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In this work, we provide evidence of a mechanism to reinforce the
strength of an icosahedral virus by using its genomic DNA as a
structural element. The mechanical properties of individual empty
capsids and DNA-containing virions of the minute virus of mice are
investigated by using atomic force microscopy. The stiffness of the
empty capsid is found to be isotropic. Remarkably, the presence of
the DNA inside the virion leads to an anisotropic reinforcement of
the virus stiffness by ~3%, 40%, and 140% along the fivefold,
threefold, and twofold symmetry axes, respectively. A finite ele-
ment model of the virus indicates that this anisotropic mechanical
reinforcement is due to DNA stretches bound to 60 concavities of
the capsid. These results, together with evidence of biologically
relevant conformational rearrangements of the capsid around
pores located at the fivefold symmetry axes, suggest that the
bound DNA may reinforce the overall stiffness of the viral particle
without canceling the conformational changes needed for its
infectivity.

capsid | virion | nanomechanics | finite element methods |
atomic force microscopy

I nvestigation of the mechanical properties of biomolecular
assemblies is important to understanding the relationship
between physical structure and biological function (1) and for
the application of biomaterials in the fabrication of molecular
structures (2). Viruses are masterpieces of nanoengineering
designed as replicating machines. In most infectious virus par-
ticles (virions), the protein shell (capsid) that encloses the
nucleic acid genome reveals a minimalist architecture, based on
the oligomerization of multiple copies of just one or a few types
of structurally equivalent or quasiequivalent protein subunits (3,
4). However, even the most simple virion can accomplish many
complex and sometimes conflicting functions during the infec-
tious cycle (5). Virus capsids must be robust enough to protect
the viral genome against physical-chemical assaults (6) but labile
and/or flexible enough to release the infectious nucleic acid into
a target cell (7, 8). Also, many virions accommodate a maximum
amount of genetic information in the minimum space, as the
nucleic acid is packed to crystal densities (9). To meet these and
other stringent biological requirements, viral particles could
have acquired outstanding mechanical properties, which are
beginning to be revealed (10, 11). For example, it has been shown
that on DNA packaging, the ¢29 and A bacteriophage capsids
can withstand internal pressures as high as 60 (12) and 20 (13)
bars, respectively. Several studies have provided insights into the
forces involved in DNA ejection from or packaging in phage
capsids (14-16). A recent study of $29 empty capsids yielded a
Young’s modulus of 1.8 GPa (17), close to that of hard plastic.
One of many important related aspects that have not been
directly investigated yet is the influence of the enclosed genomic
nucleic acid on the mechanical properties of the viral particle.

The parvovirus minute virus of mice (MVM) is among the
smallest and structurally simplest viruses known. The parvovirus
capsid is formed by 60 structurally equivalent subunits arranged
in a simple (7 = 1) icosahedral symmetry (18, 19). The atomic
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structures of the protein shell for both the empty capsid and the
DNA-containing virion of MVM, as determined by x-ray crys-
tallography, are very similar (19, 20). In addition, ~25-30% of
the single-stranded genomic DNA in the virion was crystallo-
graphically visualized as conformationally defined oligonucleo-
tide stretches bound to 60 equivalent, small concavities located
at symmetrical positions at the internal surface of the protein
shell (19).

Results

In this work, we perform atomic force microscopy (AFM)
nanoindentation experiments to compare the mechanical prop-
erties of empty capsids and nucleic acid-containing virions of
MVM. Viral particles were imaged under physiological condi-
tions by AFM using “Jumping Mode” to accurately control the
applied force (21). The agreement between the x-ray atomic
model (19) and the AFM topographies (Fig. 1) was reflected by
the same local topographic features being observed by both
techniques, including the spikes located at the threefold axes, the
narrow prominences located at the fivefold axes, and the grooves
between those features. This agreement was not obvious because
cryoelectron microscopy or crystallographic structural models
reveal average features, whereas the AFM images show individ-
ual particles. We used those features to identify the orientation
of the surface-immobilized icosahedral particles, i.e., along
capsid fivefold (Fig. 1a), threefold (Fig. 1b), or twofold (Fig. 1¢)
symmetry axes. No differences in dimensions or topographic
features between empty capsids and virions, or between indi-
vidual viral particles, were found.

To measure the stiffness of the MVM particles, we carried out
nanoindentations on individual intact particles in specific ori-
entations. The recorded force-vs.-distance curves were fitted
linearly to obtain the spring constant k along the direction of the
applied force, assuming the virus and cantilever as two springs
in a series (17). We obtained 194 force-vs.-distance curves by
using 23 empty capsids (7, 11, and 5 particles oriented along the
five-, three-, and twofold axes, respectively) (Fig. 2a). The spring
constants obtained for the individual empty capsids in each
orientation were represented in a histogram. Gaussian fits of the
histograms yielded spring constants of 0.58 = 0.13, 0.56 = 0.15,
and 0.58 *= 0.10 N/m along the five-, three-, and twofold
symmetry axes, respectively (Fig. 2a). These results show that the
spring constant of the MVM empty capsid is, within experimen-
tal error, isotropic, at least for the three symmetry orientations.

We then obtained 155 force-vs.-distance curves by using 28
DNA-containing virions (9, 11, and 8 particles oriented along the
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Fig.1. MVM particles asviewed along fivefold (a), threefold (b), and twofold
(c) symmetry axes. (Left) Simplified cartoons. (Center) Molecular surface mod-
els derived from crystallographic data. The Protein Data Bank coordinates
corresponding to the MVM virion (PDB ID code 1MVM; ref. 19) and the
program Pymol (Delano Scientific, San Carlos, CA) were used. (Right) Actual
AFM images of individual MVM particles (image sizes: 60 X 60 nm). The MVM
topographies appear laterally expanded because of the usual tip-sample
dilation effects.

five-, three-, and twofold axes, respectively) (Fig. 2b). Gaussian
fits of the histograms yielded spring constants of 0.6 = 0.2, 0.8 =
0.4, and 1.4 = 0.5 N/m along the five-, three-, and twofold
symmetry axes, respectively (Fig. 2b). A comparison of the spring
constants of the empty capsid and the virion obtained in exactly
the same conditions showed that the presence of the genomic
DNA leads to an increase of the particle stiffness by 3%, 42%,
and 140% when probed along five-, three-, and twofold symme-
try axes, respectively.

We made a simple mechanical model of an icosahedron to
understand how the genomic DNA can anisotropically affect the
stiffness of the MVM particle. We used thin-shell finite element
methods to construct a homogeneous icosahedral shell formed
by 20 triangular faces of identical thickness, with an external
diameter that approximately matches that of the MVM particle
(25 nm). The applied load by the AFM tip was modeled as a point
force. We also tested indentation with a parabolic tip (22) but
decided that, because in the MVM particle the icosahedral faces
are convex, for low indentations it is justifiable to consider the
contact between tip and sample as a point load.

Our simplest hypothesis was that the DNA molecule, which in
the MVM virion is known to be tethered to the protein shell (19)
(Figs. 2b Left and 3), reinforces the particle by coating the entire
capsid internal surface, thus increasing homogeneously the
effective capsid wall thickness. We performed nanoindentation
simulations on this model and obtained spring constant values as
a function of the icosahedron wall thickness ¢ (Fig. 4a). The
relationship between wall thickness and spring constant was
found to depend on the orientation of the icosahedron. Only at
a wall thickness of ~2 nm were the spring constant values
obtained along the five-, three-, and twofold symmetry axes
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identical (Fig. 4a). This result is consistent with the isotropic
spring constant experimentally obtained for the MVM empty
capsid, for which the crystallographic data show a minimum wall
thickness of ~2 nm. At higher wall thicknesses, the spring
constant along the different orientations increased in a noniso-
tropic manner. However, the relative rates along the three axes
were not consistent with the experimentally observed anisotro-
pic increase for the virion, whose spring constant along the
twofold axis was higher than that along the threefold axis. Thus,
the homogeneous wall model is consistent with the empty capsid
results but not with those obtained with the full virion.

Our second hypothesis was that the DNA-mediated anisotro-
pic increase in the spring constant of the MVM virion is mainly
due to the wedge-shaped DNA stretches (green patches in Fig.
2b Left) that are actually bound to concavities of the capsid
internal surface, close to the twofold axes (19) (Fig. 3). These
DNA stretches would increase the effective thickness of the
capsid wall but only at specific locations (Figs. 2b Left and 3). To
test this hypothesis, we modeled icosahedra with a wall thickness
of 2 nm (to account for the isotropic stiffness of the empty
capsid) and added reinforcements in the form of circular patches
of increased thickness f. located at icosahedrally equivalent
positions (Fig. 4b). We calculated the k values as a function of
t. for five different models that differed in the positions of the
patches. We found that the model that best fit the experiments
was the one where the patches are approximately located at the
positions where the capsid-bound DNA stretches are found in
the virion, defining similar surface areas (Fig. 4b, model 4). This
model predicted an anisotropic increase in stiffness that was
highest along the twofold axis, somewhat lower along the
threefold axis, and smallest along the fivefold axis (Fig. 4c).
Slight repositioning of the circular patches (models 3 and 5) to
account for the uncertainty of the exact locations of the irregular
capsid—-DNA interfaces, led to comparable results maintaining
the model 4 anisotropy. In contrast, when we positioned the
patches far from the locations where the DNA is actually bound
to the capsid wall, i.e., near the twofold axis (Fig. 4b, models 1
and 2), the predictions were in complete disagreement with the
experimental observations.

Discussion

Structure—function analyses increasingly support a view of the
simpler virions as nanomachines optimized to carry out complex
functions with a minimalist structure. For example, many ex-
periments are repeatedly showing that the vast majority of point
mutations made on the capsid of many simple viruses, including
MVM, significantly reduce or abolish infectivity. Such mutations
have been shown to impair cell receptor recognition, virus
translocation, nucleic acid packaging, capsid conformational
changes needed for infectivity, virion stability, etc. (for MVM,
see refs. 24-30). Thus, only very specific structures and amino
acid sequences of the capsid proteins allow the fulfillment of the
many complex functions required for virus survival. In addition,
the results presented here and previous evidence (4, 31, 32) show
that the genomic nucleic acid of at least some small viruses not
only passively carries information but also actively participates as
a material component in the structure, properties, and/or func-
tion of the virion. In the case of flock house virus, the genomic
RNA regulates the susceptibility of the particle to proteolysis
(32). In the case of MVM, the genomic DNA contributes to the
thermostability of the infectious virion through interactions
between the capsid and the crystallographically visible DNA
stretches (24). The present work provides direct evidence of the
participation of the genomic nucleic acid in the anisotropic
mechanical reinforcement of the virion.

A full understanding of how the nucleic acid molecule con-
tributes to increase the stiffness of the MVM particle would
require a complete structural description of the enclosed nucleic
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Comparison of the mechanical properties of MVM empty capsids (a) and virions (b). (Left) Shown are the crystallographic structures of the empty capsid

(a) and DNA-filled virion (b) as space-filling models obtained by using the program RasMol (23). The models have been cut in half to show the particle interior.
Inthevirion, the DNA stretches whose conformation was crystallographically solved are shown in green, coating in a periodic way 60 cavities of the capsid internal
surface. (Right) The histograms obtained for empty capsids (a) and virions (b) are shown. They depict the stiffness (spring constant, k) values obtained for
individual particles subjected to nano-indentation along fivefold (red), threefold (green), and twofold (blue) axes. (Insets) The k values from Gaussian fits
obtained for empty capsids and virions along each symmetry axis. A Student t test for samples with an unequal variance reveals with >99% confidence that the

three mean k values shown in b Inset do not overlap.

acid. This description is still unavailable for any icosahedral
virus, because most of the viral nucleic acid molecule is asym-
metrically arranged inside the symmetrical virion. However,
evidence of substantial capsid—nucleic acid interactions (9, 31)
and of a layer of partially ordered nucleic acid in close proximity
to the inner capsid wall (33) is available for many viruses. Hence,
our initial finite element icosahedral model was devised to
simulate the effect of a global increase in wall thickness due to
the DNA, but this model did not reproduce the experimental
results. In fact, for parvoviruses like MVM, no experimental
evidence supports any interaction between the DNA and the
protein shell other than through the 60 crystallographically
visible stretches (18-20). Interactions between some DNA phos-
phates and basic regions at the internal N-terminal segments of
the parvovirus capsid proteins could potentially occur. However,
these segments are loosely connected to the protein shell, and
tethering of the DNA through these segments is not expected to
reinforce the capsid wall. Thus, we modified our finite-element
icosahedral model to mimic the effect of a local increase in wall
thickness that was limited to those sites where the crystallo-
graphically visible DNA is bound (Figs. 2b Left, 3, and 4b, model
5). As described above, this model did remarkably match the
experimentally observed stiffness anisotropy. These results in-
dicate that the visible DNA stretches bound to 60 identical
concavities of the capsid internal surface can mediate the
anisotropic mechanical reinforcement of the MVM particle.
Our simplified model was not meant to quantitatively match
the observed increases of the spring constant along each of the
different symmetry axes. The DNA stretches and corresponding
binding sites in the capsid could be better described as DNA
wedges filling capsid concavities. Local deformation/bending of
these concavities could occur when the empty viral particle is
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pushed by the AFM tip. In the full virus, the cavities could be
wedged by the DNA, impairing or distorting the bending at these
positions. The different relative orientations of the DNA wedges
with respect to the different symmetry axes (Fig. 3) could
contribute to explain the anisotropy in the mechanical response
of the virion against loading forces along those axes. Based on
our simple mechanical model, it is appealing to speculate about
the yet unknown distribution of the disordered DNA (=70%).
Because the experiments can be basically explained by assuming
that only the visible DNA stretches contribute to the mechanical
properties of the virions, it is plausible that the disordered DNA
is distributed inside the capsid without strong interactions with
the inner capsid wall.

To summarize, the experimental AFM results reveal an aniso-
tropic mechanical reinforcement of the MVM particle mediated
by the DNA. Furthermore, the finite element methods simula-
tions demonstrate that capsid-bound DNA patches can explain
the observed reinforcement.

Regarding possible biological implications of these observa-
tions, nature could have taken advantage of the presence of the
nucleic acid molecule inside the virion to further reinforce the
stiffness of the MVM particle by developing a periodic capsid—
DNA interface through mutation and selection. A reinforcement
of the MVM capsid could be needed for at least two reasons.
First, we estimated the packing density of the nucleic acid inside
the virion by calculating the values of two parameters, the
packing efficiency p (defined in ref. 16) and V4, which describes
the internal capsid volume occupied per dalton of packed nucleic
acid (9). Both values (=35% and 1.7 A3/Da, respectively)
indicate that the packing density in MVM is very high, even
surpassing that of single-stranded nucleic acids in molecular
crystals and approaching that found for bacteriophage ®29 (16),

Carrasco et al.
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Fig. 3. Space-filling representations of several symmetry-related MVM cap-
sid subunits (in different colors) and crystallographically observed DNA
stretches bound to those subunits (white). Views are from the particle interior
and were obtained by using RasMol software (23). (a) Five protein subunits
related by a fivefold symmetry axis. (b) Three subunits related by a threefold
symmetry axis. (c) Six subunits related by a twofold symmetry axis. Distance
measurements show that the center of gravity of each visible DNA stretch is
located closer to the capsid twofold axis and further from the fivefold axis.

which is subjected to a high internal pressure due to the packed
nucleic acid (12). Second, unlike other viruses, in MVM no
substantial neutralization of the negative charges of the DNA
phosphates may occur through interactions with basic capsid
residues (24). Both the very high DNA packing density and
potential mutual repulsions between closely packed phosphate
groups may generate a substantial internal pressure. Binding of
patches of the DNA itself to the internal capsid surface would
provide the mechanical reinforcement needed to withstand such
a pressure. A possible biological role for the anisotropic effect
of the capsid-bound DNA can be also suggested. Entry and
exit of the viral DNA during packaging and uncoating and
extrusion of the N-terminal segments of some of the capsid
protein subunits are needed for infectivity, and these transloca-
tion events probably occur through the pores located at the
capsid fivefold axes (18-20, 24-27, 29, 34, 35). Some of these
events are altered by mutation of residues located around the
base or wall of the pores and may involve conformational
rearrangements (18-20, 25-27, 29, 30, 34). Thus, completion of
the biological cycle of MVM probably requires some capsid
flexibility, at least around the pores (20, 26, 27, 29, 30, 34). The
above evidence makes it tempting to propose that the anisotropic
mechanical rigidity of the MVM virion, which is lower around
the fivefold axis where the capsid pores are located, could have
an adaptive biological role for allowing a maximum stiffness of
the particle without canceling the conformational changes
needed for virus infectivity.

Beyond the possible biological implications tentatively pro-
posed, MVM provides an example of a 3D DNA network
interacting with a protein shell to tailor its mechanical proper-
ties. Remarkably enough, during the last 10 years a sustained
effort has been made to fabricate 3D networks of DNA (36), and
only recently it was shown that DNA could indeed be used to
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Fig.4. Finite element modeling. We used a rib size of 15 nm and a Young's
modulus of 1.25 GPa. (a) The plot shows the calculated spring constant k along
fivefold (red), threefold (green), and twofold (blue) symmetry axes as a
function of the wall thickness t. (Inset) Homogeneous icosahedral model. (b)
Five different reinforced icosahedral models with added circular patches of
thickness t. positioned at different sites. Only 1 of the 20 faces of the icosa-
hedron is shown for each model. Models 1 and 2 (circular patches at the three-
or fivefold axis, respectively) did not predict the observed behavior. Models 3,
4, and 5 (circular patches positioned close to the twofold axes where the
capsid-bound DNA is located) predicted a small increase of k along the fivefold
axis and the largest one along the twofold axes. (c) Plot of the calculated
spring constant k along fivefold (red), threefold (green), and twofold (blue)
symmetry axes as a function of the added wall thickness t. in the circular
regions depicted in gray in the reinforced icosahedral model used (/nset and
model 4 in b), which are roughly coincident with the periodic locations where
ordered DNA is bound to the capsid in the MVM virion.

construct rigid structures (2). MVM engineering solutions can be
a source of inspiration to improve the present designs of these
DNA artificial networks and other nano-objects, such as
nanocontainers (37).

Materials and Methods

Production and Purification of MVM Empty Capsids and Virions.
Purified empty capsids and infectious virions were obtained as
described (28, 35) with some modifications. Mammalian
NB324K cells were electroporated with a MVM (strain p)
infectious recombinant plasmid originally engineered by P.
Tattersall (Yale University Medical School, New Haven, CT)
and coworkers (38) and obtained through J. M. Almendral
(Centro de Biologia Molecular, Madrid, Spain). The electropo-
rated cells were diluted in DMEM plus 10% FCS, plated, and
incubated at 37°C for 48 h. The cells were collected, resuspended
in TE buffer (50 mM Tris-HCI, pH 7.5/1 mM EDTA) containing
0.2% SDS, and sonicated, and the cell extract was clarified by
centrifugation. The supernatant was deposited on a layer con-
taining 20% sucrose in TE buffer supplemented with 0.2% SDS
and centrifuged for 21.5 h at 16,000 rpm in a SW40 rotor at 10°C
(Beckman, Fullerton, CA). The sediment was thoroughly resus-
pended in TE buffer containing 0.2% Sarkosyl. The suspension
was centrifuged in a cesium chloride gradient for 29.5 h at 50,000
rpmina TFT 75.13 rotor (Kontron, Zurich, Switzerland) at 10°C.
The empty capsids and virions were separated by taking advan-
tage of their different buoyant densities (1.363 and 1.373,
respectively). The bands corresponding to empty capsids and
virions were clearly separated, as determined by assaying the
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hemagglutination activity of fractions from the gradient as
described (35). The fractions of interest were extensively dia-
lyzed against PBS. To completely exclude the possibility of any
cross-contamination of virions and capsids, only the central
fractions of well resolved peaks were used. As further controls,
the presence of viral DNA in the fraction corresponding to
virions and its absence in the fraction corresponding to capsids
were assessed as described (24). In addition, the fraction corre-
sponding to virions was layered on a cesium chloride gradient,
recentrifuged as above, and extensively dialyzed again. As ex-
pected, no particles were detected in the fractions with a density
corresponding to empty capsids. The purity and integrity of
empty capsids and virions were assessed by transmission electron
microscopy, and their concentration was estimated by UV-
spectrophotometry.

AFM of Viral Particles. Stocks of purified empty capsids (1 M) and
virions (0.3 uM) in PBS buffer (pH 7.2) were used. For AFM
experiments, the stocks were diluted 20 times. A single drop (20
wl) of diluted stock was deposited on a silanized glass surface
(17). The drop was left on the surface for 30 min and then rinsed
twice with 20 ul of PBS. This surface treatment ensures proper
virus adsorption. The tip was also prewetted with 20 ul of PBS.
The AFM (Nanotec Electrénica, Madrid, Spain) was operated in
Jumping Mode (21) in liquid. We used two different rectangular
cantilevers, RC800PSA and BL-RC150VB-HW (Olympus, To-
kyo, Japan), with spring constants of 0.05 = 0.01 and 0.03 = 0.01
N/m, respectively. The maximum normal force during AFM
imaging was always ~100 pN. AFM images were processed by
using WSxM software (www.nanotec.es).

To determine the stiffness of empty capsids and virions,
once individual particles were located on the surface, the
lateral piezo scan was stopped when the tip was on top of the
equatorial area of the particle. Then, force-vs.-distance curves
were obtained by elongating the z-piezo until the tip estab-
lished mechanical contact with the virus particle, and a
nanoindentation was performed. Although in AFM experi-
ments the Hertz model is widely used (39, 40), it does not apply
when indenting shells. The observed linear behavior is ex-
pected from thin-shell mechanics, which predicts a linear
elastic response for the indentation of a homogeneous spher-
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ical shell up to an indentation on the order of the shell
thickness (41). To avoid particle damage, the maximum ap-
plied force was limited to 0.9 nN with typical indentations of
~2 nm. We observed that after a few contact events the
force-vs.-distance curve exhibited marked steps (42), which
corresponded to an irreversible modification of the virus
particle. In this case, we moved to another particle. In total, 51
viral particles were probed, and 349 force-vs.-distance curves
were obtained, averaging ~7 force-vs.-distance curves per
virus. The force-vs.-distance curves were processed assuming
the cantilever and the virus to be two springs in a series
obtaining the stiffness (spring constant, k) of the virus particle
along the direction of the applied force (17, 42).

Finite Element Modeling. We used the program FEMLAB 3.1i
(Comsol, Zoetermeer, The Netherlands). Icosahedral shell mod-
els were composed of 20 triangular faces, all with 15-nm sides.
The icosahedron diameter was 24.3 nm when measured between
parallel ribs. For Young’s modulus, linearly scaling with the
icosahedron spring constant, we used 1.25 GPa to obtain values
for the spring constant close to experimental results. The models
were made from thin shells, where compression in the normal
direction of the plate is ignored and buckling does not occur.
Icosahedra were supported by a nondeformable virtual surface
and indented by a point force.

Note Added in Proof. Recently, two articles about mechanical properties
of viruses were published (43, 44). In ref. 43, the elasticity of the cowpea
chlorotic mottle virus is investigated as a function of mutations. In ref.
44, the effect of maturation on murine leukemia virus particle stiffness
is reported.
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