine serum albumin solutions at high ionic
strength. Fluid Phase Equilibria. 1999; 155(1):139-154. doi: 10.1016/S0378-3812(98)00435-X

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 16/17


http://dx.doi.org/10.1529/biophysj.107.115477
http://www.ncbi.nlm.nih.gov/pubmed/18192368
http://dx.doi.org/10.1111/j.1365-2672.2010.04663.x
http://www.ncbi.nlm.nih.gov/pubmed/20102425
http://dx.doi.org/10.1128/AEM.00407-11
http://www.ncbi.nlm.nih.gov/pubmed/21622784
http://dx.doi.org/10.1039/c1sm06092a
http://dx.doi.org/10.1021/jp407379t
http://www.ncbi.nlm.nih.gov/pubmed/24467401
http://dx.doi.org/10.1039/C5SM01778E
http://www.ncbi.nlm.nih.gov/pubmed/8230414
http://dx.doi.org/10.1111/j.1574-6968.1994.tb06778.x
http://www.ncbi.nlm.nih.gov/pubmed/8200503
http://dx.doi.org/10.1006/prep.1999.1155
http://www.ncbi.nlm.nih.gov/pubmed/10600468
http://dx.doi.org/10.1364/AO.40.004087
http://www.ncbi.nlm.nih.gov/pubmed/18360445
http://dx.doi.org/10.1016/j.jcis.2006.04.013
http://dx.doi.org/10.1016/j.jcis.2006.04.013
http://www.ncbi.nlm.nih.gov/pubmed/16790246
http://dx.doi.org/10.1016/0021-9797(87)90182-2
http://dx.doi.org/10.1063/1.1746738
http://dx.doi.org/10.1002/app.22695
http://dx.doi.org/10.1016/0010-4655(82)90173-4
http://dx.doi.org/10.1016/0010-4655(82)90173-4
http://dx.doi.org/10.1128/MMBR.00041-10
http://dx.doi.org/10.1128/MMBR.00041-10
http://www.ncbi.nlm.nih.gov/pubmed/21646429
http://dx.doi.org/10.1016/j.virol.2004.04.034
http://www.ncbi.nlm.nih.gov/pubmed/15246271
http://dx.doi.org/10.1021/j150574a025
http://dx.doi.org/10.1063/1.1724036
http://www.ncbi.nlm.nih.gov/pubmed/9788942
http://dx.doi.org/10.1016/S0378-3812(98)00435-X

@’PLOS ‘ ONE

HPV16 VLPs: Hydrodynamic and Electrostatic Surface Properties during Stabilization

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Leckband D. Measuring the forces that control protein interactions. Annual Review of Biophysics and
Biomolecular Structure. 2000; 29:1-26. doi: 10.1146/annurev.biophys.29.1.1 PMID: 10940241.

Ma'Y, Acosta D, Whitney J, Podgornik R, Steinmetz N, French R, et al. Determination of the second vir-
ial coefficient of bovine serum albumin under varying pH and ionic strength by composition-gradient
multi-angle static light scattering. Journal of Biological Physics. 2015; 41(1):85-97. doi: 10.1007/
510867-014-9367-7 Pubmed Central PMCID: PMC4298003. PMID: 25403822

Guex N, Peitsch MC. SWISS-MODEL and the Swiss-Pdb Viewer: An environment for comparative pro-
tein modeling. Electrophoresis. 1997; 18(15):2714-2723. doi: 10.1002/elps.1150181505 PMID:
9504803.

von Smoluchowski M. Contribution a la theorie de I'endosmose electrique et de quelques phenomenes
correlatifs. Bulletin Internationale de I'Académie des Sciences de Cracovie. 1903; 8:182—-200.

Duval JFL, Ohshima H. Electrophoresis of diffuse soft particles. Langmuir. 2006; 22(8):3533—-3546. doi:
10.1021/1a0528293 PMID: 16584225.

Losdorfer Bozi¢ A, Podgornik R. Symmetry effects in electrostatic interactions between two arbitrarily
charged spherical shells in the Debye-Huckel approximation. The Journal of Chemical Physics. 2013;
138(7):074902. doi: 10.1063/1.4790576 PMID: 23445030

Belnap DM, Olson NH, Cladel NM, Newcomb WW, Brown JC, Kreider JW, et al. Conserved features in
papillomavirus and polyomavirus capsids. Journal of Molecular Biology. 1996; 259(2):249—-263. doi: 10.
1006/jmbi.1996.0317 PMID: 8656427 Pubmed Central PMCID: PMC4142696.

Chen XS, Garcea RL, Goldberg |, Casini G, Harrison SC. Structure of Small Virus-like Particles Assem-
bled from the L1 Protein of Human Papillomavirus 16. Molecular Cell. 2000; 5(3):557-567. doi: 10.
1016/S1097-2765(00)80449-9 PMID: 10882140.

Finnen RL, Erickson KD, Chen XS, Garcea RL. Interactions between Papillomavirus L1 and L2 Capsid
Proteins. Journal of Virology. 2003; 77(8):4818-4826. doi: 10.1128/jvi.77.8.4818-4826.2003 PMID:
12663788 Pubmed Central PMCID: PMC152166.

Christensen ND, Dillner J, Eklund C, Carter JJ, Wipf GC, Reed CA, et al. Surface Conformational and
Linear Epitopes on HPV-16 and HPV-18 L1 Virus-like Particles as Defined by Monoclonal Antibodies.
Virology. 1996; 223(1):174—184. doi: 10.1006/vir0.1996.0466 PMID: 8806551.

Kulski JK, Sadleir JW, Kelsall SR, Cicchini MS, Shellam G, Peng SW, et al. Type Specific and Geno-
type Cross Reactive B Epitopes of the L1 Protein of HPV16 Defined by a Panel of Monoclonal Antibod-
ies. Virology. 1998; 243(2):275-282. doi: 10.1006/vir0.1997.9011 PMID: 9568027.

White WI, Wilson SD, Palmer-Hill FJ, Woods RM, Ghim S-j, Hewitt LA, et al. Characterization of a Major
Neutralizing Epitope on Human Papillomavirus Type 16 L1. Journal of Virology. 1999; 73(6):4882—
4889 PMID: 10233949 Pubmed Central PMCID: PMC112531.

Carpentier GS, Fleury MJJ, Touzé A, Sadeyen J-R, Tourne S, Sizaret P-Y, et al. Mutations on the FG
surface loop of human papillomavirus type 16 major capsid protein affect recognition by both type-spe-
cific neutralizing antibodies and cross-reactive antibodies. Journal of Medical Virology. 2005; 77
(4):558-565. doi: 10.1002/jmv.20492 PMID: 16254978.

PLOS ONE | DOI:10.1371/journal.pone.0149009 February 17,2016 17/17


http://dx.doi.org/10.1146/annurev.biophys.29.1.1
http://www.ncbi.nlm.nih.gov/pubmed/10940241
http://dx.doi.org/10.1007/s10867-014-9367-7
http://dx.doi.org/10.1007/s10867-014-9367-7
http://www.ncbi.nlm.nih.gov/pubmed/25403822
http://dx.doi.org/10.1002/elps.1150181505
http://www.ncbi.nlm.nih.gov/pubmed/9504803
http://dx.doi.org/10.1021/la0528293
http://www.ncbi.nlm.nih.gov/pubmed/16584225
http://dx.doi.org/10.1063/1.4790576
http://www.ncbi.nlm.nih.gov/pubmed/23445030
http://dx.doi.org/10.1006/jmbi.1996.0317
http://dx.doi.org/10.1006/jmbi.1996.0317
http://www.ncbi.nlm.nih.gov/pubmed/8656427
http://dx.doi.org/10.1016/S1097-2765(00)80449-9
http://dx.doi.org/10.1016/S1097-2765(00)80449-9
http://www.ncbi.nlm.nih.gov/pubmed/10882140
http://dx.doi.org/10.1128/jvi.77.8.4818-4826.2003
http://www.ncbi.nlm.nih.gov/pubmed/12663788
http://dx.doi.org/10.1006/viro.1996.0466
http://www.ncbi.nlm.nih.gov/pubmed/8806551
http://dx.doi.org/10.1006/viro.1997.9011
http://www.ncbi.nlm.nih.gov/pubmed/9568027
http://www.ncbi.nlm.nih.gov/pubmed/10233949
http://dx.doi.org/10.1002/jmv.20492
http://www.ncbi.nlm.nih.gov/pubmed/16254978

