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1 Introduction

Viral capsids are self-assembled nano-structures consisting of a protein shell to pro-
tect the genetic material inside [1, 2]. The majority of plant viruses [3] and also lots
of animal viruses are double or single-stranded RNA viruses that assemble sponta-
neously under in vitro conditions [4–6]. In contrast, most bacteriophages, viruses
that infect bacteria, have a ”molecular motor” (head-tail connector) attached to the
viral shell which transports the DNA inside the viral shell after the self-assembly of
the complete shell protein.
Recent experiments [7, 8] and theoretical investigations [9–11] have revealed highly
organized DNA structures within fully loaded bacteriophages. Ejection forces exhib-
ited from the head-tail connector and osmotic pressures of the confined DNA inside
the viral particle were quantified to be of the order of 50 atm [12–14]. The high
packaging density has been recognized as one of the key factors responsible for the
enormous pressure caused by the DNA inside fully packed bacteriophages, whereas
electrostatic repulsion has also been proposed to play an important role as well [15].

Figure 1.1: Schematic drawing of the viral replication cycle (taken from [16]).

Most DNA and RNA virus shells exhibit an icosahedral symmetry, whereas the func-
tion of the viral capsid and its mechanical properties are some of the main questions
in medical research like drug design and biological, chemical and also physical sci-
ence [17, 18]. One of the major challenges in the approach of an improved picture of
viral assembly and maturation [19] is a fundamental knowledge of the shell elastic
properties and their distribution on the viral surface.
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How can an arrangement of proteins show a high stiffness and simultaneously be-
haves highly elastic [14]? Only an understanding of the mechanical properties can
improve the function of viral shells as drug containers or the development of antiviral
drug components and vaccines [20, 21]. Furthermore, to study if and to what extent
stiffness parameters such as elastic constants and Young’s modulus as well as frac-
ture behavior are distributed on the viral surface [22], is important in the process of
viral infection during which the genetic material is injected into a cell (Fig. 1.1, step
2). Because, before the genetic material is released from the capsid, a transition of
the mature viral shell to a structure which is able to release the DNA/RNA proceeds,
in some cases observed as swelling of the capsid [23, 24]. A uniform swelling of the
capsid with subsequent bursting of the viral shell was proposed by Tama et al. as a
possible scenario for RNA release [25, 26]. Swelling is accompanied by a subsequent
change of mechanical properties of the capsid which, in contrast to bursting of the
complete shell, allows an opening of a port on the viral surface to release the genetic
material.
For a possible scenario of RNA/DNA release, an opening of structural units of the
viral shell, called capsomers (see chapter 2) has been suggested, in which the ge-
netic material would leave the capsid along the symmetry axis [27, 28]. But until
now the function of these two different capsomer geometries – pentamers around
the 5-fold symmetry axis, and hexamers around the 3-fold symmetry axis – dur-
ing viral maturation [29] and cell infection remains unclear [30]. One of the major
challenges in understanding structural and dynamical differences of hexamers and
pentamer, is the investigation of their mechanical properties [31]. The knowledge
of the distribution of elastic constants and rupture forces on the capsomer surfaces
with atomic resolution will lead to an improved picture of viral assembly, shell frac-
ture and RNA/DNA release.

The development of atomic force microscopy (AFM) [32] offered the opportunity to
investigate the mechanical properties of viral capsids, viral RNA and other biolog-
ical systems on length scales of 10-30 nm [33, 34]. As a first step, this technique
was applied to image viruses and measure protein-protein interactions [35–41]. In
1997, one of the first AFM experiments on viral coat proteins was performed by
Falvo et al. [42] to investigate the elastic properties of tobacco mosaic virus. They
determined a Young’s modulus of ∼1 GPa and compared this to macromolecular
structures such as microtubules.
A more detailed picture of mechanical properties was given by Ivanovska et al. in
2004. The elastic response of the empty prohead of the bacteriophage φ29 dur-
ing nano-indentation with an AFM tip was reported [43]. A linear response was
obtained when the AFM tip was pushed into the capsid; for indentation <30% of
capsid height the linear regime was found to be reversible. Higher indentations
caused a fracture of the viral shell and a rapid force decline. A bimodal distribution
of elastic constants was found with peaks at 0.18 N/m and 0.3 N/m. The maximum
forces before fracture occurred were measured at 2.5 nN.
Similar observations were made by Michel et al. in 2006 from AFM experiments on

2



Introduction

full and empty cowpea chlorotic mottle virus (CCMV). The bimodal distribution of
elastic constants showed values of the same order of magnitude as for φ29. Only the
maximum forces were much smaller (∼0.6 nN). Michel et al. pointed out that the
elastic response might vary between hexamers and pentamers which could result in
a bimodal distribution of elastic constants. But they were the first to question this
explanation and asked if the resolution of the tip-sphere is high enough to obtain
mechanical properties of viral shells on capsomer or even smaller length scales and if
the bimodal distribution found in their and other groups’ work is actually a property
of viral shells rather than an anecdotal result.
In the same year, Carrasco et al. obtained contradicting results, taken from AFM
experiments with full and empty minute virus of mice (MVM), an icosahedral DNA
virus [44]. The stiffness of the empty capsid was reported to be isotropic, whereas
the presence of DNA inside the virion led to an anisotropic reinforcement of the virus
stiffness with respect to the 2-, 3- and 5-fold symmetry axes. The elastic constants
and maximum forces for empty capsids were 0.15 N/m and 0.60 nN and for full cap-
sids 0.20 N/m and 0.81 nN in average. They concluded that full capsids required a
higher maximum force for irreversible deformation, whereas the anisotropic distri-
bution of elastic properties might be caused by binding of the DNA to the internal
capsid surface.
Ivanovska et al. continued with their work on mechanical properties of bacterio-
phages and published AFM experiments on WT phage in 2007 [14]. They showed
that phages with WT DNA were twice as stiff as mutants with shorter DNA which
behaved like empty capsids. A comparison to Falvo et al. [42] and their AFM ex-
periments on tobacco mosaic virus (TMV) was reported by Schmatulla et al. in
2007 [45]. This group also carried out AFM experiments with TMV and measured
elastic constants that were five times higher as all reported values before. How these
discrepancies can be understood is still under discussion.
Furthermore, atomic force microscopy has been used to measure the effect of mat-
uration and dematuration on the mechanical properties of viral capsids like murine
leukemia virus (MLV) particles [29] and human immunodeficiency virus (HIV) [46].
Changes in the shell elasticity were found, but the question how and where the ge-
netic material leaves the shell during cell infection could not be answered.
All these studies have shed more light on the distribution of mechanical properties
on the outer surface of viral shells. Nevertheless, an atomistic picture is still missing
and the differences in the elastic behavior of pentamers and hexamers and their
function in viral assembly and cell infection remain unexplained.

Besides AFM experiments, theoretical studies addressed the questions

• How do the mechanical properties vary between full and empty capsids, and
what are the structural determinants?

• How and why do the mechanical properties differ along the 2-, 3- and 5-fold
axes for icosahedral viral shells?
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• Do the mechanical properties differ for pentamers and hexamers?

• What role do the mechanical properties play in cell infection; is there a ”port”
that can open to release the genetic material?

Tama et al. [25, 26], using elastic network normal mode analysis, came to the conclu-
sion that pentamers are more flexible and their amino acids have a higher propensity
to move freely than hexamers. In contrast, Hespenheide et al. [47] proposed a higher
stiffness of pentamer than hexamers from percolation rigidity calculation, as well as
Zandi et al. [48], who determined local stresses and pressures from continuum mod-
eling.
Recent continuum and coarse-grained modelings investigated the buckling of viral
capsids under applied forces [22, 49]. Gompper et al. [50] obtained elastic deforma-
tions for small indentations and the buckling transitions at large capsid deformations
which depend both strongly on the number of elementary building blocks, the shear
and bending elasticity of the shell and the confining geometry.
All these theoretical approaches rest on the assumption that atomic detail can be
neglected in the attempt to quantify and explain the mechanical properties of vi-
ral shells. However, because the reaction of many proteins upon mechanical stress
critically depends on atomic detail [51] and can e.g. be drastically altered by single
point mutations [52], this assumption is questionable. Schulten et al. were the first
to carry out all-atom equilibrium molecular dynamics simulations on the complete
shell of tobacco mosaic virus [53]. But the sheer size of viral capsids has so far pre-
vented molecular dynamics simulation to address the above questions at the atomic
level by non-equilibrium studies of fully solvated viral shells.
One of the first molecular dynamics simulations of single proteins or subunits of viral
capsids solvated in water, were reported by Phelps et al. in 1995 [54] and Speelman
in 2001 [55]. They simulated a Human Rhinovirus 14 protomer with and without
an antiviral compound and determined the flexibility of single amino acids. Fur-
thermore, Yoneda et al. [56, 57] developed a computational method to simulate a
rhinovirus capsid with rotational symmetry boundary conditions. With this method
only a small part of rhinovirus, consisting of a few protomers, was simulated. The
boundary conditions were chosen in a way that a complete spherical capsid was built
up.

Aim of the thesis

In this work, the mechanical properties of the complete viral shell of Southern Bean
Mosaic Virus (SBMV) and Human Rhinovirus (HRV) 16 solvated in water were
studied with all-atom non-equilibrium force-probe molecular dynamics (FPMD) sim-
ulations [58, 59, 51]. SBMV is a prototypical RNA plant virus with T=3 symmetry.
Its capsid is composed of 60 symmetrical subunits, each containing three identical
proteins (see chapter 4.1). The shell of the RNA rhinovirus 16 exhibits a pseudo
T=3 symmetry, with each of the 60 asymmetrical subunits (called protomers) con-
taining four different proteins (chapter 6.1). Although remarkable differences in the
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assembly of both shells, SBMV and HRV 16 appear and result in different subunit
structures, the different capsid proteins are folded into a similar eight-stranded an-
tiparallel β-barrel motif with very similar positions and orientations of the Cα atoms
(chapter 6.1).
Characterization of the elastic properties of these elastic RNA viral shells should
also shine light on the remarkable stability of DNA viral capsids, which have not
been investigated with molecular dynamics simulations yet because of their huge
size compared to RNA viruses. With a radius of r ≈ 16 nm the capsids of SBMV
and HRV 16 are relatively small compared to other icosahedral RNA viruses, which
rendered the extended FPMD simulations feasible. In total, the simulation systems
contain over 4,500,000 particles and are therefore, to our best knowledge, the largest
biomolecular systems simulated so far.
In the simulations, a Lennard-Jones sphere served as a model of a small and very
sharp AFM tip which was pushed with a constant velocity into and through the
capsid of SBMV and HRV. A tight grid of indentation positions was chosen in order
to obtain a spatially resolved ”elasticity map”, whereupon this simulation technique
offers the unique opportunity to investigate the mechanical properties of SBMV and
HRV 16 on the outer and inner surface of the capsids.
Besides the FPMD simulations of the complete capsids of SBMV and HRV 16,
also the mechanical properties of mutants of these shells were examined on atomic
length scales. The removal of the 180 calcium ions included in the protein structure
of SBMV is known to cause a swelling and thus, a destabilization of the capsid
which becomes able to release the RNA [60]. In order to study possible changes in
the distribution of elastic properties and fracture behavior on the shell of SBMV
after calcium removal, additional force-probe simulations of SBMV were performed
of the protein capsid without the calcium ions.
Hadfield et al. proposed that protein VP4, one of the four protomer proteins, and
the pocket-factor included in protein VP1 of HRV 16 are key origins in destabilizing
the capsid structure [61]. Also the removal of the zinc ions might result in variations
of the mechanical properties as seen for SBMV. Until now it remains unclear how
the destabilization can be understood and what changes in elastic properties occur.
In contrast to SBMV, the mechanism of cell infection and the question if the removal
of the pocket factor or protein VP4 results in changes of the capsid structure that
becomes able to release the RNA has to be answered. To address these questions,
force-probe simulations of three structural mutants of HRV 16 were performed: (1)
Without protein VP4, (2) without the pocket-factor in protein VP1, (3) without
zinc ions.
From the force-probe simulations of the complete shells of SBMV and HRV 16 and
its capsid mutants, we aim at explaining possible pathways for RNA release due
to variations of mechanical properties after mutation of the viral shells. Besides,
structural changes during deformation of the capsids and the transition from elastic
to plastic deformation shall be understood in structural terms.
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Outline of the thesis

This work is divided into eight parts. Chapter 2 gives an overview on viral archi-
tecture and characterization of viral structures. The employed molecular dynamics
and force-probe simulation technique is described in chapter 3. The obtained elastic
constants on the inner and outer capsid surface of Southern Bean Mosaic Virus and
the effect of calcium removal are presented in detail in chapter 4. Structural changes
of the SBMV capsid during deformation on length scales of the complete capsid and,
additionally, on atomic level are discussed in chapter 5. Influences of the tip-sphere
size and tip-sphere velocity are depicted and compared with recent experimental
data. The explanation for the obtained velocity dependence required including non-
equilibrium effects within the established theory of enforces barrier crossing. These
assumptions are corroborated using Monte Carlo simulations. Chapter 6 focuses on
the elastic constants and yielding forces obtained on different protein positions on
the capsids of Human Rhinovirus 16 and three structural mutants. Two indentation
simulations in which the tip-sphere was pushed along the 2- and 5-fold symmetry
axes and the resulting structural changes are depicted and compared with results
from the SBMV shell. Chapter 7 focuses on the deformation of the globular titin ki-
nase protein domain. Force-probe simulation results were compared with the elastic
behavior obtained from the capsid deformation of SBMV and HRV 16 and should
give answers to the question how deformation of viral shells differ from the defor-
mation of other proteins and why capsids are always considered as being extremely
elastic. This work ends with a summary and conclusion (chapter 8) and gives an
outlook to additional problems about the mechanical properties of viral shells and
how the simulation technique can be improved to reach more direct comparison to
AFM experiments (chapter 9).
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2 Virus architecture - an overview

All viruses exhibit common features and general principles of architecture despite
the fact that there are specific requirements of each type of virus which resulted in
a diversity of organization and geometrical design [62, 63]. The first assumptions
about the shape of viruses and the geometry of the shell were made by Crick and
Watson [64–66] in 1956 who proposed on the basis of theoretical considerations and
of the weak experimental evidence available then, the following principles of virus
structure that have been confirmed and universally accepted.
They first pointed out that the nucleic acid in small viruses was probably insufficient
to code for more than a few protein molecules of limited size. The only reasonable
way to build a protein shell, was to use the same type of molecule multiple times,
leading to their theory of identical subunits. The second part of their proposal
concerned the way in which the subunits must be arranged in the protein shell.
Generally, it was expected that subunits would be packed so as to provide each
of them with an identical environment. This is possible only if they are packed
symmetrically. Crick and Watson pointed out that the only way to achieve this was
to use some form of cubic symmetry, which possesses a number of axes around which
it may be rotated to give a number of identical appearances. These predictions were
soon confirmed and it became evident that the occurrence of icosahedral features in
quite unrelated viruses was preferred in virus structure.
An icosahedron is composed of 20 facets, each an equilateral triangle, and 12 vertices,
and because of the axes of rotational symmetry is said to have 5:3:2 symmetry. There
are six 5-fold symmetry axes passing through the vertices, ten 3-fold axes extending
through each face and fifteen 2-fold axes passing through the edges of an icosahedron
(Fig. 2.1a).

Icosahedral symmetry requires defined numbers of structure units to complete a
shell. In their discussion 1956, Crick and Watson [66], thinking in terms of asymmet-
rical protein subunits packed in such a way that each has an identical environment,
pointed out that a virus with 5:3:2 symmetry requires a multiple of 60 subunits to
cover the surface completely. Each unit would be connected identically and asym-
metrically to its neighbors, and none of the units would coincide with a symmetry
axis.
The introduction of negative staining [68] revolutionized the field of electron mi-
croscopy of viruses. Within just a few years, much new and exciting information
about the architecture of virus particles was acquired. Not only were the overall
shapes of particles revealed but also the symmetrical arrangement of their compo-
nents. This led to a need for a new terminology to describe the viral components.
In 1959, Lwoff, Anderson and Jacob [69] proposed the terms capsid and capsomers,
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Figure 2.1: a) Viral shell with T=1 symmetry - a perfect icosahedron consisting of
20 triangles with, in total, 60 copies of ”Felix the cat”. The heads point
to the 3-fold symmetry axes, the paw to the 5-fold symmetry axes. b)
Symmetric subunit - Three asymmetric proteins compose a symmetric
subunit of a viral capsid, the red dot marks the rotational symmetry
axis. (Pictures taken from [67].)

respectively, to represent the protein shell and the morphological units comprising
it, and the term virion to denote the complete infective virus particle (i.e. a capsid
enclosing the nucleic acid).
As soon as the first high resolution micrographs of negatively stained icosahedral
viruses were obtained (1959: adenovirus [70], 1960: turnip yellow mosaic virus [71])
it seemed that there was a structural paradox. The number of morphological units
(capsomers) observed on the surface of known icosahedral viruses at that time was
never 60 or multiples of 60, and was often more than 60. Furthermore, the capsomers
themselves appeared to be symmetrical and were located around symmetry axes.
There was direct evidence that capsomers of herpesvirus were hexagonal and pen-
tagonal in section (Fig. 2.2). It is obvious that 5-fold capsomers must be located on
axes of 5-fold symmetry, and 6-fold capsomers may be situated on axes of 2-fold or
3-fold symmetry, or in indifferent sites where they are suited to hexagonal packing.
It was therefore clear that the capsomers were not equivalent to the subunits of Crick
and Watson [66].
An obvious solution to the problem was provided by supposing that the symmet-
rical capsomers are built from a number of asymmetrical or symmetrical subunits,
depending on the viral shell proteins. In this way it is possible to build a variety of
complicated bodies in which 5:3:2 symmetry is preserved and in which the number
of subunits is a multiple of 60 as predicted by Crick and Watson.
The theoretical basis for the structure of isometric viruses was put on a firm founda-
tion by Caspar and Klug in 1962 with their concept of identical elements in quasi-
equivalent environments [73]. They defined all possible polyhedra in terms of struc-
ture units. The icosahedron itself has 20 equilateral triangular facets and therefore
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Virus architecture - an overview

Figure 2.2: Cryo-transmission electron microscopy reconstruction of Herpesvirus,
taken from [72].

20T structure units where T is the Triangulation number. The T-number is an
integer and calculated as T=h2 +k2 +hk (h: number of steps along lattice direction
and k steps along the other, with h, k non-negative integers) which gives the number
of equivalent sides in the resulting shell. For most of the common virus structures,
the subunit is constructed from three proteins, whereas capsomers can be clustered
as 20T trimers, 30T dimers or separated as 60T monomers. The number of morpho-
logical units that would be produced by a clustering into hexamers and pentamers
can be calculated as 10(T-1) hexamers plus 12 pentamers.

In a review of symmetry in virus architecture from 1961, Horne and Wildy showed
that all the viruses then known (with the exception of a few bacteriophages) fell
into two main morphological groups: (1) with cubic (icosahedral) symmetry and
(2) with helical symmetry [74]. Other virions are composed of icosahedral ”heads”
mounted on a helical ”tail” with tail fibers. The size of icosahedral viruses ranges
from 30 nm to 50 nm in diameter. ”Linear” viral capsids have RNA genomes that
are encased in a helix of identical protein subunits. The length of the helical viral
nucleocapsid is determined by the length of the nucleic acid, helical viruses can be
as long as 1000 nm. The tobacco mosaic virus [75], polio and rhinoviruses [76] are
among the smallest viruses and the pox virus is among the largest animal viruses.
At the time when the viral morphology was studied, the architecture of most viral
shells like the myxoviruses (influenca viruses) was poorly understood. Early elec-
tron micrographs of shadow-cast preparations revealed particles of varying shape
and size but little detail could be reported [77]. With the advent of negative stain-
ing, it became obvious that the myxo- and paramyxoviruses consisted of an inner
nucleo-protein component with helical symmetry surrounded by an envelope of char-
acteristic morphology. This realization of the helical symmetry of the myxoviruses
laid the foundation for the understanding of the symmetry of other complex groups
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of viruses such as rabies virus and granulosis virus [78].
In an attempt to clarify the terminology for virus components, in 1962 Caspar et
al. [79] made a number of proposals which were generally accepted. Briefly, the
proposals are as follows:

1. The CAPSID (also called coat protein) denotes the protein shell that encloses
the nucleic acid. It is built of structure units.

2. STRUCTURE UNITS are the smallest functional equivalent building units of
the capsid, thus individual proteins.

3. CAPSOMERS are morphological units seen on the surface of particles and
represent clusters of structure units.

4. The capsid together with its enclosed nucleic acid is called the NUCLEOCAP-
SID.

5. The nucleocapsid may be embedded in an ENVELOPE which may contain
material of host cell as well as viral origin.

6. The VIRION is the complete infective virus particle.

Nowaday, these proposals were confirmed using x-ray crystallography and nuclear
magnetic resonance (NMR) and denote definitions of the viral components. Experi-
ments revealed that most of the common plant and animal viral shells exhibit a T=3
symmetry. They consist of three to four individual proteins, building the 60 sym-
metric or asymmetric subunits that again compose 20 hexamers and 12 pentamers.
Tomato bushy stunt virus was the first icosahedral virus whose structure was de-
termined on atomic resolution [80]. Subsequently, the structures of Southern Bean
Mosaic Virus [81] and Satellite Tobacco Necrosis Virus [82] were determined and
were found to have similar tertiary and quaternary structures. Later the crystal
structure of some animal and human viral shells were resolved and compared. It
turned out that the common structural folding motiv of most viral shell proteins
such as the coat protein of Human Rhinovirus 14 and poliovirus, as well as of the
mentioned RNA plant viruses are very similar [81].
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3 Computational Methods

In this chapter the principles of molecular dynamics (MD) simulations and force-
probe molecular dynamics (FPMD) simulations are introduced. General information
is given for the underlying theory and assumptions, why quantum mechanics par-
ticles can be treated classically and how MD simulations work. The focus of this
chapter lies on the description of the FPMD simulation technique which was the es-
sential tool to compute the mechanical properties of viral shells from non-equilibrium
MD simulations.

3.1 Molecular dynamics simulations

Molecular dynamics is a powerfull method to compute the dynamics of atoms and
molecules on atomic length-scale and on time-scales of nano- to even microseconds
– depending on the simulation system size, as well as on simulation parameters and
force-fields. With modern computer power MD simulations of more than 1,000,000
atoms can be performed.
Three approximations are necessary to treat quantum mechanical particles with
classical molecular dynamics methods:

1. Born-Oppenheimer approximation

The idea of the Born-Oppenheimer approximation [84] is the decoupling of the slow
nucleic motion from the fast electron motion which is possible because of the much
higher mass of the nuclei compared to the electrons. A system consisting of M
nuclei with positions R = {R1, ...,RM} and N electrons at r = {r1, ..., rN} is
described by the wave function ψmol = ψmol(R, r, t). The approximation separates
the wave function into an electron part ψe(R(t), r), depending on the electron and
nucleic positions, and a nucleic term ψN(R(t)) for the nucleic position and the time
evolution:

ψmol(R, r, t) = ψe(R, r)ψN(R, t). (3.1)

Assuming that the positions of the nuclei are fixed and the electronic wave function
depends only on the positions and not velocities of the nuclei, the Hamiltonian for
the electrons and nuclei can be written as

H = He +HN (3.2)

with
He = Te + Vee(r) + VeN(R, r) (3.3)
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3.1 Molecular dynamics simulations

HN = TN + VNN(R). (3.4)

He is the electron Hamiltonian that is the sum of the kinetic energy of the electrons
Te, the interaction between the electrons Vee, and between electrons and nuclei VNe.
HN is the Hamiltonian of the nuclei that depends on the kinetic energy of the nuclei
and their interactions VNN .

The electron wave function is assumed to satisfy the time-independent Schrödinger
equation,

Heψ
α(R, r) = Eα

e (R)ψαe (R, r). (3.5)

Eα
e (R) denotes the electronic energy for a quantum state α as a function of R. The

electronic wave function depends parametrically on the nuclear configuration R re-
sulting in an effective potential for the nucleic motion. Usually the potential is given
by the ground state energy Ee(R).
The nuclear part of the wave function follows the time-dependent Schrödinger equa-
tion

[HN + Eα
e (R)]ψN(R, t) = i~

∂ψN(R, t)

∂t
(3.6)

Both Schrödinger equations 3.5 and 3.6 are not exact but it has been shown that
they describe the motion of nuclei with very high accuracy [85, 86].

2. Motion of the nuclei

Most molecular dynamics simulation system contain thousands to millions of atoms
for which it is impossible to solve the time-dependent Schrödinger equation 3.6.
Therefore, the second approximation treats the nuclei as classical particles with a
potential energy, called Born-Oppenheimer potential,

VN(R) = VNN(R) + Eα
e (R). (3.7)

With the potential energy surface of the ground state (eq. 3.5), the nuclei motion
VN(R) = E0

e (R) is described by Newton’s equation of motion that describes the
nuclei i with mass mi as a classical point particle

mi
d2Ri

dt2
= − d

dRi

VN(Ri) (3.8)

miai = Fi (3.9)

where Fi is the force acting on nucleus i and ai its acceleration. Changes of the
force within a discrete time step ∆t lead to a variation of the velocity and position
of atom i which can directly be derived from equation 3.9 by integration.
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3. Force fields

Solving the time-independent Schrödinger equation 3.5 for a simulation system of
more than a few hundred atoms is still impossible due to the enormous computation
time needed. Therefore a third approximation is required for the computation of the
atom dynamics and to reduce computation time. For biological systems, consisting
of amino acids and water molecules, the potential energy of the electrons Ee(R) is
approximated as a sum of semi-empirical functions that are easier to compute but
still describe Ee(R) in an appropriate way. Accordingly, the potential energy of all
atoms V (R), named force field, is expressed as

V (R) = VB + Va + Vimp + VD + Vq + VvdW . (3.10)

Figure 3.1: Schematic illustration of the force field terms for the potential energy
calculation (picture by Gunnar Schröder).

The single terms of equation 3.10, depicted in Fig. 3.1, descibe the potential energy
of the system given by the bonds between atoms, the angles, dihedral and improper
dihedral angles, Coulomb and van-der-Waals interactions. The assumption here is
that the atoms are connected via bonds based on a ball-and-spring model. All MD
and MDFP simulations were performed using the OPLS all-atom force-field [87]. For
more information on force fields, their differences and advantages see e.g. [88, 89].
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3.1 Molecular dynamics simulations

3.1.1 Integration method

The dynamics of every atom in the simulation system is determined by integration
of equation 3.9 for every particle, whereas an analytical solution is only possible for
two or less particles. Therefore several numerical integration methods have been
introduced. For the presented simulations the Verlet algorithm [90] was applied.
The integration scheme is as follows:

vi

(
t+

∆t

2

)
= vi

(
t− ∆t

2

)
+

Fi(t)

mi

∆t (3.11)

ri(t+ ∆t) = ri(t) + vi

(
t+

∆t

2

)
∆t (3.12)

with the velocity vi, position ri and force Fi on atom i. The integration time step has
to be chosen to be smaller than the fastest motion, e.g. thermal fluctuations, in the
system. Especially the light hydrogen atoms exhibit a bond vibration period of only
a few femtoseconds and, thus, limit ∆t to ∼1.0 fs to suppress artifacts. The LINCS
algorithm [91] constrains the bond lengths which allows to increase the integration
step size to 2.0 fs.

3.1.2 Temperature and pressure coupling

The temperature T of the simulation system is defined by the kinetic energy Ekin
and therefore by the velocity of the atoms v with mass m in the simulation box

Ekin =
∑
i

1

2
mv2

i =
f

2
kBT. (3.13)

f is the number of degrees of freedom. At the beginning of the simulation, the
velocities are chosen accordingly to a Maxwell distribution. One method to control
the temperature is the Berendsen algorithm [92] which couples the system weakly
to an external heat bath with given temperature T0. The coupling strength is given
by a coupling constant τT , here 0.1 ps for the force probe simulations. Accordingly,
the velocity of every particle is rescaled every integration time step, with the new
velocity v′ given by

v′ = v

√
1 +

∆t

τT

(
T0

T
− 1

)
. (3.14)

The idea of the Berendsen barostat for pressure control is similar. This algorithm
rescales the box vectors and coordinates with respect to a coupling time τp and a
given pressure P0. For isotropic pressure as used in the simulations, the scaling
factor for the pressure P is given by

µ = 1− ∆t

3τP
κ(P0 − P ), (3.15)
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κ is the isothermal compressibility of the system, which is 4.6 · 10−5 bar−1 for water
at 1 atm and 300 K. The pressure P is calculated from the kinetic energy and the
virials Ξ

P =
2

3V
(E − Ξ), (3.16)

with V the volume of the simulation system. Ξ is defined by the distance between
atom i and j and the force Fij acting between the atoms

Ξ = −1

2

∑
i<j

(ri − rj) · Fij. (3.17)

3.1.3 Periodic boundary conditions and simulation box geometry

One difference between experiments and simulation is the size of the system of
interest: Whereas in experiments a protein, e.g. a viral shell is solvated in a volume
of some microliters of water, the simulation setup for a viral capsid in water is orders
of magnitude smaller for a molecular dynamics simulation. On the one hand, the
simulation system should contain as few atoms as possible to save computing time;
on the other hand interactions between atoms should be as realistic as possible. In
the present work, periodic boundary conditions (pbc) were chosen to avoid surfaces,
as well as atomic interaction artifacts. The pbc copy the simulation box infinite
times. If one atom moves out of the box at one side, it enters the box instantaneously
at the opposite side. Problems might arise if the box size is chosen too small and the
protein interacts with its periodic image. This could be prevented by a reasonably
thick water layer around the protein (approx. ∼2.0 nm, depending on the simulation
parameters) to increase the distance between the protein and its replica.
For the simulations of SBMV and rhinovirus, the simulation boxes were chosen to
have the shape of a truncated dodecahedron, which is a most regular space-filling
unit-cell [93]. This box geometry is more spherical than a cube and the embedded
volume is only 71% compared to a cube. It therefore safes about 29% of computing
time [94] when simulating a spherical viral shell in a box of water because much
fewer water molecules are required to fill up cavities in the box around the viral
shell.
A periodic system with a rhombic dodecahedral shape is equivalent to a periodic
system based on a space-filling triclinic unit cell because a rhombic dodecahedron
is a Wigner-Seitz cell of a triclinic box [95]. The software package GROMACS,
which was used for the simulations (see 3.1.4), is based on the triclinic unit cell.
Thus, during the simulations the position of the viral shell proteins and the water
molecules are calculated for a triclinic box (see Fig. 3.2). Although optically one
could imagine that the viral capsid is not spherical anymore and some atoms are
positioned at the wrong place in the triclinic box, the periodic boundary conditions
replicate the copies of the cell in that way that the capsid is complete (Fig. 3.2).
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3.1 Molecular dynamics simulations

Figure 3.2: Triclinic simulation box. The viral shell of SBMV is shown in blue. In
the triclinic box, the protein is not arranged in a compact structure,
parts seem to be outside the box (the upper left and lower right corner
of the box) due to the periodic boundary conditions. The tip-sphere is
depicted by a red sphere.

3.1.4 Simulation setup

To set up the simulation system, the GROMACS-3.3.1 simulation software pack-
age [96] with the OPLS-AA force-field [87] and the TIP4P water model [97] was
used. The x-ray structures of Southern Bean Mosaic Virus and Human Rhinovirus
16 where taken from the protein data bank (PDB) and VIPER data bank [98, 99].
After adding hydrogen atoms to the protein structures using WHAT IF [100] and
the GROMACS tool pdb2gmx, the viral capsids were solvated in a rhombic dodec-
ahedral box with box vector angles of 60◦ × 60◦ × 90◦. The minimum distance
to the boundaries and therefore the minimum thickness of the water shell around
the capsids was chosen as 2.0 nm. Water was also added inside the capsids because
the structures of the two respective RNA strands are unknown and therefore can-
not be modeled into the virus. Sodium and chloride ions were placed within the
water according to a Debye-Hückel distribution governed by the protein charges,
corresponding to a physiological ion condition of 150 mM. During all simulations,
the protein and the solute were separately coupled to an external temperature bath
with various coupling times τT (see section 4.2.1 and 6.2). A Berendsen barostat
with τp=1.0 ps and a compressibility of 4.5·10−5 bar−1 was used to keep the isotropic
pressure constant at 1.0 bar. Lennard-Jones and van-der-Waals interactions were
calculated within a cutoff distance of 0.9 nm, whereas long-range electrostatic in-
teractions were calculated using the particle-mesh Ewald method [101] with a grid
spacing of 0.12 nm.
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3.2 Force-probe molecular dynamics simulations

Force-probe molecular dynamics (FPMD) simulations are non-equilibrium simula-
tions with the aim to deform a protein by applying an external force to the molecule
to e.g. enforce protein unfolding or determine its elastic properties. All FPMD sim-
ulations were run in an NPT ensemble with τT =0.1 ps and τp = 1.0 ps. In contrast
to the equilibration runs, the FPMD simulations were carried out with the GRO-
MACS 4.0 CVS version from July 4th 2007 [102, 103] for efficiency reasons. Newly
implemented domain decomposition and dynamic load balancing reduced computa-
tion time for the present system by a factor of 10 compared to GROMACS-3.3.1.
To model the atomic force microscopy (AFM) tip, a Lennard-Jones sphere (Lennard-
Jones parameters σ = 5.0 nm and ε = 0.001 kJ/mol) served as a model of a sharp
tip (Fig. 3.3). During a force-probe simulation, this ”tip-sphere” was pushed with
a constant velocity towards and through the viral capsid (Fig. 3.4). The small tip
size compared to AFM tips with typical diameters between 10-20 nm used for AFM
experiments on viruses was chosen for the following reasons: On the one hand the
diameter of the tip-sphere had to be smaller than the bulk water shell around the
viral shell. On the other hand, a bigger tip-sphere would result in a larger cutoff dis-
tance for the van-der-Waals interactions during the simulation, whereas a doubling
of the cutoff distances increases the computation time by a factor of two.

Figure 3.3: Lennard-Jones potential for the tip-sphere (labeled AFM) and an oxygen
atom from the TIP4P water model (labeled OW) for interaction between
two tip-spheres, two OW atoms and one AFM with one OW atom.

Although the equilibrium distance between the tip-sphere and the protein atoms was
about 1.3 nm, a cutoff for the van-der-Waals interaction of 0.9 nm did not cause ar-
tifacts as found from comparisons with larger cutoff distances. The potential energy
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3.2 Force-probe molecular dynamics simulations

corresponding to a distance of 0.9 nm was still small enough to enable a minimum
distance between the tip-sphere and the surrounding atoms even smaller at 0.7 nm
as found from a radial distribution function for the water atoms and the tip-sphere
(see also section 5.3.2 and Fig. 5.2).
Furthermore, the diameter of the investigated viral capsid subunits was of the order
of 7.0 nm. Only a much smaller tip-sphere allows the investigation of mechanical
properties on a tight grid as shown in Fig. 3.5 and on atomic length scales.

Figure 3.4: Southern Bean Mosaic Virus (SBMV) is built up from 60 subunits (black
triangles), each composed of protein A (red), protein B (blue), protein C
(green). The symbols denote the 5-, 3- and 2-fold symmetry axes. One
pentamer is marked in yellow, one hexamer is emphasized with orange
lines. The approaching tip-sphere (orange) is located close to the surface
and attached to a ”virtual” spring which pushes the tip-sphere against
the viral shell. From the elongation of the spring, the force acting on the
tip-sphere was determined.

In order to push the tip-sphere along a certain vector onto the viral surface, the
tip-sphere was subjected to an isotropic harmonic potential,

Vtip(t) =
k

2
(x(t)− x0 − v · t)2 , (3.18)

the minimum of which was moved with a constant velocity v(t) towards the surface
of the viral shell (Fig. 3.4). Here k = 1000 kJ/(mol nm2) is the spring constant, x
is the current position of the tip-sphere and x0 its initial position.
The instantaneous force acting onto the shell was calculated from the force Ftip

acting on the tip-sphere using Hooke’s law,
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Ftip(t) = −k (x(t)− x0 − v · t) . (3.19)

A force-time and force-distance curve was obtained from every force-probe simula-
tion, in which a linear force increase depicted elastic behavior of the capsid during
indentation with the tip-sphere.
To obtain an ”elasticity map” of the viral surface, a total of 19 simulations was
performed, each with the ”tip” directed and moving towards a different grid point
on the capsid surface (Fig. 3.5). The grid points were evenly distributed on the
triangular surface of one of the 60 identical subunits.

Figure 3.5: Schematic representation of subunit 12 (yellow) of Southern Bean Mosaic
Virus and its adjacent subunits. The black dots mark the grid points
on the capsid; the red dots emphasize the grid points at the 2-, 3- and
5-fold symmetry axes. The normal vector ~n is given by the red arrow.

For each simulation the velocity vector was chosen to be perpendicular to the tan-
gent through the grid point towards which the tip-sphere was pushed. Therefore, we
assumed a planar subunit surface for Southern Bean Mosaic Virus and Human Rhi-
novirus 16. With this assumption, the vector along the 2-fold symmetry is equivalent
to the vector perpendicular to the subunit surface and was employed as the ”push-
vector” in the respective simulations in which the tip-sphere was pushed against
the subunit. When the tip-sphere was directed towards the center of the pentamer
and hexamer, respectively, the vectors along the 5- and 3-fold symmetry axes, re-
spectively, were chosen as the perpendicular vectors. At the subunit interfaces that
connect the 5- and 3-fold symmetry axes (Fig. 3.5), vector addition of the vector
perpendicular to subunit 12 of SBMV, and the perpendicular vector to subunit 11
and 28, respectively, determines the perpendicular vector to the interface of subunit
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11-12 and subunit 12-28 of SBMV. The same method was used to find the perpen-
dicular vectors to the grid points on the surface of HRV 16.
To set up the FPMD simulation system, the tip-sphere was placed inside in the bulk
water in the simulation box. Here, all water molecules within a radius of 0.7 nm
– the minimum distance between the tip-sphere and the water atoms (Fig. 5.2) –
were removed to avoid overlap with the tip-sphere. The water molecules around the
tip-sphere equilibrated within a few picoseconds.
In contrast to AFM experiments, FPMD simulations offer the opportunity to probe
the elastic properties on the inner surface of the viral shell as well. In addition to
the force-probe simulations described above, the tip-sphere was also placed in the
water inside the capsid, and subsequently directed towards the inner surface of the
shell. Thus, the tip-sphere was pushed along the same 19 vectors perpendicular to
the tangent of each of the 19 grid points, only the sign of the vector, the tip-sphere
was pushed along, was inverted compared to the simulations in which the tip-sphere
was pushed against the same grid point on the outer surface.
When the tip-sphere was placed within the simulation system after equilibration
of the protein and the water atoms, the box geometry of the rhombic dodecahe-
dral box had to be considered (see section 3.1.3): When applying the GROMACS
force-probe module to an atom or molecule of the simulation systems, the chosen
pull-group (here: tip-sphere) had to be inside the simulation box for the rhombic
dodecahedron AND the triclinic box as well and not in the periodic image. If the
tip-sphere moved out of the box during the simulation, the force calculation resulted
in an error and the simulation stopped. Therefore a subunit had to be chosen that
was inside the simulation box and not in the periodic image (Fig. 3.2). Again it
had to be ensured that the vector along which the tip-sphere was pushed was in the
simulation box as well. Therefore, for SBMV, the grid points towards which the
tip-sphere was directed, were on the surface of subunit (SU) 12 and on the surface
of SU 35 for HRV 16.
During all FPMD simulations the center of mass (COM) motion of the viral shell
was removed to fix the capsid position during indentation with the tip-sphere. Nev-
ertheless, test-simulations were performed without COM motion of the capsid. It
turned out that the results where identical because the force that was exerted by
the tip-sphere on the viral shell was too small to push the complete capsid through
the bulk water.
Before extensive force-probe simulations were carried out, the results of the CVS
version were compared with results from GROMACS-3.3.1 to ensure that the CVS
version was bug-free for our simulations. To rule out anecdotal events, all force-
probe simulations were performed at least twice. All force-probe simulations were
carried out with probe-velocity of 0.01 nm/ps where no other information is given.
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3.3 Analysis

Elastic constants from capsid indentation were calculated from the linear regime in
the force-distance plot, using linear regression (see e.g. Fig. 4.12). The start and
end points of the linear regimes were determined manually. Yielding forces were
obtained from the maximum force in each force-distance plot.
To graphically represent 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
interpolated at the position of all atoms of the subunit, using Gaussian functions.
Accordingly, the elastic values K ′j for atom j at position xj were calculated as

K ′j =

∑
iKi · exp

(
−(xi−xj)

2

σ2

)
∑

i exp
(
−(xi−xj)2

σ2

) , (3.20)

with a Gaussian width of σ = 0.8 nm, chosen to optimally interpolate between the
distances of the 19 grid points. Here Ki is the elastic value of one of the 19 grid
points.
To visualize the deformation of the viral shell proteins during indentation with the
tip-sphere, the root mean square deviation (rmsd) and its evolution in time was
calculated for each residue with respect to the initial structure of the complete
capsid. Subsequently, the residues were color-coded in VMD [104] for their obtained
rmsd values for various simulation time steps.

Root mean square deviation

The root mean square deviation (rmsd) is used as a measure of the average distance
between a (protein) structure at time t0, compared to the reference structure at time
t0 [105]. For a distribution of atoms at t0 and t1, the rmsd can be calculated as

rmsd(t0, t1) =

√√√√ 1

M

N∑
i=1

mi ‖ri(t1)− ri(t0)‖2 (3.21)

with M =
∑N

i=1mi and ri(t) the position of atom i at time t. An rmsd value is
expressed in length units, usually nanometer.

Radius of gyration

The radius of gyration (Rgyrate) describes the radial distance from a given axis at
which the mass of a body could be concentrated without altering the rotational
inertia of the body about that axis. Rgyrate is related to the root mean square
distance of the atoms from the center of mass of the complete protein structure:
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Rg =

√∑
i ‖ri‖

2mi∑
imi

(3.22)

mi defines the mass of atom i at position ri with respect to the center of mass of
the complete protein structure.

Radial distribution function

The radial distribution function (rdf), g(r), describes the probability density of
finding an atom i at a certain distance away from another atom j:

g(r) =
V

4πr2N2
〈
∑
i

∑
j 6=i

δ(r − rij)〉. (3.23)

Here N is the total number of particles at position r in the system with volume V .
Thus g(r) provides a measure of local spatial ordering in a solid, fluid or gaseous
material.

3.4 Scaling behavior on parallel machines

Most FPMD simulations were performed on 32 or 64 processors of an SGI Altix
4700 cluster of the Leibniz-Rechenzentrum in Munich. The scaling behavior for the
simulation system of SBMV is given in table 3.1.

CPUs time[s] scaling

4 9.19 100%
16 2.45 94%
32 1.20 96%
64 0.62 92%

Table 3.1: Scaling behaviour of GROMACS-CVS on the SGI Altix 4700/HLRB2.
The second column shows the real time elapsed for one integration time
step.

As a comparison: 1 ns (=500,000 integration steps) of simulation takes ∼7 days on
32 CPUs on the Altix SGI and 10 days on 32 processors on the 2GH Opteron clusters.

Several hundred MD and force-probe simulations were performed, totaling over
2,400,000 CPU hours of computing time for Southern Bean Mosaic Virus and Human
Rhinovirus 16.
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4 The mechanical properties of
Southern Bean Mosaic Virus

4.1 Introduction to Southern Bean Mosaic Virus

Southern Bean Mosaic Virus (SBMV) is a small plant virus which is common in the
southern U.S., but it was also found in Marocco and France. Otherwise it is not wide-
spread or an economic problem. Symptoms include crinkled leaves expressing a mild
mosaic. The virus is beetle transmitted and seedborne at low efficiencies. SBMV
consists of a coat protein and a positive single-stranded RNA inside, whereby two
different strains exist: Cowpea strain and bean strain. In vitro studies showed that
there are similarities in the overall mode of translation of the genomes of the two
viruses [106]. Studies by Shepherd et al. exhibited that the bean virus cannot infect
cowpea and vice versa [107]. Currently, only the x-ray structure of the coat protein
of SBMV-cowpea strain is known [108].

Figure 4.1: Bean leaves infected by Southern Bean Mosaic Virus. Taken from [109].

In this study, the viral shell of SBMV, cowpea strain [110] was chosen to investigate
its mechanical properties from force-probe simulations, because its a prototypical
viral capsid with icosahedral shell geometry. Furthermore, this virion has a small
diameter (∼32 nm) compared to other plant and animal viruses, and the complete
x-ray structure of the capsid has been solved at 2.9 Å resolution [111] (PDB code:
4SBV).
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The geometrical configuration of the SBMV coat protein was first reported in 1960
[112]. The capsid exhibits a T=3 symmetry and is organized in 60 subunits with
3 almost identical proteins each. The subunit proteins are built by 260 amino acid
residues with a relative molecular weight of 28,200 [113] folded into an eight-stranded
antiparallel β−barrel. In total, 180 proteins and RNA sum up to a molecular weight
of 6.6·106 [114], 21% in weight accounts for the genetic material. The diameter varies
between 285 Å at the quasi-3-fold axes and 328 Å along the 5-fold axes (Fig. 3.4),
the average shell thickness is 35 Å [108].

Figure 4.2: Subunit of Southern Bean Mosaic Virus. Protein A: blue, Protein B: red,
Protein C: green. The three calcium ions are shown as orange spheres.

The subunits form equilateral triangles with side length of ∼7.5 nm, spanned by pro-
tein A, B and C with identical amino acid sequences. The refined crystal structure
comprises residues 62 to 260 for protein A and B and residues 39 to 260 for residue
C. The missing residues are hidden inside the capsid and interloop with the RNA.
Although chemically identical, subunits related by quasi-3-fold axes at the intersec-
tion point of protein A, B, C are structurally non-equivalent, since they are involved
in different types of subunit contacts [115]. Proteins A make pentameric clusters
(pentamers) around icosahedral 5-fold symmetry axes, while protein B and C form
hexameric clusters (hexamers) around icosahedral 3-fold symmetry axes (Fig. 3.4).
The angle between the A proteins around the pentamers is 140◦ and alternates be-
tween 140◦ and 180◦ for protein B and C around the hexamers.
Every subunit contains three Ca2+-ions at the interfaces of protein A, B and C [116]
(Fig. 4.2). The Ca2+ binding sites are located close to the external viral surface,
about 14Å from the quasi-3-fold axes (subunit center). SBMV, as well as Tomato
Bushy Stunt Virus, requires metal ions for assembly and stabilization of the viral
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shell. The function of calcium ions has been extensively studied for SBMV [117–
119]. It turned out that the absence of Ca2+ and a pH of 7.5 cause a swelling of
the virion by about 7 % in volume [60]. Brisco et al. reported a swelling to 44.0 nm
virion diameter at pH 8.25 within 3 minutes [120].
Until now it is not clear if and how the swelling of the capsid affects the mechanical
properties of the viral shell and thus advances RNA release. Only the fact that
the capsid has to swell to release RNA is accepted but why and how the swelling
proceeds is a matter of debate: SBMV particles may behave in vivo like those of
Turnip Yellow Mosaic Virus, which releases all its RNA within minutes of contact
with leaves [121] or of those of Belladonna Mottle Virus, which releases its RNA im-
mediately when the pH is raised above 7 in vitro [122]. Hence, the full-length RNA
of both these viruses is released so rapidly that, alternatively, SBMV may behave
like Tobacco Mosaic Virus [123], in which the RNA is uncoated sequentially during
translation [124] (Step 2 and partially step 3 in Fig. 1.1). Shields et al. concluded
that SBMV particles disassemble only after its RNA has initiated translation [23].
One possible pathway for RNA release was suggested by Silva et al. [125]. They
found that the coat protein of SBMV, as well as other icosahedral viruses like rhi-
novirus, forms a 30 Å long ion channel along the 5-fold symmetry axes through the
center of the pentamers. The biological role of these channels could not be de-
termined by now. They might be just selective leak channels providing cations to
ensure electrical neutrality of the RNA and then stabilize the inner viral media. An-
other possibility is that the channels are related to inducing, in vivo, destabilization
of the capsid by supporting a swelling process of the capsid, and subsequently act
as a port and release the RNA into the cell. Alternatively, parts of the viral shell
might become incorporated into the cell membrane, changing its permeability to-
wards conditions favoring viral functions [125]. Nevertheless, it should be mentioned
that the channels would be adequate to transport Ca2+ ions and water as well, but
there is also a sharp energy barrier at the gate of ∆E ≈ 300 kcal/mol for water and
∆E ≈ 600 kcal/mol for calcium ions in SBMV. No other region of the protein shell
exhibited a gate for possible water or ion permeation.

In the following, the mechanical properties of SBMV with and without Ca2+ ions are
studied with force-probe molecular dynamics studies. From the differing mechanical
properties obtained on the inner and outer surface of SBMV capsid with and without
calcium ions in the structure, a possible port for RNA release is suggested.
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4.2 Simulation details

4.2.1 Molecular dynamics simulations

The x-ray structure of SBMV [81] at 2.9 Å resolution was taken from the PDB (code:
4sbv) and VIPER data bank. After addition of hydrogen atoms to the protein, sol-
vation in TIP4P water and the addition of sodium and chloride ions, the simulation
box contained 564,000 protein atoms, including 180 Ca2+ ions, 5500 Na+/Cl− ions
and approx. 1,000,000 water molecules, which sum up to more than 4.5 million
particles (see also chapter 3.1.4).

Figure 4.3: Protocol for energy minimization and equilibration simulations for
SBMV solvated in water.

Fig. 4.3 depicts the procedure of energy minimization and subsequent free equili-
bration simulations of the simulation system, which was first energy minimized with
a 300 steps steepest decent algorithm. Subsequently, the system was equilibrated
by MD runs at 10K and 300K as follows. At the beginning, the system was coupled
to a heat bath with τT = 0.001 ps, with no pressure coupling applied. A 50 ps MD
simulation with integration time steps of 0.5 fs and harmonically constrained heavy
protein atoms with a force constant of k = 1000 kJ mol−1 was performed. For the
subsequent 100 ps simulation, the constraints were released, and further 100 ps were
performed with integration steps of ∆t = 1.0 fs with all bonds constrained using
the LINCS algorithm [91] and a weaker temperature coupling of τT = 0.01 ps. Inte-
gration steps of 2.0 fs were used for further 200 ps with τT = 0.1 ps and a pressure
coupling at 1.0 bar, τp = 1.0 ps. Finally, the simulation system was heated up to
300 K with a heating rate of 1K/ps and subsequently equilibrated for 19.5 ns, in
total, to ensure proper relaxation of the protein and water molecules.
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To set up a simulation system in which no calcium ions were included in the cap-
sid structure, the 180 Ca2+ ions were removed from the simulation system after
3 ns of equilibration as described above, because an x-ray structure without Ca2+ is
not available. The salt concentration was adapted to neutralize the system. Subse-
quently, the system was energy minimized with 300 steepest decent steps and further
equilibrated at 300 K for 32 ns with free molecular dynamics simulations with the
same simulation parameters as used for the simulation system with Ca2+.

4.2.2 Force-probe molecular dynamics simulations

Force-probe molecular dynamics simulations were performed towards 19 different
grid points of subunit (SU) 12 of Southern Bean Mosaic Virus (Fig. 4.4) with a
probe-velocity of 0.01 nm/ps.

Figure 4.4: Subunit 12 of SBMV with grid points (dots) to which the tip-sphere was
directed. The yellow dot depicts the grid point at the 5-fold symmetry
axis, the purple dots are located at the 3-fold symmetry axes, and the
cyan dot at the 2-fold axis.

Four simulation series were performed. In the first series (1), the tip-sphere was
positioned within the water shell outside the viral shell and pushed against the 19
grid points on the outer surface of SBMV including Ca2+-ions. (2) The tip-sphere
was placed inside the virus and pushed against the same grid points on the inner
surface of SBMV with calcium. (3) Identical simulations as in (1), but for the sim-
ulation system which did not include Ca2+ in the capsid structure. (4) Simulation
as described in (2), but without Ca2+.
To rule out anecdotal events, all force-probe simulations were performed at least
twice. The first run of FPMD simulations including calcium ions was started from
structures extracted after 12 ns of the equilibration run, the second run from struc-
tures taken after 13 ns. Without Ca2+ ions, the first run was performed after an
equilibration of the structure for 14 ns, the second run after 15 ns. A total of 152
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4.2 Simulation details

indentation simulations for the four simulation series was carried out, each compris-
ing 38 simulations.
Additional force-probe simulations were performed from structures extracted after
19.5 ns of equilibration for the capsid with calcium ions and 32 ns without calcium
to investigate the effect of equilibration and convergence of the protein structure on
the mechanical properties.

30



The mechanical properties of Southern Bean Mosaic Virus

4.3 Results

4.3.1 Energy minimization and equilibration of the simulation
system

Viral shell with calcium ions

The simulation system including the calcium ions was first equilibrated for 19.5 ns,
in total. As a start, the complete simulation system was energy minimized with 300
steepest descent steps. With respect to the maximum forces acting on the atoms af-
ter steepest descent which were of the order of 104 kJ

mol
, the system was subsequently

equilibrated very smoothly with MD simulations. For the simulation system includ-
ing calcium ions, the different equilibration steps (Fig. 4.3) are also represented in
the rmsd curve of the viral shell heavy atoms compared to the protein structure
extracted after 300 steepest descent steps (Fig. 4.5 and 4.6).

Figure 4.5: Rmsd of the simulation system fitted on the protein structure ob-
tained after steepest descent steps during the first 800 ps of equilibration
simulations.

As can be seen in Fig. 4.5, the protein atoms barely moved during the first 50 ps,
because of position restraints on the heavy atoms. After their release at 50 ps, the
rmsd increased and leveled off at 0.1 nm due to the low system temperature of 10 K
and the hampered atom and bond vibrations. At 250 ps, pressure coupling was
employed, which caused a compression of the viral shell seen as a dip in the radius
of gyration (Fig. 4.7), and an increase of the rmsd to 0.17 nm. When the water
molecules were put into the simulation box with the GROMACS tool genbox, the
number of solvent molecules for a constant box size was calculated for a system
temperature of 300 K. Therefore, the number of water molecules was less for 300 K
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Figure 4.6: Rmsd of the simulation system fitted on the starting structure after
steepest descent steps as a function of time for the complete 19.5 ns of
equilibration.

as it would be for 10 K, and the pressure coupling rescaled the system size to a
smaller volume to set the pressure to 1 bar at 10 K.

Figure 4.7: Time-evolution of the radius of gyration of the viral shell during equili-
bration of the simulation system.

During heating, the capsid radius relaxed and the protein atoms approached their
original positions, causing a dip in the rmsd plot at 450 ps, followed by a slight
further expansion. Here the radius of gyration increased until it reached its initial
value at 131.7 Åat 600 ps. The rmsd increased from 1.96Å at 1.0 ns to 2.50Å at
10 ns and subsequently remained stable at 2.62Å after 13 ns until 19.5 ns, the end
of the equilibration phase.
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The radius of gyration leveled off at 131.5±0.5 Å after 8 ns, only 0.2 Å smaller than
the value of the x-ray structure. This small difference in the radius of gyration is
mainly caused by flexible loops at the inner surface of the protein which changed
their positions during the equilibration runs.

To investigate the distribution of the protein atoms that build up to the viral capsid,
the radial distribution function (rdf) of the protein with respect to the center of mass
of the capsid was calculated during the last 1 ns of equilibration. Most atoms were
located 13.2 nm away from the viral center, which reflects the radius of gyration.
The minimum distance to the center was ∼10.0 nm (flexible loops along the quasi
3-fold symmetry axes) and the maximum distance ∼16.8 nm (flexible loops on the
outer pentamer surface along the 5-fold symmetry axes).

Figure 4.8: Radial distribution function (rdf) of the viral shell with respect to the
center of mass of the capsid. The minimum distance of the protein atoms
to the capsid center is ∼10.0 nm, the maximum distance ∼16.8 nm.

Although a complete equilibration of the protein atoms could not be guaranteed
after 19.5 ns of equilibration because the rmsd could still increase for longer sim-
ulation times, the system was considered sufficiently equilibrated after 13 ns for
the mechanical properties studied here and force-probe simulations were performed
from structures extracted from simulations between 12.0 ns and 13.0 ns of free MD
equilibration runs. As a test for sufficient relaxation, several additional force-probe
simulations were performed after 19.5 ns of equilibration. Comparison of the FP
simulations started from structures after 13 ns and 19.5 ns of equilibration revealed
no significant differences in the mechanical properties. The values for the elastic
constants and yielding forces obtained after 19.5 ns were within the errors of the
values obtained after 13 ns of equilibration (see below).

Finally it should be mentioned that the bulk water was checked for cavities during
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equilibration to ensure that enough water molecules were present in the simulation
box, especially inside the viral shell. The GROMACS tool genbox was used to fill
additional water molecules in possible cavities. It turned out that no extra water
molecules fitted in the simulation box. Next, the density of the simulation system
was determined. A biomolecular system with solvated proteins usually exhibits a
density of approx. 900-1000 g/l [126]. For the underlying simulation box with viral
shell, water and ions, a density of 1050 g/l was obtained at a pressure of 1.0 bar,
which leads to the conclusion that it is very unlikely to find cavities in the bulk
water after equilibration. As a last test, a cube of equilibrated water inside the
capsid was cut out of the simulation system, placed into a new simulation box and
equilibrated for 1 ns. The monitored pressure was approx. 1 bar, and we conclude
that no pressure gradient inside and outside the capsid occurred when the pressure
coupling was applied.

Viral shell without calcium ions

The second simulation system, consisting of the solvated shell of SBMV without
Ca2+-ions in the atomic structure of the capsid, was equilibrated for 32 ns. When
calcium was removed from the system, the rmsd increased from 1.70 Å at 1.0 ns to
2.28 Å at 10 ns, 2.52 Å after 15 ns and leveled off at 2.71 Å after 25.5 ns until the
end of the equilibration at 32 ns. Although the rmsd did not fully converge after
15 ns, we used that 15 ns equilibrated simulation system as the initial structure for
our 156 force-probe molecular dynamics simulations.

Figure 4.9: Rmsd of viral shell heavy atoms during equilibration, fitted on the start-
ing structure after calcium removal.
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Additional force-probe simulations were performed using the structure extracted af-
ter 32 ns of equilibration. The obtained values for the mechanical properties were
within the errorbars of the results found from simulations after a 15 ns equilibration
phase. We therefore consider the simulation system sufficiently relaxed after 15 ns
of equilibration to study the capsid’s elastic behavior.
In contrast to the swelling of the capsid seen in experiments after Ca2+ removal, the
radius of gyration decreased slightly by 0.2 Å and a swelling could not be observed
on time scales of the simulation.

Figure 4.10: Radius of gyration of the capsid without calcium ions during the equi-
libration phase.

An rmsd of 2.3±0.3Å between the equilibrated structures of SBMV with and without
calcium was found, whereas the structure of the β-barrel remained stable for both
structures and the differences in the rmsd arose from the flexibility of the loops (Fig.
4.11).
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Figure 4.11: Cartoon representation of subunit 12 on the inner and outer surface.
Both structure with calcium ions (red) and without ions (blue) were
extracted after the respective equilibration simulations.
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4.3.2 Deformation of the capsid

In order to study the spatial distribution of elastic properties on the inner and
outer shell surface of Southern Bean Mosaic Virus with and without calcium ions,
four force-probe simulation series were performed. Each series contained two FP
simulations in which the tip-sphere was directed towards every grid point, totaling
152 simulations and ∼110 ns in length. At the beginning of each simulation, the
tip-sphere was positioned in the water, close to the viral surface and subsequently
pushed through the water against the viral shell. During the force-probe simulation,
the force acting on the tip-sphere was monitored; Fig. 4.12 shows a typical force-
distance and force-time curve. Here, the tip-sphere was positioned close to the outer
surface of protein A, subunit (SU) 12 and pushed with a probe-velocity of 0.01 nm/ps
against the β-sheet region of the protein.

Figure 4.12: Force-distance plot (red) and force-time plot (blue) for pushing the
tip-sphere with a velocity of 0.01 nm/ps against the β-sheet of protein
A, subunit 12. The black line marks the linear regime where elastic
deformation takes place.

At the beginning of the simulation, the tip-sphere moved through the water for
70 ps before it touched the capsid, at which point the force increased. From the
slope of the linear regime in the force-distance curve the elastic constant of the
capsid at the respective position was obtained. After approx. 250 ps, the force bent
over to a nonlinear behavior and finally leveled off at 420 ps at a yielding force of
Fmax = 3205 pN. Subsequently, the tip-sphere was pushed inside the capsid and left
the shell, resulting in a rapid force decline. A detailed description of the force-
distance and force-time curves is given in chapter 5.
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4.3.3 Elastic constants

From the four force-probe simulation series, each containing 38 simulations in which
the tip-sphere was pushed against the 19 evenly distributed grid points on SU 12
of SBMV with and without calcium ions, a heterogeneous distribution of elastic
constants was obtained. The values varied between 1.65 N/m and 4.33 N/m (Fig.
4.14 - 4.17).

Figure 4.13: Histogram of the elastic constants from FP simulations in which the
tip-sphere was pushed towards the 19 grid points on the outer surface
of SU 12 with calcium ions in the capsid structure.

Capsid with calcium, probed from outside

When the tip-sphere was pushed from outside against the outer surface of SBMV
with Ca2+ ions, the largest elastic constant (4.33 N/m) was found at the 5-fold
symmetry axis (center of pentamer), followed by the two 3-fold symmetry axes
(center of hexamers, 3.42 N/m and 3.53 N/m, respectively, Fig. 4.14). With regard
to the question whether pentamers or hexamers are more stable, the results show a
significantly higher stiffness for the pentamers.
The weakest point was found at the center of the subunit (quasi-3-fold axis) with
an elastic constant of 1.82 N/m, followed by the elastic constant along the 2-fold
symmetry axis (1.89 N/m). Interestingly, the elastic response for pushing the tip-
sphere towards the interface of SU 12 and 11, as well as the interface of SU 12 and 28
was consistently larger at the grid points where the A-proteins meet (2.46 N/m and
2.61 N/m) than between B and C proteins (2.17 N/m and 2.28 N/m, respectively).
Next, we focused on the force-probe simulations in which the tip-sphere was pushed
towards 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 the subunit proteins
A, B and C where the calcium ions were located. The β-sheet regions turned out to
be particularly stiff compared to those containing α−helices and loops.
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Figure 4.14: Elastic constants of the capsid with calcium, probed from out-
side. a) Sketch of SU 12 (yellow) and the adjacent subunits (white).
The black dots mark the grid points at which the elastic properties have
been determined. The obtained elastic constants (in N/m) are shown
in red, green, blue; the different colors of the numbers denote different
push-vector directions perpendicular to the viral surface. b) Color-
coded distribution of elastic constants on subunit 12, obtained from
values shown in a) (soft: blue, stiff: red). The smallest elastic constant
value depicted in the color-bar (1.65 N/m) was taken from force-probe
simulation results marked in Fig. 4.14. c) Capsid of SBMV color-coded
for the elastic constants from values shown in a). One subunit is marked
by the white triangle.
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Capsid with calcium, probed from inside

When the tip-sphere was pushed from the capsid inside against the inner surface of
SBMV with Ca2+ ions, the distribution of elastic constants changed, whereas inside
SU 12 the values of the elastic constants were very similar to the value obtained on
the outer surface within a deviation of 0.17 N/m (Fig. 4.15). The subunit center
was also the weakest point of the subunit (1.65 N/m). The elastic constants at the
interfaces of the subunits, where A-A proteins and B-C meet, were reduced and
no significant differences in the values for A-A and B-C protein intersections were
seen. Here, the 5-fold symmetry axis lost its rigidity and an elastic constant of
2.01 N/m was found, 2.32 N/m weaker as if the tip-sphere was pushed along the 5-
fold symmetry axis from outside the capsid. Also the 3-fold symmetry axes became
weaker, and the elastic constants dropped to 2.45 N/m and 2.31 N/m, respectively.
The only reinforcement was seen along the 2-fold symmetry axis; the elastic constant
rose to 2.87 N/m, compared to the 1.89 N/m on the outer surface. Therefore the
grid point at the 2-fold symmetry axis exhibited the highest stiffness of the complete
subunit and symmetry axes on the inner surface of the shell.

Figure 4.15: Elastic constants of the capsid with calcium, probed from in-
side. Obtained elastic constants (in N/m) and color-bar shown as in
Fig. 4.14.

Capsid without calcium, probed from outside

Next, the elastic constants of the capsid of SBMV were determined after removal
of the calcium ions from the viral structure (Fig. 4.16). When the outer surface of
the capsid was probes with the tip-sphere, we found the largest elastic constants at
the pentamer center (3.56 N/m) and the hexamer centers (3.34 N/m and 3.27 N/m,
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respectively), as already seen for the same capsid positions with Ca2+ ions in the
structure. The elastic constants obtained at the grid points between the subunits
where A-A proteins meet (2.54 N/m and 2.56 N/m, respectively), were also slightly
larger than between B-C proteins (2.28 N/m and 2.40 N/m, respectively). In con-
trast to the simulation system including calcium, the elastic constants found for
the subunit center (2.23 N/m) and along the 2-fold symmetry axis (2.64N/m) were
increased and not the softest positions of the subunit anymore, as seen in the respec-
tive simulation with calcium. The smallest values were now obtained inside SU 12
at the interfaces of protein A, B and C (2.10 N/m, 2.10 N/m and 2.07 N/m, respec-
tively), where the Ca2+ ions were located before removal. The centers of the three
proteins were strengthened, and the elastic constants increased by approx. 0.6 N/m
to 2.79 N/m (protein A), 2.89 N/m (protein B) and 2.31 N/m (protein C).

Figure 4.16: Elastic constants of the capsid without calcium, probed from
outside. Obtained elastic constants (in N/m) and color-bar shown as
in Fig. 4.14.

Capsid without calcium, probed from inside

Finally, the tip-sphere was pushed against the 19 grid points on the inner shell of
SBMV without calcium in the structure (Fig. 4.17). Similar to the simulations
in which the tip-sphere was pushed from outside against the capsid with Ca2+, we
found the largest elastic constant at the pentamer center (3.31 N/m), followed by the
hexamer centers (2.65 N/m and 2.51 N/m, respectively), whereas for this simulation
series without Ca2+, the respective values were much smaller.
The subunit exhibited the softest point at its center (1.88 N/m). The elastic con-
stants inside SU 12 were comparable to that found before, when pushing the tip-
sphere from outside against the capsid without calcium ions. The value at the 2-fold
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symmetry axis was reduced by 0.29 N/m to 2.35 N/m.

Figure 4.17: Elastic constants of the capsid without calcium, probed from
inside. Obtained elastic constants (in N/m) and color-bar shown as in
Fig. 4.14.

As an estimate for the standard deviation of the elastic constants, for each of the
four force-probe simulation series, the 19 differences to the respective mean values
were calculated and found to be in the range between 0.10-0.31 N/m.

4.3.4 Yielding forces

In addition to the elastic constants, we determined the yielding forces Fmax for each
grid point from the four simulation series, each containing 38 FP simulations to-
wards the same 19 grid points of SBMV as described before. As can be seen from
all 152 simulation, the distribution of Fmax was more homogeneous than that of the
elastic constants with Fmax varying between 1.80 nN and 3.80 nN (Fig. 4.18).

Capsid with calcium, probed from outside

When the tip-sphere was pushed against the outer surface of SBMV including cal-
cium ions in the protein structure, the largest yielding forces were seen at the inter-
faces between the subunits where two A-proteins meet (SU 12-11: 3.80 nN and SU
12-28: 3.75 nN) and B-C proteins (3.47 nN and 3.27 nN, respectively, Fig. 4.19). The

42



The mechanical properties of Southern Bean Mosaic Virus

Figure 4.18: Histogram of the yielding forces obtained for the 19 grid points on the
outer surface of SU 12 with calcium ions as in Fig. 4.13.

yielding forces were smaller at the interface of subunit 12-3 (2.75 nN and 2.79 nN)
and along the 2-fold symmetry axis (2.68 nN). At the center of the pentamer, a
yielding force of 2.96 nN was determined, and 3.36 nN and 3.40 nN, respectively,
for the two hexamer centers. Within the subunit, Fmax varied between 2.99 nN
and 3.31 nN, with the only exception being the subunit center, which exhibited the
smallest yielding force (2.16 nN).

Figure 4.19: Yielding forces of the capsid with calcium, probed from out-
side. Obtained yielding forces (in nN) shown as in Fig. 4.14 (blue: low
stability, red: high stability).
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Capsid with calcium, probed from inside

When the tip-sphere was pushed against the inner shell of the capsid including
calcium, the distribution of yielding forces changed drastically (Fig. 4.20). The
yielding force determined at the pentamer center dropped to 1.80 nN and became
the least stable position on the subunit surface. Also the forces at the hexamer
centers decreased to 2.73 nN and 2.59 nN, respectively. A stiffness increase was
only observed along the 2-fold symmetry axis (3.10 nN). The interfaces of SU 12 to
its adjacent subunits 11 and 28 became softer, and in average, the yielding forces
declined by more than 1.0 nN. Inside subunit 12, the yielding forces were found to
be similar to the values obtained on the outer surface of the subunit with calcium
ions.

Figure 4.20: Yielding forces of the capsid with calcium, probed from inside.
Obtained yielding forces (in nN) and color-bar shown as in Fig. 4.19.
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Capsid without calcium, probed from outside

A dramatic change in the yielding force along the 5-fold symmetry axis was seen
when the tip-sphere was pushed against the outer surface of SBMV without Ca2+

ions (Fig. 4.21). The value dropped by 1/3 from nearly 3 nN to 2.04 nN, and the
pentamer center became the least stable position of the subunit. The yielding forces
on the other grid points were hardly affected by the calcium removal and their values
barely changed compared to the results obtained on the outer surface of the capsid
with calcium ions.

Figure 4.21: Yielding forces of the capsid without calcium, probed from
outside. Obtained yielding forces (in nN) and color-bar shown as in
Fig. 4.19.
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Capsid without calcium, probed from inside

The distribution of yielding forces on the inner surface of SBMV without Ca2+ ions
was found to be similar to that on the inner surface with Ca2+ (Fig. 4.22). The
yielding force at the subunit center was slightly reduced by 0.35 nN to 2.45 nN, the
least stable position was the pentamer center (2.03 nN), as already found from the
simulations with Ca2+.

Figure 4.22: Yielding forces of the capsid without calcium, probed from
inside. Obtained yielding forces (in nN) and color-bar shown as in
Fig. 4.19.

The estimated standard deviation, determined from all 152 simulations, was in the
range of 0.08−0.30 nN.
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4.4 Discussion

The transition from the assembled virus to a structure that is able to release the
genetic material is accompanied by a change in mechanical properties that enables
breaking of the shell or an opening of a port. Without a modification of the elastic
constants and yielding forces of the capsid, the mature virus structure remains stable
and only external forces or the interaction with the surrounding area could cause
an opening of the shell. Experiments showed that the icosahedral shell of South-
ern Bean Mosaic Virus becomes infectious when the 180 calcium ions are removed
from the capsid structure [23]. After removal, the virus swells up to 44% in volume
[60, 23], which is the first step in cell infection.
During the 32 ns equilibration phase of the solvated shell of SBMV without Ca2+,
we did not observe a swelling of the capsid. Three explanations are possible to de-
scribe this discrepancy to experimental data. First, swelling was reported to take
3 minutes, and our simulations are too short to see this effect. Second, swelling is
supported or even caused by the RNA inside the virus which is missing in our simu-
lations. Third, the pH value was not high enough, because Rayment et al. reported
a swelling at pH=7.5 or higher [60].
After the equilibration phase, the difference in the structure of SBMV with and with-
out Ca2+, measured by the root mean square deviation was 2.3±0.3Å . Although
the deviation in the two structures was mainly caused by thermal fluctuations, the
mechanical properties of the two capsids varied markedly as described in the follow-
ing.
To study the mechanical properties of SBMV and the effect of calcium removal on
elastic and fracture behavior, we performed force-probe molecular dynamics sim-
ulations on the complete shell of SBMV with and without Ca2+ ions. From the
linear regime and maximum force in the force-distance plots, a highly heterogeneous
distribution was found for both elastic constants and yielding forces on the surface
of SBMV. The distributions of mechanical properties varied for the four different
FP simulation series in which the tip-sphere was pushed against the inner and outer
surface of SBMV with and without Ca2+ ions in the capsid structure. The different
elastic behaviors obtained on the inner and outer shell surfaces were first unexpected,
because a symmetric elastic medium should exhibit identical elastic properties for
indentation deformations performed from the outer to the inner surface or vice versa.
It turned out that the inhomogeneous distribution of protein atoms and the spatially
inhomogeneous folding motiv of β-sheets and α-helices resulted in different mechan-
ical properties on the inner and outer capsid surface of SBMV.
The distributions of elastic constants cannot be describe with only a single Gaus-
sian function, as suggested from recent AFM results on the empty capsid of minute
virus of mice [44]. Much better agreement is obtained with the bimodal distribution
observed by Michel et al. [127], who suggest the mechanical properties seen in our
simulations as a likely explanation for their results. As a cautionary remark we
note that direct comparison of the distributions of elastic constants is complicated
by the fact that the heterogeneous distribution found in our simulations is caused
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by structural differences of the capsid on an atomic level, whereas a heterogeneous
distribution of elastic constants obtained from AFM experiments might originate
from differing mechanical behaviors of capsomers. Remaining differences between
the distributions of elastic constants may result from differing tip sizes and geome-
tries, differing accuracies in targeting specific surface regimes or different time scales,
or statistical scatter due to the limited number of force probe simulations.
Our force-probe simulations showed that the values for the determined elastic con-
stants and yielding forces on grid points within the subunit were very similar on
the inner and outer subunit surface, and are barely affected by the removal of Ca2+.
The only exception was seen at the subunit center along the quasi-3-fold symmetry
axis. Although the elastic constants obtained for the subunit center varied on the
inner and outer surface and changed with Ca2+ removal, this grid point was always
found to be the weakest or close to the weakest position of the capsid.
Similar observations were made for the yielding forces. When the tip-sphere was
pushed against the subunit center on the outer surface (SBMV with and without
Ca2+), this position always exhibited a weak stability. When the tip-sphere ap-
proached this grid point from inside the virus, the stability increased for the struc-
ture with Ca2+ compared to the capsid without ions.
On the subunit interfaces and along the symmetry axis, the mechanical properties
varied markedly on the inner and outer surface, and changed when Ca2+ ions were
removed. The variations and distributions of elastic constants and yielding forces
were not correlated because they describe different material properties.
We have seen from various simulations in which the tip-sphere was directed against
the subunit proteins that the β-sheet region of the subunit proteins showed a higher
stiffness than the α-helices and loops. Similar observation were also made by Ack-
barow et al. from studies of a model protein structure proposed for Alzheimer’s
amyloid β-fibrils [128].
The elastic constants between two A-proteins on the outer grid points were consis-
tently larger than the values obtained at the interface between the subunits where
protein B and C meet. We attribute this trend to (at least) two effects: First, purely
geometrical properties might render the pentamers stiffer than the hexamers [129],
an effect which might extend to the interaction of the A-proteins. Second, Reddy
et al. [130] calculated the dimer association energies for SBMV, where also a larger
energy was found for the interaction between the A-proteins (-78.0 kcal/mol) than
for the B-C interaction (-74.0 kcal/mol), which might also contribute to the higher
stiffness between A-A than between B-C proteins.
From all simulations we see the largest elastic constant at the pentamer center ex-
cept when the tip-sphere was pushed towards the inner surface of SBMV with Ca2+.
Tama et al. observed a larger flexibility for pentamers than for hexamers of SBMV
[26], which result cannot be directly related to the obtained elastic constants in
a straight forward manner. A different behavior was observed by Carrasco et al.
from AFM experiments on the capsid of minute virus of mice [44], who, besides
the homogeneous distribution discussed before for the empty capsid, reported the
largest elastic constant at the 2-fold axes and the weakest at the pentamer center
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for full capsids. Further investigations on the stability of hexamers and pentamers
are described in chapter 6.1.
For Human Rhinovirus 14, an icosahedral T=3 virus with very similar radial posi-
tions of the Cα atoms and tertionary fold of the main protomer proteins compared
to the structure of SBMV [131], Giranda et al. [27] suggested that pentamers open
to release the genetic material during infection. The same proposal was made by
Mosser et al. three years later for poliovirus type 3 [28]. We propose that fracture of
viral shells should occur at capsid positions that exhibit small yielding forces com-
pared to their surrounding areas. The distribution of elastic constants, and thus the
stiffness of the viral shell has a minor effect on the rupture position. A possible port
for RNA release of SBMV cannot be proposed from changes of the elastic constants,
only from variation of the yielding forces after calcium removal.
Therefore, a large yielding force and, thus, a high stability of the pentamer center
was obtained from the simulation in which the tip-sphere was pushed from out-
side against the structure with Ca2+. The stability of the pentamer center dropped
markedly due to the removal of calcium ions – here the pentamer center became
the least stable position on the outer surface of the capsid. The yielding forces
determined at the remaining grid point positions on the outer shell surface hardly
changed. On the inner capsid surface, the weakest stability of the shell with and
without Ca2+ was found along the 5-fold symmetry axis. The observed changes in
the distribution of yielding forces let us draw the following conclusions.
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4.5 Conclusion

Experiments showed that SBMV becomes infectious after removal of the calcium
ions [23]. Comparison of the obtained values for the elastic constants and yielding
forces and their distributions on the inner and outer surface on the capsid with and
without Ca2+ make it possible to predict a capsid position that breaks open to re-
lease the RNA after Ca2+ removal.
When RNA exerts a force to the inner surface of the shell, capsid rupture would
occur at the pentamer center after calcium removal because the smallest yielding
force has to be applied along the 5-fold symmetry axis to break the capsid open.
Although large elastic constants were obtained at the pentamer center on the inner
and outer capsid surface, fracture behavior is mainly determined by the distribution
of yielding forces, and we therefore propose an opening of the pentamer centers after
calcium removal.
Removal of the calcium ions from the capsid resulted in a significant softening along
the 5-fold symmetry on the outer pentamer surface which became the weakest cap-
sid position on the outer surface. Therefore, fracture of the shell due to external
forces would occur at the pentamer center as well, as also proposed from the forces
obtained on the inner capsid surface. Such an external force could arise from inter-
actions of the cell membrane with the viral shell [125], which would also support our
proposed scenario for RNA release along the 5-fold symmetry axis.
The yielding forces obtained at the 3- and 2-fold symmetry axes are higher com-
pared to the surrounding subunit surface and the pentamer center. Therefore, cap-
sid breakage along these symmetry axes is improbable. Small elastic constants and
yielding forces on the capsids with and without calcium ions were found at the sub-
unit center. If the subunit center acts as a possible port for RNA release, then the
mature virus structure would already be unstable and could infect cells without the
removal of calcium ions because the mechanical properties of the subunit center are
very similar for the virus structure with and without Ca2+. But capsid breakage and
release of the genetic material without preceding calcium removal was not observed
in experiments. Therefore, we also consider rupture at the positions along the 3-
and 2-fold symmetry axes unlikely for RNA release. Additionally, an RNA release,
in which the RNA strand is pushed or pulled through one of the subunit proteins,
can be neglected due to the high stability of the β−barrel. Our results clearly show
that only pentamers could act as possible ports for RNA during dematuration and
cell infection.

Finally, the answer where and how RNA is released can only be made from experi-
ments. As it is impossible to probe the mechanical properties on the inner surface
of SBMV from AFM experiments, our simulations reveal the first insights into the
distribution of mechanical properties on the outer and inner surface of an icosahe-
dral viral shell on atomic length scales from which predictions for a possible port for
RNA release have been obtained.
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5 Structural dynamics of SBMV
during deformation

5.1 Introduction

Besides the elastic constants and yielding forces discussed in detail in the previous
chapter, the structural dynamics of the viral shell during indentation remain un-
known, as well as the origin of elastic deformation and fracture behavior, and the
questions arise

• What happened to the protein structure when the tip-sphere indented the viral
shell?

• What can the force-distance curves tell us about the deformation behavior of
the capsid?

• Could plastic deformation be observed in the simulations? If yes: When did
the cross-over from elastic to plastic deformation take place, and how could
such a transition be understood in structural terms?

• How do the mechanical properties depend on the size of the tip-sphere?

• How do elastic constants and yielding forces change with probe-velocity?

In order to answer these questions, this chapter focuses on the deformation dynamics
of the shell of Southern Bean Mosaic Virus (with calcium in the structure) during
indentation of protein A, SU 12, with the tip-sphere. The deformation of the capsid
of SBMV on length scales of the complete viral shell was investigated, as well as
structural changes on atomic level from which we were able to find answers to all
these questions.
For both, elastic constants and yielding forces, a logarithmic velocity dependence
was seen over nearly two decades, the explanation of which requires including non-
equilibrium effects perpendicular to the reaction coordinate within the established
theory of enforced barrier crossing. This assumption is corroborated using Monte
Carlo simulations, in which a particle was pushed through a harmonic energy land-
scape with relaxation dynamics taking place perpendicular to the reaction coordi-
nate.
Furthermore, friction and surface effects that might contribute to the obtained elas-
tic constants and yielding forces were investigated, as well as water flux through the
viral shell during deformation.
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5.2 Methods

5.2 Methods

The simulation set up for SBMV with calcium ions in the capsid structure is de-
scribed in chapter 4.2.1, as well as the force-probe simulations in 4.2.2. Additionally,
38 FP simulations towards each of the 19 grid points on the outer surface were per-
formed with a probe-velocity of the tip-sphere of 0.05 nm/ps. To study the variation
of the forces with probe-velocity in more detail, a series of simulations along the
5-fold symmetry axis towards the center of a pentamer was performed with nine
different probe-velocities, ranging from 0.001 nm/ps to 0.05 nm/ps. All force-probe
simulations with a probe-velocity of 0.05 nm/ps were performed twice, whereas the
simulations, in which the tip-sphere was pushed against the pentamer center, were
performed five times. The first series of force-probe simulations was started from
structures extracted after 12 ns of the equilibration run, the second after 12.25 ns,
the third after 12.5 ns, the fourth after 12.75 ns, and the fifth after 13 ns.
To study the relaxation behavior of the capsid, for a number of selected simulations
the pushing potential acting upon the tip-sphere was switched off at different times.
Subsequently, the system was equilibrated for 500-1000 ps with free MD simulations.
The Monte Carlo simulation technique is described in the Results and Discussions
part of this chapter for better understanding.
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Structural dynamics of SBMV during deformation

5.3 Results and Discussions

5.3.1 Regimes of deformation

When the tip-sphere was pushed against the viral shell, the force acting on the tip-
sphere was monitored. Figure 5.1 shows a typical force-distance (red) and the cor-
responding force-time curve (blue), taken from a simulation in which the tip-sphere
was pushed towards the center of mass of protein A of SU 12 with 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. 5.1, three regimes can be distinguished, a pre-linear regime (1), a
linear regime (2), and a rearrangement regime (3).

Figure 5.1: Force, acting on the tip-sphere, as a function of time (blue) and distance
(red) during a typical force-probe simulation in which the tip-sphere was
pushed against protein A of SU 12 with a probe-velocity of 0.01 nm/ps.
Three regimes can be distinguished, 1) a pre-linear regime, 2) a linear
regime and 3) a rearrangement regime. The black line depicts the slope
in the force-distance plot, from which the elastic constant (in N/m) is
determined.

The pre-linear regime is characterized by small forces, heterogeneously distributed
over the surface. These forces originate from local deformations of an outer capsid
layer consisting mainly of loops and β-strands. When the tip-sphere initially touched
the capsid, the first layer was pushed towards the viral center, thereby approach-
ing underlying layers. The subsequent contact between the two layers marks the
transition from the pre-linear (1) to the linear regime (2). The linear regime is char-
acterized by elastic deformation of the viral shell. The slope in the force-distance
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5.3 Results and Discussions

curve from 220-390 ps determines the elastic constant of the capsid at the respective
position. After approx. 390 ps, the force bended over to a nonlinear behavior and
finally leveled off at 560 ps at a yielding force of Fmax = 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 observed in the rear-
rangement regime, which, together with the mechanical properties, will be analyzed
in structural terms later below.
These three regimes were observed for all 19 grid points. Due to the heterogeneity of
the protein structure and its outer layer, the pre-linear regime was less pronounced,
e.g. for the grid point between protein B and C of SU 12. Only for one force-probe
simulation in which the tip-sphere was directed towards the β-sheet region of protein
A (Fig. 4.12), the prelinear regime was not seen because only at this position on
the capsid surface no flexible loops were present. Furthermore, in several cases the
length of the rearrangement regime was much shorter than shown in Fig. 5.1, e.g.,
only a few picoseconds as for an approach along the 5-fold symmetry axis.

5.3.2 Water permeation, friction and surface effects

During the equilibration phase and also during the force-probe simulations, no water
permeated the capsid. This observation agrees with results by Silva et al. [125], who
reported a high energy barrier for water of E = 300 kcal/mol at the gate along the
5-fold 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 observed in our simulations. The resulting compression of the water volume
inside the capsid during indentation raises the question, however, to which extent
the observed forces actually reflect the mechanical properties of the shell.
To address this question, we estimated the force arising from the water compression.
When the shell was indented by the tip-sphere, an area of the size of one subunit
(A ≈ 42 nm2) was pushed into the capsid and reduced the inner virus volume by
∼ 3.5 nm3. This estimated volume change was derived from the change of the radius
of gyration of the capsid (Fig. 5.5) and the distance the subunit was pushed into
the capsid (Fig. 5.7 and 5.11). Assuming a compressibility of TIP4P water of
κ = 67 ·10−11bar−1 [132], the inner capsid pressure is expected to increase from 1 bar
to p ∼ 5.43 bar at the yielding point, resulting in a force F = p · A = 22.8 pN; i.e.,
approximately 1% of the obtained yielding force. Therefore, the water compression
is not expected to affect the observed forces.
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Structural dynamics of SBMV during deformation

Figure 5.2: Radial distribution function (rdf) of the tip-sphere with the surrounding
oxygen atoms from the TIP4P water molecules. Here the tip-sphere was
pushed through the bulk water with a push-velocity of 0.01 nm/ps.

Because of the relatively high probe-velocity (compared to those used in typical
AFM experiments) which has necessarily been used in our simulations, frictional
forces might also contribute to the observed force-time and force-distance curves.
To separate these frictional forces from the mechanical properties of interest, we
performed six force probe simulations in which the tip-sphere was pushed through
bulk water with probe-velocities between 0.0001 nm/ps and 0.05 nm/ps. As expected
from the Stokes equation, a linear increase of the observed frictional force with probe-
velocity was seen. The resulting slope of 5.63±0.14 nN·s/m was somewhat smaller
than the value from the respective Stokes equation, ξ = 6πηr = 6.59 nN·s/m, for
TIP4P water [133], assuming stick boundary conditions between solvent and tip-
sphere [134]. The deviation arises from the Stokes radius that was determined as
the minimum distance (0.70 nm, determined from a radial distribution function,
Fig. 5.2) between the tip-sphere center and the water molecules. For the applied
probe-velocity of 0.01 nm/ps, the frictional force found in the simulation (Fsim =
65.2 ± 1.5 pN) agrees very well with the force calculated from the Stokes equation
(FStoke = 65.9 pN, Fig. 5.3). We note that stick boundary conditions were used
rather than slip boundary condition [135] – here the Stokes equation changes to
ξ = 4πηr – because the latter has been shown to apply only to solutes much larger
than the used tip-sphere [135]. In summary, the obtained frictional forces are small
with respect to the observed elastic forces. In particular, we consider our probe-
velocity sufficiently slow such that friction can be neglected.
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Figure 5.3: Frictional forces as a function of probe-velocity. The data were obtained
from force-probe simulations shown as red dots connected via a fitting
function from linear regression (red line). The green and blue lines de-
pict the theoretical values calculated from the Stokes equation for two
tip-sphere radii. Stick-boundary conditions between solvent and solute
atoms were assumed.

To study to which extent the free energy increases due to a possible increase of
the solvent accessible hydrophobic area (SAS) of the capsid and contributes to the
observed force increase during indentation, this surface area was recorded during
the force-probe simulations. During deformation of the capsid in the pre-linear,
linear and the rearrangement regime until 480 ps (Fig. 5.1), the capsid SAS area
for the hydrophobic and hydrophilic part remained constant within fluctuations of
∆A=2.0 nm2. Subsequently, when the force fluctuations in the force-distance plot
increase markedly (Fig. 5.1), the SAS area increased by approx. ∆A = 10.0 nm2

up to the point of yielding (480 ps - 560 ps, Fig. 5.4). Assuming proportionality
between the SAS area and the surface free energy ∆G with a proportionality constant
of 24 cal/mol·Å2 [136, 137], we determined the respective free energy increase and
the resulting forces F along the indentation path length ∆x needed to change the
hydrophobic surface area. For ∆A=2 nm2 a surface free energy of about ∆G =
3.3·10−20 J was found, resulting in a force of ∆G/∆x = F ≈ 22 pN with ∆x =1.5 nm
(Fig. 5.1, blue curve), which is 33% of the frictional forces. At this point of yielding
the surface free energy increased to ∆G = 16.7 · 10−20 J and the resulting force
to F ≈ 210 pN (∆x =0.8 nm). To conclude, changes in the surface free energy
contribute to about 10% of the yielding force.
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Structural dynamics of SBMV during deformation

Figure 5.4: Solvent accessible surface (SAS) area of SU 12 during indentation of
protein A. Only the SAS of SU 12 changes during this force-probe sim-
ulation, the remaining capsid surface was unaffected.

.
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5.3.3 Structural characterization of deformation

To structurally characterize the deformation of the viral shell during the simulation
and to explain its mechanical behavior in the rearrangement regime, we chose the
FPMD simulation in which the tip-sphere was pushed through the center of mass
(COM) of protein A, SU 12 with probe-velocity 0.01 nm/ps. We first calculated the
radius of gyration of the capsid during deformation (Fig. 5.5).

Figure 5.5: Radius of gyration of the viral shell as a function of time for pushing the
tip-sphere towards protein A of SU 12. The yielding force was reached
at ∼560 ps.

It turned out that the radius of gyration barely changed during indentation of the
viral shell with the tip-sphere. Furthermore, the trajectories of the protein atoms
and the tip-sphere were monitored; the single residues of the capsid were color-coded
for their deformation. As can be seen in Fig. 5.6, deformation was restricted to an
area of a few nm2 of the capsid. The strongest deformation, measured as an rmsd
of 2.5 nm (see Fig. 5.7 below) occurred only on a few Å2 area, whereas the size of
the induced ”defect” on the viral shell was small compared to the complete capsid.
Together with the very small decrease of the radius of gyration from 13.146 nm before
the tip-sphere approached the shell to 13.144 nm at yielding, we conclude that the
spherical shape of the capsid hardly changed during indentation and the virus shell
was compressed only slightly.
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Structural dynamics of SBMV during deformation

Figure 5.6: Subunit 12 (emphasized by the white line in the ribbon structure and
the white triangle) and its adjacent subunits. The tip-sphere which was
pushed against protein A, is shown as a grey sphere. Each residue is
color-coded for its deformation as described in chapter 3.3 (red: no de-
formation, blue: highest deformation).
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Next, we calculated the distance between the COM of SU 12 and the center of the
viral shell (Fig. 5.7) to investigate the deformation behavior of the indented subunit.

Figure 5.7: Distances between the center of mass (COM) of SU12 and adjacent sub-
units with the COM of the complete capsid during deformation.

During deformation, the subunit was pushed towards the center of the capsid by
0.45 nm at the yielding point. Subsequently, the tip-sphere penetrated the protein
and the subunit snapped back to its initial position. Also the root mean square
deviation (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 towards the capsid center (Fig. 5.8). We suggest that,
except for the few residues discussed below, the capsid fully recovered its original
shape when the external force was switched off during deformation (5.8, colored
lines), as well as after complete penetration (5.8, red and black lines). SU 12 thus
seems to be highly elastic during the complete deformation phase, even within the
regime that we termed ”rearrangement regime”. Although at this point the origin of
the non-linearity and the increase fluctuations in the force-distance curve remains
elusive, the above result suggests that any non-elastic behavior will be restricted to
a small regime of the subunit.
In the following step, we analyzed the propagation of the protein deformation by
monitoring the distance change of the adjacent subunits 11, 28, and 3 of SU 12 with
respect to the capsid center and their rmsd compared to the initial shell structure
(Fig. 5.8 and 5.9). In contrast to the marked deformation of SU 12, its neighbors
deformed only slightly, with the rmsd of SU 28 rising only by 0.25 nm at 560 ps,
then immediately returning to its initial value (Fig. 5.9). The rmsd of SU 3 did not
change at all beyond thermal fluctuations (∼1.0 Å). We therefore conclude that elas-
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Figure 5.8: Rmsd for SU12 with respect to the initial capsid structure during inden-
tation of protein A (red curve). The simulation was stopped at different
time steps, and the system was equilibrated for 1.0 ns. The correspond-
ing rmsd plots are shown by the colored curves.

tic deformation during pushing the tip-sphere towards SU 12 is spatially restricted
to the SU 12 region and hardly affects the remaining viral shell.

Figure 5.9: Rmsd of SU 28 fitted on the initial capsid structure during indentation
of protein A, SU 12. The location of SU 28 with respect to SU 12 is
given in Fig. 3.5.
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In order 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 can seen in Fig. 5.10, the average maximum
rmsd for protein B and C residues is about 0.5 nm due to the fact that the subunit
was pressed towards the viral center by 0.45 nm as mentioned above. The average
maximum rmsd of protein A is twice as large compared to protein B and C, whereas
only a few residues (residue 33 and 51) exhibit a maximum rmsd of more than
2.2 nm. Compared to 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 (Fig. 5.11).

Figure 5.10: Largest rmsd for each residue of protein A (red), B (green), and C (blue)
during the simulation in which the tip-sphere was moved through the
center of protein A. The two largest peaks are identified by residue
numbers.

The same observations were made when the tip-sphere was pushed along the 5-fold
symmetry axis through the center of the pentamer (Fig. 5.12). Here, the rmsd
of the 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 was not deformed.
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Figure 5.11: Subunit 12 during pushing the tip-sphere through the COM of protein
A with color-coding for the deformation as in Fig. 5.6.
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5.3 Results and Discussions

Figure 5.12: Pentamer consisting of five subunits. The tip-sphere (grey sphere) was
pushed along the 5-fold axis through the pentamer center along the
5-fold symmetry axis. Yielding was reached at 500 ps. Color-coding as
in Fig. 5.6.
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5.3.4 Cross-over from elastic to plastic behavior

To address the nature of the deviation from linear to non-linear behavior within the
rearrangement regime, we stopped several force probe simulations at different sim-
ulation times between 400 ps and 600 ps and subsequently let each of these systems
relax for 0.5 ns. In particular, we wanted to test if and when a plastic deformation
of the few more strongly deformed residues identified above sets in. The tip-sphere
was still kept inside the simulation box during relaxation, except that the external
force onto the tip-sphere was switched off.

Figure 5.13: Rmsd (black curve) of residue 31 (a) and 33 (b) of protein A, SU 12.
The FPMD simulation was stopped at different times (see legend) and
restarted with unrestrained tip-sphere. During the subsequent relax-
ation processes, the rmsd of the two residues are shown in color. For
residue 31, plastic deformation starts at 560 ps, obtained from the in-
creasing rmsd during the relaxation of the system. Residue 33 already
behaves plastically at 550 ps.
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To characterize the deformation of the selected residues, Fig. 5.13 depicts the rmsd
of the two residues, 31 and 33 (large values in Fig. 5.10, see also Fig. 5.16), 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 residue 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 equilibration phase —, suggesting a plastic deformation of residue
31. A similar behavior is seen for residue 33, except that plastic behavior is already
observed at 550 ps. Therefore, fully elastic behavior at the single residue level is
found not only for the linear regime, but also essentially for the whole rearrangement
regime.

Figure 5.14: Distances between the center of mass (COM) of residue 51 (a) and
residue 33 (b) to adjacent residues during deformation. The black ver-
tical bars denote the yielding point (a) and the transition from the
linear to the rearrangement regime (b).
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To further address the apparent differences between the two regimes and in partic-
ular the origin of the larger force fluctuations and sublinear behavior observed for
the rearrangement regime, Fig. 5.14a,b shows the distances between the COM of
residue 51 and 33 with their respective neighbors during the deformation.
As can be seen, within the linear regime, the distances between the nearest neigh-
bors (residues 50-51, 51-52 and 32-33, 33-34) and next nearest neighbors (residues
49-51, 51-53 and 31-33, 31-34) remain constant within the range of thermal fluctua-
tions (< 0.5 Å, Fig. 5.14). Here, in line with the collective elastic movement of the
complete subunit observed already 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 β−sheet region located be-
hind residue 33 in Fig. 5.11 and 5.16, and its neighbors were conserved for approx.
550 ps (Fig. 5.14a). Only for later times, when yielding occurred around 550 ps, the
distances deviated, whereas the changes in next nearest neighbor distances domi-
nated, e.g. residue 49 and 51, blue line in Fig. 5.14a. We suggest that the observed
stiffness is characterized by a conservation of the topology of the β-sheet region
during deformation. From these observations, the cross-over from elastic to plastic
behavior is described by a change in residue neighbor distances. However, this re-
sult alone does not reveal the underlying mechanism of the rearrangement regime.
To address this issue, we now focus on residue 33 and its neighbor distances as a
function of time (Fig. 5.14b).
Interestingly, abrupt distance changes and fluctuations are seen starting already at
the transition to the non-linear behavior of the rearrangement regime. Here, these
changes in the neighbor distances describe markedly increased fluctuations of single
atoms that were close to the tip-sphere during the simulations. Due to the interac-
tion with the tip-sphere, these fluctuations translate into similarly increased force
fluctuations in the force-distance curve as seen in Fig. 5.1, despite the fact that the
deformation of the residues was still reversible.

We rationalize these findings by the simplified free energy landscape sketch shown in
Fig. 5.15. For the whole linear regime, the system is confined to a local minimum of
the underlying free energy landscape (Fig. 5.15, minimum 1), giving rise to a nearly
linear force response. For further deformation, at the transition to the rearrange-
ment regime, the deformation energy is large enough for the system to overcome
the barrier to new local minima (2 and 3 in Fig. 5.15). As the energy of these
new minima is larger than that of the initial minimum, and because thermal energy
suffices to drive recrossings, frequent transitions between the 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 rearrangement regime.
In particular, elastic deformation is described in terms of relaxation of the system
to the initial minimum when external forces have been switched off. Note that this
model can describe plastic deformations. In this case, return of the system to the
original state is hampered by large energy barriers between the minima.
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Figure 5.15: Simplified free energy landscape which can explain the large distance
fluctuations apparent in Fig. 5.1 within the rearrangement regime,
while the system is still able to quickly relax into the initial state. The
small fluctuations in the linear regime reflect motions within minimum
1 (yellow); the large fluctuations arise from transitions between several
distinct minima (arrows)

The cross-over from elastic to plastic deformation of residue 31 and 33 is observed
when the distances between residue 32 and 33 decreased from 0.6 nm to 0.4 nm,
whereas the next nearest neighbor distances of residue 31 and 33 increased from
0.6 nm to 0.8 nm and those between residues 31 and 35 from 0.5 nm to 0.8 nm (Fig.
5.14b).
This shift in distances can be observed for several residues, e.g., for residues 39-42
which form an α−helix (Fig. 5.16). A widening of the helix within less than 20 ps
defined the plastic yielding of the single helix residues, whereas the plastic deforma-
tion of residue 33 is 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 the larger force fluctuations in the force-distance
plot compared to the linear regime are caused by a change from (nearly) harmonic
dynamics to highly non-linear conformational transitions between multiple free en-
ergy minima.
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Figure 5.16: Detail of protein A, SU 12 before deformation (top) and during deforma-
tion with the tip-sphere (green) at the yielding point (560 ps, bottom).
Relevant residues are shown as sticks. The α−helix (orange ribbon,
residue 39-42) is stretched, together with residues 31-34. The plastic
deformation of residue 33 is characterized by an isomerization of the
aromatic ring.
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5.3.5 Influence of the tip-sphere size

To study if the mechanical properties depend on the choice of the tip-sphere size,
additional FPMD simulations with a larger tip-sphere were performed. In these sim-
ulations, the tip-sphere was pushed towards the center of the pentamer along the
5-fold symmetry axis with a probe-velocity of 0.01 nm/ps and an increased Lennard-
Jones parameter for the van-der-Waals radius of the tip-sphere, σ = 10.0 nm. Sub-
sequently, elastic constants and yielding forces were compared with previous results
obtained for σ = 5.0 nm.
For the larger tip-sphere, an elastic constant of 4.3 N/m was obtained, the same
within the error bars to the value obtained above for a smaller tip-sphere. In con-
trast, a markedly larger yielding force of 4.8 nN was seen, compared to 3.0 nN for
the smaller tip-sphere. This result is not unexpected because, as can be seen from
the simulations (Fig. 5.18, compare with Fig. 5.12), the regime of elastic deforma-
tion is roughly of the size of one pentamer (approx. 14 nm in diameter) and thus
much larger than the two tip-spheres used. Therefore the elastic behavior does not
depend on tip-sphere as long as the tip-sphere size is much smaller than the size
of the subunit. In contrast, the regime which undergoes the more severe plastic
deformation grows with the size of the penetrating tip-sphere, such that the yielding
forces increase accordingly.

Figure 5.17: Rmsd of SU 12, residue 121, during indentation of the pentamer center,
extracted from a simulation with the big, σ=10 nm (red), and small,
σ=5 nm (green), tip-sphere. Yielding was reached at 490 ps for the
small tip-sphere and at 560 ps for the big tip-sphere.

Furthermore, residues close to the indentation position of the tip-sphere deformed
much stronger for the larger tip-sphere than for the small one (Fig. 5.17). After
yielding at the maximum force at 550 ps, the tip-sphere left the shell towards the
capsid center, and the surrounding residues ”snapped away” and exhibited a large
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dislocation with respect to their initial positions. The larger deformations caused
by the bigger tip-sphere resulted in a larger deformation energy that was stored in
the single amino acids during indentation and was transformed into kinetic energy
after the tip-sphere left the capsid (600-650 ps in Fig 5.17), resulting in a large rmsd
of single residues.
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Figure 5.18: Pushing the tip-sphere (grey sphere, σ = 10 nm) along the 5-fold axis
through the center of a pentamer (tube representation). The deforma-
tion of each residue is color-coded as in Fig. 5.6. Although yielding was
reached 560 ps, the largest deformations occurred between 600-650 ps,
see also Fig. 5.17.
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5.3.6 Influence of probe-velocity

In order to study if and how the observed mechanical properties of the viral shell
depend on probe-velocity, all FPMD simulations in which the tip-sphere was directed
against the outer capsid surface with calcium ions in the structure were repeated
with identical parameters, but with a five times larger probe-velocity of 0.05 nm/ps.

Figure 5.19: a) Elastic constants (in N/m) obtained for the capsid of SBMV with
calcium ions as shown in Fig. 4.14. The tip-sphere was pushed with a
probe-velocity of 0.05 nm/ps against the outer surface of the shell. b)
Color-coded distribution of elastic constants on subunit 12, obtained
from values shown in a) (soft: blue, stiff: red).

A similar distribution of elastic constants as for the 0.01 nm/ps simulations shown
above was seen with the individual values consistently increased by about 14% (Fig.
5.19). The only exceptions were for the elastic constants obtained at the subunit
center which exhibited a larger increase from 2.16 N/m to 2.85 N/m and the 2-fold
axis, where the value increased from 1.89 N/m to 3.23 N/m. We attribute this strong
velocity dependence to the particularly large flexibility observed for the residues at
the subunit center and the 2-fold symmetry axis, which was mostly reduced at larger
probe velocities. Also the yielding forces showed a consistent increase by about 33%
for larger probe-velocities with the overall distribution of Fmax remaining constant
(Fig. 5.20).
To more quantitatively characterize the dependence of the mechanical properties on
the probe-velocity of the tip-sphere, force-probe simulations towards the center of a
pentamer along the 5-fold symmetry axis were performed with nine different probe-
velocities between 0.001 nm/ps and 0.05 nm/ps. For each of the nine velocities, five
simulations were carried out and averaged (Fig. 5.21).
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5.3 Results and Discussions

Figure 5.20: Obtained yielding forces (in nN) shown as in Fig. 5.19 for a probe-
velocity of 0.05 nm/ps (blue: low stability, red: high stability).

Figure 5.21: Yielding forces for different probe-velocities, where the tip-sphere was
directed towards the center of the pentamer along the 5-fold symmetry
axis. The dots and error bars denote the averages and its errors esti-
mated from the variances from five simulations each. Logarithmic fits,

f(x) = a + b · log
(
x
x0

)
, are shown as lines. The inset shows the same

data on a logarithmic velocity scale.
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Structural dynamics of SBMV during deformation

As can be seen, the yielding forces depend logarithmically on probe-velocity over
nearly two decades (Fig. 5.21). This observation is supported by the good agree-
ment with the logarithmic fit (solid line), as well as by the inset, which shows the
same data on a logarithmic velocity scale. Such logarithmic behavior is well known
and has been observed previously for many macromolecular systems, such as lig-
and unbinding [138] or protein unfolding [52, 139]. This behavior is most easily
described by activated barrier crossing following Kramers theory [140, 141], or by
more refined theories [142–146]. All these treatments rely on the Kramers assump-
tion that all degrees of freedom perpendicular to the reaction coordinate are at or
close to equilibrium during the (non-equilibrium) unbinding, unfolding, or deforma-
tion 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 the yielding force with probe-velocity is due to the variation of the point
where thermal activation causes rupture with probe-velocity. A second property is
that – due to the unchanged energy landscape – the initial response of the system at
low forces is independent of the probe-velocity (possibly only affected by frictional
forces, which typically show a linear dependence).
For the case at hand, this initial response is probed by the elastic constants (Fig.
5.22). As can be seen, however, also those show a clear logarithmic behavior, con-
trary to the above expectation. Further, the indentation point where fracture occurs
does not markedly vary with probe-velocity. Apparently, simple Kramers-like models
are incompatible with our results.

Figure 5.22: Elastic constants obtained for different probe-velocities as described in
Fig. 5.21.

These discrepancies force us to extend the theory of enforced barrier crossing. Par-
ticularly striking here is the very similar rate dependence of the yielding forces and

75



5.3 Results and Discussions

the elastic constants, which suggests a common cause. We therefore tentatively at-
tribute this behavior to slow relaxation effects of degrees of freedom perpendicular
to the reaction coordinate. Because the linear (elastic) response of the applied force
in the force-time and force-distance curve (Fig. 5.1) 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
governing the forces that act on the tip-sphere. As a result, the height of the barrier
opposing penetration is assumed to gradually decrease in the process, which, gen-
eralizing Bell’s theory, translates into the observed rate dependence. Accordingly,
for slower probe-velocities, the barrier height is lowered to a larger extent, whereas
its position remains nearly unchanged. Because a similar effect can be expected
for the curvature 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.

Figure 5.23: Maximum rmsd values of protein A residues close to the 5-fold symme-
try axis for different probe-velocities. Two regimes are found, (1) and
(2) as explained in the text.

If the proposed relaxation actually occurs, this relaxation should be visible also in
the dynamics of the capsid close to the tip-sphere during indentation. In particu-
lar, for slower probe-velocities and the associated larger time-scales, the relaxation
process will follow the perturbation induced by the tip-sphere to a larger extent.
Accordingly, larger structural rearrangements are expected. We therefore calculated
the rmsd of the residues close to the 5-fold symmetry axis during deformation with
respect to the initial structure of the capsid. Indeed, an increasing rmsd for decreas-
ing probe-velocity is observed (Fig. 5.23, regime 1), thus, proposing our model as
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Structural dynamics of SBMV during deformation

a valid description of the observed logarithmic behavior of both yielding forces and
elastic constants.
The smallest rmsd in Fig. 5.23 and the cross-over from regime 1 and 2 is found
for a probe-velocity of 0.009 nm/ps. The behavior in regime 2 in Fig. 5.23 is not
determined by relaxation dynamics of single residues close to the tip-sphere, but
competing spring constants of the tip-sphere and the protein at the capsid position
the tip-sphere is pushed through. For these high probe-velocities, the capsid proteins
behave stiff (high spring constant) when the tip-sphere is pushed against the capsid.
The corresponding residues close to the tip-sphere are ”kicked” away from the tip-
sphere resulting in an acceleration of the single residues; here relaxation dynamics
are hampered. These accelerations are reduced for slower probe-velocities in regime
2, because the kinetic energy transferred from the tip-sphere to the residues is re-
duced for slower tip-sphere motions, and the maximum rmsd values of the respective
residues are lowered.

5.3.7 Influence of probe-velocity — Monte Carlo simulations

In order to validate our assumptions described above that relaxation dynamics per-
pendicular to the deformation coordinate can result in the observed velocity de-
pendence of elastic constants and yielding forces, we performed Monte Carlo (MC)
simulations. MC simulation is a numerical method which uses repeated random sam-
pling to calculate probability distributions of various processes in science, economics
and evolution. The MC simulation applied here numerically calculates the diffusion
of a particle in a harmonic potential with an external force acting on the particle.
Here relaxation dynamics perpendicular to the reaction coordinate are possible (Fig.
5.24). The one-dimensional case, i.e., a harmonic energy landscape G0(x) = 1

2
k0x

2

with a sharp maximum at x = L as shown in Fig. 5.24 and a force acting in x-
direction results in velocity independent elastic constants and a logarithmic rupture
force – velocity dependence, as already studied in detail [141, 144].
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Methods

For the case at hand, the diffusion of a system (particle) in a two-dimensional har-
monic energy landscape is considered for our MC simulations,

G(x, y) =
1

2
k⊥(x− αy)2 +

1

2
k0x

2︸ ︷︷ ︸
G0(x)

−1

2
k⊥x

2 (5.1)

with x = x(t) and y = y(t). k0 is the spring constant of the one-dimensional
harmonic energy landscape G0(x), the spring constant k⊥ determines the diffusion
and relaxation dynamics of the system along the relaxation coordinate αy with α
being a positive number that gives the slope of the relaxation coordinate (Fig. 5.24).
For a particle which is placed in the energy minimum of G0(x), G(x, y) translates into
relaxation dynamics along the relaxation coordinate αy and the diffusion pathway

along

(
x
x/α

)
during the diffusion time t.

Figure 5.24: Sketch of energy landscape (black curve). The red line denotes the
pull-potential which is moved with constant velocity v is x-direction. L
marks the rupture length and αy the relaxation coordinate perpendic-
ular to the reaction coordinate.

Additionally, a force acting on the system is applied, here characterized by a sharp
harmonic potential (Fig. 5.24, red),

Vpull(x, t) =
1

2
kpull(x− v ·∆t)2 (5.2)

which moves into positive x direction with constant velocity v during a time step
∆t; kpull is the spring constant of this pull-potential. In order to compare the MC
simulation results with the force-probe simulations, a rupture length L is included
within the potential G0(x) (Fig. 5.24). When the particle is pulled along the reaction
coordinate, the energy drops to 0 when x = L is reached, describing a barrier crossing
which, with respect to the deformation behavior of the viral shells, models fracture.
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Structural dynamics of SBMV during deformation

As a start, a particle was placed in the potential minimum of G0(x) at x = 0, i.e.
G(0, y) = 1

2
k⊥(−αy)2 with Vpull(x, t) acting on the system. In order to derive the

particle position after the first MC step — xnew and ynew — a Gaussian distribution
around the particle position at x0 and y0 was calculated with the Gaussian width σ
determined by the chosen step size. A possible particle position within such Gaussian
distributions in x- and y-direction was then selected by a random number generator.
The probability distributions for the displacements ∆x and ∆y of the particle in x-
and y-direction during one MC step are given by

p(∆x) =
1

σ
√

2π
exp

(
−1

2

∆x2

2 · σ2

)
(5.3)

p(∆y) =
1

σ
√

2π
exp

(
−1

2

∆y2

2 · σ2

)
(5.4)

The new particle position is given by

xnew = x0 + ∆x (5.5)

ynew = y0 + ∆y (5.6)

Subsequently, the system energy G(xnew, ynew) for the new coordinates was calcu-
lated from eq. 5.1. If ∆G = G(xnew, ynew) − G(x, y) < 0 the new system position
was accepted. Otherwise the following Monte Carlo criterion had to be fulfilled for
acceptance

xi < exp (−∆G) (5.7)

with xi being a uniform distributed random number between 0 and 1. If none of the
two MC criteria was fulfilled, the step was neglected and new coordinates were calcu-
lated. The acceptance/rejection ratio depends on the step size; a ratio of 95% turned
out to be a reasonable value which was obtained for a step size of σ = 0.001 nm. In
order to obtain a diffusion pathway of the particle, several thousand MC simulation
steps were performed.
Several different MC simulation parameters for the step size, spring constants,
etc., were used. It turned out that, with the following set of parameters, good
agreement was obtained with the force-probe simulation results: ∆t = 0.001 ps,
k0 = 400 kJ/(mol·nm2), k⊥ = 200 kJ/(mol·nm2), kpull = 1000 kJ/(mol·nm2), α =
0.5, L = 10 nm. 15 different velocities were applied between 1 · 10−8 nm/ps and
1 · 10−3 nm/ps. For each velocity a series of 8 MC simulations was performed. The
error was determined from the standard deviations at the averages.
From the force acting on the particle, F (x) = kpull(x − v · ∆t), and the distance
the particle moved in x-direction, a force-distance plot was obtained. From the lin-
ear regime in this curve, the elastic constant of the system was determined. The
maximum force before the force dropped due to a barrier crossing, determined the
yielding force.
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MC Simulation results and discussion

The elastic constant of the particle located in a two-dimensional harmonic potential,
as well as the yielding force, were obtained from each MC simulation. A typical force-
distance plot is given in Fig. 5.25. A linear force increase was seen until x = 10 nm,
the rupture length L, with a subsequent force drop.

Figure 5.25: Force-distance curve for pull-velocity 1 · 10−7 nm/ps.

Fig. 5.26 shows the obtained elastic constants and yielding forces as a function of
pull-velocity on a logarithmic velocity scale. A clear logarithmic behavior can be
seen for both plots for velocities > 5 · 10−5 nm/ps, which is in good agreement with
the logarithmic velocity dependence obtained from our force-probe simulations with
probe-velocities in the range of 0.001-0.05 nm/ps.

For a velocity of 0.001 nm/ps, an elastic constant of 0.46 N/m was seen in the MC
simulations, nearly six times smaller than the value obtained from the force-probe
simulations. The obtained yielding force from the MC simulations (7.10 nN) was
about three times larger than the force seen in the force-probe simulations. There-
fore, although such a simplistic model was employed to corroborate our force-probe
simulation results, the MC simulations reflect the mechanical properties of the sys-
tem during deformation and the logarithmic velocity dependence very well. The
obtained elastic constants and yielding forces deviate from the force-probe simula-
tion results by less than one order of magnitude.
Thus, the MC simulations corroborate our proposed non-equilibrium effects within
the established theory of enforced barrier crossing as a valid model for velocity de-
pendent elastic constants and yielding forces.

For smaller velocities < 5 · 10−5 nm/ps, the elastic constants and yielding forces
leveled off at constant values because the system was always close or in equilibrium
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Figure 5.26: Velocity dependence of elastic constant (a) and yielding forces (b) from

Monte Carlo simulations. Logarithmic fits, f(x) = a+ b · log
(
x
x0

)
, are

shown as red lines. The errors for the yielding forces are about 0.03 nN,
therefore the error bars are very small and not plotted.

along

(
x
x/α

)
on time scales of the applied deformation (Fig. 5.27). This cross-

over from a velocity dependent to an independent elastic constant describes the
transition from our expanded model of enforced barrier crossings to Kramers theory
in which the degrees of freedom perpendicular to the reaction coordinate are always
in or close to equilibrium. In AFM experiments on viral shells, velocity independent
elastic constants in the range of 0.2 − 0.6 N/m were measured [31], similar to the
obtained value from the MC simulations (0.2 N/m) for velocities < 5 · 10−5 nm/ps.
These AFM experiments showed that in the Kramers-like regime the rupture length
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Figure 5.27: Color-coded energy landscape as described by eq. 5.1. The respec-
tive values for the energy are given by the color-bar. The diffusion
pathway of the particle in the system which is pulled in positive x-
direction, is shown in red for a velocity of 1 · 10−4 nm/ps and in green
for 1 · 10−7 nm/ps. At the beginning of each simulation, the particle
was placed in the energy landscape at x = 0 nm and y = 0 nm.

L depends on the deformation velocity, i.e. the rupture length increases for high
velocities. Such a behavior translates into a logarithmic velocity dependence of the
obtained yielding forces. In our MC simulation approach, the rupture length did not
change with varying deformation velocities, and thus no velocity dependent yielding
forces were determined.

To conclude, our MC simulations reflect the logarithmic velocity dependence of
elastic constants and yielding forces found in the force-probe simulations very well.
The transition to velocity independent mechanical properties for slower deformation
velocities corroborated our assumptions that high probe-velocities cause relaxation
dynamics perpendicular to the velocity vector, whereas for slower velocities these
degrees of freedom are always in equilibrium.
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5.4 Conclusions

In this chapter, the structural changes of the shell proteins of Southern Bean Mosaic
Virus during deformation were analyzed, as well as possible contributions to the
observed forces due to friction and surface effects. Our investigations focus on the
force-probe simulations, in which the tip-sphere was pushed from outside against
and through the center of mass of protein A, subunit 12 with calcium ions in the
structure. These simulations, together with the indentation results obtained for the
other grip point positions on the inner and outer capsid show that the viral shell
behaves highly elastic during indentation with the tip-sphere. Three different defor-
mation regimes were identified in the force-distance and force-time behavior. First,
a pre-linear regime was seen, resulting from local rearrangements of the outer sur-
face layers when the tip-sphere approached the capsid. Such rearrangements were
already suggested from elastic network normal mode analysis on SBMV and other
capsids [26]. Second, a linear force increase was observed, which is characteristic for
elastic deformation, and, third, a rearrangement regime of sub-linear force increase
that yielded a maximum force before rupture occurred.
During deformation of the capsid, the water flux through the viral shell, as well as
changes of the solvent accessible hydrophobic surface (SAS) area, were monitored.
When the tip-sphere approached the capsid from outside, no water flux through the
shell was observed, resulting in a compression of the water inside the protein shell.
From the volume decrease inside the shell, an internal pressure increase to 5.43 bar
was observed, thus causing a force acting from inside against subunit 12 of 22.8 pN,
approximately 1% of the yielding force. An increase of the SAS area was only seen
for deformations near the yielding point. The force needed to change this hydropho-
bic surface was determined to contribute by ∼210 pN=̂10% to the yielding force. To
conclude, water compression is not expected to affect the observed forces, whereas
a change of the hydrophobic surface contributed by 10% to the observed forces.
Additionally, the frictional forces acting on the tip-sphere were calculated and com-
pared with results from the Stokes equation. It turned out, that the simulation
results match the calculated values from the Stokes equation very well. For a probe-
velocity of 0.01 nm/ps, friction effects contribute to the observed forces by approx.
10% of the yielding forces.
Force-probe simulations were carried out at different probe-velocities. Unexpectedly,
both elastic constants and yielding forces were found to depend logarithmically on
probe-velocity. Similar logarithmic rate-dependencies of mechanical properties were
also observed for other materials such as metallic glasses [147]. To account for this
peculiar behavior, a new model adapted from relaxation dynamics perpendicular to
the reaction coordinate was proposed and corroborated using Monte Carlo simula-
tions.
For bacteriophage φ29, Ivanovska et al. did not observe a change of elastic constants
for increasing probe-velocities in AFM experiments, only an increase of the yielding
force was seen [43]. In contrast to our simulations, the indentation depth at which
fracture occurred increased with probe-velocities of the AFM tip, correlating with a
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higher yielding force. This translates into a shift of the yielding point in the force-
distance plot towards larger indentations, which is consistent with an unchanged
slope – and, thus, elastic constant – despite increasing yielding force.
AFM experiments on coated murike leukemia virus [29] and φ29 bacteriophage [43]
yielded elastic constants in the range of 0.16-0.68 N/m, about one order of magnitude
smaller than the elastic constants determined from our simulations. With respect
to the maximum applied force measured by Ivanovska et al., our yielding forces are
about 1.0 nN larger than in the AFM measurements on φ29. We attribute this dis-
crepancy to different probe-velocities. In AFM experiments, the approach-velocity
of the tip is about five to seven orders of magnitude slower than in our simulations
(Kol et al.: 0.095·10−6m/s [29], Ivanovska et al.: approx. 1.0·10−5m/s [43]). Ex-
trapolating to the experimental velocities of 1.0 · 10−5m/s yields elastic constant
of 0.63 N/m and yielding forces of 0.18 nN. The remaining smaller discrepancies of
the yielding forces are attributed to the differing tip sizes; indeed, our simulations
showed that the yielding forces increase markedly with tip size, in contrast to the
elastic constants, which are independent of the tip-sphere size, as long as the tip is
much smaller than the viral subunits.
Besides the linear response in the force-time dependence, we characterized the struc-
tural deformations in the rearrangement regime. It turned out that even this regime
was dominated by elastic deformations of the complete proteins, subunits, and
residues. Only close to the yielding point the cross-over to plastic deformation
occurred. This high elasticity is remarkable and seems to be a property specific for
viral shell proteins. Indeed, in force-probe simulations of the globular titin-kinase
protein domain (PDB code: 1tit), in which the tip-sphere was pushed against and
through the protein with a probe-velocity of 0.01 nm/ps in a similar manner as the
simulations described here (chapter 7), plastic deformations were seen already at
the transition from linear to non-linear force increase in the force-time curve, much
earlier than seen for the viral proteins.
On the atomic level, the linear regime is characterized by a deformation of an other-
wise topologically unchanged conformation of neighboring atoms. In contrast, struc-
tural changes in the rearrangement regime are seen, with marked distance changes
between nearest and next nearest neighbors. Thus, elastic deformation of the capsid
is characterized by a collective motion of the complete protein or subunit as pro-
posed earlier by Tama et al. [26], 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 observed, probably due to the small tip size used here.
Fracture only occurred locally at the position where the tip-sphere penetrated the
viral shell.
Beyond the SBMV virus studied here, it would be interesting to disentangle which
of the mechanical properties obtained depend on intramolecular properties of the
involved viral shell proteins, on the local contact and geometry of the individual
subunits, pentamers, or the overall icosahedral geometry of the complete capsid.
Comparative studies of the viral shell of Human Rhinovirus 16 (see chapter 6) with
the simulation methods established in this work will shine light on this issue.
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6 The mechanical properties of
Human Rhinovirus 16

6.1 Introduction

Human Rhinoviruses (HRV) are one of the major causes of the common cold. 40-
50% of all cold infections are caused by one of the over 100 serotypes of rhinovirus
[148]. This huge diversity of rhinoviruses has made it impossible to produce effective
vaccines.
Rhinoviruses belong to the picornaviruses which comprise one of the largest families
of viral pathogens and are among the smallest RNA animal viruses with relative
molecular mass of ∼8.5·106 and ∼30% by weight RNA. The protein shells have an
external diameter of about 30 nm and form icosahedral capsids. Picornaviruses are
divided into nine genera [149]. Four examples are enterovirus (e.g. polio, hepatitis
A), cardiovirus (e.g. Mengo virus), aphthovirus (e.g. foot-and-mouth disease virus
(FMDV)) and rhinovirus.
All picornavirions are built from 60 asymmetric subunits, thus called protomers
with four proteins VP1, VP2, VP3 and VP4 [150] each. All virions contain a single,
positive strand RNA which is translated into a single polyprotein, and then processed
stepwise into its component proteins [151]. The gene order is essentially the same
for HRV, FMDV, and poliovirus.
Rhinovirus serotypes are divided into three groups for the different receptors that
bind to the viral shell [152–154]: the major rhinovirus receptor group which uses
intercellular adhesion molecule-1 (ICAM-1, [155, 156]) as the receptor, e.g. HRV
14 [131, 157, 158] and HRV 16 [159–162], the minor rhinovirus receptor group,
containing ten rhinoviruses which use a different receptor than ICAM-1, e.g. HRV
1A [163, 164], and HRV87 which uses a third receptor. Notice that although HRV
14 and HRV 16 use the same receptor, the activity of HRV 16 with respect to
capsid-binding antiviral agents is more like that of HRV 1A [165].
Human Rhinovirus 16 (HRV 16) is a typical representative of the major receptor
group which has been used in clinical tests [166] and is now in focus of our inves-
tigations. Its atomic structure was first resolved by x-ray crystallography in 1993
[162] and refined in 1997 [61] with a resolution of 2.15 Å. The capsid is composed
of three external viral proteins VP1, VP2 and VP3, each with a molecular weight
of approx. 30,000 Da. Protein VP4 is the fourth and smallest protein (molecular
weight 7,000 Da) which is located at the internal surface of the capsid and in di-
rect contact with the RNA (Fig. 6.3). 60 copies of these protomers, consisting of
proteins VP1-VP4, form an icosahedral capsid with a pseudo T=3 symmetry, also
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Figure 6.1: Human Rhinovirus 16, demonstrated shell geometry: T=1
symmetry. Two of the 12 pentamers, consisting of five facets (white
lines)) each, around the zinc ions (gray spheres) at the 5-fold symmetry
axis are emphasized with respect to a T=1 symmetry. Here the interac-
tions are identical between all 20 equilateral triangular facets. Protein
VP1 is shown in blue, VP2 in red and VP3 in green. VP4 is not seen be-
cause it is located on the inner capsid surface. One of the 60 protomers
is emphasized by a gray background surface.

labeled as p=3, because the proteins are not chemically identical as for T=3 cap-
sids. Mathematically a picornavirus must be regarded as a heterotrimer on a T=1
lattice (Fig. 6.1 and 6.2) [83]. Here the 3-fold symmetry axes are called pseudo
3-fold axes. Compared to T=3 viral shells, the similarity of the coat proteins is
with VP1=A, VP2=C and VP3=B (see subunits of Southern Bean Mosaic Virus,
Fig. 4.2). Geometrically, protomers are not identical with subunits as depicted in
Fig. 6.4. Inside the subunit, the four protomer proteins are arranged to form one of
the 60 triangular facets. Furthermore, the shape of HRV 16 is more spherical than
SBMV where the pentamers and hexamers are pronounced more clearly due to the
symmetric and triangular subunits of SBMV.

Similar to SBMV and other RNA viruses, the three major coat proteins VP1-VP3
are folded into an eight stranded antiparallel β−barrel motiv (Fig. 6.3) [167, 168].
In 1985 when the structure of HRV 14 was already known, Rossmann et al. reported
that the radial position and orientation of structurally equivalent Cα atoms of HRV
14 and SBMV agree to better than 3Å relative to the icosahedral symmetry axes
[131]. The 5-fold symmetry axes of all rhinoviruses are surrounded by a ∼12-20Å
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Figure 6.2: Human Rhinovirus 16, demonstrated shell geometry: p=3 sym-
metry. Nine of the 60 equilateral triangular facets are marked by white
lines. One pentamer and one hexamer consisting of five and six subunits,
respectively, are marked with respect to a pseudo T=3 symmetry: p=3
symmetry. The 2-, 3- and 5-fold symmetry axes are arranged identically
to SBMV. The pentamers surround the 5-fold symmetry axes where the
zinc ions are located and the hexamers the pseudo 3-fold axes. One
protomer is emphasized by the gray lines.

deep canyon located in the VP1 proteins (Fig. 6.4) [169, 170]. The surface of the
canyon is supposed to be the most conserved area of the viral coat protein which is
inaccessible to antibodies due to steric hindrance.

Except icosahedral plant viruses, RNA animal viruses such as poliovirus and all
serotypes of HRV have a hydrophobic pocket below the canyon in the VP1-protein
which role in viral infectivity remains unknown [171]. The antiviral agents bind to
the pocket to block uncoating of the viral particles and RNA release [172, 173, 27]
and, in cases of some rhinoviruses like HRV 16, also inhibit receptor attachment
[174]. X-ray crystallography studies showed that the pocket is empty for HRV 14
and, in case of HRV 16, occupied by a fatty acid-like molecule (C12O2H22), the so-
called pocket-factor DAO [61]. Oliveira et al. [162] proposed that binding of the
receptor to HRV 16 can only occur when the pocket is temporarily empty which
causes a destabilization of the capsid structure [131, 175]. They further claimed
that binding of ICAM-1 traps the pocket in the empty state, destabilizing the virus
by a collapse or ”closing” of the open pocket to promote RNA release [61].
Each of the twelve 5-fold symmetry axes are capped with a Zn2+-ion, similar to the
ion channel found in the SBMV shell [125]. The ion is assumed to play a key role in
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Figure 6.3: Human Rhinovirus 16 protomer. Protein VP1 is shown in blue, VP2
in red, VP3 in green and VP4 in orange. The zinc ion (grey sphere) is
located at the 5-fold symmetry axis, the pocket factor, a fatty acid, is
depicted by the cyan carbon chain with the two red oxygen atoms.

holding the neighboring VP1 proteins together at the pentamer center [61]. Besides
the destabilization of the HRV 16 coat protein caused by a collapse of the pocket or
the release of Zn2+ ions, it is known that the first stage in viral infection is the loss
of the VP4 protein by incubation of the receptor [176, 177]. The release of VP4 is
accompanied by the externalization of the N-terminus of VP1. A possible pathway
for VP4 exit would be the ion channel along the 5-fold symmetry axes. The func-
tion of the pentamer as port for RNA during disassembly of HRV 16 was discussed
before for SBMV and is supposed to follow the same mechanism; an alternative way
of uncoating for picornaviruses could be the separation of the building blocks [178].

In this work, we focus on the mechanical properties of the HRV 16 coat protein and
three structural variants of HRV 16 containing a modified shell due to mutations in
the capsid structure. In order to study the distribution of elastic properties of HRV
16 and its variation with structural changes of the capsid proteins, four simulation
systems were considered for force-probe simulations:
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Figure 6.4: Scematic representation of a Human Rhinovirus with enlargement of
one icosahedral asymmetric subunit showing the outline of the canyon
and the entrance to the antiviral-binding pocket with the pocket-factor
inside. The protomer which differs from the geometric definition of the
subunit, is shown in heavy outline on the icohedron (top left). (Figure
taken from [162].)

• Simulation system 1: Complete capsid with the pocket factor DAO

• Simulation system 2: Complete capsid without DAO

• Simulation system 3: Complete capsid without protein VP4

• Simulation system 4: Complete capsid without zinc ions

From the equilibration simulations of the different simulation systems, we deter-
mined the structural changes of the proteins caused by the mutations. Subsequently,
the different capsids were indented with a tip-sphere on 19 evenly distributed grid
points on the inner and outer shell of subunit 35. The obtained elasticity maps were
compared for the four simulation systems, as well as with the results found from the
force-probe simulations of SBMV.
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6.2 Simulation details

6.2.1 Molecular dynamics simulations

The x-ray structure of Human Rhinovirus (HRV) 16 at 2.15Å resolution was taken
from the PDB (code: 1AYN [61]) and VIPER data bank. In order to study mutations
of the HRV coat protein, for one simulation system the fatty acid DAO was removed
of the structure, for a second system the protein VP4 was removed. As described
for the simulation setup for Southern Bean Mosaic Virus, protons were added to
each of the three HRV protein structures (chapter 6.2.3) with subsequent solvation
in TIP4P water and the addition of sodium and chloride ions (chapter 3.1.4). The
missing residues in the loop of protein VP4 were modeled into the simulation system
with ModLOOP [179]. The simulation system of the complete structure of HRV 16
contained 762,312 protein atoms, including 12 Zn2+ ions, 4842 Na+/Cl− ions and
approx. 860,000 water molecules, which together sum up to more than 4,200,000
atoms.
Each of the three systems was first energy minimized with 300 steepest decent steps.
Subsequently, molecular dynamics simulation runs at 300 K equilibrated the systems
as follows: All systems were coupled to a heat bath with τT = 0.005 ps, with no
pressure coupling applied. A 50 ps MD simulation with integration time steps of
0.5 fs and harmonically constrained heavy protein atoms with a force constant of k =
1000 kJ mol−1 was performed. For the subsequent 50 ps simulation, the integration
time steps and the temperature coupling constant were increased to ∆t = 1.0 fs
and τT = 0.01 ps, respectively. Further 500 ps were performed with ∆t = 2.0 fs
and all bonds constrained using the LINCS algorithm [91]. The constraints on the
heavy protein atoms were released, the integration time steps decreased to ∆t =
0.5 fs without LINCS applied and all system equilibrated for 25 ps. Subsequently,
the integration steps were increase to ∆t = 1.0 fs for 50 ps and ∆t = 2.0 fs for
500 ps with all bonds constrained with LINCS. Finally, the temperature coupling
was weakened to τT = 0.1 ps, and the pressure coupling was applied with τp = 1.0 ps
to keep the pressure at 1 bar. All three simulation systems were equilibrated for
several nanoseconds (see below) to ensure proper relaxation of the protein and water
molecules.
After 15.5 ns of equilibration of the complete HRV 16 structure, the 12 zinc ions were
removed from the simulation system. Counter ions were placed in the water around
the protein to neutralize the simulation system which was subsequently equilibrated
for 8 ns with the same MD parameters as described for the last equilibration steps
for the other systems above.
During the equilibration phase, the root mean square deviation (rmsd) of the heavy
protein atoms compared to the initial structures of the four systems was monitored,
as well as the radii of gyration.
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6.2.2 Force-probe molecular dynamics simulations

In order to study the distribution of mechanical properties on the shell of HRV 16
and its three mutants, the force-probe simulation method established in the study on
SBMV was employed. 19 grid points were chosen on the surface of subunit (SU 35)
which consists of protein VP1, VP2 and VP4 of protomer 35 and VP3 of protomer
34 (Fig. 6.5, see also Fig. 6.4).

Figure 6.5: Subunit 35 of HRV 16. Blue: Protein VP1 of protomer 35 with pocket
factor inside. Red: VP2 of protomer 35, Green: VP3 of protomer 34.
Orange: VP4 of protomer 35. Black: grid points.

First, each grid point on the outer surface of each of the four simulation systems was
indented twice with the tip-sphere with a probe-velocity of 0.01 nm/ps as described
in chapter 3.2. For the complete HRV 16 structure, the first series was performed
from the structure extracted after 14.5 ns of equilibration, the second series after
15.5 ns. The two force-probe simulation series of the mutants were performed from
structures as follows. HRV 16 without pocket factor: 14.5 ns and 15.5 ns. HRV
16 without VP4: 30 ns and 31 ns. HRV without zinc ions: 7 ns and 8 ns after ion
removal from the complete structure after 15.5 ns.
Next, the four capsid structures were indented on the inner surface. Only five grid
points were chosen for these simulations due to the enormous computing time needed
for a complete indentation series on 19 grid points. Here, the tip-sphere was pushed
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along the 5-fold symmetry axis through the pentamer center, along the two quasi-
3-fold symmetry axes through the hexamer centers, along the 2-fold symmetry axis,
and through the subunit center where protein VP1, VP2 and VP3 meet. These
force-probe simulations were also performed twice to rule out anecdotal events.
To study the relaxation behavior of the capsid, for the force-probe simulations in
which the tip-sphere was pushed from outside along the 5- and 2-fold symmetry axes
of the complete HRV 16 structure, the external force acting upon the tip-sphere was
switched off at different times. Subsequently, the system was equilibrated for 500 ps
with free MD simulations.
For the simulations in which the tip-sphere was initially positioned outside the four
capsid structures, a total of 152 indentation simulations was performed. When the
tip-sphere was pushed against the inner capsid surfaces, 40 force-probe simulations
were carried out. Molecular dynamics and force-probe simulations sum up to 220 ns
of simulation time.

6.2.3 Force field parameters for the fatty acid DAO

No force field parameters for the fatty acid DAO in the HRV 16 structure were
available for the OPLS-AA force field. Due to the similarity of the atom structure
of DAO, C12O2H22, (Fig. 6.6) with the amino acid glutamine (GLU), the force field
parameters for DAO were derived from the parameters for GLU, and are listed in
table 6.1. Here the hydrogen atoms HA1, HA2 and HA3 are bonded to the carbon
atom CA, HB1 and HB2 to atom CB, etc.

Figure 6.6: Structure of the fatty acid DAO (a) and glutamine (b). Carbon atoms
are depicted in cyan, oxygen atoms in red, nitrogen in blue, hydrogen
atoms are not shown.
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atom type OPLS name charge charge group
CA opls 135 -0.180 1
HA1 opls 140 0.060 1
HA2 opls 140 0.060 1
HA3 opls 140 0.060 1
CB opls 136 -0.120 2
HB1 opls 140 0.060 2
HB2 opls 140 0.060 2
CC opls 136 -0.120 3
HC1 opls 140 0.060 3
HC2 opls 140 0.060 3
CD opls 136 -0.120 4
HD1 opls 140 0.060 4
HD2 opls 140 0.060 4
CE opls 136 -0.120 5
HE1 opls 140 0.060 5
HE2 opls 140 0.060 5
CF opls 136 -0.120 6
HF1 opls 140 0.060 6
HF2 opls 140 0.060 6
CH opls 136 -0.120 7
HH1 opls 140 0.060 7
HH2 opls 140 0.060 7
CI opls 136 -0.120 8
HI1 opls 140 0.060 8
HI2 opls 140 0.060 8
CJ opls 136 -0.120 9
HJ1 opls 140 0.060 9
HJ2 opls 140 0.060 9
CK opls 136 -0.120 10
HK1 opls 140 0.060 10
HK2 opls 140 0.060 10
CG opls 274 -0.220 11
HG1 opls 140 0.060 11
HG2 opls 140 0.060 11
CN opls 271 0.700 12
OE1 opls 272 -0.800 12
OE2 opls 272 -0.800 12

Table 6.1: OPLS force field parameters for the fatty acid DAO in the HRV 16
structure.
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6.3 Results

6.3.1 Equilibration

The four simulation systems of the complete HRV 16 structure and the mutants
without the pocket factor DAO, zinc ions and VP4 protein were first equilibrated
with free MD simulations before the force-probe simulations were performed. The
complete equilibration phases after the steepest decent steps were 15.5 ns for the
complete HRV structure and the system without the fatty acid DAO, 8 ns after
Zn2+ removal from the equilibrated HRV 16 structure, and 31 ns for the viral shell
structure without VP4. The corresponding rmsd curves of the heavy protein atoms
with respect to the initial structures are shown in Fig. 6.7.

Figure 6.7: Rmsd curves for the HRV 16 and the three mutants during equilibration.
The rmsd was fitted to the initial capsid structures after steepest decent
steps.

While the position restraints were applied to the heavy protein atoms, the rmsd
slightly increased to 0.5 Å . Subsequently, when the atoms were released, the rmsd
of the HRV 16 structure and the structure without DAO increased to 1.85 Å at 5 ns
and 1.95 Å (HRV 16) and 2.0 Å (without DAO) at 10 ns. Both rmsd curves subse-
quently remained almost stable at 2.05 Å (HRV 16) and 2.12 Å (without DAO) after
14 ns until 15.5 ns, the end of the equilibration phase. After the removal of the zinc
ions from the complete capsid structure, the rmsd increased from initially 2.05 Å to
2.18 Å after 19 ns in total (=̂3.5 ns without Zn2+) at which the rmsd leveled off and
remained constant until 23.5 ns of equilibration (=̂8 ns without Zn2+).
After 5ns of equilibration, an rmsd for the capsid without VP4 of 1.70 Å was ob-
tained. At 15 ns, the rmsd increased to 2.23 Å and to 2.48 Å at 25 ns. At the end
of the equilibration phase at 31 ns, an rmsd of 2.60 Å was determined. Although
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the viral shell structure was not fully converged, the force-probe simulations were
performed from this structure. We found from force-probe simulations of Southern
Bean Mosaic Virus that even not fully converged structures exhibit similar mechan-
ical properties compared to converged structures, and we therefore consider our
four simulation systems sufficiently equilibrated to study their elastic constants and
yielding forces.
Fig. 6.8 shows protein VP1 of protomer 35 after the 15.5 ns equilibration phase for
the complete HRV 16 structure and the capsid protein without the pocket factor.
Both structures exhibited an open pocket, and the removal of the fatty acid hardly
changed the atomic structure of VP1. An rmsd of 1.1 Å between the VP1 proteins
with and without the pocket factor was determined (Fig. 6.8).

Figure 6.8: VP1 of protomer 35 after 15.5 ns of equilibration. Blue: Rhinovirus HRV
16 structure, red: Rhinovirus without pocket factor DAO. The pocket
factor is shown in cyan with red oxygen atoms. Rmsd between the two
structures: 1.1 Å .

After equilibration of the four simulation systems, the following rmsd values between
the structure were determined:

• rmsd between HRV 16 and capsid without ZN: 1.3 Å .

• rmsd between HRV 16 and capsid without DAO: 2.1 Å .

• rmsd between HRV 16 and capsid without VP4: 2.6 Å .

Additionally, the radius of gyration of the capsids was monitored. A typical curve
is given in Fig. 6.9 for the complete HRV 16 structure during equilibration. The
radius of gyration slightly increased by approx. 0.12 Å with respect to the x-ray
structure, which was also seen for the three mutants of the capsid.
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Figure 6.9: Radius of gyration of the Human Rhinovirus 16 coat protein during the
equilibration phase.
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6.3.2 Deformation of the capsids

In order to study the distribution of elastic constants and yielding forces on the viral
shells of Human Rhinovirus 16 and three mutants with a modified capsid structure,
a tip-sphere was pushed against 19 evenly distributed grid points on subunit 35.
From each simulation, a force-distance and force-time curve was obtained for the
force acting on the tip-sphere. Such a representative plot is given in Fig. 6.10.

Figure 6.10: Force-distance (red) and force-time (blue) curve obtained from a sim-
ulation in which the tip-sphere was pushed against and through the
center of protein VP2 of the shell of HRV 16. The pre-linear (1), linear
(2) and rearrangement regime (3) of the force-time curve are marked.
The green line depicts the slope of the linear regime, thus the elastic
constant at the respective indentation position.

When the tip-sphere approached the capsid after 100 ps, the force started to increase
(pre-linear regime (1) in Fig. 6.10) and bended over to a linear force-increase from
200-450 ps (linear regime (2)). The adjacent rearrangement regime yielded at a
maximum force at 550 ps before the force dropped, and the tip-sphere left the shell
towards the direction of the viral center. The elastic constant was determined from
the slope of the linear regime, the yielding force was obtained from the maximum
force. A detailed description of the force-distance and force-time curves is given in
chapter 6.3.5.

6.3.3 Elastic constants

From the four force-probe simulation series, each containing 38 simulations in which
the tip-sphere was pushed against the 19 grid point positions on the outer surface
of HRV 16 and its three mutants, a heterogeneous distribution of elastic constants
was obtained (Fig. 6.11). The values varied between 1.75 N/m and 4.72 N/m.
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Figure 6.11: Histogram of elastic constants obtained from the 38 force-probe simu-
lations in which the tip-sphere was directed towards the 19 grid points
on the outer surface of the complete HRV 16 shell.

Complete HRV 16 capsid

The obtained elastic constants from the force-probe simulations of the complete
HRV 16 structure are shown in Fig. 6.12. The smallest elastic constant was found
at the subunit center (1.75 N/m), and the largest elastic constant at the interface
of protein VP1 and VP3 inside the subunit next to its center (4.72 N/m). Along
the 5-fold symmetry axis at the pentamer center, the elastic constant (2.89 N/m)
was found to be smaller than the values along the 3-fold symmetry axes (3.30 N/m
and 3.47 N/m, respectively) and the 2-fold symmetry axis (3.51 N/m). Inside the
subunit, the elastic constants obtained at the protein centers varied markedly (VP1:
3.38 N/m, VP2: 3.60 N/m, VP3: 2.81 N/m), whereas the distribution was even more
heterogeneous at the protein interfaces (1.79 N/m at the interface of VP2 and VP3,
4.47 N/m at the interface of VP1 and VP3, 2.25 N/m at the interface of VP1 and
VP2). Between subunit 35 and its adjacent subunits 20, 34 and 33 (Fig. 6.12), the
smallest elastic constants were seen in the middle of the interfaces of subunit 35-20
and 35-34 (2.34 N/m and 2.45 N/m, respectively). The values at the interfaces of
VP1 proteins that surround the pentamer center were determined to be 2.86 N/m
and 3.01 N/m, respectively. The remaining elastic constants at the subunit interfaces
varied between 3.51 N/m (2-fold symmetry axis) and 3.75 N/m (interface protein
VP235 and VP335).
It should be mentioned, that at the pentamer center, four force peaks were seen
in the force-distance plot (Fig. 6.26a) with subsequent force drop. Although the
height of these yielding forces differed, the first three respective linear regimes before
yielding occurred, exhibited very similar slopes and thus elastic constants. Therefore
only one value for the elastic constant is given for the respective grid point at the
pentamer center although two yielding forces are depicted in Fig. 6.17 (see also
chapter 6.3.5).
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Figure 6.12: Elastic constants of rhinovirus HRV 16, complete shell, probed
from outside. a) Sketch of SU 35 (yellow) and the adjacent subunits
20, 33 and 34 (white). The black dots mark the grid points at which
the elastic properties were determined by force-probe simulations in
which the tip-sphere was pushed against the capsid. The obtained
elastic constants are shown in red, green, blue; the different colors of
the numbers denote different push-vector directions perpendicular to
the viral surface. b) Color-coded distribution of elastic constants on
subunit 35, obtained from values shown in a) (soft: blue, stiff: red).

Rhinovirus without fatty acid as pocket factor

The distribution of elastic constants on the 19 different grid point positions became
more homogeneous after the removal of the fatty acid from the pocket in protein
VP1, and the values varied between 2.31 N/m at the subunit center and 3.81 N/m
at the hexamer center (Fig. 6.13). Inside subunit 35, the elastic constants ob-
tained at the protein centers were hardly affected by the fatty acid removal, whereas
the values at the protein interfaces changed markedly, e.g. the elastic constant be-
tween VP1 and VP3 declined by 1.41 N/m to 3.31 N/m. The subunit center became
stiffer, and the elastic constant rose to 2.31 N/m. The elastic constants obtained
along the different symmetry axes became larger, but nevertheless the pentamer
center (3.40 N/m) still exhibited the softest position compared to the hexamer cen-
ters (3.81 N/m and 3.74 N/m, respectively) and 2-fold symmetry axis (3.74 N/m).
Only slight deviations compared to the complete HRV 16 structure were found at
the interfaces of this mutated subunit 35 structure to the adjacent subunits 20 and
34. The elastic constants between protein VP2 and VP3 at the interface of subunit
35 and 33 decreased by approx. 0.7 N/m to 3.01 N/m and 2.89 N/m, respectively.
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Figure 6.13: Elastic constants of rhinovirus without pocket factor (in N/m)
and color-coded subunit 35 shown as in Fig. 6.12.

Rhinovirus without zinc ions

The elastic constants of subunit 35 did not change markedly after the removal of
the zinc ions from the HRV 16 structure (Fig. 6.14). Only the value at the in-
terface of protein VP135 and VP334 decreased to 3.36 N/m. The remaining elastic
constants inside subunit 35 were unchanged. An increase of elastic constants was
obtained along the 5-fold symmetry axis (3.29 N/m) and along the 2-fold symmetry
axis (4.63 N/m) which became the stiffest position on the capsid surface. The values
determined at the hexamer centers were slightly reduced compared to the complete
HRV 16 structure (3.01 N/m and 3.09 N/m, respectively).

Rhinovirus without protein VP4

The removal of protein VP4 from the HRV 16 structure did not cause a change
in elastic constants along the symmetry axis (Fig. 6.15). The obtained value at
the subunit center increased to 2.34 N/m and decreased between protein VP135 and
VP334 (3.27 N/m), as already found for the elastic constants at these two grid points
on the other mutated capsid structures. In contrast to the elastic constants at
the interface of subunit 35 and 33 of HRV 16, a stiffness decrease was obtained
here (3.17 N/m and 3.20 N/m, respectively). The remaining elastic constants inside
subunit 35 and at the subunit interfaces hardly changed compared to the values
obtained for the complete HRV 16 capsid.
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Figure 6.14: Elastic constants of rhinovirus without zinc ions (in N/m) and
color-coded subunit 35 shown as in Fig. 6.12.

Figure 6.15: Elastic constants of rhinovirus without VP4 (in N/m) and color-
coded subunit 35 shown as in Fig. 6.12.
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Elastic constants on the inner capsid surface

We performed force-probe simulations in which the tip-sphere was initially located
inside the capsid and subsequently pushed against the inner surface of the viral shell.
The complete shell of HRV 16 and the three mutants were probed on the grid points
located along the 2-, 3- and 5-fold symmetry axes and the subunit center on the
inner capsid surfaces. A total of 40 FP simulations were carried out, from which the
following elastic constants were obtained (Tab. 6.2).

Table 6.2: Elastic constants (in N/m) obtained on the inner surface of Human Rhi-
novirus 16 and its three mutants from grip points at the symmetry axes
and the subunit center. The force-distance curves obtained from inden-
tations of the pentamer center exhibited several linear regimes and, thus,
more than one elastic constant was determined. The first value depicts
the elastic constant of the first linear regime, the numbers in brackets are
the largest values obtained from the largest slope of an adjacent linear
regime in the respective force-distance plot.

Rhinovirus without Acid without ZN without VP4

5-fold axis 3.40 (4.20) 2.30 (3.12) 1.72 (5.23) 3.67
3-fold axis 1.70 2.13 1.58 1.82
2-fold axis 3.71 3.49 4.04 3.24

subunit center 2.97 3.08 3.64 3.07

The grid points at the 3-fold symmetry axes exhibited the smallest stiffness found
from all four simulation systems; the elastic constants varied between 1.58 N/m (mu-
tant without zinc) and 2.13 N/m (mutant without fatty acid). The force-distance
curve obtained from the simulations in which the tip-sphere was pushed along the
5-fold symmetry axes, showed four peaks (Fig. 6.26a) with the exception of the
mutant without protein VP4. Thus four elastic constants were seen for these grid
points which were determined from the preceding slopes of the linear regimes before
yielding occurred. The first value in Tab. 6.2 depicts the elastic constants deter-
mined from the first linear regime before the first yielding point was reached (Fig.
6.26a), the second value in brackets depicts the largest elastic constant which was
obtained from one of the three subsequent linear regimes that exhibited the largest
slope of all linear regimes. It can be seen that the highest capsid stiffness was ob-
tained at the pentamer centers (2nd linear regime). Although two yielding forces
for the indentation of the hexamer centers are shown in Tab. 6.3, only one elastic
constant is given for these respective grid points in Tab. 6.2. The elastic constants
obtained for the different linear regimes in the force-distance curves resulted in the
same elastic constants within the estimated error.
The elastic constants at the subunit centers increased to ∼ 3 N/m compared to the
values at the outer capsid surface (1.75 N/m), whereas the mutant without zinc ex-
hibited an even larger elastic constant of 3.64 N/m. In summary, this mutant showed
the most heterogeneous distribution of elastic constants on the inner capsid surface.

102



The mechanical properties of Human Rhinovirus 16

Here, the values varied between 1.58 N/m and 5.23 N/m, whereas after removal of
the fatty acid from the HRV 16, a more homogeneous distribution of elastic con-
stants with values between 2.13 N/m and 3.12 N/m was found.

The estimated standard deviation, determined from all force-probe simulations, was
in the range of 0.14−0.36 N/m.

6.3.4 Yielding forces

In addition to the elastic constants, the yielding forces were determined from the
same force-probe simulations on the complete HRV 16 structure and its three mu-
tants as discussed before. A heterogeneous distribution of yielding forces (Fig. 6.16)
was found for the 19 grid point positions on the outer capsid surface of subunit 35
with values ranging from 1.87 nN to 5.09 nN.

Figure 6.16: Histogram of yielding forces obtained for the complete HRV 16 structure
as in Fig. 6.11.

Complete HRV 16 capsid

Fig. 6.17 shows the obtained yielding forces from the 38 force-probe simulations
in which the tip-sphere was pushed against and through the 19 grip points on the
outer capsid surface of HRV 16. The largest yielding force was seen along the 2-fold
symmetry axis (4.44 nN), the smallest along the 5-fold symmetry axis, whereas here
four yielding forces were obtained from the force-distance plot (Fig. 6.26a). The
first force peak was seen at 1.87 nN, the largest value at the third peak at 2.82 nN.
The forces obtained from peak two and three were always similar (see 6.3.5). The
yielding forces at the hexamer centers were 3.07 nN and 3.08 nN, respectively. The
values at the protein centers inside subunit 35 were similar (VP1: 4.13 nN, VP2:
4.12 nN and VP3: 3.86 nN), the yielding forces between the proteins varied between
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3.04 nN (VP2 and VP3) and 3.70 nN (VP1 and VP2). The distribution of yielding
forces at the grid points of the subunit interfaces was seen to be homogeneous, and
the values were in the range of 3.11 nN and 3.58 nN (despite the value at the 2-fold
symmetry axis).

Figure 6.17: Yielding force of rhinovirus HRV 16, complete shell, probed
from outside (in nN) shown as in Fig. 6.12 (blue: low stability, red:
high stability).

Rhinovirus without fatty acid as pocket factor

The removal of the fatty acid from the pocket in protein VP1 mainly changed the
obtained yielding forces at the 2-fold symmetry axis (increase by 0.65 nN to 5.09 nN)
and at the subunit center (increase by 0.99 nN to 3.46 nN, Fig. 6.18). The yielding
forces seen at the 17 remaining grid points were hardly affected. The deviations
from the values obtained for the complete HRV 16 structure were in the range of
0.01 nN to 0.57 nN.

Rhinovirus without zinc ions

Changes of yielding forces after removal of the zinc ions from the HRV 16 structure
were in the range of 0.06 nN to 0.44 nN with the exception of the subunit center
(Fig. 6.19). Here, the yielding force rose to 3.23 nN. The grid point at the 2-fold
symmetry axis was slightly reinforced (4.79 nN), whereas the yielding forces at the
3-fold symmetry axes declined to 2.63 nN and 2.79 nN, respectively. The value at the
5-fold symmetry axis, where the zinc ion was originally located, remained unchanged.
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Figure 6.18: Yielding force of rhinovirus without acid (in nN) shown as in Fig.
6.12 (blue: low stability, red: high stability).

Figure 6.19: Yielding force of rhinovirus without ZN (in nN) shown as in Fig.
6.12 (blue: low stability, red: high stability).
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Rhinovirus without protein VP4

Removal of the coat protein VP4 affected the yielding forces seen on the outer
surface of the viral shell weakly (Fig. 6.20). The subunit center became stiffer, and
a yielding force of 3.36 nN was determined. The center of protein VP1 became less
stable (force decreased to 3.65 nN). The remaining yielding forces obtained on the
other grid points deviated by less than 0.43 nN compared to the values seen for the
complete HRV 16 structure.

Figure 6.20: Yielding force of rhinovirus without VP4 (in nN) shown as in
Fig. 6.12 (blue: low stability, red: high stability).

Yielding forces on the inner capsid surface

The yielding forces obtained at the grid points along the symmetry axes and the
subunit center on the inner capsid surfaces of HRV 16 and its three mutants are
shown in Tab. 6.3.

Table 6.3: Yielding forces (in nN) obtained on the inner surface of Human Rhinovirus
16 and its three mutants from grip points at the symmetry axes and the
subunit center as in Tab. 6.2. If the force-distance curves exhibited more
than one force peak, the first yielding force is depicted, and the largest
yielding force determined from the largest peak of the adjacent maxima
is given in brackets.

Rhinovirus without Acid without ZN without VP4

5-fold axis 2.00 (3.96) 1.74 (4.05) 1.93 (4.20) 3.46
3-fold axis 1.38 (1.75) 1.58 1.28 (1.62) 1.35 (1.71)
2-fold axis 3.70 3.49 3.58 3.35

subunit center 3.54 3.53 3.67 3.86
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From the force-probe simulations in which the tip-sphere was pushed along the 5-
and 3-fold symmetry axes, four peaks with four yielding forces were obtained (see
chapter 6.3.5). Two exceptions were found for the grid point at the pentamer center
of HRV 16 without protein VP4 (yielding force: 3.46 nN) and the hexamer center
of the capsid without fatty acid (1.58 nN); their force-distance curves exhibited only
one force peak.
The distribution of the yielding forces obtained at the 2-fold symmetry axes and
the subunit centers was found to be homogeneous. The values were in the range of
3.35 nN to 3.70 nN for the pentamer center and between 3.53 nN and 3.86 nN at the
subunit center for all four simulation systems. The hexamer centers exhibited the
smallest yielding forces with values between 1.28 nN and 1.58 nN for the first force
peaks in the force-distance plots and between 1.62 nN and 1.75 nN for the largest
force peaks.
The forces seen for the first peaks in the force-distance plots obtained from pentamer
indentations of the HRV 16 and the mutation capsids varied between 1.74 nN and
3.46 nN (only one peak was found for the capsid without VP4). The adjacent force
peaks revealed the largest yielding forces between 3.96 nN and 4.20 nN.
In summary, the smallest yielding force was determined at the 3-fold symmetry axis
of the viral shell without zinc ions (1.28 nN, first peak), the largest value was also
found for this capsid at the pentamer center (4.20 nN, second peak).

The estimated standard deviation, determined from all force-probe simulations, was
in the range of 0.09−0.32 nN.

6.3.5 Structural changes during deformation

Besides the elastic constants and yielding forces presented above, two indentation
simulations and the resulting force-time and force-distance plots are discussed in
structural detail below. First, we focus on the force-probe simulation in which the
tip-sphere was pushed from outside along the 2-fold symmetry axis of the complete
HRV 16 capsid. Second, the results from the indentation of the pentamer center of
the same capsid are described. The size of the deformed capsid area was obtained
for both simulations, as well as the transition from elastic to plastic behavior.

Deformation along the 2-fold symmetry axis

The force-distance and force-time curve obtained from the indentation of the grid
point at the 2-fold symmetry axis are shown in Fig. 6.21. A pre-linear (1) and a lin-
ear regime (2) are seen, whereas the rearrangement regime (3) is hardly pronounced
and the linear force increase leveled off at a maximum force within a few picoseconds
(650 ps-700 ps).
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Figure 6.21: Force-distance (red) and force-time (blue) curves obtained from an in-
dentation along the 2-fold symmetry of the HRV 16 capsid as shown in
Fig. 6.10.

As a first step, the rmsd of the two subunits (SU) 33 and 35 that surround the 2-fold
symmetry axis (Fig. 6.24), was determined, as well as the rmsd of two representative
nearest neighbor subunits 20 and 21 (see e.g. Fig. 6.11) and the next nearest
neighbor subunit 24 (Fig. 6.22).

Figure 6.22: Rmsd of subunit (SU) 33+35 that are in direct contact with the 2-fold
symmetry axis along with the tip-sphere was pushed during the FP
simulation. The rmsd of the nearest neighbor subunits 20, 21 and next
nearest neighbor subunit 24 are depicted as well. All rmsd were fitted
to the initial structure of the complete HRV 16 capsid.
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When the tip-sphere approached the capsid, the rmsd of SU 33+35 started to in-
crease slightly. The transition from the pre-linear to the linear regime at 280 ps
in Fig. 6.21 is represented in the rmsd by a larger rmsd increase that yielded a
maximum rmsd of 0.55 nm at 700 ps when the yielding force was reached. The
deformation behavior of SU 33+35 is depicted in Fig. 6.24. As can be seen, the
strongest deformations caused by the tip-sphere were located close to the indentation
position. During deformation times in the linear regime, the β-sheet region of SU
33+35 deformed only slightly (see 500 ps in Fig. 6.24), whereas stronger deviations
from the initial positions were seen for the protein loops due to thermal fluctuations
additional to the indentation deformation. When the force dropped in the force-
time curve and the rmsd of the SU 33+35 decreased after 700 ps, the tip-sphere was
pushed inside the viral shell and left the capsid within 10 ps (see force drop in Fig.
6.21).
The nearest neighbor subunits 20 and 21 were deformed only weakly (Fig. 6.22).
A maximum rmsd of 0.18 nm was determined, whereas the rmsd caused by ther-
mal fluctuations was already of the order of 0.10 nm. The rmsd of the next nearest
neighbor SU 24 did not change during indentation with the tip-sphere.

Figure 6.23: Distance change between the COM of SU 33+35 and the viral center
during indentation along the 2-fold symmetry axis.

Fig. 6.23 depicts the distance change between the center of mass (COM) of SU
33+35 to the capsid center during indentation. A reduced distance of 0.45 nm was
found at the yielding point (700 ps). Together with the deformation behavior of
SU 33+35 as shown in Fig. 6.22 and 6.24, a volume decrease inside the capsid
of 13.1 nm3 was estimated. No water flux through the shell was observed during
indentation. Thus, compression of the bulk water inside the viral shell resulted in
an increased internal capsid pressure of 17.9 bar which caused a force acting on the
inner surface of subunit 33+35 of 232 pN (surface area of SU 33+35: A = 129.8 nm2).
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Figure 6.24: Snapshots from the simulation in which the tip-sphere (grey sphere) was
pushing along the 2-fold symmetry axis at the middle of the interface
of SU 33+35. Subunit 33 and 35 are marked with the white triangles.
The deformation of each residue is color-coded as in Fig. 5.6. Yielding
was obtained at 700 ps, whereas strong deformation of single residues
was seen when the tip-sphere left the shell between 700-710 ps.
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In the following, the subunits except SU 33+35 were not considered for the inves-
tigations of deformation behavior because their structure hardly changed during
indentation. As can be seen in Fig. 6.22, the rmsd of SU 33+35 did not return to its
initial level after removal of the tip-sphere from the capsid (rmsd: 0.2 nm at 800 ps
in Fig. 6.22), suggesting a plastic deformation of this viral shell area. In the next
step, the transition from elastic to plastic deformation of SU 33+35 was determined.
Thus, the force-probe simulation was stopped at different times (see legend in Fig.
6.25). Subsequently the system was equilibrated with free MD simulations in which
the harmonic potential acting on the tip-sphere was switched off.
The rmsd of SU 33+35 and the relaxation rmsd curves fitted on the starting structure
of the virus before indentation are given in Fig. 6.25. The rmsd curves obtained from
the relaxation simulations fall into two classes: (1) The rmsd curves that (nearly)
returned to the initial level when external forces were switched off (colored curves
at 690 ps and below in Fig. 6.25), and (2) the curve that did not return to the level
of thermal fluctuations (orange curve in Fig. 6.25). The first group reflects elastic
deformation of SU 33+35 because the deformation was fully reversible. In contrast,
plastic deformation occurred at the yielding point at 700 ps. Here the capsid struc-
ture did not completely recover, whereby the deformation was mainly caused by
plastic deformation of the area close to the indentation position (Fig. 6.24, 800 ps).

Figure 6.25: Rmsd of SU 33+35 during indentation (black curve) as shown in Fig.
6.22. Indentation was stopped at different times (see legend) and
restarted with unrestrained tip-sphere. During the subsequent relax-
ation processes, the rmsd of SU 33+35 is shown in color. Plastic de-
formation was observed at 700 ps, obtained from the increasing rmsd
during the relaxation of the system.

To summarize, the force-distance and force-time curves obtained from the indenta-
tion along the 2-fold symmetry axis show that the rearrangement regime was weakly
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pronounced for this deformation. The transition from elastic to plastic deformation
of SU 33+35 took place at the yielding point (700 ps). The remaining viral shell did
not deform during the force-probe simulation because elastic and plastic deforma-
tion was restrained to the size of the subunits 33 and 35 that surround the 2-fold
symmetry axis.
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Deformation along the 5-fold symmetry axis

Besides the typical force-distance plots that exhibit three deformation regimes as
described before, several FP simulations in which the tip-sphere was pushed from the
capsid outside and inside against the pentamer center and from the inside against
the hexamer center, showed a different deformation behavior as depicted in Fig.
6.26a. In the force-probe simulation described here, the complete HRV 16 capsid
was indented from outside along the 5-fold symmetry axis through the pentamer
center.

When the tip-sphere was pushed through the water towards the viral shell, the force
started to increase when the tip-sphere came into contact with the outer protein
layers of the capsid (pre-linear regime (1) in Fig. 6.26a). The transition to the
linear regime (2) was observed at 220 ps and the cross-over to the rearrangement
regime at 270 ps which yielded a maximum force at 330 ps. A subsequent force drop
(330-350 ps) was recorded, followed by a second force increase (350-500 ps). Between
350 ps and 500 ps, the three deformation regimes (1’, 2’ and 3’ in Fig. 6.26) were
seen as well. In total, the force-time and force-distance curves featured four such
force increases and peaks, each containing the three regimes of deformation (see also
Fig 6.29 to 6.32).
For all force-probe simulations in which the tip-sphere was pushed through the pen-
tamer centers of the HRV 16 capsids and the three mutants we found that the elastic
constants determined from the second and third linear regime were always similar,
as well as the yielding forces of the second and third force peak. The elastic con-
stants and yielding forces belonging to the fourth force increase usually exhibited
smaller values than seen for the previous force regimes. Peak 4 did not occur in
force-probe simulations of the HRV 16 capsid without protein VP4. Five of these
proteins surround the 5-fold symmetry axis on the inner capsid surface (Fig. 6.31
and 6.32), and their removal shortened the indentation depth to 7.5 nm (compare
Fig. 6.26a) before the tip-sphere left the capsid.

The indentation simulation of the pentamer center showed that capsid deformation
was localized to the area of a pentamer (Fig. 6.29, 6.30). In order to study to what
extent the pentamer and its proteins VP1 and VP4 which both surround the 5-fold
symmetry axis, were deformed during penetration, the rmsd of the pentamer and
proteins VP1 and VP4 surrounding the pentamer center compared to the initial
structure of the complete viral shell was calculated (Fig. 6.26b).
Before the tip-sphere touched the capsid, the pentamer and VP1 rmsd curves lev-
eled off at 0.1 nm due to thermal fluctuations. While the first two force peaks were
reached at 330 ps and 500 ps, respectively, the pentamer rmsd increased only slightly
by 0.4 nm to 0.13 nm because only the outer protein loops of VP1 surrounding the
pentamer center were deformed (increase of VP1 rmsd to 0.15 nm). Subsequently
during the third and fourth force increase, the rmsd increased to 2.6 nm at 980 ns
after the tip-sphere had left the shell. The rmsd of protein VP1 behaved similarly to
the pentamer rmsd until 780 ps. For later simulation times, the tip-sphere reached
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Figure 6.26: a) Force-distance and force-time curve obtained from indentation along
the 5-fold symmetry axis. The pre-linear (1, 1’), linear (2, 2’) and
the rearrangement regimes (3, 3’) are marked, as well as the slope of
the first linear regime (green line). b) Rmsd curves obtained from the
same simulation for protein VP4, VP1, the complete pentamer and the
viral capsid. All rmsd were fitted to the initial capsid structure before
deformation.
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an indentation depth at which the tip-sphere came out of contact with the amino
acids of protein VP1. At that point the tip-sphere entered the channel formed by
five VP4 proteins around the 5-fold symmetry axis.
Protein VP4, which is located on the inner capsid surface around the 5-fold sym-
metry axis, showed the largest deformation during indentation with the tip-sphere.
After the first two force peaks were passed at 500 ps, the tip-sphere approached the
amino acids of VP4, and their rmsd rose to a maximum of 0.88 nm before the tip-
sphere left the shell at 980 ps. Although protein VP1 surrounds the pentamer center
on the outer capsid surface, its rmsd reached a maximum at 0.21 nm, much smaller
than the values seen for VP4 on the inner surface. Protein VP1 mainly consists
of amino acids folded in a β-sheet. In addition, it is surrounded by proteins VP2
and VP3 which stabilize the structure. In contrast, the amino acids of VP4 are ar-
ranged in flexible loops moving freely in the bulk water inside the capsid (Fig. 6.31)
which resulted in an increased equilibrium rmsd of 0.18 nm before the tip-sphere
approached the capsid.
This flexibility is also reflected in the VP4 rmsd curve during the force drop before
the tip-sphere left the shell (940-980 ps). Here, the tip-sphere was still inside the
channel of the VP4 proteins, but only a small force was needed to push the tip-sphere
along the channel out of the capsid due to the high mobility of the single residues.
The maximum rmsd was therefore seen as the tip-sphere came out of contact with
VP4 amino acids (0.88 nm at 980 ps) instead of at the yielding point (940 ps).
To summarize, the rmsd obtained for the pentamer was mainly determined by the
rmsd of VP1 for simulation times until 780 ps. Subsequently, the strong deformation
of VP4 resulted in a stronger increase of the pentamer rmsd compared to the rmsd
of VP1.

The distance between the center of mass (COM) of the indented pentamer and the
capsid center was calculated (Fig. 6.27). During deformation of the capsid, the
pentamer COM approached the viral center by 0.15 nm, much less than the COM
of the two subunits 33 and 35 during indentation along the 2-fold symmetry axis
(Fig. 6.23). Nevertheless, the force acting on the inner pentamer surface was of
the same order (approx. 210 pN) due to the increased internal water pressure. In
contrast to the indentation along the 2-fold symmetry axis, here an increased area
of deformation was seen which was about the size of a pentamer when the tip-sphere
was pushed along the 5-fold symmetry axis.
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Figure 6.27: Distance change between the COM of the deformed pentamer and the
viral center during indentation along the 5-fold symmetry axis.

The rmsd curves shown in Fig. 6.26 depict a plastic deformation of the pentamer
and protein VP1 and VP4 because the rmsd did not fully recover after the removal
of the tip-sphere from the viral shell after 1000 ps. To investigate the transition
from elastic to plastic behavior, the FP simulation was stopped at several time steps
with subsequent relaxation of the system as described above. The obtained relax-
ation rmsd curves with respect to the initial capsid structure are shown in Fig. 6.28
for the pentamer and protein VP4. As found before from indentations along the
2-fold symmetry axis, the rmsd curves fall into two groups: The pentamer behaved
elastically during indentation at 320 ps and below, whereas plastic behavior was al-
ready seen at 500 ps and for later indentation times (Fig. 6.28a). Although the first
yielding force was determined at approx. 320 ps, the pentamer structure (nearly)
fully recovered after indentation. For the adjacent three linear regimes, fully elastic
deformation of the capsid was not observed. Deformation was always superimposed
by a plastic part, depicted by the offset of the relaxation rmsd curves to the level of
thermal relaxation. Nevertheless, the elastic deformation obtained for all different
simulation times, is seen as a drop in the rmsd curves as soon as the restraints acting
on the tip-sphere were released.
Protein VP4 still deformed elastically at times when the deformation behavior of
the complete pentamer was already plastic due to plastic deformation of single VP1
amino acids (550 ps in Fig. 6.28a,b). The transition to plastic behavior was ob-
tained at 630 ps (Fig. 6.28b). To summarize, the cross-over from elastic to plastic
deformation of the pentamer and protein VP4 was proceeded after the indenting
tip-sphere had overcome the first yielding force peak in the force-time curve. Plastic
behavior was always superimposed by elastic deformation which was also observed
from indentations along the 2-fold symmetry axis.
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Figure 6.28: Rmsd of pentamer (a) and protein VP4 (b) (black curves) as shown
in Fig. 6.25. The relaxation curves after release of the tip-sphere are
shown in color. For the pentamer, plastic deformation started at 500 ps,
obtained from the increasing rmsd during the relaxation of the system.
Protein VP4 behaved plastically at 630 ps.
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Figure 6.29: Snapshots of the pentamer (TOP-view) from the simulation in which
the tip-sphere (grey sphere) was pushed from outside along the 5-fold
symmetry axis. The deformation of each residue is color-coded as in
Fig. 5.6.
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Figure 6.30: Snapshots of the pentamer as in Fig. 6.29.
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Figure 6.31: SIDE-View of pentamer shown as in Fig. 6.29. Loops of five VP1
proteins are located on the outer pentamer surface around the 5-fold
symmetry axis. Five VP4 proteins surround the inner surface of the
pentamer center and are depicted by the loops that form a channel
along the 5-fold symmetry axis.
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Figure 6.32: Snapshots of the pentamer as in Fig. 6.31.

121



6.4 Discussion

6.4 Discussion

The mechanical properties of the Human Rhinovirus 16 capsids and three mutants
of the capsid structure without the pocket factor, zinc ions, and protein VP4 were
investigated in this chapter. In order to study the distribution of elastic constants
and yielding forces on the viral capsid with the force-probe simulation technique,
the four different viral shells were indented with a tip-sphere at 19 different grid
point position on the outer capsid surfaces. Additionally, the tip-sphere was ini-
tially positioned inside the shell and subsequently pushed along the three different
symmetry axes and against the subunit center towards the inner capsid surface. A
total of 220 ns of simulation was performed.
The root mean square deviations between the HRV 16 structure and its three mu-
tants after the equilibration phases were in the range of 1.3 Å (HRV 16 – mutant
without zinc) and 2.6 Å (HRV 16 – mutant without VP4). All rmsd values between
the structures were mainly caused by thermal fluctuations. The removal of VP4
protein increased the surface area of protein VP1 which came into contact with the
water resulting in the largest rmsd between HRV 16 and the mutant without VP4.
No significant differences and topological changes between the four capsid structures
were observed.
Rossmann et al. proposed that the fatty acid inside the pocket in VP1 stabilizes the
protein structure and a removal might cause a collapse of the structure, observed
as a compactization of the protein or closing of the pocket [131, 61]. This col-
laps was only observed when the ICAM-1 receptor was bound to the empty pocket
[162, 61]. For this reason it remains unclear whether the removal of the pocket fac-
tor without the attached receptor to protein VP1 results in a closing of the pocket
or, alternatively, whether the receptor is necessary to induce a structural change.
We suggest from our equilibration results of the complete HRV 16 capsid and the
structure without the fatty acid, that a structural transition from the open to the
closed state might be driven by the binding of the receptor to the VP1 protein. Nev-
ertheless, this result has to be treated carefully. Because of the short equilibration
simulations of 15.5 ns, structural changes might take longer and occur at later times.

During all force-probe simulations, the force acting on the tip-sphere during in-
dentation was monitored and force-distance and force-time curves were obtained.
As already found from the force-probe simulations on Southern Bean Mosaic Virus
(chapter 4, 5), three different deformation regimes of capsid indentation can be dis-
tinguished from these curves: a pre-linear regime of outer shell layer rearrangement,
a linear regime of elastic shell deformation and a rearrangement regime which de-
termines the transition from elastic to plastic deformation. From the slope of the
linear regime, the elastic constant at the respective grid point was determined; the
maximum force seen at the end of the rearrangement regime before fracture occurred
depicted the yielding force.
The elastic constants and yielding forces on the outer capsid surface of HRV 16
and on that of the mutants were of the same order of magnitude (about 2 N/m and
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2 nN, respectively) as the values obtained for SBMV. We also found a heterogeneous
distribution of mechanical properties, whereas their distribution on the rhinovirus
surfaces varied with respect to the distribution on SBMV. Both capsids exhibit the
softest position with the smallest elastic constant at the subunit centers. In con-
trast, the 5-fold symmetry axis, where the highest elastic constant was obtained for
SBMV, showed the smallest value compared to the 3- and 2-fold symmetry axes
that exhibited similar elastic constants. This result is in good agreement with the
AFM experiments on full capsids of minute virus of mice by Carrasco et al. [44]
who determined the smallest elastic constant at the pentamer center.
The distribution of elastic constants inside the subunit varied markedly between the
two virus capsids of SBMV and HRV 16. The elastic constants inside SU 12 of
SBMV did not show significant differences between the grid points at the protein
centers and their interfaces. The values inside SU 35 of HRV 16 were in a range of
1.75-4.71 N/m, and the obtained values depended very much on the grid point posi-
tions; only small deviations of the grid point position could result in large changes
of mechanical properties due to the very inhomogeneous protein structures.
After removal of the fatty acid, the zinc ions and the VP4 protein from the HRV 16
structure, the largest variations in elastic constants were seen along the symmetry
axes, and at the subunit center which became stiffer as seen from the indentation
results obtained for all mutants compared to the complete structure. The elastic
constants found at the pentamer centers of all mutants increased slightly, but re-
mained the softest symmetry axis. A large stiffness increase was seen at the 2-fold
symmetry axis after removal of the zinc ions. Nevertheless, marked changes in the
elastic constants on the outer capsid surface, as obtained for SBMV after calcium
removal, were not found for HRV 16 and the three mutants.

From the heterogeneous distribution of yielding forces on the outer capsid surface,
the softest position was determined at the pentamer center. The most stable po-
sition was determined at the 2-fold symmetry axis, in contrast to yielding forces
obtained for SBMV where the 2-fold symmetry axis exhibited the smallest yielding
forces of all symmetry axes. The distribution inside the subunit was found to be very
inhomogeneous, similar to the elastic constants discussed above. Also the removal
of the pocket factor, the zinc ions, or VP4 mainly affected the yielding forces at
the symmetry axes and the subunit center. The largest changes seen at the subunit
center were of the order of 1 nN, whereas the overall distribution of yielding forces
was hardly affected by the mutation of the capsid structure.
When the tip-sphere was pushed against the inner capsid surface, the smallest elastic
constants and yielding forces were seen at the hexamer centers of all four capsids.
The largest values were obtained at the pentamer center for both, elastic constants
and yielding forces, whereas the force-distance curves determined from these simu-
lations showed several elastic regimes and yielding forces (see below). Therefore, the
largest elastic constants and yielding forces were always obtained from the second
or third force increase in the respective force-distance plots.
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After removal of the calcium ions from the capsid of SBMV, a dramatic change of
mechanical properties was seen, which suggested a possible position on the viral shell
that could break during viral infection and release the RNA. In contrast, a similar
pathway cannot be inferred from the force-probe simulations on HRV 16 and the
three mutants. Each capsid mutation alone did not result in a significant change
of the elastic properties on the inner and outer capsid surfaces. Investigations on
HRV 16 capsids with several mutations, e.g. the removal of the pocket factor and
additionally the removal of VP4 of the same capsid could shed more light on struc-
tural changes needed for cell infection. It would be interesting to test if the ICAM-1
receptor could be modeled in the simulation system and docked to protein VP1 to
cause a closing of the pocket. Furthermore, experiments showed that the loss of the
VP4 protein is accompanied by an incubation of a receptor which was not modeled
in our simulation [176, 177]. Nevertheless, our simulations showed that the removal
of protein VP4 and an emptying of the pocket alone do not result in a modified
capsid structure which is able to release the RNA — at least at the relatively short
time scales accessible to MD simulations. Hadfield et al. proposed that the zinc ions
hold the VP1 proteins together, and their removal might cause a destabilization of
the pentamer in the region around the 5-fold symmetry axis [61]. This effect could
not be corroborated from our simulations. External influences like the docking of a
receptor to the outer capsid surface might be neccessary to cause dematuration and
is assumed to be the first step in cell infection.

Furthermore, two special force-distance and force-time curves were investigated. The
first curves were obtained from a simulation in which the tip-sphere was pushed from
the outside along the 2-fold symmetry axis. Three deformation regimes as discussed
above were seen, whereas the rearrangement regime was very short and the linear
regime directly reached up to the yielding point. Elastic deformations of the sub-
units surrounding the 2-fold symmetry axis were seen even a few picoseconds before
the force peak was reached. Plastic deformation of the two subunits only occurred
at the yielding point. In contrast, plastic deformation of the complete subunit was
never seen in force-probe simulations of Southern Bean Mosaic Virus. Here, the sub-
unit structures always recovered to their initial levels after penetration, and plastic
deformation was only observed for single residues close to the indentation position.
Propagation of the deformation on the capsid was restrained to the area of the sub-
units that directly touched the indentation position which was also found from the
FP simulations of the SBMV capsid as well as for HRV 16.
The second force-time and force-distance curves described in detail were derived
from indentation of the pentamer center. Also in these simulations, deformation
was limited to the area of a pentamer, and adjacent subunits were not affected.
The obtained force-distance curve exhibited four force peaks, each preceded by a
pre-linear, linear and a rearrangement regime. The force fluctuations in all regimes
were larger than those observed for indentations along the 2-fold symmetry axis.
These large fluctuations were mainly caused by interactions between the tip-sphere
and flexible loops of protein VP1 and VP4 that surround the pentamer center.
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While the first force peak was seen in the force-distance plot, the tip-sphere had
not even touched the pentamer surface (330 ps in Fig. 6.31). Only single loops that
surround and block the entrance of the 5-fold symmetry axis interacted with the
tip-sphere and were finally pushed out of its way when the first yielding point was
reached. The yielding forces obtained for peak two and three were always larger than
for the first peak because the flexibility of the loops that were directly touched by the
tip-sphere was reduced for deeper penetration, and additionally more residues were
deformed during indentation. Nevertheless, indentation of the HRV 16 pentamer
showed that the elastic constant obtained from the slope of the first linear regime
in the force-distance curve was similar to the slope of the second and third linear
regimes. Yielding force peak four was also smaller than the previous two peaks and
only seen when protein VP4 was present in the simulation system. Five of these
proteins surround the inner surface of the pentamer center. Its high flexibility re-
sulted in smaller forces acting on the tip-sphere and larger deformations as seen in
the rmsd curves of VP4 compared to the initial structures.
Although the first force peak was observed at 330 ps, the transition from elastic to
plastic behavior of the pentamer was seen at the second force peak (500 ps). At the
first peak, only deformations of the outer protein loops were obtained, the remain-
ing pentamer structure and protein VP1 to which the loops belong remained nearly
unaffected. Protein VP4 still behaved elastic until 630 ps because larger indentation
depth were needed until the tip-sphere came into contact with VP4 and plastically
deformed the protein. During the second to fourth linear regime in the force-distance
plot, elastic deformation of the pentamer was seen, whereas the deformation was al-
ways superimposed by a plastic part. Both rmsd curves of the pentamer and VP4
let us suggest that plastic deformation got more and more pronounced with increas-
ing indentation depth as depicted by the rising rmsd curves during the relaxation
phases. The snapshots of the trajectory and the obtained deformation of each pen-
tamer residue showed that the deformation only weakly propagated from its origin at
the pentamer center along the pentamer surface to its borders to the next subunits.
Only the deformation of single residues close to the tip-sphere position increased
during indentation. The deeper the tip-sphere penetrated the pentamer, the larger
the deformation of protein VP4 compared to the remaining proteins VP1-VP3 of
the capsid.
Indentation along the 2- and 5-fold symmetry axes exhibited a pressure increase
inside the capsid due to water compression and non-existing water flux through the
shell. The resulting force from the water molecules acting on the area of deformation
on the inner capsid surface was of the order of approx. 200 pN, roughly 10% of the
yielding forces, as also found from force-probe simulations of SBMV.

To conclude, we found a higher elasticity of the capsid along the 2-fold symmetry
axis with larger elastic constants and yielding forces as obtained along the pentamer
center. The transition from elastic to plastic behavior occurred for larger indentation
depth along the 2-fold symmetry axis than along the 5-fold symmetry axis.
Our simulations show that each structural mutation of the HRV 16 coat protein at
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which the pocket factor, the zinc ions and protein VP4 were removed, did not cause
a significant change in mechanical properties, and thus did not result in a structure
that is able to release the RNA. We therefore suggest that other capsid ”variants”, a
combination of several mutations on one capsid structure and/or additional binding
of the ICAM-1 receptor to the pocket in VP1 is necessary to cause rupture of the
shell and, thus, viral infection. Furthermore, interaction of the RNA with the coat
protein might be essential in the process of dematuration as well.
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7 Deformation of the globular titin
kinase protein domain

7.1 Introduction

Recent atomic force microscopy measurements on various viral shells have shown
that these capsids behave highly elastic upon indentation with the AFM tip. Even
indentations of 30 % in capsid height do not cause rupture [43], and our force-probe
simulations of the shell of Southern Bean Mosaic Virus and Human Rhinovirus 16
prove that high external forces are needed to cause local plastic deformation. The
question arises, if this high elasticity is a special property of viral shells which is
hardly found for other proteins [31].
To answer this question, we compared the elastic behavior of SBMV and HRV 16
with the deformation behavior of a non-viral titin kinase protein domain. To this
end, force-probe simulations were performed similar to the ones described for the
viral shells above. The protein was chosen because of its similarity to the viral coat
proteins. In particular, the residues are folded to a β-sheet domain surrounded by
loops, which can be considered as a similar structure of a β-barrel motif as found
for SBMV and rhinovirus coat proteins.

7.2 Methods

The simulation system of the solvated globular titin-kinase protein domain (PDB
code: 1tit) was set up and equilibrated for several nanoseconds by Ulf Hensen [139,
180]. To perform force-probe simulations on this protein, a tip-sphere of the same
size as used for the simulations of SBMV and HRV 16, was placed in water close
to the protein surface and pushed with a probe-velocity of 0.01 nm/ps against the
β-sheet domain (Fig. 7.3). To avoid yielding of the whole protein when the tip-
sphere was pushed against the surface, four Cα atoms on each of the four ”protein
corners” were fixed with position restraints. From the force acting on the tip-sphere
during deformation and the resulting force-distance curve, the elastic constant of
the β-sheet domain was determined, as well as the yielding force.
In order to study the deformation behavior of the protein, the simulation was stopped
at different simulation times with subsequent equilibration simulations as described
before from studies of SBMV and HRV 16 (chapter 5.3.4 and 6.3.5). Here no force
was acting on the tip-sphere anymore and the system was relaxed for 500 ps. The
root mean square deviation of the protein compared to its initial structure was
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monitored during deformation and relaxation.

7.3 Results

During deformation of the titin kinase protein domain with the tip-sphere, a force-
time and force-distance curve was obtained (Fig. 7.1).

Figure 7.1: Force-distance plot (red) and force-time plot (blue) for pushing the
tip-sphere with a velocity of 0.01 nm/ps against the protein domain.
The blue lines separates the four deformation regimes. The black line
marks the slope of the linear regime from which the elastic constant was
determined.

Similar to the force-probe simulations of the shell of SBMV and HRV 16, the force
acting on the tip-sphere increased as the tip-sphere came into contact with the
protein. The force continued to rise during indentation and leveled off at a maximum
force before the tip-sphere left the protein. Fig. 7.1 depicts four deformation regimes
in the force-time plot: (1) a pre-linear, (2) a linear, (3) a rearrangement and (4) a
yielding regime. From the slope of the linear regime, an elastic constant of 2.0 N/m
was found. For higher indentations, the force yielded in a maximum of 2.26 nN at a
force plateau, the yielding regime (4), between 300 ps and 390 ps. The indentation
depth during this regime increased by 1.0 nm (1.7-2.7 nm in the force-distance plot,
Fig. 7.1), followed by a force drop for even deeper indentations when the tip-sphere
left the protein at 400 ps.
In order to investigate if the titin protein deforms elastically or plastically during
deformation and if a transition between the different deformation behaviors could
be observed, the force-probe simulation was stopped at different times (see Fig. 7.2
legend) and subsequently equilibrated for 500 ps without restraints on the tip-sphere.
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Figure 7.2: Rmsd of the titin kinase protein domain during the force-probe simula-
tion (black curve). Indentation was stopped at different times (see leg-
end) and restarted with unrestrained tip-sphere. During the subsequent
relaxation processes, the relaxation rmsd curves are shown in color.

Before the tip-sphere touched the protein, the equilibrium rmsd of the titin domain
was approx. 0.12 nm due to thermal fluctuations (0-50 ps in Fig. 7.1). The rmsd
of the protein with respect to the initial structure increased to 0.75 nm during de-
formation until 400 ps, the end of the yielding regime. When the tip-sphere left the
protein, the rmsd did not return to its initial value, suggesting a plastic deformation
of the titin domain. Interestingly, the slope of the rmsd curve increased markedly
during the yielding regime compared to the slope obtained for the linear and rear-
rangement regimes.
When the force-probe simulation was stopped at several times, the relaxation rmsd
curves always declined during the first picoseconds. Until 200 ps when a linear in-
crease in the force-time plot was obtained, the relaxation rmsd curves declined from
approx. 0.18 nm to 0.12 nm, the value of thermal relaxation, implicating elastic de-
formation of the protein in the linear force regime. Plastic deformation was observed
for 250 ps (green curve in Fig. 7.2) and later simulation times, obtained from the
rmsd which was irreversible on time scales of the equilibration simulation. Here,
plastic deformation got more and more pronounced with continuing penetration of
the protein, as can be seen from the increasing relaxation rmsd curves. The strongest
deformation in terms of the largest relaxation rmsd value was seen after yielding at
400 ps. When the tip-sphere left the shell after 400 ps, the rmsd leveled off at 0.56 nm
(black curve in Fig. 7.2). Four snapshots of the force-probe simulation are shown
in Fig. 7.3.
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Figure 7.3: Sketch of the titin kinase protein domain (cyan) during deformation.
Red sphere: tip-sphere, blue spheres: Cα atoms which positions were
restrained during deformation.

The β-sheet of the titin protein behaved stiff, as already found for the shell of SBMV.
As can bee seen from Fig. 7.3, the tip-sphere was pushed aside to the more flexible
loops when it tried to penetrate the β-sheet.

7.4 Discussion

From the force acting on the tip-sphere during the force-probe simulation, a force-
distance curve was determined from which an elastic constant and yielding force
of the titin kinase protein at the indentation position were obtained. Both values
were of the order of the determined elastic constants and yielding forces seen in
the indentation simulations of the viral shells of SBMV and HRV 16. Differences
between the results from the virus shell simulations and the titin protein occurred
in the force-time and force distance plots (Fig. 5.1 for SBMV, 6.21 for HRV 16). All
curves exhibited three deformation regimes: The pre-linear regime of single surface
atom rearrangements when the tip-sphere came into contact with the protein, a lin-
ear regime of elastic deformation with a subsequent transition to the rearrangement
regime that leveled in a yielding force. Only the force-time curve of the titin domain
exhibited a fourth regime, the yielding regime, at which the yielding force remained
stable in the range of 1.8 nN and 2.2 nN for 100 ps before the force dropped when the
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Deformation of the globular titin kinase protein domain

tip-sphere left the protein. During deformation in the yielding regime, the indenta-
tion depth continued to increase by 1 nm. In contrast, the maximum force seen in
all viral shell indentation simulations was obtained as a peak in the force-time and
force-distance curves, and a force plateau was never found. Thus, as soon as the
yielding point was reached in the capsid simulations, deeper indentations beyond the
yielding point immediately caused rupture of the area of indentation on the capsid
resulting in a rapid force drop, and the tip-sphere was pushed out of the viral shell.

Further differences can be seen in the relaxation behavior when the restrained tip-
sphere was released. Whereas for the capsid simulations the deformation of the shell
was still elastic in the rearrangement regime (Fig. 5.8 for SBMV, Fig.: 6.25 for
HRV 16), a plastic behavior was already found for this regime for the titin domain
deformation (250 ps in Fig. 7.2). Plastic deformation obtained as fracture behavior
of the indentation position was always seen at the yielding point in the viral shell
simulations, whereas the viral protein structure partially recovered from the defor-
mation immediately after yielding when the tip-sphere came out of contact with the
capsid. Plastic deformation of the titin domain obtained at the yielding force got
larger with even deeper indentations during the subsequent yielding regime. The
force remained constant for 90 ps, in contrast to the force drop and the recovery
process of the structure subsequent to the yielding point as seen for the viral capsid
simulations.

Viral shell proteins are always considered as being extremely elastic. We confirm
this assumption with the observation that capsids still deform elastically in the re-
arrangement regime in which other proteins like the titin domain already behave
plastically. Furthermore, a strong plastic deformation behavior was observed for a
long range of simulation time and indentation depths in the yielding regime obtained
from force-probe simulations on the titin domain which was never seen for SBMV
and HRV 16.
Finally, it should be emphasized that the force-probe simulation on the titin ki-
nase protein domain was one example of non-viral protein deformation with viral
shell coat proteins, and further simulations would be necessary to corroborate our
conclusions.
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8 Summary and Conclusions

We have studied the mechanical properties of the icosahedral shells of Southern Bean
Mosaic Virus (SBMV) and Human Rhinovirus (HRV) 16 by extended all-atom force-
probe molecular dynamics simulations, covering a total time of nearly 0.5µs. Both
capsids were fully solvated in water on the protein surfaces. The simulation system
of HRV 16, including approx. 800,000 water molecules, comprised over 4,200,000
atoms, the system of SBMV over 4,500,000 atoms, to our best knowledge the largest
biomolecular simulation systems in the world.
The spatial distribution of elastic properties – quantified by elastic constants and
yielding forces – on the inner and outer capsid surfaces were studied on atomic length
scales with force-probe simulations. In order to obtain comparison with atomic force
microscopy (AFM) experiments, a Lennard-Jones sphere, which served as a model
of a small and very sharp AFM tip, was pushed with a constant velocity against
and through the capsids of SBMV and HRV 16. A tight grid of 19 evenly dis-
tributed indentation positions on the internal and external capsid surfaces covered
the complete subunit and the directions along the 5-, 3- and 2- fold symmetry axes.
From the force acting on this tip-sphere, force-time and force-distance curves were
obtained from each indentation simulation. Overall, three deformation regimes were
distinguished: i) a pre-linear regime of outer capsid layer rearrangements when the
tip-sphere approached the protein, ii) a linear regime of elastic capsid deformation,
and iii) a sublinear rearrangement regime of larger force fluctuations that leveled
in a yielding force. Subsequently, the tip-sphere left the shell for larger indentation
depths, and a force drop was seen in the force-distance curve. The elastic constant
of the capsid position the tip-sphere was pushed towards was determined from the
slope of the linear regime. The maximum force in the force-distance plot defined the
yielding force.
A heterogeneous distribution of elastic constants and yielding forces with values be-
tween 1.5-5.2 N/m and 1.3-5.1 nN, respectively, was found for the capsids of SBMV
and HRV 16. Our simulations showed a weak stiffness and stability, obtained as
small elastic constants and yielding forces, respectively, at the subunit center of the
inner and outer capsid surfaces of both shells, SBMV and HRV 16. The least stiff
position of the HRV 16 capsid was found at the inner and outer pentamer center,
as well as the inner pentamer center of SBMV. In contrast, the pentamer center
on the outer shell of SBMV exhibited the largest elastic constant. The most stiff
and stable position on the capsid of HRV 16 was found along the 2-fold symmetry
axis, as already proposed from AFM experiments on the T=3 minute virus of mice
[44]. Large elastic constants and yielding forces along the 2-fold symmetry axis of
SBMV were only found when the capsid was indented from the inside. On the outer
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capsid surface, the 2-fold symmetry axis exhibited a small stiffness and stability.
Such discrepancies between the elastic constants and yielding forces obtained on the
same grid point position on the inner and outer surfaces were caused by the highly
heterogeneous protein structure, mainly characterized by the arrangements of the
β−strands.
The elastic properties of icosahedral viral shells with T=3 symmetry have been stud-
ied before with coarse grained and continuum models in order to investigate if the
mechanical properties of the different capsomer structures vary [50, 22, 49]. Con-
tradicting results about the elastic constants of these pentamers and hexamers were
published [31], whereas our force-probe simulation results give a clear answer to this
question: Although the assembly of subunits for SBMV and HRV 16 subunits is
very similar, both capsids exhibit very different mechanical properties. The stiffness
of hexamers and pentamers varies and depends on details of the atomic structure.
Therefore no general picture for the distribution of mechanical properties on cap-
sids with T = 3 symmetry can be drawn. Our atomistic simulations clearly show
that atomic detail cannot be neglected, because the atomic structure is a major
determinant of the viral shell’s mechanical properties, together with the geometrical
arrangement of the subunits to an icosahedron.

The first step in viral infection of bean leaves with SBMV particles is the removal
of the 180 calcium ions from the capsid structure [117–119, 60]. To study possible
changes of the mechanical properties of SBMV without calcium compared to the
coat protein with ions, Ca2+ ions were removed from the viral shell with subsequent
equilibration of 32 ns with MD simulations. Our equilibration simulations show that
the difference of the capsid structures with and without Ca2+, measured as the root
mean square deviation between the structures, was small and of the order of thermal
fluctuations. The reported swelling of the viral shell after calcium removal was not
observed [120]. Three explanations seem to be likely for our findings. First, swelling
was reported to occur in an alkaline environment at pH = 7.5 − 8.25 which was
not present in our simulations. Second, swelling was observed to take three minutes
until a volume increase of up to 44% was seen. Thus, the simulation time scale was
much too short to corroborate the experimental observations. Third, interactions of
the RNA with the coat protein lead to a swelling, whereas the genetic material was
missing in our simulations.
After calcium removal force-probe simulations were performed in which the same 19
grid point positions on the inner and outer viral surface were indented as for the
structure with ions. No significant change in mechanical properties was observed
compared to the complete capsid with ions, with the exception of a marked soft-
ening along the 5-fold symmetry axis. Due to the fact that the pentamer center
exhibited the highest stability when ions were present in the structure but became
the least stable capsid position of the surface of SBMV without calcium, we suggest
that dematuration and, thus, rupture might occur at the pentamer centers. There-
fore the pentamer center might act as a possible port for RNA release after calcium
removal.
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The effect of sufficient energy minimization and protein structure equilibration on
mechanical properties was studied. Therefore, protein structures of SBMV with
and without calcium were extracted from different equilibration times and used as
starting structures for the force-probe simulations. It turned out that the obtained
elastic constants and yielding forces for differently converged structures were very
similar to the results discussed above. A fully converged protein structure could
not be guaranteed after the equilibration simulations which might has an effect on
capsid swelling after calcium removal as discussed above. Nevertheless, we obtained
reliable results for the mechanical properties and the values of elastic constants and
yielding forces.

The next systems studied with force-probe simulations were three different structural
capsid mutants of HRV 16. The first mutation was the removal of the pocket factor
from the hydrophobic pocket in protein VP1. Docking of the ICAM-1 receptor to
protein VP1 and emptying of the pocket was proposed to cause a destabilization of
the capsid [131, 162, 61]. The suggested collapse of the structure was not observed
after removal of the pocket factor and subsequent equilibration for 16 ns. A possible
reason for this observation is that destabilization is driven by the binding of the
receptor to the capsid which was missing in the simulation system, and not by the
absence of the pocket factor. Otherwise, the time scales of the simulations were too
short to observe a possible closing of the pocket.
The HRV 16 structure includes 12 zinc ions located at the pentamer center and
block a possible channel for RNA release along the 5-fold symmetry axis. If the
removal of the zinc ions could cause a structural change of the capsid allowing the
release of the RNA, remains unclear [61]. Additionally, the removal of protein VP4
was proposed as the first step in viral infection [176, 177]. Therefore, the mechanical
properties of the HRV 16 capsid without VP4 and zinc ions were studied in order
to investigate changes in the elasticity and fracture behavior from which a possible
port for RNA release could be proposed.
We obtained modifications in the mechanical properties on the inner and outer sur-
faces of the three HRV 16 capsid mutants compared to the initial structure. The
largest changes of elastic constants and yielding forces were seen along the symme-
try axes. Nevertheless, the pentamer center of all HRV 16 structure exhibited the
smallest elastic constants and yielding forces, the 2-fold symmetry axis the largest
stiffness and stability – only its absolute values changed with mutation of the capsid
structure and were of the order of less than 1 N/m and 1 nN, respectively. In con-
trast, these changes were much smaller as seen for SBMV after calcium removal.
The first step in cell infection with HRV 16 remains unclear. The question arises
whether the pocket factor is removed first and then the ions, or is only the removal
of protein VP4 necessary? Giranda et al. [27] proposed a possible pathway for RNA
release along the 5-fold symmetry axis, similar to our suggestions for the RNA re-
lease of SBMV. The force-probe simulations clearly show that all HRV 16 mutants
exhibit different mechanical properties, but the variations compared to the com-
plete HRV 16 capsid were not strong enough to corroborate a possible pathway for
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RNA release through the pentamer center. Therefore, we suggest that additional
mutations or combinations of the studied mutations are necessary to destabilize the
capsid structure and result in a release of the RNA. In contrast to SBMV which
becomes infections after removal of calcium in an alkaline environment, docking of
external molecules, i.e. receptors to the capsid surface might also be necessary to
cause RNA release of HRV 16.

From force-probe simulations in which the tip-sphere was pushed with probe-velocities
between 0.001-0.05 nm/ps along the 5-fold symmetry axis of SBMV, we found a log-
arithmic dependence for both elastic constants and yielding forces. Although such a
velocity dependence of mechanical properties has already been observed earlier from
deformation studies of metallic glasses [147], no theoretical model has been available
until now to describe this peculiar behavior. A simple Kramers approach, i.e. the
transition of a local energy barrier in a one-dimensional harmonic energy landscape
which results in velocity independent elastic constant and logarithmic velocity de-
pendent yielding forces [140, 141], is inadequate to describe our findings. Kramers
theory, as well as more refined theories of enforces barrier crossings [142–146], rest
on the assumption that all degrees of freedom perpendicular to the reaction coordi-
nate are in equilibrium.
We therefore chose the ansatz that such a logarithmic behavior of elastic constants
and yielding forces could be attributed to relaxation processes perpendicular to the
reaction coordinate due to the high probe-velocities. This assumption was corrobo-
rated with Monte Carlo (MC) simulations in which a particle was pushed through a
harmonic potential energy landscape with possible relaxation processes perpendic-
ular to the reaction coordinate taking place. It turned out, that these relaxation
dynamics resulted in a logarithmic velocity dependence of elastic constants and
yielding forces and corroborated our force-probe simulation results very well.
The values of elastic constants and yielding forces obtained in experiments, were
of the order of 0.5 N/m and 0.5 nN, respectively. Extrapolating the logarithmic
slope of the velocity dependent elastic constants and yielding forces to velocities of
1 · 10−5 m/s as used in AFM experiments [43] yielded elastic constant of 0.63 N/m
and yielding forces of 0.18 nN. These values are in good agreement with experimen-
tal findings [31].

Three possible influences and contributions to the obtained forces acting on the tip-
sphere were determined: (1) Frictional forces caused by the water molecules which
interact with the tip-sphere, (2) forces acting on the inner capsid surface caused by
an increase of the water pressure inside the capsid due to water compression, (3)
increase of the surface free energy due to changes of the solvent hydrophobic surface
area during indentation of the viral shell. The simulations showed that all three
possibilities contribute to the yielding forces, obtained for SBMV and HRV 16, by
approx. or less than 10 %.
Frictional forces are expected to contribute to the forces found in AFM experiments
by much less than 10% because, although the AFM tip is about 10−20 times larger
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than our tip-sphere, the approach velocity of the AFM tip is at least five orders
of magnitude smaller as in our simulations [43]. An increase of the water pressure
inside the capsid is not present in AFM experiments on empty viral shell and is
in this sense an artifact. Besides, a change of the hydrophobic surface and thus a
change in the surface free energy is also present in AFM experiments.
Water compression inside the capsids was obtained in the force-probe simulations
because no water permeation through the viral shell was observed during indenta-
tions of SBMV and HRV 16. The non-existing water flux seems to be a special
property of these viral shells because equilibration MD simulations of the fully sol-
vated shell of Satellite Tobacco Necrosis Virus showed a large water flux [181]. Our
observations agree with results by Silva et al. [125], who reported the only pos-
sibility for water flux through the shell of SBMV along the channel at the 5-fold
symmetry axis, whereas here a high energy barrier for water of E = 300 kcal/mol
was obtained. They also proposed a similar water permeability and energy barrier
at the pentamer center for Human Rhinoviruses which corroborates our observations.

Structural changes during deformation of the capsid were investigated. A highly
elastic behavior of the viral shells was found, for which the β-sheet region behaved
stiff compared to the α-helices and loops. Such a behavior was already reported ear-
lier for other proteins [128], whereas these results were obtained from experiments
in which α-helices and β-sheet regions were not indented but unfolded by pulling
the C- and N-termina into opposite directions.
No propagation of deformation beyond the areas of the capsomer and subunit that
were directly indented was seen during the force-probe simulations. Deformation
occurred only locally on an area of a few nm2 that was directly touched by the tip-
sphere in contrast to AFM experiments in which the complete capsid was deformed.
It still remains questionable if propagation of deformations into more distant regimes
would be observed for slower probe-velocities when the capsid structure had more
time to relax into more favorable positions during indentation. Nevertheless, the
propagation behavior of deformation was very similar for all different probe-velocities
between 0.001− 0.05 nm/ps due to the high elasticity of the coat protein. Thus, we
deem a different deformation behavior with propagation to adjacent subunits of the
indentation position unlikely even for velocities as used in AFM experiments. An
important factor here is also the tip-sphere size which was at least ten times smaller
than a typical AFM tip. Our simulations show that a larger tip-sphere resulted in
an increase of the area of deformation. But also this larger tip-sphere was still much
smaller than the diameter of a subunit and propagation of deformation to adjacent
subunits was hardly observed for the employed probe-velocities. For this reason, also
large indentation depths of the tip-sphere did not cause a buckling of the complete
capsid which was only observed for deformations with indenting object of the size
of at least one capsomer [22].
On the atomic level, the linear regime in the force-distance curves was characterized
by a deformation of an otherwise topologically unchanged conformation of neigh-
boring atoms. Elastic deformation was still seen in the sublinear rearrangement
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regime. Here structural changes were determined with marked distance changes
between nearest and next-nearest neighbors. The higher force fluctuations in this
regime were caused by recrossings of the system between the initial potential energy
minimum and adjacent minima. The transition to plastic behavior was performed
close to the yielding point, when a return of the system to the initial minimum was
hampered. Only a few residues deformed plastically and fracture occurred locally at
the position where the tip-sphere penetrated the viral shell. The remaining protein
structure fully recovered when the tip-sphere left the capsid.

With this work we aim to contribute to a better understanding of the mechanical
properties and their distribution on the inner and outer capsid surfaces of icosahe-
dral viral shells. For the first time, structural dynamics and changes that determine
the origin of elastic and plastic deformation during capsid indentation were inves-
tigated on atomic length scales. The simulations show that small changes of the
capsid structure and thus changing electrostatic interactions of the shell atoms can
result in significant changes of mechanical properties. From the variation of yielding
forces due to structural mutations of the capsid, it is possible to propose a port in
the shell structure that opens to release the RNA during cell infection. Nevertheless,
open questions remain and a lot of work is left for the future for a complete under-
standing of viral assembly and dematuration. Some ideas for further investigations
of the mechanical properties of viral shells with the force-probe simulation technique
established in this work are given in the following chapter.
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9 Outlook

The following studies addressing the mechanical properties of viral shells could con-
tinue the present work. In order to study the swelling behavior of the Southern
Bean Mosaic Virus capsid, the pH value of the system could be increased by chang-
ing the protonation states of the histidines in the protein shell because swelling was
observed in experiments at pH = 7.5− 8.25 [120]. To investigate structural changes
of the mature shell of Human Rhinovirus 16, the ICAM-1 receptor could be modeled
and docked to protein VP1. Additional removal of the fatty acid from the pocket
in VP1 should result in a collapse of the empty pocket as seen in experiments. The
resulting variation of mechanical properties on the capsid shell from which a possible
scenario of RNA release might be derived, could than be studied with force-probe
simulations.
Simulations with the same simulation technique could be performed on the bacterio-
phage φ-X174 (PDB code: 2BPA). This icosahedral virus is 2 nm larger in diameter
than SBMV and HRV 16 and contains DNA in contrast to the investigated RNA
viruses. The larger persistence length of the DNA compared to RNA and, addi-
tionally, electrostatic interactions between the genetic material and the viral shell
proteins result in high internal pressures. This high pressure inside the capsid could
be employed to the simulation system, whereas the simulation of the DNA inside the
virus is impossible because the structure is unknown, as well as the arrangement of
the DNA inside the capsid. A modified pressure coupling could be programmed and
implemented into GROMACS that allows the definition of pressure gradients inside
the simulation box. With an increased water pressure inside the virus, its effect on
the mechanical properties would be possible to determine.
In order to improve our model of the AFM tip that allows better comparison to
AFM experiments, the shape and size of the tip-sphere could be changes. First, a
tip-sphere with a larger diameter could be modeled. Second, the shape of the tip
could be changed to pyramidal which could be modeled from several carbon atoms.
An alternative tip-shape would be a mono-atomic or bi-atomic plate with several
nanometers in diameter which is pressed against the viral surface. In comparison
to a large spherical of pyramidal tip, here no thicker water shell is required to place
this ”plate” in the bulk water before it is pushed against the capsid, although the
size of the indenting object is markedly increased compared to the tip-sphere used
in our simulations.
A challenging project would be the calculation of the elastic constants of each capsid
amino acid and even every atom from their thermal fluctuations, kinetic energies and
the Born term, extracted from the force field [182, 183]. Deformation and inden-
tation of the capsid are not necessary anymore and only equilibration simulations
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would have to be performed. From the monitored thermal fluctuations of the atoms
during the equilibrium simulations, the whole elasticity tensor can directly be ex-
tracted from the sum of the Born term and a term accounting for internal relaxations
[183, 184]. Ray and Lutsko introduced a general description how the elasticity ten-
sor, calculated from the strain derivatives of every atom during thermal fluctuations,
can be derived from a potential/force field using computer simulations [182, 185].
They only obtained fluctuation formulas for a pair potential, whereas their described
formalism has already been expanded and applied for embedded-atom (EAM) po-
tentials [186]. Challenging would be a generalization and implementation of this
method for biomolecular systems and the OPLS force-field. Especially the descrip-
tion and calculations of long-range electrostatic interactions within this method are
not straight forward. Although a great effort would be needed to carry out this
project, the calculation of the elastic constants on atomic length scales offers the
opportunity to directly investigate possible changes of mechanical behavior due to
structural variations of the capsid and the removal of single atoms from the viral
shell.
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die Möglichkeit gegeben hat an seinem Institut meine Doktorarbeit zu diesem tollen
Thema durchführen zu dürfen! Schließlich ist dies nicht eine normale Doktorarbeit,
sondern der Weltrekord im Simulieren des größten biomolekularen Systems! Obwohl
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Tomato bushy stunt virus at 2.9Å resolution. Nature, 276:368–373, 1978.

[81] A. M. Silva and M. G. Rossmann. The refinement of southern bean mosaic
virus in reciprocal space. Acta. Cryst. B, 41:147–157, 1985.

[82] L. Liljas, T. Unge, T. A. Jones, K. Fridborg, S. Lövgren, U. Skoglund, and
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