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Mechanical Properties of the Icosahedral Shell of Southern Bean
Mosaic Virus: A Molecular Dynamics Study
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ABSTRACT The mechanical properties of viral shells are crucial for viral assembly and infection. To study their distribution and
heterogeneity on the viral surface, we performed atomistic force-probe molecular dynamics simulations of the complete shell of
southern bean mosaic virus, a prototypical T = 3 virus, in explicit solvent. The simulation system comprised more than 4,500,000
atoms. To facilitate direct comparison with atomic-force microscopy (AFM) measurements, a Lennard-Jones sphere was used as
a model of the AFM tip, and was pushed with different velocities toward the capsid protein at 19 different positions on the viral
surface. A detailed picture of the spatial distribution of elastic constants and yielding forces was obtained that can explain cor-
responding heterogeneities observed in previous AFM experiments. Our simulations reveal three different deformation regimes:
a prelinear regime of outer surface atom rearrangements, a linear regime of elastic capsid deformation, and a rearrangement
regime that describes irreversible structural changes and the transition from elastic to plastic deformation. For both yielding
forces and elastic constants, a logarithmic velocity dependency is evident over nearly two decades, the explanation for which

requires including nonequilibrium effects within the established theory of enforced barrier crossing.

INTRODUCTION

Viral capsids are self-assembled nanostructures consisting of
a protein shell to protect the genetic material inside. The shell
geometry, which is usually icosahedral-like for plant and
animal viruses, plays an important role in material properties
such as elasticity and stiffness (1). The simplest viral shells
consist of 20 identical subunit proteins that assemble to an
icosahedral shell, with triangulation number T = 1 geometry
(2). Because of the capsid’s main function as gene carrier, a
number of studies have addressed viral shells as bio-nano-
containers, e.g., studies of DNA in gene therapy, or of other
materials such as drugs to manipulate living cells (3).

One of the major challenges in this approach involves
a fundamental understanding of the shell’s elastic properties
as a prerequisite for use as a template in materials science.
Furthermore, the determination of whether, and to what
extent, stiffness parameters such as elastic constants and
Young’s modulus (as well as fracture behavior) vary across
the viral surface (4) will be important in understanding the
processes of self-assembly, maturation, and infection of cells
(5). Viral capsids exhibit a strong robustness, stability, and
also high elasticity, which was found to withstand internal
pressures of up to 60 atm, caused by DNA inside (6).
Although RNA viruses assemble spontaneously in vitro
and RNA does not impose such high internal pressures, these
capsids are extremely stable and exhibit highly elastic
behavior against external forces. The characterization of
the elastic properties of these elastic RNA viral shells should
also shine a light on the remarkable stability of DNA viral
capsids. However, before genetic material is released from
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the capsid, a transition of the mature viral shell to a structure
that can release DNA/RNA occurs, in some cases observed
as swelling of the capsid (7). Moreover, the question of
how the mechanical properties change for a swollen virus
remains unclear, and the answer would help in understanding
where the genetic material leaves the capsid during infection.

A new route to probe elastic properties was opened by
atomic-force microscopy (AFM) measurements (8). Many
different viruses were investigated, such as spherical plant
and animal viruses (9-18), retroviruses such as human
immunodeficiency virus (HIV) (19), murine leukemia virus
(20), and bacteriophages (21,22). For all capsids, the viral
shells exhibited highly elastic behavior upon indentation
with the AFM tip, whereas the mechanical properties varied
markedly between experiments with empty and full capsids.
The elastic response of the empty prohead of bacteriophage
¢29 during nano-indentation with an AFM tip was reported
by Ivanovska et al. (21). A linear elastic response was found
when the AFM tip was pushed into the capsid. For indenta-
tion below 30% of the capsid length, deformation was found
to be reversible. Higher indentations caused a fracture of the
viral shell, and a rapid force decline was evident. Further,
a bimodal distribution of elastic constants was seen, with
peaks at 0.18 N/m and 0.3 N/m. The maximum forces before
fracture occurred were ~2.5 nN.

Similar observations were made by Michel et al. (13) in
AFM experiments on full and empty cowpea chlorotic mottle
virus (CCMV) (16). A bimodal distribution of elastic
constants was also observed, with similar values as for
$29. Carrasco et al. investigated the mechanical properties
of full and empty icosahedral capsids of the DNA minute
virus of mice (MVM) via AFM experiments (23). Those
authors reported the stiffness of the empty capsid to be
isotropic, whereas the presence of DNA inside the virion
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led to an anisotropic reinforcement of virus stiffness with
respect to the twofold, threefold, and fivefold symmetry
axes. The elastic constants and maximum forces for empty
capsids were reported as 0.15 N/m and 0.60 nN, respectively,
and for full capsids as 0.20 N/m and 0.81 nN, respectively,
on average.

The origin of this discrepancy between the bimodal distri-
bution of elastic constants of empty CCMV as well as ¢29,
and the single peak seen for empty MVM, is unclear. This
discrepancy may reflect inherently different elastic properties
of the studies’ shells. Because of their similar architecture,
however, other explanations seem more likely. For example,
because in an AFM experiment the exact contact is difficult
to determine, different elastic constant histograms may
result. Moreover, because the typical size of the AFM tip
does not allow probing of the mechanical properties of the
capsid at atomic resolution, the measured histograms will
also depend on the size and shape of the particular tip. A
near atomistically sharp tip would alleviate this problem (1).

Theoretical studies are therefore required to complement
AFM experiments, and in particular to address the following
questions: How do mechanical properties vary between full
and empty capsids, and what are the structural determinants?
How and why do mechanical properties differ along the
twofold, threefold, and fivefold axes for icosahedral viral
shells? What is the role of mechanical properties during cell
infection, and is there a *‘gate’’ that can open to release genetic
material? Using elastic network normal mode analysis, Tama
and Brooks (24) suggested that pentamers are more flexible
and show enhanced internal motions compared with hexam-
ers. In contrast, Hespenheide et al. (25) proposed a larger
stiffness of pentamers compared with hexamers from percola-
tion rigidity calculations. Similar results were obtained by
Zandi and Reguera (26), who determined local stresses and
pressures from continuum modeling calculations.

Recent continuum modeling studies (27,28), as well as
coarse-grained modeling (29), investigated the buckling of
viral capsids under applied forces. All these theoretical
approaches rely on the salient assumption that atomic detail
can be neglected in the attempt to quantify and explain the
mechanical properties of viral shells. However, because the
reaction of many proteins upon mechanical stress depends
critically on atomic detail (30), and can be drastically altered,
e.g., by single-point mutations (31), this assumption is ques-
tionable. Unfortunately, the sheer size of viral capsids has so
far prevented molecular dynamics simulations from going
beyond equilibrium studies (32), and from addressing the
above questions at the atomic level.

We focus on the elastic properties of the RNA plant virus
southern bean mosaic virus (SBMV), which is a typical
representative of icosahedral viruses with T = 3 geometry
(33,34) (Fig. 1 A). The capsid contains 180 copies of
a 226-residue protein. Three of the proteins form an asym-
metric subunit, whereas 60 subunits build up to the complete
structure. Three calcium ions are placed between the proteins
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FIGURE 1 (A) Southern bean mosaic virus is built up from 60 subunits,
each composed of protein A (red), protein B (blue), and protein C (green).
Black symbols denote fivefold, threefold, and twofold symmetry axes.
Triangle (black outline) marks one subunit. The approaching tip-sphere
(orange) is located close to the surface, and is attached to a “‘virtual” spring
that pushes the tip-sphere against the viral shell. (B) One of 60 subunits. In
each force-probe simulation run, the tip-sphere is pushed with constant
velocity against one of 19 grid points (black spheres).

of a subunit to stabilize the structure (35-39). The subunits in
turn are organized into two different structural units (cap-
somers), i.e., pentamers and hexamers. For T = 3 viruses,
there are 12 pentamers, each surrounded by one of 20 hex-
amers. The fivefold symmetry axis passes through the center
of the pentamers, and the threefold symmetry axis through
the center of the hexamers.

We performed all-atom nonequilibrium force-probe
molecular dynamics (FPMD) simulations (30,40,41) of the
complete shell of SBMV fully solvated in water. With
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aradius of r = 18 nm, this virus is relatively small compared
with other icosahedral RNA viruses, which rendered our
extended molecular dynamics (MD) simulations feasible.
In our simulations, a simple model for the AFM tip was
pushed with different velocities and at various positions
toward and into the surface of the viral capsid. In total, the
simulation system contained more than 4,500,000 particles,
and is, to our best knowledge, one of the largest biomolec-
ular systems simulated so far.

METHODS

System setup and molecular dynamics
simulations

The x-ray structure of the SBMV capsid (42,43), including 180 calcium
ions, was taken from the Protein Data Bank (code 4sbv) and VIPER data-
bank (44,45). To set up the simulation system, we used the GROMACS-
3.3.1 simulation software package (46) with the TIP4P water model (47).
After adding hydrogen atoms to the crystal structure of the protein with
the GROMACS tool pdb2gmx, the viral capsid was solvated in a rhombic
dodecahedral box of 366 x 366 x 372 A3, with box vector angles of
60° x 60° x 90°. In total, 2576 sodium ions and 2936 chloride ions were
added, corresponding to a 150 mM physiological ion concentration. The
simulation system contained 564,000 protein atoms, including 180 Ca%*
ions, and ~1,000,000 water molecules, totaling 4.5 million particles.

Molecular dynamics simulations were performed with GROMACS-3.3.1,
using the OPLS-AA force field (48). The protein and the solute were sepa-
rately coupled to an external temperature bath (49), with coupling times 77 as
defined below. An isotropic Berendsen barostat with 7, = 1.0 ps and
a compressibility of 4.5 x 107 bar~ ' was used to keep the pressure at
1.0 bar (49). Lennard-Jones and van der Waals interactions were explicitly
calculated within a cutoff distance of 0.9 nm, and long-range electrostatic
interactions were calculated using the particle-mesh Ewald method (50),
with a grid spacing of 0.12 nm.

The system was energy-minimized with a 300-step steepest decent algo-
rithm. Subsequently, the system was equilibrated by MD runs at 10 K and
300 K as follows. First, the system was coupled to a heat bath at 77 =
0.001 ps, with no pressure coupling applied. A 50-ps MD simulation was
performed, with integration time steps of 0.5 fs and harmonically con-
strained heavy protein atoms with a force constant of k = 1000 kJ mol~"'.
For the subsequent 100-ps simulation, the constraints were released, and
further 100-ps simulations were performed with integration steps of At =
1.0 fs, and all bonds were constrained using the LINCS algorithm (51)
and a weaker temperature coupling of 7 = 0.01 ps. Integration steps of 2.0
fs were used for further 200 ps at 7 = 0.1 ps and a pressure coupling at
1.0 bar, 7, = 1.0 ps. Finally, the simulation system was heated up to 300
K at a heating rate of 1 K/ps and subsequently equilibrated for 13 ns in total.
During all simulations, the root mean-square deviation (RMSD) from the
x-ray structure of the viral shell was monitored, as was its radius of gyration.

Force-probe MD simulations

All FPMD simulations were run on an NPT ensemble with 77 = 0.1 ps and
7, = 1.0 ps. In contrast to the equilibration runs, FPMD simulations were
performed with the GROMACS 4.0 CVS version of July 4, 2007 (52,53)
for efficiently reasons. As a simple model of the AFM tip, a Lennard-Jones
sphere (Lennard-Jones parameter ¢ = 5.0 nm and ¢ = 0.001 kJ/mol) was
used. This ““tip-sphere” was subjected to an isotropic harmonic potential:
k 2

Vip(t) = E(X(Z) —Xo — Vi), (1)
the minimum of which was moved at a constant velocity v in a direction
perpendicular to the surface of the viral shell (Fig. 1 A). Here, k = 1000
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kJ/(mol nm?) is the spring constant, x is the current position of the tip-sphere,
and xy is its initial position.

To obtain an “elasticity map” of the viral surface, 19 simulations were
performed, each with the “tip” directed and moving toward a different
grid point on the capsid surface (Fig. 1 B). The grid points were evenly
distributed on the triangular surface of subunit 12 (one of 60 identical
subunits). In all cases, the center of mass of the protein was kept in place
during the simulation, to prevent any drift of the viral shell.

The instantaneous force acting on the shell was calculated from the force
Fy, acting on the tip-sphere using Hooke’s law:

Fi,(t) = —k(x(t) — %o — v?). )

All force-probe simulations were performed with two different probe
velocities of the tip-sphere, 0.05 nm/ps and 0.01 nm/ps. To study the variation
of forces with probe velocity in more detail, a series of simulations along the
fivefold symmetry axis toward the center of a pentamer was performed with
nine different probe velocities, ranging from 0.001 nm/ps to 0.05 nm/ps. For
each simulation, the velocity vector was chosen to be perpendicular to the
tangent through the grid point toward which the tip-sphere was pushed. To
rule out anecdotal events, all force-probe simulations were performed at least
twice. The first series of force-probe simulations commenced in structures ex-
tracted after 12 ns of the equilibration run, and the second series in structures
taken after 13 ns. A total of 76 indentation simulations for each probe velocity
(0.01 nm/ps and 0.05 nm/ps) was performed. To study the relaxation behavior
of the capsid, the pushing potential acting upon the tip-sphere was switched
off at different times in a number of selected simulations.

All FPMD simulations were performed on 32 or 64 processors of an SGI
Altix 4700 cluster. We used a total of more than 800,000 CPU hours of
computation time.

Analysis

Elastic constants from capsid indentation were calculated from the linear
regime in the force-distance plot, using linear regression (Fig. 2 A). The start
and endpoints of linear regimes were determined manually. Yielding forces
were obtained from the maximum force in each force-distance plot.

For a graphic representation of the distribution of elastic constants and
yielding forces on the surface of the viral shell and subunit, the elastic
constants and yielding forces, respectively, of the 19 chosen grid points
were used, and the respective values were interpolated at the position of
all atoms of the subunit, using Gaussian functions. Accordingly, the elastic
values K'; for atom j at position x; were calculated as

5 e (520

with a Gaussian width of ¢ = 0.8 nm, chosen to interpolate optimally
between the distances of the 19 grid points. Here K; is the elastic value of
one of the 19 grid points.

3

RESULTS AND DISCUSSION
Equilibration

During the 13 ns equilibration phase, the RMSD and the radius
of gyration of the viral shell were recorded and compared with
the initial x-ray structure. The RMSD rose from 1.96 A at
1.0 ns to 2.50 A at 10 ns, and subsequently remained stable
at 2.62 A after 12 ns, such that we consider the system suffi-
ciently equilibrated after 13 ns for the mechanical properties
under consideration. The radius of gyration remained constant
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FIGURE 2 (A) Force actings on tip-sphere as a function of time (blue) and distance (red) during typical force-probe simulation in which tip-sphere was
pushed against protein A of SU 12 at a probe-velocity of 0.01 nm/ps. Three regimes can be distinguished: 1), a prelinear regime; 2), a linear regime; and
3), a rearrangement regime. Black line depicts slope in the force-distance plot from which the elastic constant (in N/m) is determined. (B) Sketch of SU
12 (yellow) and adjacent subunits (white). Black dots mark grid points at which elastic properties were determined by force-probe simulations in which
the tip-sphere was pushed at a probe velocity of 0.01 nm/ps against the capsid. The obtained elastic constants are shown in red, green, and blue; different
colors of numbers denote different push-vector directions perpendicular to the viral surface. (C) Color-coded distribution of elastic constants on the viral shell,
obtained from values in B (soft, blue; stiff, red). (D) Zoom to subunit 12, with color-coding as described in C. (E) Histogram of elastic constants obtained from
38 FP simulations toward 19 grid points shown in B, at probe-velocity of 0.01 nm/ps.

at 131.5 + 0.5 A, the value of the x-ray structure. All Ca®"
ions remained at their original positions.

While the force-probe simulations were being performed,
we additionally equilibrated the system for 6.5 ns, totaling
19.5 ns. The RMSD remained stable and did not increase
(see the Supporting Material). Some extra force-probe simu-

lations were performed after 19.5 ns of equilibration.
Comparison of the force-probe simulations started from
structures extracted after 13 ns and 19.5 ns of equilibration
revealed no significant differences in mechanical properties.
Values obtained after 19.5 ns were within the errors of values
obtained after 13 ns of equilibration (see below).
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Regimes of deformation

To study the spatial distribution of elastic properties, we
chose a grid of 19 evenly distributed points on the triangular
surface of subunit (SU) 12, which covered the complete
subunit and the directions along the fivefold, threefold, and
twofold symmetry axes. To facilitate comparisons with
AFM experiments, the tip-sphere was pushed toward each
grid point, for a total of 76 simulations: two for every point
at probe velocities of 0.01 nm/ps, and two at 0.05 nm/ps. In
contrast to the AFM experiments, the tip-sphere could be
positioned precisely, such that high spatial resolution of
the mechanical properties of the capsid was achieved.

In each of the 76 FPMD simulations, the tip-sphere was
first located close to the viral surface, and then pushed
through the water layer and against the capsid. Fig. 2 A
shows a typical force-distance (red) and corresponding
force-time curve (blue), taken from a simulation in which
the tip-sphere was pushed toward the center of mass of
protein A of SU 12 at a probe velocity of 0.01 nm/ps. At
the beginning of the simulation, the tip-sphere moved
through the water for 120 ps before it touched the capsid,
at which point the force increased. As shown in Fig. 2 A,
three regimes can be distinguished: prelinear (/), linear (2),
and rearrangement regime (3).

The prelinear regime is characterized by small forces,
heterogeneously distributed over the surface. These forces
originate from local deformations of an outer capsid layer con-
sisting mainly of loops and (-strands. When the tip-sphere
initially touched the capsid, the first layer was pushed toward
the viral center, thereby approaching underlying layers. The
subsequent contact between the two layers marks the transi-
tion from the prelinear (/) to the linear regime (2). The linear
regime is characterized by elastic deformation of the viral
shell. The slope in the force-distance curve determines the
elastic constant of the capsid at its respective position. After
~390 ps, the force bended over to a nonlinear behavior, and
finally leveled off at 560 ps at a yielding force of Fi.x =
3310 pN. Subsequently, the tip-sphere was pushed inside
the virus and left the shell, resulting in a rapid force decline.
Remarkably, substantially increased fluctuations were evident
in the rearrangement regime, which, together with mechanical
properties, will be analyzed in structural terms below.

These three regimes were observed for all 19 grid points.
Because of the heterogeneity of the protein structure and its
outer layer, the prelinear regime was less pronounced, e.g.,
for the grid point between proteins B and C of SU 12.
Further, in several cases, the length of the rearrangement
regime was much shorter than shown in Fig. 2 A, e.g.,
only a few picoseconds, as with an approach along the five-
fold symmetry axis.

Distribution of elastic constants

Based on the 38 simulations at a probe velocity of 0.01 nm/ps
toward the 19 evenly distributed grid points on subunit 12,
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the distribution of elastic constants was obtained (Fig. 2,
B-D). The dots mark the grid points toward which the tip-
sphere was directed. The distribution of elastic constants
was quite heterogeneous. The largest elastic constant
(4.33 N/m) was found at the fivefold symmetry axis toward
the center of the pentamer, followed by the two threefold
symmetry axes (centers of hexamers) (3.42 N/m and
3.53 N/m, respectively). With regard to the question of
whether pentamers or hexamers are more stable, our results
show a significantly higher stiffness for pentamers.

The weakest point was found at the center of the subunit
(quasi-threefold axis) with an elastic constant of 1.82 N/m,
where the three proteins of the subunit met, followed by
the elastic constant along the twofold symmetry axis
(1.89 N/m). Interestingly, the elastic response for pushing
the tip-sphere toward the interface of SUs 12 and 11, as
well as the interface of SUs 12 and 28, was consistently larger
at the grid points where the A-proteins met (2.46 N/m and
2.61 N/m) than between proteins B and C (2.17 N/m and
2.28 N/m, respectively).

Two effects may contribute to this mechanical asymmetry.
First, compared with the grid point at the subunit interface
between proteins B and C, the grid point between A-proteins
is closer to the center of the pentamer that exhibits the high-
est elastic constant, which might influence the respective
stiffnesses. Second, the interaction between proteins B and
C might be weaker than those between the A-proteins, which
could give rise to differing mechanical properties.

Next, we focus on the force-probe simulations in which
the tip-sphere was pushed toward the three proteins inside
SU 12. All resulting elastic constants were found to be in
the range of 2.29-2.45 N/m, also at the interfaces of SU
proteins A, B, and C. The (-sheet regions proved to be
particularly stiff compared with those containing «-helices
and loops. As an estimate for the standard deviation of the
elastic constants, the 19 differences from the respective
mean values were calculated and found to be in a range
between 0.1-0.3 N/m.

Distribution of yielding forces

In addition to the elastic constants, we also determined the
yielding forces Fy,x for the 38 force-probe simulations
toward the same 19 grid points of SBMV with a probe velocity
of 0.01 nm/ps (Fig. 3). The distribution of F,,x was more
homogeneous than that of the elastic constants, with F .«
varying between 2.16-3.80 nN. Unlike the elastic constants,
where the largest values were found at the pentamer and hex-
amer centers, the largest yielding forces were seen at the inter-
faces between SUs 12-11 and SUs 12-28. Here F,,, varied
between 3.27-3.80 nN, whereas the yielding force was
smaller at the interface of SUs 12-3 (2.75 nN and 2.79 nN)
and along the twofold symmetry axis (2.68 nN). At the center
of the pentamer, we determined a yielding force of 2.96 nN,
and of 3.36 nN and 3.40 nN, respectively, for the two hexamer
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centers. The distribution of yielding forces at the interfaces of
SUs 12-11 and SUs 12-28 was similar to that of the elastic
constants, which also showed greater F ., at the interface
of A-proteins than for the B-C intersection. Within the
subunit, F,,.. varied between 2.99 nN and 3.31 nN, with
the only exception at the subunit center, which exhibited the
lowest yielding force (2.16 nN). The estimated standard devi-
ation was in a range of 0.1-0.3 nN.

Water permeation, friction, and surface effects

During the equilibration phase and also during force-probe
simulations, no water permeated the capsid. This observation
is in accordance with the results of Silva et al. (54), who re-
ported a high energy barrier of £ = 300 kcal/mol for water
at the gate along the fivefold symmetry axis. No other position
on the protein shell exhibited a gate for possible water or ion
permeation, which is in good agreement with the lack of water
flux in our simulations. The resulting compression of water
volume inside the capsid during indentation raises a question,
however, of the extent to which the observed forces actually
reflect the mechanical properties of the shell. To address
this question, we estimated the force arising from water
compression. When the shell was indented by the tip-sphere,
an area the size of a subunit (A = 42 nmz) was pushed into the
capsid, and reduced the inner virus volume by ~3.5 nm’.
Assuming a compressibility of TIP4P water of k = 67 X
10~ "'bar~! (55), the inner capsid pressure rose from 1 bar
to p ~5.43 bar, resulting in a force F = p x A = 22.8 pN
(~1% of the yielding force). Therefore, water compression
is not expected to affect the observed forces.

Because of the relatively high probe velocity (compared
with those of typical AFM experiments) that was necessary
to use in our simulations, frictional forces may contribute
to the observed force-time and force-distance curves. To
separate these frictional forces from the mechanical proper-
ties of interest, we performed six force-probe simulations
in which the tip-sphere was pushed through bulk water
with probe velocities between 0.0001-0.05 nm/ps. As ex-
pected from the Stokes equation, a linear increase of the
observed frictional force with probe velocity was evident.
The resulting slope of 5.63 = 0.14 nN s/m was somewhat
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FIGURE 3 Obtained yielding forces (in nN) shown as in
Fig. 2, B and D (low stability, blue; high stability, red).

smaller than the value from the Stokes equation, £ = 6mnr
= 6.59 nN s/m, for TIP4P water (56), assuming stick-
boundary conditions between solvent and tip-sphere (57).
The deviation occurred via the Stokes radius that was deter-
mined as the minimum distance (0.70 nm, according to
a radial distribution function) between the tip-sphere center
and the water molecules. For an applied probe velocity of
0.01 nm/ps, the frictional force in the simulation (Fy;,, =
65.2 = 1.5 pN) agrees very well with the force calculated
from the Stokes equation (Fg;,. = 65.9 pN). We note that
stick-boundary conditions were used rather than the slip-
boundary condition (58) (here the Stokes equation changes
to & = 4mnr), because the latter was shown to apply only
to solutes much larger than the tip-sphere used here (58).
In summary, the obtained frictional forces are small with
respect to the observed elastic forces. In particular, we
consider our probe velocity slow enough that friction can
be neglected.

To study to what extent the free energy increases because
of a possible increase of the solvent-accessible hydrophobic
area (SAS) and contributes to the observed force increase
during indentation, this surface area was recorded during
force-probe simulations. During deformation of the capsid
in the prelinear, linear, and rearrangement regimes up to
480 ps, the capsid SAS area for the hydrophobic and hydro-
philic parts remained constant within fluctuations of AA =
2.0 nm”. Subsequently, when the force fluctuations in the
force-distance plot increased markedly (Fig. 2 A), the SAS
area increased by ~AA = 7.0 nm? up to the point of yielding
(480560 ps). Assuming proportionality between the SAS
area and the surface free-energy AG with a proportionality
constant of 24 cal/mol - A? (59,60), we determined the
respective free-energy increase and resultant forces F along
the indentation path length Ax needed to change the hydro-
phobic surface area. For AA = 2 nm?, a surface free energy
of about AG = 3.3 x 10~ ° J was found, resulting in a force
of AG/Ax = F = 22 pN with Ax = 1.5 nm (Fig. 2 A, blue
curve), i.e., 33% of the frictional forces. Upon yielding,
the surface free energy increased to AG = 11.7 x 1072° J,
and the resultant force to F = 150 pN (Ax = 0.8 nm), i.e.,
<10% of the yielding force.
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Structural characterization of deformation

To characterize the deformation of the viral shell during the
simulation and explain its mechanical behavior in the rear-
rangement regime, we chose the FPMD simulations through
the center of mass (COM) of protein A, SU 12, at a probe
velocity 0.01 nm/ps. We first calculated the distance between
the COM of SU 12 and the center of the viral shell. During
deformation, the subunit was pushed toward the center of the
capsid by 0.45 nm. Subsequently, the tip-sphere penetrated
the protein, and the subunit snapped back to its initial posi-
tion. Moreover, the RMSD of SU 12, with respect to the
initial structure, increased to 1.4 nm at 560 ps (yielding
point), and subsequently dropped to nearly its initial value
after the tip-sphere left the viral shell in the direction of the
capsid center, suggesting that, except for the few residues
discussed below, the capsid fully recovered its original shape
after penetration. Thus SU 12 seems to be highly elastic
during the complete deformation phase, even within what
we termed the ‘“‘rearrangement regime.”” Although at this
point the origins of the nonlinearity and of the increased fluc-
tuations in the force-distance curve remain elusive, the above
result suggests that any nonelastic behavior will be restricted
to a small regime of the subunit.

Next, we analyzed the propagation of protein deformation
by monitoring the RMSD of SUs 11, 28, and 3, which are
adjacent to SU 12 (Fig. 2 C). In contrast to the marked defor-
mation of SU 12, its neighbors deformed only slightly, with
the RMSD rising by only 0.25 nm at 560 ps, and immedi-
ately returning to its initial value. The RMSD of SU 3 did
not change at all beyond thermal fluctuations (=1.0 A).
We conclude that elastic deformation while pushing the
tip-sphere toward SU 12 is spatially restricted to the SU 12
region, and hardly affects the remaining viral shell.

To characterize the deformation on the atomic level, we
determined the RMSD of every residue (amino acid) of SU
12, fitted on the starting structure of the whole capsid. The
maximum value of the RMSD of every residue was then
plotted as a function of residue number. As seen in Fig. 4,
the average maximum RMSD for protein B and C residues
is ~0.5 nm because the subunit was pressed toward the viral
center by 0.45 nm, as mentioned above. The average
maximum RMSD of protein A is doubled compared with
proteins B and C, whereas only residues 33 and 51 exhibited
a maximum RMSD of more than 2.2 nm. Compared with the
RMSD calculated for the complete SU 12 mentioned above,
we suggest that the subunit RMSD of 1.4 nm was induced by
deformation of only a few residues of protein A, which were
directly touched or close to the tip-sphere in the simulation.

We made the same observations when the tip-sphere was
pushed along the fivefold symmetry axis through the center
of the pentamer. Here, the RMSD of residues close to the
pentamer center showed a high deviation from their initial
position, whereas the overall pentamer structure remained
stable during the simulation and did not deform.
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FIGURE 4 Largest RMSD for each residue of proteins A (red), B (green),
and C (blue) during simulation in which tip-sphere was moved through
center of protein A. Two largest peaks are identified by residue numbers.

Crossover from elastic to plastic behavior

To address the nature of the deviation from linear to
nonlinear behavior within the rearrangement regime, we
stopped several force-probe simulations at different simula-
tion times ranging between 400-600 ps, and subsequently
let each of these systems relax for 0.5 ns. In particular, we
wanted to test if and when plastic deformation of the few
more strongly deformed residues identified above would
set in. The tip-sphere was kept inside the simulation cell
during relaxation, although the external force on the tip-
sphere was switched off. To characterize the deformation
of selected residues, Fig. 5 depicts the RMSD of the two resi-
dues, 31 and 33 (large values in Fig. 4; see also Fig. 7), fitted
on the starting structure of the capsid.

The relaxation RMSD curves fall into two groups. When
the force-probe simulation was stopped at 550 ps or earlier,
the deformation of residues 31 and 33 was fully reversible
and therefore elastic. In contrast, for switch-off times of
560 ps or later, the RMSD dropped only partially, and did
not return to its original value, at least within the 0.5 ns equil-
ibration phase, suggesting a plastic deformation of residue
31. A similar behavior was evident for residue 33, except
that plastic behavior was already observed at 550 ps. There-
fore, fully elastic behavior at the single-residue level is found
not only for the linear regime, but also essentially for the
whole rearrangement regime.

To address further the apparent differences between the two
regimes and in particular the origin of the larger force fluctu-
ations and sublinear behavior observed for the rearrangement
regime, Fig. 6, A and B, shows the distances between the
COMs of residues 51 and 33 with their respective neighbors
during deformation. Within the linear regime, the distances
between the nearest neighbors (residues 50-51 and 51-52,
and 32-33 and 33-34) and next nearest neighbors (residues
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FIGURE 5 RMSD (black curve) of residues 31 (A) and 33 (B) of protein
A, SU 12. The FPMD simulation was stopped at different times (A and B,
upper left) and restarted with unrestrained tip-sphere. For subsequent relax-
ation processes, the RMSDs of two residues are shown in color. For residue
31, plastic deformation began at 560 ps, as obtained from increasing RMSD
during relaxation of the system. Residue 33 already behaved plastically at
550 ps.

49-51 and 51-53, and 31-33 and 31-34) remain constant
within the range of thermal fluctuations (<0.5 A). Here, in
line with the collective elastic movement of the complete
subunit observed above, the elastic deformation of residues
can be described as a displacement of the complete protein
structure, whereas the overall shape and especially the residue
distances are retained.

The distances between residue 51, an amino acid of the
B-sheet region located behind residue 33 (Figs. 4 and 7),
and its neighbors were conserved for ~550 ps (Fig. 6 A).
Only for later times, when yielding occurred around 550 ps,
did the distances deviate, whereas the changes in next-near-
est-neighbor distances dominated residues 49 and 51, for
instance (Fig. 6 A, blue line). We suggest that the observed
stiffness is characterized by a conservation of the shape of
the B-sheet region during deformation. Based on these obser-
vations, the crossover from elastic to plastic behavior is
described by a change in residue neighbor distances.
However, this result alone does not reveal the underlying
mechanism of the rearrangement regime. To address this
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FIGURE 6 Distances between center of mass (COM) of residue 51 (A)
and residue 33 (B) to adjacent residues during deformation. Black vertical
lines denote yielding point (A) and transition from linear to rearrangement
regime (B). (C) Simplified free-energy landscape can explain large distance
fluctuations apparent in Fig. 2 A within the rearrangement regime (rearran-
gem. r.), while the system can still relax quickly into its initial state. Small
fluctuations in linear regime (/inear reg.) reflect motions within minimum 1
(red disk). Large fluctuations arise from transitions between several distinct
minima (arrows).

issue, we now focus on residue 33 and its neighbor distances
as a function of time (Fig. 6 B).

Interestingly, abrupt distance changes and fluctuations are
already starting at the transition to the nonlinear behavior of
the rearrangement regime. Here, these changes in neighbor
distances describe markedly increased fluctuations of single
atoms that were close to the tip-sphere during simulations.
Because of the interaction with the tip-sphere, these fluctua-
tions translate into similarly increased force fluctuations in
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FIGURE 7 Detail of protein A, SU 12 before deformation (fop) and
during deformation with tip-sphere (green) at the yielding point (560 ps,
bottom). Relevant residues (Res) are shown as sticks. The a-helix (orange
ribbon, residues 39-42) is stretched, together with residues 31-34. The
plastic deformation of residue 33 is characterized by an isomerization of
the aromatic ring.

the force-distance curve (Fig. 2 A), although the deformation
of residues was still reversible.

We rationalize these findings according to the simplified
free-energy landscape sketched in Fig. 6 C. For the whole
linear regime, the system is confined to a local minimum
of the underlying free-energy landscape (Fig. 6 C, minimum
1), giving rise to a nearly linear force response. For further
deformation, at the transition to the rearrangement regime,
the deformation energy is large enough for the system to
overcome the barrier to new local minima (Fig. 6 C, minima
2 and 3). Because the energy of these new minima is greater
than that of the initial minimum, and because thermal energy
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suffices to drive recrossings, frequent transitions between
minima result. As one of several possibilities, in this simple
picture, the frequent transitions describe the origin of the
elasticity as well as the larger fluctuations in the rearrange-
ment regime. In particular, elastic deformation is described
in terms of relaxation of the system to the initial minimum
when external forces are switched off. This model can
describe plastic deformations as well. In this case, the return
of the system to the original state is hampered by large
energy barriers between minima.

The crossover from elastic to plastic deformation of resi-
dues 31 and 33 was evident when the distances between resi-
dues 32 and 33 decreased from 0.6 nm to 0.4 nm, whereas
the next nearest neighbor distances of residues 31 and 33
increased from 0.6 nm to 0.8 nm, and those between residues
31 and 35 increased from 0.5 nm to 0.8 nm (Fig. 6 B).

This shift in distances can be observed for several resi-
dues, e.g., for residues 3942, which form an «-helix
(Fig. 7). A widening of the helix within <20 ps defined
the plastic yielding of the single-helix residues, whereas
the plastic deformation of residue 33 was determined by an
isomerization of the aromatic ring at 560 ps.

In summary, the rearrangement regime is characterized by
a marked intramolecular structural change. The transition
from elastic to plastic deformation occurs near the yielding
point. We suggest that larger force fluctuations in the
force-distance plot, compared with the linear regime, are
caused by a change from (nearly) harmonic dynamics to
highly nonlinear conformational transitions between
multiple free-energy minima.

Influence of probe velocity

To study if and how the observed mechanical properties of
the viral shell depend on probe velocity, all FPMD simula-
tions were repeated with identical parameters, but with
a five times greater probe velocity of 0.05 nm/ps. A distribu-
tion of elastic constants similar to those of the 0.01 nm/ps
simulations shown above was seen, with individual values
consistently increased by ~14%. The only exceptions
involved the elastic constants pushing toward the center of
SU 12, which exhibited a larger increase from 2.16 N/m to
2.85 N/m, and the twofold axis, where the value increased
from 1.89 N/m to 3.23 N/m. We attribute this strong velocity
dependency to the particularly large flexibility observed for
residues at the subunit center and the twofold symmetry
axis, which was mostly reduced at larger probe velocities.
Moreover, the yielding forces showed a consistent increase
by ~33% for larger probe velocities, whereas the overall
distribution of F,,x remained constant.

To characterize more quantitatively the dependence of
mechanical properties on the probe velocity of the tip-sphere,
force-probe simulations toward the center of the pentamers
along the fivefold symmetry axis were performed with nine
different probe velocities between 0.001-0.05 nm/ps. For
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each of the nine velocities, five simulations were performed
and averaged (Fig. 8).

The yielding forces depended logarithmically on probe
velocity over nearly two decades (Fig. 8 A). This observation
is supported by the good agreement with the logarithmic fit
(Fig. 8 A, solid line), as well as by the same data on a logarith-
mic velocity scale (Fig. 8 A, inset). Such logarithmic behavior
is well-known, and was observed previously in many macro-
molecular systems, such as ligand unbinding (61) or protein
unfolding (31,62). This behavior is most easily described
by activated barrier-crossing according to Kramers theory
(63), or by more refined theories (64—68). All these treatments
rely on the Kramers assumption that all degrees of freedom
perpendicular to the reaction coordinate are at or close to
equilibrium during (nonequilibrium) unbinding, unfolding,
or deformation process, i.e., that this process is governed
by an underlying time-independent one-dimensional free-
energy landscape. One prediction of this treatment is that
the variation of yielding force with probe velocity is attribut-
able to the variation of the point where thermal activation
causes rupture with probe velocity. A second property is
that, because of the unchanged energy landscape, the initial
response of the system at low forces is independent of probe
velocity (and is possibly affected only by frictional forces,
which typically show a linear dependency).

For the case at hand, this initial response was probed by the
elastic constants (Fig. 8 B). However, those constants show
a clear logarithmic behavior, contrary to the above expecta-
tions. Further, the indentation point where fracture occurs
does not markedly vary with probe velocity. Apparently,
simple Kramers-like models are incompatible with our results.

These discrepancies force us to extend the theory of en-
forced barrier crossing. Particularly striking here is the
very similar rate dependency of yielding forces and elastic
constants, which suggests a common cause.

We therefore tentatively attribute this behavior to the slow
relaxation effects of degrees of freedom perpendicular to the
reaction coordinate. Because the linear (elastic) response of
applied force in the force-time and force-distance curves
(Fig. 2 A) implies that the overall shape of the underlying
energy landscape is close to harmonic in the vicinity of the
minimum, we suggest that relaxation motions, e.g., within or
between amino acids in contact with the tip-sphere, imply
a time-dependence of the effective free-energy landscape gov-
erning the forces that act on the tip-sphere. As a result, the
height of the barrier opposing penetration is assumed to
decrease gradually in the process, which, generalizing Bell’s
theory (63), translates into the observed rate dependency.
Accordingly, for slower probe velocities, the barrier height
is lowered to a larger extent, whereas its position remains
stable. Because a similar effect can be expected for the curva-
ture of the minimum such that it scales synchronously to the
barrier height, the common behavior of the elastic constant
and the yielding force follows as a natural consequence from
our theory. A detailed picture will be described elsewhere.
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FIGURE 8 Yielding forces (A) and elastic constants (B) for different
probe velocities, where tip-sphere was directed toward the center of the pen-
tamer along the fivefold symmetry axis. Dots and error bars denote averages
and errors estimated from variances from five simulations each. Logarithmic
fits, f(x) = a + b x log(;-), are shown as lines. (Insets) Same data on a log-
arithmic velocity scale.

If the proposed relaxations actually occur, they should
also be visible in the dynamics of the capsid close to the
tip-sphere during indentation. In particular, for slower probe
velocities and the associated larger timescales, the relaxation
process will follow the perturbation induced by the tip-
sphere to a larger extent. Accordingly, larger structural rear-
rangements are expected. We therefore calculated the RMSD
of residues close to the fivefold symmetry axis during defor-
mation with respect to the initial structure of the capsid. An
increasing RMSD for decreasing probe velocity was evident
(data not shown), corroborating our model as a valid descrip-
tion of the observed logarithmic behavior of both yielding
forces and elastic constants.

Influence of tip-sphere size

To study if the mechanical properties depend on the choice
of tip-sphere size, FPMD simulations with a larger tip-sphere
were performed. In these simulations, the tip-sphere was
pushed toward the center of the pentamer along the fivefold
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symmetry axis at a probe velocity of 0.01 nm/ps and with an
increased Lennard-Jones parameter for the van der Waals
radius of the tip-sphere, ¢ = 10.0 nm. Subsequently, elastic
constants and yielding forces were compared with previous
results obtained for ¢ = 5.0 nm.

For the larger tip-sphere, an elastic constant of 4.3 N/m
was obtained, i.e., the same within the error bars as the value
obtained above for a smaller tip-sphere. In contrast, a mark-
edly larger yielding force of 4.8 nN was evident, compared
with 3.0 nN for the smaller tip-sphere. This result is not
unexpected because, as was seen in the simulations (data
not shown), the regime of elastic deformation is roughly
the size of one pentamer (~14 nm in diameter), and is thus
much larger than the two tip-spheres used. Therefore, elastic
behavior does not depend on tip-sphere size as long as the
tip-sphere diameter is much smaller than the size of the
subunit. In contrast, the regime that undergoes more severe
plastic deformation grows with the size of the penetrating
tip-sphere, such that the yielding forces increase accordingly.

CONCLUSIONS

We studied the mechanical properties of southern bean
mosaic virus by extended force-probe molecular dynamics
simulations, totaling ~100 ns in length. The simulation
system, including 1,000,000 water molecules, comprised
more than 4,500,000 atoms, i.e., one of the largest biomolec-
ular simulation systems in the world, to the best of our
knowledge. To obtain a spatially resolved picture of the
elastic properties on the viral surface, the capsid was probed
at 19 different grid points. The simulations showed that the
viral shell exhibits highly elastic behavior during indentation
with the tip-sphere, which served as a model for a very sharp
AFM tip. Three different deformation regimes were distin-
guished from force-distance and force-time behavior during
indentation with the tip-sphere. First, a prelinear regime was
seen, resulting from local rearrangements of the outer surface
layers when the tip-sphere approached the capsid. Such rear-
rangements were already suggested by elastic network
normal mode analysis on SBMV and other capsids (24).
Second, a linear force increase was obtained, which is char-
acteristic for elastic deformation, and third, a rearrangement
regime of sublinear force increase occurred that yielded
a maximum force before rupture.

From the linear regime and maximum force, a highly
heterogeneous distribution of elastic constants and yielding
forces was observed, the distribution of which is difficult
to describe with only a single Gaussian function, as sug-
gested by recent AFM results on the empty capsid of minute
virus of mice (Carrasco et al. (23)). Much better agreement is
obtained with the bimodal distribution observed by Michel
et al. (13), suggesting that the mechanical properties seen
in our simulations offer a likely explanation for their results.
However, direct comparison of the distributions of elastic
constants is complicated because the heterogeneous
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distribution found in our simulations is caused by structural
differences of the capsid on an atomic level, whereas
a heterogeneous distribution of elastic constants obtained
in AFM experiments might originate from the differing
mechanical behaviors of capsomers. The remaining differ-
ences between distributions of elastic constants may result
from differing tip sizes and geometries, differing accuracies
in targeting specific surface regimes or different timescales,
or statistical scatter attributable to the limited number of
force probe simulations.

Closer inspection of the heterogeneity seen in the simula-
tions reveals that the centers of the pentamers along the five-
fold symmetry axes of SBMV exhibit the largest elastic
constant, followed by the hexamers along the threefold
symmetry axes. Tama and Brooks observed a larger flexi-
bility for the pentamers than for the hexamers of SBMV
(24). That result cannot be directly related to the obtained
elastic constants in a straightforward manner.

The elastic response to external forces along the twofold
symmetry axes was smaller by a factor of two compared
with the hexamers, and similar to the elastic constant seen
for the subunit centers. Overall, the elastic constants between
two A-proteins were consistently larger than the values ob-
tained at the interface between subunits where proteins B
and C met. Overall, the elastic constants between two
A-proteins were consistently larger than the values obtained
at the interface between the subunits where proteins B and C
met. We attribute this trend to (at least) two effects. First,
purely geometrical properties might render pentamers stiffer
than hexamers (69), an effect that might extend to the inter-
action of A-proteins. Second, Reddy et al. (70) calculated the
dimer association energies for SBMV; a larger energy
was also found for the interaction between A-proteins
(—78.0 kcal/mol) than for protein B-C interactions
(—74.0 kcal/mol), which might also contribute to the higher
stiffness between A-proteins than B-C proteins.

Force-probe simulations were performed at different probe
velocities. Both elastic constants and yielding forces de-
pended logarithmically on probe velocity. To account for
this peculiar behavior, a new model involving rate-dependent
free-energy landscapes was proposed. Similar logarithmic
rate-dependencies of mechanical properties were observed
for other materials such as metallic glasses (71). For bacterio-
phage ¢29, Ivanovska et al. did not observe a change of
elastic constants for increasing probe velocities in AFM
experiments, but only an increase in yielding force (21). In
contrast to our simulations, the indentation depth at which
fracture occurred increased with probe velocities of the
AFM tip, correlating with a higher yielding force. This trans-
lates into a shift of the yielding point in the force-distance plot
toward larger indentations, which is consistent with an
unchanged slope (and thus, elastic constant), despite
increasing yielding force.

The AFM experiments on coated murine leukemia virus
(20) and ¢29 bacteriophage (21) measured elastic constants
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in the range of 0.16-0.68 N/m, about one order of magnitude
smaller than our data. With respect to the maximum applied
force measured by Ivanovska et al. (21), our yielding forces
were ~1.0 nN larger than in the AFM measurements on ¢29.
We attribute this discrepancy to different probe velocities. In
AFM experiments, the approach velocity of the tip is ~5-7
orders of magnitude slower than in our simulations (Kol
et al. (19,20), 0.095 x 107° m/s; Ivanovska et al. 21),
~1.0 x 10~ m/s). Extrapolating to an experimental velocity
of 1.0 x 10™° m/s yields an elastic constant of 0.63 N/m and
a yielding force of 0.18 nN. The remaining smaller discrep-
ancies of yielding forces are attributed to differing tip sizes;
indeed, our simulations showed that yielding forces increase
markedly with tip size, in contrast to elastic constants.

Next, we analyzed structural dynamics and changes during
indentation with the tip-sphere. We observed that the 8-sheet
region showed a higher stiffness than the a-helices and loops,
as found by Ackbarow et al. in their study of a model protein
structure proposed for Alzheimer’s amyloid S-fibrils (72).
Beyond the linear response in force-time dependency, we
characterized structural deformations in the rearrangement
regime. Even this regime was dominated by elastic deforma-
tions of the complete proteins, subunits, and residues. Only
close to the yielding point did the crossover to plastic defor-
mation occur. This high elasticity is remarkable, and seems
to be a property specific to viral shell proteins. Indeed, in
force-probe simulations of the globular titin-kinase protein
domain (Protein Data Bank code 1tit), in which the tip-sphere
was pushed against and through the protein at a probe
velocity of 0.01 nm/ps in a manner similar to that of the simu-
lations described here (data not shown), plastic deformations
were already evident at the transition from the linear to
nonlinear force increase in the force-time curve, much earlier
than seen for viral proteins.

On the atomic level, the linear regime is characterized by
a deformation of an otherwise topologically unchanged
conformation of neighboring atoms, whereas in the rear-
rangement regime, structural changes are seen, with marked
distance changes between nearest and next-nearest neigh-
bors. Thus, elastic deformation of the capsid is characterized
by a collective motion of the complete protein or subunit, as
proposed earlier by Tama and Brooks (24), whereas plastic
yielding involves rearrangements of adjacent single atoms
or residues as well as of next-nearest neighbors. No buckling
transition of the virus was evident, probably because of the
small tip size used here. Fracture only occurred locally, at
the position where the tip-sphere penetrated the viral shell.

Beyond the SBMYV virus studied here, it would be inter-
esting to disentangle which of the obtained mechanical prop-
erties depend on intramolecular properties of the involved
viral shell proteins, on the local contact and geometry of indi-
vidual subunits, pentamers, or on the overall icosahedral
geometry of the complete capsid. Comparative studies of
further virus shells with the simulation methods established
here will shine some light on this issue.
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Two figures are available at http://www.biophysj.org/biophysj/supplemental/
S0006-3495(09)00007-1.
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