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Influence of Nonuniform Geometry on Nanoindentation of Viral Capsids
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ABSTRACT A series of recent nanoindentation experiments on the protein shells (capsids) of viruses has established atomic force
microscopy (AFM) as a useful framework for probing the mechanics of large protein assemblies. Specifically these experiments
provide an opportunity to study the coupling of the global assembly response to local conformational changes. AFM experiments on
cowpea chlorotic mottle virus, known to undergo a pH-controlled swelling conformational change, have revealed a pH-dependent
mechanical response. Previous theoretical studies have shown that homogeneous changes in shell geometry can play a significant
role in the mechanical response. This article develops a method for accurately capturing the heterogeneous geometry of a viral capsid
and explores its effect on mechanical response with a nonlinear continuum elasticity model. Models of both native and swollen
cowpea chlorotic mottle virus capsids are generated from x-ray crystal structures, and are used in finite element simulations of AFM
indentation along two-, three-, and fivefold icosahedral symmetry orientations. The force response of the swollen capsid model is
observed to be softer by roughly a factor of two, significantly more nonlinear, and more orientation-dependent than that of a native
capsid with equivalent elastic moduli, demonstrating that capsid geometric heterogeneity can have significant effects on the global

structural response.

INTRODUCTION

Because of the extensive information that is available about
their reproducible structural organization and structural re-
sponse to environmental stimuli, protein shells of viruses, or
capsids, provide an ideal testing ground for the study of the
mechanical material properties of two-dimensional protein as-
semblies. Understanding of the physical properties of viruses
has been important in their use in nanotechnology applications
(1,2), in design of new virus-based materials (3,4), and for a
deeper understanding of the relationship between mechanics
and infectivity (5). In the last few years, atomic force micros-
copy (AFM) has been established as an experimental means of
probing viral mechanics by measuring the force response of
individual capsids during indentation between a glass substrate
and an approximately round AFM tip. Most of the recent flurry
of research activity on capsid nanoindentation has been sum-
marized in two recent review articles (6,7).

Cowpea chlorotic mottle virus (CCMV), a roughly spheri-
cal plant virus, has been the focus of two recent nano-
indentation studies (8,9). CCMV provides a model structure
for studying the link between capsid chemistry and me-
chanical response because it self-assembles in vitro over a
range of buffer conditions to form protein sheets with a va-
riety of morphologies (10). The CCMV capsid, which pro-
tects a single-stranded RNA genome, is assembled from 180
identical protein subunits with 190 residues each arranged
into a truncated icosahedron with a triangulation number T =
3, according to the Caspar-Klug classification scheme for
icosahedral viruses (11). Like all icosahedral viruses, CCMV
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possesses the structural symmetries of an icosahedron,
identified by two-, three-, and fivefold symmetry axes. The
180 CCMV subunits are arranged into 12 pentamers with
fivefold symmetry and 20 hexamers with threefold (or quasi-
sixfold) symmetry, while the twofold symmetry sites are
found between adjacent hexamers. Additionally, quasi-
threefold symmetry sites can be found at junctions where two
hexamers contact a pentamer.

The fully packaged CCMV capsid exists in two distinct
structural states (12—14). The native structure of the wild-
type CCMV capsid, which is stable at pH 5 either with or
without the genome, has an average diameter of ~28 nm and
an average inner diameter of ~21 nm. As the pH is raised to
~7 at low ionic strength, a reversible swelling transition
occurs in which the average radius increases by ~10% for the
full capsid, whereas the empty capsid becomes unstable and
dissociates. Although the empty capsid of wild-type CCMV
is unstable at pH 7, a mutant (salt-stable) has been obtained,
which remains stable as a swollen capsid even at high pH and
ionic strength (15). The geometry of the native and swollen
forms of the wild-type CCMYV capsid are described to high
resolution by x-ray crystal and cryo-EM structures (13). The
first 26 residues are not visible in the cryo-EM map (13), and
are therefore disordered, and should not be expected to
function in any load-bearing capacity. It is known that the
disordered residues play a role in interactions with the RNA
(13). These structures indicate that the swelling of the capsid
is in response to electrostatic repulsion of negatively charged
acidic residues at the center of the quasi-threefold site, which
causes a pore to open between the three subunits. The hex-
amers and pentamers do not deform greatly, but rather move
relative to one another as the capsid expands. Functionally,
the appearance of pores in the swollen state of CCMV is
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believed to play a role in the disassembly process that re-
leases the genome into the host cell.

As shown in recent nanoindentation experiments, the in-
fluence of increasing pH is manifest in changes to the me-
chanical response of CCMV even before the structure of the
capsid begins to change. Experiments performed on the
empty wild-type capsid in its native state, at pH 5, reveal a
structure that is relatively stiff but prone to breakage (8,9).
Experiments performed on the empty capsid at pH 6 reveal a
capsid that is approximately three times softer and remains
elastic even when indented by an amount equal to its inner
diameter, with no observed failure (9). The capsid at pH 6 had
no measurable difference in height profile from the native, and
therefore did not appear to be physically swollen, seeming to
rule out any interpretation of the mechanical change as being
linked to changes in geometry. Accordingly Klug et al. (9)
accounted for changes in response by showing how treatment
of the swelling as a pH-excited soft elastic mode within a
Ginzburg-Landau framework leads to a renormalization of
the effective Young’s modulus and Foppel-von Kéarman
number. In this way, variation of the global constitutive pa-
rameters of the continuum shell model represents a coarse-
graining of the pH-affected molecular interactions at the local
scale of individual capsid proteins.

Although homogenized continuum elastic models like that
in Klug et al. (9) and elsewhere (5,8,16-20) provide an ex-
planation of capsid indentation mechanics consistent with
experiments, the degree to which heterogeneity in these
protein assemblies affects their global mechanical response is
still unclear. In the case of the swelling transition of CCMV,
local changes are obtained in both the structure and the in-
teractions at the quasi-threefold sites, providing an opportu-
nity to assess the mechanical effects of geometric and
constitutive heterogeneities.

A number of previous modeling studies have suggested
that the global mechanical response of capsids (6) and indi-
vidual proteins (21) is influenced more by shape or geometric
structure than by the subtleties of atomic interactions. Moti-
vated by these findings, this article presents a model that
addresses the effects of local, nonuniform geometric structure
on the global capsid response, while still utilizing the
framework of three-dimensional nonlinear continuum elas-
ticity. Using structural data that accurately capture the non-
uniform topography of both the native and swollen forms of
the CCMV capsid, we present a systematic methodology of
creating three-dimensional finite element meshes adhering to
the macromolecular structure. This new model allows for the
assessment of the effect of the geometric heterogeneity on
softening between the native and swollen states. It is found
that the protein rearrangements from the native to the swollen
structure lead to measurable geometric softening, enhanced
nonlinear character of the force-indentation response, and
new local deformation modes. Based on the model we make
two predictions, which should be experimentally testable: 1),
that the swollen, pH 7 CCMV capsid should be at least twice
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as soft as the unswollen capsid at pH 6; and 2), that the force-
indentation response of the swollen capsid should be more
nonlinear and noticeably sensitive to the orientation of in-
dentation relative to its symmetry axes.

METHODS

Smooth surface representations of macromolecules are commonly used for
visualization purposes, and are featured in standard software packages such
as Chimera (22) and VMD (23). Recently, methods have been developed to
construct volumetric finite element meshes of macromolecules (24-26)
based on smooth molecular surfaces. Here we use similar techniques to create
coarse-grained three-dimensional continuum models that adhere to the
geometric details of capsid structures determined by the methods of structural
biology. In this article, we create models using atomic-level structural data
from x-ray crystallography, but a similar meshing methodology has been
developed for structural data in the form of electron density maps. A more in-
depth study of the meshing approach along with a gallery of meshed viral
capsids and nanoindentation simulations are presented elsewhere (M. Gibbons
and W. Klug, unpublished). A synopsis of the two-step approach for con-
structing models is provided in the next section: first, molecular surfaces of the
capsid are constructed from a low-resolution density map of the structure; and
second, the region spanning the interior between molecular surfaces is tes-
sellated with tetrahedra. The resulting tetrahedral mesh represents a dis-
cretization of a three-dimensional bulk elastic body modeling the capsid shell,
which forms the structural input for finite element analysis of indentation as
described in Nanoindentation Simulations.

Nonuniform capsid topography

The starting point for the generation of three-dimensional models is the ac-
quisition of the atomic structure of the viral capsid of interest. Atomic coor-
dinates for many proteins, viral capsids included, are available from the Protein
Data Bank (28) and the Viper Data Bank (29). A mass density field that replaces
the point mass at each atomic position is mathematically constructed with a
truncated Gaussian density distribution. The densities of each atom are su-
perposed, yielding a global density field that can be evaluated at any point, r:

# atoms

pi(r)

i=1

p(r) =

) 1))

(=3fr-x7/20%), . (
e if |r — 1| <rpa

pi(r) = Po | | .

0 otherwise.

There are three parameters to be set in the density function: the amplitude, p,
which is arbitrarily set to be 1.0 for each atom; the standard deviation, o,
which determines the width of the Gaussian and therefore the structural
resolution of the surface; and the cutoff distance termed 7,,,,x, beyond which
the density value is considered zero. Here the cutoff distance is calculated as
three times the standard deviation. Low values of the standard deviation keep
the distance of influence around each atom small, increasing the level of
detail of the density field. Higher values of the standard deviation produce the
opposite result, and therefore the structural resolution of the modeled capsid
is user-defined.

The global density field is evaluated at the points on a regular three-di-
mensional grid, with lattice-spacing, a, which determines the coarseness or
fineness of the resulting surface mesh. An isosurfacing algorithm (here we
used the implementation of the marching cubes algorithm (30) from the
Visualization Toolkit (31)) is applied to create a surface triangulation rep-
resenting a constant density. The density range is from O outside the capsid or
in the center cavity where no atoms are present, to a maximum density, pmax,
somewhere across the shell thickness where the atoms are located in high
numbers. A constant density value (the isovalue) is chosen for the inner and
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outer surfaces such that the averaged dimensions match those of the atomic
structure. We found that an appropriate isovalue is usually roughly 1/2p,.x,
the value used in previous work (32) for reconstruction of low-resolution data
from the crystal structure of actin. In this way, we have generated low-res-
olution density maps and triangulated isosurface meshes from the atomic
coordinates of both the native and swollen forms of the CCMV capsid ob-
tained from the Viper Data Bank (29).

Surface mesh construction is illustrated using native CCMV, shown in
Fig. 1 a. Shown in the figure is a two-dimensional slice of the grid, which has
45 grid points per edge, or a grid spacing of 8 A. The grid points are color-
coded by the value of the global density function calculated at that point. The
density values range from 0 to 231. The two black lines represent curves of
constant density (density value chosen is 120) in the two-dimensional slice,
where linear interpolation is used to determine the exact intersection points.
Due to the empty central cavity within the capsid, the single constant density
value produces two closed contours, and in three dimensions, the procedure
produces two closed triangulated surfaces. The atomic structure of the native
CCMV is overlaid onto the final surface triangulation (Fig. 1 b). Notably,
while a few atoms lie outside of the surface, the contours of the overall
structure of CCMV are captured quite well.

Using the triangulated isosurface meshes as input, a tetrahedral volume
mesher (here we use the commercial finite element software ABAQUS/CAE (33)
for tetrahedral volume meshing) is employed to create three-dimensional tetra-
hedral meshes discretizing the region between the inner and outer surfaces. Final
tetrahedral meshes of the native and swollen CCMYV capsids are shown in Fig. 2.

All geometric and mesh parameters are given in Table 1. The grid spacing
and value of the standard deviation are chosen to produce a mesh of the
coarse-grained representation of the structure with ~10 times fewer vertices
than atoms. In practice, the values of the grid spacing and the standard de-
viation cannot be strictly independent: A lower value of grid spacing is
necessary for small standard deviations, to avoid under-resolving the details
in the surface. Similarly, a higher value of grid spacing is appropriate for
larger standard deviations, to avoid unnecessary fineness of the mesh.

It is not clear a priori how dependent the simulated force-indentation
response is on the user-defined levels of structural resolution and mesh
resolution. A thorough parametric study of the model, presented elsewhere
(M. Gibbons and W. Klug, unpublished), has shown that within a reasonable
range of o-values, the level of structural detail has essentially no effect on the
global force-deformation response. The rather coarse models presented in
this work (Fig. 2) are within this range.

The density value determining the inner and outer surfaces of the swollen
CCMV is selected such that the volume occupied by the tetrahedral meshes
of the native and swollen CCMV capsids is the same, consistent with con-
servation of mass before and after the swelling transition. The number of
degrees of freedom for both the native and swollen CCMV meshes are nearly
an order-of-magnitude lower than the total number of atoms; a significant
reduction that easily allows for the mechanics of large deformation to be
simulated for the structure.

Nanoindentation simulations

The capsids are modeled in the framework of finite-deformation continuum
hyperelasticity, such that the nonlinear effects of large displacements, rota-
tions, and strains are considered. Using the standard definitions of finite-
deformation continuum mechanics (34,35), the deformation of a body is
described by the one-to-one deformation mapping ¢: 8 — R?, which maps
material point at position X € B in the reference configuration of the body to
point X = @(X) in the deformed configuration of the body. The deforma-
tion gradient tensor is denoted as F = Ve, the right Cauchy-Green defor-
mation tensor is denoted as C = FTF, and the volume change ratio of current
to reference volume is given by the determinant of the deformation gradient,
J = dv/dV = det F. Hyperelastic material models that specify a strain energy
density function, W(C), giving the stored elastic energy per unit reference
volume at every material point in the body, and are invariant upon super-
posed rigid rotations, generally make them the most appropriate choice for
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FIGURE 1 (a) Two-dimensional slice of a grid showing the scalar density
values and the constant density lines cutting through the grid, with a value of
120. (b) A cut view of the atomic structure of the native CCMV capsid
overlaid onto the three-dimensional surface triangulation created with this
method.

large-deformation problems (34,35). Here we use the neo-Hookean model
extended to the compressible range, the simplest example of a hyperelastic
material with a response that is linear in the first invariant, /; = #r C,

1
W(C) =22t = 3) + S ho(log)* — pologs, (@)

where the linearized Lamé coefficients Ay and uo are related to the
Young’s modulus E and Poisson’s ratio v as Ao = Ev/[(1 — 2v)(1 + v)]
and wo = E/2(1 + v). The stress response is obtained from derivatives of the
strain energy density: first Piola-Kirchhoff stress tensor, P = OW/JF, or the
second Piola-Kirchhoff stress tensor, S = 20W/OC. These stress tensors are
related to the Cauchy stress tensor o as P = Jo'F’T, andS=JF 'oF ".Tna
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FIGURE 2 Outer and cut views of the (a) native and (b)
swollen CCMV meshes.

previous finite element study in which CCMV was modeled as a spherical
shell of uniform thickness (17), we showed that other higher-order forms of
the strain energy density function had no appreciable effect on the global
force-indentation response. Therefore, we avoid an exhaustive parametric
study of constitutive models in this work.

The model of the simulated AFM setup is shown with the glass substrate
below and AFM tip above the meshed capsid in Fig. 3. The AFM tip is
modeled as a rigid hemisphere with a radius of 20 nm, and the substrate is
modeled as a rigid flat plate. Contact between the rigid surfaces and the
capsid is modeled as rough friction, wherein points of contact are not allowed
to slide tangentially, consistent with the presence of weak adhesion sufficient
to keep capsids from sliding out from under the AFM along the surface during
the experiments (8,9). Displacement-controlled indentation was simulated on

TABLE 1 Data on atomic structure and tetrahedral meshes
for the native and swollen CCMV capsids

Atomic structure Finite element mesh

Capsid Atoms  dyg  dmin dmax @ o Nodes Elements
Native 214,440 264 201 292 8.1 12 25946 129,016
Swollen 214,440 305 230 336 7.7 12 32,049 144,081

Note that the atomic structure does not contain hydrogen atoms. Diameters,
d, lattice-spacing, a; and density distribution width, o, are given in A.

both the native and swollen forms of the CCMV capsid. In each simulation,
the total indentation is broken up into 100 equal increments. For the native
CCMV, the final indented height at the end of the simulations was set to be
14 nm, with an increment size of 0.13 nm. For the swollen CCMV, the final
indented height was set to be 16 nm, with an increment size of 0.16 nm. To
assess the effect of orientation on indentation response, separate simulations
for both native and swollen capsids were performed with the indentation axis
aligned with the twofold (see Fig. 3), threefold, and fivefold symmetry axes.

Experimentally, the stiffness of the capsid is given as a spring constant,
measured in N/m, which is calculated from the linear portion of the force
curve. For the (empty, wild-type) native capsid at pH 5, the spring constant
was measured to be ~0.15 N/m (8). To match the experimental spring
constant value, the Young’s modulus of the model was tuned for the native
CCMV capsid, with a value E = 215 MPa giving the best agreement
(comparable to the previous value of 280 MPa using a spherical shell model
(17)). This value is reasonable and consistent with the previously estimated
values. The same Young’s modulus was also used for the swollen CCMV
capsid. As noted above, previous models have suggested that the Young’s
modulus of CCMV changes with pH (9), thus equivalent values of Young’s
modulus for the native and swollen forms of the CCMV are likely not
physically meaningful. However, using equivalent values for the Young’s
modulus allows for the isolation of geometric effects on softening. The
possibility of combined material and geometric softening is discussed in
more detail later. In all cases, a Poisson’s ratio of 0.4 was used.
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RESULTS

The force curves produced by simulating indentation along
the three icosahedral symmetry orientations of the native
CCMYV capsid are shown in Fig. 4 a. Up to an indentation of
~4 nm, the three curves are nearly coincident and very close
to linear, which is consistent with the initial small-strain re-
sponse. There are two nonlinear features in all three curves
that are observed later in the indentation: stiffening, as indi-
cated by a positive curvature; and softening, as indicated by a
negative curvature. Stiffening events correspond to discrete
changes in contact geometry as additional capsomers contact
the AFM tip. As illustrated later in Fig. 6 a, the contact area of
the twofold orientation is initially confined to two adjacent
hexamers, while later additional contact is made with the two
nearest pentamers. The point at which the contact area be-
tween the capsid and the AFM tip increases is consistent with
the stiffening event observed at ~4 nm indentation on the
twofold orientation. A similar abrupt increase in contact area
between the bottom of the capsid and the substrate also oc-
curs, but slightly earlier in the indentation. (Curvature of the
tip away from adjacent capsomers delays contact further than
the flat substrate.) However, the increase in stiffness seen in
the force-indentation curve occurs only after both the upper
and lower portions of the capsid have experienced the in-
crease in contact area, thus the stiffening events appear to be
controlled by contact with the AFM tip.

Softening begins only after the shell geometry has become
relatively flat underneath the tip, in contrast to the initially
curved shell geometry, which is most easily seen in a cut view
of the von Mises stress (Fig. 5 a). At an indentation of 10 nm,
the native twofold capsid is several nanometers past the point
at which negative curvature appears in the force curve (~7
nm), and indeed, it appears that the curvature of the shell near
the point of contact has actually reversed from the initial
configuration. The stress is concentrated at the inner and
outer surfaces of the capsid, with the highest stress (outside of
the contact regions) existing where the capsid is thinnest,
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FIGURE 3 Outer views of the modeled experimental
setup for the native (left) and swollen (right) CCMV capsid.
Capsids are oriented such that indentation is along a
twofold symmetry axis; other orientations not shown. The
AFM tip is modeled as a rigid hemisphere with a radius of
20 nm, and the substrate is modeled as a flat, rigid plate.

consistent with bending-dominated deformation. From ~7
nm of indentation onwards, the deformation in the capsid is
localized to the bending, or wrapping, of the upper portion of
the capsid toward the AFM tip.

Both the changes in contact geometry and the geometry of
the current deformed configuration affect the load path, or
how the AFM tip force is transmitted through the shell down
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FIGURE 4 Contact force curves for the native (a) and swollen (b)) CCMV
indented on each of the rotational symmetry orientations, as a function of the
capsid indentation.
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d=2nm

d=10nm

FIGURE 5 Cut side views of the von Mises stress (shown in MPa) at
several points during the indentation, illustrating the transition to a bending-
dominated motion. This can be seen by viewing the capsomers in the upper
portion of the capsids, which undergo very little deformation, but undergo a
noticeable rotation.

to the substrate. With increases in the contact area, the in-
dentation forces can be distributed more evenly through the
shell, making more efficient use of the material and leading to
an overall increased stiffness in the response. The softening
events are consistent with a change from stretching-domi-
nated to bending-dominated deformation, as they occur when
the shell becomes locally flat such that pure bending is pos-
sible. It is a well-known structural mechanics result that
bending of a curved shell is always accompanied by
stretching, resulting in a response that is stiffer than the
bending response of a flat plate (36). Indeed stretch-bending
coupling is the primary mechanism that makes curved thin
shell structures so efficient at supporting loads (37).

The stiffening and softening behaviors described for the
native capsid indented on the twofold symmetry orientation
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are also present in the curves for the three- and fivefold
symmetry orientation curves, although the order of occur-
rence is reversed. Softening follows the initial linear region,
and is then followed by the stiffening events. Changes in
contact geometry that cause stiffening are seen on the three-
and fivefold symmetry orientations at later points in the in-
dentation, at 6 nm and 8 nm of indentation, respectively. In
both cases, the initial contact area is confined to a single
hexamer (threefold) or pentamer (fivefold), and the contact
area abruptly increases to include the surrounding six and five
capsomers, respectively, as seen in Fig. 6 a. Softening events
consistent with a transition from stretching to bending-dom-
inated deformation occur soon after the initial linear region of
4 nm indentation, with further softening impeded by the
sudden increase in contact area described above. Specifically,
the areas surrounding the indented hexamer of the threefold
and the pentamer of the fivefold orientations have a much
lower thickness than the capsomers themselves, and much
of the deformation is localized to the bending of this region.
The bending response of the fivefold orientation is evident
in the cut view of the von Mises stress in Fig. 5 b, which shows
the nearly flat nature of the shell near the point of contact
with the AFM tip at 6 nm of indentation and the concentration
of the stresses near the outer edges of the capsid. As in the
twofold orientation described above, the highest stresses in
the capsid (outside of the contact regions) are in the thin re-
gions between capsomers. The stress response for the capsid
indented on the threefold orientation is not shown, as the re-
sults are qualitatively similar to that of the fivefold orientation.

Qualitatively, the contact force behavior during indentation
on the swollen CCMV capsid is similar to indentation on the
native CCMYV capsid; the response of the capsid indented on
the twofold orientation is generally stiffer, while the responses
of the three- and fivefold orientations show more pronounced
softening after the initial linear response (see Fig. 4 b).
Quantitatively, the native and swollen results are quite dif-
ferent. The region of approximately linear response extends
only to ~3 nm of capsid indentation, and the response of the
capsid indented on the twofold orientation is noticeably stiffer
than the other two symmetry orientations, which show dra-
matic softening. After the initial linear response, the three
curves separate noticeably; as in the native case, the nonlinear
behavior can be attributed to changes in the local contact
geometry (stiffening events) and the transition to bending-
dominated deformation (softening behavior). The bending
response is amplified in the swollen capsid due to the presence
of the holes, which cause a reduction of the effective thickness
of the capsid. Additionally, the bending response is much more
clearly located in the thin connections between capsomers,
with very little, if any, deformation of the capsomers them-
selves. There is a buckling event that occurs at ~10 nm of
indentation on the twofold symmetry orientation, wherein the
entire upper area of the capsid bends around the curved surface
of the AFM tip. The presence of the holes in the swollen capsid
cause the capsomers to be connected with thin bridgelike arms,

Biophysical Journal 95(8) 3640-3649
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a Native CCMV

Two-fold Three-fold

d=2nm

d=10nm

b Swollen CCMV

Two-fold Three-fold

d=3nm

d=11 nm

and these arms are easily deformed during the buckling event.
The sharp upturn in the force curve can again be related to a
sudden increase in contact area after the capsid has bent around
the AFM tip. The force curves for the three- and fivefold
symmetry orientations show marked softening before the
sharp upturn, and it is arguable that those orientations are in
the process of buckling, but the buckling event is halted by the
increase in contact area with the AFM tip that occurs earlier in
the indentation than for the capsid in the twofold orientation.

DISCUSSION

The experimental indentation depth on the native CCMV
capsid reaches only ~4-5 nm before failure occurs, as evi-
denced by a steep drop in the force and a drop in the capsid
stiffness (8,9). Given that the simulated response at these
indentations remains linear—consistent with small-strain
shell theory—it is understandable that the experimental force
curves are indistinguishable. Due to the failure of the native
CCMV capsid observed in experiments, large elastic inden-
tations at which the model predicts geometry-related non-
linearity are physically inaccessible. Furthermore, when the

Biophysical Journal 95(8) 3640-3649

Gibbons and Klug

Five-fold

FIGURE 6 Top views of the contact area (show-
ing the magnitude of the nodal contact force, in pN)
for (@) the native and (b) swollen CCMV capsids at
several points during the indentation.

Five-fold

simulated results are plotted as a function of the total dis-
placement of the capsid plus AFM (Fig. 7 a), the nonline-
arities are almost completely masked, due to the linear
response of the AFM cantilever. In this plot, the AFM can-
tilever is modeled as linearly elastic with spring constant k =
0.05 N/m, as reported in Michel et al. (8). To understand the
masking of nonlinearity, a straightforward calculation for a
linear spring of stiffness k,sy, in series with a nonlinear spring
of stiffness kg, reveals that the curvature ¢ of the force
versus total displacement response is related to the curvature
Ceap Of the nonlinear spring force response by

kcap -
Ciot = +1 Ceap-

For the experiments in Michel et al. (8), kcap/karm ~ 3, which
gives Cio & Ceqp/64, indicating substantial suppression of
nonlinearity in the force response plotted against total dis-
placement. According to this simple calculation, a stiffer
cantilever would more accurately represent the nonlinearity
of the capsid response; however, stiffening the cantilever can
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FIGURE 7 Contact force curves for the native (a) and swollen (b) CCMV
indented on each of the rotational symmetry orientations, as a function of the
total displacement, which includes the AFM tip displacement (AFM tip k£ =
0.05 N/m).

decrease the signal/noise ratio of the tip deflection mea-
surement, leading to overall less accurate measurement of the
capsid response (38). In principle, the deconvolution opera-
tion of subtracting the AFM displacement from the experi-
mental curves is possible, which would allow for direct
comparison with the simulated curves of the type shown in
Fig. 4. In practice, this deconvolution also decreases the
signal/noise ratio, making it difficult to quantify nonlinearity
(38). Although these observations are probably not applica-
ble to the native CCMYV capsid, as failure occurs before the
predicted onset of significant nonlinearity, they might hold
some relevance in the interpretation of indentation results of
other viruses; in particular, the swollen CCMV capsid and
viruses that exhibit nonlinearities at lower indentation values.

To gain clearer perspective on comparing the swollen
model to previous experiments, the three contact force curves
for the swollen CCMV capsid are plotted versus the total
displacement in Fig. 7 b. The curves show noticeable soft-
ening, roughly by a factor of two relative to those of the
native capsid. It is useful to observe that this softening is

3647

greater than would be predicted for swelling of a uniformly
thick spherical shell. The stiffness of such a shell scales as
k ~ Ef/R, where E is the Young’s modulus, ¢ the shell
thickness, and R the shell radius. Assuming that volume of
the shell, scaling as th, is conserved during swelling, a 10%
increase of the radius, R = 1.1 Ry, gives AR = 1173
t% /Roork = 1.17° ko =~ 0.62 ky. Hence the factor 0.5 between
the stiffnesses of the swollen and native shells in the present
geometrically nonuniform models represents even greater
significant geometric softening, presumably due to the de-
velopment of pores and the severe thinning of the ‘‘arm”’
regions connecting capsomers in the swollen structure.

In comparison to the geometric softening evident in the
present simulations, the experiments presented in Klug et al.
(9) observed a stiffness reduction by a factor of three between
the native pH 5 and intermediate pH 6 capsid. As previously
noted, AFM measurement of height profiles indicate that the
PH 6 capsid is not swollen relative to the pH 5 capsid. As there
are no detectable structural changes, this seems to rule out the
possibility of any geometric softening in the pH 6 case,
pointing to pH-triggered changes in protein-protein interac-
tions. It seems likely that the softening from pH 5 to pH 6 is
linked to the local changes in the bonding environment
(changes or interruptions in the protein-protein interactions at
the quasi-threefold orientation) that act to weaken the capsid as
a whole, perhaps as a precursor to the actual physical opening
of the pores. Since within the continuum elasticity framework,
shell stiffness scales linearly with Young’s modulus, the pH
5-6 softening can be modeled as a factor-of-three decrease in
the effective Young’s modulus of the shell.

In the study of Michel et al. (8), the full (packaged) salt-
stable mutant was indented by AFM under low pH condi-
tions, and it was found that the stiffness was 50% higher than
that of the full wild-type capsid, due to a large number of new
protein-protein interactions caused by the point mutation. If
this mutant were subjected to experimental AFM indentation
while empty at both low and high pH (i.e., in native and
swollen forms), which seems feasible given the stable nature
of the capsid, the results of the present model suggest that its
response would exhibit geometric softening, with the stiff-
ness reduced by a factor of two. Furthermore, based on the
pH sensitivity of wild-type CCMV demonstrated in Klug
etal. (9), it is conceivable that the salt-stable mutant may also
exhibit material softening, which could be by a factor of three
or more. However, the effect of the point mutation on pH
sensitivity of mechanical properties remains unclear. The
precise amount of any further material softening between the
pH 6 and pH 7 states cannot be predicted by the current
model in the absence of further experimental characteriza-
tion. AFM indentation experiments would need to be per-
formed to determine the total stiffness change triggered by
swelling, from which this model could provide a method to
extract the portion attributable to material softening as any
additional factor of softness that is measured beyond the
factor of two due to geometric softening.
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It is possible that, like the native wild-type CCMYV capsid,
the swollen salt-stable capsid may exhibit material failure
before the interesting nonlinear behaviors predicted in this
article can be observed, especially given that the holes in the
capsid cause the bulk of the forces to be transmitted through
the thinnest regions of the capsid, the ‘‘arms’’ that connect
the capsomers to one another. However, the wild-type capsid
exhibited two important features in the transition between pH
5 and pH 6 states: material softening, which has been dis-
cussed, and an apparent transition from a brittle to ductile
structure that showed no signs of failure. Therefore, it re-
mains a distinct possibility that the fully swollen capsid will
inherit the ductile behavior of the pH 6 capsid, and will not
fail before observable nonlinear behaviors emerge.

An interesting result of the experiments performed on the
native capsid is that although differences in the height profiles
were sufficient to determine which symmetry orientation was
being indented, the corresponding force curves were indis-
tinguishable (8). This is perhaps surprising, given the differ-
ence in local geometry of contact with the AFM tip among the
three orientations. This raises the question of whether orien-
tation-dependence of the force response could be enhanced by
indentation with different tip sizes. The radius of the AFM tip
was varied as a parameter in the previous geometrically sim-
plified three-dimensional models of the native CCMV capsid
(17). It was found that by varying the radius of the AFM tip
from small (approaching a point load) to infinite (a flat plate),
the response at small indentations remained identical, while a
slight softening and slight stiffening at larger indentations was
observed, respectively. However, due to the simplified nature
of the geometry, there were no distinct symmetry orientations
on which to indent. In this study, the AFM tip was modeled as
a hemisphere with a radius of 20 nm, which is the approximate
size of the AFM tip used in the experiments, and it was shown
that there are subtle differences in the force curves when in-
denting on the three symmetry axes, although probably not of
a high enough magnitude to observe, due to experimental
noise. Therefore, we also simulated indention of the current
nonuniform models with several smaller AFM tip sizes, to
ascertain the extent to which the size of the tip would produce
divergence in the three force curves. The AFM tip radius was
lowered to 10 nm and 5 nm, and although lowering the tip
radius allows for the three force curves to diverge slightly, this
occurs after indentations at which failure is expected to occur
(see Fig. 8). Although these results do not suggest any
promising new directions for experiments, they do seem to
highlight the relative unimportance of the size of the AFM tip
on the resulting force curves.

Finally we note that the current modeling techniques pre-
sented here are limited to assessing the effect of structural
changes on mechanical behavior, whereas the opening of the
pores in the CCMV capsid are a symptom of a change at
the molecular level that might be described by a change in the
material properties. This is one of the drawbacks of employing
homogeneous material properties in the current model, and a
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feature that calls for further future study. It seems that to fully
model the mechanical behavior of the CCMV capsid (or any
capsid) would require a more detailed material model based on
the molecular level response to applied forces. Toward this
goal, either homogenization or concurrent multiscale simula-
tion approaches would seem to offer future promise.
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