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Article
Effect of dsDNA on the Assembly Pathway
and Mechanical Strength of SV40 VP1 Virus-like
Particles
Mariska G. M. van Rosmalen,1 Chenglei Li,2 Adam Zlotnick,2 Gijs J. L. Wuite,1,* and Wouter H. Roos3,*
1Natuur- en Sterrenkunde and LaserLaB, Vrije Universiteit Amsterdam, Amsterdam, The Netherlands; 2Department of Molecular and Cellular
Biochemistry, Indiana University, Bloomington, Indiana; and 3Moleculaire Biofysica, Zernike Instituut, Rijksuniversiteit Groningen, Groningen,
The Netherlands
ABSTRACT Simian virus 40 (SV40) is a possible vehicle for targeted drug delivery systems because of its low immunogenicity,
high infectivity, and high transfection efficiency. To use SV40 for biotechnology applications, more information is needed on its
assembly process to efficiently incorporate foreign materials and to tune the mechanical properties of the structure. We use
atomic force microscopy to determine the effect of double-stranded DNA packaging, buffer conditions, and incubation time
on the morphology and strength of virus-like particles (VLPs) composed of SV40 VP1 pentamers. DNA-induced assembly
results in a homogeneous population of native-like, �45 nm VLPs. In contrast, under high-ionic-strength conditions, the VP1
pentamers do not seem to interact consistently, resulting in a heterogeneous population of empty VLPs. The stiffness of both
in-vitro-assembled empty and DNA-filled VLPs is comparable. Yet, the DNA increases the VLPs’ resistance to large deformation
forces by acting as a scaffold, holding the VP1 pentamers together. Both disulfide bridges and Ca2þ, important in-vitro-assembly
factors, affect the mechanical stability of the VLPs: the reducing agent DTT makes the VLPs less resistant to mechanical stress
and prone to damage, whereas Ca2þ-chelating EDTA induces a marked softening of the VLP. These results show that nega-
tively charged polymers such as DNA can be used to generate homogeneous particles, thereby optimizing VLPs as vessels
for drug delivery. Moreover, the storage buffer should be chosen such that VP1 interpentamer interactions are preserved.
INTRODUCTION
Simian virus 40 (SV40) is a nonenveloped DNAvirus with a
5.2 kbp circular double-stranded DNA (dsDNA) genome
belonging to the Polyomaviridae family. Its capsid is
�45 nm in diameter and is made up of VP1 capsid protein,
which is themajor capsid protein. SV40 has been extensively
studied for possible applications as a vehicle for targeted
drug delivery systems. Because SV40 is nonimmunogenic
and can efficiently infect a wide range of human cells,
including hematopoietic stem cells, many possibilities are
open for drug delivery strategies based on SV40 virus-like
particles (VLPs; particles that resemble viral capsids but
are noninfectious) (1–4). Furthermore, a viral-based system
has the advantage of having a high transfection efficiency,
and SV40 has been shown to be an efficient gene delivery
system (5,6). In vitro, VP1 pentamers can assemble around
different materials including foreign DNA up to 17.7 kbp
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and several types of artificial cargo (7–14). Also, the surface
can bemodified to create targeted VLPs (15–18). Tsukamoto
et al. (10) examined the effect of the genome length on as-
sembly and concluded that for assembly of complete
�40 nm VLPs, DNA of at least 250 bp incubated with
VP1 pentamers for 16 h is necessary. In agreement with
this study, Mukherjee et al. (19) used 600 bp DNA at
different VP1 pentamer per DNA ratios and observed
�45 nmVLPs after 24 h at the ratios of 72:1 and 144:1. How-
ever, only electron microscopy images after >16 h of incu-
bation with DNA that is smaller than the wild-type SV40
genome were reported. Thus, information regarding the as-
sembly process as a function of time as well as how differ-
ences in cargo (e.g., DNA length) affect the assembly
pathway and mechanical strength of SV40 VLPs is currently
lacking. Optimizing the assembly pathway and understand-
ing its correlation with mechanical strength will help to
create a safer drug delivery system by preventing the release
of the incorporated cargo before reaching its target site.

The capsid of SV40 is made up of 72 VP1 pentamers that
form the T ¼ 7 icosahedral capsid structure, in which the
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SV40 Assembly and Strength
pentamers fill both the pentavalent and hexavalent sites
(20,21). Each VP1 pentamer has five carboxy-terminal
arms that lock into a neighboring pentamer via calcium
bridges and disulfide linkage (21,22). Stehle and co-workers
(21) provide a clear representation of the VP1 pentamers
and their interactions. Stable VP1 pentamers have been ex-
pressed and purified from virions and bacterial and insect
cell-expression systems (23–25). It has been shown that
these VP1 pentamers are able to assemble in vitro into
VLPs. Assembly of purified VP1 pentamers into empty
VLPs can be induced by specific buffer conditions, i.e.,
presence of calcium, low pH, and/or adapting the ionic
strength. Also, VP1 can bind DNA nonspecifically with
high affinity via its N-terminal region (26). Binding of
VP1 pentamers to DNA results in an increased local concen-
tration that initiates the assembly into VLPs (10,19,27,28).
SV40 virions also have a minor capsid protein VP2, or its
variant VP3, that binds to the VP1 pentamer and interacts
with DNA (29,30); however, VP2 is not required for
in vitro assembly or DNA packaging.

Nanoindentation by atomic force microscopy (AFM) is a
powerful technique to characterize the mechanical proper-
ties of nanosized systems such as viruses (31–34). With
AFM imaging, one also obtains topographical information
of the sample, allowing both morphological and mechanical
analyses of the same nanostructure. We used AFM as an im-
aging tool to observe the different assembly structures of the
VP1 pentamers at the nanometer scale. We used AFM nano-
indentation to determine the mechanical properties of in-
vitro-assembled empty and DNA-filled VLPs to assess the
influence of the DNA content on their mechanical response
(35–39). In addition to nucleic acid content, we explored the
effect of the interpentamer interactions, i.e., disulfide bonds
and calcium bridges (21,22), by changing the buffer condi-
tions. We expected these to have a stabilizing role on the
mechanical strength of the SV40 VP1 VLPs. Furthermore,
we explored the time frame of the assembly pathway. Alto-
gether, we have shed new light, to our knowledge, on the
mechanism of VLP assembly and determined the influence
of DNA content and interpentamer interactions on the me-
chanical properties of SV40 VP1 VLPs.
MATERIALS AND METHODS

Protein and DNA for assembly reactions

SV40 VP1 VLPs were produced in Spodoptera frugiperda insect cells, har-

vested, and purified as described previously by (40). Briefly, S. frugiperda

cells were infected with recombinant baculovirus expressing VP1. The cells

were harvested 72 h postinfection, and nuclear extracts were isolated. VLPs

filled with random nucleic acid were purified by two rounds of CsCl

gradient centrifugation, which ensured a uniform protein/DNA ratio. Sam-

ples of DNA-filled VLPs were routinely examined by electron microscopy

using 1% uranyl acetate as a negative stain and by sodium dodecyl sulfate

polyacrylamide gel electrophoresis to show uniform morphology and pro-

tein purity, respectively. We used two protocols to obtain VP1 pentamers.

Initially, we followed the procedure described by Li et al. (41). Briefly,
DNA-filled VLPs were dissociated by dialysis against 20 mM Tris-Cl

(pH 8.9), 50 mM NaCl, 2 mM dithiothreitol (DTT), and 5 mM EDTA at

4�C. The dialysate was centrifuged to remove aggregated protein and

then loaded on a Superose 6 column (GE Lifesciences, Chicago, IL) equil-

ibrated in 100 mM 3-(N-morpholino)propanesulfonic acid (MOPS; pH 7.2),

250 mM NaCl. The total protein concentration was quantified by absor-

bance using an extinction coefficient of Ɛ280 ¼ 32,890 M/cm per VP1

monomer, which is based on amino acid composition (42). We observed

that after dialysis, there was a loss of essentially all ultraviolet absorbance,

attributable to nucleic acid (43). This observation indicates that packaged

nucleic acid was small enough to readily cross a dialysis membrane, at least

after treatment with the basic dissociation buffer. Therefore, we eliminated

the slow column step and simply subjected thawed VLPs to repeated buffer

exchange into dissociation buffer. For this approach, small VLP aliquots,

stored under argon at �20�C, were dissociated by adding the disassembly

buffer components 20 mMTrisCl (pH 8.9), 5 mMEDTA, and 2 mMDTT to

the VLPs. To ensure dissociation into pentamers, after 30 min at room tem-

perature, samples were imaged with AFM. Then, the buffer was exchanged

to assembly buffer (20–50 mM MOPS (pH 7.2), 125–150 mM NaCl, and

2 mM CaCl2) by ultracentrifugation using Amicon Ultracentrifugal filters

100 k (Millipore, Burlington, MA). In the absence of high ionic strength

or nucleic acid, no assembled particles were observed in these samples.

For in vitro assembly experiments, only VP1 pentamers in assembly buffer

were used, meaning no RNA/DNA nor other proteins nor any cellular ma-

terial was present.

In vitro assembly of empty VLPs was stimulated by high ionic strength.

VP1 pentamers at a concentration of 330 nM were dialyzed against a 2 M

(NH4)2SO4 solution with 20 mM MOPS (pH 7.2) and 2 mM CaCl2 for

1.5–24 h at 4�C using 0.025 mm VSWP Membrane Filters (Millipore).

For in vitro DNA-stimulated assembly, different DNAs at different concen-

trations were used. In the case of the 4361 bp plasmid pBr322 (Thermo

Fisher Scientific, Waltham, MA), the assembly experiments were per-

formed at a concentration of 10 ng/mL per 440 nM VP1 pentamers and

incubated at room temperature for 2 or 24 h with and without a prior incu-

bation step of 30 min on ice. The 3015 bp vector pGEM-T Easy Vector

(Promega, Madison, WI) was used at a concentration of 5 ng/mL per

150 nM VP1 pentamers and incubated 30 min on ice followed by

2 or 24 h at room temperature. Bacteriophage l DNA of 48,502 bp (Roche

Diagnostics, Mannheim, Germany) was used at concentrations of

5–158 ng/mL DNA per 360–440 nM VP1 pentamers (72:1, 360:1, and

2750:1 ratios) and incubated at room temperature for 2, 3, 6, or 24 h or

90 min on ice followed by 2 or 24 h at room temperature. The pKYB1 vec-

tor of 8393 bp (expressed in Escherichia coli) was used at a concentration

of 28 ng/mL DNA per 360 nM VP1 pentamers (72:1 ratio) and incubated at

room temperature for 6 or 24 h.
AFM

For imaging and nanoindentation experiments, the VLPs were immobi-

lized onto a suitable surface. For high-resolution images of the cell-derived

SV40 VP1 VLPs, single VP1 pentamers, and the in-vitro-assembled empty

VLPs, hydrophobic glass slides were preferred for immobilization and pre-

pared as described previously (44). In short, first the glass slides were

cleaned by incubating them overnight in an ethanol-water bath saturated

with potassium hydroxide, followed by thoroughly washing them with

MilliQ water and drying them by air. The cleaned glass slides were incu-

bated overnight in hexamethyldisilazane vapor to make them hydrophobic.

For immobilization of the in-vitro-assembled VLPs on oversized dsDNA

substrates (pKYB1 and l), an 3-aminopropyltriethoxysilane -functional-

ized (i.e., hydrophilic) mica was preferred. Freshly cleaved mica was incu-

bated for 80 s in a 1% 3-aminopropyltriethoxysilane in ethanol solution

and rinsed with acetone, 70% ethanol, and milliQ water, respectively.

All VLP samples were diluted in assembly buffer (20–50 mM MOPS

(pH 7.2), 125–150 mM NaCl, and 2 mM CaCl2) and incubated on the

preferred surface at a volume of 40–100 mL for �15 min at room
Biophysical Journal 115, 1656–1665, November 6, 2018 1657



FIGURE 1 Cell-derived SV40 VLPs before and after disassembly. (a

and b) A topographical AFM image of SV40 VLPs that are immobilized

on hydrophobic glass is shown. The VLPs are round, with a height of

40–45 nm. (c and d) VP1 pentamers with a height of �6 nm were obtained

from VLPs by the addition of the disassembly buffer components 5 mM

DTTand 5 mM EDTA in a low-ionic-strength buffer with pH 8.9. The inset

shows a magnified section of (d). (e and f) When disassembly buffer was

added to immobilized SV40 VLPs, the VLPs dissociated immediately into

VP1 pentamers, forming a ring-like structure surrounding a structure

resembling the DNA content (black arrow). To see this figure in color,

go online.
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temperature. To determine the effect of interpentamer interactions, either

2 mM DTT or 5 mM EDTA was added to the cell-derived SV40 VP1

VLPs after immobilization.

Images and nanoindentation curves were obtained with an AFM from

Nanotec Electronica (Madrid, Spain) operated in jumping mode (45) at

room temperature in buffer solution. Olympus OMCL-RC800PSA rectan-

gular, silicon-nitride cantilevers with a nominal tip radius of 15 nm and a

nominal spring constant of 0.05 N/m were used (Olympus, Tokyo, Japan).

The average imaging force was �200 pN, with a maximum of 386 pN. Ob-

tained images were processed and analyzed using the WSxM software. In

jumping mode, tip-sample interaction is monitored in real time while the

tip is moving toward and away from the sample, meaning the tip is touching

the sample. The lateral motion is done out of contact, reducing shear forces;

however, the height obtained from the images needs to be corrected for the

scanning force according to

Heightreal ¼ Heightmeasured þ Fimaging

kvirus
;

where Fimaging is the imaging force and kvirus the spring constant of the

capsid. We observed two populations of spring constants, which are pre-

dicted to correspond to complete and damaged/incomplete VLPs (see Re-

sults). Thus, the spring constant found for the intact VLPs (0.10 5 0.01

(SD) N/m) was used for a height correction of the VLPs with a measured

height of R40 nm, whereas the smaller VLPs <40 nm were corrected

with the spring constant (0.034 5 0.004 (SD) N/m) observed for the

damaged/incomplete VLPs.

For nanoindentations, we zoomed in on individual VLPs and posi-

tioned the tip at the center. 10 consecutive nanoindentation cycles were

performed on each VLP with a �53 nm/s loading speed and 0.3 nm

step size. The obtained force-distance curves were analyzed with a

home-built MATLAB program. In detail, the force-distance curves

were transformed into force-indentation curves. This was done by sub-

tracting a curve obtained on bare glass representing the elasticity of

the cantilever (44). The force-indentation curve represents the relation

between force and deformation of the VLP. This allowed us to use a

linear fit to the first part of the force-indentation curve, from the contact

point up to the first rupture event with a maximum of the thickness of the

VP1 pentamers (�6 nm) (32), to determine the spring constant of the

capsid. The contact point was determined using a change point method

(46). For representation purposes, the contact point was used to align

the entire series of 10 indentation curves on a single VLP to more clearly

represent the damage inflicted throughout the consecutive indentations.

Additionally, a close-up image of the VLP after indentation was obtained

to determine the amount of damage inflicted by the indentations. To

quantify this damage, we calculated the percentage of volume decrease.

The volume of the VLPs before indentation and the volume of the re-

maining structure after indentation was determined using Gwyddion soft-

ware. Stated error, unless specified otherwise, is the standard error of the

mean.
RESULTS

Disassembly of SV40 VP1 VLPs

To obtain VP1 pentamers that could be used for our de-
signed assembly experiments, we first needed to dissociate
cell-derived SV40 VLPs. Before disassembly, the VLPs
are sphere-like structures with a height of �40–45 nm
(Fig. 1, a and b). Upon addition of the buffer components
known to facilitate disassembly (5 mM DTT and 5 mM
EDTA in a low-ionic-strength buffer (pH 8.9) (19)), we
observed immediate dissociation into single VP1 pentamers
1658 Biophysical Journal 115, 1656–1665, November 6, 2018
(Fig. 1, c and e). With dynamic light scattering, we
confirmed that the dissociation is completed within
�10 min. VP1 pentamers have a height of �6 nm, which
is in agreement with the diameter of the short axis of the
pentamer crystal structure (20) (Fig. 1, d and f). When the
buffer components were added while the VLPs were in so-
lution, the VP1 pentamers randomly immobilized onto the
surface, suggesting complete dissociation (Fig. 1 c). Inter-
estingly, when the buffer components were added to immo-
bilized VLPs, we observed VP1 pentamers in a ring with
a lower height structure (�2 nm) in the middle (Fig. 1,
e and f). The height of the 2 nm structure in the middle
fits with the size of DNA (47,48). After successful dissoci-
ation, we checked whether the individual VP1 pentamers
were able to form any multimeric structures in the presence
of the assembly buffer components (50 mM MOPS,
150 mM NaCl, and 2 mM CaCl2). Up to 19 h after
exchanging the VP1 pentamers into the assembly buffer,
we only observed free single VP1 pentamers. This indicates
that under these conditions, an additional trigger is neces-
sary to initiate assembly.



SV40 Assembly and Strength
Empty versus DNA-induced assembly

To obtain empty VLPs, we dialyzed our VP1 pentamers
against a high-ionic-strength buffer that has been shown
to stimulate the assembly VLPs, 2 M (NH4)2SO4 (27). Dur-
ing dialysis, only VP1 pentamers are present, with no other
proteins or nucleic acid. Assembly of these VP1 pentamers
results in the formation of so-called ‘‘empty’’ VLPs. At
different time points, we examined aliquots of the assem-
bly reaction for AFM imaging. After 4.5 h, we observed
some �45 nm VLPs similar to the wild-type SV40 capsid,
together with several smaller �30 nm VLPs and many
smaller incomplete structures (Fig. 2 c). A similar distribu-
tion of VLPs was observed up to 11 h, but after >15 h,
these VLPs started aggregating into bigger structures
(Fig. 2, a and d). Thus, the high-ionic-strength buffer,
which forces the VP1 pentamers to interact with each
other, results in the formation of a heterogeneous popula-
tion of VLPs.

When assembly is initiated by an ‘‘oversized’’ dsDNA
molecule, such as the 48 kbp (kilobase pair) l or 8.3 kbp
pKYB1 DNA—both of which are larger than the wild-
type genome—we observe mostly �45 nm VLPs (Fig. 2,
b and e). Interestingly, up to 8 h of incubation, we observe
more individual VLPs, whereas after >15 h, we started
observing clusters of multiple VLPs. These clusters consist
of multiple individual VLPs arranged in a beads-on-a-
string-like fashion with large void areas in between these
structures, suggesting the assembly of multiple VLPs on a
single DNA molecule (Fig. 2 f). However, after >15 h, we
also started observing smaller �30 nm VLPs and larger
(>60 nm) structures (Fig. 2 a). A possible explanation for
the smaller structures could be that later in the reaction,
there is not enough DNA available anymore to support the
assembly of �45 nm VLPs; thus, smaller �30 nm VLPs
will be formed. The larger structures could be due to a com-
bination of two or more partial VLPs fused together during
assembly. Overall, dsDNA induces a more controlled as-
sembly pathway, leading to a more homogeneous popula-
tion of �45 nm VLPs.

We also imaged assembly structures with dsDNA mole-
cules that were shorter than the SV40 wild-type genome:
the �4 kbp pBr322 plasmid and the �3 kbp pGEM vector.
Triggering assembly with these shorter DNA constructs
resulted in a bimodal distribution of both �33 and �45 nm
VLPs after 2–2.5 h of incubation (Fig. S1). The smaller
�33 nm VLPs are in agreement with the smaller �30 nm
VLPs formed after >15 h incubation with either 48 kbp
l or 8.3 kbp pKYB1 DNA, suggesting that in both cases,
not enough dsDNA was available to form a VLP of
�45 nm. Interestingly, after 24 h incubation with 3–4 kbp
DNA, only �45 nm VLPs were observed, suggesting that
the �33 nm VLPs had reorganized themselves and incorpo-
rated more VP1 pentamers to form a�45 nm VLP. This sug-
gests that the smaller �33 nm VLPs are an assembly
intermediate state on its way to complete 45 nm VLPs, com-
parable to the wild-type SV40 capsid. Alternatively, they
could be a local energy minimum that slowly matures by
dissociation and reassociation. Thus, in the presence of
dsDNA, the VP1 pentamers are flexibly bound and can reor-
ganize themselves, resulting over time in the assembly of
�45 nmVLPs, which appear to be the most stable structures.
FIGURE 2 In vitro assembly of empty and

DNA-filled VLPs. (a) A scatter plot representing

the height of empty (black) and DNA-filled

(blue) VLPs at several time intervals is shown. As-

sembly of empty VLPs was induced by dialyzing

VP1 pentamers against a high-ionic-strength buffer

(2 M (NH4)2SO4), and for DNA-filled VLPs,

pKYB1 (8.3 kbp) and l DNA (48 kbp) were used

to initiate assembly. All VLPs with a minimal

diameter of 15 nm were included from a series of

1 mm2 images: 230 empty VLPs in 63 images

and 490 DNA-filled VLPs in 86 images. (b) A his-

togram of the height of all VLPs from (a) is given,

showing a more homogeneous population of

�45 nm for DNA-filled VLPs and a more hetero-

geneous population ranging from 30 to 50 nm for

empty VLPs. (c–f) Topographical three-dimen-

sional images of assembled VLPs show structures

with different heights after 4.5 h (c), which become

larger, unorganized aggregates after 23 h (d). In the

case of the DNA-filled VLPs, we observe several

�45 nm VLPs after 3.5 h (e) and many �45 nm

VLPs in a beads-on-a-string-like fashion after

23 h (f). To see this figure in color, go online.
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Mechanical properties of SV40 VP1 VLPs

By performing AFM nanoindentations, we determined the
mechanical properties of the in-vitro-assembled empty
VLPs, which had a height of�45 nm, and the in-vitro-assem-
bled DNA-filled VLPs, for which pKYB1 and l DNA was
used. Moreover, the addition of either DTT or EDTA to the
cell-derived SV40VP1VLPs allowed us to explore the effect
of the two major interpentamer interactions (i.e., calcium
bridges and disulfide bonds) on the mechanical strength of
the cell-derived SV40 VP1 VLPs. From the linear first part
of the force-indentation curve, we obtain the spring constant
(stiffness) of the VLPs. We observed a bimodal distribution
in the stiffness measurements representing a ‘‘soft’’ popula-
tion of 0.034 5 0.004 (SD) N/m and a ‘‘stiff’’ population
of 0.10 5 0.01 (SD) N/m (Fig. 3 a). In-vitro-assembled
empty, in-vitro-assembled DNA-filled, and cell-derived
SV40 VLPs, in absence or in presence of DTT or EDTA,
display this bimodal distribution. Thus, the two populations
are not caused by the absence or presence of DNA nor by
the major interpentamer interactions; instead, it could indi-
cate a mixture of intact VLPs and particles with imperfec-
tions due to an incomplete assembly process, stress during
storage, or stress during immobilization.

To understand this effect, for each particle, we recorded an
image before nanoindentation to determine the height, shape,
and exact location of the VLP, measured ten consecutive
nanoindentation curves, and then obtained another image af-
ter nanoindentation to determine the shape and size of the re-
maining structure (Fig. 4). From these images, we determine
the level of damage caused by the nanoindentations. The
damage level is represented by the decrease in volume and
1660 Biophysical Journal 115, 1656–1665, November 6, 2018
maximal height of the remaining structure in terms of per-
centage (Fig. 3 b; Table 1). The in-vitro-assembled DNA-
filled VLPs showed the least amount of damage, whereas
the cell-derived SV40 VLPs in the presence of DTT showed
the most visible damage. This highlights a role for the DNA
in keeping the VP1 pentamers together in case the interpen-
tamer interactions are disrupted. Imaging of the in-vitro-
assembled empty VLPs in the presence of DTT caused these
particles to immediately start rupturing; there is clear visible
damage before or due to the imaging forces. The level of vol-
ume decrease and decrease in maximal height as a result of
addition of DTT while imaging was 34 5 9 and 29 5 3%,
respectively, for in-vitro-assembled empty VLPs, which is
similar to cell-derived SV40 VLPs with DTT after nanoin-
dentation, 31 5 5 and 34 5 8%, respectively. This shows
that the presence of DTT makes the VLPs more prone to
damage. A comparison is made between a cell-derived
SV40 VLP in absence and presence of DTT in Fig. 4. Both
VLPs are round shaped and�45 nm before nanoindentation.
In the absence of DTT, there is a gradual deformation with
relative small ruptures seen in the series of nanoindentation
curves. In the presence of DTT, there seem to bemore drastic
rupture events in the first nanoindentation curve. A substan-
tial difference in spring constant is also apparent. Although
in the absence of DTT, the second indentation shows a
similar slope as the first, in the presence of DTT, the slope
of the second indentation is much lower. These effects are
consistent with the images obtained after nanoindentation
showing a slightly less round �40 nm VLP in the
absence of DTT and a severely damaged structure in case
of presence of DTT. Based on the observed damage in the
presence of DTT and the less clearly visible damage after
FIGURE 3 Results of AFM nanoindentation ex-

periments on in-vitro-assembled DNA-filled VLPs

(blue), in-vitro-assembled empty VLPs (black),

and cell-derived SV40 VLPs in absence (red) or

presence of 5 mM EDTA (cyan) or 2 mM DTT

(green). (a) A histogram of all obtained spring con-

stants shows a softer population of 0.034 5 0.004

N/m and a stiffer population of 0.10 5 0.01 N/m

(Gaussian fit). (b) A scatterplot of the decrease in

maximal height versus the decrease in volume in

terms of percentage as a result of nanoindentation

for all VLPs is shown. See Table 1 for exact

numbers. The purple dotted lines represent the

amount of damage inflicted by only imaging the

empty VLPs in the presence of DTT (volume

decrease of 34 5 9% and decrease in maximal

height of 29 5 3%). (c) The trend in the spring

constant of the 10 consecutive nanoindentation

curves is shown for all intact VLPs. (d) A scatter-

plot of the indentation depth and the force at the

critical point for all intact VLPs is shown. See

Table 1 for exact numbers. All error bars represent

standard error of the mean. To see this figure in co-

lor, go online.



FIGURE 4 Two representative examples of cell-derived SV40 VLPs before and after 10 rounds of nanoindentation in the absence (a) and presence (b) of

2 mM DTT. The corresponding height profiles (green line) along the dotted gray line before and after nanoindentation are overlaid on the images. (c and d)

Seven exemplary indentation curves on the center of a single SV40 VLP are shown. The spring constant is determined from the first linear part of the inden-

tation curves, from the contact point up to the first rupture event with a maximum of the thickness of the shell (�6 nm). These linear regions in the first curves

in (c) and (d) are identified with the gray line. In the absence of DTT (c), the VLP gradually deforms upon indentation, with many small recurring rupture

events. Recovery occurs during retraction of the tip, resulting in a similar but slightly smoother subsequent indentation curve. The last curve shows the least

resistance, indicating a very flexible remaining structure. In the presence of DTT (d), several rupture events are observed in the first indentation curve,

whereas the consecutive indentation curves are much shallower. Recovery is minimal. The vertical part of the slope at the end of indentation represents canti-

lever deformation on the solid substrate. To see this figure in color, go online.

SV40 Assembly and Strength
nanoindentation in the absence of DTT,we propose an expla-
nation for the bimodal distribution in spring constant: the
soft elastic population is correlated with slightly damaged
particles, whereas the stiff population corresponds to intact
VLPs. This can be confirmed when plotting the spring
constant obtained from all second nanoindentation curves
showing a single population of �0.02 N/m (Fig. S2), almost
identical to the value of the softer population of �0.03 N/m
obtained from the first nanoindentation curves (Fig. 3 a). The
VLPs undergo a force-induced structural change in whichwe
TABLE 1 Overview of the Measured Properties with AFM Imaging

Decrease in

Maximal Height (%)

Decrease in

Volume (%)

Spri

First

DNA-filled VLPs 15 5 5 21 5 9

Empty VLPs 22 5 7 24 5 4

SV40 VLPs 19 5 2 30 5 5

SV40 VLPs þ DTT 31 5 5 34 5 8

SV40 VLPs þ EDTA 22 5 4 31 5 8 0

For imaging, the total number of used images are 10, 15, 29, 21, and 15 for D

For nanoindentation, a total of 8, 14, 15, 13, and 5 nanoindentation curves w

SV40 þ EDTA. Reported values are mean 5 standard error of the mean.
believe some interpentamer interactions, possibly hydro-
phobic interactions, are disrupted, whereas the major inter-
pentamer interactions formed by the more flexible
carboxy-terminal arms (21) remain intact, creating a more
elastic but morphologically identical VLP.

Next, we plotted the spring constant obtained from each
of the ten consecutive nanoindentation curves of the stiffer
(initially intact) population of VLPs (Fig. 3 c). All VLPs
showed a significant drop in spring constant from the
first to the second nanoindentation, possibly reflecting the
and Nanoindentation

ng Constant from

Indentation (N/m) Critical Force (nN) Indentation Depth (nm)

0.13 5 0.01 1.0 5 0.2 10 5 1

0.12 5 0.01 0.94 5 0.04 11 5 1

0.11 5 0.01 0.62 5 0.05 9 5 1

0.12 5 0.01 0.54 5 0.05 7 5 1

.088 5 0.003 0.61 5 0.06 12 5 2

NA-filled, empty, SV40, SV40 þ DTT, and SV40 þ EDTA, respectively.

ere used, respectively, for DNA-filled, empty, SV40, SV40 þ DTT, and
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abovementioned structural transition. VLPs in the absence
of EDTA and DTT showed a gradual decrease in stiffness
from the second to 10th nanoindentation. The presence of
DTT and EDTA resulted in a steep drop in stiffness up to
the third nanoindentation. Overall, both DTT and EDTA
seem to destabilize the VLPs, whereas the presence or
absence of a genome does not affect the stiffness of the
VLPs. We also obtained the indentation depth and critical
force, the point at which irreversible deformation occurs
(Fig. 3 d; Table 1). The highest critical forces were
measured on the in-vitro-assembled empty and DNA-filled
VLPs. The cell-derived SV40 VLPs, on the other hand,
break at a significantly lower force. A major difference be-
tween these VLPs is the long-term storage at �20�C of the
cell-derived SV40 VLPs, which we thawed on the day of
the nanoindentation experiments, whereas for the in-vitro-
assembled VLPs, we incubated VP1 pentamers under the
appropriate assembly conditions and performed nanoinden-
tations within 30 h after initiation of assembly. Thus, it
appears that the cell-derived SV40 VLPs are somewhat
damaged/less stable, resulting in a lower critical force,
because of the long-term storage. Although the presence
of DTT does not significantly change the critical force
for the VLPs, the presence of EDTA increases the indenta-
tion depth, as expected when the critical force is compara-
ble but the spring constant is lower.
DISCUSSION

In this study, we explored the assembly pathway as well as
the mechanical strength of SV40 VLPs. We assembled
in vitro both empty VLPs by using a high-ionic-strength
buffer and DNA-filled VLPs by using different dsDNA
sizes. When we used 3–4 kbp dsDNA to initiate assembly,
we observed smaller intermediate �33 nm and complete
�45 nm VLPs after 2–2.5 h, but only �45 nm VLPs after
24 h (Fig. S1). The 45 nm particles correspond to the size
of the native SV40 capsid. Possibly the DNA used to initiate
assembly was too short; when the complete DNA is covered
with VP1 pentamers, this might only be enough to form a
�33 nm VLP. Interestingly, these smaller intermediate
VLPs are apparently in a local free-energy minimum, as
over time they are able to incorporate additional VP1 pen-
tamers to proceed to the global free-energy minimum for
SV40, the complete�45 nm VLP. In this scenario, VP1 pen-
tamers in solution can bind the remaining free arms of the
already-bound VP1 pentamers independent of DNA bind-
ing. We also observed these smaller intermediate structures
with ‘‘oversized’’ DNA after 24 h. This would be in agree-
ment with the hypothesis that when multiple VLPs are
formed on the same DNA molecule, limited DNA remains
available, resulting in smaller intermediate VLPs. We
expect these structures to also be able to incorporate more
VP1 pentamers over time, resulting in a �45 nm VLP.
Thus, when 3–4 kbp DNA is used to initiate assembly,
1662 Biophysical Journal 115, 1656–1665, November 6, 2018
smaller �33 nm VLPs are formed; however, over time, re-
arrangement of the already-bound VP1 pentamers is
possible to finally reach the more favorable �45 nm VLP.
Alternatively, the 33 nm diameter is also consistent with a
spherical particle arranged with a 42-pentamer T ¼ 4 lattice
that has been observed with papillomaviruses, which share a
pentamer-based architecture (49).

Using a high-ionic-strength buffer to initiate assembly of
empty VLPs in vitro resulted in a heterogeneous population
of VLPs ranging from �30 to �50 nm. Interestingly, these
�30 nm structures were not able to rearrange themselves
into 45 nm VLPs but started to aggregate after >15 h. Ka-
nesashi et al. (27) extensively explored the empty assembled
structures induced by high salt concentrations, reporting
several structures including capsid-like structures similar
to the wild-type SV40 capsid (�40 nm), intermediate parti-
cles of 25–35 nm, tiny particles of 20 nm (T ¼ 1, consisting
of 12 pentamers), and tubular structures. They hypothesized
that in empty structures, the carboxy-terminal arms can be
fixed into a particular conformation leading to the accumu-
lation of specific kinds of assembly structures, which could
explain why we do not observe reorganization of any of the
already-formed assembled structures.

When we used ‘‘oversized’’ 48 kbp l or 8.3 kbp pKYB1
DNA, we observed a homogeneous population of �45 nm
VLPs. For up to 8 h, these are mostly single VLPs assem-
bled on a DNA molecule. However, pKYB1 and l DNA
are too large to fit inside a single 45 nm VLP, so only part
of the DNA is packaged inside the VLP and part of the
DNA remains outside. Interestingly, after >15 h, multiple
VLPs are assembled in clusters on DNA molecules. This
time-dependent behavior indicates that nucleation might
be the rate-limiting step. The exact structure of these
VLPs with partly packaged DNA remains unresolved. How-
ever, their mechanical properties are comparable to the
�45 nm empty VLPs, which suggests they are complete
VLPs consisting of 72 VP1 pentamers. The structure of a
SV40 capsid was determined at 3.1 Å resolution (20,21).
In the T ¼ 7 icosahedral capsid (�45 nm), VP1 pentamers
fill the 12 pentavalent and 60 hexavalent sites. This
mismatch of VP1 pentamers and six neighbors might,
with minimal disturbance to the capsid structure, leave
enough space for the DNA to exit the capsid through related
defects in the capsid structure. Thus, the VLPs assembled on
lDNA and pKYB1 DNAmost likely consist of 72 VP1 pen-
tamers forming VLPs in which the DNA is able to stick out;
nevertheless, the VLPs are as stable as the empty VLPs of
�45 nm.

We determined the mechanical properties of freshly in-
vitro-assembled �45 nm VLPs and cell-derived SV40
VLPs to elucidate the influence of DNA, disulfide bridges,
and calcium chelation. In some viruses, the genome causes
the capsid to become stiffer (35,37,39,50–52). In SV40,
when comparing in-vitro-assembled DNA-filled VLPs to
empty VLPs, we did not observe an effect of the genome
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on capsid stiffness (0.13 5 0.01 N/m compared to 0.12 5
0.01 N/m, respectively (Fig. 3; Table 1)). When comparing
the damage inflicted by the nanoindentations, less damage
was visible in case of the DNA-filled VLPs. This suggests
that the DNA is involved in keeping the VP1 pentamers
together, making the DNA-filled VLPs more stable. This
is in agreement with the observation that empty VLPs start
disassembling in the presence of DTT during imaging. This
means that the critical force for these empty VLPs in pres-
ence of DTT was below the imaging force (Fimaging ¼
0.35 5 0.02 nN), which is lower than the critical force we
obtained for DNA-containing VP1 VLPs in presence of
DTT (Fcritical ¼ 0.545 0.05 nN). Thus, the DNA has no ef-
fect on the stiffness of the VLPs; however, the DNA seems
involved in keeping the VP1 pentamers together, increasing
its stability against large deformations.

The absence of such stiffening effect of the DNA indi-
cates that the elastic behavior of this VLP is dominated by
the interpentamer interactions. The presence of EDTA
made the VLPs significantly more elastic (0.088 5 0.003
N/m compared to 0.11 5 0.01 N/m in the absence of
EDTA/DTT and 0.12 5 0.01 N/m in the presence of DTT
(Table 1)). The critical force is similar for all three condi-
tions; therefore, the indentation depth will be increased for
the VLPs in the presence of EDTA. Thus, the calcium
bridges are involved in the elasticity of the capsid as was
previously shown by Llauro et al. (53) for tomato bushy
stunt virus. Furthermore, when comparing the shift in stiff-
ness as a function of the consecutive indentations, the initial
drop in stiffness is more drastic for the VLPs in the presence
of either DTT or EDTA. Additionally, the damage inflicted
by nanoindentation is increased in the presence of DTT/
EDTA. Thus, both the disulfide bonds and the calcium
bridges help stabilize the VLP.

Cieplak et al. (54) simulated the nanoindentation
behavior of SV40 and many other viral capsids. Using a
coarse-grained structure-based model, they predicted a
spring constant of 0.127 N/m and a critical force of 1.43
nN. This simulated spring constant is in agreement with
our experimentally obtained data, 0.11 5 0.01 N/m for
the cell-derived SV40 VLPs and 0.13 5 0.01 and 0.12 5
0.01 N/m for the in-vitro-assembled DNA-filled and empty
VLPs, respectively. This fits with capsid stiffness regulated
at the submolecular level by flexible local interactions be-
tween rigid body subunits because this is the basis of their
coarse-grained model. This would also be in agreement
with the altered stiffness upon addition of EDTA that affects
these interactions. The simulated break force is higher than
the experimentally determined critical force: 1.0 5 0.2 nN
in the case of the empty VLPs. From previous studies, it is
known that the break force, or critical force of complex su-
pramolecular assemblies, increases with increasing loading
rate (55). For SV40, a �500 mm/s indentation velocity was
used for the simulations compared to �53 nm/s in the nano-
indentation experiments, providing at least one factor ex-
plaining why the simulated break force is higher than the
experimentally measured one.

The major advantage of an in vitro self-assembling sys-
tem like SV40’s is the ease of incorporating nonviral ma-
terials into the capsid as opposed to inserting material into
a preassembled capsid or engineering an in vivo expression
system. Different materials have been encapsulated by
SV40 VLPs, including foreign DNA of up to 17.7 kbp
(7,10,56). For our in vitro SV40 assembly system, we
only used the major capsid protein VP1, whereas in liter-
ature, VP2 and VP3 are shown to contribute to the infec-
tivity in vivo (29,57–59). This would be in agreement
with research conducted on VP1-coated quantum dots
that are reported to reside in the cytoplasm after efficiently
infecting human cells but are unable to reach the nucleus
(8,9,11,15,17). Therefore, the addition of VP2 and VP3
during assembly should be considered when SV40 VLPs
are used as a gene delivery system. SV40 VLPs with
and without VP2/VP3 have similar morphology to wild-
type SV40 by negative stain electron microscopy (23),
and many studies are performed with both SV40 VLPs
consisting of only VP1 as well as VP1, VP2, and VP3
(12–14,60–65). Altogether, this shows that SV40 VLPs
are an interesting candidate for a targeted drug delivery
system, which can be useful for numerous (therapeutic)
applications. Based on our results, we suggest that a
charged DNA (-like) polymer will stimulate self-assembly
of homogeneous particles. In addition, without significant
improvement to the SV40 system, long term storage of the
VLPs should be avoided.
CONCLUSIONS

We used AFM to determine the time course of assembly of
SV40 VP1 pentamers and nanoindentation to help us un-
ravel the importance of the interpentamer interactions and
the effect of the presence of DNA on the stiffness and stabil-
ity of the VLPs. These results broaden our knowledge for
the design of viral-based drug and gene delivery systems.
We suggest that DNA-induced assembly of a homogeneous
population of �45 nm VLPs is due to the reorganization of
DNA-bound VP1 pentamers; in contrast, high ionic strength
induced assembly of a heterogeneous population of VLPs.
Nanoindentation showed that the presence of a nucleic
acid does not contribute to the stiffness of SV40 VLPs but
is involved in keeping the VP1 pentamers together, espe-
cially with the DTT-induced or EDTA-induced loss of major
interpentamer interactions. Both DTTand EDTA destabilize
the VLPs, DTT by making the VLPs less resistant to me-
chanical stress and thus prone to damage and EDTA by
inducing a marked softening. Thus, when SV40 VLPs are
used as a vessel for drug delivery, DNA incorporation is
not required, but the presence of DNA or some other nega-
tively charged polymer can increase the VLPs’ stability,
especially in the presence of DTT/EDTA.
Biophysical Journal 115, 1656–1665, November 6, 2018 1663
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