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Elucidating the Mechanism behind Irreversible Deformation of Viral Capsids
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ABSTRACT Atomic force microscopy has recently provided highly precise measurements of mechanical properties of various
viruses. However, molecular details underlying viral mechanics remain unresolved. Here we report atomic force microscopy
nanoindentation experiments on T=4 hepatitis B virus (HBV) capsids combined with coarse-grained molecular dynamics simu-
lations, which permit interpretation of experimental results at the molecular level. The force response of the indented capsid
recorded in simulations agrees with experimental observations. In both experiment and simulation, irreversible capsid deforma-
tion is observed for deep indentations. Simulations show the irreversibility to be due to local bending and shifting of capsid
proteins, rather than their global rearrangement. These results emphasize the viability of large capsid deformations without signif-
icant changes of the mutual positions of HBV capsid proteins, in contrast to the stiffer capsids of other viruses, which exhibit more

extensive contacts between their capsid proteins than seen in the case of HBV.

INTRODUCTION

Viral capsids are protein shells assembled around the genetic
material of viruses. The mechanics of capsids and their protein
components plays a key role in the replication cycle of
viruses, since a capsid should be stable to protect the virus
from a hostile environment outside of host cells, but also
needs to disassemble or otherwise release the viral genome
at the onset of the infection process. Recently, mechanical
properties of several viruses have been elucidated through
atomic force microscopy (AFM) nanoindentation experi-
ments (1-3) (Fig. 1 a), where the force response of a capsid
to an AFM indentation is recorded in the form of a force-
indentation (FZ) curve. Such AFM studies are performed
in vitro and, therefore, do not directly capture the viral
mechanics during the infection process. However, their
results will likely improve our understanding of viral infection
mechanisms (see, e.g., (4,5)), because mechanical properties
probed by the AFM reflect interactions between individual
capsid proteins, and these interactions also determine the
structural changes of the capsid during the infection process.
From AFM studies (1,4—12) it became clear that the observed
FZ curve is specific to each virus, and may be different also for
the same virus, depending on capsid isoform and whether the
capsid is empty or not. Even for similarly sized viruses, such
as MVM (8,9) and CCMV (6), the observed forces for the
same indentation differ severalfold. Thus, capsid mechanical
properties are determined by their molecular organization,
rather than overall shape and size. However, molecular details
underlying the observed capsid mechanics remain mostly
unresolved.

Computational modeling, with its high spatial and
temporal resolution, holds a great promise to correlate the
molecular-level features of viruses with the observed force
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responses, but, due to the size of the viruses that is too large
for all-atom simulations, and their organization that is too
complex for simple physical modeling, simulating AFM
nanoindentation experiments is extremely difficult. A recent
all-atom simulation (13) provided a complete molecular
picture of nanoindentation of the Southern Bean Mosaic virus
capsid, but, to make the simulation computationally feasible,
an unrealistically small indentation probe was employed
over a timescale of only 1 ns (vs. ~0.1 s in experiments).
As a result, the observed forces of the capsid response to
the load were extremely high, and a potential comparison
with experiment would be challenging. Modeling AFM
nanoindentation of a virus using finite-element simulations
of a continuum material model produced many important
insights (4,6,7,14-16) (see also (17-23)), but has been
limited as the parameters of the simulated material require
tuning to match experimental data. Furthermore, individual
protein units are not resolved, and as a result specific molec-
ular mechanisms behind the observed force response cannot
be revealed. Because of these difficulties, the continuous
material approach has not been able to describe irreversible
capsid deformations, which commonly occur if the AFM
nanoindentation is deep enough.

Here we show that the stated problems can be overcome
through molecular dynamics (MD) simulations using the
shape-based coarse-grained (SBCG) description (24-27)
that is intermediate between atomistic and continuum descrip-
tions (Fig. 1, a—c). We perform AFM experiments and SBCG
simulations (Fig. 1, d and e) on the empty capsid of the human
hepatitis B virus (HBV), in its T=4 form, for which a crystal
structure is available (28) (average radius R = 145 A).
Previous AFM experiments on HBV (11) showed that, for
low forces, the indentation is reversible. However, for higher
indentations, irreversible deformations occur; and with
SBCG simulations, we have been able to clarify the molecular
mechanism behind this irreversibility, as described below.
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METHODS

AFM experiments are performed as described earlier (11). They consist
of measurements in liquid with a Nanotec Electronica AFM (Tres Cantos,
Madrid, Spain) operated in jumping mode using rectangular Olympus canti-
levers (Melville, NY) with a spring constant of 0.052 = 0.002 (SD) N/m.
Capsids are immobilized on hydrophobic glass coverslips (1).

For simulations, on average, 150 protein atoms are represented by one CG
bead (Fig. 1, b and ¢). The SBCG model is constructed for one monomer of the
T=4 HBV capsid protein (28), employing the topology-representing map
algorithm (24,29) to distribute 15 CG beads according to the protein shape
(Fig. 1 ¢). All atoms from the protein crystal structure that are closer to a given
bead than to any other bead constitute the all-atom domain, or Voronoi cell,
of that bead. The mass and charge of the Voronoi cell are assigned to the
bead. Two beads are connected by a bond if a direct peptide bond exists
between the respective two Voronoi cells (Fig. 1 ¢). The model is replicated
to represent all 240 monomers (Fig. 1, @ and b). In the T=4 capsid, monomers
are connected into dimers through interactions between the monomers’
hydrophobic surfaces. An additional disulfide bond occurs between two
monomers within a dimer (involving the residue Cys®' from each of the
two monomers) in the native virus, the bond being actually not essential for
either dimer or capsid formation (28); in the AFM experiments, we use
a mutant where the corresponding cysteine groups are replaced by alanines.
The interface between two monomers within a dimer provides many specific
interactions to maintain the monomers connected even without the disulfide
bond. Therefore, such pairs of monomers are modeled in the SBCG represen-
tation as being connected by three intermonomer bonds (Fig. 1 ¢).

The total model potential V' includes harmonic bond and angle terms for
bonded beads, as well as Lennard-Jones (LJ) and Coulomb potentials for
beads that are not bonded,

V= Z Ki(Ri — L) + Z M (6 — O,)
bonds i angles k
. 12 o\ © At @)
m | (=) —2( == . L L
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where R; and 6y are the distance and angle for bond 7 and angle &, K; and M
are the force constants, L; and ®y are the equilibrium bond length and angle,
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FIGURE 1 Experiments and CG simulations of AFM
nanoindentations of the HBV T=4 capsid. (a) The capsid,
composed of 240 identical protein units that form 120
homodimers, is attached to a surface (gray) and squeezed
by the AFM tip (orange). (b) Arrangement of dimers
(SBCG models) on the capsid surface, demonstrating their
loose packing. (¢) Within a dimer, the monomers (purple,
white) are connected via extensive surface contacts. To
model these contacts in the CG model, the monomers
(cyan, pink) are connected by additional bonds (blue). (d)
Force-indentation curves for the first round of AFM
pushing, Z,.x = 1.25R, averaged over all simulations for
each pushing direction (color), and over all nanoindenta-
tion experiments (gray). Error bars are RMSD values. (e)
Force-indentation curves for individual simulations with
Zmax = 1.25R, each shown by a different color (data are
averaged over 150-ns time windows).

1.0 1.2

I'mn 18 the distance between beads m and n, €, and oy, are the LJ parame-
ters, ¢ is the charge of the m™ bead, and the sum over m and » runs over all
pairs of CG beads (m # n). The constant ¢ is the vacuum dielectric permit-
tivity; ¢ is a relative dielectric constant. The protein bond and angle param-
eters are tuned to reproduce the monomer stiffness observed in an all-atom
simulation, while the LJ parameters are tuned so that the spherical shape,
diameter, and thickness of the capsid are reproduced in a CG simulation
of a complete capsid without the AFM tip and substrate. With the present
choice of parameters, we find that the Coulomb term in Eq. 1 amounts
only to a few percent of nonbonded energy, which is dominated by the LJ
contributions.

Dynamics of the coarse-grained system follows the classical equations
of motion, described by the Langevin equation (24,26). Simulations are
performed using the MD program NAMD (30). Graphics and analysis of
simulations are realized with VMD (31).

The choice of the model described is determined mainly by two issues: the
feasibility of simulations, and accessibility of the desired length and time-
scales. Since SBCG modeling employs the MD approach, with the same
potential form (Eq. 1) as used for all-atom MD, SBCG simulations can be
carried out efficiently using available MD software, such as NAMD (30).
This pertains also to the accessibility of the desired length and timescales:
the efficiency and robustness of NAMD are necessary to reach those scales.
On the other hand, one has to choose the level of coarse-graining that permits
fast computations and at the same time keeps enough molecular detail. In the
case of the SBCG model, shapes of individual proteins are resolved, which
gives a rather high level of detail, compared, e.g., to the continuous material
approach. More detailed coarse-graining, such as the residue-based coarse-
graining in which every amino acid is represented by 1-2 beads, can be
employed as well (26), but would slow down the computations significantly.

SBCG model of the capsid

The T=4 hepatitis B virus (HBV) capsid is converted to the shape-based
coarse-grained (SBCG) representation. The input all-atom structure is the
HBYV capsid protein monomer obtained from PDB entry 1QGT (28). The
protein form used for the AFM experiments is the same as that used for
obtaining the PDB structure (28) (protein sequence truncated at residue 149),
and, thus, the SBCG model built using the 1QGT structure suits the compar-
ison with our AFM experiments well.
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The four independent copies of the capsid protein in the T=4 HBV capsid
are found in different orientations, but overall in very similar conformations.
A single SBCG model of the capsid monomer is replicated to conform to the
orientations of the other three independent monomers, and the resulting
asymmetric subunit is replicated 60 times to construct the full SBCG capsid.
Each SBCG monomer consists of 15 beads, named Al, A2, ..., A15. All
other interactions within the capsid are nonbonded.

To neutralize the total charge of the capsid, 1440 ions are added to the
system, being placed randomly within 20 A from the capsid. As the total
capsid charge is negative, each ion carries a charge of + 1|e| and a mass
of 1150 Da, representing nine ions of mixed nature (such as both Na™ and
CI") with their first hydration shells.

Parameterization of the model is described in detail in Supporting
Methods in the Supporting Material. The parameterization is based on repro-
ducing as much known information about the HBV T=4 capsid as possible,
without employing the new AFM indentation results. Such information is,
unfortunately, relatively scarce, as only the static structure of the capsid is
known (28). An all-atom simulation of a capsid protein is therefore em-
ployed to extend the available information; stiffness of the protein obtained
from this simulation is used to tune the bonded SBCG parameters.
Nonbonded interactions are then tuned to match the known size and shape
of the capsid.

SBCG model of the substrate and the AFM tip

Once the empty capsid has been parameterized, we introduce SBCG models
for the substrate and the AFM tips (see Fig. 1 a), both modeled using a single
bead type. Each bead carries zero charge and a mass of 2 kDa. The mass of
the heaviest protein beads is close to 2 kDa, therefore, this value was chosen
for the mass of the substrate and tip beads, to make the coarse-graining level
similar to that of the protein. In both the substrate and AFM tip, the beads are
arranged in a cubic lattice, 15 A apart from each other (which is close to the
average distance between beads in the protein model). The substrate and
AFM tip materials are hydrophobic, while the HBV capsid surface is gener-
ally hydrophilic, but possesses some hydrophobic residues as well. There-
fore, interactions between the substrate and AFM tip beads with any capsid
bead are described by the LJ parameters oy, = 11 A and ey, = 1 keal/mol
(compare to kg7 = 0.6 kcal/mol), which allows for weak nonspecific
anchoring of the capsid on the substrate surface. Note that no parameter is
further tuned in the subsequent nanoindentation simulations. Rather, all
parameters are chosen based on simulations of the capsid on its own, and
remain fixed after that. Thus, the results we obtain for the force-indentation
curve are not tuned to match the experiment, but instead they are obtained
independently, and the good agreement with experiment (see Results and
Discussion) should be ascribed to the adequacy of the SBCG model.

Simulation details

The motion of the beads is described by classical mechanics with the
Langevin equation of motion (24,26),

mi = F —myrt + xg(), )

where r is the position of the bead, F is the force acting on the bead from
other beads in the system, v is a damping coefficient, g(¢) is a three-dimen-
sional vector, with each component being an independent univariate
Gaussian random process, and y is related to the frictional forces through
the fluctuation-dissipation theorem,

X = V2ymkgT,

with m being the bead’s mass. This approach allows one to maintain
a constant temperature of the system in a simulation, and at the same time
the fluctuating and frictional forces in the Langevin equation represent the
solvent viscosity and effect of the Brownian motion. Since  is fixed through
the fluctuation-dissipation theorem, the frictional and fluctuating forces are
accounted for by the single parameter, v. For the coarse-graining level of
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150 atoms per CG bead, our previous work (26) showed that y = 2 ps ™

gives good agreement with the experimental diffusion rates of a protein.
Accordingly, y = 2 ps~ " is used in this study.

The integration time step is At = 150 fs, and all times reported are actual
simulation times (At times number of integration steps). Simulations are
performed at T = 300 K.

The cutoff distance for nonbonded interactions is 20 A. This distance is
chosen to be smaller than the cutoff for choosing interacting pairs of beads,
Rt = 24 A, because some bead pairs with specific interactions assigned
occur at distances above, but close to, 24 A in the native capsid structure.
With the cutoff distance for simulations set to 24 A, thermal fluctuations
would bring many beads that are originally >24 A apart, within the interac-
tion range, and the specific interactions assigned to such bead pairs would
drive the pairs toward the minima of their interactions, which are typically
at 20 A or below. This would result in distortions of the structure. Choosing
a smaller cutoff distance for simulations, such as 20 A, largely allows one to
avoid such problems.

The beads of the substrate are fixed at their initial positions. The AFM tip
is constrained in the x-y plane to remain on the same axis as initially posi-
tioned; this axis is parallel to the z direction and runs through the center
of the capsid. In the z dimension, the tip is free to move, while a harmonic
force is applied to the center-of-mass of the tip in this dimension, to result in
the constant velocity pushing, referred to as steered molecular dynamics
(SMD) (32,33). The SMD force constant is 5 kcal/(mol A?), and the usual
pushing velocity is 23 A/us, although simulations with faster and slower
pushing have been performed as well (see Supporting Material).

Averaging of data

In simulations, the force-indentation (i.e., FZ) curves are obtained as data
sets of simultaneous measurement of the position of the AFM tip center-
of-mass and of the force experienced by the AFM tip as a whole. The posi-
tion can be translated then into an indentation depth: computing the distance
between the AFM tip center-of-mass and its bottom surface, one finds the
position of the bottom surface and compares it with the initial capsid height,
thereby obtaining the indentation depth. Since the shape of the AFM tip
remains essentially the same during the simulations, the distance between
its center-of-mass and bottom surface is constant within a few A. The
raw data are taken every 1.5 ns. An example of raw FZ curves from
simulations is shown in Fig. S4. For the sake of clarity, the individual simu-
lated FZ curves shown in all other figures are averaged over time windows of
150 ns.

To aggregate data from multiple simulations or experiments, both position
and force of the FZ curves are averaged at each time step over experiments
or simulations, resulting in the plots that can be seen in Fig. 1 4 and Fig. 2.
An analogous procedure is performed for energies, such as in Figs. 3 and 4.
The error bars are the corresponding root mean-square deviations (RMSD).

RESULTS AND DISCUSSION

We perform simulations with maximum indentation Z,,x =
0.35R,0r50 A, and Z,,,,x = 1.25R, or 180 A (180 A is the outer
capsid radius). For both Z,,,,x = 0.35R and Z,,,,x = 1.25R, we
carry out five simulations pushing the capsid along its fivefold
symmetry axis, five along the threefold, and five along the
twofold axis. Three repeated rounds of pushing are done in
each simulation. Simulations are performed using steered
MD (SMD) (32), where the AFM tip is moved with a constant
velocity (23 A/us) along the vertical axis (Fig. 1 a; see also
Fig. S4). The indentation of 1.25R is reached within 8 us,
vs. ~0.1 s in experiment.
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FIGURE 2 Three rounds of repeated
pushing. (@) Pushing with Z,.,« =
0.35R. (b) Pushing with Z,,,,, = 1.25R.
The images of the capsid on the left
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maximum indentation; the remaining
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Force response of the HBV capsid to AFM
nanoindentations

Fig. 1 d shows averaged FZ curves. The data show a remark-
able agreement between simulation and experiment, which is
near perfect (within <0.5 of RMSD) for indentations of up
to ~0.4R, and for larger indentations the experimental and
simulated curves remain within a factor of 1.5 from each
other (and within the experimental RMSD). Individual simu-
lated FZ curves are shown in Fig. 1 e.

The error bars (RMSD) of the force for the experimental
curve in Fig. 1 d are larger than for the simulated curves.
The same is observed for RMSD of the indentation depth
(omitted for clarity in the figure), which measures typically
a few A in simulations and ~20 A in the experiment. These
differences are likely due to some amount of biological
variation of the studied capsids, including differences in
capsid structure, and to physical variation of the substrate
surface and the AFM tips. The simulations are more uniform
as they use an ideal capsid structure, the same substrate and
tip, and the pushing is focused precisely on the capsid center.
Furthermore, simulations employ faster pushing than in
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experiment, which induces indentations of the capsid in
each trial to follow approximately the same path, because
there is not enough time for fluctuations of the structure to
lead to significantly different capsid conformations.

The close agreement between the simulated and experi-
mental FZ curves is observed despite the difference in the
pushing speed, and despite the fact that the tuning of the
SBCG model was based solely on reproducing spherical
shape and size of a free capsid. This tuning, although reason-
able, leaves the predictive power of the SBCG model to be
limited. Indeed, as the capsid is deformed further away
from its native shape, a larger discrepancy between simu-
lated and experimental FZ curves is observed (Fig. 1 d).
Nevertheless, our results show that our relatively simple
model, which captures key capsid geometry and interactions
between the capsomers, allows one to obtain quantitative
results on mechanical properties of capsids. Previous studies
of capsids (24) employing the SBCG model also agreed with
experiments and all-atom simulations (34).

For simulations with three rounds of pushing performed,
one observes reversible behavior of the force response
for Zax = 0.35R (see Fig. 2 a, Fig. S5 and Fig. S7, and
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Movie S1), whereas for Z,,,,x = 1.25R the capsid deformation
is clearly irreversible (see Fig. 2 b, Fig. S6 and Fig. S8, and
Movie S2). This result agrees with experiments, which show
that the HBV capsid deforms reversibly if the indentation is
stopped at Z,.x = 0.35R to 0.55R (11), and irreversibly for
larger indentations.

In the reversible regime (Z,.x = 0.35R), the simulated and
FZ curves overlap within the simulation RMSD (see also
Fig. 1 d). The simulated FZ curves for the first, second, and
third pushing round are, at most, separated by 200 pN, but
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(kcal/mol)
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FIGURE 3 Contributing factors for the observed force-
indentation profiles. (@) Force is plotted versus time for
three repeated rounds of pushing. Energies for various
interactions in the system are all drawn to scale (bar,
200 kcal/mol). (Black) Average over all simulations with
Zmax = 1.25R (error bars are the averaging RMSDs).
(Blue) The value of the average over all simulations with
Zmax = 0.35R and over time ¢ > 4 us (light blue shade,
RMSD). (Green and red) Capsid-substrate interaction
energy from two individual simulations. (b) The capsid is
divided into five zones heightwise. Contributions from
each zone to the angle and nonbonded energies are shown,
averaged over all simulations; average deviations from the
mean are shown as error bars, one for each curve. In panels
a and b, the periods of pushing and relaxation are high-
lighted in gray and white (the initial pushing with indenta-
tion <0.35R is highlighted by light gray). (c) Examples of
deformations of each zone in individual simulations, at the
point of maximum indentation and after relaxation.

most of the time they are much closer. The experimental
curves (as well as simulated curves for the fivefold symmetry
axis) are within, at most, 100 pN from each other. These sepa-
rations between the curves from different rounds are also well
within the simulation RMSD in all cases. In experiments, the
curve for the third round runs below that from the first round.
SBCG simulations reproduce this effect and shed light on its
origin. Fig. 2 a demonstrates that even for Z,,,,, = 0.35R, after
the AFM tip is removed, the capsid deformation is not elimi-
nated completely.

FIGURE 4 Maps of capsid deforma-
tion. The bottom of each map corre-
sponds to the contact with the substrate;
the AFM tip is at the top. Each quantity
shown is for individual capsid mono-
mers, averaged over all simulations
(systems with different pushing direc-
tions were aligned with respect to initial
positions of the AFM tip and substrate).
(@) RMSD and number of native
contacts, N.on, of each monomer
for simulations with the maximum
indentations Z,.,, = 0.35R and 1.25R.
(b) Difference between monomer energy
averaged over all simulations with
Zmax = L.25R and that averaged over
all simulations with Z., = 0.35R, for
angle conformational energy (AE ) and
nonbonded LJ energy (AEng). (¢)
Examples of protein units that are
relatively strongly (top) and weakly

(middle) deformed in one of the simulations. Initial structures for chosen dimers and for the rest of the capsid are in blue and gray; snapshots from a number
of frames (during relaxation after the first pushing, Z,,x = 1.25R) are in green and pink. The whole capsid is shown at the bottom. Locations of the two dimers
are shown in the maps in panels a and b by solid and dashed circles. Locations of the five zones (Fig. 3) are shown by dotted lines.
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For Z,.x = 1.25R, the capsid height remains reduced by
0.4R after the load is removed (Fig. 2 ). In both simulation
and experiment, the force response reduces from one round
to the next, so that at Z = 1.25R it is ~100-200 pN smaller
than in the first round. The largest discrepancy between
simulation and experiment is observed for such irreversible
indentations: while the simulated curves show that the capsid
height remains reduced after the AFM tip retracts, experi-
mental curves indicate nearly full capsid height recovery in
each round. Most likely, this is due to the difference in the
relaxation time between the pushing cycles, which is ~1 s
in experiment and only a few microseconds in simulation.
However, on closer inspection, a capsid deformation persist-
ing after tip retraction is evident in the experiment as well,
where we find that after five pushing cycles the capsid height
decreases by ~10%.

The simulated FZ curves for indentations along each of the
three symmetry axes of the virus diverge when indentations are
between 0.4R and 1.0R, with the maximum difference being
~200 pN at Z ~0.6R (Fig. 1 d and Fig. 2). The curve for the
twofold symmetry axis lies above the others, while that for
the fivefold symmetry axis lies below the others, and the one
for the threefold symmetry axis lies in between. The curve
for the fivefold symmetry axis also exhibits a characteristic
plateau between indentations of 0.4R and 0.7R (Fig. 1 d).

Molecular-level interactions during AFM
nanoindentations

The indentation of HBV capsids becomes irreversible at
Zmax > 0.35R—0.55R, and average FZ curves (Fig. 1 d) exhibit
a nonlinearity arising at the same indentation level (finishing
at 0.8R—1.0R). Considering a straight line connecting the
origin of the plot with the FZ curve at large indentations
(e.g., 1.25R), the nonlinearity in both experiment and simula-
tion corresponds to forces lying above this line, i.e., the FZ
curve is slightly convex. Contributions of various factors
toward this effect are analyzed in Fig. 3. Energies of bonded,
angle, and nonbonded interactions (see Eq. 1) within the
capsid, as well as capsid-substrate interaction, are shown.
The energies averaged over all simulations with Z,., =
0.35R remain well within their RMSD level during the periods
of indentation and relaxation (see Supporting Results and
Fig. S9 in the Supporting Material). Thus, their time averages
are drawn as blue lines (average) with light blue shades
(RMSD) in Fig. 3 a, characterizing the state of a reversibly
deformed capsid. Deviations of black curves (Zn.x =
1.25R) from the reference given by the blue lines characterizes
the difference between the reversible and irreversible defor-
mations. To analyze the contributions from different parts
of the capsid, we divide the capsid into a number of zones
heightwise (Fig. 3, b and c; each zone has approximately
the same number of monomers).

During the reversible pushing, the analyzed energies
change smoothly; the nonbonded energy is even reduced as
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some favorable contacts between capsomers are established.
In the analysis, a significant rise is observed in the nonbonded
energy (which corresponds mostly to interactions between
different monomers), followed by the angle energy (mono-
mer bending), while the bonded energy (monomer stretch-
ing) does not change as much. This happens as the AFM
tip bends the upper set of capsomers (Zone 1) and touches
Zone 2, resulting in a significantly larger area of the
capsid-tip interaction than before and leading to a nonlinear
increase of the force, in agreement with the continuum mate-
rial simulation of a similarly shaped CCMV capsid (16).
Another prominent change occurs in the capsid-substrate
interactions. Examples from individual simulations (red
and green curves in Fig. 3 a) show that the capsid-substrate
energy experiences sudden jumps. This happens as Zone 4,
which originally does not touch the substrate, makes contacts
with the latter. The two bottom snapshots in Fig. 3 ¢ show
a simulation in which Zone 4 touched the substrate at inden-
tations close to 1.25R, and then separated from the substrate
during relaxation, leading to the capsid-substrate interaction
profile highlighted in green in Fig. 3 a. In some of the simu-
lations, Zone 4 remains attached to the substrate after the
relaxation, resulting in a curve such as the red one in Fig. 3 a.

The angles, nonbonded and capsid-substrate interaction
energies demonstrate irreversible behavior: they do not
return to their initial values (or to Z,,.x = 0.35R averages)
during the relaxation, while the bonded energy does. Thus,
the FZ curve nonlinearity and the origin of the irreversible
deformation should be ascribed to establishing more contacts
between capsid and substrate, as well as to bending and shift-
ing of monomers due to more extensive contacts with the
AFM tip. Passing the indentation of ~1.0R, one does not
observe significant changes in the distribution of capsid-tip
or capsid-substrate contacts, and the FZ curves become
linear again.

Deformations and corresponding changes in interaction
energies are distributed nonuniformly across the capsid
(Fig. 3 b). Capsid poles (Zones 1 and 5) exhibit the most
changes in angle energy (monomer bending), as they are
deformed by direct contacts with the AFM tip and the
substrate (Fig. 3 ¢). The nonbonded energy changes, corre-
sponding to the monomer rearrangement, are most prominent
in Zones 2 and 3, i.e., near the equator of the capsid. Energy
of interactions between zones does not vary significantly,
showing that the force response is mainly caused by bending
and local shifting of monomers, rather than large-scale
rearrangements of the capsid structure.

Maps characterizing behavior of individual capsid mono-
mers are shown in Fig. 4. The properties analyzed are
computed for each monomer and averaged over all simula-
tions for the 1-us time period at the end of the first relaxation.
The surface of the capsid is projected on a plane using Kavray-
skiy’s cartographic mapping (35), so that the upper and lower
parts of the map correspond to the capsid poles facing the
AFM tip and the substrate, respectively. For simulations
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with indentations along different directions, the simulated
systems are rotated for the mapping so that the initial position
of the AFM tip and the substrate are aligned. With enough
sampling, one expects that the maps should become uniform
in the longitudinal direction. This is not the case for our
limited sampling set of 15 simulations, but one can already
notice uniformity of the mapped features along that direction.

The average RMSD of the monomer structure (Fig. 4 a)
ranges from 2.9 A to 4.7 A, a maximum change of >50%.
For simulations with Z,,,x = 0.35R, the RMSD map is rela-
tively uniform, with a few hot spots, whereas for simulations
with Z ... = 1.25R, prominent hot spots arise corresponding
to strong deformation (bending) of monomers. This change
is most obvious for polar regions (Zones 1 and 5), which
contact the AFM tip and the substrate from the start, but it
also propagates to Zones 2 and 3, which contact the tip
and the substrate after the indentation is sufficiently deep.
In contrast, one observes a uniform map for the fraction of
native contacts N on, Which is defined for each monomer
as the number of CG beads from other monomers that are
within the radius of 20 A from the first monomer, taken as
a ratio to the same number for the original capsid structure
(20 A is the cutoff radius for the nonbonded interactions
in our CG simulations, see Methods). N.o,; averaged over
all simulations is found to be in the same narrow range,
75-89%, for both Z,.« = 0.35R and 1.25R. The Non
maps for the two cases are quite similar and relatively
featureless. This means that the arrangement of monomers
is almost unaffected by the indentation, i.e., the local struc-
ture of the capsid remains the same, even though the capsid
is strongly deformed globally.

We also map the change AF in the energy of each monomer
between the Z,,,,x = 1.25R and Z,,,.x = 0.35R cases (Fig. 4 b),
for the angle and nonbonded interactions (AE, and AENg).
Global energy changes observed in Fig. 3 a, when divided
by the total number of monomers, 240, set a natural scale
for per-monomer energy changes (1.1 kcal/mol for AE,
and 1.7 kcal/mol for AEyg). The maps are plotted in the
range of *=3 such units; the actual variation is —4.7 to
4.3 kcal/mol for AE, and —17.5 to 15.5 kcal/mol for AENg
(the thermal energy is kg7 = 0.6 kcal/mol). The maps in
Fig. 4 b show changes between the Z,,, = 1.25R and Z,,,.,x =
0.35R cases, especially in Zones 1 and 5, and to a lesser
extent for AE, in Zones 2 and 4. The equatorial Zone 3
remains relatively unaffected in many indentation trials. Inter-
estingly, AEng is mainly negative in Zones 1 and 5, and
mostly positive in Zones 2 and 4. This observation shows
that direct interactions with the AFM tip and substrate at
Zones 1 and 5 during irreversible deformation displace
capsid proteins toward a slightly more favorable arrangement
than during the reversible indentation, whereas protein
shifting in Zones 2 and 4, caused by the propagation of strain
from the poles brings about some relatively unfavorable
clashes between neighboring proteins in case of Zmax =
1.25R.
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The maps in Fig. 4, a and b, show that the irreversibility of
the deformation for Z., = 1.25R is caused by strong
changes in nonbonded interaction energy and in angle
(monomer bending) energy, but, although the monomer
bending (RMSD) is clearly affected by the strong deforma-
tion, the mutual arrangement of monomers, characterized by
Ncont, hardly changes at all. This is also obvious from visual
analysis of the snapshots from simulations, illustrated in
Fig. 4 c. The dimer at the top of Fig. 4 ¢ exhibits large-scale
bending and is mobile, while the one at the bottom is moving
less, which is reflected in the RMSD maps. However, the
position and orientation of these dimers, with respect to
surrounding capsomers, are not significantly affected, and the
shifting and sliding observed amounts to only a 10-20%
change in N o Thus, the origin of the indentation irrevers-
ibility is the local bending and slight rearrangement of
capsomers, and not their stretching, sliding, or global rear-
rangements of the capsid structure.

CONCLUSION

Our combined experimental and computational study
provides a high-resolution picture of the capsid deformation
in AFM nanoindentations. To our knowledge, this study is
the first to reproduce irreversible deformation of capsids using
a computational approach. The simulated force response is in
qualitative agreement with experiments for both reversible
and irreversible deformation. These results are obtained
without tuning the material properties of the model to match
experimental force-indentation (FZ curves). The SBCG
approach distinguishes molecular detail at the level of indi-
vidual proteins and reveals that the experimentally observed
nonlinearity in the FZ curve is due to capsid-substrate interac-
tions, monomer bending, and slight shifting of capsid proteins
with respect to each other. Likewise, the irreversibility of deep
indentations is seen to originate from small, local changes of
capsid proteins arrangement and protein bending (but not
stretching), rather than from global rearrangement. Thus,
the SBCG MD approach, systematically parameterized based
on the atomic-level equilibrium structure of the capsid, is
apowerful tool for molecular-level studies of viral mechanics.

The HBV T=4 capsid is a relatively small, spherical, and
homogeneous virus shell, with loose protein packing (28)
(Fig. 1). Capsids of many other viruses exhibit a capsomer
organization with extensive protein-protein contacts, which
greatly affect the mechanical stability of the capsids
(24,34). For instance, examination of capsid structures for
MVM (36) and bacteriophages ¢29 (37) and A (38), which
have been studied by AFM nanoindentations (1,8,10), shows
that these capsids exhibit much more extensive protein-
protein contacts than in the case of HBV. Our study suggests
that these differences in capsid protein organization underlie
the differences in Young’s moduli of various viral capsids, as
recorded in AFM experiments. Young’s modulus is a
geometry-independent parameter that characterizes the
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stiffness of the capsid material (3), and its value is <0.5 GPa
for HBV and CCMV (6,11), and >1.0 GPa for MVM and
bacteriophages A and ¢29 capsids (1,8,10). Thus, the HBV
capsid, as well as the similarly loosely packed CCMV
capsid, are less stiff than the capsids of the other three
viruses. Furthermore, the A and ¢29 capsids break at inden-
tations of 20-25% of their radius and show material fatigue
under repeated small indentations (10). In contrast, irrevers-
ible deformations arise at ~60% of R for HBV, and HBV
capsids do not show signs of fatigue after tens of shallow
indentations (11).

Our results show that large-scale deformations of the HBV
capsid occur without disruptions of local capsomer order,
i.e., without capsid failure, and that slight changes in this
order and bending of capsomers can produce significant
effects, such as locking the capsid in a deformed conforma-
tion. For viruses such as MVM and bacteriophages A and
$29, the deformation scenario should be different, as the cap-
somers are interlocked with each other, leading to a stiffer
capsid and more local deformations upon force application
than in the case of HBV. The tight interlocking is also diffi-
cult to restore once it is broken, resulting in a stiff, but
relatively brittle capsid and in capsid failure upon strong
deformation; the weak surface contacts of HBV capsomers
make the HBV capsid rather more plastic and allow the
capsid geometry to undergo smooth transitions.
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