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Picosecond infrared laser-induced all-atom
nonequilibrium molecular dynamics simulation of
dissociation of viruses
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Since the discovery of the plant pathogen tobacco mosaic virus as

the first viral entity in the late 1800s, viruses traditionally have been

mainly thought of as pathogens for disease-resistances. However,

viruses have recently been exploited as nanoplatforms with applications

in biomedicine and materials science. To this aim, a large majority of

current methods and tools have been developed to improve the physical

stability of viral particles, which may be critical to the extreme physical

or chemical conditions that viruses may encounter during purification,

fabrication processes, storage and use. However, considerably fewer

studies are devoted to developing efficient methods to degrade or

recycle such enhanced stability biomaterials. With this in mind, we carry

out all-atom nonequilibrium molecular dynamics simulation, inspired

by the recently developed mid-infrared free-electron laser pulse

technology, to dissociate viruses. Adopting the poliovirus as a repre-

sentative example, we find that the primary step in the dissociation

process is due to the strong resonance between the amide I vibrational

modes of the virus and the tuned laser frequencies. This process is

determined by a balance between the formation and dissociation of the

protein shell, reflecting the highly plasticity of the virus. Furthermore,

our method should provide a feasible approach to simulate viruses,

which is otherwise too expensive for conventional equilibrium all-atom

simulations of such very large systems. Our work shows a proof of

concept which may open a new, efficient way to cleave or to recycle

virus-based materials, provide an extremely valuable tool for elucidating

mechanical aspects of viruses, and may well play an important role in

future fighting against virus-related diseases.

Introduction

A virus is a nanoscale particle with essential functions like
infecting a host cell of a biological organism, replicating,
packaging its nucleic acid, and exiting the cell. In this process,
a virus usually moves through a broad range of chemical
environments, and exhibits remarkable plasticity in structure
and dynamics. The high degree of conformational instability
is necessary for viruses to facilitate the delivery of the viral
genome inside the host cell through a structural rearrangement
of the capsid, with or without capsid dissociation into sub-
units.1 On the other hand, viruses must also be rigid enough to
resist extreme environments such as high temperatures, non-
neutral pH, and other harsh conditions to protect their genomic
materials.2 Since the discovery of the plant pathogen tobacco
mosaic virus as the first viral entity in the late 1800s,3 viruses
traditionally have been mainly thought of as pathogens for
disease-resistances. However, the dual mechanical characteristics
of viruses have been recently exploited for many applications
from medicine to materials, expanding the virology field to a wide
range of research studies far beyond biology. For example, in
medicine, the conformational instability of viruses is desirable
for the development of viruses for gene therapy and targeted
drug delivery, where they should be capable of dynamic rear-
rangement or disassembly, to deliver their cargo into target
cells. In contrast, the mechanical stability of viruses is required
for many applications, for example, vaccines, contrast agents,
diagnostic agents, and building blocks for some nanomaterials,
where they may encounter extreme physical or chemical conditions
during purification, fabrication processes, storage and use.
Therefore, much effort has been focused on the improvement
of the physical stability of virus-based materials, employing
different approaches such as engineering of intersubunit elec-
trostatic interactions4 and intersubunit disulfide bonds,5 and
using chemical procedures.6,7 For excellent reviews of the methods,
readers are referred to recent publications.8,9 However, fewer studies
are currently carried out to address an obvious concern: how to
efficiently dissociate such purposely enhanced stability materials
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without much damage to the surrounding environment? This
concern should be important if one wants to translate the virus-
based nanofabrication technology into real-world applications
where the degradation and recycling of materials might be
necessary. Just one intuitive example, in the experiment using
the viral capsid as a scaffold to mineralize positively charged iron
oxide nanoparticles,10 is how to remove the scaffold without
much damage to the nanoparticles? Obviously, the use of acidic
conditions or high temperatures is not promising because
nanoparticles and the surrounding medium are easily affected.
Of course, having efficient virus dissociation methods is also
important for disease-resistance.

In general, viruses are assembled from repeating subunits
to form highly symmetrical, homogeneous architectures and
stabilized by a highly cooperative nature of the hydrogen bond
(H-bond) network. Because H-bonds are involved with the
backbone carbonyl CQO atoms, which primarily participate
in the amide I vibrational modes, one can excite the amide I
modes, leading to the destabilization of the H-bond network
and subsequently dissociation of the whole viruses. Indeed, this
idea has been employed to dissociate protein self-assembled
nanostructures. In their pioneering studies, by tuning the
frequency of a mid-infrared free-electron laser to the amide I
bands, Kawasaki and coworkers were able to dissociate various
amyloid fibrils – the extremely stable structures were stabilized
by a stable H-bond network into soluble monomers.11–14 To
explain this experimental finding, very recently, we have carried
out laser-induced nonequilibrium molecular dynamics (NEMD)
simulations to study the dissociation of various amyloid fibrils15 as
well as peptide nanotubes.16 We have shown that the dissociation
mechanism is due to the strong resonance between the laser field
and the amide I vibrational modes of the nanostructures. Inspired
by these experimental and theoretical studies, here we wish to
show, as a proof of concept, that viruses can also be degraded by a
free electron laser whose frequency is tuned to the vibrational
frequency of the amide I bands of the viruses.

System and simulations

Adopting the poliovirus as a first representative system, we
carry out large-scale all-atom NEMD simulations to understand
the dissociation mechanisms. Poliovirus is classified as an
enterovirus within the Picornaviridae, a family that contains
many human and animal pathogens.18 It is extremely stable at
very high pressures,19 and environmental solutions such as
fresh water and sewage.20 The viral genome, a single-stranded,
(+)-strand RNA of approximately 7500 nucleotides in length, is
enclosed in the protein shell. Here, we only focus on the empty
poliovirus, i.e., there is no RNA inside the virus shell. The virus
contains 4 subunits, VP1–VP4, arranged with icosahedral symmetry,
and each subunit contains 60 identical proteins. Each protein in
VP1, VP2, VP3 and VP4 is composed of 302, 272, 238 and 68
residues, respectively [Fig. 1]. The initial structure was kindly
provided by Okazaki and coworkers from the last structure of
the 200 ns equilibrium molecular dynamics simulation trajectory,17

and is shown in Fig. 1(A) and (C). The structure is then solvated into
an octahedral box containing 948 548 water molecules. This system
is then neutralized by adding 1435 sodium ions, 1283 chloride ions,
and 28 potassium ions, resulting in 3 659 530 atoms in total. We use
the AMBER-f99SB-ILDN force field21 to model the proteins and the
TIP3P water model to describe the solvent. Starting from this
structure, a short simulation of 1 ns is carried out in the NPT
ensemble followed by another 1 ns NVT simulation, employing the
GROMACS program.22 Then 10 independent conformations are
selected statistically from the NVT trajectory and subsequently used
for the NEMD simulation.

In the NEMD simulation, a time-dependent electric field

EðtÞ ¼ E0 exp �
ðt� t0Þ2
2s2

� �
cos 2pco t� t0ð Þ½ �; (1)

was applied to mimic a laser micro-pulse [Fig. 2(A)]. Here, E0

represents the amplitude of the electric field, s is the pulse
width, t is the time after the pulse maximum t0, c is the speed of
light and o is the frequency. In a conventional molecular
dynamics simulation, the temperature of the system is typically
maintained by rescaling the velocities of all atoms at every time
step.23 In a laser-induced nonequilibrium experiment, the
photoexcitation results in a vibrationally hot molecule, which
is then cooled via the transfer of the vibrational energy to the
surrounding solvent molecules.24 Thus, in our NEMD simulations,
only the waters are coupled to the heat bath in order to maintain
the temperature of 310 K with a coupling constant of 0.1 ps. This
technique has been developed in previous photo-induced NEMD
simulations of peptides15,16,24–29 and validated by comparing the
cooling times with the known experimental results.24,27 This
also mimics the experimental conditions, in which water is
added periodically to the suspension during the irradiation
process in order to prevent excessive evaporating.11–14 To
ensure stability, a time step of 0.2 fs was used, and data were
collected every 0.1 ps.

Resonance between amide I vibrational
modes and the laser field

The infrared free-electron laser developed by Kawasaki and
coworkers to dissociate amyloid fibrils can generate a macro-
pulse having a duration of 2 microsecond, each consisting of
2 ps micro-pulses separated by an interval of 350 ps. This
means each macro-pulse contains about 6000 micro-pulses.
The energy of a micro-pulse is in the range of 6–8 mJ. With this
laser, fibrils are dissociated after several hours of radiation.11–14

As we wish to use the infrared free-electron laser for dissociation
of viruses, we set the pulse width s = 2 ps and t0 = 8 ps. Given the
very large system-size and multiple trajectories are required, we
varied the field strength and found that E0 = 2 V nm�1 is
sufficient so that the virus is dissociated within a reasonable
timescale. As shown in the previous work,15 the field strength
does not affect the dissociation mechanism, but rather only
accelerates or slowdowns the dissociation process. As our working
assumption of the laser-induced dissociation method is the
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resonance between the laser field and the amide I vibrational
modes of the virus, we scan the laser frequency [eqn (1)] in the
interval o = 1620–1720 cm�1 with a step of 2 cm�1, and carry
out 500 NEMD simulations: 10 trajectories, each lasting 16 ps,

starting from the conformations selected from a 1 ns equilibrium
MD trajectory at 310 K; each trajectory was run with 50 scanned
values of o. To obtain the response of the virus to the field, we
calculated the peak value of the CQO bond length fluctuation

Fig. 1 The equilibrium structure of the poliovirus obtained after the 200 ns equilibrium molecular dynamics trajectory provided by Okazaki and
coworkers17 (A and C) and after 300 ps laser-induced NEMD simulation (B and D). Above panels are the 3D structures and below are the cross-sections.
The virus is composed of 4 repeating subunits V1–V4 formed by four different proteins which are shown in (E) before excitation and (F) after 300 ps of
laser-induced dissociation. Water molecules are shown in cyan.
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DdCOðtÞh i ¼ ð1=52560=10Þ
P52560
i¼1

P10
j¼1

d j
i ðtÞ1:23

�� ��, where d j
i(t) is the

time evolution of the i-th CQO bond length (this virus consists
of 52 560 CQO bonds) of the j-th trajectory and 1.23 Å is its
equilibrium value. We also calculated the ensemble average of the
last values (at 16-th ps) of the system energy, the intramolecular
H-bond of individual chains, and the root-mean-squared deviation
(RMSD) of the whole virus with respect to the initial structure, and
secondary structures. As seen from Fig. 2, the virus exhibits a
strong resonance with the field at o = 1675� 2 cm�1, as indicated
by large changes in the CQO bond lengths and the system energy
[Fig. 2(B) and (C)]. This indicates that the laser excites primarily the
amide I modes of the virus and that these are enough to dissociate
the virus as clearly seen from a snapshot of the configuration
shown in Fig. 1. More quantitatively, the dissociation is reflected
by the decrease of the H-bond number from the equilibrium value
of E100 to E50, the RMSD increases from E1 Å to E6 Å, and
proteins are converted to random coil structures [Fig. 2(D)–(F)].

Laser-induced virus dissociation
process

To investigate the dissociation process, starting from 10 selected
equilibrium MD conformations, we carry out NEMD simulations,
each lasting 300 ps. During this time, 10 micro-pulses with
parameters (s = 2 ps, t0 = 8 ps, o = 1675 cm�1, and E0 = 2 V
nm�1) separated by a time interval of 30 ps are applied to the
system. We should note that the repetition rate of 30 ps is much
shorter than the available experimental value of 350 ps, and
difficult to generate in real experiments. Nevertheless, as our
main aim is to provide a proof of concept, these laser para-
meters allow us to investigate the dissociation process within a
reasonable timescale. As seen from Fig. 3, under the irradiation

of the first pulse the resonance takes place and the amide I
vibrational modes are excited after 5 ps, resulting in the large
fluctuation of the CQO bond lengths with the maximal value of
E0.1 Å around 8 ps, which represents the peak of the laser pulse
[Fig. 3(A)]. The excess CQO stretching potential energy is then
converted to the kinetic energy, resulting in the increase of the
total energy of the system which reaches the maximal value a bit
later, around 9 ps [Fig. 3(B)]. After 8 ps, the laser intensity
decreases and the fluctuations of the CQO bond lengths as well
as the system energy are also reduced. As a consequence of the
excitation, the intra- and intermolecular H-bonds formed in the
equilibrium structures are excited, broken and quickly reduced
from the initial values of E3 � 104 and 1.2 � 104 to E1.1 � 104

and 0.27 � 104, respectively within the first 9 ps [Fig. 3(C)]. This
leads to the destabilization of the virus as indicated by the
increase of the RMSD with respect to the initial equilibrium
structure from E1 to 10 Å [Fig. 1(D)]. Interestingly, the virus is
expanded in both inward and outward directions as indicated
by the increase of the outer diameter from 168 to 180 Å, and the
decrease of the inner diameter from 90 to 80 Å [Fig. 3(D)].
Although the virus wall is opened [Fig. 1(D)] but given the short
excitation timescale of 10 ps, which is much shorter than
the exchange rate of 25 ms between the waters inside and
outside of the virus,17 the waters largely remain inside the virus,
therefore, the water density inside the virus increases from
E32 to E41 nm�3 [Fig. 3(F)]. After 30 ps, the laser is turned
on again and the second pulse excites the system one more
time leading to further destabilization and this process is
periodically repeated over 300 ps. Importantly, we observed
an oscillation behavior of all quantities shown in Fig. 3, and
to explain this, we calculated the Coulomb and van der
Waals interactions and found that these two interactions are

Fig. 3 (A) Time evolution of the fluctuation of the CQO bond lengths; (B)
the energy of the system; (C) the number of intra- (solid line) and inter-
chain (dashed line) H-bonds; (D) the RMSD with respect to the initial
structure; (E) the inner (dashed-line) and outer (solid-line) diameters of the
virus; (F) the density of water molecules inside the virus. Shown are the
results obtained from the NEMD simulation using 10 micro-pulses with
o = 1675 cm�1, E0 = 2 V nm�1 (black) and E0 = 4 V nm�1 (green). The
results obtained from an equilibrium simulation are shown in red.

Fig. 2 (A) Time evolution of the 10 electric field pulses with o = 1675 cm�1,
E0 = 2 V nm�1, the laser-induced changes of the CQO amide bond lengths
(B), the system energy (C), the intramolecular H-bonds (D), the RMSD (E)
and the coil secondary structure content (F). The results are shown for the
laser amplitude E0 = 2 V nm�1 and different frequencies o.
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comparable with E55 � 106 kJ mol�1 for the Coulomb energy
and E7 � 106 kJ mol�1 for the van der Waals energy, indicating
that both interactions play a role in the stabilization of the virus.
This indicates that although the H-bond network is broken
(Coulomb energy is reduced) during the increase of the laser
intensity, after the pulse intensity decreases the van der Waals
interaction forces the system to refold back closely to the
structure at the end of the previous pulse, as indicated by the
increase of the H-bonds as well as of the other structural
quantities. This reflects the high degree of the plasticity of the
virus, an important feature of most viruses which allows them to
deliver their cargo into target cells. Understanding the factors
that are responsible for the delicate balance between the virus
reformation and dissociation might provide important insights
into the functions of viruses and virus-based engineering.
Although the structure after 300 ps reveals a large conformational
rearrangement, the overall spherical shape is essentially main-
tained [Fig. 1]. This may imply that the virus delivers the viral
genome inside the host cell through a structural rearrangement
of the capsid without capsid dissociation into subunits.1 For a
comparison, we also carry out the simulation using a higher
amplitude of the electric field, E0 = 4 V nm�1, and as shown in
Fig. 3, the dissociation process is quite similar to that obtained
using E0 = 2 V nm�1. This confirms further that the dissociation
mechanism, which is induced by the resonance, depends much
on the frequency rather than on the strength of the laser. Finally, we
also carry out an equilibrium simulation (E0 = 0 V nm�1) and as seen
from Fig. 3, the conformation of the virus is essentially unchanged.

The laser excitation results in the vibrationally hot virus,
which is then cooled via the transfer of its vibrational energy to
the surrounding water molecules, and it is great of interest
to investigate the cooling process. To this end, we calculate
the spatial distribution of the kinetic energy per atom crossing
the simulation cell, and for the sake of clarity, Fig. 4 shows the
cross-section of this distribution. At 0 ps, the system is in
equilibrium at 310 K and every atom possesses a kinetic energy
of 3kBT/2 E 3.9 kJ mol�1. The laser intensity reaches the
maximal value at 8 ps, and results in the hot virus whose kinetic
energy is E22 kJ mol�1. However, as seen, the surrounding
waters are still basically in the equilibrium state, indicating that
the coupling to the heat bath is very efficient. In this context, our
simulation technique that couples only waters to the heat bath
mimics very well the experimental conditions, in which water
is added periodically to the suspension during the irradiation
process in order to prevent excessive evaporation.11–14 After
30 ps, the first laser pulse is off, the virus is cooled down, and
the kinetic energy reaches E10 kJ mol�1 at the center of the
virus shell and E6 kJ mol�1 at the virus-water interface. After
10 pulses, the virus is largely dissociated, waters enter to the
interior shell [Fig. 1(D)], thus the cooling is even more efficient
as indicated by low (E7 kJ mol�1) and scattered kinetic energy
distribution at 300 ps. Interestingly, due to the increase of the
density [Fig. 3(F)], waters inside of the virus are more dense,
resulting in the decrease of their mobility, and therefore, the
kinetic energy of waters at the center of the virus is quite low
(r1 kJ mol�1) at 300 ps.

To investigate the dissociation process in more detail, we
show in Fig. 5 the time-evolution of the secondary structures of
proteins belonging to four subunits VP1, VP2, VP3 and VP4
(visualized in Fig. 1), calculated using the STRIDE program.30

Interestingly, at the equilibrium, the secondary structures of
VP1, VP2 and VP3 are quite similar with E25% for b, E35% for
turn, E30% for coil and 9% for the helix. For VP4, these
structures are different with E15% for b, E33% for turn,
E45% for coil and 9% for the helix. Following the excitation,
the a and b structures pertained in four subunits are quickly
destroyed and reduced to almost zeros. This is because the
H-bond network which stabilizes these structures is broken due
to the excitation of the CQO bonds. The turn and coil contents
quickly increase to E50% and E45%, respectively, and then

Fig. 4 The cross-section of the spatial distribution of the kinetic energy
(in kJ mol�1) per atom in the simulation cell at selected times. Shown are
the results obtained from the NEMD simulation using 10 micro-pulses with
o = 1675 cm�1 and E0 = 2 V nm�1.

Fig. 5 Time evolution of various secondary structure contents of four
subunits of the poliovirus virus following the laser excitation using
10 micro-pulses with o = 1675 cm�1 and E0 = 2 V nm�1.
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fluctuate around these values. These results indicate that the
origin of the plasticity of the virus during its conformational
rearrangement to delivery the genome maybe due to the inter-
play between the turn and coil structures of the VP1, VP2 and
VP3 proteins. VP4 exhibits a lower degree of plasticity as indicated
by the slow decay of the coil structure from E45% to 40% and the
formation of the turn content of E60% at 300 ps [Fig. 5].

As mentioned above, the virus is highly spherical symmetric
and to understand the relationship between structure-dissociation
mechanisms, Fig. 6 shows the time-evolution of the total number
of intermolecular H-bonds HBij between proteins of the VPi and
VPj (i, j = 1, 2, 3, 4). We note that because the number of residues of
proteins pertained to subunits is different, the values of HBij are
also different for different VP pairs. Thus, to facilitate a direct
comparison, the results shown in Fig. 6 were normalized with
respect to the equilibrium values at t = 0 ps. Around 9 ps after the
first laser pulse, all four subunits seem to break apart as indicated
by E80% of reduction of HBij between every two subunits. After
that, there is always a dissociation and reformation of the H-bond
network between subunits as the virus responds to the field.
Interestingly, the result shows a similar inter-subunit rearrange-
ment behavior of subunits, except the HB24 exhibits a stronger
tendency of the reformation of the VP2 and VP4 after 2 pulses
(t Z 60 ps). This indicates that, overall, the dissociation of the virus
is almost isotropic, except a slightly strong resistance between VP2
and VP4. Understanding the factors that stabilize the interaction
between VP2 and VP4 maybe important for the improvement of
the physical stability of the viruses by protein engineering.

Discussion and conclusion

We have presented comprehensive laser-induced NEMD simula-
tions, and shown that by tuning the laser frequency precisely to that
of the amide I vibrational mode, the resonance leads to the excitation
of the virus to the high energy states, breaking off the weak links in
the protein shell and dissociating the poliovirus. The implications of
our new findings can be discussed as follows.

From the conception point of view, the use of the infrared
laser to dissociate viruses may have two important implications,
one is biological and one is technological. First, any new
methods for killing viral particles may have important medical
applications. Several photonic approaches have been developed
such as UV and microwave treatments.31,32 However, the UV
irradiation targets both nuclei acids and proteins, so it damages
not only the viral particles but also mammalian cells. The
microwave absorption is not effective because most of the
energy is transferred to water and not to the viral particles.
Because of the difference in the nature of the H-bond network in
viruses and nucleic acids, the infrared laser pulse targets the
amide I bands of the viruses precisely, resulting in inactivating
viruses without much harming the nucleic acids and surrounding.
In this context, our theoretical study suggests that the infrared
laser may well play an important role against virus-related diseases.
On the technology front, viruses have recently been exploited as
nanoplatforms with applications in biomedicine and materials
science,33 and their stability properties are even enhanced in
purpose. Like any materials, they must, however, be recycled at
some point during their lifetime and the degradation of such
materials without much damage to the surrounding environment
is challenging. The use of an infrared laser may open a new,
efficient way to cleave or to recycle virus-based materials.

From the theoretical side, the large majority of all-atom
molecular dynamics simulations were performed under equilibrium
conditions to calculate thermodynamic mean values of small
systems. So far the computational load has been so heavy that
there are only a few all-atom simulations of very large systems
such as entire viruses. In 2006, Schulten et al. performed 10 ns
MD simulation of the satellite tobacco mosaic virus system
consisting of over 1 million atoms to study the role of the
RNA genome core in the stability of the virus.34 Grubmueller
et al. carried out force-probe simulation on the southern bean
mosaic virus capsid with the system size of over 4.5 million
atoms to compare with atomic force microscopy (AFM) studies.35

May and Brooks performed 30 ns simulation of the Sesbania
mosaic virus capsid of 800 000 atoms.36 Van der Spoel et al. carried
out 1 ms simulation of the satellite tobacco necrosis virus with
the system size of 1.2 million atoms to study the role of Ca+2 in
stabilizing the capsid.37 Finally, Okazaki and coworkers have
generated a 200 ns trajectory of the poliovirus system consisting of
over 6.5 million atoms,17 using the highly parallelized MD program
MODYLAS.38 They examined the exchange rate of waters across the
protein shell, and the pressure inside the capsid. Clearly, the low
computer of cost picosecond laser-induced NEMD simulations
opens the door to study such and even larger systems so as to
elucidate other structural and dynamical aspects of viruses.

Indeed, we first show that the virus is largely dissociated
with the first excitation pulse (t r 15 ps), and the subsequent
dissociation process is much slower because there is a balance
between virus formation and dissociation, where the spherical
shape is essentially maintained. This indicates that the initial
partial and transient dissociated virus creates an energy barrier
against further dissociation, acting like kinetic traps. In one of
the disassembly experiments, Castellanos et al. have used AFM

Fig. 6 Time evolution of the intermolecular H-bond between proteins
pertained to two different subunits VPi and VPj (i, j = 1, 2, 3, 4). Shown are
the results obtained from the NEMD simulation using 10 micro-pulses with
o = 1675 cm�1 and E0 = 2 V nm�1.
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experiments to mechanically induce dissociation of the minute
virus of mice.39 Their results reveal that the induced disassembly is
frequently initiated by the loss of one capsomer leading to a stable,
nearly complete particle that does not readily dissociate further.
Zlotnick et al. have used a thermodynamic-kinetic model to show
that during the early stages of dissociation of the hepatitis B virus
(HBV), the nearly complete capsids were slow to dissociate further,
but readily reassembled with free capsomers.40 Our results are
qualitatively consistent with these experimental and theoretical
studies. These observations could imply that the virus may only
undergo a structural rearrangement to deliver the viral genome
rather than dissociating into subunits. Our all-atom simulations
allow us to obtain further insights into the dynamical behavior at a
molecular level and show that the plasticity of the virus is primarily
due to the balance between the formation of the turn and coil
structures of the constituent proteins. This finding may be
important for protein engineering of viruses in medicine appli-
cations such as gene therapy and targeted drug delivery, where
the conformational plasticity of viruses is desirable.

Also, Castellanos et al. have also shown that capsomers can
be released from the capsid irrespective of where the force is
applied on the viral particle.39 Roos et al. have shown that the
removal of some capsomers in very complex viral particles can
be obtained either by AFM at different points or by a chemical
treatment.41 This is supported by our simulations showing that
the virus is basically dissociated isotropically, even if there is
a slight resistance between the subunits VP2 and VP4. These
observations suggest that although force is directionally applied
in AFM experiments, the same conformational dissociation may
occur when energy is isotropically applied by chemical treatment
or laser excitation. These could also support the coarse-grained
simulation results of Brooks and coworkers which show that the
cowpea chlorotic mottle virus only requires just one or two lowest
frequency isotropic normal modes to account for the conformational
changes.42 Taken together, our laser-induced simulation approach
has provided qualitatively theoretical support for those experimental
and theoretical studies, and gained additionally some insights
into the microscopic picture of the viruses and their dynamics at
the molecular level.
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