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Abstract

Abstract

The important properties of biological membranes such as elasticity and structure, and
their interaction with nanoparticles is of great importance to nanomedicine applications
such as drug delivery and gene therapy. This thesis reports on studies carried out using
molecular dynamics (MD) simulations to investigate the physics and chemistry of POPC
lipid bilayer membranes and their interactions with ions and nanoparticles. In this study
two techniques were employed; all atomic (AA) and coarse grained (CG) MD simulations.
In the first part of our investigations, the elastic properties of a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) membrane with missing leaflets as well as a defect-free
membrane were determined. The calculated bulk moduli compare well with the results of
other researchers. Most interestingly, we established that the removal of a whole leaflet
or half a leaflet does significantly affect the elastic properties. In studying of diffusivity of
Na and Cl ions as well as of water molecules across a POPC membrane, we constructed
systems to model the flow of ions across a membrane separating two different aqueous
solutions. We were able to show that in order to force diffusion across the membrane,
it was necessary to introduce an imbalance of positively and negatively charged ions on
either side of the membrane. We have been able to confirm that the diffusion process
takes place by the creation of a pore in the membrane. The diffusion coefficients of the
ions have been determined from the mean square displacements (MSD) of the particles
as a function of time. We found that both the Na and CI ions diffuse rapidly through
the pore with diffusion coefficients ten times larger than in water. Also, we observed
that although the Na ions are the first to begin the permeation process due to the lower
potential barrier it experiences, the Cl ions complete the permeation across the barrier
more quickly due to their faster diffusion rates. AAMD simulations were carried out to
determine the adsorption sites of neutral and charged gold nanoparticles on the surface of
the POPC membrane in order to understand the first step of translocation process. We
have found that the adsorption of a neutral gold nanoparticle is more likely than that of
a charged nanoparticle. We were also able to demonstrate the partial penetration of a
neutral nanoparticle through the surface of the POPC membrane. CGMD was used to
study the stability of a carbon nanotube (CNT) inside the POPC lipid bilayer membrane.
We found that the CNT was indeed stable inside the POPC membrane suggesting that

such nanotubes could be used as a targeted drug delivery.
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Chapter 1

Introduction

In recent years there has been much progress in the application of techniques from
quantum chemistry and physical modelling to studying biological systems. Thus electronic
structure calculations based on Hartree-Fock theory and density-functional-theory (DFT)
have been used to give information about the structure of amino-acids and proteins as well
as helping in the understanding of protein and DNA folding. In addition, physical theories
based on statistical mechanics and phase transitions have a role to play in furthering our
understanding of the energy and structural aspects of large biomolecules.

However, the complexity of these types of calculations has meant that in the sim-
ulations of proteins and large biological molecules, with a view to learning about their
structure in the condensed or globular phase, it is necessary to resort to empirical methods
to provide much of the answers to these questions. Therefore, a calculation or simulation
is only as good as the models utilised in describing these complicated systems. For this
reason, many years of effort have been given to the construction of force field models
which are transferable robust and particularly adapted for biological systems [1, 2].

In this thesis, we report on work carried out to examine how ions, atoms, molecules
and nanoparticles interact the with the bilipid membrane of a living cell. As shown in

Figure 1.1, a cell has a membrane which defines the shape and extent of the cell. All
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Figure 1.1: Schematic image of the cell membrane.

particles entering and leaving the cell has to pass through this membrane. The way by
which these particles can pass through the membrane can be either through pores in
the membrane itself or by the creation of pores by the presence of electrical or chemical
gradients across the membrane. Our investigations have focussed on the latter method.
In carrying out this work, it is important that the actual membrane is well described
by the interatomic forces and in particular the response of the membrane to external
forces must be accurate. In empirical modelling, this is usually done by ensuring that
the elastic response of the membrane to external forces is realistic. So the first sets of
simulations were focussed on ensuring that the elastic constants and compressibility were
well reproduced for the force fields in question. Once this was established, the molecular
dynamics methods were applied to studying how particles interacted with the membrane.
The interest in ion permeation across lipid cellular membranes has been around for a
long time. This is no doubt due to the importance of hydration of biological cells and the
need for their proper functioning. This in turn depends on how the membrane interacts
with water molecules and with other small molecules dissolved in water. Many of the
studies have examined the different possible processes by which ions can diffuse through a

membrane. Therefore, realistic molecular dynamics simulations allow for the possibility of
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not only extracting the mechanisms and pathways for ion diffusion but also for accurately
assessing how the diffusion constants of these ions, atoms or molecules depend on factors
like the temperature, the electric field gradient and so on. Our investigations into studying
this process form one of the major themes of this thesis.

Nanoparticles are materials with dimensions less than 100 nm. This feature means
that nanoparticles are novel materials. In addition to that, they have high electrical and
thermal conductivity, high tensile strength and can be used in many industrial applications
such as in bioscience and nanomedicine [3]. In recent years, the interaction of nanoparticles
with cellular membranes have provoked much interest.

Gold nanoparticles have been proposed as having the potential to be used in a whole
range of clinical applications because of their unique atomic and chemical properties.
Thus, for example, gold nanoparticles can be used in therapeutics by targetting them on
to specific tissues. The size of these particles also allows them to be used as drug carri-
ers. In particular, conjugating oligonucleotides, pharmaceuticals or proteins on the gold
nanoparticle surfaces allows them to be used as agents for pharmaceutical delivery. Thus
it is of much interest to examine how functionalization of these nanoparticles can help
penetrate cellular membranes. In order to improve understanding of the interaction of
gold nanoparticles with a lipid bilayer membrane, experimental and compuational inves-
tigations have focussed on different types of nanoparticle structures. Also, using different
types of nanoparticles is to manipulate and control the ability of circulation in order to
take advantage of using them in delivering drugs, genes and so on. A better understanding
of the interaction between the nanoparticle with pentapeptides may results in providing
new tools in the design of new engineering materials for biomedical applications [4].

It is well recognised that nanoparticles in general can have a detrimental effect on
living bodies exposed to them. The cytotoxicity can depend on the shape and size of the
nanoparticles. One of the ways by which these nanoparticles can enter in the cell is by

diffusing through the cell membrane. There have been many studies aimed at investigating
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how the hydrophobicity and the charge of the nanoparticle affects the diffusion process.

Thus, for both these types of applications, investigations of the interaction of gold
nanoparticles with the membrane surface and of the translocation of these nanoparti-
cles across a cellular membrane is of paramount importance. In our investigations, we
have therefore considered the interaction of gold nanoparticles with bilipid membranes
including the conditions which allow for membrane penetration by these nanoparticles.

In many simulation studies of biological materials and molecules, it is often found
that the size and time-scales required are beyond the scope of computation facilities. As
a result a host of techniques and methods have been proposed and tested as to their
efficacy. Coarse-grained models have the advantage of being used in molecular dynamics
simulations without the need to consider every individual atom. This allows for greater
speed in the computations and as a result may be applied to systems previously inac-
cessible. However, it is important that the results obtained from these coarse grained
models are correct and reproducible. In this thesis, we report on work carried out on the
interaction of carbon nanotubes with cellular membranes and demonstrate the usefulness
of this approach in such studies.

A short summary of each chapter in this thesis is given below.

Chapter 2: In this chapter an introduction to biomolecules such as proteins and lipid
bilayer membrane, force filed for modelling water (TIP3P), and description of nanoparti-
cles with examples of gold nanoparticle and carbon nanotube are given.

Chapter 3: This chapter provides a description of computational methodology used
in this thesis. An introduction to molecular simulations methods such as Monte Carlo
(MC) and molecular dynamics (MD) simulations with their algorithms are given. Then,
models for simulations of molecular systems such as All-Atom (AA) and coarse-grained
(CG) molecular dynamics (MD) are explained. Typical examples of force fields such as
CHARMM All-Atom and Martini coarse-grained model, which they were used in this

thesis, are given. The equations used for calculating the bonded and non-bonded inter-
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actions between the atoms are also included. Then, a particular package of molecular
simulations, namely the NAMD package is explained together with a discussion of how to
prepare the input files. Finally, free energy calculations using the adaptive biasing force
(ABF) method and steered molecular dynamics (SMD) are also presented.

Chapter 4: This chapter provides the results of MD simulations of the palmitoy-
loleoylphosphatidylcholine (POPC) lipid bilayer membrane using the (AA) method to
determine the elastic properties of POPC bilayer membrane. Methods for calculating
elastic constants with modeling systems are discussed. Then, the results of our simula-
tions are compared with available experimental data.

Chapter 5: Based on the techniques used in the previous chapter, the results of
computer simulations of the diffusion of water molecules and ions across POPC lipid bi-
layer membranes are given in this chapter. Extensive (AA) MD simulations with different
systems of ions in POPC lipid bilayer (one lipid bilayer and two lipid bilayer on the top
each other) are provided. Results for the diffusion coefficient for different ions and water
molecules inside and around the bilayer are reported with and without the presence of an
electrostatic potential. A novel part of this study was a detailed study of the variation
of the the diffusion coefficients as a function of time. Also, the results of a study of the
electrostatic potential across the lipid bilayer are given and found to be in qualitative
agreement with the work of other researchers and experimental data.

Chapter 6: In this chapter the adsorption of gold nanoparticles on a membrane
surface was investigated in order to gain an understanding of the first step in the translo-
cation process of the permeation of a nanoparticle across a membrane. Differently charged
gold nanoparticles placed on a POPC bilayer surfece were studied and the simulations
carried out using different random starting positions of the gold nanoparticles. The sim-
ulations were also carried out at different temperatures. Then, the determination of the
adsorption energy of the nanoparticles was carried out by calculating the potential mean

force in order to estimate the free energy using the (ABF) method. Finally, the results
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of a SMD study are reported in which different constant velocities were applied to gold
nanoparticles in order to find the minimum force required to cross the POPC bilayer.

Chapter 7: The results of CG MD simulations of carbon nanotubes within a bilayer
membrane are reported in this chapter. A comparison of the results of AA and CG
MD simulations for the simple ubiquitin protein molecule are first given to show that
the results are consistent with each other. Based on this, the CG model was applied to
describe a carbon nanotube inside a POPC lipid bilayer. This was done to demonstrate
the usefulness and efficacy of the CGMD method for such simulations.

Chapter 8: Finally, all the results of reported in this thesis are brought together as
a summary of the thesis. This includes a critical assessment of the our results which are

also compared with the results with other investigations.



Chapter 2

Biomolecules, nanoparticles and

their applications

Macromolecules such as proteins and lipid bilayer membranes have an important role
in biological processes such as gas transport, enzymatic catalyzing reactions, the building
block of living cells and so on. Complex tiny cells complete all the activities needed
to ensure the proper working of living organisms. They also perform the actions that
control the flow of ions and molecules across the cell membranes. It is interesting that the
biomolecules and their metabolism have been the subject of comprehensive and, in many
respects, successful biochemical and medical research for a long time. The view has also
been advanced by scientists that macromolecules have the ability to transport foreign
objects such as nanoparticles into the cells. This has advantages in nanotechnological
applications such as agent therapy and nanoinjectors because of their small sizes and their
ability to enter cells. This chapter gives an overview of the background of biomolecules
such as proteins and the lipid bilayer membrane. A description of the model of water,
which has been used in this thesis, will be given as well. In addition, a short section

describing nanoparticles such as gold and carbon nanotube are given in this chapter.
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2.1 Proteins

Proteins in biological cells are essentially heteropolymers consisting of different types
of beads. Each bead has a different shape and comprises smaller particles called amino
acids of which there are a standard number of 20 types [5]. The amino acids are connected
to each other by a peptide backbone and so make a polypeptide chain with different side-
chains comprising different amino acids. Each amino acid side-chain has a different size,
shape, charge, and property. They can also be classified into hydrophobic and hydrophilic
parts. Some side-chains of hydrophobic amino-acids have only carbon and hydrogen atoms
and are called aliphatic side-chains. Side-chains of hydrophilic amino acids can be ionized
or can be polar. The hydrophobicity of an amino-acid means that these molecules avoid
interactions with the surrounding water and prefer to interact with other hydrophobic
molecules.

In general, proteins can be classified into two types; globular and fibrous. Globular
proteins are compact, with spherical shapes and are soluble. By contrast, fibrous proteins
are insoluble and typically have extended shapes.

Proteins are complex structures with configurations that are formed at different levels.
The way in which the linear sequence of amino acids is constructed leads to the primary
structure of the protein. This is then followed by the secondary structure which is made up
from combining hydrogen bonds between amino acids. Two particularly stable structural
elements thus formed are the alpha helices and the beta sheets. The arrangement of alpha
helices and beta sheets together with other molecules results in the formation of the three
dimensional protein structure called the tertiary structure. Its stabilization is due to
hydrogen bonds, salt bridge and van der Waals interactions. Finally, the connection of
two or more amino acid (folded polypeptide) chains or a complex of multiple proteins
forms the quaternary structure. Examples of the different levels of the protein structure
hierarchy are shown in Figure 2.1. In complex biological organisms, there are different

types of proteins each with its own activity inside cells.
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Figure 2.1: Structure illustration of a protein from primary to quaternary structures [6].
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2.2 Biomembranes

Biological membranes enclose cells, thus allowing for the separation between the
inside and outside of an organism. They are thus fundamental building blocks that
influence the structure and functions of biological entities. An example of a membrane is
shown in Figure 2.2. They do not just simply provide a covering for cells, but they also
perform more important functions that are essential to all cells. Every cell is covered by
a membrane which gives structure to the cell and allows for the passage of nutrients and
waste into and out of the cell. The principal function of the biological membrane is to
separate the cell contents from the outside environment. So membranes must be able to
maintain huge differences in chemical composition between the cell and its surroundings.
Moreover, membranes need to allow for the flow of information between all the components
of cells with the outside. Finally, while membranes must be mechanically stable enough
to withstand a hostile environment, the function and growth of cells is intimately tied
to their shape. Thus, membranes must be sufficiently malleable to allow cell growth,
cell division, and dynamic changes of cell shape. All of this has to be achieved in a
reproducible manner. Thus, membranes must be able to reconcile a dazzling array of
partly contradictory demands. More information about the biological cell membranes can

be found in the literature [5, 7, 8].

2.2.1 The structure of lipid bilayers

Lipid bilayers are general components of all cell membranes and mainly consist of
phospholipids, glucolipids and sterols. All of these lipid molecules have a hydrophilic
"polar" head and the hydrophobic "non-polar" tail region and comprise carbon C, hydrogen
H, oxygen O, phosphate P, and nitrogen N atoms, as shown in Figures 2.3 and 2.4. In
general the lipids are fats which means they are insoluble in water. One of the significant

properties of lipids is their ability to dissolve in organic solvents, such as benzene. They
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Figure 2.2: Schematic illustration of a membrane cell showing the membrane.

have a typical thickness of 0.5 nm and can be observed by electron microscopy.

The lipid bilayers (referred to as leaflets) consist of two hydrocarbon chains that are
connected to the polar headgroups. Figure 2.4 shows structural formula of POPC which is
one type of lipid bilayer membrane. Like all lipid bilayers, the POPC bilayer comprises of
2 leaflets, each in turn made up of a number of phospholipid molecules. The phospholipid
molecule has a hydrophilic headgroup and a hydophobic tail group (Figure 2.5). Because
of this, the heads of the molecule prefers to be in an aqueous environment while the
tails are more stable in a lipid environment. This then leads to the natural formation of
bilayers in which the headgroups point outwards into the water while the tailgroups point
towards each other.

This bilayer arrangement leads to the spontaneous formation of liposomes in an aque-
ous environment. Liposomes are spherical structures with the boundary layer formed of
lipid bilayers and with water outside as well as inside the boundary.

Phospholipids and membrane proteins can diffuse laterally across the membrane.

Membrane proteins perform many important functions including allowing for the trans-

11
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Figure 2.4: The structual formula of the POPC phospholipid molecule [9].
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Figure 2.5: Schematic diagram of a POPC lipid bilayer.
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mission of messages and the transport of molecules into and out of the cells. Without
these, the membrane can be an impenetrable barrier. The membrane proteins can have dif-
ferent structures and functions and can also act as pores for the transmission of molecules
[10, 11].

Thus lipid bilayers have unique properties including anisotropic internal dynamics,
impermeability to water or non-organic solutions, and allows lipid molecules and proteins
to diffuse laterally into two dimensions. Because of their interior hydrophobicity, the
bilayers serve as a barriers or gates to the passage of most polar molecules, large biolog-
ical molecules, and hydrophilic molecules through the membrane as shown in the Figure
2.6 [12]. Ions and large molecules are forbidden to pass through the lipid bilayers even
through passive diffusion [12], unless through an ion or protein channel which do allow
transportation of biopolymers through channels [10, 11]. However, different electrical po-
tentials across a lipid bilayer can allow for charged particles, such as ions, to permeate
and pass through the lipid bilayer. This is very useful in biomedical applications for ex-
ample, where this property can be used to allow for the passage of drugs through the cell
membrane. In general, understanding the structure and other physical properties such
as the dynamic properties of lipid bilayers is an important precursor to the study of ion

diffusion across bilipid membranes.

2.3 Force fields for modelling water (TIP3P)

Water has been the subject of computational modelling for many years. Any mod-
elling of water needs to consider three important points. These are the atomic sites, which
explain the number of interaction points, the flexibility of the model - whether it is rigid
or flexible, and finally the polarization effects. The main issues associated with modelling
water is thus in obtaining a good representation of the hydrogen bonding potentials and

by correctly describing the polarization of the hydrogen and oxygen atoms. The different
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Figure 2.6: Permeation of lipid bilayer by important molecules [12].
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Figure 2.7: Different interaction sites of different models.

models that have been constructed are usually characterised by their interactions sites.
Of these, the most commonly used are the: SPC (simple point charge); SPC/E (extended
simple point charge); TIP4P (transferable intermolecular potential 4P); TIP3P (transfer-
able intermolecular potential 3P) models. These use between three to six interaction sites
as shown in the Figure 2.7. There are other models which have also been employed and
references to these can be found in Wallqvist et al [13].

The biomolecular simulations carried out in this thesis cannot be done without the
membranes being immersed in an aqueous solution. Essentially, a minimum of between
100 and 1000 water molecules need to be introduced for simple molecular simulations.
However, in simulating larger systems, it is necessary to introduce more than 10,000
water molecules. The potential energy functions used in modelling water are based on
the Hamiltonian chosen for the model representation. The parameter values in the energy
functions are derived from a combination of sources: experimental results, molecular
mechanics and quantum mechanics.

The TIP3P model is the simplest rigid model which also accounts for non-bonded
interactions. It uses three interaction sites for the electrostatic interactions. Each site
includes a point of charge and the hydrogen atoms have a partial positive charge which
is balanced by the negative charge on the oxygen atom. The inter-molecular interactions
between two water molecules is calculated using the Lennard-Jones interaction potential
centred on just the oxygen atom. This means that there are no van der Waals interactions
for hydrogen atoms in TIP3P model. However, the CHARMM force field modified the

original TIP3P model in that Lennard-Jones interactions were also taken into account

15



Chapter 2. Biomolecules, nanoparticles and their application in physics

for the hydrogen atoms. In general, the choice of computational model can result in
changes from the exact geometric parameters such as the distance between the hydrogen
and oxygen atoms, and the angle between hydrogen atoms and the oxygen atom. In our

simulations work, the TIP3P model which is based on the CHARMMS36 force field has

been used.

2.4 Nanoparticles

Nowadays such small microscopic particles with dimensions between 1 nm to 100 nm
have begun to play an important role in scientific and technological applications. It is
interesting to note that these nanoparticles are generated naturally in volcanoes or for-
est fires or can be produced by human beings from anthropological sources. The term
nanoparticles sometimes applied to ‘ultrafine particles’ refers to the nature of the particles
which are either man-made or natural. The properties of nanoparticles are different from
those particles which have larger scales. This means that their size is significant in deter-
mining the properties of materials at nanoscale range. For example, gold nanoparticles are
different from bulk gold particles in colour; they are red, orange and sometimes green [14]
depending on the size of the particle in contrast to bulk gold particles which are yellow.
Similarly, other properties such as the melting point, electrical conductance, and other
chemical properties are also different due to the nature of the interactions between the
atoms. In general, particles of different sizes can behave differently in quantum mechani-
cal systems. When the particles are very small, quantum mechanics needs to be used to
explain the observations whereas classical mechanics can be used to treat larger particles.
The materials which make nanoparticles are various such as metal oxide ceramics, silicate,
and metals nanoparticles. Materials can also be engineered to have novel properties due
to their sizes. These include fabricated quantum dots, nanotubes, and fullerenes.

The fields of applications using nanoparticles are wide in nanotechnology such as com-
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puter memories, electronic circuits, cosmetics, solar system, sensors and so on. Apart from
nanotechnology, nanoparticles can also prove to be more powerful in microelectromechni-
cal field systems. Such systems used in biomedical applications of drug delivery, blood-
stream, and tissue repairing. In this thesis, the term nanoparticles has been used to define
particles of nanometre scale that interact with the biological lipid bilayer membrane. In
this thesis, we have focused on two such particles; gold nanoparticles and carbon nan-

otubes and on their interactions with lipid bilayers.

2.4.1 Gold nanoparticles

Gold nanoparticles (AuNP) are among the most important particles in many areas
of research. As discussed above, differences in sizes can cause the colors of the particles
to be different as shown in the Figure 2.8. The role of different sized particles are also
important in medical applications. For example, in photothermal cancer therapy [15],
uniform sized gold particles are required. The colour differences as a function of size are
also significant in the synthesis of gold nanoparticles as these colours are indicators of
reduction [16]. The absorption wavelength depends on not just the size but also on the
shape of the gold nanoparticles. For example, spherical shaped particles tend to absorb
in the NIR region. The charge on the gold nanoparticle can also make a difference as
the electrostatic interactions with the cell membrane and can have implications, such as
in toxicity. Temperature is another factor that needs to be considered when examining
the interaction of gold nanoparticles with biological systems. This is because the lattice
cooling rate is a measure of heat distribution to its surroundings [17]. Apart from these
uses, gold nanoparticles can be used in treatment of HIV, Hepatities B, and Tuberculosis.

In our investigations, we have been concerned with the interaction of spherically shaped
gold nanoparticles with bilipid membranes. We have also investigated the effect of charged

gold nanoparticles and how these affect the interactions.
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Figure 2.8: Solution of gold nanoparticles of different sizes (submicrometre-size).

2.4.2 Carbon nanotubes

Carbon nanotubes (CNT) are nanoparticles which have cylindrical structures. They
are basically graphene sheets rolled into cylinder shapes and comprise of carbon atoms
bonded through s-p bonding. They have diameters in the range 1 nm to 50 nm. The
unique geometries of carbon nanotubes can be classified into three different types. These
are also referred to as flavours and are categorized by how the carbon sheets are wrapped
to form the tubular structures. The three flavors are the armchair (n, n), zig-zag (n, 0),
and chiral (n, m) as shown in the Figure 2.9. In two dimensional graphene (Figure 2.10),
the lattice vectors a; and as are connects crystallographically equivalent sites on that

sheet is called the chiral vector C; which depends on the integers of m and n.

Ch = ﬁal + ma,g (241)
Because of CNTs physical properties such as strength and conductivity, many scien-
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Figure 2.9: Models of CNTs exhibiting different chiralities arrangement [18].

Figure 2.10: Schematic of a two-dimensional graphene sheet illustrating lattice vectors a;
and ay, and the chiral vector [19].

19



Chapter 2. Biomolecules, nanoparticles and their application in physics

tists have investigated their use in building tiny transistors for computer chips and other
electronic devices [18]. It has also been suggested that CNTs could have many applica-
tions in nanotechnology and medicine. In our studies, we have examined the interactions
of CN'Ts with the bilipid membranes. We have carried out coarse grained simulations with
a view to assessing the usefulness of the former in very large scale molecular dynamics

studies.
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Computational methodology

3.1 Computer simulations

A computer simulation is a technique by which a system in the real world is represented
by a model which is then allowed to evolve in time. By carrying out computer simulations
some of the properties of a system may be determined. In other words, a software program
is developed so that it tries to simulate some phenomenon based on a scientist’s principle
and mathematical understanding of the phenomenon. One can test a theory by carrying
out simulations using the same model and by varying some of the parameters. This is
similar to what is done experimentally in the laboratory.

There are many fields in condensed matter physics have been investigated using com-
puter simulations. It has played a significant role in solving crucial problems in statistical
physics, physical chemistry and biophysics. The important advantage of a simulation is
the ability to extend the range of the complexity that separates the solvable from the
unsolvable. Basic physical theories applicable to biologically important phenomena, such
as quantum, classical and statistical mechanics, lead to equations that cannot be solved
exactly except for a few special cases. For example, the classical Newton’s equations of

motion for a system of more than two point masses or the quantum Schrodinger equa-
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tion of any atom except hydrogen can only be solved approximately. This is called the
many-body problem by physicists and approximate numerical methods need to be used in
such investigations. The structure and microscopic interactions between molecules can be
calculated from atomistic input using computer simulations to understand their proper-
ties. The mechanical and structural properties of condensed matter or molecular systems
can be simulated using methods like the Monte Carlo (MC) and/or Molecular Dynamics
(MD) simulations.

In the next sections, outlines of both MC and MD methods are described. The work

carried out and reported in this thesis was carried out using Molecular Dynamics methods.

3.2 Monte Carlo simulations

The term Monte Carlo simulation is employed to studies that use stochastic methods
to make a new structure of a system of significance and is based on the use of random
numbers. MC methods have been used to calculate physical properties of matter such
as electrical, thermal conductivity, etc. Monte Carlo simulations have also been used in
polymer physics to model polymer conformations and other physical properties.

Generally the process of carrying out Monte Carlo simulations of a polymer system
can be explained as follows.

A basic Monte Carlo simulation starts with constructing an initial configuration of the
polymer. Then, a particle (atom or molecule) comprising the polymer is chosen randomly
and given a small displacement. This ‘move’ is then either accepted or rejected based on
how the total energy of the system compares with that before the move has been carried
out. If the move is accepted, the new configuration is used as the starting point before the
next trial move. However, if it is rejected, the original configuration will used again. This
process is carried out repeatedly until the system has been sufficiently sampled. Once

this has been done, the potential energy of the system and other physical properties can
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be calculated [20].
There are a number of MC schemes that have been used in polymer simulations. Below,
the Metropolis scheme for arriving at the minimum energy configurations of polymers is

described.

3.2.1 The Metropolis algorithm

As mentioned earlier, there are two different approaches that are used for simulating
polymers. These are the Molecular Dynamics (MD) and Monte Carlo (MC) simulations.
In these two approaches, all interaction energies between monomers in the system have to
be calculated. In order to minimize the energy configuration of polymer both approaches
of simulation have been used to simulate polymers in general. The flow chart of this
method as applied to polymer simulations is shown in Figure 3.1.

In general this can be done by constructing a polymer chain (N monomers) using a
random walk or a self-avoiding walk. The energy of the initial configuration (£,;) of the
polymer, is determined using the non-bonded Lennard Jones or Morse potentials. Then
one or more monomer is chosen randomly and moved by some small random amount. The
energy of this new configuration (F,.,) is calculated. Then the energy difference between

these two configurations is

AE = Epew — Eog (3.2.1)

In the Metropolis scheme, the new configuration is accepted or rejected with some
probability. This can be done by comparing the transition probability (Boltzman proba-

bility) with a random number r € (0,1).

r <exp(—AE/KgT) (3.2.2)

where Kp is the Boltzman constant and T is the temperature of the system. Note that

the new configuration is accepted, if the new energy is smaller than the old energy or if
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Figure 3.1: A flow chart representing the Metropolis Monte Carlo algorithm to simulate
a polymer.
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the condition in equation (3.2.2) is met. Otherwise the new configuration will be rejected
and a new set of movements will be made and the energy will be recalculated. The process

continuous until the system reaches equilibrium [21].

3.3 Molecular dynamics simulations

In order to compute the equilibrium and transport properties of many-particle systems
the MD technique has been used. MD simulation is one of the most common methods
has been used in the theoretical study of physics, chemical-physics, and biophysics. This
technique has produced detailed information on the conformational changes and fluctua-
tion of molecules (polymers) such as proteins and nucleic acids [22]. MD simulations can
be classified into two approaches; classical mechanics and quantum MD methods. These
can be recognized according to the model chosen to represent a physical system. In the
classical MD technique, molecules or atoms are treated as classical objects in which atoms
are represented as balls and the bonds as sticks (ball and stick model). In this approach
Newton’s equation of motion are solved numerically for a set of many particles interacting
via pair potentials. From their trajectories, MD is able to determine the positions and
velocity of the particles according to time. In the quantum MD approach, the electron
density function of a system of many electrons and nuclei are numerically solved from
the Schrodinger equation. There are advantages and disadvantages of these two methods
explained in [23]. The main advantage of classical MD technique is that it is several orders
of magnitude faster than the quantum MD. However, the advantage of the quantum MD
approach is that it can be used in providing knowledge on a number of biological problems.
Quantum mechanics describe the basic physics of condensed matter. Nevertheless, trying
to solve the Schrodinger equation numerically for a system consists of many electrons and

nuclei is still premature. Thus quantum MD demands more computational facilities [24].
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3.3.1 The classical MD algorithm

In the classical MD scheme, all the particles in a system are given a mass, m;, and
these particles interact with each other through an interatomic potential. Thus, each
atom in the system has a position vector, r;, based on the initial configuration. Then, the
force acting on each atom is derived from the sum of the pair potentials involving that
particle and is written as

where F; is the net vector force acting on " atom, m; is the mass of the atom 7, and
i; is its acceleration. The equations of motion are then integrated numerically using the
information of the force acting on each atom to find their positions and velocities after a
time step. By carrying out the integration successively, a trajectory that describes how
the positions and velocities of the particles vary with time is obtained. In order to ensure
that the integration errors are small enough to be ignored, a small enough time must be
taken. The MD simulation of a system starts with an initial configuration of the particles
making up the system. The particles are then given velocities from a Maxwell-Boltzmann
distribution for each coordinate, scaled to the temperature at which simulation is run. The
total momentum of the system is made equal to zero by adjusting the velocities of each
particle. At each time step, the forces on each particle are determined and the positions
of each particle are calculated. This process is carried out repeatedly for a desired number
of time steps. So the entire energy of the system is estimated from a composite potential
energy which reflects all the diverse interactions in the system.

In general, two types of MD simulations may be carried out. In the first, the aim is to
often to determine the equilibrium configuration of the system of interest. If it is to find
the minimum energy configuration, the simulation is usually carried out zero kelvin and
the simulation continues until the forces on all the atoms is near zero.

When it is of interest to determine the properties of system at some temperature T,
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the system is allowed to evolve over a number of steps until the energy fluctuates about
some value, with the size of the fluctuations of the order of the kgT'. Then the simulation
is continued over more time steps in order that some equilibrium properties - eg, the mean
square deviation of atoms, the radius of gyration in polymers, etc - may be determined

by time averaging.

3.3.2 Verlet algorithm

There are many algorithms that can be used to integrate the equation of motions in
a MD simulation. All these use Taylor expansions to arrive at the approximate positions
and velocities from one time step to the next. One of the methods is the so called Verlet
algorithm[25, 26|, which is simple and easy to compute. In this algorithm, positions of
atoms r(t) and accelerations a(t) at one time ¢ as well as the positions at the previous
time steps r(t — 0t) at time (¢ — §t) are necessary to calculate the positions r(t + dt) at
the next time step (¢ + dt). Here 6t is the time step. By using Taylor expansions for the

positions r(t) leads to the standard Verlet algorithm which can be written as follows.

r(t +6t) = r(t) + v(t)ot + ;(5t2a(t) S (3.3.2)

r(t — 1) = x(t) = V()3 + L07a() + .. (3.3.3)

Then, adding these two equations obtains
r(t + 6t) = 2r(t) — r(t — 6t) + a(t)6t? (3.3.4)

In this Verlet algorithm, it is not necessary to know the velocities directly. However
they are required for the calculation of the kinetic energy, which in turn is necessary in

testing the conservation of the total energy (Fypy = K.FE + P.E) during a simulation. It
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is also needed to perform some kind of temperature control. The velocities can be easily

approximated from the positions of the atoms using the following equation

_r(t+6t) —r(t — 5t
- 25t

v(t) (3.3.5)

Another approximation leads to the so called velocity Verlet algorithm. In this ap-
proach, the positions and velocities are computed at each time step through the following

formulas

r(t +0t) = r(t) + v(t)6t + (1/2)a(t)ot? (3.3.6)

v(t+6t) = v(t) + (1/2)dt(a(t + 6t) + a(t)) (3.3.7)

This velocity Verlet algorithm does not require extra calculations to find positions and

velocities at time ¢.

3.3.3 Langevin Dynamics

Langevin Dynamics simulations [27] is used to model and simulate atoms and molecules
in a solvent. Assume that a molecule is in a fluid and that its mass is heavier than those
of solvent particles. When these molecules collide with the fluid (solvent) molecules,
the colliding particles move off in opposite directions. Consequently, in one dimension
Langevin proposed that, the force experienced by a molecule could be expressed as a sum
of two contributions.

The first one is an average force which is proportional to and acts in the opposite
direction to the molecular velocity. This may be thought of as a frictional force. Therefore
the equation of motion can be written as

dv(t)

5 = —m~yv(t) + F(t) (3.3.8)

m
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where m is the friction coefficient. The force F(t) is assumed to be due to external fields.
From this equation, it can be seen that in the absence of external forces the molecules
in a solvent come to rest. The second contribution is modelled as a random force and
describes the result of the impact between solvent atoms and the molecules. This is a
rapidly changing (in time) force. On including this force, the equation of motion now

becomes
dv(t)

L

= —myv(t) + F(t) + R(?) (3.3.9)

where R(t) is the random force modelling the collisions of the molecule with the fluid
atoms. Because it is a random force, it is usually taken from a Gaussian distribution. In
Langevin Dynamics, at each new time step in the integration of the equations of motion,
a new random force value is taken from the Gaussian distribution and scaled to the

simulation temperature.

3.3.4 Periodic boundary conditions

In carrying out a MD simulation the system is modelled as a collection of atoms and
molecules in a simulation box. In practice, two types of simulations can be carried out.
A box with fixed boundaries is one in which outside the simulation box, there are ei-
ther no atom/molecules or the atoms/molecules are given some positions consistent with
the physics of the simulation being performed. For example, in simulating crystals with
defects, the atoms outside the simulation box may be given positions consistent with con-
tiuum elasticity theory. Alternatively, in carrying out a simulation to find the minimum
energy configuration of a molecule, the molecule is positioned inside the simulation box
and there are no atoms outside the box.

For many physical modelling problems, it is necessary to simulate infinite or semi-
infinite structures. In such cases, it is useful to consider the use of periodic boundary

conditions (PBC). It is particularly useful in modelling the properties of periodic struc-

29



Chapter 3. Computational methodology

..... e e e
% 1% % L

..... X e (%o
.. h § .. M .. M

..... 3G 3 e
.. A .. N .. N

Figure 3.2: A schematic of periodic boundary conditions in two dimensions.

tures, like crystals. In this way, bulk properties of the system are determined by applying
periodic boundary conditions. In these simulations, the particles (atoms and molecules)
are positioned in a simulation cell that is infinitely replicated in all three dimensions. A
feature of using PBC is that each particle in the main cell interacts with all the other
particles in the cell and also with the atoms in neighboring cells. The periodic nature of
the system means that when one particle leaves the simulation cell in one direction and
enters a neighbouring cell, an identical particle moves into the simulation cell from the
opposite side as shown in Figure 3.2. In this way, conservation of both momentum and
particle density is achieved during the simulations. So, PBC is one way to model large

systems which are periodic in one or more dimensions.

3.3.5 Neighbour lists

When carrying out a MD simulation, it is necessary to calculate the forces on each

atom /molecule due to all the other atoms/molecules. If there are NV atoms in a simulation,
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the number of interactions that need to be considered goes like N?. Such a scaling will
have a strong impact on the computational time and severely affect the size of system
that can be modelled. By constructing neighbour lists for each atom in the simulation
box, it is possible to reduce the total number of computational operations and so reduce
the computational time taken for a simulation. The neighbour list for each atom includes
those atoms which are found within a distance less than r,,, where r,, is a specified distance
which is in turn less than the cut-off distance of all the atom-atom interactions. This type
of modeling improves the efficiency by neglecting the interactions at large separations. As
the simulations proceeds the neighbour list requires updating as the particles are moving
into or out of the region of radius r,. However, this does not have to be done at every
time step. To ensure the accuracy of the energy calculations, r, should be chosen such
that r, — r. large enough that it does not neglect atoms that move across the potential

cut-off radius.

3.4 Models for the simulation of molecular systems

3.4.1 All-Atom Molecular Dynamics (AAMD)

Although ab-initio methods at the electronic level would give the most accurate ener-
gies of molecular systems, these are too difficult to carry out because of the size of system
and the time over which a simulation must be carried out. For this reason, empirical
potential energy functions based on force fields between atoms are an appropriate and
useful approach to give useful results. Therefore the AAMD model carries out simulations
at the atomic level. In AAMD the motions of every atom including the solvent atoms
are determined and thereby it simulates the behavior of a system with considerable ac-
curacy. This allows the direct study of the dynamical and thermodynamical evolution of
the system.

Due to high computational costs arising from the large number of atoms (more than
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10 000 atoms) and the small time steps involved (107'%s), a simulation of the equilibrium
or non-equilibrium properties of a protein for just one nanosecond, for example, takes
several weeks on a single processor. However, an accurate simulation of biomolecules in
solution requires the ultimate level of detail in the internal representation of the system
in molecular modeling and this is achieved by the use of the all atom model. There are a
variety of force fields that have been employed to calculate forces on each atom. In this
study, the CHARMM force field (which will be discussed later) was used to describe the

interaction between all atoms.

3.4.2 Coarse-Grained molecular Dynamics (CGMD)

Coarse-grained molecular dynamics models were developed to reduce the computa-
tional costs in simulationg large biomolecular systems. Although they represent an ap-
proximation of biological macromolecules behavior, they can give some insight into molec-
ular systems. In this model a small group of atoms is treated as a single bead (or particle)
which is connected by (/N-1) springs to neigbouring beads or particles. These beads repre-
sent a monomer of a chain as shown in the Figure 3.3. So, instead of looking at the system
as a collection of atoms, it is approximated as a polymer chain formed by monomers.

An example of this is the lipid bilayer. It can be investigated using either the All-Atom
model or by using the Coarse-Grained model. In the CG model all the atomistic details
are not, considered and so this allows the simulations to be carried out for a much longer
periods of time. Thus CGMD allows a simulation to be carried for very long time periods
which would be very difficult to achieve using micro us scale dynamics involving all-atomic
simulations. This advantage allows researchers to use CGMD simulations rather than
AAMD simulations if the accuracy of energy calculations are of similar scale. In addition
another advantage of CGMD is that it can be used for simulating very large systems for
which AAMD simulations cannot be used easily as they require large computer resources.

The monomer-monomer interactions in CGMD are defined by bonded and non-bonded
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Figure 3.3: The difference between All-Atom and Coarse-Grained models in lipid bilayer
molecule for example.

interactions. If it is important that if a more complicated set of interactions such as
valence, torsional or electrostatic potentials force field needs to be used, these can be
introduced into this model. With regard to the force fields that are popular, the Martini
model has been used extensively. This model has also been used in some of the calculations

reported in this thesis and will be explained in more detail later in this chapter.

3.5 Force fields

In a molecular dynamics simulation, an atom or molecule experiences the forces due
to all the other atoms in the simulation cell.

Thus, the solution of the classical equations of motion for each atom are given by [28].

oU
f, = — 5.2
‘ 3r2~ (35 )
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Figure 3.4: Bonded versus non-bonded interactions.

The force acting on each atom has to be calculated from differentiating the potential
energy U(r"), where " = (ry,ry....r)y) represents the 3N atomic coordinates.

The total energy of the system at each stage of the MD or MC iteration process can
be computed from the potential energy functions for a molecular system. In molecular
interactions, the force field employed to describe the interactions between all particles is
often refered to as a potential energy function. The force fields are a collection of equations
and associated constants (parameters) designed to reproduce molecular geometry and
selected properties of tested structures. In general, molecular interactions can be classified
into two types of interactions; bonded with non-bonded interactions as shown in Figure

3.4. The following sections will explain the total interaction of the particles (bonding and

non-bonded interactions) [29].

3.5.1 Bonded interactions

When atoms are connected to each other, it is often useful to describe the interaction
as a bonding interacton. There can be more than one bond attached to one atom. Usually
all nearest neighbours are connected to each other by bonds. The bonds can be thought
of as springs attached to two atoms and as such they can stretch. So the simplest way

of describing the bonding interaction is by a bond stretch energy term. If the distance
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between two neighbouring atoms is at its equilibrium separation, the excess bond energy

is zero. A useful representation of this is given by the equation below.

Ubond = Z Kfond(ri - roi)2 (353)

bonds i
where r; — r,; is the distance from equilibrium that the atom ¢ has moved and Kf"”d is
the bond force constant determines the strength of the bond.

When considering bonds between atoms, in addition to including the effects of bond
stretching, it is also important to include the effects of bond bending (when there is a
change in the bond angles) and torsion of the chain.

The bond bending energy is also represented by a quadratic potential, (see Figure 3.5)

Uangle = Z K?ngl(i(ei - eoi)Q (3.5.4)

angles i

Here, 6; —6,; is the deviation of the bond angle from equilibrium between three bonded
atoms, and K" is the bond angle force constant.

The dihedral angle describes the structure of a pair of atoms separated by three co-

valent bonds with the central bond subject to the torsion angle ¢. The torsional twist of

the chain can similarly be represented by the equation

Kdihedraliq 4 cos(n;d; — i n; #*0
Udihedral = ) " | (midh =) # (3.5.5)
dihedral i | K hedral (g, — ~.)2 n=0

where K ®hedral ig the dihedral force constant, n is an integer constant with a positive
value and specifies the periodicity, and ~; is the phase shift. The geometry of the structure

between four atoms is described by the improper dihedral term.
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A

Figure 3.5: Internal coordinates for bonded interactions: r governs bond stretching; 6

represents the bond angle term; ¢ gives the dihedral angle; the small out-of-plane angle
a is governed by the so-called "improper" dihedral angle ¢. [30]

3.5.2 Non-bonded interactions

The non-bonded interactions are those between atoms which are not connected to each
other by bonds. One of these interactions is due to the dipole-dipole interactions which
are often described by the Morse or Lennard-Jones functions. The functions describe the
energy between two atoms (¢ and j) separated by a distance r;; = |r; — r;]|.

These interactions are weakly attractive for two atoms as they come close to each
other from infinity and becomes repulsive at short ranges. Adding these two terms give
rise to a minimum energy in the potential energy function. The repulsive term ensures
that two atoms cannot occupy the same space due to Coulombic repulsion. The attractive
interactions result from induced dipole-dipole interactions and so is referred to as the van

der Waals interaction (vdw). The van der Waals potential energy U4, can be represented
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Figure 3.6: The variation of Lennard-Jones potential energy as a function of separation
distance between the two carbon atoms.

by the Lennard-Jones potential energy function Uy s;

a b
Ups(rij) = =3 + iy (3.5.6)
ij ij

where 7;; represents the distance between monomers; 7 and j. a, b are parameters that
depend on the type of interacting atoms and determine the depth of the potential energy
function and the distance of closest approach. An example of the Lennard-Jones potential
for carbon C' atom is shown in Figure 3.6.

The interaction between non-bonded atoms can also be described by a Morse potential

function Upsorse;
UMOTSG(Tij) — D{exp72a(rij7Re) — 2eXp7a(rij7Rc)} (357)

where D is a depth of potential well, o determines the shape of the well and R, is the
equilibrium spacing between two atoms interacting via the Morse potential energy func-
tion. Of more importance, especially in modelling protein structures is the electrostatic

interaction. This is due to the long range Coulomb force which can be either attractive
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or repulsive depending on the signs of the partial charges on each atom

Qi@

Ucaulomb(rij) — Arenr
0747

(3.5.8)

where (01, ()2 are the charges and ¢, is a permittivity.

3.5.3 The total energy

The total energy of a collection of atoms and molecules in a MD simulation can then
be calculated from a knowledge of the interatomic potential energy functions by summing

up the contributions. Then, we find

Utotal = Ubond + Uangle + Udihedral + Uvdw + Ucoloumb (359)

3.5.4 CHARMM All-Atom force field

CHARMM (Chemistry at HARvard Molecular Mechanics), is a type of force field
and uses a common force field to present the total potential energy function as a sum
of five contributions which is called CHARMM all-atom general force field or CGenFF
[2]. The parameters used in the force fields can be used for proteins, nucleic acids, lipids
and carbohydrates. The parameters were determined by comparing the results of the
total energy to those obtained by quantum mechanical methods. There are a number of
force fields that were developed for large molecules in condensed phases. The CHARMM
program was one of the programs that was developed in 1980s and used an extended atom
force field with no explicit hydrogens [31]. The subsequent CHARMMI19 parameters were
then produced and replaced the CHARMM program in which hydrogen atoms bonded
to nitrogen and oxygen were explicitly presented, while hydrogens bonded to carbon or
sulfur are treated as part of extended atoms. The parameterization of this model were

fitted to quantum calculations which were used with implicit solvent models and aimed
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Figure 3.7: Charge models for N-methylacetamide for two of the CHARMM force field
parameterizations. In CHARMM19, the methyl groups are treated as united atoms, so
that there is no breakdown into separate C and H charges.[31].

to achieve a good balance of the interaction energies between water-water and solute-
water. Then in 1990s, the group noticed that there is a need to refine the parameters to
include interaction energies in explicit solvent simulations. This resulted in a new version
of CHARMM which was named the CHARMMZ22 protein force field. One feature of the
CHARMM force field parameter is the enforcement of neutral group which are small sets
of adjacent atoms whose atomic charges are compelled to sum to zero as shown in the
Figure 3.7.

After that CHARMMZ27 was released which is identical to the CHARMM22 which
extensive reworking of the nucleic acid parameters. Those types of CHARMM models
provided for proteins, nucleic acids, ethers, carbohydrates, and small molecules. More
recently CHARMMZ27 was replaced by CHARMMS36, which was optimised for heteroge-
neous biomolecular systems, because of the lower surface area lipids and higher deuterium
order parameters compared to experiment. There are other good reasons for replacing
CHARMM27 by CHARMMS36 [32] in order to achieve good agreement with experiment.
Six types of lipids were simulated with this model and the total density profiles, improv-
ing the hydration of lipids near the carbonylglycerol section of phospholipids and allowing
to use for a tensionless ensemble (NPT) in MD simulations was demonstrated. In our
simulations the CHARMMZ27 parameters were used to model the proteins structures and
CHARMM36 parameters were employed in the modelling of the lipid bilayer. These were

combined to calculate the potential energy due to the interactions of atoms.
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3.5.5 Martini Coarse-Grained (CG) force field

The Martini force field is a coarse-grain force field suited for molecular dynamics
simulations of biomolecular systems. This model was produced for lipids in 2004 by
Marrink and et al for lipids and then further developed for other type of molecules in
2007 [33]. The MARTINI model, which is the extension of the CHARMM force field, has
been used to calculate the forces between interaction sites. In this model, on average four
heavy atoms are represented by a single coarse-grain bead. However, for other structures
such as the ring structure, the mapping is different. The strategy of this model is therefore
to include as many CG sites as necessary in order to keep the ring geometry, typically
resulting in a 2 or 3 to 1 mapping of ring atoms onto CG beads. A special particle set,
labeled “S”, which can be used to model ring structures such as benzene and sterol bodies
such as cholesterol. This is separated from the other structure because they reduced the
effective interaction size and strength in the ring-ring interaction such as LJ potential.
For this reason the ring particles are closely kept together without any freezing. The CG
model for water is also different as water is the only molecule that has a specific problem
in CG modelling as it has a freezing temperature that is somewhat too high compared
to real water. In this case water is modeled as P4 particles. In practice the freezing
process means that the CG water can remain fluid for very long times (microseconds,
or for as long as the simulation is performed). In general, the interaction sites can be
classified into four sites; polar (P), nonpolar (N), apolar (C) and charged (Q). Then they
are divided into 5 numbers which represents the degree of polarity or by a letter indicating
the hydrogen-bonding capability (d= donor, a= acceptor, da =both, and 0=none). This
subdivision is for more accurate while being representative of the chemical nature of
the atomic structure. Figure 3.8 shows the mapping between atomic structure and the
coarse-grained model for DPPC, cholesterol and benzene. The Martini coarse-grained
model has been used in some applications including vesicle formation and fusion, lamellar

phase, transformations, the structure and dynamics of membraneprotein assemblies, the
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Figure 3.8: Mapping between the chemical structure and the coarse-grained model [33].

structure of bicelles, the equation of state of monolayers, and the effect of various molecules
on membranes (butanol, DMSO, dendrimers). In our study we used this model to study
coarse-grained of the protein Ubiqutin in order to compare the results with those obtained
using all-atom force fields, and also to study CG of the lipids when interacts with CG of
CNT.

3.6 Molecular Dynamics with NAMD

NAMD (Nanoscale Molecular Dynamics) [30] is a molecular dynamic code written in
C++ and based on CHARMM++. It is a parallel, object-oriented program based on
C++ and developed in the Parallel Programming Laboratory at the University of Illinois.
It was developed for very fast powerful simulations of large systems of particles. It is
free of charge and designed for efficient parallel computing, on a large parallel computer.
Yet, it can be run on other platforms such as single computers including laptops. It uses
the gradient of a scalar potential for the inter-atomic interactions. It was built by the
theoretical and computational biophysics group in the Beckman Institute for advanced
science and technology at the University of Illinois at Urbana-Champaign.

VMD [34] is a molecular graphics software written in C++ and developed for the
three dimensional visualization, presentation and analysis of the molecular system. It is

also a free of charge program and includes a documentation guide describing how to run,
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install, use, and alter the program for different hardware and software layouts [35]. The
molecules loaded into VMD can be represented in many styles such as coloring method,
number of structures and etc. A main feature of NAMD is that it is compatible with
VMD and can be linked to it. Thus, a simulation can be seen at the same time as it is

being computed.

3.6.1 Using NAMD

There are several necessary inputs required by NAMD in an MD simulation. One of
these is the Protein Data Bank (PDB) file which can be downloaded from (http://www.pdb.org)
or made by a user manually. This includes knowledge about atomic coordinates for a whole
structure. The second is a protein structure file (PSF). In order to get this, a topology
file (as defined below) is needed. The (PSF) file contains structural information of the
molecule such as atoms, bonds, angles, dihedrals, impropers and etc. The third is a
parameter file which maintains bonding and non-bonding interaction parameters for all
particles in the system. There are four different types of force-field parameters that have
been developed such as CHARMM, X-PLOR, AMBER, and GROMOS, and NAMD is
able to call all of them. The last input or simulation file is a configuration or NAMD
file. This is made by the user and should specify all choices that is required by NAMD
in order to run a simulation. The details of all four files have been explained in NAMD
user Guide [36]. The following paragraph explains the steps to create PSF and PDB files
and utilizing them to run an MD simulation using the NAMD package.

e PSFGEN is a package supplied with NAMD which can be applied to modify the
coordinates of the PDB file or as a PSF builder.

e The topology file describes the link between atoms through the chemical bonds such
as bonds, angles, and dihedrals to generate PSF files.

42



Chapter 3. Computational methodology

Figure 3.9: Flowchart specifies the role of files as used by NAMD, VMD and Psfgen.

Figure 3.9 shows the flowchart of using files by NAMD, VMD and PSFGEN. This
explains how the PSF file is created from the topology files and the PDB file by running
the PSFGEN plugin.

All information about any atoms in the PDB files must be given by the topology file.
Then the PDB and PSF files can be built using PSFGEN. PSFGEN needs two files, one
that includes all coordinates of the particles and the other one is a topology file to model
the structure. Therefore, the PSF and a new PDB, which contains all coordinates of every
atom in the whole system, of the structure are constructed. Subsequently, parameter files
are then needed to run the NAMD program. In this thesis the CHARMM parameters
and Martini model, which includes all force field parameters have been used in all the

simulation studies.

3.6.2 Data files

The main data files needed to do carry out a simulation of a system using NAMD are
the PSF, PDB, parameter and configuration files as explained in the previous section.
An example of PDB and PSF files are shown in the Figures 3.10 and 3.11. The PDB file
includes all information about type and number of atoms, residue number and residue
name, and z, y, and z coordinates. The PSF file contains the mass and the partial charges

and the structure information such as which atom bonded to other and so on. When the
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LTCM 1 N DOPCL 1 —42.284 -47.357 21.137 0.00
0.00 L1l N
LTCM 2 Cl2 PCECL 1 -41.557 -46.5375 22.2535 0.00
0.00 L1l cC
ATCM 3 Cl3 PCPCL 1 —-42.408 -46.5%8 1%.%12 0.00
0.00 Lll ¢
LTCM 4 (Cl4 POPCL 1 —41.645% -48.638 20.820 0.00
0.00 L1l ¢
LTCM 5 (15 PCPCL 1 —-43.6593 -47.770 21.5355 0.00
0.00 L1l cC
ATCM 6 H12Z POPCL 1 -40.752 -45.5%31 21.63% 0.00
0.00 L11 H
ATOM 7 H12B POPCL 1 —-41.035 —-47.263 22.3%32 0.00
0.00 L11 H

Figure 3.10: A section from a typical PDB file.

1 n11 1 ECEC N NTL -0.600000 14.00867
’ 2 L11 1 pcpc Ccl2  CTLZ  -0.100000 12.0107
’ 3 L11 1 POPC Cl3 CTLS -0.350000 12.0107
’ 4 L11 1 PCOPC Cl4 CTLS -0.350000 12.0107
’ 5 n11 1 POPC C153 cCTLS -0.350000 12.0107
’ & L11 1 ECPC H12Z HL 0.250000 1.007%
’ 7 L1l 1 POPC H12E HL 0.250000 1.0079

Figure 3.11: A section from a typical PSF file.

structure is made, all information of each atom in the system is needed which is called
parameter file, a typical CHARMM parameter file has been shown in the Figure 3.12.
Then to run a molecular dynamics simulations with NAMD one more file is needed which
is called configuration file as shown in the Figures 3.13 and 3.14. In some cases such as
moving an atom through a pore or calculating free energy or applying force to the system,
there are other secondary files that are needed which can be found in the NAMD user

Guide [36].

3.7 Calculation of the Free Energy

The free energy calculation method is an important one in investigating the struc-

ture biological systems particularly when it is desirable to understand the behavior of

44



Chapter 3. Computational methodology

BCHNDS

!V {bond) = Eb(b — b0)**Z

!Eb: kcal/mole/R**Z2

Ib0: &

latom type Eb b0

CTL3 CL 200.0 1.522 ! methyl acetate
ANGLES

|V (angle) = Etheta (Theta - Thetal)**2
!V (Urey-Bradley) = Rub(3 - S0)*+2
|Etheta: kcal/mole/rad**2

ITheta(: degrees

Fub: kcal/mole/n**2 (Urey-Eradley)

180: A

latom types Etheta Thetal Fub 30

OBL CL CTL3 0.0 125.0 20.0 2.442 |
DIHEDEATLS

IV (dihedral) = Echi{l + co=s({n({chi) - delta))

!Fchi: kcal/mole

In: multiplicity

ldelta: degrees

latom types= Fchi n delta

X CTL1 OHL X 0.14 3 0.00 ! glycerol

NONBCONDED nbxmod 5 atom cdiel f£shift vatom wvdistance vEswitch
cutnb 14.0 ctofnb 12.0 ctonnb 10.0 eps 1.0 el4fac 1.0 wmin 1.5
!V {Lennard—-Jones) = Eps=,1i,][(Rmin,i,]/ri,Jj)**12 - 2
(Rmin, 1,7/ /ri, J)**6]

lepzilon: kcal/mole, Ep=,i,] = =grtieps,1 * eps,7j)

Brnin/2: &, Bmin,i,j] = Bmin/2,i + Bmin/2, ]

latom ignored epsilon Emin/2 ignored eps,1-4
Emin/Z2, 1-4

HOL 0.0 -0.04& 0.2245

CL 0.0 -0.0700 2.00 ! methyl acetate update

Figure 3.12: A typical CHARMM parameter file which embraces the parameters for the
different force-filed components.
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R R S S S R S S S R S S R R S S E R e

## ADJUSTABLE PARAMETERS #
T S S e
structure lipid gold.psf

coordinates lipid gold.pdb

zet temperature 300

set outputname lipid gold output

if (1) {

szet inputname restartfile

binCoordinates S$inputname.coor

¥binvelocities Sinputname.vel ;#if the temperature is given
this file doesn't needed

extendedSystem S$inputname.xsc

}
firsttimestep 1

R R S R e

#f SIMULATION PARAMETERS #
t23 3222333223332 2223 332233 2222222222222 222
# Input

paraTypeCharmm on

parameters par_all3é lipid gold.prm

temperature Stemperature

¥ Force-Field Parameters

exclude scaledl-4

l-4scaling 1.0

cutoff 12.0

switching on

switchdist 10.0

pairlistdist 14.

outputPairlists 0

pairlistShrink 0.01

pairlistGrow 0.01

pairlistTrigger 0.3

margin 2.0

vdwForceSwitching on

Figure 3.13: A typical configuration file which embraces set up of the MD simulations in
this case the gold nanoparticle placed at the top of the lipid bilayer.
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¥ Integrator Parameters

timestep 2.0 ;% 2fs/=step

rigidBonds all ;¥ needed for 2fs steps
nonbondedFreq 1

fullElectFrequency 2

stepspercycle 10

¥ Constant Temperature Control

langevin on ;¥ do langevin dynamics
langevinDamping 10 ;¥ damping coefficient (gamma) of
1/ps=s

langevinTemp Stemperature

langevinHydrogen off ;¥ don't couple langevin bath to
hydrogens

useGroupPrezssure yes ;¥ needed for rigidBonds
useFlexibleCell yes

useConstantRatio yes

useConstantihrea no

langevinPiston on

langevinPistonTarget 1.01325 ;§# in bar -> 1 atm
langevinPistonPeriod 400.0

langevinPistonDecay 300.0

langevinPistonTemnp Stemperature
wraphll yves
wrapWater yes

¥ PME (for full-system periocdic electrostatics)

PFME on

PMEGridSpacing 1.2

restartfreq 20000 ;¥ S500=teps = every lps
dedfreqg 20000

xstFreq 20000

ocutputEnergies 10000

outputtiming 20000

ocoutputPressure 20000

numsteps 30000000

Figure 3.14: Continue of the previous figure.
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the processes involved. The absolute free energy for a physical state cannot usually be
calculated directly but the relative free energies between physical states can be calculated
using several different techniques. Through knowledge of this, it is possible to establish
stable states, their thermodynamics properties, the phase transitions between states, and
it is also possible to infer how stable states are changed by external conditions or other
transformations. Based on the transform between different states, the calculation of the
free energy of biological systems can be distinguished into two main terms; geometrical
and alchemical transformations [37]. They both depend on changes in a function of atomic
coordinates or changes in the Hamiltonian parameter. The geometrical transformation
refers to those molecular systems which do not include any chemical modification, but
embraces virtually any geometric alteration in a molecule. The alchemical transformation
however encloses structural alteration of chemical species that rest upon the remarkable
malleability of the potential energy function in molecular mechanics based simulations,
reminiscent of the famed ability of alchemists to transmute base metals into noble ones
such as gold. The methods used in free energy calculations for alchemical transformation
are perturbation and thermodynamic integration methods. However, the adaptive bias
force method has been used in free energy calculation of geometric transformations. The
thermodynamic quantity of free energy can be calculated using the Helmholtz or Gibbs
free energy which depends on the statistical ensembles. The canonical ensemble (constant
temperature and volume) uses the Helmholtz free energy and the isothermal-isobaric en-
semble (constant temperature, constant pressure) uses the Gibbs free energy G term. The

Helmholtz free energy is given by:

A=U-TS (3.7.1)

where U is the internal energy (kinetic plus potential energy), T the temperature, and S

the entropy. The Gibbs free energy is similar but with an additional PV term where P is
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the pressure and V the volume as follows:

G=A+PV (3.7.2)

In this thesis, the Gibbs free energy has been used as the thermodynamic system at
constant NPT. This absorbs heat energy from reservoir and the work energy expends to
make room for it. The free energy differences AA can be calculated in three possible

ways. First, by estimating the significant probability distribution,

Ad— Ly AU, - ) (3.7.3)

where pg is the normalization term, 5 is (1/KpT). Second, by calculating the free
energy differences directly, and third, by computing the free energy derivative along some
order parameter consistent with an average force and integrating the latter to obtain AA.
There are other algorithms to compute the free energy, such as umbrella sampling, ther-
modynamic perturbation and thermodynamic integration, Metadynamics, and adaptive
bias force. In umbrella sampling the free energy is calculated along the reaction coordi-
nates from one thermodynamic state to another. The thermodynamic integration method
is based on the difference in a free energy property of the system between some reference
state and the state of interest by characterizing parameters of the system which are al-
tered infinitely slowly so that the system is in equilibrium at each stage along the path.
The metadynamics method takes the normal evolution of the system which is biased by
a history dependent potential that is constructed as a sum of Gaussians centered along
the trajectory followed by a suitably chosen set of collective variables. The last method,
the adaptive biasing force which is advanced from umbrella sampling and has been used

in this thesis and is explained in the following section.
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3.7.1 Adaptive biasing force (ABF)

The adaptive bias force method is used for calculating the free energy along transition
coordinates and can be seen as a potential from the average force. This method is based
on the formalism of thermodynamic integration as the quantity of the average force is
calculated directly. Subsequently, this force is integrated to provide the potential. The
aim of this method is to improve the efficiency of molecular dynamics simulations by
sampling the potential energy surface ineffectively due to free energy barriers. So this
algorithm computes the free energy along a chosen reaction coordinate (£) such as the
distance between the center of mass of two molecules using Collective Variables-based
Calculations Module (Colvars) [38] with NAMD to define the transition coordinate as

follows;

AE) = _ﬁl In Pe + Ay (3.7.4)

where A(€) is the free energy of the state at a particular value of (§). P is the prob-
ability density of finding the system of interest at £. Ag is a constant. This method
samples a reaction coordinate and implements a continued biasing force which is tuned
during simulations to the progressively evaluate the free energy. This model works adap-
tively and requires no knowledge about the potential of mean force. This is achieved by
on-the-fly evaluating the derivative of the free energy landscape at each point along the
pathway. Then, at that moment, an external biasing force is employed exactly cancel-
ing of the average force. The derivative of the free energy with respect to the reaction

coordinate represented as follows;

dg o B 9

where the first part represents the Cartesian forces exerted on the system which is derived

dA(E) _ <8v(x) B 181nU!> Y (3.7.5)
3

from the potential energy function v(z). The second term expresses the geometric correc-
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tion created from the change of generalized to Cartesian coordinates which implies for the
difference in phase space availability as the reaction coordinate changes, where |J| is the
determinant of the Jacobian for the transformation. The < F; >, term is the derivative
of the instantaneous force component which is the average force acting along reaction
coordinates. The details of this algorithm are explained in [39, 40] as it developed and
implemented into the NAMD by Eric Darve, Andrew Pohorille, Jeffrey Comer and et al.
The significance of this method is not crucial in the equal exact quantity of mean force
and biasing force, but it is important that the biasing force develops sufficiently uniform
sampling of the passage coordinate that the surviving barriers can be easily crossed in
reaction to thermal fluctuations. Recently, this method has been used in many biomolec-
ular system applications to obtain the free energy profile of a desired event. In this thesis
we have been used this approach to calculate the free energy profile for the interaction

between gold nanoparticle with POPC lipid bilayer in Chapter 6.

3.8 Steered Molecular Dynamics simulations

In molecular dynamics simulations time scales are important in the transitions from
one equilibrium state to another. These can be tens of nanoseconds in biomolecular sys-
tems. In order to fix this issue, external force applications have been employed to guide
the interest system to enhance sampling along the transition states. Steered molecular
dynamics (SMD) techniques are one of the external forces which can be used either by
applying a constant force to an atom (or a molecule) or by applying a constant veloc-
ity pulling via attached a harmonic restraint to a dummy atom. The idea behind this
technique is similar to the method of umbrella sampling which is to look to improving
the sampling at a particular states in a biomolecular system. The difference between
these two algorithms is that while the umbrella sampling needs a series of equilibrium

simulations, in the SMD approach a constant force is applied and results in important
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Figure 3.15: Pulling in a one-dimensional case. The dummy atom is colored red, and
the SMD atom blue. As the dummy atom moves at constant velocity the SMD atom
experiences a force that depends linearly on the distance between both atoms. This
picture is taken from [30]

deviations from equilibrium which means that the system is a non equilibrium state. The
advantage of this technique is that a relevant movement of the desired molecule can be
obtained in a relatively short time and while all the atomistic details are available to be
processed.

In constant force SMD, the force applied to the atom should be kept fixed by moving
the constraint point to keep the force constant on a restraint which results a variable
velocity. The range of the typical applied force to an subject depends on the system and
is from tens to a few thousand picoNewtons (pN). This external force should stay limited
over a translocation time and control the length of the simulations.

If this is not done, the constant force is not applicable in that stage which is a drawback
of this method. In a constant velocity SMD one atom or a center of mass of molecule
is harmonically restrained to a point in space and attached to a dummy atom through a
virtual spring in a chosen direction by a force constant k£ with strength of the restraint as

shown in the Figure 3.15.
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The additional potential (U) is applied to measure the force between the atoms with

a force constant k moving with a velocity v in the direction n;

F=_VU (3.8.1)
1
VU = i[Vt — (r —ry).n)? (3.8.2)

where t is the time, r is the actual position of the SMD atom, ry is the initial position of
the SMD atom and n is the direction of pulling. The NAMD package is implemented for

using this technique.
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Chapter 4

Elastic properties of POPC lipid

bilayer

4.1 Introduction

Membrane cells are important and crucial in allowing nutrients and waste into and
out of the cell. So, it is important to have a good understanding of the deformation
properties of membranes, especially when they are in contact with other molecules and
particles. This is because of the possible implications on the mechanical stability of cell
tissues. The elastic properties of membrane cells makes them bendable and also allows
them to undergo compression or tension. The elasticity of a membrane complex is, in
general, anisotropic. However, the head and tail molecules of the lipid bilayer, though
having different elastic moduli, are individually both homogeneous and isotropic.

From the theoretical aspect, the mechanical properties of lipid bilayer membranes have
commonly been investigated using approaches based on the Helfrich Hamiltonian [41]. Dif-
ferent techniques have been used to calculate the elastic moduli of materials, including
second derivative methods, molecular dynamics MD simulations, empirical force constant

models, and finite elasticity theory based on deformation methods. The main physical
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quantity determined from most studies is the bending rigidity. The elastic properties
of lipid bilayer membranes have been measured experimentally and determined compu-
tationally using a number of biological processes such as membrane fusion [42] and the
modulation of membrane channel activities [43]. Membrane deformations caused by pro-
teins which result in small membrane curvatures have been studied by Aranda-Espinoza
[44] who found that the absorption of an inclusion in the membrane results in the sponta-
neous curvature of each monolayer of the bilayer which in turn can be expressed in terms
of the stretching and bending moduli.

Young’s modulus of volume stretching-compression in the lateral and normal direc-
tions of the headgroup molecules of the bilayer was found by Campelo et al [45] to be
4 x 10° N/m? and for the tailgroup molecules was 1 x 10° N/m?. Tajparast et al [46]
using electrostatic/electrokinetic forces to deform the lipid bilayers found that the elas-
tic moduli of the headgroups were much higher (by a factor of four) than that of the
tail groups. Coarse grained Monte Carlo (MC) simulations have also been used to find
Young’s modulus and Poisson’s ratio of lipid bilayers in different phases [47].

In this thesis we have used the finite theory of elasticity to calculate the second order
elastic constants of POPC lipid bilayer membrane using MD simulations. This was done
by applying a homogeneous strain deformation to a system in equilibrium and then deter-
mining the increase in elastic energy using constrained molecular dynamics. We have also
investigated the elastic stability of a lipid bilayer with molecular defects. In particular,
we have calculated the elastic constants of lipid bilayers with missing leaflets one and/or
two leaflet molecules and compared these with that of the perfect bilayer membrane. The

following sections explain the methods use for finding the anisotropic elastic constants of

the POPC bilayer.
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4.2 Calculations of the elastic constants of POPC
lipid bilayers

The elastic constants of the lipid bilayer POPC membrane in solution were determined
by calculating the energy of the three different configurations referred to above. From
these elastic constants the bulk modulus, thickness compressibility modulus and mean
curvature elastic modulus for the lipid bilayer can be found.

To determine the elastic constants from the elastic energy of a strained lipid bilayer,
it is useful to formulate the deformation in terms of the strain tensor. This is called the
homogeneous deformation method. A general strain tensor will result in a change to both
the shape and size of a unit cell. A method to change both shape and size of a molecular
dynamics cell has been explained by Parrinello and Rahman [48, 49]. In this formulation,
the MD cell tensor h is defined as a 3 x 3 matrix which is used to represent the shape
and size of the MD cell. The MD cell edge vectors are a, b, and ¢. Thus, the h-matrix is
defined as

aq bl C1
h=la, by ¢ (4.2.1)

az bs c3

In their method, Parrinello and Rahman combined MD simulations with the theory of
finite elasticity [50, 51| by considering a EhAN ensemble in which not only is the volume
(V = det (h)) kept constant but also the shape of periodically repeating MD simulation
cell containing the N particles.

The cell shape tensor h is a scaling matrix that transforms all points in the MD cell
into a cubic unit cell. Before applying any deformation to the system, the matrix h, is

taken as the reference state which represents the cell size and shape at zero stress value.
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From the finite theory of elasticity, the strain tensor ¢ is

1 -~
£= §(h;1Gh;1 =) (4.2.2)

where G is the metric tensor and defined as a matrix G = hh, and the tilde indicates
matrix transposition [52] and I represents the identity matrix. Then the metric tensor,

G, can be obtained from the inversion of the finite strain
G = ho(2¢ +I)h, (4.2.3)

Thus the cell parameters can be represented as a function of applied strain with the
cell lengths given by a = /G111, b = \/Gaa, and ¢ = /G33. Here G;; are the matrix
elements of the G matrix. The nonzero components of the cell edge vectors a and b are

given by asz = G13/03, bs = G23/03> Qg = (G12 - (13173)/1)2-

4.2.1 Voigt notation

The second derivative of the total energy of a system with respect to the small strain
gives the elastic constants of the system. In order to simplify the notation, the strain
tensors and the elastic constants are usually expressed in a contracted form. This is
termed Voigt notation. Thus, for example, a 6-component vector notation is used for a
system with rhombohedral symmetry.

In Voigt notation, the contracted strain tensor elements for our system [53, 54], are
M = €11, N2 = €92, N3 = £33, and the for ny = 93 + €32, N5 = €13 + €31, and g = €12 + €91.

There are only six independent elements.
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The full strain tensor is therefore

€11 €12 €13 m (1/2)n6  (1/2)n5
€21 E22 E23| = (1/2)776 2 (1/2)774 (4.2.4)

€31 €32 €33 (1/2)ns  (1/2)n4 73

Upon deformation, the strain energy, using a Taylor expansion to third order, is given
by

Vo Vo
E(V, 5) = E(‘/O, O) + 5 g C[J?][UJ + ? E C[JKUIUJUK (425)
C1J CIJK

where once again, Voigt notation has been used to write the elastic energy in terms of the

contracted elastic constants
Ci1 = Ciinr; Ch2 = Chigg, ete

V is the volume of the system and the parameter ¢, which is not shown explicitly in

equation (4.2.5), is used to represent the magnitude of the strain.

4.2.2 Determination of the elastic constants

In order to determine all the elastic constants, the system is given a strain, with a
particular value of the strain parameter §, and the elastic energy calculated. The strain
parameter was then gradually increased and the resulting elastic energy as a function of §
plotted. Then, by fitting the energy-strain curve with a polynomial, the second derivatives
and hence the elastic constants may be determined. While it may be possible to determine
the elastic constants directly from the stress tensor in the molecular dynamics simulation,
the latter is not very reliable because of the relatively large pressure fluctuations during
the simulations.

In practice, it may be noted that the elastic constants can be classified into two parts:
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e Diagonal terms - Cy, Cso, etc;
e Off-diagonal terms - eg, 9, etc.

It is straight forward to determine the diagonal terms as the strain is applied along
just one direction. For example, to determine the C; elastic constant, the MD cell is

strained all the z-direction by increasing amounts, 9,

6 00
en=10 0 0 (4.2.6)
000

which results in the strain energy for a volume, V', being given by

1 (0°FE
E(6) = E(0) + = () &+ ... (4.2.7)
2106 ),
V 2
= E(Vb, 0) + 50116 + ... (428)

This can then be fitted by a polynomial of form

E(8) = a+b8* + ... (4.2.9)
giving
1 (0°E 2b
_ o) == 4.2.1
=y (8(52 ) v (4.2.10)

The Cyy and Css elastic constants can be found in the same way but with strains, €55 and
€33 respectively.

In order to determine the off-diagonal elastic constants, the system must be subject
to deformations along at least two different directions because these elastic constants are

related to a combination of second derivatives of the elastic energy. For example, to
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determine Ci9, the strain tensor is defined as

0 0 0
e=10 6 0 (4.2.11)
0 00

which in turn, results in the elastic energy, to second order, being expressed as
v 2
ﬂ&:ﬂm+5wwub+qywhw+m (4.2.12)

The symmetry of elastic constant tensor means that C;; = Cyy and Cio = Cs;. Hence,

E(0) = E(0) + V(Cyy + C13)0° + ... (4.2.13)

If this can also be fitted by a quadratic form

E(6) = a+ bs? (4.2.14)
it follows then that
b
(Cu+Ch2) = (4.2.15)

So, once C1; has already been determined, equation (4.2.15) can be used to find Cis.

A similar procedure is applied to determine C'3. In this case the strain tensor is

0 00
e=10 0 0 (4.2.16)
0 0 ¢
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A quadratic form fit to the elastic energy leads to

b

1 1
(5011 + 5033 + 013) - V (4217)

where b is the coefficient of the quadratic term, from which C'3 can be determined.

To determine Cs3, the relevant strain tensor is

0 00
e=10 6 0 (4.2.18)
00 9

Again, fitting a quadratic form to the strain energy leads to

b

1 1
(5022 + 5033 + 023) = V (4219)

4.2.3 Modelling the system

The system of interest in our investigations is a POPC lipid bilayer. We have con-
sidered three systems of POPC bilayers which were built using the VMD package [34].
The first one (System 1) had a surface area of 50 x 50 A2 with a total of 7906 lipid
atoms in the MD cell. In the second system (System 2), one upper leaflet at the center of
the system was removed leaving the MD cell with 7772 lipid atoms. In the final system
(System 3), one whole lipid (upper and lower leaflets) was removed leaving just 7638 lipid
atoms in the cell.  All three systems were solvated in a box of water with 6388 water
molecules as shown in the Figures 4.1, 4.2, and 4.3. The CHARMMS36 [55] force fields

were used to calculate the energies of the system.
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Figure 4.1: The lipids bilayer POPC in water.

Figure 4.2: The lipid bilayer POPC with one upper leaflet removed. The water molecules
have not been shown to give a better view of the lipid bilayer.
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Figure 4.3: The lipids bilayer POPC after removing one whole leaflet (upper and lower).
The water molecules have not been shown to give a better view of the lipid bilayer.

4.2.4 Computational Methods

MD simulations using NAMD [30] were performed using three-dimensional periodic
boundary conditions. The systems were first minimized in energy for 5000 steps to avoid
clashes between atoms. This energy minimized configuration was then used as the initial
configuration in the subsequent simulations. The energy of this cell was taken to be the
unstrained energy of the system. After that, the systems were equilibrated at 300 K,
using Langevin dynamics to control the temperature. The Langevin damping coefficient

! and the simulations were run for 50 ns with a 2 fs time step. The

was taken to be 1 ps™
system was treated as an isothermal-isobaric (NPT) ensemble at a pressure of 1 bar using
the modified Nose-Hoover method. The van der Waals and Coulomb interactions were
cut-off at 12 A and the Particle Mesh Ewald (PME) method with a grid point density of
1.2/A? was used for counting the long-range Coulomb interactions [56].

After equilibration of 50 ns, the energy was minimized again following which the MD
cell was subject to deformations with different strains. The systems were re-scaled along
the different lateral (z,y) and normal (z) directions using the Lagrangian strain tensors.
Subsequent changes in the box sizes were monitored. With the temperature fixed at 300

K, the energy was calculated after just 1 MD step to ensure that the system was still

under the original strain. From this, the energy of the lipid assembly was determined.

63



Chapter 4. FElastic properties of POPC' lipid bilayer

Once the calculations had been carried out for different strains and for varying strain
magnitudes, the results were plotted to give the final energy-strain relations. From these,
the elastic constants (second-order derivatives) were calculated from a polynomial fit for
the elastic energy at constant temperature. In general, the lipid bilayer has anisotropic
elastic behavior due to different nature of interactions which appear along the different

axes. However, elastically, it is expected to be laterally isotropic.

4.3 Results and discussion

After the systems were minimized in energy, the systems were deformed by applying
different strains to the unit cells and coordinates to obtain second order elastic constants
in the manner described above.

The effect of applying a strain on the bilayer is best seen by examining the structural
changes to just one of the molecules making up the bilyer. Figure 4.4 shows how the
partial stretching of a molecular chain under a strain applied along the z-axis (ie in the
normal direction). These structural changes result in the elastic strain energy.

The variation of the elastic energy with strain parameter § for the strain tensor

€11 €12 €13 o 0 0
€91 €92 €23 =10 0 O (4.3.1)
€31 €32 E&33 00 0

is shown in Figures 4.5 (a). In this case, the only non-zero strain element was the £y
term. These calculations were repeated for ¢;; for 7,5 = 1, 2, 3 and the ensuing results
are shown in Table 4.1. As can be seen from these figures, the variation of the elastic
energy appears to be quadratic in form and so may be fitted accordingly. The coefficient

of the quadratic term is then used to calculate the elastic constants of the lipid bilayer

membrane POPC.
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Z-axis

Figure 4.4: An example of the POPC leaflet without (blue) and with (red) applying strain
to the z-axis.

Table 4.1: Anisotropic elastic constants of POPC lipid bilayer membrane in units of GPa.

Elastic constants C;; | System 1 | System 2 | System 3
Ciy 6.80 8.01 7.82
Ci2 1.50 0.75 1.33
Cis 2.03 1.56 1.53
Cao 7.13 8.34 8.11
Cos 1.70 1.80 1.81
Css 13.2 13.83 13.67
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The final results for the elastic constants are given in Table 4.1 for the three systems
considered. We note first that although C1; and Cs ought to be the same, due to
symmetry, Cyy is consistently larger than C; by about 4%. This slight difference is a
consequence of the way in which the molecule was set up. We also note that Cs3 is almost
twice as large as (1. Cs3 is a measure of the stiffness in the vertical direction and points to
the resistance of the head and tail molecules to compressive stress. So, it is easier to squash
the molecules making up the bilayer membrane in the lateral direction than in the vertical
direction. Interestingly, when a molecule or a pair of molecules is removed (creating a
defect), the lateral elastic constant is actually increased. A detailed examination of the
energy contributions suggest that this is due to the electrostatic interactions between
molecules.

The bulk modulus, K of a system with tetragonal symmetry can be expressed in terms

of the elastic constants as

K — ng(CH -+ 012) — 2C123

— 4.3.2
Ci1 4 Chia + 2C53 — 403 ( )

Substituting the values for the elastic constants gives K = 3.3 GPa. The volume com-
pressbility of lipid material as measured by Halstenberg et al [57] was found to be ~ 5 X
107! em? /dyne which corresponds to the volume stretching-compression elastic modulus
of 2 GPa. The positional average of the bulk stretching-compression modulus was also
investigated by Campelo et al [45] and found to be 4 GPa. All of these results suggest
that our value of the bulk modulus is of the right order. In addition, these results are
consistent with the values of bulk moduli for the lipids in general which Liu et al [58]
found to be in the range of 10° Pa experimentally found for different temperatures. Ac-
cording to Pieffet et al [59] the higher values of the bulk modulus in computer simulations
is consistent with the fact that these are performed with a more polar solvent than is done

in experiments.
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Table 4.2: A comparison of the calculated and experimentally determined bulk and shear
moduli of a POPC lipid bilayer membrane in units of GPa.

Bulk modulus K | Shear Modulus p
This work 3.30 2.6
Pontes2013 2.6 -4.1
Halstenberg1998 2.03
Campelo2008 4.0

The tetragonal shear modulus can be represented by C; which is equal to (Cy; - Cy2)/2
and gives us 2.65, 3.63, and 3.245 GPa for the three systems respectively. However, these
values are very high which suggest that lipid bilayer is much more rigid than expected.
The results in general are consistent with experimental data. For example, Pontes et al
[60] found that the bending modulus K for all major cell types was in the range 2.6 to
4.1 GPa.

4.4 Conclusion

There has been some interest in incorporating lipid bilayers in device applications
like nano-sensors. In these scenarios, it is important to have a knowledge of the dynamic
ability of cells to change their shape. This is in turn influenced by the elastic properties
of these bilayers. In order to fully describe the diffusion processes detailed in the next
two chapters, it is important that the elastic properties of lipid bilayer membranes are
well reproduced.

Molecular dynamics simulations have been performed in order to find the elastic con-
stants for the POPC lipid bilayer. The homogenous deformation method has been applied
to a model bilayer system in order to understand the mechanical stability of the POPC
lipid bilayer membrane. CHARMMS36 force fields have been used to calculate the ener-
gies. The results reported here for bulk moduli of lipid bilayers are very similar to those

reported by other workers. Further investigations need to carried out to understand how
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Figure 4.5: The strain-energy (AE = E — E,) as a function of applied strain at 300 K
for system 1. The red dots are the data and the green line is a fitting parameter.

68



Chapter 4. FElastic properties of POPC' lipid bilayer

300 T T T T T
£22

it}

AE (keal/mol)

100 -

I ; ; ; ; ;
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

900

700
600

AE (Kcal/mal)

TO0 fo oot

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

800 T T
: : £33 —H

500 -

AE (Keal/mal)
I
=
=
T

200

00 e

0 0.01 0.02 0.03 0.04 0.05

(2) °

Figure 4.6: The strain-energy (AE = FE — E,) as a function of applied strain at 300 K
for system 1. The red dots are the data and the green line is the fitting parameter.

69



Chapter 4. FElastic properties of POPC' lipid bilayer

the elastic properties change on increasing the temperature of the system. Defects, in the
form of missing upper and/or lower leaflet molecules appear to affect the elastic properties

greatly.
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Chapter 5

Computer simulations of the

diffusion of water molecules and ions
across POPC lipid bilayer

membranes

5.1 Introduction

Cellular membranes form a separation between the extracellular space and the intra-
cellular fluid that is mostly impermeable. Lipid bilayers, which represent the core of all
biological membranes, are self-assembled structures composed of amphiphilic lipids and
water. Lipid bilayer membranes form a barrier to proteins, molecules and many ions dis-
solved on either side of the membrane. In previous studies, Matthai et al investigated the
transportation of biopolymers through channels, made up of hemolysin pores embedded
in a lipid bilayer membrane [10, 11].

It is well known that ions like K+, Cl~, and Nat can and do permeate across the

membrane. Although this selectivity in permeability is primarily based on size, other
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factors can influence the diffusion of ions across a membrane.

In any computer simulation study, the choice of interatomic force fields is of paramount
importance. Over the years, there have been many attempts at deriving force fields that
reproduce the structure and charge distributions of small molecules as calculated using
ab initio quantum mechanical techniques. While none of these can hope to describe all
the chemical processes accurately, the goal has been for force fields that are accurate
enough but which can also be used for large scale simulations, both from the point of
size and time [61, 62]. In modelling the diffusion of atoms, ions or molecules across
biological membranes it is therefore important to utilise force fields that reproduce the
experimentally determined diffusion coefficients.

There have been numerous studies aimed at estimating the value of the self-diffusion
coefficient, Dg(H50), of water [63-66]. For example, Mills [67] using a tracer method and
Holz et al [67, 68], using the pulsed magnetic field gradient (PFG) NMR both found an
average value of Dg(H»0) to be about 2.2 x 107® ¢cm?/s. Computational studies, involving
methods such as MD simulations, have also been carried out by numerous workers. Mark
and Nilsson [69] used the TIP3P force field model to carry out simulations on water at
298 K for 100 ps. Then, using different time trajectories they found the average value
of the diffusion coefficient to be Dgp(H,0) = 5.60 + 0.08 x 1075 cm?/s. While this is
larger than that found experimentally, it is in agreement with the results obtained from
other computer simulation studies. Yeh and Hummer [70] also carried out computational
investigations of the diffusion coefficient of water using the TIP3P model and found this
to be 6.05 x 107° cm?/s. Other force field models have also been used in this context.
The SPC model was used by Postma [71] who determined the value of Dg(H50) to be
7.5 x 10 %cm?/s at 350 K.

The diffusion coefficient of water is greatly affected by the surrounding medium and
in particular, when water is in the neighbourhood of a membrane or other large molecular

systems. So, for example, Lépez Cascales et al. [72] ran MD simulations on a charged
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biological membrane surrounded by water and measured the translational diffusion coef-
ficient of water molecules in the bulk water region, but parallel to the membrane. They
found Dg(H50) to be greater than 8 x 107> ¢cm?/s. This is similar to the values obtained
by Postma [71] using the SPC model.

It must be stressed that the values obtained for the self diffusion coefficient of water in
computer simulations are very much dependent on the force field model used to describe
the water-water interactions and it is now recognised that the TIP3P model generally
gives larger values for Dg(H50) than is found experimentally. However, in spite of these
inconsistencies, the TIP3P model is agreed to give a good description of the interac-
tion of water with lipid membranes and so, in simulations involving water and biological
membranes, it is often taken to be the force field model of choice.

There have also been many studies aimed at understanding the processes involving
the diffusion of ions across lipid bilayer membranes. Hardy et al [73] carried out MD
simulations of the diffusion of ions across a POPC lipid membrane POPC immersed
in a NaCl solution. Gurtovenko and Vattulainen [74] demonstrated the importance of
asymmetry by performing MD simulations of asymmetric lipid membranes comprised of
zwitterionic (phosphatidylcholine (PC) or phosphatidylethanolamine (PE)) and anionic
(phosphatidylserine (PS)) leaflets. They showed that the asymmetry in trans-membrane
distribution of anionic lipids gave rise to a non-zero potential difference between the two
sides of the membrane. This was a consequence of the difference in charges on the two
leaflets.

It has also been suggested [75] that an imbalance of ions on either side of a lipid
bilayer system could result in the creation of a water pore which in turn allowed for the
passage of ions across the membrane until the charge equilibrium was established. In their
investigations, Gurtovenko and Vattulainen [75] constructed a system which consisted of
two DMPC lipid bilayers in a simulation box, with periodic boundary conditions and

separated by water molecules. NaCl was then added to the two water phases by fixing
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the number of 20 Cl ions in both water reservoirs but added extra Na between two bilayers
with respect to the reservoirs. This meant the water reservoirs (between two bilayers) had
a higher concentration of cations than the outer regions of the bilayers.

Other researchers have also shown that the imbalance of ions in the lipid bilayer
system could result in the creation of a water pore which then allowed for the passage of
ions through that pore. The ions move across to neutralize and reduce the electrostatic
potential. In their MD simulations on a POPC lipid membrane surrounded by NaCl in
water, Hardy et al [73] introduced different ions on either side of the membrane and used
semi-periodic boundary conditions. This resulted in an electric field of 0.7 V/nm being
produced across the membrane which then allowed ions to diffuse through the pore and
across the membrane.

In this thesis, we report on investigations carried out to further our understanding
of how the ion imbalance and the resulting electrochemical gradient across the bilayer
affects the diffusion of water molecules and Na* and Cl~ ions. To this end we have
concentrated on using well tried and tested force fields which can be used reliably in
simulating biological molecules in aqueous solution. We have determined the diffusion
coefficients of the different particles inside and around the membrane both with and
without the presence of an electrochemical gradient.

In the next section we describe the systems constructed to model the diffusion of ions
and water molecules across the POPC membranes. In Section 5.2, we give a description
of the computational methodology and the methods employed in the analysis of the data
resulting from the simulations. In the two sections following, we report on the results of
simulations on lipid bilayer membranes between aqueous solutions which are either the
same or different on each side of the membrane. Finally, we conclude by comparing our

results with those of other investigators and highlight the significant results of this study.
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5.2 Modelling the diffusion across the lipid bilayer

membrane

The lipid bilayer considered in this chapter again was the POPC bilayer (see chapter
2 section 2.2.1). Like all lipid bilayers, the POPC bilayer comprises 2 leaflets, each in
turn made up of a number of phospholipid molecules. The phospholipid molecule has a
hydrophillic headgroup and a hydophobic tailgroup. Because of this, the heads of the
molecule prefers to be in an aqueous environment while the tails are more stable in a
lipid environment. This then leads to the natural formation of bilayers in which the
headgroups point outwards into the water while the tailgroups point towards each other.
When placed in water these bilayers tend to form spherical shapes with water inside and

outside (Figure 5.1).

5.2.1 Systems

In order to simulate the flow of ions and water molecules across the membrane from
the cytoplasm to the extracellular fluid, we modelled the system to be a lipid bilayer
between two fluids, as shown in Figure 5.1.

In carrying out molecular dynamics simulations, it is efficacious to employ periodic
boundary conditions, especially when performing the analysis of the electrostatic poten-
tial in the simulation cell. With such periodic boundary conditions, two different types
of arrangements of the cell membrane between the cytoplasm and the extracellular fluid
were configured. In the first arrangement, it is assumed that both fluids have the same
constituents. In such a scenario, it is sufficient to model the system according to the simu-
lation cell (labeled configuration I) as shown in Figure 5.2a with one bilayer surrounded by
water molecules. When considering different fluids across the membrane boundary, and
still maintaining periodic boundary conditions, a two boundary arrangement (labeled

configuration II) as shown in Figure 5.2b is necessary.
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Figure 5.1: Cell structure showing the cellular membrane enclosing the cytoplasm. The
extracellular fluid is on the outside of the membrane.

In each of these configurations, variations of the fluid constituents were considered. In
all, five different systems were investigated. System A was configured with the intention
of investigating the diffusion of single Na and Cl ions across a membrane surrounded by
water. So for this system, the fluids on either side of the membrane were taken to be
just water. System B was evolved from System A by adding NaCl to the water, making
a weak saline solution, ie water with an equal number of Na and Cl ions. System C was
configured to examine the effect of having unequal numbers of sodium and chlorine ions,
thus making it a charged fluid. The final two systems (System D and System E) were
constructed to order to investigate the scenario where there are different fluids on either

side of the membrane. The details of these systems are given in Table 5.1.
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Figure 5.2: Configurations used to model a lipid bilayer membrane between two fluids.
The lipids forming the membrane, shown as chain molecules, are surrounded by water
molecules (red), Na ions (yellow) and Cl ions (cyan).

5.3 Computational methodology and analysis

5.3.1 Molecular dynamics simulations

In order to determine the diffusion coefficients of the ions and the water molecules
across the lipid bilayer, systems comprising either a lipid single bilayer membrane or a
double bilayer as shown in Fig 5.2 surrounded by water molecules and including a few of
the relevant ions of interest were set up. All the atoms and molecules were confined to a

three-dimensional periodically repeating molecular dynamics simulation box as shown in
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Table 5.1: Details of systems investigated by molecular dynamics

System label | Configuration Size A3 Number of Fluid 1 Fluid 2
type molecules

A I 50 x 50 x 110 | 59 lipids + H,O +
6388 H,O | Na*t (or C17) ion

B I 72 x 72 x 120 | 136 lipids + H,O +
10836 HyO | 20 Na*t + 20 CI~

C I 72 x 72 x 120 | 136 lipids + H,O +
10836 H,O | 15 Na* + 25 Cl~

D II 72 x 72 x 200 | 272 lipids + H,O + Hy0O +
18211 H,O | 19 Nat + 21 CI~ | 18 Na*™ + 17 CI~

E II 72 x 72 x 200 | 272 lipids + H,O + HyO +
18211 H,0O 50 Na* 50 ClI~-

Figure 5.2. The simulation box was taken to have tetragonal symmetry with dimensions
as given in Table 5.1.

The lipid bilayers and the surrounding water molecules were built by using the Visual
Molecular Dynamics (VMD) package [34]. All the molecular dynamics simulations were
carried out using the NAMD 2.10 package [30].

The systems were kept in an isothermal-isobaric (NPT) ensemble at a pressure of 1
bar using a modified Nose-Hoover method. The van der Waals and Coulomb interactions
were cut-off at 12 A and the Particle Mesh Ewald (PME) method was used to carry
out the calculations of the long-range Coulomb interactions with a grid point density of
1.2/A3. The interatomic forces between the atoms in the lipids and the water molecules
were taken to be that described by the CHARMMS36 [55] force fields and the water TIP3P
force field model [69]. In the case of the latter, partial negative charges were placed on
the oxygen atoms and positive charges on the hydrogen atoms. For the interactions of
the sodium and chlorine ions with water and with the lipid atoms, the Lennard-Jones
parameters, where the symbols have their usual meaning, used in the CHARMMS36 force

fields are given in Table 5.2.
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Table 5.2: Lennard Jones parameters for the ions in CHARMMS36 and used in this study.

Tons | € (kcal/mol) | Run/2 (A)
Na™ | 0.0469 1.36375
Cl~ | 0.150 2.27

In each simulation study, the systems considered were first allowed to reach their
minimum energy configuration. This was done by carrying out a MD run for at least
5000 time steps, each of 2 fs. Subsequently, using Langevin dynamics, the systems were
allowed to reach a dynamical equilibrium configuration at 300 K. A Langevin damping

! was used to control the temperature. This part of the simulation was

coefficient of 1 ps~
allowed to run for between 50 to 65 ns and the resulting time averaged configurations

were subject to analysis.

5.3.2 Area per lipid and bilayer thickness

Because of its high sensitivity to the hydrophilic attraction between headgroups and
the hydrophobic repulsion between non-polar hydrocarbon tails, the area per lipid (APL)
of a bilayer provides much important information about a bilayer or a membrane. In ad-
dition, the interaction of the headgroups molecules with the surrounding water or aqueous
solution has an effect on the APL. An accurate determination of the APL is desirable as
this implies that the 2-D density in the bilayer plane is correctly described. This is essen-
tial in having confidence that the simulation correctly predicts other structural properties,
such as the lipid tail order parameters, the bilayer thickness (BLT), the electron density
profiles, as well as the overall phase behavior of the membrane. In addition to the APL,
the bilayer thickness is another important quantity which points to the robustness of the
simulations.

Both these quantities have been measured both experimentally and determined by
computational methods for different types of lipid bilayer membranes. X-ray measure-

ments of the thickness of the POPC membrane has been reported to be approximately
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37.0 A. The experimental values of the area per lipid have been found to vary quite
considerably. For POPC, values between 54 A to 68 A2 have been reported [76]. The
computationally determined values are, of course dependent on the choice of force fields.
Klauda et al [32] has reported the area per lipid of the POPC using CHARMMS36 to be
64.7 A2, In all our simulations, the BLT values for the POPC bilayers were found to be
approximately 38.5 A. This is in general agreement with the experimental values.

It is important to note that these quantities are also dependent on the fluids surround-
ing the membrane. Thus, increasing the NaCl concentration in the fluids results in an
increase in the bilayer thickness. Correspondingly, the area per lipid decreases. These
variations may be attributed to charge transfer effects and to atomic displacements in the
bilayer.

In the event of pore formation in the membrane, the APL has been reported to show
a sharp increase in its value and there is a corresponding decrease in the lipid thickness
in the region of the pore. This comes about as a consequence of the redistribution of the
headgroup molecules towards the pore interior. By comparing the computational values
with experimental results, it is therefore possible to confirm the reliability of the results

of simulations.

5.3.3 Calculation of the diffusion coefficients

The diffusion coefficient, D, is a measure of the speed of the translational motion
of particles through a particular medium and is one of the many dynamic properties
of a molecule in solution. It depends not only on the size and shape of the molecule
and its interaction with the surrounding medium, but also on the temperature of the
system. The diffusion coefficient can be determined from molecular dynamics simulations
by analysing the molecular (or atomic) trajectories as a function of time. It is assumed
that these particles undergo Brownian motion which is a stochastic process reflecting the

motion of particles due to thermal collisions with the solvent molecules [77]. The diffusion
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coefficient is related to the time averaged mean square displacement of a particle moving

in d dimensions through the equation
.1 9
D = lim — ((x(0) - r(1))*) (5.3.1)

where r(t) is the position of the molecule at time ¢. The term in the angular brackets in
the above equation is often referred to as the mean square displacement (MSD). Although
for very short times the MSD fluctuates with time in a non-linear fashion, over longer
times there is a linear relationship from which D can be determined. Hence, D is given
by the slope of a plot of the MSD against time divided by twice the system dimension
(e.g 2 for linear, 4 for lateral and 6 for bulk diffusion). In our calculations of the MSD of
the ions and water molecules, we have used a 1 ns time-window with positions tabulated

every 0.004 ns.

5.3.4 The electrostatic potential across the membrane

An important quantity that determines the viability of molecular diffusion across a
membrane is the electrostatic potential, ¢(z) across the lipid bilayer, where z is the
coordinate perpendicular to the membrane surface. The electrostatic potential is obtained

by numerically solving Poisson’s equation,

v%@:_izm@ (5.3.2)

where the charge density around every ion in the system is approximated by a spherical

Gaussian charge distribution as

pi(t) = & (j%) o (5.3.3)

These charges are obtained directly from NAMD simulations.

81



Chapter 5. Computer simulations of the diffusion of water molecules and ions across
POPC lipid bilayer membranes

In our simulations studies, VMD was used to calculate the mean electrostatic po-
tential from the grid points. This approach requires the use of a periodic cell and the
reciprocal sum of the smooth particle mesh Ewald method (PME) generating a smoothed
electrostatic potential grid controlled by the Ewald factor is evaluated. From the above
equations, the mean electrostatic potential is found by averaging the instantaneous elec-
trostatic potential ¢(r) over the entire trajectory of the MD simulations. The potential

across the membrane is then obtained by taking an average over the membrane surface

(x — y) plane.

5.4 Simulations of single Na™ and Cl~ ion interac-
tions with a membrane surrounded by water

In order to investigate the interaction of single ions with the membrane and the pos-
sible diffusion of Na™ and Cl~ ions across a lipid bilayer membrane, a POPC membrane
comprising 59 lipid molecules, with 29 in the upper leaflet and 30 in the lower leaflet,
was constructed and placed in the middle of the simulation box. Above and below the
membrane, 19161 water molecules were randomly sited, as shown in Figure 5.2a. Then,
a single Na®™ (or Cl7) ion was positioned at different sites inside and just outside the
membrane layer (Figure 5.2a). For each of these ion starting positions, the simulation
was allowed to run at 300 K and the trajectory of the ion monitored.

When a Na*t ion was placed in the hydrophobic region (just below the headgroups)
of the lipid bilayer POPC membrane, it took just under 4 ns before it moved out of
the membrane and a further 4 ns before it moved into the bulk water region of the
assembly. The diffusion coefficient of the ion in the three regions; inside the membrane,
at the membrane surface and in the bulk water, was determined from the MSD plots (for
example Figure 5.3) and the results are shown in Table 5.3. The low diffusion coefficient

of the ion whilst inside the membrane is indicative of the weak local binding of the ion
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Figure 5.3: Representation of MSD for Na ion in System A at different regions in the
simulation box.

with the surrounding atoms of the lipid molecules. As the simulation proceeds, entropy
effects soon overcome this weak binding and the ion is released and diffuses out of the
membrane surface into the surrounding water.

When the ion is in the surface region of the bilayer membrane, it diffuses much more
rapidly which is consistent with a smaller interaction energy between the ion and the
bilayer surface. When the ion finally moves into the bulk region of the water, the diffusion
coefficient of the Na™ ion is similar to its value in water with no membrane present. This
value of the diffusion coefficient is in reasonably good agreement with experimental finding
of 1.33 X107 cm?/s [78].

As mentioned above, the equilibrium values of the APL and membrane thickness

give a measure of the confidence in the simulations. In the simulations with a single
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Table 5.3: Diffusion coefficients, D (x107° cm?/s), of Na™ and Cl~ ions at different
positions in the simulation box for System A. Also shown is the diffusion coefficient for a

water molecule.

position in simulation box D(Na™) | D(CI™) | D(H20)
in lipid hydrophobic region 0.1 1.4 2.9
on top of lipid hydrophilic region | 0.3 1.8 4.9
in bulk water region 1.6 2.2 5.3

Na* added to the system, the APL was found to be 79 + 3 A2 which is larger than the
experimentally observed value for this system. The BLT was found to be 32A which
in turn is slightly smaller than the experimental value for the POPC bilayer. These
deviations from experimental values suggest that the system may not have become fully
equilibrated or that the system was not large enough.

When a Cl™ ion was similarly placed at specific positions in the hydrophobic region
(just below the headgroups) in the lipid bilayer POPC membrane, the ion immediately
moves out of the lipid, carrying out a random walk around the lipid membrane surface
before moving into the bulk water region. The diffusion coefficient from MSD plots (for
example Figure 5.4), both at the surface of the lipid bilayer and in the bulk water region
are close the the experimentally observed value of 2.03 x107° cm?/s [79)].

For completeness, a set of simulations were carried out with a single water molecule
placed inside the membrane instead of an ion. Interestingly, the diffusion characteristics
of the water molecule including the diffusion trajectories and the diffusion coefficients
were found to be very similar to that found for the Na* ion.

From these simulations, it is clear that while there is a tendency for a Na ion to be
partially bound inside but near to the bilayer surface, it is easily displaced out of its
binding site. On the other hand the Cl ion is not bound to any of the sites, at or below
the bilayer surface Figure 5.5. This is consistent with calculated charge distributions on

the bilayer surface atoms.
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Figure 5.4: Figure showing the MSD for Cl ion in System A at different regions in the

simulation box.

5.5 Simulations of single Na™ and CIl~ ion interac-

tions with a membrane immersed in an ionic so-

lution

In order to investigate the effect of changing the fluid constitution surrounding the

lipid bilayer membrane, the systems were modified by adding Na™ and Cl~ ions to the

water surrounds. Two sets of such simulations were carried out. In the first (System B),

equal numbers (20) of Nat and Cl~ ions were introduced, while in the second set (System

C), an imbalance in the ions (with 15 Na® and 25 Cl~ ions) was created to see how the

non-neutrality of the fluid affected the ion-membrane interactions.
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Figure 5.5: Typical trajectories (in green) over 2 ns of Na (left) and Cl (right) ions in
simulation System A.

The simulation details for these systems are given in Table 5.1. The size of the system
(POPC lipids in a box of TIP3P water) was increased slightly so that the number of lipids
in each of the upper and lower leaflets was increased to 36. This was to ensure that the
APL and BLT of the membrane were in better agreement with the experimental values.
This meant that there were a total of 18224 atoms in the membrane and 32508 atoms
in the water in addition to the 40 ions randomly distributed in the water. The initial
molecular configuration for System B is shown in Figure 5.6. Once again, the simulations
were run for 50 ns over which the APL, the BLT and the diffusion coefficients of the

specific ions were calculated.

5.5.1 APL and BLT

The BLT after equilibration for both systems were found to be just under 38 A. This
is good agreement with the experimental measurement of 37.0 A found for POPC using
X-ray scattering [76]. These researchers also found that the APL varied between 54 and
68.3 A2. The APL has also been determined computationally by many other researchers.
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(a) Equal concentration (b) Different concentration

Figure 5.6: The simulation cell with a single POPC lipid bilayer surrounded by water
containing Na™ and C1~ ions with (left) equal concentration and with (right) different
concentration.

For example, MD simulations on POPC using CHARMM force fields was found to give
an APL of 64.7 A? [32]. Comer et el [80] investigated how the APL was affected by using
different van der Waals cutoffs. They found that for cutoffs between 1 and 1.2 nm the
APL was about 65 A2. It has also been observed that the APL depends on the number of
Na and Cl ions in the simulation cell [81]. Interestingly, it was found that an increase in
the NaCl concentration led to a decrease in the APL. In our simulations with a total of
40 Na and Cl ions, the APL was found to be 67.3 + 1.5A2. This value together with our
results for the BLT indicates that both systems were of optimum size and had reached a

full thermal equilibrium configuation after 50 ns.
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(a) Na ion (b) Cl ion

Figure 5.7: Typical trajectories (in green) over 10 ns of Na (a) and CI (b) ions in simulation
System B.

5.5.2 Ion diffusion coefficients and their spatial distribution

While all the ion trajectories show the particles undergoing Browninan motion in the
bulk water region, a substantial fraction of Na ions get close to the lipid surface and
tend to remain there for a periods of up to 10 ns. By contrast, the Cl ions tend not to
adhere to the membrane surface and in general do not spend any substantial time close
to the surface. These observations are similar to that reported by Miettinen et al [82],
and Sachs et al [83]. Examples of typical trajectories for both Na and Cl ions in the
simulation system B are shown in Figure 5.7.

The diffusion coefficients of the Na and Cl ions for both systems were computed from
the MSD of the ion trajectories. While the ions in the bulk water region had similar

diffusion coefficients to that given in Table 5.3, the Na ions at the surface region or inside
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the membrane bilayer have much reduced values. In determining this, all the Na ions
near or below the surface were sampled at different time intervals. All of these samplings
gave results of D(Na™) ~ 0.1 x 107° c¢cm?/s, for ions at or below the bilayer surface as
shown in Table 5.4. Thus, it may be concluded that the NaCl aqueous solution has the
effect of allowing the Na ions to penetrate more deeply and for longer periods inside the
membrane. We have also monitored the ion density distribution across the simulation cell
over the simulation period and the results for both System B and System C are shown in
Figure 5.8. The shaded region in the figures depict the membrane bilayer with its edges at
approximately -18 A and 20 A. This corresponds to a bilayer thickness of approximately
38 A. Tt is interesting to note that for both systems, some Na ions are to be found inside
the membrane while there is an absence Cl ions in this region. On integrating out the
area under the curves, we find that for System B on average, 4 to 5 Na ions out of the
total of 20 Na ions are to be found near or below the membrane surface. Similarly for
System C, about 3 Na ions out of the 15 spend considerable time at or below the bilayer
surface. So, for both systems, more than 20% of the Na ions are to be found near the
bilayer surface. In contrast, for System B, there are no Cl ions at or below the membrane
surface. For System C, which had a higher concentration of Cl ions, on average just one
of these ions is found near the surface.

In order to explain this observation, we calculated the net charge distribution on the
lipid bilayer membrane surface surrounded by water, but without the presence of any
ions. The net surface charge distribution is shown in Figure 5.9. It is clear then, that the
large areas of negative charge act as attractors for the Na ion while repelling the Cl ion.
These have been identified as the carbonyl groups in the membrane. The binding of the
Na ions to these carbonyl groups manifests itself in the very small diffusion coefficients
for the Na ion.

Based on the diffusion coefficients, the ion trajectories and binding sites, it is clear

that the introduction of ions into the aqueous surrounds has the effect of allowing the Na
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Table 5.4: Diffusion coefficients, D (x107° cm?/s), of Na™ and C1~ ions at different times
for system B and C.

Time (ns) | System | D
10 1

20

30

40

20
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n*107 (atom/A%)

z(R)
(a) System B

n*10™ (atorn/A)

Z(R)
(b) System C

Figure 5.8: Time averaged over 50 ns density distribution of Na (red lines) and Cl (green
lines) ions in simulation systems B (top) and C (bottom). The bilayer regions are indicated

by the shaded areas.
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___ Clinblueregion
_ (positive charge
Na+ in red regiorf ‘ surface)
(negative charge
surface)

Figure 5.9: The net charge distribution on the lipid bilayer. The red areas are regions of
negative net charge while blue is of net positive charge. Also shown are the positions of
the Na and Cl ions.

ions to penetrate more deeply and remain inside the membrane for longer periods of time.

5.6 Diffusion of ions across a POPC lipid bilayer mem-
brane with different fluids on either side

Having established that there is little or no likelihood of ion diffusion across a mem-
brane when the fluids on either side of the membrane have the same constituents, following
the work of Hardy et al [73] and Gurtovenko and Vattulainen [75], we then focused on
investigating the effects of introducing an ion imbalance across the bilayer. This is, of

course, akin to introducing an electrochemical gradient across the membrane.
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In order to model a membrane with different fluids on either side while keeping periodic
boundary conditions, it is necessary to introduce two bilayers in the simulation cell. Then,
the region between the two bilayers corresponds to the cytoplasm inside the cell (Figure
5.1) while the fluid outside the two bilayers models the extracellular fluid. Each of the
two POPC lipids bilayers, comprising 68 upper and 68 lower leaflets, making a total of
272 lipid molecules, were constructed and placed in the simulation cell (see Figure 5.2b).
The bilayers were separated by 60 A of water molecules and corresponds to Fluid 1 in
Table 5.1. The thickness of the Fluid 2 region was taken to be same as that of Fluid 1
region. Nat and Cl~ ions were then introduced into both of the fluid regions.

It has been reported [73, 75] that the strength of the electrochemical gradient is a
crucial parameter in allowing for ion diffusion across a bilayer. We have considered two
extremes of this scenario. In the first, the charge imbalance was made to be small, with
19 Na*t and 21 Cl~ ions in the inner region while having 18 Nat and 17 Cl1~ in the outer
fluid region. The net charge imbalance is therefore just a single electron charge. In the
other scenario, in one fluid only Na™ ions were introduced while in the other only Cl™
ions were positioned. We have labelled these two scenarios as System D and System E
with the details of the computational cell given in Table 5.1.

MD simulations were then carried out on both systems with a view to investigating
the circumstances under which ion diffusion takes place, particularly to determine the
electrochemical field gradient required for ion diffusion leading to the neutralising of the

inner and outer fluids.

5.6.1 Results of simulations of System D

As before, after the initial equilibration of the system, the simulations were run for
a total of 50 ns. After 10 ns, a substantial fraction of the sodium ions were found to
move close to the membrane surfaces from both sides of the membrane. However, no

ion appears able to overcome the barrier to diffuse through the membrane. The MSD
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Table 5.5: Diffusion coefficients, D (x107° cm?/s), of Na™ and Cl~ ions averaged for
System D.

D(Na™) | D(CT)
0.101 1.8821
0.082 -

0.115 -

0.105 -

0.107 |-

0.116 -

O O W= | W DO —

data was used to determine the ion diffusion coefficients at different times during the
simulation. Whilst in the hydophillic headgroup region of the lipid bilayers, the diffusion
coefficient of the Na ion, as determined from its trajectories, indicate that it is roughly
the same as it was in the simulations of System B, viz around 0.1 x107° ¢m?/s as shown
in Table 5.5. This again points to the field gradient not being strong enough to allow for
easy diffusion across the bilayer. Typical MSD plot has been shown in the Figure 5.11

However, it is clear that the effect of the potential gradient on the sodium ions is
stronger than that on the Cl ions and after 40 ns of the simulation, there is the first
indication of a Na™ ion beginning to move across the bilayer. In Figure 5.10, which shows
the instantaneous position of the ions after 50 ns of the simulation, the presence of a
single sodium ion deep inside the membrane surface 50 ns is clear. By contrast, none
of the chlorine ions are able to overcome the barrier at the surface of the membrane. It
is also clear that the Na and Cl ions are distributed randomly over both fluid regions.
Typical trajectory for both ions shown in Figure 5.12

In Figure 5.13, we show the time averaged number density for both sets of ions across
whole of the simulation box. As was found for the simulations with just one type of fluid,
we note that there is a high incidence of sodium ions near to the lipid surfaces while the
chlorine ions prefer to move in the water region and away from the membrane. Again,

integrating out the areas under the curves, we found that roughly 20% of the Na ions
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Figure 5.10: Figure showing the ion distribution in System D after 50 ns together with
the two POPC lipid bilayers. The water molecules are not shown in order to highlight
the positions of the Na (yellow) and Cl (blue) ions.
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Figure 5.11: Typical MSD plots over the last 10 ns of the simulation Na (a) and for Cl
(b) ions in System D

are at or below the surfaces of the double bilayers. So, even though an electrochemical
gradient has been established, it is not strong enough for the ions to overcome the barrier

for diffusion across the bilayers.

5.6.2 Results of simulations of System E

It has been suggested that [84] that the permeation barrier for both Na and CL ions
in simulations of this size is too large for the observation of ion diffusion events. It has
been estimated that more than 100 hours of CPU time might be required to observe such
events. It is also clear that the lack of diffusion across the bilayer in System D over
time scales that are computationally feasible is a consequence of the weak electrochemical
gradient. So, in order to speed up the diffusion process, it was decided to construct a
system (System E) with a much stronger electrochemical potential gradient. This was
generated by placing 50 Na™ ions in the inner fluid region and 50 Cl1~ in the outer fluid
region.

The molecular dynamics simulations were then carried out as described above for the
other systems. In a very short time, less than 0.004 ns of starting the simulation, water

molecules break through the membrane and create what is referred to as a water pore.
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Figure 5.12: Typical trajectories (in green) for Na and (in blue) for CI over last 10 ns in
simulation System D.
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%10 (atom/A3)

Figure 5.13: The time averaged over 50 ns number density of both ions as a function of
z-axis for System D. The bilayer regions are indicated by the shaded areas.

The evolution of the pore and the transference of ions from one fluid the other, across the
membrane, can be seen in the snapshots at particular times of the simulation (see Figures
5.14 and 5.15). At the end of the simulation run of 65 ns, final distribution of the ions,
shown in Figure 5.16, suggest that near charge equilibrium has been re-established.

The electrostatic potential energy over a three dimensional grid of the simulation box
was also calculated. In Figure 5.17 is shown the potential profile across the two bilayers
averaged over the lateral positions at the time steps corresponding to the simulation times
in Figure 5.14. It is interesting to note from these plots that there is a dramatic reduction
in the strong electric field gradient within the first 2.1 ns after which the changes are
relatively minimal. However, after 65 ns, there is still a small field gradient between the
two bilayers.

To analyze this further, we have also plotted the electrostatic potential map in the
cross-section of cell (Figure 5.18) at these different time steps. These confirm the changes
in the electrostatic potential spread right across the membrane and is not just confined
to the pore region.

Interestingly, the potential profiles across the membrane at different (z, y) positions
looks remarkably similar (Figure 5.19). This is rather surprising as the electrostatic
map in Figure 5.18 suggests that there are quite important differences at different lateral

positions. At the start of the simulation, they are virtually identical. However, once a
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(c) 10 ns | (d) 65 ﬁs-

Figure 5.14: Figure showing the water molecules and ion distribution in System E at
different times of the diffusion process. Here, the Na ions are coloured yellow and the Cl
ions cyan. The atoms comprising the two POPC lipid bilayers are not shown in order to
highlight the opening up of the pore.
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Figure 5.15: Top view of the membrane showing the pore that allows for the passage of
ions through the membrane.
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Figure 5.16: The ion distribution for System E at the end of the simulation run. The Na
ions are coloured yellow, the CI ions are cyan while the phosphorous atoms which mark
the lipid bilayer surface edges are colored tan. The approximately equal numbers of Na
and Cl ions in both fluid regions show that near equilibrium has been established.
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Figure 5.17: The electrostatic potential plotted across the simulation cell at different
times, ¢ for System E. Note that soon after diffusion commences, there is a sharp drop in
the electrochemical potential. This is reflected in the voltage scales on the vertical axis
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Figure 5.18: Electrostatic potential map (z — z plot) across the two lipid bilayers at
different times, ¢ for System E.
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Figure 5.19: Electrostatic potential profiles at different times, ¢, as a function of distance
across the two bilayers for System E. The bilayer edges are at approximately -7 A, 30 A,
88 A and 126 A. The different colors denote different coordinates (x,y) on the bilayer
surface.

pore is formed, deviations in the profile tend to reflect the atomic displacements of the
lipid molecules and the consequential charge density changes.

In order to examine the flow of ions across the membrane in a more detailed manner,
we have plotted the number density of both Na and CI ions across the simulation cell
at different times (Figure 5.20). It is clear from these that the Na ions are the first to
penetrate into the membrane. This happens to a substantial degree within the first 0.02
ns. However, it does not take much longer for the Cl ions to also move through the

membrane so that within 5 ns of the start of the simulation, most of the ions (Cl and
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Table 5.6: Diffusion coefficients, D (x107> cm?/s), of HoO molecules, Na™ and Cl~ ions

at different times during their passage through the pore.

D(Na™) | D(CI™) | D(H20)
0.022 ns (in pore) 42.2 76.2 22.9
10 ns (in pore) 1.3 1.9 2.5
10 ns (in bulk water region) | 1.7 2.6 5.0

Na) have already moved onto the other side of the membrane to establish near charge
neutrality.

Gurtovenko and Vattulainen [75] found the rather surprising result that both positive
and negative ions leaked across membrane in approximately the same ratio despite the
fact that Na ions have a lower potential barrier for permeation through the pore. Our
results suggest that this lower potential barrier is responsible for the Na ions being the
first to penetrate, but following this, the Cl ions move through the membrane much more
rapidly. We have calculated the diffusion coefficients from the MSD data (Figure 5.22)
obtained from the ion trajectories and these are given in Table 5.6. The values of D for
both ions in the bulk region are similar to that tabulated in Table 5.3. However, as the
ions move through the pore, these values are greatly enhanced to more than 10 times
as fast as in water. It is clear from this that the ions have very little interaction with
any atoms or ions whilst in the pore. Interestingly, the Cl ions have a higher diffusion
coefficient than the Na ions. Examples of typical trajectories for both Na and Cl ions and
water molecules through the pore in the simulation system E are shown in Figure 5.21.

A confirmation of this result can be seen in the plot of number of ions in each of the
fluid regions (Figure 5.23). While from the results in Figure 5.20, it is clear that although
the Na ions are the first to permeate the membrane, once the Cl ions start to move, they
diffuse faster and to such an extent that they reach equilibrium more quickly than do the
Na ions.

From the results of these simulations, we have found that if a large enough electro-
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Figure 5.20: Figure showing density distribution of Na (red) and Cl (green) ions in System
E at different times of the diffusion process. The bilayer regions are indicated by the
shaded areas.
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Figure 5.21: Typical trajectories (in green) for Na ions, (in blue) for Cl ions, and (in red)
for water molecules over 0.62 ns in simulation System E.
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Figure 5.22: Showing the MSD for ions and water molecules in System E of the diffusion
process inside the pore.

chemical potential gradient is established across the lipid bilayer membrane, both Na and
Cl ions are able to permeate across the membrane. The relatively lower potential barrier
experienced by the Na ions means that these are the first to start the diffusion process.
However, once the pore has opened, the Cl ions move very fast through the membrane so
as to establish near charge equilibrium. Full charge equilibrium is never established be-
cause once the electrochemical gradient has decreased sufficiently, diffusion events become

extremely rare.
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Figure 5.23: Showing the reduction in the ion numbers for both Na and Cl in each of the
fluid regions I and II respectively, as a function of time. The difference between the two at
the end of the simulation points to the cessation of ion diffusion when the electrochemical
potential is small.

5.7 Conclusion

MD simulations using NAMD were used to investigate the permeability of ions through
the POPC lipid bilayer membrane. A number of different configurations were considered.
It was found that when a membrane is surrounded on both sides by water molecules,
there is a tendency for a single Na ion to be partially bound inside but near to the bilayer
surface. It is, however, easily displaced out of its binding site. By contrast, Cl ions
tend not to bind to sites, at or below the bilayer surface. When the water surrounds are
replaced by a NaCl aqueous solution, the only observable change is that it has the effect
of allowing the Na ions to penetrate more deeply and reside for longer periods inside the
membrane. However, no permeation of either ion takes place. This turns out to be the
case even when the NaCl aqueous solution has a net charge.

In order to force diffusion across the membrane, without the application of external
electric fields, we constructed systems that had an imbalance of positively and negatively
charged ions on either side of the membrane. We considered the cases of weak and very

strong charge imbalance. In the latter case, we found that diffusion does take place
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through the creation of a pore in the membrane. This is in general agreement with the
findings of other workers.

By monitoring the ion trajectories, we have been able to show that both Na and Cl ions
diffuse rapidly through the pore with diffusion coefficients up to forty times larger than
in water. Thus, although the Na ions are the first to begin the permeation process due
to the lower potential barrier it experiences, the Cl ions complete the permeation more
quickly due to their faster diffusion rates. Rather surprisingly, while the water molecules
also diffuse faster through the pore than in water, the diffusion coefficient only increases

by a factor of five.
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Chapter 6

Interaction of gold nanoparticles

with POPC lipid bilayer membranes

6.1 Introduction

The interactions between gold nanoparticles (AuNP) and biological fluids have been
long recognized as important in medical and technological applications. Gold nanoparti-
cles are novel particles that are being designed to be used as agents to aid in the delivery
of drugs into cells. This has useful implications in cancer therapy, medical diagnostics,
cell imaging tools, therapeutic agent, spectroscopic detection and photothermal therapies
[85-89]. For example, Wilczewska and et al [90] analyzed the aforementioned nanopar-
ticles and their connection with drugs to design nanoparticles to act as drug delivery
agents.

The importance of understanding the interaction between nanoparticles and biological
systems is important not only in the design of medical therapeutics and also for estimating
the effects from environmental exposure. The growing commercial use of nanoparticles
has led to research aimed at understanding how nanoparticles might induce adverse ef-

fects from environmental and human exposure such as cytotoxicity [91-93]. Additionally,
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in order to achieve efficient drug delivery into intracellular target compartments using
nanoparticles much research needs to be carried out [94, 95]. For instance, a functional-
ized gold nanoparticle with cationic ligands can be used to penetrate a lipid bilayer, but
this could lead to the creation of a hole or cause a disruption to the cell structure [94, 96].

The electrostatic interactions between nanoparticles and cellular membranes play a
significant role in determining how a nanoparticle binds to a membrane or in causing
membrane disruption [97]. Membrane disruption by nanoparticles is influenced by a
number of factors, including the net charge on the nanoparticle, the surface area, and the
nanoparticle size [94, 98]. Phospholipid model membranes have been shown to display
ion leakage, pore formation, membrane deformation, and membrane binding induced by
nanoparticles [89, 94, 99-101]. Tatur and et al used neutron reflectometry experiments
[102] to investigate how functionalized gold nanoparticles interact with bilayer surfaces.
A better understanding of nanoparticle properties might prove useful in novel biomedical
applications.

In addition to all the experimental investigations, there have been numerous studies
aimed at investigating the interaction of nanoparticles with biological membranes using
computer simulation methods. Molecular dynamics simulations, including both all-atom
(AA) and coarse grained (CG) models, of nanoparticles interacting with membranes have
been carried out. For example, molecular dynamics simulations have been performed to
study the translocation of nanoparticles through living cells. Because of their crucial
role in the possible delivery of drugs and gene therapy, different shapes and sizes of
the nanocarriers have been investigated [103, 104]. More recently, there have also been
free energy calculations which measure the total change in energy on moving a monolayer-
protected AuNP from an initial position in a solvent to the center of the bilayer [105]. The
results of these free energy calculations appear to support the hypothesis that monolayer-
protected AuNPs can be inserted in a stable way into lipid bilayers.

Despite much work being carried out on AuNP-membrane interactions, there are still
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unanswered questions relating to the details at the molecular-scale of both nanoparticles
and membranes. Thus, it is not clear whether the lipid structure is altered in any way
during the interactions with the AuNP. Also, the microscopic structural details associated

with the passage of nanoparticles across membranes in not fully understood.

6.1.1 Aim of the study

It is unlikely for gold nanoparticles beyond a certain size to passively permeate through
a membrane as they are taken up by an endocytosis pathway, which involves receptor pro-
teins and other proteins, such as clathrin. However, a plausible pathway for uptake of
gold nanoparticles is a 3-stage process. First, the gold nanoparticle binds to the head-
groups of the bilayer. Then the nanoparticle diffuses in 2D on the surface of the bilayer.
Finally, the nanoparticle makes contact with a membrane protein that acts as a receptor,
beginning the endocytosis process [106].

The aim of this study was to investigate the adsorption of gold nanoparticles on a
membrane surface in order to gain an understanding of the first step in the translocation
process. This has been done by carrying out several simulations with different initial
conditions using the NAMD package. In order to be sure that the results are valid and
reproducible, the nanoparticle was placed at different random positions on the bilayer
surface and the simulations were repeated several times. Free energy calculations were
also carried out as these take into account entropy effects which could play a crucial role
in adsorption.

Then, we carried out the simulations with free energy calculations using adaptive bias
force (ABF) to better understand the interaction between AuNP and the membrane by
calculating the potential mean force.

Furthermore, as a means of determining the potential energy barriers to AuNP translo-

cation across a membrane, the nanoparticles on the membrane surface were given different
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Figure 6.1: The structure of a neutral gold nanoparticle with a diameter of 2.2 nm.

velocities perpendicular to the surface to determine the minimum force required for AuNP
translocation. This was done by carrying out steered molecular dynamics simulations on

neutral gold nanoparticles using the constant velocity pulling method.

6.1.2 Layout of this chapter

In the next section (Section 6.2), we give a give a brief overview of gold nanoparticles
including a description of how they are constructed and charged. In Section 6.3, we report
on the results of molecular dynamics simulations undertaken to determine the adsorption
sites and energies of the neutral and charge gold nanoparticles. This followed in Section
6.4 with the results of free energy calculations of the gold nanoparticles on the membrane
surface. The constant velocity pulling method using Steered Molecular Dynamics was
then used to investigate the possible translocation of the gold nanoparticles across the
membrane in Section 6.5. Finally the results of this chapter are brought together in the

conclusion.

6.2 Gold nanoparticle structure

Gold (Au) has atomic number 79 and is a good heat and electrical conductor. It can
be rolled to form thin sheets or made into different shapes as it is malleable and soft. It is

also quite inert and does not easily react, hence it is called a noble metal. For this reason
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Figure 6.2: The structure of charged a gold nanoparticle with diameter of 2.2 nm. The
red gold atoms on the surface of the nanoparticle are charged, while the atoms inside the
nanoparticle are neutral.

and due to its weight (density) it is used in jewellery products, electronics, dentistry, and
for medals in rewarding achievement. More recently, it has become important in medical
applications.

Crystalline gold has a cubic close packed or face-centered-cubic (FCC) structure with
the edge of each cube 4.07 A long. In this cubic structure, eight atoms are to be found
at each corner of the cube and six atoms are in the middle of each cube face. Gold
nanoparticles are stable particles which also have a nearly face-centered-cubic structure
but is also nearly spherical in shape. To construct the spherical gold nanoparticles used in
this study, VMD was used to first build a block of bulk gold with a FCC lattice structure
after which it was cut to form a nearly spherical shape of diameter approximately 2.2 nm.
The resulting gold nanoparticle is shown in the Figure 6.1. The gold nanoparticles can be
negatively or positively charged, or it can be left in a neutral state. For our purposes, the
differently charged gold nanoparticles were constructed by adding a charge to only the
surface atoms of the nanoparticles as shown in the Figure 6.2. More information about

gold crystal structure can be found in [107-109].
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6.3 Adsorption of gold nanoparticles on the mem-

brane surface

6.3.1 Systems and simulation method

The system under investigation in this project consisted of a gold nanoparticle in or on
the surface of a POPC lipid bilayer membrane surrounded by water molecules. The near
spherical gold nanoparticle of diameter 2.2 nm comprised 321 atoms. The lipid bilayer
(POPC) membrane was made of 21842 atoms and solvated in a box containing 14797

molecules of water as shown in Figure 6.3. This was done for for three types of AuNP.

(a) (b)

Figure 6.3: A lipid bilayer membrane with a gold nanoparticle all solvated in a box of
water: (a) Side view; (b) Top view.

We have performed molecular dynamics simulations (MD) using the NAMD (2.10)
package with periodic boundary conditions. The dimensions of the simulation box were
80 x 80 x 110 A3. For simulating the interaction of charged AuNPs with the membrane,
a charge of +1 e was equally distributed over the 120 atoms on the surface of the AuNP.

In all the simulations, the system was kept at a constant temperature of 300 K and

Langevin dynamics was applied with a Langevin damping coefficient of 1 ps~!. An
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isothermal-isobaric ensemble (NPT) was used with an isotropic pressure of 1 bar ap-
plied using a modified Nose-Hoover method. The CHARMMS36 force field parameters
were used for both the water and the lipid interactions. For the Au-Au interactions and
for the interactions between the Au and the lipid and water atoms, LJ force fields were
assumed with the values of the parameters taken from Vila Verde et al and Wright et al
[110, 111]. The MD integration time step was taken to be 2 fs.

The calculation of non-bonded interactions is the most time consuming part in MD
simulations. We therefore used a 12 A cutoff for both van der Waals and short-range
interactions. A switching-on function starting at 10 A for van der Waals interactions
ensured that the cutoff was smoothly achieved. The long-range electrostatic interactions
were computed using the Particle-Mesh Ewald (PME) method with a grid point density
of over 1.2/A%. In order to study the adsorption energies of charged and neutral AuNPs
on the membrane surface, a total of nine different simulations were performed. In each of
these, a single gold nanoparticle was placed on the surface of the bilayer. Two adsorption
sites were chosen, one at the near geometric center of the membrane surface (C) and the
other near the edge of the simulation box (X) as shown in the Figure 6.4. For the AuNP
at site C, two different simulation temperatures were investigated. The details of these
simulations are given in Table 6.1.

All systems were first energy minimized for 5000 steps using the conjugate gradient
method. Then, the systems were allowed to evolve for a period of 50 ns. The cal-
culations were carried out using the computational facilities of the Advanced Research

Computing@Cardiff (ARCCA) Division, Cardiff University.
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Table 6.1: Systems details

Temperature (K) | type of AuNP | initial position of AuNP
1| 300 neutral C
2 | 300 positive C
3 | 300 negative C
4 1400 neutral C
5 | 400 positive C
6 | 400 negative C
71 300 neutral X
8 | 300 positive X
9 | 300 negative X

6.3.2 Results and discussion

Over the 50 ns of each simulation, the positions of each individual atom of the system
at each time step were saved to be used in the subsequent analysis. At each time step, the
thickness of the lipid bilayer (BLT) and the area per lipid (APL) were calculated using
MEMBPLUGIN [112] and these results are shown as time series data in Figure 6.5 and
Figure 6.6. The average values of these quantities over the whole run for each simulation
are given in Table 6.2.

It is evident that the charge on the gold nanoparticle has a serious impact on the
BLT and the APL. As mentioned before in the last chapter, these changes are inversely
related. In addition, the position of the adsorption site and the temperature of the
simulation are also important factors in determining the thickness and area per lipid.
The increase in the APL and corresponding decrease in the BLT point to the AuNP has
the equivalent effect of squeezing the lipid bilayer. When the nanoparticle is placed at
C, the neutral and positively charged AuNP have the greatest effect on the BLT. This
suggests that these interactions are stronger and more attractive, at least in the region of
the nanoparticle. Rather surprisingly, when the AuNP is placed at X, the interaction of
the negative nanoparticle with the membrane is enhanced and now the negatively charged

AuNP is more strongly attracted to the bilayer. When the temperature is increased to
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(a) C-site (side view)

(b) X-site (side view)

Figure 6.4: Figure showing two samples of the system only the phosphorous atoms of the
bilayer surface and AuNP are shown.

400 K, all three AuNPs have essentially the same effect. This is consistent with the view
that the nanoparticle-membrane interaction is relatively weak such that the main effect

of an increased temperature is manifest purely in the atomic structure of the bilayer.

In order to better understand these results we have also calculated distance from the

centre of mass of the AuNP to the centre of mass of the lipid bilayer (phosphorus). From

Table 6.2: Results

Temperature (K) | charge | site | thickness (A) | Area per lipid (A?)
300 neutral | C 32.8 £ 0.3 775 £ 1.0
300 positive | C 34.0 £ 0.8 75.6 £1.6
300 negative | C 373 £ 1.7 68.4 + 4.0
400 neutral | C 36.6 £ 0.6 787+ 1.6
400 positive | C 36.6 £ 0.6 79.0 £ 1.6
400 negative | C 36.7 £ 0.7 785 £ 1.5
300 neutral | X | 344+ 1.0 744 £ 2.9
300 positive | X 32.3 £ 0.2 78.4 £ 0.5
300 negative | X 31.9 £0.2 80.6 £ 0.6
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Figure 6.5: The BLT of the POPC bilayer membrane for the three types of AuNP.

the results shown in the Figure 6.7, it is clear that at 300 K and with the nanoparticle
placed at C, the neutral AuNP moves deeper inside the membrane surface than the others
within the time window explored. Both the charged AuNPs appear to be the same distance
from the centre of the bilayer. However, a snap shot of the final positions as shown in
Figures 6.8, 6.9 and 6.10 reveals that while the positive AuNP partially penetrates the
surface, the negative AuNP does not. Instead, the decrease in the distance may be
attributed to the sagging of the membrane surface layer. =~ When the temperature is
increased to 400 K, all three AuNP penetrate deep into the bilayer as can be seen in
Figure 6.7 and Figures 6.11, 6.12, and 6.13. From the results of the simulations of the
AuNP at adsorption site X and at 300K (Figures 6.14, 6.15, and 6.16), it is clear that
both charged AuNP’s are not attracted to the inside of the membrane. The neutral AuNP
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Figure 6.6: The APL of the POPC bilayer membrane for the three types of AuNP.

does partially penetrate the surface, but is not as deep as when placed at site C.

6

.3.3 Conclusion

In summary, the results of these simulations suggest that when gold nanoparticles are

placed on a lipid bilayer surface, the interactions between the gold atoms and the surface

atoms in its vicinity is crucial in determining the extent of penetration, if any, of the

AuNP. Thus, the attraction between the surface and the neutral AuNP is greater at site

C than at site X. This site dependent interaction is even more evident in the case of the

positive AuNP, which while penetrating the surface at C does not do so at X. This points

to a negatively charged region just below the surface at C and may be attributed to the

carboxyl groups. In fact, this was also observed in our investigations of the diffusion of Na
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Figure 6.7: Figures showing the distance between the center of mass of the POPC bilayer
membrane and AuNPs .

ions reported in the last chapter. These results are consistent with experimental findings
which confirm that negative charged gold nanoparticles are repelled by the surface of the
bilayer. In contrast, positively gold nanoparticles tend to pass through the fluid phase of
the lipid membrane and remain in the hydrophobic moiety of the floating bilayer [102].
Our simulations at 400 K were designed to give some information about the strength
of the above mentioned interactions. In this case, the passage of all three AuNPs indicate
that temperature and entropic effects dominate at this temperature. Again, this is not

surprising when dealing with biological systems.
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Figure 6.8: The neutral charged gold nanoparticle with headgroups of lipids (P) after 50
ns at 300 K, (nanoparticle placed at site C).

Figure 6.9: The positive gold nanoparticle with headgroups of lipids (P) after 50 ns at
300 k, (nanoparticle placed at site C).

Figure 6.10: The negative charged gold nanoparticle with headgroups of lipids (P) after
50 ns at 300 K, (nanoparticle placed at site C).
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Figure 6.11: The neutral charged gold nanoparticle with headgroups of lipids (P) after 50
ns at 400 K,(nanoparticle placed at site C).

Figure 6.12: The positive charged gold nanoparticle with headgroups of lipids (P) after
50 ns at 400 k, (nanoparticle placed at site C).

Figure 6.13: The negative charged gold nanoparticle with headgroups of lipids (P) after
50 ns at 400 K, (nanoparticle placed at site C).
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Figure 6.14: The neutral charged gold nanoparticle with headgroups of lipids (P) after 50
ns at 300 K (nanoparticle placed at site X).

Figure 6.15: The positive gold nanoparticle with headgroups of lipids (P and N) after 50
ns at 300 K (nanoparticle placed at site X).

Figure 6.16: The negative charged gold nanoparticle with headgroups of lipids (P) after
50 ns at 300 K (nanoparticle placed at site X).
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6.4 Free energy calculations of gold nanoparticles on
the membrane surface

Gold nanoparticles larger than a certain size probably do not passively permeate
through the membrane. They are likely to be taken up by an endocytosis pathway [113],
which involves receptor proteins and other proteins, such as clathrin. Therefore, the free
energy barrier for the nanoparticles to enter the membrane may be so high that passive
membrane penetration never happens. What is relevant from the previous section is that
we have shown that binding to the bilayer surface is favourable for gold nanoparticles.
So, a reasonable pathway for the uptake of gold nanoparticles into a cell is that the gold
nanoparticle first binds to the headgroup of a bilayer and then the nanoparticle diffuses
in two dimensions on the surface of the bilayer. Therefore, to better understand the in-
teraction between the gold nanoparticle and the surface of the lipid bilayer membrane,
free energy calculations have been performed. This is because free energy calculations
also take into account entropic effects which could be crucial for the diffusion of AuNPs
through a membrane surface. There are different methods which have been developed to
calculate free energies of condensed phase systems [77].

In many molecular dynamics simulations of chemical and biological systems the main
objective is to calculate the free energy differences between different states. This can
then provide information with regard to the probability of the system moving from one
state to the other. These free energy calculations are different according to the type of
system being studied. For example, computer simulation studies [114, 115] have been
carried out in order to determine the non-monotonic differences in the free energy of two
small, hydrophobic species in water as a function of their separation. Calculations of
the permissibilities of lipid bilayer with importance sampling using an adaptive bias force
combined with a Bayesian inference technique have been carried out to determine the free

energy and diffusivity of gold nanoparticles on membrane surfaces [80].
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One of the advantages of calculating the free energy of a system is that it is possible to
map out the evolution of the global minimum energy which defines the state of the system
in its lowest energy state. In general, the goals of these calculations are to investigate
the free energy barriers that separates two states. This makes it possible to determine
the stability of a system in a particular state and to determine the dynamic equilibrium
between states when subject to external forces.

In our study, the free energy of the membrane-AuNP system has been determined
by calculating the potential mean force as a function of the z-coordinates (or so called
reaction coordinates £) of the system. This method has been used successfully to evaluate
the ability of selected models of naked and hydroxylated carbon nanotubes to predict
adsorption equilibrium constants [116]. Another study using this technique was to look
for the minimum requirements in the replica exchange at different temperature using

adaptive bias force simulations [117].

6.4.1 The ABF method and systems

Free energy calculations were carried out on the first three structures of the AuNP- lipid
bilayer system as listed in Table 7.1. The parameters appearing in the force descriptions
were taken to be the same as used in the previous section.

As before, for each simulation, the system was allowed to relax for 5000 steps in order
to get to its minimum energy configuration. This was then followed by a calculation of
the free energy using the MD method. The adaptive biasing force (ABF) method [39, 40]
was then applied along the z component of the vector between the centre of mass of
the gold nanoparticle and the centre of mass of the lipid bilayer membrane, using the
Colvars module [38] with NAMD 2.10. The transition coordinate chosen to investigate
the nanoparticle-membrane interaction was defined as the projection onto the z-direction
of Cartesian space, i.e., the normal to the membrane, of the vector connecting the center

of mass of the phosphorus atoms of the membrane to that of AuNP. The permeation

126



Chapter 6. Interaction of gold nanoparticle with lipid bilayer membrane

Table 6.3: Windows given for the free energy calculations

System Window (A) | Simulation period (ns)
Membrane & neutral gold NP | 23-35 180
23-28 60
26.5-30 120
Membrane & positive gold NP | 23-35 160
23-28 142
27-35 60
27-32.5 120
27-30 60
Membrane & negative gold NP | 23-35 160
29-35 60
29-32.5 120

pathway was discretized in bins 0.1 A wide, wherein samples of the local system force
acting along z were accrued. Choosing this technique relies on estimating forces on the
reaction coordinate which provides a convenient physical framework and guarantees long
convergence [118]. The time-step has an important role in measuring the force on the
biased atom within a ‘bin’ before the biasing force is applied. The significance of the
time duration in the bin is to allow the system to relax from the non-equilibrium state to
which it is introduced by the biasing force. The biased atom was kept within the outer
z component boundaries of the reaction coordinate by a harmonic force implemented on
the lipid bilayer membrane.

The calculations for each system were performed using a number of windows in three to
five overlapping window sets as given in Table 6.3. Then, the force samples were collected
in bins having widths of 0.1 A after which the mean force is integrated to capture the
small-scale variations of the free energy profile which is called the potential of mean force.
These simulations were carried out for each of the systems with a simulated time for each

window as shown in Table 6.3 .
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Figure 6.17: Calculated free energy as a function of reaction coordinate ¢ for the neutral
gold nanoparticle.

6.4.2 Results and discussions

Calculations aimed at determining the free energy of adsorbed nanoparticles on the
bilayer surface were then performed for the three differently charged gold nanoparticles.
This was done using the activation barrier by taking the minimum in the potential mean
force (PMF) profile along the reaction coordinate . Figures 6.17, 6.18, and 6.19 report
the convergence studies of the potential mean force as a function of reaction coordinate
for the three types of gold nanoparticles. In all cases the interactions between AuNP and
the surface of the lipid bilayer are neglected at a distance larger than 31 A.

From these plots we can see that for the negative AuNP system, the free energy
shows no fluctuation for ¢ < 29.0A at which point the barrier is -7.91 kcal/mol. The
minimum free energy occurs at & = 29.2A with a value of -7.935 kcal/mol. The results
of the simulations do not show any other barrier near the headgroups of the lipid bilayer
surfaces. This means that the gold nanoparticle binds to the top of the choline group of
the bilayer surfaces, which are the positive charge carriers. This prevents the negative
gold nanoparticle from moving below the headgroups of the surfaces of the bilayer.

In contrast, for the neutral gold nanoparticle, the plot shows a minimum PMF at
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Figure 6.18: Calculated free energy as a function of reaction coordinate & for the positive
gold nanoparticle.
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Figure 6.19: Calculated free energy as a function of reaction coordinate £ for the negative
gold nanoparticle.
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Figure 6.20: Number of force samples gathered by the ABF algorithm in a total of 360
ns (all windows) as a function of reaction coordinate ¢ for the neutral gold nanoparticle.

¢ = 23.0A and the free energy is -24.09 kcal /mol at this point. This indicates that the
probability of nanoparticles around the surface of the bilayer is much higher than for the
negative gold nanoparticle. The neutral gold nanoparticle partially penetrates the surface
as shown in the Figure 6.32.

When the positive gold nanoparticle is placed on the bilayer surface, the minimum
energy occurs at & = 25.6A and has a value of -10.61 kecal/mol. As ¢ is increased further,
the free energy fluctuates around this value until another minimum energy is found at
¢ = 25.8A. This energy minimum is -10.69 kcal/mol. This indicates that the positive
gold nanoparticles binds deep down to the phosphate groups of the surface bilayer, which
are negative charge carriers, which it attempts to penetrate the surface.

Further, to determine how well the free energy converged on different parts of the
domain, we analyzed the number of force samples collected by the ABF algorithm in each
bin to capture every variation in the potential mean force as shown in Figures 6.20, 6.21,
and 6.22.

For the negative AuNP case it is clear that there is no force sample gathered until
€ =29.0 A after which there is a rapid increase in sampling for ¢ > 29.05 A. This explains
the estimate of free energy as shown in the PMF Figure 6.19. Therefore, the sampling plot
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Figure 6.21: Number of force samples gathered by the ABF algorithm in a total of 542
ns (all windows) as a function of reaction coordinate & for the positive gold nanoparticle.
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Figure 6.22: Number of force samples gathered by the ABF algorithm in a total of 340
ns (all windows) as a function of reaction coordinate £ for the negative gold nanoparticle.
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Figure 6.23: A typical trajectory for all frames from 0 to 2000 every 3 frames of the
neutral gold nanoparticle on the lipid bilayer surface.

for the neutral AuNP case is adequate (agreement between two halves of the simulation
is a good justification as explains later) between 24.0 < £ < 26.5 A and then again at
30.0 until 32.25 A. This is reflected in the estimate of the free energy as shown in the
Figure 6.17. However, for the positive AuNP case, again there was adequate sampling
and reaches maximum between 26.25 < ¢ < 27.95 A then sampling decreases sharply at
28.05 A. This shows that the minimum energy converges at bigger value of £ > 26.05A.
Furthermore, it is better to display all conformations of gold nanoparticles on the surface
during simulations by capturing every three frames of the trajectories as shown in the
Figures 6.25, 6.23, and 6.24.

Then, in order to check convergence in two sections of the same trajectory, we used
historical data to separate the data into two halves. This is a good justification if there
is a agreement between the first and second halves. The first half and the final half
of the trajectory allows us to produces a PMF with error bars. The error bars of the

total mean force is estimated from the difference between the mean force for the first
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Figure 6.24: A typical trajectory for all frames from 0 to 2000 every 3 frames of the
positive gold nanoparticle on the lipid bilayer surface.

and the second halves of the simulation for each window. These mean force errors are
then integrated from the anchor points (stability in an otherwise uncertain situation)
to take the error from the PMF. This was done by calculating the PMF values for all
windows as shown in the Figures 6.26, 6.27, and 6.28. From those plots one can see there
is a similarity between the first and second halves for the negative gold nanoparticle.
However, for the positive and neutral ones, there is much less similarity between them.
This shows that despite the counts are good in all simulations but the first and the second
halves are adequate. Therefore, comparing two portions of the same trajectory is good for
estimating convergence. Alternatively, it is good to check more accurately the convergence
by carrying out the ABF calculations starting from different initial conformations.

The APL of the lipid bilayer POPC was calculated and found to be 64.0+0.9, 64.5+1.1,
and 64.1 + 1.1A2 for the neutral, negative, and positive gold nanoparticles respectively

as shown in the Figures 6.29, 6.31, and 6.30. These results agree with the results of

133



Chapter 6. Interaction of gold nanoparticle with lipid bilayer membrane

Figure 6.25: A typical trajectory for all frames from 0 to 2000 every 3 frames of the
negative gold nanoparticle on the lipid bilayer surface.
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Figure 6.26: Comparison of calculated free energy between the first and the second halves
of the trajectories for the neutral AuNP. Also shown is the free energy obtained when
combining both halves. The error bars indicate the uncertainty in the results.

other calculations and of experimental work [32, 80, 119]. This tells us that lipid bilayer
membranes in all three systems are thermally equilibrated at that temperature in these

simulations.

6.4.3 Conclusion

In summary, the free energy of a gold nanoparticle adsorption at the bilayer surface
was found as a function of distance along the normal axis £ from the centre of membrane
in the interval 23.0 < ¢ < 35.0A. We found that both the positive and negative AuNP
bind to the membrane but are not able to penetrate it. However, for a neutral AuNP we
found a partial penetration of the nanoparticle into the bilayer as shown in the Figure
6.32. The binding of positive gold nanoparticle with lipid bilayer surfaces occurs between
25 < € < 29A. Rather surprisingly for the neutral nanoparticle, this occurs for 23.0 < ¢ <
25A which is before 25 A. Whilst these free energy calculations show good convergence,

further investigations are needed before the binding energies may be taken to be accurate.
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Figure 6.27: Comparison of calculated free energy between the first and the second halves
of the trajectories for the positive AuNP. Also shown is the free energy obtained when
combining both halves. The error bars indicate the uncertainty in the results.

o

T
First half
i Second half

ES
T

All %

=]
T

PMF (kcalfmol)
[=:] (=) -y ra [=]
T

-
=1
T

-
[¥]
T

24 26 28 30 32 34
g(A)

Figure 6.28: Comparison of calculated free energy between the first and the second halves
of the trajectories for the negative AuNP. Also shown is the free energy obtained when
combining both halves. The error bars indicate the uncertainty in the results.
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Figure 6.29: Area per lipid for the system with neutral gold nanoparticle.
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Figure 6.30: Area per lipid for the system with positive gold nanoparticle.
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Figure 6.32: Trajectory of the neutral gold nanoparticle on the lipid bilayer surface which
shows partial penetration of the AuNP by the lipid bilayer surface at 60 ns.
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6.5 Constant velocity pulling of gold nanoparticles

through the lipid bilayer

6.5.1 Steered molecular dynamics simulations

In order to get a better understanding of the interaction between the bilayer surface
and the gold nanoparticle, the equilibrated structure of the neutral gold nanoparticle
with the lipid bilayer were subjected to steered molecular dynamics (SMD) simulations.
SMD is a biasing method that induces time-dependent external forces to change the
biomolecular structure [120]. This allows for the study of binding and unbinding events
for such systems. SMD has recently become very popular in studies of biological processes
such as protein folding and unfolding, ion transportation across membrane channels, and
has also provided insights into the ligand (un)binding pathway mechanisms [121]. It has
also been used in determining whether the protocadherin 15-cadherin 23 bond of hair cells
interface is mechanically strong [122].

In the this work, the membrane is subject to a thermodynamic (harmonic restraint)
force equal and opposite to the force applied to the nanoparticle. This method has the
advantage of being able to being used to investigate possible permeation pathways of

nanoparticles across a lipid bilayer membrane.

6.5.2 System and method

The system of the neutral gold nanoparticle which was used in the previous section
was the subject of the SMD simulations. Thus the system was placed in 80 x 80 x 110 A3
simulation cell. The gold nanoparticle was placed geometrically at the centre of the top of
bilayer. The system was kept at 300 K and pre-equilibrated for 250 ps. The nanoparticle
molecule was pulled from this starting position through the lipid bilayer. Simulations were

performed using the MD simulation package NAMD version 2.10. The same force fields
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Table 6.4: The velocities given to the neutral AuNP

Velocity (A/ps)
11-0.044
2 | -0.0044
3 | -0.00044

as from the previous section were used in this study. All other simulation parameters
were the same as that used in the previous sections. To gather a set of samples to form an
ensemble, the same target centre position was given to the nanoparticle for each applied
velocity.

A difference between a set of centre of mass of gold nanoparticle and lipid bilayer
membrane distance restraints were used as the pulling variable during SMD along the
¢ and attached to a spring constant (10 kcal/mol/A?) at constant velocity. For this
purpose, the moving restraint method was used and accomplished with Colvars. This
meant that equal and opposite forces were applied to the nanoparticle and lipid bilayer.
The simulations were performed with different pulling velocities as shown in Table 6.4
to maximize the permeation process. Note that if the applied velocity is too fast it may
result in unphysical deformations of the structure and because of the lack of time for the
molecule to relax in response to the applied stress may lead to unphysical results. Another
reason for using low pulling velocities is that it is hard to know the magnitude of the force
required to pull a nanoparticle through the lipid bilayer. So, in choosing a very low
velocity gives the lipid enough time to relax. Moreover, these low pulling velocities allows
the driving of a gold nanoparticle through the lipid bilayer within time frames accessible
to MD simulations. For each pulling velocity, three independent SMD simulations, all
with the same starting structure were carried out for 20 ns using the Colvars module with

NAMD.
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6.5.3 Analyzing data

To analyze the data of the constant velocity SMD simulations, we examined the force as
a function of the position along the z-axis of the system. In order to achieve this, the
output trajectory file was saved together with all the forces for each position as the gold

nanoparticle passes through the lipid bilayer membrane.

F=-VU (6.5.1)

VU:;w—@—mnﬁ (6.5.2)

6.5.4 Results and discussions

Song et al [123] carried out coarse grained MD simulations to find the minimum
force required for nanoparticles to cross through lipid bilayer. They calculated the forces
required for the nanoparticle to move through the first layer (first headgroup) and for
when the nanoparticle leaves the lipid bialyer membrane. According to their studies, the
minimum force for the first layer is less than for the second layer. We performed the SMD
simulations to estimate the minimum force required to allow for a neutral gold nanoparticle
to permeate through the POPC lipid bilayer membrane. First, we determined the area
per lipid and the thickness of the POPC lipid bilayer membrane at different velocities
and these are given in Table 6.5. It can be seen that the APL for the first two velocities
are in agreement with the results of other experimental and computational investigations
[32, 76]. However, for the lowest velocity in our study, the APL is much higher than the
experimental value, and the thickness is much less than the actual value. This means
that, the lipid bilayer membrane is not thermally relaxed and the gold nanoparticle is
somehow stuck in the hydrophobic region.

Typical trajectories of the simulation after 20 ns are shown in the Figure 6.33. It is
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Table 6.5: Results of the APL and BLT

Velocity (A/ps) | thickness (A) | Area per lipid (A?)
-0.044 38.7£2.2 68.4+5.9
-0.0044 38.1+4.4 69.1£9.7
-0.00044 33.1+£0.5 78.8£1.6

clear that the duration of the simulation is not long enough to allow the nanoparticle
to cross the lipid bilayer and to allow the lipid molecules to relax thermally after the
permeation process. We have tried to determine the minimum force required for the gold
nanoparticle to permeate through the lipid bilayer. However, this calculation depends on
determining the minimum velocity which is difficult to find out in our case. This must be
carried out by choosing a very low velocity to reach a required force to do the permeation
process.

The velocity profiles at different constant velocities as a function of the z coordinate

are shown Figures 6.36, 6.35, and 6.34.

6.5.5 Conclusion

One can see that for all three velocities, increasing the resistances of the headgroups
toward the passing gold nanoparticle results in a decrease in its velocity. In addition, for
the first two velocities considered, the velocity of the gold nanoparticle decreases more
inside the hydrophobic region until it reaches the lower headgroups and then increases
again when the gold nanoparticle pass cross the bilayer completely and reaches the water
region. However, for the lowest velocity considered, the gold nanoparticle gets stuck in
the hydrophobic region as it does not have enough time to permeate through the bilayer.
Figure 6.37 shows the force profile for the different velocities considered. In general, in

our case, the force required is less than 2000 pN.
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(c) 0.00044 A /ps

Figure 6.33: The trajectory of the AuNP after 20 ns at each constant velocity.
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Figure 6.34: The velocity profile as a function z-coordinate when the constant velocity is
0.044 A /ps.
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Figure 6.35: The velocity profile as a function z-coordinate when the constant velocity is
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Figure 6.36: The velocity profile as a function z-coordinate when the constant velocity is
0.00044 A /ps.
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Figure 6.37: The force profile as a function z-coordinate for the different applied velocities.
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Chapter 7

Coarse grained molecular dynamics
simulations of the interaction a
carbon nanotube with a bilayer

membrane

7.1 All-atom (AA) and coarse-grained (CG) simula-
tions of biomolecular systems

Molecular dynamics simulations are used to provide information about how large
molecular systems behave when they interact with external particles or forces. In princi-
ple, simulations of this type should be on systems as large as possible and for as long as
possible. In practice, however, there has to be a balance between the size of the system
and approximations used in determining the total energy. This is because of the computa-
tional resources required for simulations involving many thousands of particles. Because

of this, alternate strategies have been proposed.
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In a coarse grained (CG) MD simulations [124], small groups of atoms are treated
as single particles (beads) and the forces between these particles are derived from the
interatomic forces. The effect of this is to severely reduce the number of particles in a
simulation, thereby allowing for the consideration of a larger number of atoms. It has also
proven to be a valuable tool to probe time and length scales of systems beyond that used
in all-atom (AA) simulations. The down side of this is that the inter-particle interactions
are less accurate. However, if these coarse grained particles are chosen carefully, such
simulations can provide much useful information. The time and size scales for the different
simulation techniques is shown in Figure 7.1.

It may also be noted that some applications do not need detailed atomistic information
making them very suitable for CGMD simulations. However, using CG methods can
also result in an inaccurate description of systems, including membrane systems, so CG
simulations are not always recommended. There are different levels of how the coarse
grains are constructed. For example, CG systems have been developed using tens or
hundreds of atoms per CG bead in some studies of amino acids in biological science. By
contrast, for other systems, a single CG bead is used to replace just two or three atoms.

The interaction potential between CG beads are simplified and do not include bend-
ing or torsional interactions. Electrostatic interactions are only taken into account if
absolutely necessary. The important point is that CG simulations are used to provide
a collective description of observed phenomena using only significant interactions. The
main feature of the CG approach is that it is faster than all atom simulations. For exam-
ple, in a simulation of water, 4 water molecules each comprising 3 atoms can be replaced
by a single CG water bead. Additionally, the time step in the simulation can be increased
by a factor of 10 or 15. So, in such a case, using a coarse grained model would result in
a computational speed-up of about 100.

In this chapter, the interaction of a carbon nanotube with a lipid bilayer membrane is

studied using coarse grained MD in an effort to understand the usefulness of the CGMD
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Figure 7.1: Modelling and simulation methods with associated time and length scales.

method for such simulations. First, we show that the structural information for a protein
using both, all-atom (AA) and CG models, gives results that are consistent with each
other. In then next section, we show the results of a test study using CGMD to model

the structure of the ubiquitin protein molecule.

7.2 Equilibrium structure of the ubiquitin protein

molecule

7.2.1 Introduction

Ubiquitin (UBQ) [125, 126] is a small globular protein which is found in almost all
tissues of eukaryotic organisms. It consists of 76 amino acids. The structure of the UBQ
based on the X-ray information is shown in figure 7.2. It shows UBQ with helices in purple
and the (-sheet in blue. The turns and coils are in grey. UBQ is a key regulatory label
for many different cellular processes. An example of such a process is that related to the
regulation of proteins. Ubiquitin’s physical and structural features make it an interesting
candidate for experimental and theoretical studies of proteins. UBQ can alter its functions

by the way it binds to a substrate protein which gives a number of different outputs. This
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Figure 7.2: A structural view of UBQ using VMD.

process is called ubiquitination or ubiquitylation and can be affect the protein’s activity,
location and in the way it interacts with the other proteins. Modelling these activities
has also became a major goal of research in the area of computer simulations.

In this section, the results of carrying out both, AAMD and CGMD simulations on
the equilibrium structure of UBQ is reported. The purpose of this is to test the usefulness
of CGMD by comparing both sets of results to see whether they are consistent with each
other.

First, the equilibrium configuration of UBQ is determined by carrying out AAMD sim-
ulations. This structure was used as the initial state for the CGMD simulations. Finally,
the structure resulting from the CGMD simulations was reversed back to give the atomic
configuration of the molecule using the reverse coarse-graining (RCG) method [127]. This
process allows us to characterize the structures obtained from a multimicrosecond CGMD
simulation as well that obtained from higher resolution AAMD simulations. By comparing
the results of both models, CGMD is shown to provide structural information of proteins
that is consistent with that of AAMD. The comparison of the CPU (Central Processing

Unit) times for both simulations are also presented.
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7.2.2 Simulations

Both, the AAMD and CGMD simulations of the equilibrium properties of UBQ were
carried out using NAMD. The UBQ protein structure used in this study was downloaded
from the Protein Data Bank (PDB) [128].

In both sets of simulations the UBQ molecule was placed at the centre of the 60 x
60 x 66 A3 simulation box and solvated with water using the Solvate plugin of VMD as
shown in the Figure 7.3. Three dimensional periodic boundary conditions were applied.
The structure with the bead positions used in the CG study was derived from all atom
coordinates of protein using the Martini model [33] to define the interaction sites.

Both sets of simulations were carried out at a constant temperature of 300 K using
Langevin dynamics with a Langevin damping coefficient of 1 ps~!. Isotropic pressure of 1
bar was applied using a modified Nose-Hoover method. The details of the simulations are
given in Table 7.1. The CHARMMZ27 force field [2, 129] parametrization was taken in the
AAMD simulations whereas parametrization by MARTINI [33] was used to represent the
bead interactions in the CGMD simulations. The calculation of non-bonded interactions
is the most time consuming part of the MD simulations, so a 12 A cutoff was applied for
the van der Waals and short-range interactions. A switching function at 10 A was added
for the van der Waals interactions in order to ensure a smooth cutoff. For the long-range
interactions such as electrostatic interactions, the particle-mesh Ewald (PME) method
was used with a grid point density of over 1.2/ A3. In both sets of simulations, the energy
of the system was minimized first by applying the conjugate gradient algorithm for 1000
time steps and then equilibrated at 300 K for a period of time in an NPT ensemble. The
simulations were first tested on a single machine (8 core-processor) and the final calcula-

tions were carried out on the 32 core parallel computers using the computational facilities

of the Advanced Research Computing@Cardiff (ARCCA) Division, Cardiff University.
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Table 7.1: Simulation details

AAMD CGMD
number of UBQ particles | 1231 atoms 163 beads
number of water particles | 7392 molecules | 1496 beads
total number of particles | 23407 atoms 1659 beads

time step 2 fs 10 fs
damping timescale 200 fs 2000 fs
period of simulation 8 ns 6.3 ns

[a] [b]

Figure 7.3: The structures of the UBQ protein in the systems of : a) AA b) CG simula-
tions.
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Figure 7.4: CPU time
single machine.
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Figure 7.5: CPU time as function of number of steps in CGMD simulation for UBQ on

single machine.

7.3 Results and discussions

The CPU time taken, as a function of number of steps, for both sets of simulations

is shown in Figures 7.4 and 7.5. It can be seen that CGMD is faster than the AAMD

simulations by about a factor of 60. In Figure 7.6 is shown the speed up as the number

of nodes on the parallel machine is increased.

It is clear that the AAMD processing times improves markedly with increasing nodes.

The time taken for the CGMD simulations makes it feasible to carry out preliminary

calculations before embarking on a full AAMD simulation. Also, in some cases, the latter

may be prohibitively expensive. In such cases, CGMD is the only viable option.
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Figure 7.6: CPU time as function of number of nodes in both AAMD and CGMD simu-
lation for UBQ on Raven cluster.

In order to compare the equilibrium structures resulting from both sets of simulations,
we calculated the time variation of the root mean square deviation (RMSD) of the system.
The RMSD is defined as a summation of the square distances between each atom in one
structure and the corresponding atom in another structure. This is a numerical measure

of the difference between the two structures which is defined by the following equations.

Nq D 2
RAISD, — J SN [ralty) — {ra) )
N
Then, (r,) is defined as follows:
L
(ro) = ﬁt -71ra(tj) (7.3.2)
=

where N, is the number of atoms whose positions are being compared, N, is the number
of time steps over which atomic positions are being compared. r,(¢;) is the instantaneous
position of atom « at time ¢;, and (r,) is the time-average value of the position of atom
a to which the positions r,(;) are being compared. This measure can be used to analyse
the stability of the molecule. So, if the RMSD decreases in time or deviates around a

small value, it suggests that the molecule is in a stable phase. If however, the RMSD
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Figure 7.7: The RMSD of UBQ protein as a function of time in the: a) AA b) CG
simulations.

keeps increasing, it points to an unstable structure. The RMSD values as a function of
time for both sets of simulations are shown in Figure 7.7. These results indicate that both
the AAMD and CGMD results in stable structures of UBQ.

The next phase was to compare the two structures in atomic detail. To do this, the
RCG plugin in VMD was used to recover the atomic positions of the atoms from the bead
coordinates in the CG system. This atomic configuration was then energy-minimized.
Then, both sets of atomic coordinates, the original and those obtained after the reverse
back, were compared. While the RMSD value of the molecule as a whole is very useful in
itself, it is important to have an overview of flexible regions in protein from the thermal
motion of each residue. The root mean square fluctuation (RMSF) is a time average of the
RMSD per residue, as a function of the residue number. The RMSF was then calculated
using the original structure as a reference as shown in the Figure 7.8.

If the RMSD value is large, the structures are dissimilar, while if it is zero means
they have identical configurations. However, if the number is intermediate it suggests
some similarity, as root mean square deviation is roughly related to RMSD in interatomic
distances and both structures must have the same general fold. Proteins usually have well
defined 3D structures compared to other polymers and have secondary structures and
tertiary structures. The RMSD is always determined relative to some reference structure.

The reference structure is fit to the other structure using a “measure fit”. A 1-2 A RMSD
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RMSF (k)

Figure 7.8: RMSF of protein and backbone with respect to the average coordinates of

both simulations.

Table 7.2: Residue numbers for AAMD and CGMD
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40 50 60

Residue no.

systems of the UBQ.

Systems

No. of « helix

No. of 3 sheet

Total

1. AA

12 residues

27 residues

39 residues

2. CG

12 residues

26 residues

38 residues

value is perfectly allowable and expected for small, globular proteins [130].

Other than RMSD calculations we have also looked at the secondary structure because
it is important to know if the transformation of the atoms to beads and back again
has affected the characterization of the protein. We have therefore calculated, for both
structures, the number of residues in the « helix and in the # sheet and this is presented
in the table 7.2. It is clear that the transformation process has resulted in one residue
missing. The resultant structures shown Figure 7.9 indicates that:

1. The CGMD simulations result in structures that are nearly the same as found by
AAMD:;

2. The transformation process and its reverse taking atoms to beads and vice versa is
quite robust.

Having thus established that CGMD is a useful tool to use in systems too large to be

studied using AAMD or for simulations which need to be run over very large time scales
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Figure 7.9: Structure UBQ from NMR and reverse back from CG simulation.

(up to 1 ms). We now report on the results obtained by using CGMD to investigate the

interaction of a POPC lipid bilayer with a carbon nanotube.

7.4 Simulation studies of the interaction of a POPC
lipid membrane bilayer with a carbon nanotube

(CNT)

7.4.1 Introduction

The importance of the study of gold nanoparticles and their interaction with biological
molecules with particular reference to medical, biological, and nanomaterial applications
was mentioned in the previous chapter. In general, there has been much interest in
studying nanoparticles in biological environments. Particular interest has focussed on
incorporating carbon nanotubes in biological applications.

In this section, we report on our investigations studying the interactions between a
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carbon nanotube (CNT) and a lipid bilayer membrane using CGMD simulations. The
interactions between lipid bilayers and carbon nanotubes have been studied by computa-
tional methods by many researchers [131-133]. This has been in the context of developing
nano-injectors for drug delivery and gene therapy into cells and for building novel bio-
materials [134]. The penetration of a carbon nanotube into biomolecular cells such as
a lipid membrane have been confirmed experimentally, although the mechanism of how
they pass through cells still is not well understood [135-138]. As carbon nanotubes have
unique properties, they have also been used in other nanotechnology applications such as
nano-electric devices, nanowires and to build tiny transistors [18, 139, 140].

It has been reported in AA simulations, using SMD, that open-ended single-walled
carbon nanotubes penetrate into a membrane and in so doing, destroy the structure of
the lipid bilayer . However, it has also been found that capped single-walled carbon
nanotubes causes less destruction of the lipid structure while it has a lower free energy
barrier [141]. The impact of a carbon nanotube on the structure of a cholesterol molecule
on a protein has been investigated where it was found that it forms a layer around the
protein [142]. The stabilization of CNT inside the lipid bilayer POPC and POPE have
been investigated by [131] who found that the temperature is not affected on the insertion
of carbon nanotube as they calculated RMSD at different temperatures and obtained
RMSDs more or less at the same level.

Membrane bilayers can be supported by carbon nanotubes in order to increase its
structural stability to make for a mechanically strong surface. Carbon nanotubes can
penetrate inside mammalian cells without any external help or can be inserted manually
into a lipid membrane. Nevertheless, intercalcated carbon nanotubes on a lipid membrane
are not yet realizable. Because of this, the interaction between CNT and lipid membranes
is a growing area of interest. The complex structure of lipid membranes and its fluidity
makes experiments at a molecular or cellular level intensely challenging. Thus, under-

standing the interactions between them has been investigated by molecular simulations.
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To better understand the interaction processes, a carbon nanotube, a lipid membrane,
and surrounding environment are needed. In this work, a classical CGMD simulation has
been used to focus on the stability of carbon nanotubes within a membrane by using the
RMSD to measure the stability.

The present study examines the energy optimization of the complex system consists of
a carbon nanotube and a POPC membrane in water solution. MD simulations were carried
out using the NAMD package. Also, the investigation sets out to determine the RMSD,
the force between lipid bilayer with CNT throughout the simulations, and the tilt angles
of carbon nanotube with respect to the normal axis of bilayer. Furthermore, the data
is analyzed by VMD to confirm the structural changes during MD simulations at finite
temperatures. The main purpose of these investigations is to obtain an understanding of

the interaction of a CN'T with POPC lipid membrane.

7.4.2 System and computational method

In this work, classical CGMD simulations of a system comprising a POPC lipid
membrane bilayer and a CNT all solvated in water at 300 K, were carried out. To
build the (POPC) membrane bilayer with size (50 x 50 A), VMD has been used. VMD
automatically builds a water shell around the lipids in order to properly hydrate the
lipid headgroups. The Martini model was used to make the CG interaction sites of the
POPC bilayer [143], with an approximate 4:1 mapping. The beads or particles in the CG
structure were associated with polarity, hydrophobicity, and charge. They are assigned
particle types as (e.g. Py, Po, Ci, Co, Qq, Qq, ..etc) and interact with each other via
the non-bonded potential functions. The bonded interactions were treated in the same
approach used in atomistic simulations. Figure 7.10 shows an example of the resulting
Martini-designed CG lipid. The water molecules were mapped as 4 water molecules to 1
CG particle. These particles were assigned a P, type as explained in [33]. VMD was also
used to build a zigzag (10, 0) carbon nanotube (CNT) with a diameter (7.82 A) with a
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Figure 7.10: Martini lipid layout.

relatively short length of 30 A. The CNT comprised 320 atoms, 470 bonds, 920 angles,
and 1800 dihedrals. Then, in order to construct the CG CNT structure, 4 carbon atoms
were mapped onto 1 CG bead, as shown in the Figure 7.11. The CG CNT structure
then comprised 80 particles bonded together through the harmonic potential with a force
constant of 5.9752 kcal mol~* A~2 to sustain the geometry of the nanotube. In this study,
apolar (C) [33] particle types were used to describe the carbon atoms with hydrophobic
properties based on the study by Wallace [144, 145]. Parameters for the MARTINI force
field [33] as applied to the CG CNT were taken from [146, 147]. To construct the final
combined system, the CNT was manually placed into the center of the POPC bilayer
using VMD.

Initially, an energy minimization (optimization) was carried out to optimize the struc-
ture for 2000 time steps. This was to ensure that any clashes between particles were
removed. After this, the system was run for 300 ns with a times step of 10 fs (ie, 3 x 10®
steps). The MD simulations was performed in the NPT ensemble at temperature of 300
K and Langevin Dynamics was used to control the temperature. The pressure was set at
1.01325 bar. The cutoff distance for all non-bonding atom interactions was set to 12 A.

Periodic boundary conditions were applied. The edges of simulation cell had dimensions
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4:1 mapping

[a] [b]

Figure 7.11: The schematic structure of CG carbon nanotube 4:1 mapping: a) the blue
circles represent 4 atoms per bead as assigned by red circles b) VDW viewing,.

z =50.0, y = 50.0, z = 93.0 A. Finally, the results of the simulation were analyzed using
VMD.

7.4.3 Results and discussion

The CGMD simulations of the system consisting of the membrane (POPC) and a
single CNT in a CG water solution were carried on the initial structure as shown in
Figure 7.12. As mentioned above, this structure was first allowed to relax and minimize
its energy in order to remove any steric interactions between the particles. Then, MD
simulations were carried out on the system which was kept at 300 K for 300 ns using time
step of 10 fs. In Figure 7.13 is shown the average temperature of the system during the
simulation run. As can be seen, the temperature is stable around the initial temperature
of 300 K.

The structure of the molecules at five different time steps during the course of the

simulation are shown in the Figure 7.14. It can be seen that the impact between biological
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Figure 7.12: A system representation of the CG lipid membrane with CG carbon nanotube
all solvated in CG water: (a) top view without water; (b) side view all the system.

membrane and carbon nanotube results in an initial movement of the latter. After 5 ns
into the simulation, the CNT is seen to move and tilt away from its vertical starting
position. However, this does not affect the stability of the CNT in the bilayer. Instead
of forcing itself out, the CNT does remain intact within the membrane. That the CNT
was stable in the membrane for the remainder of the simulation suggests that it could be
used for drug delivery as suggested by other researchers [145, 148].

It is also of interest to see what happens to the the thickness of the lipid bilayer.
Because the temperature of the simulation was set to be 300 K, any increase in energy
resulting from the initial placement of the CNT could lead to a local melting of bilayer.
If so, this could be manifest in the thickness measurement. The initial thickness of the
lipid bilayer was taken to be 35.51 4+ 0.40 A which is agreement with the experimental
values of Kuerka et al [76] and consistent with the value used in other MD simulations

[149]. The varying thickness with MD simulation time is shown in the Figure 7.15.
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Figure 7.13: Temperature of the system of CNT with POPC during 300 ns of simulation.

In order to further analyse the structures of both the lipid bilayer and the CNT
during simulations, the RMSD between the structure at 300 ns and the initial structures
was calculated. In Figures 7.16 and 7.17 are shown the RMSD values for both the CNT
and the POPC membrane as a function of time.

The RMSD value of the CNT is consistent with the view that it is quite stable through-
out the simulation without any loss of structural integrity. However, this is not the case
for the POPC membrane. Here, the RMSD values indicate that the structure is relatively
stable until 150 ns and then the RMSD is increasing until 200 ns. Also, at 200 ns, there
is a jump in the RMSD values after which, the bilayer regains its stability. Part of the
reason for this fluctuation could be attributed to the effect of the periodic boundary con-
ditions. The RMSD values are used to determine whether a structure is in a stable phase
at a particular temperature or not, It could also be used as a means to measure structural
damage as in the case of protein docking [150].

We have also determined the RMSF which as mentioned earlier gives information on
the relative stability of the residues. From Figure 7.18 of the RMSF of the CNT, we note
that the fluctuation of the carbon particles in the middle of the CNT structure are more
stable than those near the headgroup of the lipids. This can be understood by noting
that the type of the carbon particles (hydrophobic) interacts strongly with the hydrophilic
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()

Figure 7.14: Visualization of the CG membrane (POPC) and the CG carbon nanotube
(CNT) during different times of MD simulation: (a) 5 ns; (b) 25 ns; (c¢) 50 ns; (d) 200 ns;
and (e) 300 ns. Picture created using VMD.

headgroup. This results in those carbon particles having the highest values of the RMSF.

To get a better understanding of the interaction between the POPC lipid bilayer and
CNT, we calculated the force between CNT particles and the lipid bilayer membrane at
all three principal directions, as shown in the figure 7.19. It should be explained that
the force acting on CNT on each side are nearly similar and fluctuates between (40, -40)

keal.mol™* A~1. This is because of the upper and lower leaflets of the lipids interact with
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Figure 7.15: The thickness of the POPC lipid bilayer during simulations.
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Figure 7.16: The RMSD value of the CNT at 300 K during 300 ns evolution time.
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Figure 7.17: The RMSD value of the POPC at 300 K during 300 ns evolution time.
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Figure 7.19: The force of the lipids on the nanotube at three axis during 300 ns evolution
time.

the CNT equally. These calculations were carried out using a Lennard-Jones interparticle
potential.

The tilt angle between the CNT and the normal axis of lipid bilayer membrane has
also been calculated and as shown in the Figure 7.20. We see that there are oscillations

of the CNT around 50 angle.
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Figure 7.20: The tilt angle between carbon nanotube and the normal axis lipid membrane
(z) during 300 ns evolution time.

7.5 Conclusion

We have used both AAMD and CGMD to simulate UBQ protein. A comparison of
the results in structures are similar enough to give confidence that CGMD is a useful tool
in carrying out simulations of large bio-molecular systems. Based on the results of the
UBQ protein, it is clear that CGMD is computationally much faster than AAMD. Our
preliminary studies of the interaction of a CNT with a lipid bilayer points indicates that
such nano-tubes inserted into a membrane could be stable. This means that it could be
used as an agent in the delivery of drugs. It would be good if these simulations could be

repeated using AA simulations to confirm the validity of these results.
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Conclusion

There has been some interest in integrating lipid bilayer membrane for designing a
new devices in many applications such as modern science and nanomedicine [3]. Studying
the permeabilities of lipid bilayer membranes has also attracted much interest in order to
understand targetted drug delivery in bio-medical applications. The toxicity of nanoparti-
cles and the possible dangers associated with these nanoparticles entering cells has meant
that this is another topic of concern to the general public. For all these reasons, under-
standing the physics and chemistry of lipid bilayer membanes is of paramount importance.
During this project, four aspects of these membranes have been studied. The integrity
and robustness of membranes were investigated by a calculation of their elastic properties
with and without defects. Then, the factors that influence the diffusion of ions, atoms
and molecules across the a membrane were studied. This was followed by a detailed anal-
ysis of how gold nanoparticles interacted with these bilayers. Finally, in an effort to look
forward to carrying out very large scale simulations, a coarse-grained molecular dynamics
simulation was carried out on a system comprising a carbon nanotube and a lipid bilayer
membrane.

In Chapter 4, AAMD simulations using NAMD package were performed to calculate
the elastic constants of the POPC bilayer using CHARMMS36 force fields. We have applied
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the homogenous deformation method to determine the change in energy as a bilayer is
put under strain. This together with studying the effect of creating defects in the bilayer
allows us to study the stability of the bilayer. Interestingly, single leaflet removal appears
to affect the integrity of the bilayer and results in any major change in their elastic
properties. The accuracy of our calculations has been tested by comparing the values of
the calculated bulk moduli of lipid bilayers with experimental data.

In Chapter 5, permeation particles through the POPC bilayer was investigated in
much detail. The first task was to find the diffusion coefficient of ions through POPC
lipid bilayer using different configurations. One of the configurations was a membrane
surrounded by water which had one ion just below the headgroup of the lipid molecule.
We found that while the Na ions bonded to the phosphate group, the Cl ions did not
bind to either the phosphate groups or the choline groups at the surface. In addition,
for the other configurations when the lipid bilayer POPC was surrounded by an aqueous
solution, the results confirm that Na ions are bound deep down below the surface and
stayed there for a period of time.

In all our simulations, there was no permeation of ions when the concentration of
NaCl on either side of a single membrane in the simulation cell was different or equal.
In order to properly model the effect of having different solutions on either side of a
membrane, further investigation were performed by constructing a system of two bilayers
separated by different solutions in the simulation cell. Then these solutions were made
to be asymmetric, one with weak charge imbalance and the other with strong charge
imbalance. In the case of weak charge imbalance, while the ions (particularly the Na
ion) appeared to show a tendency to diffuse across the lipid bilayer, permeation did not
occur over the duration of the simulation. By contrast, when the charge imbalance was
quite strong, the ions diffused through the lipid membrane across what appeared to be
a pore until the solutions on either side of the membrane became near neutral. These

results are in qualitative agreement with those of other researchers. By calculating the
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diffusion coefficients, we were able to establish that the ions diffused more rapidly across
the pores than water molecules. Interestingly, we found although the Na ions were the
first to begin to move through the pore due to their lower potential barrier, the Cl ions
have faster diffusion rates. The diffusion coefficients of the water molecules was less than
that of the ions but were still larger by factor of five than the self-diffusion coefficient of
these molecules in bulk water.

The study of the interaction of gold nanoparticles with a membrane surface is impor-
tant in order to obtain an understanding of the first step in the translocation process.
This is because gold nanoparticles beyond a certain sizes are not able to cross the bilayer
membrane unless they are taken by an endocytosis pathway [106]. Our investigations of
gold nanoparticles with a diameter of 2.2 nm adsorbed on the POPC lipid bilayer mem-
brane forms the content of Chapter 6. In this study the differently charged nanoparticles
were placed at different sites on the surface in order to determine the importance of these
variables. In addition, two different temperatures were considered. We found that the
results suggested that interaction between nanoparticle with the surface bilayer is greater
for the neutral gold nanopartilce than the charged ones. Moreover, the positively charged
gold nanoparticles tend to bind deep down to the phosphate group. However, the nega-
tively charged AuNPs do not do so. To better evaluate the energies associated with these
adsorption sites, free energy calculations which take into account entropy effects were
performed. The initial results suggest that again the neutral gold nanoparticles partially
penetrate the headgroups while the charged ones do not. However, the charged nanoparti-
cles bind to the surface according to the headgroups charge carriers. The negative AuNP
bind to the choline groups which they are positive carriers while positive AuNP bind
to the phosphate groups which are negative carriers. Unfortunately, the potential mean
force convergence was not fully achieved for these calculations and more work needs to
done before we are able to obtain accurate free energies associated with the three systems.

Coupled with this study, we carried out SMD simulations and were able to show that it is
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possible to pull AuNPs of this size across the membrane. This has great implications, but
again, further investigations need to be carried out to determine the minimum velocity
(or force) required for the permeation process. These calculations are computationally
intensive and should provide the basis for a detailed study into toxicological investigations
of the effect of nanoparticle impact on living cells.

Finally, in Chapter 7 we have performed CG MD simulation for the biomolecular
systems with nanoparticles. In order to ensure the results are similar with AAMD simu-
lations, first we have performed AA and CG simulations of UBQ protein. The agreement
between both sets of simulations give confidence that CGMD is a useful methodology
to apply for such biological systems. Hence, we have the confidence to use CGMD in-
stead of AAMD in simulations of very large systems because they are faster than AAMD
and computationally cheap. We then applied CGMD to simulate the interaction of a
carbon nanotube with the POPC lipid bilayer membrane. We found that such carbon
nanotubes inserted into a membrane could be stable which means that they could be used

in nanomedicine application such as an agent in the delivery of drugs.

8.1 Future plans

This thesis has demonstrated the usefulness of MD simulations in studying the diffusion
of particles through lipids and the adsorption sites of gold nanoparticles on the surface of
a lipid bilayer membrane. There are many opportunities in several different directions for
extending the work reported in this thesis. In particular, as has already been stated, the
investigations of the the adsorption of gold nanoparticles on the surface of the lipid bilayer
needs to be further explored. The free energy calculations are computationally expensive
and perhaps it might be useful to investigate other approaches for determining the free
energy of these systesm. Once this is done, it could give us a better understanding of the

binding the nanoparticles through the lipid bilayer surfaces and allow better analysis of
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the existing results. Also in the section of SMD studies, more work is needed to produce
data that could be used to determine the minimum velocity required for the translocation
of gold nanopartilce across membrane layers.

The work described in Chapter 7 to investigate the stability of carbon nanotube inside
the bilayer membrane using CGMD simulations is at a very preliminary stage. We have
but shown the usefulness of applying CGMD to these types of systems. However this
needs further investigations including carrying out AAMD simulation for very long time

periods (nearly 300 ns).
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