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ABSTRACT

Simulating a system of 300,000+ atoms, such as an explicitly solvated protein using
all atom molecular dynamics on the microsecond time-scale, would require an
enormous amount of computing power and specialized software, even with which
would still require months of computing time. However, if the atomic degrees of
freedom of the system can be reduced (or averaged) in some physically intuitive
manner, while still retaining a connection with the underlying atomistic detalil,
microsecond simulations could be achieved within weeks or days. Coarse-graining, a
sub-class of mesoscale modelling, is used to represent molecules in a reduced form as
either regular spheroids (ellipsoids) or as continuum models, using specialized
interaction potentials. The Gay-Berne is a one such coarse-grain potential, which has
been particularly successful in that it has been used in modelling of liquid crystals,
protein dynamics and lipid membrane and micelle formation. However, the challenge is
obtaining a free energy dataset, from atomistically detailed all atom molecular dynamics
simulations, against which the coarse-grain potential can be parameterized. In this
study we present an unprecedented free energy hyper-volume for the benzene dimer
association, which is in turn used to parameterize a coarse-grain benzene model.

The Free Energy from Adaptive Reaction Coordinate Forces (FEARCF) method is
used to obtain the 4D anisotropic free energy hyper-volume for the benzene dimer
association in vacuum and solution. The results in vacuum are found to agree with the
structure and relative energy differences found in the literature, while the effect of the
solvent is clearly evident from these hyper-volumes. This study is also extended to
include biologically relevant aromatic amino acid pairs associating, namely
phenylalanine and tyrosine, and compared to free energy hyper-volumes computed
from +6000 protein structures. The latter shows that hyper-volumes obtained from the
simulations are acceptable for describing aromatic association and, by extension,
suggesting the role it plays in protein stability and folding.

By parameterizing against the benzene dimer vacuum free energy hyper-volume, a
Gay-Berne interaction potential parameter set was obtained for a coarse-grain model of
benzene. This parameter set was used to simulate liquid benzene in a coarse-grain rigid
body dynamics simulation program governed by the Gay-Berne potential, developed
during this thesis. An analysis of the results reveals the proof-of-concept:
parameterization of the Gay-Berne potential against the benzene dimer free energy
hyper-volume results in a coarse-grain dynamics simulation of liquid benzene showing

good correlation (or connection) with the all atom model and experiment.
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PREFACE

The mention and discussion of the Gay-Berne intermolecular interaction potential

(Gay, J. G. and Berne, B. J. http://dx.doi.org/10.1063/1.441483) throughout this thesis

brings to attention the central importance that this potential has in this work. Another
important and central theme is the multi-dimensional anisotropic free energy hyper-
volumes used to describe intermolecular interactions. This thesis project was presented,
formulated, managed and executed in two parts, and the same rationale has been used
in the design and layout of this thesis. The division also helps establish the boundary
between the all atom and coarse-grain (CG) simulation techniques, separation of atomic
isotropic and molecular anisotropic intermolecular interactions, and separate the
application and method development components of this thesis. The two parts can be
conceptualized as: (i) the application of the FEARCF method (Barnett, C. B. and Naidoo,
K. J. http://dx.doi.org/10.1080/00268970902852608 and Strumpfer, J. and Naidoo, K. .

http://dx.doi.org/10.1002/jcc.21317) for investigating aromatic association using free

energy hyper-volumes; and (ii) the development of a rigid body CG dynamics program
implementing the Gay-Berne CG interaction potential, parameterization of a CG
potential, performance gain by using a CG model and comparison of the simulation
results with all atom molecular dynamics (MD) simulations and experiment.

The Gay-Berne provides a means of describing molecular, rather than atomic, non-
bonded interactions, thereby allowing for an all atom system to be described in a
reduced representation. It is not only dependent on separation distance between the
molecular, but their relative orientation as well. The Gay-Berne, Uss(T, 6; 0; @), is a linear
site-site potential described by 4 molecular degrees of freedom: r the separation
between the centre of masses; 8; and 6; the relative orientation of the it" and jth molecule
with respect to the interconnecting vector (r); and ¢ the dihedral angle between
molecule i and j. The form of the Gay-Berne potential allows for a group of atoms, or an
entire molecule, to be conflated into a single, CG site. This reduction in the atomic
degrees of freedom intrinsically reduces the number of non-bonded interactions and,
concomitantly, reducing the computational cost of such a simulation significantly

The Gay-Berne potential, based on a Corner potential, was developed in the 1980s
to overcome the computational expense incurred by calculating the atomic pairwise
non-bonded interactions, by rather describing molecular pairwise non-bonded
interactions between molecules. By doing so, the potential also had to include the effects
the relative molecular orientation has on the interaction. A CG potential, such as the Gay-

Berne, preferentially requires a free energy dataset to be parameterized against,
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because this would ensure the all atom information is embedded within the CG model.
The existence of such an anisotropic potential, the Gay-Berne potential, proved to be
crucial for two reasons: (i) it already existed and is well represented in the literature;
and (if) for defining the free energy hyper-volume, W(r, 8, 62 @), to which it would be
parameterized against.

Chapter 1 introduces the Gay-Berne potential in a brief manner, showing that it is a
generalized anisotropic form of the isotropic Lennard-Jones potential. Chapter 2
provides the theory for all atom MD simulations and statistical analysis, while the
method used for determining the free energy hyper-volumes (FEARCF), as well as a
thorough explanation of statistical mechanics ensembles and general free energy
methodology, is provided in Chapter 3. The first part of the thesis provides the results
for the application of the FEARCF method for describing the association free energy
hyper-volumes for the benzene dimer (Chapter 4) and aromatic amino acid pairs
(Chapter 5). The second part of this thesis begins with the introduction of rigid body
dynamics, implemented with the Gay-Berne potential (Chapter 6); a description of the
anisotropic Gay-Berne potential and the parameterization strategy employed (Chapter
7); and, finally, the last chapter presents the parameter set for the CG benzene model,
obtained via parameterization from the free energy hyper-volume. The performance
gain of the CG over the all atom model is reported and a comparison of the structure and
dynamics results with all atom MD simulations and experiment is made.

Every chapter is designed to build up to the results obtained for the newly
parameterized Gay-Berne CG benzene model presented in the final chapter. More
importantly, does parameterizing a CG potential from a free energy hyper-volume
produce a CG model that contains acceptable atomic information compared to other
methods currently being used? Gregory A. Voth eloquently sums up the key aspect that

«

brings this thesis together: “... coarse-graining should be cast within the context of
statistical mechanics, and more specifically in terms of the Helmholtz free energy...”
(Voth, G. A. Coarse-Graining of Condensed Phase and Biomolecular Systems, CRC Press:

New York, 2009; p 1.)

A Vs (xAA)
exp| ——— | = const. [ dx , , exp| ———~
P( kBT) Jdx py exp k, T
Voo (*eo)|
~ const.' [ dx . exp| —EE~—CCG L
f cG €Xp kBT

where A4, the atomistic Helmholtz free energy, obtained using an atomistically detailed

potential energy function, V(x44), is used to the parameterize a CG potential, V¢e(Xcg).
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ABBREVIATIONS

It should be noted here that the Helmholtz free energy, 44, is used exclusively in this

thesis and will be hereto referred to as free energy.

A Angstrom (10-1° m)

CG Coarse-Grain

CHARMM Chemistry at Harvard Macromolecular Mechanics
FEARCF Free Energy from Adaptive Reaction Coordinate Forces
GB Gay-Berne

GR Golubkov and Ren

L] Lennard-Jones

MD Molecular Dynamics

MM Molecular Mechanics

NVT Canonical Ensemble

PDF Pair Distribution Function

PME Particle Mesh Ewald

PMF Potential of Mean Force

QM Quantum Mechanics

RDF Radial Distribution Function

SDF Spatial Distribution Function

WHAM Weighted Histogram Analysis Method
AA Helmholtz Free Energy

AH Enthalpy

AE Internal Energy

AS Entropy

ps Picosecond (1012 s)

ns Nanosecond (10-%)

us Microsecond (10-¢ s)

NOTE:

Abbreviations not appearing here are provided in the text when they are used.
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CHAPTER 1

INTRODUCTION

Chemistry and physics are two scientific disciplines that study the matter and
forces that make up the universe, from the tiniest sub-atomic particles (e.g. electrons) to
geckos climbing up trees. It is now well established that there are four fundamental
forces in nature.! Two of these are the strong and weak interactions that act between
neutrons, protons, electrons and other subatomic particles. They occur over very short
distances, less than 10> nm. The other two forces are the electromagnetic and
gravitational interactions that act between atoms and molecules, and operate over much
larger distances from subatomic to practically infinity. For example, electromagnetic
forces - the source of all intermolecular interactions - determine the properties of solid,

liquids and gases, the behaviour of particles in solution and chemical reactions.!

The Greeks were the first to view forces in a nonreligious way. They found that they
only needed two fundamental forces to account for all natural phenomena: Love
(attraction) and Hate (repulsion). Love brought things together, while Hate caused them
to part. The idea was first proposed by Empedocles around 450 B.C, and was much
“improved” by Aristotle, and formed the basis of chemical theory for 2000 years.! In the
4th century B.C., Aristotle observed the ability of a gecko to run up and down a tree in
any way, even with its head pointing downwards.z 3 Now, 2000 years later, we are
uncovering the secrets of how geckos use millions of tiny foot-hairs to adhere to even
smooth molecular surfaces (Figure 1.1a). The two competing hypotheses? 4 for the
gecko adhesion mechanism are (i) thin-film capillary forces (or other mechanisms
reliant on hydrophilicity), and (ii) van der Waals forces. The mechanism for gecko
adhesion has been attributed to van der Waals forces between the surfaces and tiny
microscopic hairs (setae) found on their footpads.2 > ¢ The thin-film capillary mechanism
has been disputed and contradicted by a number of recent studies.”? In 2011,
researchers found evidence that geckos leave footprints on the surfaces on which they
walk, and these footprints were found to contain phospholipids with phosphocholine

head groups.6- 10



The presence of lipids has never been considered in current models of gecko adhesion.
This finding further substantiates the van der Waals force adhesion mechanism. The
analysis of gecko footprints and the toe pad-substrate interface has significant
consequences for models of gecko adhesion and by extension, the design of synthetic

mimics.é

(b)

Figure 1.1: (a) Gecko adhering to a glass surface;1! and (b) the three-dimensional structure of the oxygen

transport protein, Hemoglobin.

There are other important intermolecular forces (or interactions) found in chemical
and biochemical systems that include hydrogen bonding, electrostatic interactions (i.e.,
the multipole expansion, Section 1.1.2), solvent effects and the hydrophobic effect.10. 12
The importance of these intermolecular interactions in biology has been found to be the
determining factor for the stability of a protein’s three-dimensional (or native, Figure

1.1b) structure and protein folding.10. 12

Protein folding, and understanding its mechanism, still remains a grand challenge
problem in this day and age. In a recent article,!3 a layman’s term explanation of the
protein-folding problem is given and the author explains the problem in terms of two
important questions surrounding the field. First, what are the rules that govern the
folding mechanism and kinetics? And secondly, can researchers predict the three-
dimensional structure of unknown proteins?!3 The answers to these two questions are
the Holy Grail for theoretical chemists and biologists alike. To gain an understanding of
such a complex problem, in retrospect, we do what we did when we were kids and
learned, for ourselves, how an analog watch worked for first time. We opened the watch
and observed how each piece operated in synchronicity to allow it to function.
Therefore as with the watch example, the protein folding problem has to first be

understood in terms of its constituent (smaller) parts, the knowledge of the working



parts collected and then we can begin to understand the problem of protein folding as a

whole - with the concept in mind: the whole is equal to sum of the parts.14

It is undoubtedly clear that intermolecular forces (or interactions) play a critical
part in not only science, but also in everyday life. John Rowlinson provides a history of
the intermolecular forces in his book concerning the history of intermolecular forces.1s
The work of Boyle and others lead to the equation of state for ideal gases, while the

extension to include real gases showed the significance of intermolecular forces.

Implementing the famous work of Robert Boyle, who demonstrated that for an ideal
gas PV = constant, and the later works of Charles, Dalton and Guy-Lusaac (who showed
that P « T at constant V), Clapeyron was able to derive the equation of state for ideal
gases, while the extension to include real gases showed the significance of

intermolecular forces.

Implementing the famous work of Robert Boyle, who demonstrated that for an ideal gas
PV = constant, and the later works of Charles, Dalton and Guy-Lusaac (who showed that
P « T at constant V), Clapeyron was able to derive the equation of state for an ideal gas

(i.e., the ideal gas law).1

PV =nRT, 1.1

where P is the pressure, IV volume, n number of moles, R universal gas constant and T
the temperature. However, this equation could not correctly predict the properties of
real gases such as carbon dioxide and oxygen. In an attempt to show why real gases did
not obey the ideal gas law, the Dutch physicist Johannes Diderik van der Waals
considered the effects of attractive forces between molecules. In 1873, he arrived at his

famous equation of state for liquids and gases:!

2
an

1.2
P+7 (V = nb) =nRT,

in which he subtracted the term nb from the volume, to account for the finite size of
molecules, and added the term an?/V2 to the external (measured) pressure, to account
for attractive intermolecular forces now known as van der Waals forces.! James Clerk
Maxwell remarked, “... that there can be no doubt the name of van der Waals will soon

be amongst the foremost in molecular science”.16

The work of van der Waals and many others have shown that intermolecular forces

between atoms and molecules are very important for understanding their underlying



properties and dynamics. The strength of the intermolecular interactions leads to how
strongly molecules associate, which is the critical difference between the phases of
matter (solids, liquids and gases). Without intermolecular interactions we would not
have molecular association, phases of matter, Archimedes observing geckos climbing up
and down trees, proteins folding into functioning enzymes and life (and the universe).
The aim is to study and understand these intermolecular interactions that are so crucial

in the functioning of the universe.

There are numerous experimental and theoretical techniques for studying
intermolecular interactions. In the last two decades computer simulation techniques
have flourished and provided invaluable insight into intermolecular interactions. These
simulation techniques make use of reduced intermolecular interaction potentials, which
are usually pairwise in nature and computationally very expensive. The two most
commonly used computational techniques are quantum mechanics (QM) and molecular
dynamics (MD).17.18 Quantum mechanics, due to its high computational expense, is used
to study small molecular systems and molecular dynamics (implementing molecular
mechanics)!8 is a less computationally demanding classical technique, which can
simulate large systems that explicitly includes the solvent.l® However, these techniques
cannot reach the spatial (size) or temporal (time) scales required to study biologically
relevant processes such as protein folding. Such systems have tens of thousands of
atoms (by including the solvent explicitly) and require simulation times of microseconds
or greater. The result of such a large system is that there are an astronomically large
number of pairwise intermolecular interactions that need to be computed.2® However,
reducing the level of detail in the representation of the system (such as grouping atoms
into a single interaction site), while retaining the underlying connections to atomistic
models, will allow the study of larger systems on longer time scales in much less real
time.20 For a lipid bilayer simulation, Orsi et al. reported a speed up of 130x for the
reduced system over the all atom MD simulation.2! This reduction in detail has been
aptly referred to as coarse-graining, which is currently enjoying a revival and being
developed by many researchers.2® Coarse-grain (CG) dynamics has been implemented
for studying a wide variety of systems from chemistry?? (e.g. benzene?3 24 and water?s)
to biology (e.g. protein folding,26-28 nucleic acids?® and lipids2l 30 31) to polymer

science.32 33

CG dynamics has statistical mechanics at its foundation, and statistical mechanics

merges the microscopic and macroscopic worlds. Thus, most CG methods are best cast



within the framework of the following formula for the Helmholtz free energy, A

(Equation 1.3).34
—V(x)]
kgT 1.3

—Vee (xCG ) .
kT

A
exp| ——— | = const. [ dxex,
p( kBT) d P

=~ const.' [ dx g exp

Where V(x) and x refer to the potential energy and coordinates of all the atoms in
system, T the temperature, ks the Boltzmann constant and “const.” the normalization
constant. The effective CG potential, Vce(Xcg), can be written in terms of Xc¢ variables
that, by definition, are fewer in number the all atom variables.3* Therefore, obtaining
relevant information from all atom simulations for the parameterization of CG effective
interaction potentials is of paramount importance, and should result in dynamics and

thermodynamics similar to that obtained by all atom MD.

In a 2010 study, Ricci et al.35 performed a massive CG-Monte-Carlo (MC) simulation of a
sub-micrometric twisted nematic cell with nearly 106 particles using an off-lattice
molecular model of a liquid crystal, which represents a single pixel of a LCD screen

(Figure 1.2).

(b) (©)

(a)
o

¢
A

Figure 1.2: The (b) starting and (c) final configurations for a twisted nematic cell after relaxation. The
ellipsoidally shaped particles are colour coded according to the orientation of molecular, u;, axis with

respect to the laboratory frame shown in (a). Adapted from Ricci et al.35

They used an effective anisotropic CG interaction potential, called the Gay-Berne
potential (Section 1.5), to describe the interactions between the particles. The results
demonstrated two important points in computer simulations of very large systems,
using a reduced representation. First, was to show “that fairly massive parallel

computing can now be applied to push the application of coarse-grained molecular



resolution simulations to the modeling of fairly realistic devices.”3> And second, “to gain
insight on the actual microscopic working of an important electro-optical device ...”35
This study demonstrated that well parameterized CG models can effectively describe the
anisotropic intermolecular interactions and can be used to investigate enormously

large-sized (or real-world) systems.

1.1 Intermolecular Forces

Chemical systems do not consist of a single molecule but, rather, of a large number
of molecules. To describe and understand many molecules we are required to enlarge
the description to include intermolecular interactions. Intermolecular forces36 of
attraction are what give rise to liquid and solid phases, and are referred to as the weak
electromagnetic interactions acting at a distance between molecules on a microscopic
level.37 They determine the chemical nature of molecular systems such as boiling points,
viscosity of liquids, vapour pressure, the formation of surface monolayers, micelles and

membranes, as well as transport of ions across biological membranes. 36

To describe the intermolecular interactions we need to construct the partition function
from two components. The first component is the molecular partition function, g, which
is determined by the intramolecular interactions. The molecular partition function
describes the different states that have a given energy, E.37 The energy within a molecule

can be distributed into different modes, where the total energy can be written as:
E=FE,+E +E +E,+E,, 1.4

where the subscripts ¢, v, r, e, and n stand for translational, vibrational, rotational,
electronic and nuclear energy modes. In this way, the molecular partition function can

also be separated:
4=49; %4, X4, X4, Xq,- 1.5

For systems of constant nuclear configuration, as is the case for the systems of energies
far from relativistic energies, E, is a constant and for systems that are not electronically
excited, E. is a constant. Thus, the molecular partition function is primarily dependent
on q; qr and q,. The translational and rotational energies, of molecules, are typically
much less than kgT, and can be described classically quite accurately. The vibrational
energy can be very high depending on the atoms involved. Oxygen-hydrogen bonds, for

example, have a very high vibrational frequency and should be described quantum



mechanically or have a constraint placed on them; while slower vibrational motions,

such as the bond stretching between heavy atoms, can be described classically.37.38

The second component, Z, is the configuration partition function, which is determined
by the intermolecular interactions.3”. 38 It has been established that only the theory of
quantum electrodynamics is required for calculations in typical chemical systems for
which we are interested in. The theory was developed between the 1900s and 1950s
and is very well tested,3% 40 but it remains too intricate to use on systems at the scale
that we are interested (i.e., systems with tens of thousands of atoms). Thus,
approximations must be introduced to perform computations on molecular systems of
interest to chemists and biophysicists. The first approximation is to use reduced
descriptions of quantum systems such as the Hartree-Fock*! and density functional
theory methods.#? This description is accurate and can be done on small molecular
systems, but the computations still remain too expensive for the spatial and temporal

scales that are of interest in biophysics, chemical biology and materials science.

This high computational expense leads to the requirement that a system of molecules
needs to be described effectively and classically. In this description, electrodynamics
interactions can be split into two distinct groups: intramolecular (or short-range) and

intermolecular (or long-range) interactions (Table 1.1).

Table 1.1: A summary of the short- and long-range interactions that is present in molecular systems.*3

Short-Range Contribution Pairwise Additive Sign
Exchange No Negative
Repulsion No Positive

Charge Transfer No Negative
Penetration Yes Negative
Damping Approximately Positive

Long-Range Contribution

Electrostatic Yes Positive or Negative
Induction No Negative
Dispersion (van der Waals) Approximately Positive or Negative
Resonance No Positive or Negative
Magnetic Yes Positive or Negative




The intramolecular interactions consist of potentials that are parameterized to
reproduce experimental measurements and/or quantum mechanical calculations.18 19
This is done to give the correct behaviour of molecules in the simulation. It takes into
account bond and angle vibrations and dihedral angle rotations, while ensuring that the
atoms of the molecules remain together. The intermolecular interactions are, to date,
typically described using atomic pair potentials. Intermolecular interactions are
referred to as long-range interactions, since they describe the interactions of non-
bonded atoms between different molecules. They are constructed to reproduce
experimental measurements (e.g. heat capacities) and to be consistent with quantum

chemical calculations of atomic interactions.

1.1.1 Short-range interactions

Short-range interactions arise when the electron densities of atoms, either open or
closed shell, interact. Upon overlap, several interactions may occur that include
exchange repulsion, charge transfer, electrostatic penetration and damping. Of these
interactions, exchange repulsion is most prominent and is used to describe the repulsive
force associated with the interaction of two closed shell systems. This short-range
repulsion occurs when the wave function of two interacting atoms overlap, making the

electrons, belonging to each respective atom, indistinguishable from each other.

The overlap between the orbitals of two atoms, A and B, is measured by the overlap
integral, which is integrated over all space as

S= [¢,pzdr. 1.6

all space

If A and B are separated by a significant distance, such that ¢, and ¢z do not overlap,
then S will become zero. However if there is overlap, then the exchange energy involves
the product of the two orbital overlap functions such that it is approximately

proportional to 52.

1.1.2 Long-range interactions

The long-range interactions can be described by pairwise potentials, which are easy
and quick to calculate by only including pair interactions. This greatly reduces the
number of computations that are required for the system. Pair potentials are
parameterized to incorporate not only the two-body interactions present in the system,
but also to approximate many-body effects. Therefore, they are referred to as effective

pair interaction potentials.!8 19 Long-range interactions can be classified into various



types: electrostatics, induction, dispersion and van der Waals and nuclear core repulsion
(both described by the Lennard-Jones 12-6 potential*4). To calculate the interaction
energy classically, the sum of the electrostatic and the Lennard-Jones interactions is
required. The electrostatic component applies to charged species and only knowledge of
the molecular charge distribution is required. Once determined, the induction and
dispersion energies can be calculated based on the behaviour of the same chemical
system'’s electrons under the influence of an external electric field. This implies that
induction and dispersion interactions are polarization dependent. For the Lennard-
Jones potential, which does not require knowledge of the electronic structure, only the

size and interaction strength for each of the atoms is required.

The electrostatic interaction energy, between two molecules, is calculated as the sum of
the Coulombic interactions between the particles. This can be obtained from the
nuclear-nuclear and electron-electron repulsions and the nuclear-electron attractions, if
the nuclei positions and electron distributions are known. However, in large molecular
systems that are commonly encountered in MD simulations nowadays, this is not
feasible.s In these situations a mathematical simplification of the problem has to be
introduced, which is known as the multipole expansion. Using this approach, the
attractive and repulsive terms are combined such that the electrostatic energy can be
equated to the energy of interaction for the net charges and multipole moments (e.g.
monopoles, dipoles, etc.), which arise from a non-uniform distribution of electric charge,

p(r), within a molecule.

For an electric charge distribution, p(r), the potential at point P, at a distance R from the

centre of mass of p(r), integrated over all space is given by:

1.7
V(P)=— o) 4o
47{80 allspace |R - r|

By assuming that R >> r, the expansion can be rewritten as:

1 2 1 0
B 4me, ,Z:l Rrlatb+l) {nzcepn (COSG)p(r)d‘L’,

1.8

v(P)

where P,(x) is a Legendre polynomial of order n and the angular term cos@ is given by

the dot product of the two vectors 7 and R. The multipole moments arise from the
interaction of a site (e.g. monopole, dipole, etc.) of order a, with a site of order b. The
terms a and b refer to the multipole expansion coefficients, where a and b equal to 0 for

the zeroth charge moment (Coulombic interaction), 1 for the dipole moment, 2 for the



quadrupole moment, etc. If generalized, the multipole expansion giving the electrostatic
interaction between two molecules is only valid when there is negligible overlap of the
electron clouds of the two molecules. From the generalization, -coefficients
corresponding to the charge-charge, charge-dipole, dipole-dipole and higher order

moments are obtained.36

Inert gases, which have no permanent moment, would be assumed not to interact.
However, inert gases are found to deviate from the ideal gas law because they possess
instantaneous moments, arising from fluctuations in their electronic distributions.
These fluctuations induce instantaneous moments in neighbouring molecules and there
is a resultant energy of interaction. This resultant non-zero polarization energy is called
the dispersion energy - first derived by F. London for the theory of dispersion. The
Lennard-Jones potential describes the weakly attractive dispersion (r-¢) and repulsive

core (r12) interactions given by

12 6 1.9
canefe) (0]
r r

where ¢ is the strength of the interaction between the atoms and o is the separation

distance at which the maximum interaction occurs (see Section 1.5 for further details).

Therefore, for two molecules the sum of these long-range interactions, or effective pair
interaction potential terms, makes up the intermolecular interaction. Although the
individual atomic potential terms, discussed up to this point, are isotropic, the sum over
all the atoms of two molecules is not. This is due to the fact that individual molecules are
rarely spherically symmetric. Any asymmetry in a molecule will introduce asymmetries
in the interactions of that molecule with others. A description of intermolecular
interactions between molecules must take into account the anisotropy in the
interaction.#5-55 Methods to do this include using multipole expansions, described above,
analytic two- and three-body functions and analytic functions of one or more variables
that take into account relative orientations, such as the Gay-Berne potential (see Section
1.5).27, 45-47, 50-53, 56-58 Most of these methods have as their primary objective to obtain a
simpler, but nonetheless, accurate anisotropic description of molecules, which can be
used for large scale simulations. In molecular dynamics, where an isotropic potential
energy function is used such as the Lennard-Jones, certain functions are used to ensure
that the potential is zero beyond a certain distance, called the cutoff radius (see Chapter
2). However, this isotropic type of formulism cannot simply be employed when using an

anisotropic potential, due to the different lengths of an ellipsoids semi-axes. While
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stacked configurations do interact at 10 A, end-to-end configurations are still able to

interact. A function considering the relative orientation must therefore be considered.

1.2 Thermodynamics of Intermolecular Forces

The intermolecular forces described are as a result of the direct interactions
between molecules arising from the quantum electrodynamical interactions between
the atoms that make up the molecules. However, there are other effective forces that
occur from multiple solvent interactions, bulk effects and other averaged effects. To
describe such effects we use the language of statistical mechanics, which relates the

macroscopic properties stemming from a very large number of microscopic particles.

The atoms of molecules are not fixed in place but can vibrate and translate. This
transforms into the interaction occurring between two molecules as a function of the
configurations of the atomic positions of the molecules. These fluctuations are
controlled primarily by the intermolecular interactions. The total configurational space
that the molecules may sample is enormous, but they do not sample all points uniformly.
A reduced representation of the intermolecular interactions could be given for only the
most frequently sampled configurations. However, this would still require a complicated
description of intermolecular interactions and, thus, a more common method is to
average out fluctuations with an appropriate bias to the areas of configurational space

sampled most frequently.

Another important effect, which has to be considered, is the interactions between
molecules in the presence of others (e.g. solvent, ions, etc). The molecules may also
undergo similar ‘internal’ fluctuations and move about the molecule(s) of interest. This
greatly increases the size of the configurational space that needs to be taken into
account. These surrounding molecules can greatly affect the interactions, where a good
example of this being the process of protein folding. The configurational space of a
protein is very large and it would take an astronomically long time to reach the folded
state based solely on a conformational search.>% ¢0 Therefore, nature makes use of the
environment (or solvent) around the protein to drive the folding process in biologically

realistic time scales.

The effect of solvent interactions can be either direct (enthalpic), by assisting the
association of two molecules via solvent bridges, or indirect (entropic). To maximize the
number of available states of the solvent often implies reducing the configurational

space of the associating molecules. This can then drive molecules together where they
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otherwise would not associate, and forms the basis for the hydrophobic effect. Using the
protein-folding example again - proteins have a large number of atoms and, hence, its
conformational space is extremely large. In a thought experiment done by Cyrus
Levinthal, it was shown that if a protein were to fold in an undirected (or random)
search of its available conformational space, it would take a time longer than the age of
the universe to reach the final, folded state. However, proteins fold much faster and this
paradox has become know as Levinthal’s paradox.5? 60 Since, protein folding occurs so

quickly there has to be some directed mechanism involved.é!

It is generally accepted that proteins fold on a funnel-like energy landscape,t2 where the
folding process can be described as a two state process (Figure 1.3).63 The initial state
corresponds to a large number of conformational states, i.e. the unfolded state, and the

final state corresponds to a single or very few conformational states, i.e. folded state.

Figure 1.3: The folding funnel concept:62 64 (a) in its simplest form, the straight collapse into native state;
(b) the more rugged landscape with only a few pathways; and (c) a funnel landscape involving a kinetic trap

A and the native state B.63

Proteins consists of a long chain of amino acids and the specific interactions, between
these amino acid residues, are not sufficient to fold a protein. It has been shown that
solvent effects are essential to establish amino acid associations that assist in the
protein folding process.6t 6567 [t also widely accepted that the hydrophobic effect is one

of the major driving forces for the folding of globular proteins.1°

To take into account the interactions between molecules (the enthalpy) and the effects
of entropy, we need to look at the free energy. The mean force acting on a molecule will
take into account configurationally averaged effects of the molecule and its
environment; thus, it is called the potential of mean force (PMF). The PMF is exactly the
free energy, and describes the effective force that one molecule exerts on another.

Calculating the free energy surface from MD is not a trivial task. Various methods such
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as free energy perturbation, thermodynamic integration and umbrella sampling have
been developed to calculate the free energy.l% 6871 These techniques have been
employed to study the interaction in many systems from proteins!2 48, 50-52, 68, 70, 72-77 g

simple organic molecules’8-83 to solvent molecules.84-87

1.3 Hydrogen Bonding, Hydrophobic and Hydrophilic
Interactions

A system of particular interest to chemists and biologists is water. It is the most
abundant molecule on earth, in our bodies and it is particularly important for mediating
and providing an environment for processes that are responsible for life. It is also one of
the most anomalous molecules in having, for example, a very high melting and boiling
point. These properties are a result of the particular association between water
molecules called hydrogen bonding, Figure 1.4.88 A hydrogen bond occurs when a
hydrogen atom is strongly attracted to two other electronegative atoms. In water, this is
seen when the hydrogen forming a covalent bond with the oxygen of a water molecule is
strongly attracted to an oxygen atom of another water molecule. The nature of this
attraction is primarily electrostatic.8? It does, however, also contain a covalent part
imparting directionality to the interaction, which if not explicitly taken into account will
result in MD simulations that will incorrectly describe hydrogen bonding. It is due to
hydrogen bonding that there is an observed tetrahedral structure of ice and near
tetrahedral structure in liquid water. The prototypical hydrogen bond is described by

the directionality of the interaction between water molecules (Figure 1.4).

Figure 1.4: Hydrogen bonding between water molecules showing the tetrahedral structure of liquid water,

which gives water its unique properties.

13



A number of water models for use in the simulations have been developed. These
models include all atom approximations, three-, four- and five-site models, polarizable
and flexible models.19 49, 54, 86, 89-98 These models differ in their local and bulk properties,
but all reproduce the results for a wide range of water properties reasonably well.90. 99
The importance of treating water molecules explicitly, and with high detail, is well
understood and has become more prominent as a standard for running MD simulations.
The consequence of this has been that most MD simulations use explicit, fixed charge

and rigid three- or four-site water models.%. 99

Molecules in the presence of other molecules, that interact via electrostatic and van
der Waals interactions, experience various effective forces. A particularly prominent
solvent effect (especially for water), related to hydrogen bonding, is the hydrophobic
effect. This effect is intuitively associated with the notion of oil not mixing with water in
the formation of oil droplets.19 The current understanding of the hydrophobic effect is
that a polar solvent, when surrounding a non-polar solute, will orient and rearrange
itself so as to minimize charge contact with the non-polar solute. The effect of this is that
when there are two non-polar solutes near each other, the surrounding water molecules
will arrange to minimize the contact area and, in doing so, form an elastic hydrogen
bond network surrounding the solutes.100. 101 The effect is that the two solutes are
pushed closer together reducing the solutes configurational space resulting in a
decrease in entropy, while the aqueous environment increases the entropy due to the
release of bound water molecules. However, in a few recent studies, involving the
association between a hydrophobic molecule and hydrophobic binding pocket, showed
that the hydrophobic effect was being driven by enthalpy.102-104 They determined that
shape of the interacting sites resulted in hydrophobic association being enthalpically
dominated. This resulted from the difference in the thermodynamic signatures between
water molecules near the hydrophobic surface and the bulk. Setny et al. showed that the
favourable driving enthalpy change results from the release of water molecules from the
hydrophobic environment to bulk water.103 The actual solvent behaviour critically
depends on the strength of the solute-solvent interaction and varies from the persistent
hydration of strongly interacting objects.103.105,106 [n 3 2005 article, Chandler provided a
detailed review on the varying role the hydrophobic effect plays on contrasting length
scales.107 For small hydrophobic solutes, water pays entropically as it makes a similar
number of hydrogen bonds as in bulk. However, around large hydrophobic solutes or at
interfaces water cannot form as many hydrogen bonds and, therefore, an interfacial

enthalpic penalty is incurred enthalpic penalty is incurred.107
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The hydrophobic effect is considered to be a very important, initial driving force
responsible for the mechanism for protein folding,1° and in the formation micelle and
lipid bilayer.12 100, 101, 108-110 As soon as the hydrophobic effect was discovered it was
postulated that there might be a corresponding hydrophilic effect. The hydrophilic effect
is considered to be the reverse of the hydrophobic effect. Instead of trying to minimize
the non-polar and polar contacts, the system attempts to maximize the polar-polar
interactions. This was proposed!? and disputed!!! as being a major contributor to

protein folding.

1.4 Molecular Association

Molecular association plays a critical role in all facets of nature. The strength of
molecular associations, arising from intermolecular interactions, has great significance
in describing the microscopic structure and macroscopic observables of molecules.
Examples include the recognition of specific nucleotide sequences by DNA binding
proteins governed by amino acid interactions,'2 cellular communication and
transport,113. 114 the role that CH - - - m interactions play in crystal packing and clatharate
structures,!s the mechanism of crystallization,'l¢ metal-ligand interactions and
metallofoldamers upon ion coordination,!!? the liquid crystal phase,!!8 the hydrophobic
effect and the role it plays in protein folding100. 119-124 and the enhanced stabilization of

secondary structures by non-covalent forces, i.e. hydrogen bonding.

Molecular association is a complex entity to describe in that it is not only dependent on
the distance between non-bonded interacting molecules, but also on their relative
orientation. For example, the sandwich and T configurations for benzene dimer are not
found to be the global minima on the potential energy surface, but rather the parallel
displaced and T-like (Bent-T and Y-shape) structures are the preferred
arrangements.125-130 Furthermore, the competition between the solvent-solvent (e.g.
solvation or hydration energy), solvent-solute (e.g. hydrogen bonding between water
and glucose) and solute-solute (e.g. crystal lattice energy) interactions also play a crucial

role in association,!3! solubility,32 133 jon pairing,!34 reaction rates!35-138 and stability.139

The strength of molecular interactions is also responsible for the phases of matter to
which we have become accustomed. The interplay between molecular association
(determined by the intermolecular forces) and molecular motion (determined by the
kinetic energy and temperature) determines the phase in which matter exists (Figure
1.5a). Gases have the greatest degree of molecular motion with the least amount of

association and appear chaotic, while solids exhibit the opposite behaviour, i.e. greater
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molecular association and order that persists at larger distances.!#0 Liquids, on the other
hand, have strong forces of attraction due short intermolecular distances, while the
amount of kinetic energy is sufficient to allow for tumbling of molecules. This leads to
liquids having the attributes of both gases and solids - i.e. the randomness of gases (at
long-range) and the structural stability of solids (at short-range). This order (or lack
thereof) can be observed by using pair distribution functions (PDFs), from which it is

possible to obtain an idea of the magnitude of molecular ordering (Figure 1.5b.)
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Figure 1.5: (a) Artwork entitled ‘Liberation’ shows all of the major points on the phases of matter.141 At the
very bottom are rectilinear objects that fit perfectly, cover all the space and attain a packing density of unity
- a solid, long-range order. In the middle layer the objects fail to fill the space and cavities appear, but only
restricted motions is possible - a liquid, medium-range order. At the top the cavity space has been increased
to the point where restrictions on motion have disappeared - a gas, weak short-range order. (b) The pair

distribution functions (PDFs) for a solid, liquid and gas, corresponding to the layers in (a).14!

1.5 Model Intermolecular Potentials

Analytical mathematical functions, constructed of terms defining contributions to
the intermolecular potential derived from ab initio quantum mechanical calculations
and experimental data, are routinely used to model the interactions for small to medium
sized molecular systems. Several empirical potentials, shown in Figure 1.6, have been

used to model the dispersion and repulsion interactions. Hard-sphere and square-well
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(Figure 1.6a and b) potentials were used to study liquid properties; however, both types
of potentials are discontinuous functions that lead to poor representation of the
potential at large distances. There is one potential that has been the basis of most
analytical investigations of atomic fluids mostly in part due to its low computational
cost, accurate description of medium range interactions and, at the same time, its close
representation to real potentials.142 This statistical potential, called the Lennard-Jones
12-6 potential (a special case of the Mie potential!43), first described by Sir John Edward

Lennard-Jones in 1924, has the following form:14+

12 6
o o 1.10
UL] = 48 - - )

r r
where ¢ is the interatomic interaction strength and o is the interatomic size. The
Lennard-Jones is a particularly impressive potential in that it describes the repulsion, by
the r12 term (accounting for the Pauli exclusion principle) and dispersion, by the r-6 term
(to account for the attraction). Uy, is zero when r — oo, while it has a global minimum at

T'min = 21/60 where Uy = -¢ (Figure 1.6¢ and d).
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Figure 1.6: The idealized pair potentials: (a) hard-sphere potential; (b) square-well potential; (c) Lennard-

Jones (L]) potential, and its (d) the repulsive r-12 (dotted line) and attractive r-¢ (dashed line) contributions.
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These potentials only describe the repulsion and dispersion based on atomic size and
propensity to associate; it does not take into account the charge that may reside on an
atom or molecule. To accurately simulate molecules, with charge, requires the inclusion
of an electrostatic term.142 Ideally one would like to model the electrostatics using the
full multipole expansion (Section 1.1.2); however, the large computational cost of a
distributed-multipole mode precludes this and the electrostatic energy, Ucou, is more

commonly described by atomic point charges and using Coulomb’s law.

3 q:4; 1.11

)
j>i4-77780rij

UCoul =
where g; and g; the atomic charges, rj is the interatomic distance and &, (exact value of

8.85419 x 10-12 F.m1) is the permittivity of free space.

The above intermolecular potentials, which contribute to the overall potential
energy, are based on that the interacting atoms that are spherical and only distance
dependent. For large rigid molecules, a substantial number of sites would be required to
model the pairwise interactions, resulting in a large amount of computation. For
example, a crude model of the dimyristoylphosphatidylcholine (DMPC) lipid can be
represented by 10 reduced sites (or macrounits)?! and would necessitate 100 site-site
interaction between each pair of DMPC molecules. However, sites based on the all atom
representation, which contains more than 100 atoms, would be more realistic but
extremely computationally expensive. An alternative type of intermolecular potential,
introduced by Corner in 1948,145 involves a single site-site interaction between a pair of
molecules, characterized by interaction strength (or energy) and size (or range)
parameters that depend on the relative orientation of the molecules.42 This reduces the
description of the system, resulting in fewer computations. A version of this family of
molecular potentials, used in computer simulation studies, is the Gaussian overlap
model generalized in a Lennard-Jones form, called the Gay-Berne potential.146 The basic
potential acting between two linear molecules is the Lennard-Jones interaction,
Equation 1.10, where the angular relation between the two particles anisotropically
describes € and o. This is achieved by considering the overlap of two ellipsoidal
Gaussian functions, which represents the electron clouds of molecule.142 The anisotropic
forms of € and ¢ parameters have the following form:

_1
g(”i’uj)=8sph[1—)(2(ui-uj)z] % 1.12
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where &g, and o, are constants and y is the anisotropy parameter relating the semi-
major and semi-minor axes of the ellipsoid. This potential can describe the anisotropic
interactions between molecules. Further discussion of this potential, its parameters and

parameterization strategy is given in much more detail in Chapter 7.

1.6 How to Reduce Degrees of Freedom?

The modeling of polymeric materials is computationally challenging,?2 32 of high
technological importance,?2 147 but also very fascinating from a general statistical
mechanics point of view. All atom MD simulations would be ideal to study such systems,
but the large computational expense prevents this. Therefore, to conduct simulations of
polymeric materials, such as proteins, a reduced representation of the system has to be
employed to reach the time scales at which biological events occur. There are several
ways in which a molecule, or a portion of a molecule, can be reduced to decrease the
overall computational cost. However, there are many decisions that must be made
including the nature of the dynamics - conservative or dissipative - and the functional
form of the interaction potentials. The way in which the reduction is performed has to
be compliant with the all atom version of the molecule. Examples of system
representation reduction include the aliphatic lipid tail moiety,2t 31 148 water 25 and

benzene (Figure 1.7).23
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Figure 1.7: (a) Spheroidal coarse-grain (CG) mapping commonly used for the ethylene group of the tail

moiety of a phospholipid (ellipsoid); (b) CG water site represented by 4 water molecules; and (c) CG

benzene as an ellipsoid.

A common motif employed by many simulation methodologies is lumping groups of
atoms together into a single interaction site. Examples of which are the CG model of
Fukunaga,!48 the dissipative particle dynamics (DPD) model of Groot and Rabone!4® and

the multiscale method of Goddard.!5® [t is important not to overly distort the
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geometrical shape of the molecules when applying this grouping. As an illustrative
example, for amphiphilic molecules the head group size compared to the average tail
size, normal to its length, determines whether micelles or inverse micelles are preferred.
Cone shape molecules, such as phosphatidylethanolamine, have small head groups and
tend to form inverse micelles; while inverted cone shaped molecules, such as
lysophosphatidylcholine, tend to form micelles. Some models use anisotropic interaction
sites to capture the underlying shape; one of the simplest is the Gay-Berne potential,s8
which is commonly used in liquid crystal simulations. It has also been used in lipid CG

models3! and in united-residue protein folding models.27.28

The electrostatic partial charges may also be considered when choosing the CG
grouping, if electrostatics is to be incorporated in the model. All atom MD force fields
typically have atom-centred partial charges to capture -electron-withdrawing
capabilities of certain functional groups. Lumping atoms together into a single site
imbues that site with a partial charge, which is the sum of all its constituent atomic
charges. If this is not satisfactory, the interaction sites may have to be reduced in size or
have their composition altered. One possibility is to associate several fictitious charges

with an interaction site so as to reproduce the correct long-range electrostatics.

o-
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Figure 1.8: Modeling the electrostatics of the peptide backbone as either using (a) a grouped neutral entity

(-C«H-CO-NH-) or using (b) separated partial positive (-NH-C«H-) and negative (-CO-) charges.

The backbone unit could be modeled as the electrically neutral -C,H-CO-NH- site (with
possibly two fictitious sites), Figure 1.8a, or as two sites, -CO- and -NH-C.H-, with
equal positive and negative partial charges, Figure 1.8b. The protein folding community
often uses a single, uncharged site.2”. 151 An alternative is to use a multipole expansion to
the capture the effect of an anisotropic charge distribution.23 Clearly there are a plethora
of options in designing reduced models. Many of these choices necessitate writing new

simulation software to implement unusual or novel Hamiltonians.
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1.7 Coarse-Grain Dynamics

Interesting chemical and biochemical processes, such as chemical reactions and
protein folding, have been shown to occur over a broad range of spatial (size), from
pico- to micrometres, and temporal (time) scales, from femtosecond dynamics to real-
time macroscopic phenomena. The available simulation techniques for specific spatial

scales and time scales are shown in Figure 1.9.20
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Figure 1.9: A schematic diagram of the accessible temporal and spatial scales by simulations, ranging from
avery low-level description (quantum mechanics, which correlates electronic motion) to high-level
description (as in fluid mechanics for studying air flow around supercars in a wind tunnel). Adapted from

reference 21.20

These techniques use a variety of approaches to reduce the level of detail in the
representation of the system under consideration as the timescale and/or length scale
grows. Bridging the gaps between the various levels is possible with mulitscale
modeling 35 152-155 jn which the various levels are coupled and fed back into each other.20
Reduced models, which preserve information from atomistic representations, allow the
study of events that occur on timescales of hundreds of nanoseconds to milliseconds and
spatial scales of microns.2? Once a suitable means of reduction for the system has been
decided upon, and the effective CG interaction potential chosen, the CG dynamics

simulations can be performed.
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There are many phenomena that lie within the mesoscopic spatio-temporal scale that
may be explored with CG methods in biology and materials science.20. 148,156 Examples of
these applications have been in the fields of protein folding?é-28 157, 158 dendrimers and
polymers148, 150, 159 yarious liquid crystals phases (e.g. smectic and nematic),35 160-168
nucleic acid and nucleic acid-protein interactions,2? 169 simple organic?3 24 and water
systems,?5 vesicle fusion,!7? lipid membranes and micelles21. 31,149,170 tg name a few. The
list of applications of CG methods to large-scale systems is already large and current
trends indicate that it will continue to grow.20 These systems and events can be studied
due to the reduced representation of CG methods, which allows access to spatial scales
and time scales much larger than that can be achieved by all atom representations. As
mentioned before, Ricci et al. were able to use coarse-grain dynamics to investigate a
twisted nematic cell will nearly 106 particles (representing a single pixel of a liquid

crystal display) using an off-lattice molecular model of a liquid crystal.3>

There are several limitations, which occur when representing by coarse-graining a
system.20.171 [t is well known that all models that use effective pair potentials, including
condensed phase all-atom, united-atom and CG force fields, are thermodynamically
inconsistent.20. 159, 172 J,ouis!’2 concludes that force fields that uses effective pair
potentials can be chosen to perform well for some particular physical properties of
interest, which is clearly demonstrated for the various water models that replicate some
physical properties better than others.8¢ 92 94 99, 173 CG force fields are usually
parameterized from pair distribution functions (PDFs), all atom simulations!’4 or
experiments.175 This has the advantage of incorporating the structural information into
the CG model, but there is a loss of transferability. This is part of the trade-off in moving
to a more efficient simulation method; generality is sacrificied.20 However, the gain in
speed, and the ability to reach much larger spatio-temporal scales, allows the study of

very large systems that would otherwise not be accessible.

According to Nielsen et al, there are three fronts along which the current coarse-grain
methods can be continued.20 Firstly, systems can be studied whose constituent parts
have already been parameterized. Secondly, existing parameters can be used as building
blocks for new species. Thirdly, new species can be fully parameterized from a
combination of atomistic simulations and experimental observables.20 Undoubtedly,

there are many possible futures for CG models.20
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1.8 Objectives and Overview of Thesis

This thesis is based primarily on statistical mechanics, its applications to calculating
free energy and laying the foundation for CG dynamics simulations. This work can
conceptually be divided into two parts: (i) the use of statistical mechanics for obtaining
multi-dimensional anisotropic free energy hyper-volumes for aromatic association; and
(ii) the parameterization of an anisotropic CG interaction potential, from the free energy

hyper-volumes, and the subsequent CG dynamics and analysis.

Chapter 2 provides a concise description of the MD method, details of the Hamiltonian,
calculation of long-range interactions, integration schemes, periodic boundary
conditions and potential energy truncation. Also, some of the basic statistical analysis

tools are introduced at the end of this chapter.

Chapter 3 suggests a few texts to read in order to review classical thermodynamics and
its fundamental laws, which lays the groundwork for the following sections. A brief
account of statistical mechanical ideas, fundamental postulates and ensemble theory,
which is normal practice in any statistical mechanics text. Finally a concise history of
free energy methodologies is given, along with more modern approaches. The chapter
concludes with the free energy method employed throughout this thesis, the Free
Energy from Adaptive Reaction Coordinate Forces (FEARCF) and Weighted Histogram
Analysis Method (WHAM) both implemented in multi-dimensions.

The first part of this thesis begins with Chapter 4, which presents the first set of
published results. In this chapter, the FEARCF and WHAM methods are used to
determine the orientational preference of the benzene dimer in both vacuum and
solution. We also investigate the thermodynamics of the benzene dimer in solution. The
vacuum free energy hyper-volume, produced in this chapter, will serve as a foundation

for the parameterization of the CG (Gay-Berne) interaction potential later.

Chapter 5, by virtue, is a natural extension of Chapter 4 to include the biologically
relevant aromatic amino acid side chains. Here the FEARCF method is used to
investigate the orientational preference and thermodynamics of aromatic amino acid
side chains. The amino acid pairs focused on are phenylalanine dimer (PHE-PHE),
tyrosine dimer (TYR-TYR) and PHE-TYR pairs. An analysis of these aromatic amino acid
pairs are performed on approximately 5877 protein crystal structures to produce

“experimental” free energy (referred to as PMFppg). This is compared to theoretical free

23



energy obtained from the simulations. An analysis of the association links the theoretical

and “experimental” free energies.

The second part of this thesis is focused exploring a CG methodology that follows the
third front of CG methods explained by Nielsen et al2® In other words, the

parameterization of an effective CG interaction potential from a free energy.

Chapter 6 is at the methodological heart of this thesis, were an account of rigid body
dynamics is provided. A description of the Hamiltonian, Euler equations of motion,
another integration scheme and the Gay-Berne interaction potential are presented. This
lays the theoretical framework for the development of a CG (or rigid body) dynamics
code. References for deriving the derivation of forces and torques are also provided this

chapter.

Chapter 7 is the parameterization methods chapter, which is concerned with obtaining
parameters for the Gay-Berne potential from the benzene dimer vacuum free energy. An
in depth description of the Gay-Berne potential, its variables and parameters are
discussed. An explanation of the optimization scheme used, namely the Genetic

Algorithm, is briefly provided (with further reading being cited in the chapter).

Finally, in Chapter 8, the thesis reaches its conclusion with the parameterization of a
coarse-grained benzene particle, followed by the CG dynamics simulation of liquid
benzene in a cubic box containing 500 CG benzene particles. The analysis of the liquid
structure (using distribution functions) and dynamics (i.e., the diffusion constant) are

investigated and compared with the all atom MD simulations and experiments.
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CHAPTER 2

MOLECULAR SIMULATION AND STATISTICAL
ANALYSIS

In this chapter, a description of the classical molecular mechanics Hamiltonian is
given. A brief overview is provided of the governing equations and ideas that are used in
standard molecular dynamics (MD) simulations. The Born-Oppenheimer approximation
forms the basis of the validity of molecular mechanics, in that it allows the Hamiltonian
to be expressed as a function of nuclear coordinates only.1-3 This means that the system
can be treated classically, using classical mechanics rather than quantum mechanics,

with a high degree of accuracy.

Methods have also been developed to improve the efficiency and parallel scalability of
MD simulations that include: periodicity, introduced to negate artificial edge/surface
effects; various integration schemas, which try to reduce the truncation error of the
Taylor expansion about r(t); potential truncation that serves to reduce the
computational time of the simulation; and constraints that are used to maintain
reasonable bond lengths and remove trivial high frequency motions to ensure stability
of the simulation even when large timesteps are used. In this thesis, a modified version
of the CHARMM* program is used exclusively for running MD and free energy
simulations and, therefore, only the CHARMM classical Hamiltonian (or empirical force-

field) is discussed here.

Finally, an analysis of the trajectories produced by a MD simulation has to be performed.
Since most of this work is done in the condensed liquid phase, we are mainly concerned
about how the solvent is affecting the system. By making use of statistical analysis tools,
we are able to investigate the solvent structure around molecules or liquid structure.
The solvent structure is studied using distribution functions such as pair distribution
functions (PDFs) and spatial or solvent distribution functions (SDFs). Transport
properties such as diffusion can also be determined from MD trajectories by using

correlation functions.



2.1 Molecular Dynamics

Classical MD simulations are based primarily on the movements of nuclei, whereas
quantum mechanical calculations incorporate the motions of electrons as well. This
reduction in the complexity of the calculation makes MD an attractive and
computationally viable technique for simulating large biological systems into the

nanosecond timescale.

A MD simulation describing the motions of the atoms are run using Hamiltonian

dynamics, and can generally be written as:

H(qN,pN,t)= Ep—’+V(qN,pN,t)
i=]2mi

for N generalized coordinates and momenta, g¥ and pV, where V(q", p", t) is the potential
energy of the system. For unmodified dynamics, in a stationary reference frame, the
Hamiltonian describing the system is then also equal to the total energy of the system
H(q", p", t) = E. In molecular mechanics, the potential energy is a function only of the
coordinates, rV, and, hence, the Hamiltonian becomes

N N l I"2 ! 2.2

H(r P ,t)= >4+ 3V(r)
i=12m; iz

where r; is the 3D coordinates of atom i, and p; the conjugate 3D momenta. The

equations of motion for Hamiltonian dynamics is given by the following two differential

equations:
oH 2.3.1
pz (?rl r; ( l) [}
H . 2.3.2
i OH _pi

ap; m;

1

By integrating these equations we can obtain the time evolution, or dynamics, of the

system and calculate various macroscopic properties.

2.1.1 Molecular mechanics - The potential energy and forces

At the core of MD simulations is molecular mechanics (or empirical force field
calculations as it is often referred to) and it is what governs all the interactions.
Molecular mechanics is made possible by introducing several assumptions and

approximations. Firstly, the potential energy can be written as a function of the nuclear
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coordinates only (Born-Oppenheimer approximation), where atoms are modeled as
balls and bonds as springs obeying Hooke’s Law;2 and, secondly, that the partial charge

is representative of the electronic density on an atom.

The potential energy function, V, and the forces, F = -V;-V = -dV/dr, of any molecular
mechanics force field determines the interactions between atoms that make up the
molecules in the simulation. A molecular mechanics force field typically consists of
intra- (bonded) and intermolecular (non-bonded) interactions. A typical empirical

potential energy function, like that used in CHARMM,* has the following form:

E=FE bonds T E
+ E inedrats (Torsional F lexibility) ’

+ E,

angles impropers + EUrey—Bradleyx (Vlbratlonal MOdES)

+ Ecoutomy + E (Intermolecular Interactions)

Lennard-Jones
and the subsequent forces for each of the terms are expressed as:

VE bonds +VE angles +VE impropers +VE Urey-Bradleys

F=- + VEdihedrals
+ VECoulomb +VE

Lennard-Jones

More specifically, the force field can conceptually be divided into three parts: vibrational
modes, torsional flexibility and intermolecular interactions. The first two constitute the
bonded interactions, while the last is the non-bonded interactions. A brief discussion of

each term is provided in the following sections.

BONDED (INTRAMOLECULAR) INTERACTIONS

The bonded, or intramolecular, interactions are the interactions that the molecule
experiences within itself, which includes the bonds, angles, dihedral angles, etc.
Equation 2.4 is a typical intramolecular part of most molecular mechanics potential

energy functions.

2
Ebonded=b2kb(b_bo)2+ > k6(6_00)2+ Ek(p(fp—%)z*' > kUB(b1,3_bl,3,o>

onds angles impropers Urey—
Bradleys h 2.4

+ 3 k¢[1 +cos(ng - 5)]

dihedrals

Each of the terms in the above equation will be described in slightly more detail and the

empirical formula for the forces are also given.

The vibrational modes, described by a harmonic function, of the intramolecular part of
the potential energy is described using a ball and spring, where the stiffness of the

spring is determined by a force constant. The torsional flexibility, described by a Fourier
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expansion, describes the rotational motion around a central bond where the force

constant governs the resistance to rotation.

* The first term, of Equation 2.4, accounts for the potential energy of the bonds in

the system (Figure 2.1). The two parameters, k, and b,, are the force constant

and equilibrium bond length, respectively.
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Figure 2.1: Graphical representation of the harmonic bond potential energy, forces are given in right panel.

* The second term accounts for the potential energy of the angles in the system
(Figure 2.2). The function behaves similarly to the bonds term: kg is the force

constant for the vibrational motion of the angle and 6, is the equilibrium angle.
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Figure 2.2: Graphical representation of the harmonic angle potential energy, forces are given in right panel.
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* The third term accounts for potential of the improper dihedral angles in the

system (Figure 2.3). In analogy with the first and second terms, k, is the force

constant and ¢, is equilibrium improper dihedral angle.

100 T T T
2
r— EUrey— = E kUB(b1,3 _b1,3,0)
o 8.0 F 7 Bradley  Urey—
E Bradley
"
S
v 6.0 F -
N
1 1
% 4.0 l l
UF 1 1 1

g < b, —> FUrey— = _VrEUrey—

.;>,‘ Bradley Bradley

1

5 20} ] JEy,,

y—
L o\ Bradley 0b1,3
b,y  Or
00 1 L L ’
-10 -5 0 5 10
b A
1,3

Figure 2.3: Graphical representation of the harmonic Urey-Bradley potential energy, and forces.

e The fourth term takes into account the 1-3 non-bonded interactions based on
their distance apart (Figure 2.4). It is a harmonic term with kyp being the force

constant and b;3, the equilibrium distance between atoms separated by two

bonds.
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Figure 2.4: A graphical representation of the harmonic relationship used to describe the improper dihedral

angles potential energy, forces given in right panel.
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* Lastly, the force field also has to taken into account the degree of rotation that
can occur around a central bond, j—k, made up of the four adjacent atoms (i, j, k,
I) defining a dihedral angle (Figure 2.3). The dihedral of an eclipsed
conformation is 0 and 360 (the bonds i—j and k—I are parallel), while the anti-
parallel staggered dihedral is -180 and 180. This sinusoidal behaviour allows
the potential energy function and forces to be expressed as a Fourier expansion
of the dihedral angle, ¢, manipulated by the force constant (ks ), multiplicity

(n=1,2,3,4) and phase shift (6) to correspond to empirically derived curves.
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Figure 2.5: The schematic of the dihedral angle and the Fourier expansion of the dihedral angle to

determine the potential energy function and forces.

NON-BONDED (INTERMOLECULAR) INTERACTIONS

The types of effective isotropic intermolecular potentials used by MD packages,
such as CHARMM, are usually pairwise in nature and are a function of the separation
distance, ry, between pairs of atoms i and j. The typical effective pairwise potential has to
take into account, or mimic, the quantum mechanical interaction of the electron clouds
and nuclei, between atoms, as well as the electrostatic interactions from the partial
charges on the atoms.

Oij

12 6
94 o
Enon—bonded =E E —— 4 E E 481’j =
i T 2.5

i jmi ATEE T i i

o°r'ij

The first term is the Coulomb potential and accounts for the electrostatic interactions
between the partial charges on the atoms (Figure 2.6). The parameters are g; and g; are
the partial charges on the atom i and j respectively, &, is the dielectric permittivity of the

free space and ¢, is dielectric constant of the medium.
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Figure 2.6: A schematic of the charge-charge (Coulomb) electrostatic interaction. The solid represents the

attractive, while the dashed line the repulsive interactions. Here, F; = -Fj, due to Newton’s third law.

The second is a dispersion-like term called the Lennard-Jones potential (Figure 2.7). It
has a strong short-range repulsion (2?2 term), which takes into account the Pauli
Exclusion Principle, and weak long-range attraction (6 term) that accounts for the
quantum mechanical attraction between electrons on one atom and the nucleus of
another. The parameters are g;, the interaction strength between atoms i and j, and oy,
(in the CHARMM force field it is given as Rminij = 0;/2) the range parameter, or the
separation distance at the minimum of the potential. The potential and force resulting

from the Lennard-Jones non-bonded interaction are described below in Figure 2.7.
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Figure 2.7: A graphical representation of the Lennard-Jones (dispersion) interaction potential energy and
forces. The solid line is the Lennard-Jones potential is composed of attractive (dashed line) and repulsive

(dotted line) parts. The force on atom j due to [ is given by F; = -F; (Newton’s third law).
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2.1.2 Long-range interactions

The treatment of long-range interactions is of fundamental importance not only for
charged systems, but also for neutral molecules with terms for the multipole expansion.
The Ewald summation, first devised in 1921, is routinely used and is one of the best
ways to incorporate all the effects of long-range interactions in a simulation.5 Use of the
Ewald method has increased with the development of several efficient, O(NlogN),
algorithms that calculate the reciprocal space term. The Smooth Particle Mesh Ewald (or
PME)s 7 method has been implemented in CHARMM for its high speed, accuracy and
application to constant pressure systems. The algorithm assigns point charges to grid
points, which are interpolated using B-splines and calculates the reciprocal space using
3D fast Fourier transform (3-DFFT).” Alternative methods are the fast Fourier Poisson®

and Particle-Particle-Mesh Ewald algorithms.?

A brief description of the Ewald summation and total charge-charge contribution to the

potential energy and force routines are described below (in terms of the solute):10
1. Interactions within the central cell (cube).
2. Interactions of the central cell with all other images.
3. Interaction of image cells with the surrounding medium.

An expression, which incorporates all of these interactions, is given by

1
U=— .
20 5121 dte, |y + 2.6

The summation is conditionally convergent, as it is the sum of all the negative terms in
the series. In the Ewald method, conditional convergence is overcome by converting the
overall summation into two or more complicated but rapidly converging sums. The
initial set of partial charges is surrounded by a Gaussian distribution of equal magnitude
but opposite sign (real space calculation) to which a cancelling set of distributions must

be added (reciprocal space calculation).

The real space summation, expressed by Equation 2.7, generally converges rapidly and
the rate at which it converges is dependent on the width of the Gaussian distributions.
The parameter a should be chosen in such a way that only terms in the series are those

for which [n/=0. Altering a can modify the functional form of the Gaussian distributions.
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qiqjerfc(a‘rl-j + n‘)

1
2jnl0i=0j=0  47E,

’ 2.7
r+ n‘

where

erfc(x) = %?exp(—tz)dt
x 2.8

is complementary error function associated with the Ewald summation in real space.

A second series of distribution is then added, cancelling the first series (the real space
summation). This second summation is performed in the reciprocal space, where the

vectors k, are defined as k = 2nn/L2.

o N N . 2 2
vl TYY %Lﬂexp(—k—)cos(k- rij)_

2](#0,‘:1]':147[80 JTL3 k2 40(2 2.9

The real space summation includes the interaction of the Gaussian with itself and has to

subsequently be removed by subtracting by

_a 5 4
Vr G, 2.10

Finally, a correction term is required to account for the medium surrounding the image
cells. This correction is only applicable if the surrounding medium has a relative

permittivity of 1, i.e. a vacuum,

2
2

correction ~ 3
3L

N g
sy,

2, 211

The overall Ewald summation energy is calculated using Equations 2.6 - 2.11.

2.1.3 Integration schemes |

Given that the generation of an MD trajectory involves integrating a large number of
differential equations, it is of paramount importance that the numerical algorithm be
efficient and accurate. The most important feature of any integration algorithm is the
ability to support a long integration timestep with a small numerical error, rather than
being fast itself. One of the most established and commonly used methods, for advancing

the positions in the system, is the Verlet algorithm

r(t+At) = 2r(1) - r(t - At) + a(1)AL>. 2.12
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It is clear that the velocities do not feature in this integration scheme, as they have been

eliminated by addition of the Taylor expansion about r(t).

r(t+80)=r(1) + (1)Ar + S a()A + 2 B(AC + O(1)AF +.. 2131

r(t=Ar) =r(0)=v(0)Ar + alt)Ar* - SB(AF + O(1)AF* ., 2132
where r(t), v(t), a(t) and b(t) are the position, velocity, acceleration and jerk vectors,

respectively, at time ¢.

Using this integration scheme the velocities are not required to compute the trajectories,
but are useful for estimating the kinetic energy and, hence, the total energy (H = K + V).
The velocities are estimated in the following way:

_r(t+Ar)-r(t-N) 2.14

v(t) = .

2At

Equation 2.14 is correct except for the local error of 6t* and global error of 6t?, whereas

the velocity is subjected to large global and local errors of 6t2.11

An improvement upon the Verlet algorithm is the leapfrog algorithm given by Equations
2.15 and 2.16.

2.1
r(t+At)=r(t)+v(t+%At)At, >

1 1 2.16
vt +=At|=v|1-—At|+a(1)At.

2 2
The stored variables are the current coordinates r(t) and accelerations a(t) together
with the mid-step velocities v(t - 1/26t). The velocity in Equation 2.16 is implemented
first, and then the velocities leap over the coordinates to give the next mid-step values

v(1 + 1/26t). During this step the current velocities are calculated as:

V(t)=%(v(t+%At)+v(t—%m))_ 2.17

This is required because the total energy (H = K + V), at time ¢, must be evaluated, as well
as any other variables that require both the coordinates and velocities at the same time.
Following this, Equation 2.15 is then used to leap the coordinates over the velocities
once again and the new accelerations are calculated ready for the next step, hence, the

name leapfrog.1! This method is equivalent to the Verlet algorithm but it avoids the need
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to include the large errors for the coordinates and velocities. The velocity Verlet
integration scheme, which will be discussed later in Chapter 6, calculates the velocity at

each timestep.

2.1.4 Boundary conditions and the minimum image convention

Proper treatment of the boundary, as well as boundary effects, plays an important
role in performing accurate MD simulations. If treated correctly, these methods enable
the calculation of macroscopic properties by using a relatively small number of

molecules.

One of the major concerns of MD simulations is that there are many molecules that lie
near or on the surface of the simulation boundaries. These molecules produce edge and
surface effects that experience energy fluctuations and forces very different from the
molecules found in the bulk. Upon implementation of periodic boundary conditions, the
molecules of the system are enclosed in a regularly shaped cell that is space filling. The
commonly used regular shapes include cubes and truncated octahedra, which usually
have a cell length significantly larger than the diametre of the solute molecule. This cell
is then translated in all three-dimensions to produce a 3D periodic array of the system,
analogous to a statistical ensemble. During an MD simulation, periodic boundary
conditions are implemented as follows: the molecules coordinates, momenta,
accelerations, etc are replicated in the other cells. When a molecule passes the boundary
of the central cell its coordinates are translated (or modified) such that it reappears on

the other side of the cell with the identical momentum, accelerations, etc (Figure 2.8a).

Figure 2.8: (a) 2D illustration of periodic boundary conditions, where the central box is repeated
throughout space. (b) The red box is an illustration of the minimum image convention with the spherical
potential cutoff. The central atom, in the red box (with the red arrow), is shown with its closest image of

every other atom in the system.
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The result of periodic boundary conditions is the overall elimination of edge and surface
effects, allowing for the interaction of any molecule with all other molecules within the
central cell as well as with the replicated images. It should be noted that no molecule or
atom should interact with itself in an adjacent cell, an effect that would result in a
crystalline system being simulated. Therefore, in principle each atom interacts with all
of its infinite set of images as well as those of all other atoms. This is, however, most
undesirable for both practical and theoretical reasons: firstly, the calculation of such
forces in a periodic system is possible, but more computationally intensive; and
secondly, long-range interactions in the potential will give rise to long range order,

which is undesirable in a simulation of bulk liquid.

An elegant solution to this problem is to restrict the interaction of all atoms to its closest
image of every other atom in the system, a condition known as the minimum image
convention (Figure 2.8b). The idea of the minimum image convention is to prevent the
system from behaving too much like a crystal. Setting a cutoff radius, for calculating the
interaction potential and forces, to less than half the cell length can eliminate the
possibility of this scenario. A satisfactory guess to the cutoff distance is to set it as the
diametre of the solute plus the diameter of a water molecule (~2.8 A). This cutoff
distance should be less than half the cell length to prevent interaction of the molecule

with itself in the adjacent cells.”
2.1.5 Potential truncation

The computationally most expensive part of any MD simulation is calculating the
non-bonded potential and forces. This routine accounts for almost 90% of the time taken
to run an MD simulation. The reason is due to the potential being calculated in a
pairwise manner, which, by its nature, uses a double loop to calculate the potential
energy and forces for all pairs of atoms within the system. Generally, with no forms of
optimization, the number of non-bonded interaction terms increases with the square of
the number of atoms and, hence, the computation time is of O(N?) order, rather than
O(N). In addition to this practical consideration, it is also undesirable to have long-range
forces especially for a system that uses periodic boundary conditions. The present cutoff

radii are generally between 8.0 and 12.0 A, since in this range the pair potential is

* The solvated benzene dimer system was used to determine the type of water model, minimum box length
and cutoffs to be used without introducing any undesired artifacts into the simulation. It was found that the
system worked best with using the Tip4p-EW water model, a box length >= 33.1 A, Ewald summation and
cutoffs 10.0, 12.0 and 14.0 A.
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generally within 1% of its global minimum value. However, this introduces severe
errors because the potential is no longer continuous. This results in a total energy that is
no longer conserved, leading to an unstable trajectory. This sudden cutoff introduces a
discontinuity in the potential function at the cutoff distance, which artificially increases
the kinetic energy and temperature of the system. As a result it is necessary to either
scale the velocities or strongly couple the system to a heat bath to keep the temperature
constant. Both methods are unphysical and potentially detrimental, because they may
obscure underlying defects in the simulation setup.10.12 To avoid this problem, a method
has been developed which uses various functions to zero the potential at the cutoff
distance in a continuous fashion. The two methods commonly used are the “shifting”

(Equation 2.18) and “switching” (Equation 2.19) functions.

The shifting function, as the name implies, shifts the entire potential energy surface by a
constant in such a way that the new potential is zero at the cutoff distance (Figure 2.9,
solid line). The potential energy, for separation distances less and greater than the cutoff

distance, is modified as follows:

2 4
U 1——2’3. + iy v, <r
ij 2 4 ij cut 2.18
Ul-j v )= r. r . .
Sf iy cut cut
0 V.. >r

14 cut

However, this method may result in substantial changes in the calculated

thermodynamic properties and is generally not preferred.

An alternative approach is by using the switching methodology, which applies a
switching function (Figure 2.9, dashed line) to zero the potential smoothly and
continuously at the cutoff distance, over a relatively short distance range (defined

between ro, and rop)

Uy Tij = Ton

UijSW (7}]') = 1 Uij (rqﬁ‘ =T )z(l’oﬁ, + 2’3;; _ 3r0n)

Ton < rij = roﬁ"

\0 T = Top
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Figure 2.9: The effects of the shifting (solid line, cutoff 8.0 A) and switching (dashed line, cutoff

between 8.0 and 10.0 A) potential truncation on the true Lennard-Jones potential (dotted line).

Smoothing functions can be applied on an atom-by-atom basis or to a predefined neutral
group of atoms within the molecule. Switching functions applied on a group-by-group
basis have shown to be the superior method, since it gives excellent energy
conservation. However, there are many other methods of producing good cutoff
behaviour. For example, applying the switching function directly to the forces such that
the potential is given by the integral of the switched forces. These methods have been

termed the “force-based” methods.13

2.1.6 Constraint Dynamics

The highest frequency motion present in the system dictates the timestep, 4t, used
in an MD simulation. For example, bond vibrations involving light atoms (such as
hydrogen) occur so quickly that an extremely short timestep would be required to
accurately model the system. These high frequency motions are usually of little interest
than the lower frequency modes, which often correspond to major conformational
changes. Several algorithms have been developed to constrain these high frequency
motions to allow for an increase in the MD timestep, without decreasing the accuracy
and stability of the simulation. These algorithms constrain the bond length, b, between

atoms at r; and rz. The constraint function is written as:

X("l,l‘z)=(r1—r2)'(r1—r2)-b2=0_ 2.20

This constraint has to be correctly applied at each update of the coordinates and
momenta, for the two atoms involved, in the integration algorithm. If (q1uc, qzuc) and
(P1vc, p2uc) are the unconstrained coordinates and momenta variables, respectively, then

we can define the update constrained variables as
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Ar Al 2.21
Pi(’ + 7) = p(UC)l.(t + 7) + Agi(1)
ri(t+Ar)=r, (t+At)+M 2.22
i (ve); .
Pit+Ar) = pyey (1+ Ar)+ ug;(1 + Ar) 293

for i =1, 2 and gi(t) = -dx/0ri. These equations form the basis for the two most popular
constraint algorithms SHAKE'* and RATTLE,'S and the Lagrange multipliers, A and , are
determined by them. SHAKE is an algorithm usually employed when the Verlet and
leapfrog integration algorithms are used, since the velocity is not directly calculated in
these schemas. The RATTLE algorithm, on the other hand, is used with the velocity
Verlet integration algorithm, which directly calculates the velocity at each half and full
timestep. RATTLE serves to properly constrain the velocities of the atoms involved in

the constraint.

2.2 Sampling From Ensembles

To compare the results between simulations and experiments, we have to ensure
that we run the simulations under the same conditions as the experiments were
performed?0 16 (i.e.,, comparing apples with apples). Thermodynamic properties such as
the pressure, volume, temperature and the number of particles are all thermodynamic
internal constraints that can easily be controlled in an experiment. This thesis deals with
the Helmholtz free energy, which is derived from the canonical (NVT) ensemble
(Chapter 3). It requires that the number of particles, volume and temperature be held
constant. To impose this restriction the Hamiltonian has to be modified. The
temperature is held constant by using the Nosé-Hoover thermostat, where a heat bath is
coupled to the system. This generates canonically distributed positions and momenta
much in the same spirit that the canonical ensemble configurational partition function,
Z, was derived (Chapter 3, section 3.2.2). The thermostat adds another degree of
freedom to the Hamiltonian and allows the temperature to fluctuate about a certain
value. The temperature is an intensive property and, therefore, the additional degree of
freedom is to serve as the heat reservoir (or bath). The extensive counterpart to
temperature is the kinetic energy, and is related to it in the following manner:

Y

" 3Nky Sm, 2.24

T
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The additional degree of freedom has a coordinate and conjugate momentum, s and p;,

added to the system with a thermal mass, Qm

2 2
H(r" p") =L+ v(r)+ By 3Nk, T Ins.
2m 20, 2.25
By defining the alternative momenta as p’ = p/s we can find that the microcanonical
ensemble in r, p, s and ps can be written as a canonical ensemble in r and p’. The
additional coordinate s can, thus, be thought of as a scaling factor. The scaling factor’s (s)

associated momenta and the timestep is

p's=&’ 2.26
S
At

Ar=—"
S 2.27

By scaling these, we can run a dynamics simulation that generates canonically

distributed coordinates and momenta. The Hoover formulation adopts a new variable,

!
S

m 2.28

urp
I
Q8

This simplifies the Hamiltonian and equations of motion in terms of the primed

coordinates from those proposed by Nosé:

3 2.29
=P,
m;
pvi — —ViV(rN) _ gpli, 2.30
) N p'2
g = | 320 -3k,
0, |izim; 2.31
Ky dins
—_= g = ,
s dt 2.32

Equations 2.29 - 2.32 provide modified equations of motion that maintain a constant

temperature, which corresponds to a canonical (NVT) ensemble.
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2.3 Statistical Analysis

2.3.1 Pair Distribution Functions

The atomic pair distribution function (PDF) is a method used to describe the radially
averaged environment surrounding an atom. The most commonly used pair distribution
function is the radial distribution function (RDF), which is used to give insight into the
isotropic intermolecular structuring around a molecule. This function gives the
probability of finding pairs of atoms a distance r apart, relative to the probability
expected for a completely random distribution of atoms at the same density.1! The RDF
can easily be extended to molecular liquids, such as water, and solids by calculating the
site-site distributions, for example 0-0 or O-H. Typically, a large number of molecules
(or sites) are needed to calculate an accurate RDF.17” The RDF is expressed in the

following way

1oyt 3 3400)

2.33

where , r is the interatomic distance from the selected atoms in the solute molecule and
the solvent molecule, p is the number of molecules (N) in the volume (V), the number
density and the factor p~ is used to normalization factor to ensure the RDF approaches

unity for r — « (i.e., completely random distribution of configurations). 16-18

In the case of gases, the RDF does not display significant structuring beyond the first
peak, which indicates only local ordering in the system. In solids, definite sharp peaks
are observed and appear to repeat almost infinitely even at large intermolecular
separations; indicative of crystal/periodic long-range ordering. The liquid RDF is the
intermediate scenario; it has strong local structuring (similar to gases) and slightly

weaker long-range order (similar to solids) shown in Figure 2.10.
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Figure 2.10: The radial distribution function (RDF) for an arbitrary molecule in the gas, liquid and solid

phase. Long-range order (or structure) decreases when the molecules have more freedom to move.
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2.3.2 Spatial Distribution Function

The spatial distribution function (SDF), also known as the solvent probability
distribution function, is a method commonly used to ascertain the anisotropic solvent
structuring (probability distribution) around a solute molecule. Whereas the site-site
RDF provides a radially averaged isotropic description, the SDF presents a complete
spatial, or 3D, view of the solvent distribution around the solute allowing for any
anisotropy to be observed.19-22 To calculate an SDF, all of the translational and rotational
motions have to be removed by a best least squares fitting procedure to some user

defined structure, or by using the first coordinate frame of the trajectory (Figure 2.11).

. ..0_® O
= Y
e 0@ o

Coordinate snapshot
Starting orientation at a later time with the
0
sugar rotated by 45

The sugar is aligned
with its starting orientation

Figure 2.11: The procedure for removing the translation and rotation, around the solute, from a MD
trajectory. The box (indicated by the red arrow, far right) is where the averaging and calculation of the

density is performed.

Care should be taken in the fitting procedure, as too much movement in either the solute
or solvent can result in a “smearing” of the 3D probability distribution. There are two
ways to display the 3D probability: (1) by using the nuclear coordinates; or (2) by
assigning the atom (or the site of interest) of the solvent a Gaussian function to
smoothly represent its size, Equation 2.34. The latter is used in this thesis, because it

displays the SDF as a smooth 3D probability.

W

exl’(“”z) 2.34

a

Glr)=|—
0-(z)
After the fitting procedure a 3D histogram (or 3D array of bins) is created around the

solute and the 3D density (Equation 2.30) of the solvent is calculated around the solute.

The histograms are then normalized with respect to the bulk density of the surrounding

solvent molecules??
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To obtain a smooth SDF many frames of a trajectory are required. However, this large
number frames can effectively be reduced if there are multiple molecules (of similar

kind, e.g. solvent molecules) that can be used to calculate the 3D density.16

2.3.3 Correlation Functions

When the need for calculating transport properties or time-dependent quantities
arises, we need to link dynamical motions and fluctuations with some function that can
correctly describe it in a statistical manner.!! For instance, investigating how the
rotation about a protein’s dihedral changes with time and determine if there is any
correlation in the motion at any given time. This can be achieved by using correlation
functions, which can provide numerical insight into the strength of correlations of
motion (or any dynamical property) at any time. These can be linked to experimentally
obtained observables via statistical mechanics. For correlation functions of the same

variable, known as an autocorrelation function, we define it as follows:

c(r)= }A(t +7)A(7)dr, 2.36

0

or it can be expressed in the more general ensemble average form

c(t) = (6A(0)8A(r)). 2.37
5A(t) represents the instantaneous fluctuation in A(s) from its time-independent

equilibrium average, < A>, attimet

8A(t) = A(r) - (A). 2.38

The correlation function is therefore a measure of the correlation of motion in the
system. It determines how quickly the motions or quantities, under investigation,
become uncorrelated. At the limits of a correlation function, where t = 0, the c(t) is equal
to 1, which indicates that the quantities are exactly the same. At some later time, t = t/,

the c(t’) tends toward 0 as the quantities become more uncorrelated.!!

Many different properties can be determined from correlation functions including
diffusion,!! shear viscosity,!! recover the Fourier phase information from the Patterson
function from X-ray diffraction experiments, to name a few. For example, the diffusion

constant is found by calculating the autocorrelation function of the velocity vector
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D= [(¥(0)- v(t))dr. 2.39

The Einstein relation makes the approximation, that at very long times, the diffusion

becomes proportional to mean square displacement in the following way

2D = %<‘r(0) -r(o)). 240

where t is the time, ~(0) and r(7) are the initial position (at t = 0) and position at some

time ¢, respectively, and ( ) denotes the ensemble average.

Clearly statistics plays a central role in all atom molecular dynamics (MD) simulations. It
not only lays the foundations for the statistical mechanics, but it is also central in
analyzing the microscopic trajectory for comparison with macroscopic observables.
Hence, the following chapter discusses the theory of statistical mechanics and the

calculation of the Helmholtz free energy (4) from molecular dynamics simulations.
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CHAPTER 3

STATISTICAL MECHANICS AND FREE ENERGY

Free energy is a term used to refer to the amount of energy there is available for the
system to do work. How do we calculate a macroscopic property, such as free energy,
from a microscopically detailed experiment such as MD? Molecular dynamics renders a
great deal of microscopic information (e.g. positions, velocities, etc) and the conversion
of this detailed information into macroscopic, measurable quantities (e.g. pressure,
volume, etc.) is the province of statistical mechanics.! Statistical mechanics is the link
between the microscopic dynamics or fluctuations and the macroscopic measurable
observables. In other words, statistical mechanics deals with large numbers of
particles/molecules, treating them as matter in bulk.l4 In statistical mechanics there is
the idea of an ensemble that holds a few thermodynamic variables (or internal
constraints) constant, while letting the others fluctuate. Each ensemble has its conjugate
partition function, which contains all the statistical information to calculate the various
ensemble free energies. The microcanonical, canonical and isothermal-isobaric
ensembles each yield the entropy, Helmholtz and Gibbs free energies, respectively.l. 2. 4.5
In this thesis, the Helmholtz free energy is used exclusively and all the free energy
methods described have, thus, been derived for the canonical ensemble. This chapter
introduces the basic concepts of thermodynamics, statistical mechanics and the
Helmholtz free energy. A brief overview of free energy methodology is then provided.
The chapter concludes with the newly developed multi-dimensional Free Energy from
Adaptive Reaction Coordinate Forces (FEARCF) and Weighted Histogram Analysis
Method (WHAM) methods used in this thesis.

3.1 Statistical Mechanics: The Beginnings

The history of thermodynamics stems as far back as the late 1700s with the advent
of thermochemistry, it was only in the early 1800s that classical thermodynamics fully
developed pioneered by Nicolas Leonard Sadi Carnot, the “father of thermodynamics”, in
his work on the efficiency of an idealized engine.6 This was followed by the formulation

of statistical mechanics in the mid 1800s mostly by the efforts of Ludwig Boltzmann and



James Clerk Maxwell. Josiah W. Gibbs finally put it into a more general context around
1900, to what we know as the laws of thermodynamics. The reader is encouraged to
briefly review the fundamental laws of classical thermodynamics.2 3. 7-9 Later, we see
classical thermodynamics relates to the microscopic world by employing statistical laws

(mechanics) that govern large systems.L 5

3.2 Statistical Mechanics: The Fundamentals

The first key concept of statistical mechanics is the ergodic hypothesis, which
relates measurable observables with ensemble averages. Secondly, Liouville’s theorem,
which is key to Hamiltonian dynamics, asserts that we can calculate the density of
microstates from any statistical ensemble. Finally, the fundamental postulate of
statistical mechanics states that at equilibrium the probability of all the microstates of a
system are equally probable, which leads to the most probable macrostate. The idea of
an ensemble is essential for determining the configurational partition function (Z). From

the Z various thermodynamic functions, such as free energy, can be calculated.

3.2.1 Concepts

The most seemingly presumptuous concept is the ergodic hypothesis, which
postulates that the expectation value of an observable for a system is equal to the
measurable macroscopic value given a sufficient amount of time, based on some internal
constraints (or thermodynamic variables).. 45

~ | =

M=
~ | =

AObS . <A>ens =

i=1

3.1
where A is some measurable, <A>ens is that measurable’s ensemble average, t is the

time and t is the number of steps in the simulation.

Another crucial theorem, which plays a central role in sampling, is Liouville’s theorem.
This theorem is probably the hardest to come to grips with as a beginner to statistical
mechanics and, more specifically, hyper-dimensional phase space (or Hilbert space).
Phase space can be thought of as a continuous fluid that remains continuous when it is
allowed to flow. It begins as a definite shape evolving, in time, to represent a shape with
many tentacle-like arms. Liouville’s theorem is a fundamental theorem to statistical
mechanics and states that the systems, in an ensemble, are neither created nor

destroyed. This forms the mathematical facet for the conservation of energy and mass.10
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This theorem deals with how the phase space distribution evolves with time, and the

mathematical form Liouville’s theorem is given as the Liouville equation!?

dp(Q1) _% dp(Q,t)q . ap(g,t)p

- i

il

ap; 3.2

If we have an equilibrium ensemble then the phase space distribution, p, is only a
function of the Hamiltonian, H. It can be shown, using the canonical equations of the

Hamiltonian, that

_Jq _JH
gt op 3.3.1
) J oH
D= P =——,
ot aq 3.3.2

and the phase space distribution remains constant over timel!

=0,

dq; dp; Ip; oq;

dt oH Zl

dp(Q) _ dp(H) [_ y
3.4

(aH oH oH aH)

Finally, the fundamental postulate of statistical mechanics states:5

For an isolated system with a fixed total energy (E) and size (perhaps specified
by the volume and total number of particles) all the microstates are equally

likely at thermodynamic equilibrium.

In other words, at equilibrium the macrostate of the system corresponds to the most
random microstate - the distribution of the microstates at the same energy and size is

entirely uniform. This leads to the definition of the Boltzmann entropy

S=kginQ(N,V,E), 3.5

where kg is the Boltzmann constant and Q(N,V,E) corresponds to the number of

microstates with the same number of particles (N), volume (V) and energy (E).

3.2.2 Ensemble theory

Josiah W. Gibbs introduced the idea of an ensemble around 1900. The idea is as
follows: create N (where N is large) identical macroscopic copies of the system but with

one prerequisite, that all the copies of the system should correspond to some real
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macroscopic state (or macrostate) composed of many different microscopic states

(microstates).2 12

THE MICROCANONICAL ENSEMBLE

When calculating thermodynamic quantities we do so for a system in a particular
macroscopic state. For a given macroscopic state (macrostate) there exist a large
number of possible microstates (different microscopic configurations). For the internal
constraints that a given number of particles, N, volume, V, and internal energy, E, remain

constant, we denote the number of these microstates as Q(N,V,E). This is referred to

as the microcanonical ensemble. For a classical system, of indistinguishable particles, the

number of microstates is written as:

Q(N,V,E)=Wdeqde5[H(qN’pN)_E] 3.6.1

1 N
Q(N,V,E) = ST gldqidpié[H(qi, p))-E] 3.6.2

Here H(q" p") is the Hamiltonian for a continuous distribution, while H(q, p;) is the
Hamiltonian of a discrete one. The delta function 6(H - E) selects states of an N-particle
system in a container of volume V that have the desired energy E. When the states are
continuous, the § is the Dirac Delta function (Equation 3.6.1);1.13 when the set of states is

discrete, ¢ is just the Kronecker delta (Equation 3.6.2), taking on values of 0 or 1.1

Consider two systems in thermal contact with energies E; and E>, number of particles N;
and N; and volumes of V; and V>.5> The total energy of the system is simply the sum of the
two systems in contact, i.e. Eg = E; + E,. The number of microstates of the total system is
the product of the number of microstates of system 1 and 2; since the two systems,

while being in thermal contact, are statistically independent of each other.5

Q,(N|,N,,E|E,,V,,V,) =Q|(N,V}, E|)Q,(N,, V5, E,). 3.7

Consider further that the particles of the two systems cannot mix and that the exterior
boundary of the system is fixed such that we have N; and N; are constant and the total
volume, Vo = V; + V3, is also constant. Naturally, systems evolve to their most probable
macrostate, which means that the most probable macrostate is one in which maximizes

its number of microstates.

For a system of constant total energy, volume and number of particles we find the

energies E;" and E;" that maximizes €2, as
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Where Q(N,V,E) has been condensed as €. Since, 8_E2 = -1, Equation 3.9 can be
1

reduced to
1 0Q . 1 9Q .
i) 19,
and we find that it is the same as
1 0Q . 1 0Q .
— 2 (E; ) -1 (EQ) = const.

This equality can be generalized to any number of systems in thermal contact using

dlnQ
GLE = const for each system.? 4% This constant can be calculated to yield:

lnQ

1
OE  kyT

3.12

From the Second Law of thermodynamics we know that at constant volume and number

as 1
of particles G_E = ?, which leads to the very important Boltzmann entropy? 45
S=kgnQ. 3.13

THE CANONICAL ENSEMBLE

We often cannot accurately control, or keep constant, the internal energy. Instead, it
is easier to hold the temperature fixed, which also makes the interpretation of the
experiments easier. Theoretical calculations involving the same thermodynamic
variables as the experiments have to be performed. Experiments, measuring
thermodynamic parameters, usually involve knowledge of the temperature and not
internal energy.14 15 This leads us to the canonical ensemble, which has fixed the number
of particles, N, volume, V, and temperature, T. To calculate the microstate distribution
for a given set of N, I/ and T, we have to couple our system of interest to a large heat

reservoir. There are essentially two systems: the reservoir heat bath with energy E,; and
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the system of interest in state i with energy E; in other words the configurational
energy. As in the preceding section, the total energy of the two systems is constant, E, +

E; = E = const. The probability of finding the bath in a particular state is then? 2 45,10,12

Q(N,V,E-E;)

pi=

Q(N,V,E - E;) 3.14

M=z

i=1

We can continue to expand the natural logarithm of the microcanonical density of states:

InQ(N,V,E-E;)= an(N,V,E)—EiW+ 0( : )

3.15
We can use the relation from Equation 3.12 to obtain
E 1
nQ(N,V,E-E )=InQ(N,V,E)-——+0| —]|.
kT \E 3.16
By inserting Equation 3.16 into 3.14 we obtain the Boltzmann distribution
exp(—E 1/3)
i~ N ’
Eexp(—Ei/))) 3.17

i=1
1 N
where /3=k—T and the ) p, =1. From Equation 3.17 the configurational partition
B i

function, Z, can be defined from the configurational energy, E;, as:

Z(N,V,T) = %exp(—Ei[J’).
i=1 3.18

3.3 The Free Energy Method

In the canonical ensemble, the Helmholtz free energy is the amount of energy
available for the system to do work, while the number of particles, temperature and
volume is held constant. The Helmholtz free energy, as well as many other
thermodynamic quantities, can be obtained from the configurational partition function,
Z. The expectation (average) value of any microscopic value is determined using Z:1.5

X; exp(—ﬁE l.)

(X)=X =3 px, =3 D,
i i 3.19
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The total internal energy is then the expectation value of all the energies of all

microstates

E, exp(-BE;)
E)y=U=3YpE;=Y———,
D i i z 3.20

Taking the derivative with respect to the inverse temperature (f3), we obtain the

expression for the internal energy, U,

(E)aya-LPZ__0inZ
Zp 9P 3.21

The entropy defined by the Gibbs entropy (inferred from the fundamental postulate of

statistical mechanics), a discretized version of the Shannon entropy, is given by
S=-kyYp;Inp;. 3.22
i

By inserting Equation 3.17 and expanding the logarithm, we find the entropy in terms of

the U and Z:

-InZ

=pU+InZ.

s

i

E; exp(—[J’E i )
z

3.23

Finally, the Helmholtz free energy (A = U — TS) is obtained, with further rearrangement
of Equation 3.24,

A=-kgTInZ, 3.24.1
A
Z=exp|———|.
kgT 3.24.2

3.3.1 Free energy perturbation methodology

Free energy perturbation methodologies deal with calculating the difference in free
energy between two states, by mutating from one state to another. This can be achieved
because free energy differences between closely related states can be calculated by
using both experimental and computational methodologies. Examples of free energy
perturbation methods are the free energy perturbation (FEP) and thermodynamic
integration (TI) methods. These relate the free energy difference between two states, A
and B, to a thermodynamic ensemble average dependant on the potential energy

properties of the individual states.'6. 17 FEP and TI methods employ the coupling
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parameter approach,!® in which the Hamiltonian of each state, A and B, is written as a

function of the coupling parameter, A

H(p.q.A)=H,(p.q) 3.25

H(p.q.75)=Hj(p.q), 3.26
where the Hamiltonians Ha(p, q) and Hp(p, q) correspond to states A and B, and where
A, + Ay =1. This is possible because the free energy is a state function, implying that we

can follow any, but realistic, path and only require the knowledge about the initial and

final states.

It follows that the configurational partition function, Z, can be written as a function of A,

given by:
1 3.27
Z(A) = [dq"dp” exp[—b’H(qN,pN,?»)]
and the Helmholtz free energy, A, which depends on Z, can be written in terms of A:
A(A)=-kzTInZ(1). 3.28

Therefore, the calculable change in the Helmholtz free energy, 44, can be written as a

function of A.

FREE ENERGY PERTURBATION

The free energy perturbation method treats the change between states as a set of
discrete steps.19 20 However, representation of the free energy by an analytical function
is only valid for simple model systems. To overcome this drawback, the Helmholtz free
energy differences is calculated between the related systems, A and B (with
Hamiltonians, H4 and Hg). The change in the free energy can be written as follows:

AM=A,-A, = —kBTln<exp[—/3(HB -H, )]>A 3.29

‘A

where ( ) refers to an ensemble average over a system represented by Ha. This can be

A
generalized by writing H4 and Hp as functions of 4, such that A varies from 0 (H = Ha) to 1
(H = Hp). The free energy difference between the molecular systems is calculated using a
thermodynamic cycle, as shown in Figure 3.1, and a method used to carry out a smooth
conversion from an initial state to a final state. The most commonly used conversion

methods are the single- and dual-topology methods. Only the dual-topology method is
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discussed here.!8 21 In the dual-topology method the topologies of both the initial and

final states co-exist throughout the perturbation, and the Hamiltonian is given by:

H(q,p,A)=AHg(q,p)+(1-A)H,(q.p). 3.30

In this method, the atom types and internal parameters are never changed. The two sets
of atoms interact with the rest of the system but never with each other, and their

relative contribution to the Hamiltonian, H(q, p, 1), changes as A changes.

AA Medium 1
A——> B
A4, a4,
A——>— B
44, Medium 2

Figure 3.1: The free energy perturbation method based on a generalized thermodynamic cycle. A and B are

the initial and final chemical species molecules, respectively, in different media 1 and 2.

The final point to consider, in running FEP calculations, is the data collection method.
When a molecular system is perturbed from one state to another, data collection is
required at each A point. The A points are chosen such the energy differences between
the points are less than 2.0 kgT (or ~1.2 kcal/mol at 298.15 K). Various sampling
methods exist such as the double-wide,?2 overlap and double-ended sampling
methods;!8 23. 24 only the double-wide sampling method is detailed here. In the double-
wide sampling method (Figure 3.2), g is an intermediate point (A = n) at which a
simulation is performed. g is then used to calculate the average free energy differences

for reactants (r) and products (p) as A4, =44, for A, =2, and A, —AA,,, for &, =4,
(a—r) (a=p)

AA

Figure 3.2: Pictorial representation of the double-wide sampling method. g is the intermediate, r and p are

the reactant and products, respectively.
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This provides an efficient manner to calculate the overall free energy difference

3.31

1 -
E ;[ n—n-1 +AAn—>n+l]'

and allow for, if required, the addition of several extra increments in A. However,

increasing the number of A points does not necessarily improve the calculated free

energy difference.

THERMODYNAMIC INTEGRATION

An alternative to FEP is thermodynamic integration (7I), where the difference is

calculated by the integration of an ensemble average over A, giving the free energy as

a7 <M>Xm.

=0 oA 3.32

The Hamiltonian of the initial state is given by Hp-¢, while Hp-:) represents the
Hamiltonian of the final state.l® The derivative of the Hamiltonian can be evaluated

using Equation 3.32, which yields

AA = }<H3(q,p) - H,(q,p)),dA. 333

0

This is the equation used to calculate the free energy differences between states in
computational simulations. The evaluation of the change in the free energy is carried out
using numerical integration of Equation 3.33 by setting up several simulations at

discrete values of A (between 0 and 1), and then calculating the free energy differences.1*

3.3.2 The potential of mean force methodology

Free energy perturbation and thermodynamic integration methods obtain free
energies as a function of a chemical mutation from state A to B. The potential of mean
force (PMF) is the potential required to produce the average force over all
configurations of all the n+1...N molecules acting on a particle at any fixed configuration,
keeping a set of 1..n molecules fixed.!® The PMF was first introduced by Kirkwood in
1935,19 and it allows for a reasonably chosen parameter to link state A to B. The

parameter is represented as a reaction coordinate, § where

E(q)=5(q,.92-aqv)- 3.34

The reaction coordinate is a function of positions of the particles in a system, rather than

mutations from state A to B. The reaction coordinate could be any meaningful metric
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such as a distance, angle, dihedral angle or a combination of them. This allows for an N-
dimensional free energy hyper-volume being described by N-dimensional reaction

coordinates.25

As an example, we take a generalized case such as the distance reaction coordinate
between two solute molecules (A and B), in a fixed system containing N solvent
molecules. The reaction coordinate probability, p(r’), integrated over phase space, is

given as:

_ f...fexp[—/a’H(q,p)]é(r'—r(q))dqdp
[..Jexp|-BH(q.p)ldgdp 3.35

p(r)

From this it follows, that in terms of the configurational partition function, the reaction

coordinate probability can be written as:

Z 3.36

where ZR(r') is the reaction coordinate configurational partition function. By

substituting Equation 3.36 into Equation 3.27 the Helmholtz free energy, defined as the

potential of mean force, W(r’), is given as

W(r‘) =—kpTIn p(r') -kT'InZ. 3.37

The potential of mean force may be obtained using several methods. The simplest of
these is the calculation of W{(r’) from unbiased MD simulations. In this method the W(r’),
between the two solutes (A and B) due to solvent molecules, is obtained from the radial

or pair distribution function, g(r’), between the solute molecules

W(r')=-kzTIlng(r')+C, 3.38
where
y_ P
&) 4(r)* 3.39

and C is a constant that allows the freedom to choose the energy scale.26-28

The formulation as given by Equations 3.38 and 3.39 is the classical way of computing
the PMF via the inversion of the radial distribution function from MD simulations.* 5 29

However, this method only works for systems with low energy barriers (< 3.0 kgT, for
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simulations performed at 298.15 K), else the method fails to sample all of the reaction

coordinates phase space.3?

In order to overcome large energy barriers, an alteration to the potential energy
function is required. The PMF can be calculated using constraint-biased real space
methods, which apply holomonic constraints or restraints on the reaction coordinates,
and employ either forces or finite differences of the physical Hamiltonian to bias the
system.30-32 However, the use of constraint-biased methods requires the introduction of
metric tensor corrections in order to deal with the quenching of momenta on the
constrained atoms.33-35 Unlike methods employing Cartesian coordinates, constraint-
biased methods require the calculation and application of logarithmic Jacobian
corrections.31-33, 3538 Alternatively, umbrella-biased simulations can been conducted
with a harmonic biasing potential and multiple window sampling methodologies, along
with window matching weighted histogram analysis. Adaptive umbrella sampling

methods, using non-harmonic and non-local biasing potentials, can also be employed.

The following sections provide a brief overview and description of the popular non-
Boltzmann sampling simulation techniques. These include adaptive biasing force
method, umbrella and adaptive umbrella sampling methods and the Free Energy from
Adaptive Reaction Coordinate Forces (FEARCF) and Weighted Histogram Analysis Method

(WHAM). The last two methods are used for the studies in this thesis.

ADAPTIVE BIASING FORCE

The adaptive biasing force method, proposed by Darve and Pohorille,3” presents an
adaptive way to drive a simulation over free energy barriers, using a thermodynamic
integration like method. This is accomplished by calculating a running average of the
force along a reaction coordinate and then applies the negative of this force, as an
external force, to only the atoms involved in the reaction coordinate. This allows the

simulation to continue in a continuous motion along the prescribed reaction coordinate.

The derivative of the free energy, defined by a reaction coordinate (e.g. distance, r), is

given by

9A(r)

0ln|J|
+——r),
or

=(-F
(r) or 3.40

where F(r) is the mean force at r and J is the Jacobian correction. The Jacobian

correction is required because the force has to be converted from reaction coordinate
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forces to atomic (Cartesian) coordinate forces. The free energy can be calculated by

>dr'_
3.41

The average force, F(r’), is calculable from MD simulations using the finite differences

integrating the negative of Equation 3.40

To &r

AA<r>=-}<F<r'>+ﬂJ'

method. However, the calculation and application of the Jacobian correction term is also

required.37-39

UMBRELLA SAMPLING

Methods employing harmonic restraints or umbrella potentials are free from
momentum quenching problems and do not forbid the use of constraints involving
restrained atoms. Umbrella sampling, developed by Torrie and Valeau,*® generates non-
Boltzmann sampled simulations by adding an external biasing potential, focusing the

sample on a range between ri-r, centred on r,. The biasing potential is given by:

1 2

w(r;;r,) = Ek(ri AR
3.42

This is done in order to enhance the sampling along the reaction coordinate, r, and is
restricted to the range ri-r, to help improve the configurational sampling. The new

harmonically modified Hamiltonian is written as
H(r)=H(r,p)+o(r;r,). 3.43

Computational limitations generally make biasing simulations over the entire range of a
reaction coordinate implausible. This can be overcome by using the windowing method,
which biases different simulations with small overlapping reaction coordinate ranges.
This is usually accomplished by taking the biasing potential to be the sum of the
harmonic terms in the reaction coordinate space. Several simulations are run, each
starting in different harmonic wells. Ultimately the harmonic biases are removed to

obtain the unbiased probability distribution, p(E), and potential, U (5), and the results

are recombined to obtain the Helmholtz free energy (or PMF)14

p(E)exp(— U(é))

kT

AA(E)=-k,T
(§) = ~k,T n 3.44
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ADAPTIVE UMBRELLA SAMPLING

Another form of a biasing potential method, which is regularly employed, is the
Adaptive Umbrella Sampling method, first described by Mezei.#! In this method, the
biasing potential is iteratively adapted based on the probability distributions of the
reaction coordinates sampled during the previous simulations. Unlike conventional
umbrella sampling, which only applies a bias to a small region along the reaction
coordinate, adaptive umbrella sampling applies a bias along the entire range of the
reaction coordinate (e.g., the distance, r). This biasing potential, U(r), is calculated from
the probability distributions of the previous simulations and is set to zero for the initial
simulation. The calculation converges when uniform sampling, along the reaction
coordinate, is observed. At this point the biasing potential is the exact inverse of the

potential of mean force, Figure 3.3.

Now, using a generalized reaction coordinate (&), a simple description of the procedure

is as follows.
For the initial simulation(s), set biasing potential, U(§), equal to zero everywhere, thens

1. Run the simulation with applied potential, U(§).

2. From the histograms of the reaction coordinate values sampled in the
simulation, calculate the biased probability, p(§).

3. Use Equation 3.44 to calculate the free energy, 44(§).

4. If the biased probability distribution, p(§), is nearly uniform, then the free
energy surface calculated in step 3 is the converged potential of mean force,
PMF.

5. Otherwise, set the biasing potential as the negative of the free energy surface

(U(§) =-4A(8)) and return to step 1.

AW(r) + U(r)

Figure 3.3: U(r) is the negative of 4A(r), and is applied to bias the simulation to regions that are high-energy
and not sampled well. When 4A(r) + U(r) = 0, then -U(r) represents the final A(r).
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In the first few simulations, there are often large regions of the reaction coordinate that
are not sampled, resulting an infinite value for the free energy. To overcome this, they
are set to equal the maximum value of the free energy in the regions that have already
been sampled. This means, however, that when using the procedure described above
sharp peaks and discontinuous jumps exist in the free energy surface and, hence, the
applied potential. The forces that arise from the derivative of such an applied potential
can, thus, be unrealistically large and varying for an MD simulation. This would cause
instability in the trajectory and crash the simulation. By employing a smoothing
procedure, discontinuous jumps can be removed and reduce the unrealistic size of the

forces to more realistic, MD friendly forces.

METADYNAMICS

The metadynamics method was developed and introduced by Laio and Parrinello.*2-
45 This method is similar to the Adaptive Umbrella Sampling, and can be implemented in
multi-dimensions. The essence of the method lies in constructing the free energy surface
from Gaussian terms that evolve dynamically based on the amount of sampling, for the

reaction coordinates, during the simulation.

The metadynamics simulation restrains the simulation to a particular region of the
reaction coordinate using inverted Gaussian potentials. The Hamiltonian for a multi-
dimensional parameterization of the free energy surface using (&, ..., &) is modified to

become:

) 2
HeH e3P s 3w o] -E5 )|

i Mg k-l 207, 345
Here along the reaction coordinate, &, there are N; Gaussians, with heights, W, widths,
ok, and each centred at &, which are added to the unbiased Hamiltonian. The heights,
widths and centres are chosen to reach a compromise between accuracy and efficiency.
Typically, for a singly parameterized free energy surface 200 or more Gaussians terms
are required.*3 This number increases exponentially for higher dimensions, which

makes the computations using metadynamics very slow.

The method is made adaptive by using the histories of the reaction coordinates in a
simulation to update the positions of the Gaussians. This updates &jx so that the
Gaussians are optimally placed at the centres of the wells of the potential energy
surface, enhancing the sampling of the reaction coordinates in a subsequent simulation.

The method can also be modified to continuously update the Gaussians.2 As with other
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methods, there arises a Jacobian correction term due to the reaction coordinate
dependent potential. This correction is often neglected in the calculation of 1D and 2D
free energy surfaces,*3 but for higher dimensional surfaces this correction may not be as

trivial and its consideration can no longer be neglected.

FREE ENERGY FROM ADAPTIVE REACTION COORDINATE FORCES

The Free Energy from Adaptive Reaction Coordinate Forces (or FEARCF), developed
by Strumpfer and Naidoo,?> is a flat histogram method*¢ that calculates the biasing force
from the biasing potential. It applies the biasing forces, resulting from the reaction
coordinate definition, to only the atoms involved in the reaction coordinate. The atoms
involved in the reaction coordinate are treated as a rigid body, which prevents
chemically unmeaningful deformation of the molecules. Since the forces are applied
directly to the atoms, there is no need for a Jacobian correction when using the FEARCF
method.25 47 In describing the deceptively simple association of aromatic molecules,
such as benzene, we are required not only to describe the distance between the
molecules but also the directionality of this interaction. The benzene dimer is a
prototype for aromatic association and there is currently much debate in the literature
about which is the most favoured orientation for an associated benzene dimer.#8-51 In
this thesis, the FEARCF25. 47. 52 method is used to investigate the anisotropic association
of the benzene dimer,*” as well as of some aromatic amino acids pairs (i.e. PHE-PHE
homodimer or PHE-TYR heterodimer, etc). First the 4D reaction coordinate frame is
defined, Figure 3.4, the simulation(s) is then biased using FEARCF and, finally, the free
energy is calculated using the Weighted Histogram Analysis Method (WHAM).

Figure 3.4: A multi-dimensional reaction coordinate chosen based on distance and angular relations that

would yield a multi-dimensional free energy hyper-volume.

FEARCEF is based on the adaptive umbrella sampling method of Mezei*! and makes use of
multi-dimensional histograms to construct multi-dimensional probability distributions,
from which the multi-dimensional free energy (hyper-volume) can be calculated. To

increase the sampling in the high-energy regions of the reaction coordinates (&) an
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adaptive force, F(&), is applied along each reaction coordinate. The force, in the simple

1D case where & =r, is calculated from the biased umbrella potential

F(r)=-V,U(r), 3.46

where U(r) is the inverse of the latest guess of the free energy, i.e. W(r) = -U(r). This
approach forces the molecules into poorly sampled regions of configurational (or
conformational) space over a series of simulations, until near-uniform sampling over the
reaction coordinate(s) is achieved. To improve the sampling efficiency many simulations
should be performed, with each simulation using a different starting configurations and
momenta including high-energy regions of the reaction coordinate space. The procedure
initially begins with a zero biasing potential, and the system is allowed to evolve in the
usual, unbiased manner. All subsequent simulations (or iterations) are biased using the
biasing potential calculated from the histograms of previous simulations, which then
produce new biased histograms. The resulting histograms, from all the simulations, can
be combined using the WHAM method to calculate the free energy and further improve

the efficiency of the calculation.

WEIGHTED HISTOGRAM ANALYSIS METHOD

The Weighted Histogram Analysis Method (WHAM), developed by Kumar et al.,53. 54 is
a technique whereby biased probability distributions, from several different
simulations, are combined using computed weighting factors for each of the probability
distribution histograms. This produces the best estimate for the actual unbiased
probability distribution histograms. These biases can be used to reach a stage where the

reaction coordinates are uniformly sampled during a simulation.

The final histogram and biasing potential can be used to calculate the sampling

distribution and in turn the free energy surface. To combine the histograms from

different simulation requires the unbiased histograms from each simulation. Combined

by iteratively optimizing the their weights to achieve the unbiased probability

distribution p(r).

For N simulations with biasing potential, Ui(r), the resulting histograms n;(r) and
N

N; = Eni(r), for each simulation (i=1,..,N), gives the equation for the total unbiased
i=1

probability
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S (r)

p(r) = N i=1 , 3.47
Sl -v,)
where 8 = L The F; (the free energy) is calculated in the following way
B
F;, =—k,T ln{z p(r)exp[—/)’Ui(r)]}
R 3.48

Initially all F; are set to zero. Equations 3.47 and 3.48 are iteratively updated until the
maximum change in F; between iterations is less than a certain tolerance, ¢ (i.e. [ Fi - Fi.1 |
< 0.001). Once the WHAM algorithm has converged, the potential is smoothed for the
initial simulations to avoid discontinuity in the potential energy surface, which would
result in extremely large forces. The WHAM method allows for the combination of a
large amount of biased probability distributions from different simulations. Thus,
increasing the amount of phase space that can be sampled (see the preceding FEARCF

section) in a single iteration.
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PART 1

INFLUENCE OF ORIENTATION ON AROMATIC
ASSOCIATION

“... there can be no doubt the name of van der Waals will soon be amongst the foremost

in molecular science.” - James Clerk Maxwell

PEs ik

Tyrosine association between the two subunits of the protein FOSFOMYCIN RESISTANCE PROTEIN A.

van der Waals interactions encompasses all the intermolecular forces, including
dispersion (London) and electrostatic forces. Aromatic association exhibits a strong
orientational bias due to these intermolecular forces. The orientational preference for
aromatic association has been investigated using a variety of theoretical techniques (e.g.
high-level quantum mechanical and free energy calculations), and experimental
analyses (protein crystal structure analysis and various spectroscopic methods). In the
first part if this thesis, aromatic association (in vacuum and solution) is explored using

free energy hyper-volumes.
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CHAPTER 4

THE BENZENE DIMER - PROTOTYPE FOR AROMATIC
ASSOCIATION - SOLVATED

4.1 Introduction

Molecular association between aromatic molecules is at the heart of many
important biochemical processes such as cellular communication and transport,!
protein folding,2* the mechanism of crystallization,> and liquid crystal phases.6 The
particular case of two benzene molecules associating is often used as a central narrative
for interior hydrophobic interactions in globular proteins that are responsible for their
overall fold, 7-7 interactions that help to stabilize base pair stacking in DNA,” and that
inform the packing of organic crystals and liquid crystalline materials.6 In all of these
important phenomena it is striking that the aromatic interactions exhibit a strong
orientational bias. Arguably the benzene dimer is the simplest model that is most useful
to chemists, chemical biologist and chemical physicists when attempting to understand
the intermolecular interactions emanating from a range of fundamental dispersion

effects.

The benzene dimer is weakly associating81? and has been the subject of considerable
study because of its simplicity and its effectiveness as a model for complex aromatic
interactions.8-11  Various studies have shown that it adopts different stable
configurations in different phases and environments. The geometry of an aromatic pair
of molecules may be reduced to 4 variables that describe the distance and relative
orientation of each molecule. In the case of the benzene dimer, vectors normal to each
benzene plane and the centre of mass of each benzene molecule are used. The 4
variables are then defined (Figure 4.1) as the distance of the interconnecting vector
between the two benzene centers (r), the angle between each benzene normal vector
and interconnecting vector (6, 62) and the relative angle between these vectors (¢).

Using these parameters we are able to distinguish between previously identified



minimum energy configurations that are Sandwich (S), T-shaped, (T), V-shaped (V),
Bent T-shaped (BT), Side-by-Side (SbS) and Parallel Displaced (PD) (Figure 4.1).

Grafenstein and Cremer comprehensively mapped out the potential energy surface
(PES) of the benzene dimer employing a quasi-self-consistent-field dispersion-corrected
density-functional theory formalism (QSCF-DC-DFT).12 They distinguished between
minimum PD and T configurations by specifying when the H-C--C-H fragment of the
upper benzene was located exactly over the H-C--C-H fragment of the lower benzene
(AoA), or whether it had an atom-over-bond (AoB) or bond-over-bond (BoB)
arrangement. In addition, they specified when the benzene rings were edge-over-plane
(EoP) and edge-over-edge (EoE). This led to the identification of 16 stationary points on
the surface that, when ignoring the relative orientation of the benzene C6 symmetry

axis, can be conflated to correspond with the S(4), PD (4), B(2), T(5) and SbS(1)

(a)
*ﬁé‘i’i@

geometries shown in Figure 4.1.

—
_—
4.5A,35°,135°,0° 4.5A,30°,110°,0°
PD-AoO0A B1T-AoB

z
5.8A.60°,120°,0° 5.8A.,90°,90°,60°
EFEoE / CGW EoE / SbS

Figure 4.1: (a) The reaction coordinate definitions in the centre, and the various benzene dimer
configurations using Gréfenstein and Cremer nomenclature,'2 and (b) the various configurations found from

our free energy 2D surfaces.

The search for the definitive benzene dimer global minima geometry is important in the
context of understanding dispersion interactions and the electronic arrangements
within aromatic systems. However, our interests here are focused on macromolecular

conformations that are driven by the thermodynamics of the hydrophobic association of
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aromatic groups. It is for this reason that we seek to understand the effect of water on
the relative orientation of benzene molecular pairs. To this end, we present a converged
multi-dimensional free-energy volume, W(r, 6;, 6, ¢), for two benzene molecules in
vacuum and solution. These free energy volumes are highly informative as they produce
not only relative stationary points, that correspond with configurations obtained with
ab initio methods, but the configurational pathways linking these favoured geometries.
From this we gain insight into the delicate interplay between solvent-solvent, solvent-
solute and solute-solute interactions that lead to the configurational preferences seen in

the association of aromatic molecules in solution.

4.2 Methods

All simulations were performed using our modified version of CHARMM v33b213
that incorporates the previously developed Free Energy from Adaptive Reaction
Coordinate Forces (FEARCF), which is a flat histogram method.1#16 The reaction
coordinate, & space is a discretized 4D grid where there are 4 independent reaction
coordinates & =1, &= 0y, &= 0;, &= ¢. The sampling frequency for a bin site is recorded
for each simulation and the population of this grid represents a running tally of the
reaction coordinate probability density, derived from the history of simulations to that
point. It is used as input for a multi-dimensional interpolation from which the reaction
coordinate biasing forces are calculated. These forces are applied to all atoms used in
the reaction coordinate definition to bias the next iteration’s trajectory away from
previously sampled volumes. The entire reaction coordinate space is equally sampled
when the biasing forces are derived from the true potential of mean force (PMF). The
forces are applied to the Cartesian coordinates and, therefore, the FEARCF method does

not need logarithmic Jacobian corrections.17-20

The system Hamiltonian is modified by adding the driving potential, U(§), derived from

the population density of the sampled volume, to the unbiased Hamiltonian, He, to give

H(&)=H’+U(g). 4.1

The biased Hamiltonian, H(§), is then used in the simulation instead of H° and so
generates a biased probability distribution of sampled volume coordinates p’(§). This
p’(§) can then be converted to an unbiased probability distribution by accounting for the

driving potential as follows:
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where C is the normalization constant, kz is the Boltzmann constant, and T is the
temperature at which the simulation was carried out. The PMF, W(&), is then calculated
from the probability distribution of the reaction coordinate of all trajectories up to that

point and is given by

W (&) =-ksT In p(§). 4.3

At each step of the simulation, the driving forces for each & are applied to the atoms
involved in the definition of the molecular vectors (for example as shown in Figure 4.1).
For the 4D hyper-volumes, the forces are calculated as follows:

F()-

JU(&)
9E;

4.4

i
The force, F(§), arising from the driving potential is calculated by treating the molecules,
which were used in the reaction coordinate definitions, as rigid bodies. This ensures that
during the simulation the atoms within each of the benzenes do not move apart and
deform due to differing accelerations that arise from the driving potential
Consequently, when the resultant acceleration for a benzene molecule is calculated as a

whole, the forces on the atoms are determined such that they experience the same

resultant acceleration.

For the first FEARCF iteration U(&) = 0 that then evolves progressively along subsequent
iterations to eventually mirror W(g). To achieve this each of the iterations were
comprised of several sets of relatively short simulations, which were initiated from
configurations of dimers that occupy significantly different points in reaction coordinate
and momentum space. This was followed by an increase in the simulation times to reach
convergence (sampling ratio for configurations of at least 1:10 for the most probable to

least probable).

The 1D free energy can be deconvoluted into an entropy and internal energy (enthalpy)
of association using the “finite difference” method.?1 22 The calculation of the 2D (W(r,
6:), W(r, ¢), W(6;, ¢) and W(6;, 6;)) and 3D (W(r, 61, ¢) and W(6;, 6; ¢)) Boltzmann
averaged plots were produced to identify configurations from the 4D W(r, 6, 6, ¢)
hyper-volume, taking into account that there can be significant loss of information when

reducing the dimensionality of the free energy hyper-volumes.23
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4.2.1 The FEARCF method applied to aromatic association

The vacuum FEARCF simulations were carried out using the Velocity-Verlet2 (vv2)
integrator with a time step of 1 fs,2¢ with the temperature maintained at 298.15 K using
the TPCONTROL method (based on the Nose-Hoover thermostat) with TAU set at a value
of 0.1.2¢+ Non-bonded cutoffs of 10, 12 and 14 A with potential and force switching
functions were used. A harmonic restraining potential (a linear force) was applied to the
edges of the distance reaction coordinate, ensuring the benzenes molecules would not
drift off resulting in chemically meaningless sampling of vacuum configurational space
that is far outside of the dimer electrostatic interaction field (i.e. r > 16 A). Each of the
iterations was comprised of 8 simulations with different initial configurations and
velocities. A total of 50 iterations were run, where the first 5 iterations comprised sets of
100 ps simulations, the following 15 iterations comprised sets of 300 ps simulations,
and last 30 iterations comprised sets of 500 ps simulations. The simulation time for the
entire FEARCF experiment was 160 ns (i.e. 20ns per simulation). We used a multi-
dimensional implementation of WHAM?25 to combine the data from the all simulations in
the set at iteration n and preceding sets from iterations i =1, Z, ... n-1 to obtain the free
energy hypersurfaces. The data was weighted using free energy weighting factors (f;)
described previously!4 and in Chapter 3, section 3.3.2. The WHAM?5 equations were
applied iteratively until the maximum difference between the previous and current
iteration weighting coefficients (max|f; - fi-!|) was less than 0.001. The accuracy of the
free energy surfaces is a factor 100 less accurate than the tolerance chosen.2¢6 We are

therefore able to distinguish between free energies that are 0.1 kcal/mol apart.

The solution FEARCF simulations were performed using the TIP4P-Ew?27 water model in
a periodic cubic box of length 34.1 A. Each simulation was run using an NVT ensemble
with a constant temperature of 298.15 K, maintained by the Nose-Hoover thermostat,?8.
29 and leapfrog integrator algorithm.30 31 Here we use double the number of simulations
per iteration compared with the vacuum case (i.e. 16 simulations). Unlike the vacuum
experiment, no harmonic potential was used to bind the distance component of the
reaction coordinate as this lead to an artificial periodic sampling. The Particle Mesh
Ewald (PME) method32 33 was used to estimate the long-range interactions, with a grid
size of 36 x 36 x 36 and a kappa value of 0.34 with a 6t order B-Spline interpolation.
Each of the simulations was initiated with a unique dimer configuration and compliment
of molecular velocities in the simulation box. A total of 30 iterations were required to
reach convergence. The first 3 iterations comprised sets of simulations of 100 ps in

length, the next 17 iterations comprised sets of 300 ps in length, and the last 10
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iterations comprised sets of 500 ps in length. This translated into a total of 160 ns (10 ns
per simulation). The WHAM?25 procedure was used to combine the data from the various

simulations as described above.

4.2.2 Reducing the dimensionality of the free energy volume

Boltzmann averaged 2D surface plots were calculated for W(r, 6;) and W(r, ¢)
(where r < 10.0 &), and W(6;, ¢) and W(0;, 6;) (where r < 6.5 A) were taken over the
respective remaining parameters (62, @), (61, 62), (1, 62) and (r, ¢) from the 4D W(r, 6;, 0,
@) volumes. It must be noted that in some instances, there is significant loss of
information when reducing the dimensionality of the free energy surfaces. This has been
recently illustrated for the reduction of the 3-, to 2- and then to 1D ring pucker free
energy surfaces.23 Unambiguous geometry assignments for molecular pairs are best
made from the complete W(r, 6;, 8;, @) free energy hyper-volume. However, in the case
of dimers, a well-chosen 3D free energy volume can adequately provide this
information. We calculated W(r, 6;, ¢) and W(6;, 6, ¢) where the benzene molecules
were in each other’s attractive field (i.e. < 6.5 A) by taking Boltzmann averages from the
4D anisotropic free energy hyper-volumes over the remaining orientational parameters

0, and r, respectively.

4.2.3 Entropy and internal energy contributions to the free energy

The variation in the change in the Helmholtz free energy with temperature (at

constant number of particles and volume) yields the following relation to the entropy:

e {2)
N,V

aT 4.5

and, therefore, we calculate the entropy of association using a “finite-difference”
method. This is accomplished by determining the 1D PMFs at 3 well-separated
temperatures.2l. 22 The 1D solution PMFs were run using the same conditions as
described for the solution 4D free energy hyper-volume calculation. The 3 temperature
simulations were carried out at 278.15, 298.15 and 318.15 K. The entropy was then
calculated as

AA(T + AT) - AA(T - AT)

AS = - .
2AT 451

The uncertainty in 4S using the finite difference method is inversely proportional to 4T,

implying a larger temperature difference will yield a more precise estimate of 45.34 Since
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we wish to know the change in entropy of association of benzene dimers in solution (i.e.
in water) at 298.15 K, we take the maximum temperature difference of 20 K, which
satisfies a lower temperature bound that is above the maximum density temperature of

water (277.15 K).

The change in the internal energy, which can be related to the enthalpy of the system

(using AH = AE + pAV), was calculated using the Helmholtz free energy equation

AA=AE -TAS. 4.6

The Helmholtz and Gibbs free energies are uniquely related by the work function

(where pAV ~ 0, for NVT simulations).

4.3 Results And Discussion

The complete 4D free energy volumes W(r, 6;, 6;, ¢) were computed for the benzene
dimer in vacuum and solution. Boltzmann averaged 2D surface plots were then
calculated for W(r, 6:), W(r, ¢), W(6:, ¢) and W(6;, 62). The 2D free energy surfaces for
the dimer in vacuum (Figure 4.2a-d) are convenient to visualize and they contain
essential information about the transformation between configurational minima.
Unambiguous geometry assignments for molecular pairs are best made from the
complete W(r, 65, 6; ¢) free energy volume. However, in the case of dimers, a well-
chosen 3D free energy volume can adequately provide this information. We calculated
Wi(r, 61, ¢) and W(6;, 62, ¢) where the benzene molecules were in each other’s attractive
field (i.e. r < 6.5 A), Figure 4.2e and f. When these are viewed together with the 2D
volumes provide an accurate account of the dimer configurational free energy landscape

emerges.

4.3.1 Free energy hyper-volume analysis in vacuum

This investigation for the benzene dimer in vacuum reveals a collage of BT, tilted BT
and PD configurations, within 0.05 kcal/mol from each other as can be seen from the
large inner contour volumes, that contribute to the large minimum energy well that
stretches from 3.8 A through to 5.8 A (Figure 4.2a and b and Table 4.1). This is in
agreement with high level ab initio studies, which found BT and PD to be the lowest
energy geometries.3> A complete depiction of intermolecular interactions requires six
degrees of freedom, i.e. the relative Cartesian coordinates and the relative orientation

specified by the Euler angles. While we are able to calculate the 6D PMF using the
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methods we present here, it demands computational resources out of reach of present

day midrange computational technologies and is therefore impractical.

The reduced, however, useful 4D W(r, 6;, 6., ¢) description does suffer from some loss of
configurational information due to rotations about the vectors through the C6 symmetry
axes. Therefore, we cannot definitively assign configurations derived from the free
energy volumes to be AoA, AoB or BoB. This is not a major disadvantage as Grafenstein
and Cremer showed that these bond and atom alignments are close in energy for
specific (PD, T and EoE) orientational configurations.12 The global minima takes on an
approximate tilted PD (AoA)/BT (AoA) form (r = 4.5, 6; = 54/126, 6; = 27/153, ¢ =
+180) that is similar to the low energy PD-til-AoB and global minimum T-til-AoB

configurations found by Grafenstein and Cremer.

The global minimum found from the free energy surface is only 0.04 and 0.08 kcal/mol
lower in energy than the PD (r = 4.5, 6; = 36/144, 0, = 145/35, ¢ = 0) and V-Shape
(V)/Cogwheel (CW)/Edge-over-Edge (EoE) (r = 4.8, 6: =54/126, 6: = 153/27, ¢ = £180)
configurations, respectively. The vacuum free energy relationship between the lowest
energy benzene dimer configurations calculated here, from a classical force field,
correspond well with the findings of Grafenstein and Cremer. They showed that all T
and PD stationary points are within 0.12 kcal/mol from each other on the QSCF-DC-DFT

potential energy surface (PES).12

Table 4.1: The benzene dimer configurations found in vacuum, arranged from lowest to highest free

energy.

Configuration Name Reaction Coordinates (r; 61; 62; ¢) AA (kcal/mol)
Tilted-PD(AoA)/BT (AoA) 4.0 A; 150/300; 30/1500; 0/180° 0.00
PD 4.0 A; 150/300; 30/1500; 0/180° 0.04
V/CW/EoE 4.0 A; 150/30°; 30/150°; 0/180° 0.08

We performed a molecular mechanics optimization starting from the PD structure and
found a minimum at 3.8 A, which corresponds to the Grafenstein and Cremer PD-AoA
configuration. The same calculation was initiated from a T configuration, and this time
the T-Til-AoB was found at 4.8 A and is the lowest energy configuration, therefore
agreeing with Grafenstein and Cremer’s ab initio PES results. Moreover, the free energy
derived centre-of-mass-to-centre-of-mass distances are in strong agreement with those

of vacuum experiments of 4.96 A.36 The vacuum free energy results using classical
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CHARMM force field parameters show a strong correlation with the minima
configurations, and their relative energetic preference, as found from high-level QM
calculations.1%.35 37 The accuracy of the molecular mechanics potential energy function is
therefore validated as it allows for discrimination between low energy conformers as

observed from detailed quantum mechanical simulations.
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Figure 4.2: 2D contour (a-d) and 3D (e-f) volume plots for the benzene dimer in vacuum. The 2D contour

plots are contoured at 0.5 kcal/mol from a minimum of 0.0 kcal/mol up to a maximum of 5.0 kcal/mol. The

3D volume plots have an inner contour of 1.0 ksT and outer contour of 3.0 ksT.

The broadness of the low energy (=< 0.5 kcal/mol) configuration well (Figure 4.2a-d)
suggests that the mix of the PD, BT and V (or EoE) are in dynamic equilibrium. From the
Boltzmann averaged W(r, 6:), W(r, ¢), W(6,, ¢) and W(6;, 6;) surfaces it can be seen that

the minima are symmetrical about 8 = 90 and ¢ = 0, and that they display no significant
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energy barriers between canonical configurations. Therefore, the benzene dimer has

access to a variety of configurations in vacuum.

The basin of the free energy minima (Figure 4.2a-d) is well within the thermal energy
envelope, which leads to a random ensemble of low energy configurations in vacuum.
This result opposes the notion that there are specific energetically favourable benzene
dimer orientations that bias the association of these molecules, since the geometries can
easily vary between the various minimum energy configurations. The orientationally
biased aromatic associations observed in protein structures are, therefore, not
explained by the nature of the potential energy function.? 38 In an analysis of interaction
energies performed on optimized coupled cluster structures Sherrill et al. concluded
that two closely associating benzene molecules either maximizes individual
contributions from the van der Waals and electrostatic interactions or optimizes the
balance between these two sources of attraction.3” Using symmetry adapted
perturbation theory combined with density functional theory (SAPT-DFT), Podeszwa et
al. showed that dispersion is the dominant contribution to the PD configuration’s
stability. In the BT case electrostatics, in particular quadrupole-quadrupole, have been
proposed to stabilize that configuration.3> Vacuum experiments such as Raman-vibronic
double resonance spectroscopy3® and Fourier transform microwave spectroscopy36
attempt to deconvolute very complex spectra for the dimer and have concluded that the
dimer is characterized by two inequivalent benzene sites, suggestive of T-shape type
structures. The free energy volumes for the vacuum benzene dimer shown here reveal
more T and T-like structures than parallel or stacked structures in the low energy
basins. The experimental observation that there is much uncertainty in the dimer
configurations along with the very minor differences in the dispersion and electrostatic
terms derived from computed couple cluster methods correlates?® well with the
ensemble of PD, BT and V/CGW (or EoE) configurations observed from the free energy
vacuum simulations. Our results suggest a 2:1 stoichiometric ratio between T (and T-
like) and PD configurations. This may possibly explain the discrepancy between

experiment and high-level static quantum mechanical calculations.

4.3.2 Free energy hyper-volume analysis in solution

In solution, unlike in vacuum, the thermodynamically distinct low energy
geometries are separated by at least 1.0 ksT from each other; as can be seen from the
~0.59 kcal/mol contour volumes coloured in dark blue, Figure 4.3e and f. These are

well-defined low energy regions that are far fewer and smaller in number compared
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with the vacuum case contoured at the same energy levels, Figure 4.2e and f. The global
minimum observed from the W(r, 6:), W(r, ¢), W(6:, ¢) and W(6;, 6:) 2D free energy
surfaces is what Grafenstein and Cremer referred to as EoE!2 (r = 5.8, 6; = 63/117, 6; =

117/63, ¢=-53) and (r=5.8, : = 63/117, 6 = 63/117, ¢ = 53).
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Figure 4.3: 2D contour (a-d) and 3D (e-f) volume plots for the benzene dimer in solution (TIP4P-Ew water).

The 2D contour plots are contoured at 0.5 kcal/mol from a minimum of 0.0 kcal/mol up to a maximum of

5.0 kcal/mol. The 3D volume plots have an inner contour of 1.0 ksT and outer contour of 3.0 kgT.

They found this configuration to be nearly 1.0 kcal/mol higher in energy on their PES
than the global minimum. The EoE configuration is similar in form to the cogwheel (CW)
structures observed by Thornton et al, which is the predominantly observed
configuration for phenylalanine dimers in proteins.38 The PD-tilted-AoB (r = 5.8, 6; =
45/135, 6, = 45/135, ¢ = 0) configurations are found to be 0.45 kcal/mol higher in

energy than the global minimum on the solution free energy surface (Table 4.2).
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Table 4.2: The benzene dimer configurations found in solution, arranged from lowest to highest free

energy.

Configuration Name Reaction Coordinates (r; 01; 02; @) AA (kcal/mol)
EoE 5.8;63/117; 117/63; +53 0.00
PD-tilted-AoB 5.8;45/135;45/135; 0 0.45

Nonetheless, the PD-tilted-AoB and EoE configurations are separated from each other by
less than 1.0 ksT allowing for regular interconversion between them. As the benzene
molecules move out of each other’s potential energy field, where specific configurations
PD-tilted-AoB and EoE are favoured, a solvent shared minimum appears at r = 7.5 A.
This minimum found at larger benzene separations has been observed by others as a
very weak minima in 1D W(r) PMFs.10. 11 The orientational preference for the two
benzene molecules at this distance is an SbS arrangement, which could be interpreted as
a distant EoE configuration. The competing attractive forces between water, water and
benzene and the benzene molecules result in the formation of a solvent shared

minimum.

This secondary minimum observed at 7.5A, which is not present in the vacuum free
energy curves, confirms that the occurrence of this configuration is due to the solvent
effect. The free energy for benzene dimer in vacuum at 7.5 A is found to be > -0.2
kcal/mol, implying that there is very weak interaction occurring at this separation
distance. However, in solution there are two additional intermolecular interactions that
occur, viz. benzene-water and water-water interactions. We find that the benzene-water
interaction is favourable and would account for the strong first solvation shell
(indicated by the high probability of water) around each isolated benzene molecule (i.e.
for benzene-benzene separation distances > 10 A). The benzene-benzene and benzene-
water interactions are found to be nearly isoenergetic. This not only allows the water
interact with an individual benzene molecule, but also destabilize the benzene contact
pair such that the global free energy minimum has been distorted toward an EoE
configuration. As the separation increases, the benzene-benzene interaction diminishes
allowing for the water to interact with benzene, thereby increasing the water
probability in the first solvation shell. At a separation distance of 6.0 A, each benzene
molecule beings to develop its own first solvation shell; and, while, the benzene dimer
interaction has significantly decreased to < -0.2 kcal/mol, there are now more
favourable benzene-water interactions. At 7.5 A, the interactions are balanced such that

the water bound to benzene is strong enough to remain bound, while also interacting
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with the adjacent benzene’s first solvation shell and the bulk water. This solvent effect is
also the reason why the global free energy minimum configuration is EoE and not PD or
T-like. This phenomenon is predominantly found in charged systems,*! but has been
found by others for the benzene dimer.8 10. 11 We find that the SbS minima is 1.29
kcal/mol higher in energy than the close contact global minimum configuration found at

r=58A.

While these configurations are energetically distinct from each other (Figure 4.3a and
b), the energy barriers separating them are less than 3.0 ksT and should result in rapid
and frequent interconversion between EoE, PD-tilted-AoB, BT-AoA, PD-AoA, and SbS
configurations at room temperature. The BT, V/CW and SbS arrangements that appear
have been conjectured from 6D deconvolution calculations performed on neutron
diffraction benzene solvent structure factor data.? Although the energy barriers
separating dimer configurations are more than 3-fold greater in solution (< ~3.0 kzT)
than they are in vacuum (< ~1.0 kgT), they remain very low and would make the

observation of specific dimer configurations experimentally very difficult.

4.3.3 Thermodynamics analysis

The interaction in vacuum is mainly driven by a large enthalpic contribution to the
free energy, as found by Podeszwa et al from their PES of the benzene dimer obtained
using SAPT-DFT.35 The thermodynamic data for the solution case, i.e. the change in free

energy A4, internal energy AE and entropy AS, is shown in Figure 4.4a.
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Figure 4.4: The thermodynamic curves in solution (a) and water probability density (b-d) profiles for the

benzene dimer.

88



To obtain the thermodynamic data, three PMFs were calculated (as a function of the
distance between the benzenes’ centres of mass) at 278.15 K, 298.15 K and 318.15 K.
The 1D distance PMF reveals a global minimum at a separation of r = 5.8 A, which is
consistent with previous studies!? 11 43 and with the multi-dimensional anisotropic free
energy of association PMFs shown in Figure 4.3. However, the thermodynamic analysis
shows that while the contact (r = 5.5 A) EoE dimer configuration (along with the PD and
BT configurations) are enthalpically favoured (Figure 4.4a, blue curve), the location of
the global free energy minima is not at the lowest attractive energy point at 4.0 A but
closer to the local entropy minima at 5.5 A (Figure 4.4a, green curve). The benzenes are
driven toward each other by the attractive interactions of their potential fields and the
hydrophobic effect. While, the separation distance of 5.5 A (compared with the potential
energy minimum at 4.0A) of the close contact association is determined by the local
entropy of the benzene molecules. Loosely interpreted, this means that while there are
external forces and attractive internal forces driving the association of the benzene in
solution, the orientation of the benzenes, in relation to each other, is determined by the

extent of the rotational freedom that the individual benzenes may have at 5.5 A.

The broad appearance of the W(r) global minimum well indicates that several
configurations are contributing to it. This is verified by the 2D surfaces and 3D volumes
(Figure 4.3), where the nature of the contributing structures have been described above.
Minor but important points of inflection are observed for both the entropy and internal
energy curves at a distance of approximately 6.0 A. These points of inflection suggest
that, for the benzene dimer, the enthalpically dominated contact dimer association
character diminishes and that the underlying drive in free energy of the solvent-shared
configuration is entropically favoured. It may therefore seem that this is the critical
distance at which a close contact benzene dimer in solution may be defined (at 6.0 A).
This suggests that the entropy (of associating benzenes in solution) is driving the initial
association of the benzene dimer in solution. The free energy of association of benzene-
water is weaker than that of the benzene dimer at 6.0 A, Figure 4.5. However, the former
is dominant at distances < 4.0 A. As the benzene molecules approach each other, taking
on the characteristics of the solvent-shared minimum configuration, there is a decrease
in water probability around the dimer (Figure 4.4b-d), i.e. a decrease in water density,

as shown by a minimum for entropy curve, Figure 4.4a.

The decrease in water probability (Figure 4.4b-d) suggests that the waters are released
causing an increase in entropy, which results in the observed gain in the entropic

contribution to the free energy. A similar observation was made for methane molecules
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where the association of 3 methane molecules was driven entropically at the solvent-

shared minimum and enthalpically favoured at the contact minimum.
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Figure 4.5: The various interactions between (a) benzene-benzene, (b) benzene-water (TIP4P-Ew) and (c)

water (TIP4P-Ew)-water (TIP4P-Ew) molecules, in vacuum.

4.5 Conclusion

In this study, we have shown that the thermodynamics of benzene association in
solution is central to their relative orientation. Our results agree with high-level
quantum mechanical studies that the potential energy and enthalpy play an important
role in the association of benzene dimers. However, we find that these factors do not
determine the orientation of these molecules on close contact in solution. Specifically,
we find that there is large variation in configurations that contribute to the vacuum free
energy wells of the benzene contact pair, while the close contact configurations of
benzene dimers are fewer and more energetically distinct from each other in solution.
The EoE configuration is most likely in solution and appears to evolve from the
entropically favoured SbS solvent-shared configuration. Benzene association in water
therefore balances three effects: (1) a reduction in the entropic loss of waters adjacent
to the benzene molecules; (2) the freedom of the benzenes to rotate in solution; and (3)
the energetic gain from the interaction between higher order terms in the electrostatic
multipole expansion and dispersion attraction between the benzene molecules.
Although the association of the benzene dimer is accepted to be the result of the
hydrophobic effect, the relative orientation of the benzene molecules is a result of

maximizing the benzene-benzene entropic contribution to the free energy.

In the next chapter, an analysis of pairs of biologically relevant aromatic amino acid
residues is investigated namely the PHE-PHE, TYR-TYR and PHE-TYR pairs. These pair
interactions are also investigated for 5877 protein crystal structures and compared to
the solution free energy hyper-volumes obtained from the simulation. The free energy,

entropy and internal energy analysis, obtained from the simulations, provides a
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thermodynamic description of the PHE-PHE, TYR-TYR and PHE-TYR association in

solution and proteins.
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CHAPTER 5

INVESTIGATING AROMATIC AMINO ACID
ASSOCIATION USING FREE-ENERGY HYPER-VOLUMES

5.1 Introduction

Aromatic interactions play an important role in wide range of chemical and
biochemical problems, including stereochemistry of organic reactions,! binding affinities
in host-guest chemistry,2 molecular design,? protein folding and structure,*¢ DNA and
RNA base stacking’-% and recognition of DNA by drugs and regulatory proteins.10-12 To
understand the complex nature of protein tertiary structure it is important to first
understand the interactions that occur between the amino acid residues,# 6 12-14 as well

as the interactions between the protein and its surrounding environment.

Indeed, a systematic study on the specific interactions between aromatic amino acid
residues is extremely difficult from the experimental standpoint. From a theoretical
standpoint,1® however, the use of well-established computational techniques on simple
molecular systems can give invaluable insight on this matter. Several studies have been
undertaken in this regard. For example, computer simulations using force fields were
used to calculate the potential of mean force (PMF) of pairs of aromatic molecules in
pure liquid phases?!> and in various solvents.15-18 Efforts were also devoted to investigate

the potential energy surface (PES) using semi-empirical and ab initio methods.16 19-24

Nonetheless, important questions regarding the nature and directionality of aromatic-
aromatic association still remain a commonly studied topic.15 16 18,20, 22, 25-34 A]] the non-
bonded interactions between aromatic amino acid residues involve several different
effects that can be classified as (1) van der Waals (dispersion) interactions, (2)
electrostatic interactions, and (3) polarization and charge transfer effects. There is clear
experimental and theoretical evidence that van der Waals and electrostatic interactions
play an important role in the stability in aromatic association.10. 19 On the other hand,

there is experimental evidence showing that charge transfer and electron donor-



acceptor effects in interacting ground state aromatic molecules are negligible compared

to the electrostatics.35

From a structural point of view, aromatic association can be characterized as the
competition between the stacked and T-shape configurations.36 The stacked
configurations are stabilized by dispersion interactions, while T-shape arrangements
are strongly affected by the electrostatic interactions and possibly hydrogen bonding.3!
Furthermore, solvation must be taken into account to predict the correct intermolecular

configurations in proteins and solution.16-18

In this study, the anisotropic free energy hyper-volumes for the aromatic association of
the PHE-PHE (toluene), TYR-TYR (p-cresol) and PHE-TYR pairs in vacuum and solution
are discussed. The geometry for the PHE-PHE, TYR-TYR and PHE-TYR pair
configurations, found in vacuum and solution, are collectively shown in Figure 5.1. The
study in solution shows the importance of the solvent in determining the configurations
found for these aromatic pairs. The solution free energy hyper-volumes are compared to
the PMFs derived from these aromatic interactions found in 5877 protein crystal
structures. Finally, the thermodynamics of the PHE-PHE, TYR-TYR and PHE-TYR pairs in

solution is discussed and used to explain the aromatic amino acid association.
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Figure 5.1: The collection of configurations found in vacuum and/or solution for the (a) PHE-PHE, (b) TYR-
TYR and (c) PHE-TYR pairs.
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5.2 Methods

The theoretical methodology, used in this study, has already been described in the
previous chapter. Since the way in which we performed the simulations for the benzene
dimer was successful, it was decided to stick to such an effective protocol. Therefore, the
simulation details for vacuum and solution are exactly the same as for the benzene
dimer. The previously described Boltzmann averaging methodology has also been used

to reduce the dimensionality of the data to the corresponding to 2-D or 3-D datasets.

5.2.1 Definition of the association reaction coordinates

In order to calculate the 4-D reaction coordinates, the centre of mass and vector
normal to the plane of the aromatic rings have to be defined. In all cases, only the heavy
ring atoms are used in the definition of the centre of mass, and two adjacent ring
carbons (same ones used for all normal vector definitions) are used to calculate the

normal vectors, exactly the same as for the benzene dimer (Figure 4.1).

5.2.2 Protein database preparation and calculations

There are two major problems that prohibit the direct use of Protein Databank
(PDB) structures for statistical analysis. First, there are many closely related or identical
proteins in the PDB, with, for instance, more than 200 T4 lysozyme mutants and more
than 100 closely related hemoglobin structures. The second problem is that the
structure quality varies greatly among structural entries, from unrefined, initial models
with serious errors in connectivity, packing, and even global topology, to high-quality
final structures. The obvious solution is to create to PDB subset that would be as large as
possible, but would contain only unrelated protein structures of relatively high quality.3?
The selection of protein crystal structures used in this study was based on only three,
but important, criteria: resolution, R-factor and sequence identity. The criteria are as

follows:
* Resolution < 2.2A
¢ R-Factor<0.3
* Sequence Identity < 30%
A list of 5877 PDB protein structures was the resultant of the culling procedure. The

protein structures were obtained directly from the Royal Society of Chemistry Protein

Databank website (RSC PDB at http://www.pdb.org/pdb/home/home.do).
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The 4-D reaction coordinates (r, 81, 62 and ¢) between the PHE-PHE, TYR-TYR and PHE-
TYR aromatic pairs in proteins were calculated as described in Figure 5.2. This is similar
to the 4-D reaction coordinates calculated in the simulation 4-D PMF calculations. Using
the WHAM methodology (described in previous chapter), the probability distributions

and free energy hyper-volumes (PMFppg) for these pairs were obtained.

5.3 Results and Discussion

The configurations of the PHE-PHE, TYR-TYR and PHE-TYR pairs are collected in
Figure 5.1, which were assigned from the 2-D and 3-D plots in vacuum and solution. The
2-D free energy surfaces W(r, 8), W(r, ¢), W(0,, 62) and W(6, ¢) provides a convenient
way of visualizing the various the configurations and the transformation pathways that
may exist between them. Along with the 3-D volume plots W(r, 6, ¢) and W(6;, 62, ¢),
they present a clear picture of the homodimers configurational free energy landscape
and topology. The contact minimum is defined for a centre-of-mass-to-centre-of-mass
separation distance of < 6.0 A, as previously postulated.’® The orientation of the
configurations of the contact pair can be classified into 2 categories: stacked (sandwich

and PD), and T-shaped (BT and EoE/CW/V) structures.

5.3.1 Free energy hyper-volume analysis in vacuum

The free energy basin for the PHE-PHE pair is found to be relatively flat (Figure
5.3a) in the contact pair regime between 3.0 and 5.0 A. The global minimum
configuration observed from the W(r, 6:), W(r, ¢), W(6:, ¢) and W(6;, 6;) 2-D free energy
surfaces takes on a PD form (Figure 5.3a-d and Table 5.1). In the case of the PHE pair,
the association is dependent on the in-plane orientation of the PHE-PHE (i.e., the

orientation about the axes passing perpendicularly through the centre of mass).

This was not found to be the case for the benzene dimer.18 This is due to methyl group
lowering the symmetry of PHE molecule compared to benzene. An analysis of the
relative methyl (or in-plane) orientation for each PHE (Figure 5.4a and b) shows that the
PD-cross (i = *85¢) is the preferred configuration (global minimum), while the PD-
parallel (y = 0°) and PD-anti-parallel (i = £180°) arrangements are found to be equally
probable. Tsuzuki et al. showed using ARS-F (a model chemistry for the evaluation of
intermolecular interaction energy between ARomatic Systems using Feller’s method)38
that the PD-cross, PD-parallel and PD-anti-parallel configurations are favoured, where

the latter two configurations were found to be isoenergetic.38
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Figure 5.3: The vacuum PHE-PHE 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62); and (d) W(6, ¢). The
3-D volumes for (e) W(r, 6, ¢); and (f) W(0, 62, ¢). The 2-D plots are contoured at 0.5 kcal/mol from 0.0 to
5.0 kcal/mol, and volume levels of 1.0 ksT (dark blue); 3.0 ksT (lighter blue); and 8.3 ksT (5.0 kcal/mol). The

same contour and level volumes are applied throughout this chapter, unless otherwise stated.

From the W(r, 8;) and W(6;, 62) 2-D free energy surfaces, the PD-cross is found to be 0.5
and 1.0 kcal/mol lower in energy than the PD-anti-parallel and PD-parallel
configurations, respectively. This does not oppose the result obtained by Tsuzuki et al,,
since the energy barrier separating the PD-anti-parallel and PD-parallel is < 1.0 kzT
allowing them to exist in dynamic equilibrium. It is observed that the PD-cross and PD-
anti-parallel have a shorter separation distance (4.0 A) than the PD-parallel (4.5 A)

configuration.

This infers that the PD-cross and PD-anti-parallel can have stronger dispersion
interactions than the PD-parallel configurations. The PHE pair arranged in the PD-
parallel configuration cannot get closer to each other because of the bulky methyl
groups. Therefore, it would appear that the steric effect imposed by the symmetry
breaking methyl groups is also a key factor for determining the association of the PHE
contact pair in vacuum. A simple example of this would be shaking hands, where the
cross configuration is preferred over the more sterically hindered parallel and anti-

parallel arrangements.
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Table 5.1: The 4-D reaction coordinates for the PHE-PHE pair configurations in vacuum. The PD-cross, PD-

parallel and PD-anti-parallel arrangements were assigned using Figure 5.4a.

Configuration Type Reaction Coordinates (r; 01; 02; ¢) AA (kcal/mol)
PD-cross 4.0 A; 160/200; 20/160°; 0/+180° 0.00
PD-anti-|| 4.0 A; 145/359; 35/1459; 0/+1800 0.50

PD-|| 4.5 A; 135/450; 45/1359; 0/+1800 1.00

A molecular mechanics optimization was performed for the PD and BT configurations at
distances between 4.0 - 6.0 A, and it was found that only PD configurations were
obtained. The main source of attraction between the PHE contact pair in vacuum is
found to be dispersion. Even though PHE-PHE has a non-zero dipole moment, the
electrostatic contribution was found to be repulsive, which is consistent with results
obtained by others.13. 16 29, 31, 38 This is not unexpected for the PD-cross configuration
where the angle between the dipoles, which corresponds to the phi angle (¥ = £85°),
results in a near zero dipole-dipole interaction. In the case of the PD-anti-parallel, the
electrostatics interactions are still repulsive but less so than the PD-parallel

configuration.

The free energy plots show that the PHE-PHE contact pair is more structured than the
benzene dimer in vacuum, in that the PHE contact pair is only composed of one type of
dimer configuration (i.e., PD configurations). This suggests that “stacked” configurations
are preferred over “T” configurations. This is a similar observation to that made by
Chipot et al.16 Chelli et al. using quantum mechanical and 2-D potential of mean force
(PMF) calculations found that the PD structures were most favourable in vacuum and
stabilized by dispersion.13 Stacked configurations allow more overlap between the PHE-

PHE pair!3 and take up less space overall compared to T-shape configurations.
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Figure 5.4: The PHE-PHE contact pair in-plane orientation, 1, (b) definition; and the probability
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distributions, P(), (a) in vacuum; and (c) in solution.
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The TYR-TYR free energy presents as a flat basin for separation distances < 6.0 A as
shown by Figure 5.5a. Most noticeable is that there is a strong secondary minimum
observed to begin at 7.5 &, indicating a “solvent-shared” like minimum (Figure 5.5a).

This can be attributed to edge-to-edge arrangement with the OHs hydrogen bonding.

The global minimum free energy configuration is found to be of the PD form (Figure 5.5
and Table 5.2). A statistical analysis of the trajectories was performed to determine the
alignment of the PD configurations (Figure 5.6b). The preferred geometry of the TYR-
TYR PD contact pair is found to such that the OH groups are staggered in the PD
configurations (Figure 5.6a), which promotes the possibility of hydrogen bonding
between the OHs and OH-to-ring-centre (RC). This corresponds to a PD-cross
arrangement, while the PD-parallel and PD-anti-parallel configurations are found to be

equally probable.

For TYR-TYR contact pair Chelli et al obtained the PD-(cross, parallel and anti-
parallel), T-shape, BT and EoE/V/CW (OH-OH hydrogen bonding) configurations from
their potential energy surface (PES).13 From our surfaces (Figure 5.5a-f), the contact pair
configurations are composed of the PD-cross, the equally probable isoenergetic PD-
parallel and PD-anti-parallel, EoE/V/CW and BT configurations (Table 5.2). The PD-
cross is found to be 0.5, 1.0 and 1.5 kcal/mol lower in energy than in energy than the

PD-(parallel and PD-anti-parallel), EOE/V/CW and BT structures, respectively.

’ "“01/"':’eg:’“ . 0/deg.. »
(c) (d)
¢ / deg.
180 0 180
180
l'/ -.‘
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Figure 5.5: The vacuum TYR-TYR pair 2-D surfaces for (a) W(r, 6); (b) W(r, ¢); (c) W(01, 62); and (d) W(6,
@). The 3-D volumes for (e) W(r, 6, ¢); and (f) W(6y, 62, ¢).
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Molecular mechanics optimizations were performed for a number of configurations with
separation distances ranging from 3.0 - 7.0 A. The BT (OH-RC hydrogen bonding at a
separation distance of 4.7 A), PD-cross (at 3.9 A) and EoE/V/CW (at 5.9 A)
configurations were obtained. The interactions are all dominated by electrostatic

interactions through hydrogen bonding.

Table 5.2: The 4-D reaction coordinates for the TYR pair in vacuum. The PD-cross, PD-parallel and PD-anti-

parallel arrangements were assigned using Figure 5.6a.

Configuration Name Reaction Coordinates (r; 61; 62; ¢) AA (kcal/mol)
PD-cross 3.8 &;160/200; 20/1600; 0° 0.00
PD-(|| and anti-|]) 4.0 A; 135/45¢; 45/135¢; 00 0.50
EoE 5.2 &;30/1500; 150/300°; +180° 1.00
BT 4.5 A; 115/400; 40/1159; 0/+180° 1.50

The molecular mechanics optimizations indicate that the CHARMM force field (for the
TYR-TYR pair) shows strong correlation with the minimum energy configurations found

using ab initio quantum mechanics.13

Sherrill et al. have done a large dimer quantum mechanical study on a variety of
substituted benzene molecules.3! 3941 They found that the TYR analogue (phenol), as
well as other substituted benzenes, binds more strongly in sandwich configuration than
the benzene dimer.4% 41 This is found to agree with the 1-D free energy profiles for TYR-

TYR and TYR-water (see Appendix Interactions and Solvent-Structuring section).
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Figure 5.6: The TYR-TYR contact pair in-plane orientation (i) definition (b); and the probability

distributions, P(), (a) in vacuum and (c) in solution.

The “solvent-shared” like minimum is indicative of configurations where the molecules

are laying in a plane slightly tilted, maximizing hydrogen bonding occurring between the
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OHs. This results in the observed centre-of-mass-to-centre-of-mass separation distance
being > 7.5 A. The hydrogen bonding orientation is further substantiated by the dihedral
angle being between -120° and 120¢° (Figure 5.5b), the correct alignment for hydrogen
bonding. It can easily be seen that this configuration will form the basis of the solvent-

shared minimum in solution.

The extracted 2-D contour and 3-D volume PMFs for the PHE-TYR pair (Figure 5.7)
shows that the free energy basin, within the critical distance for a contact pair (i.e., < 6.0
&), is found to fairly flat, similar to all the aromatic pairs investigated thus far. This
implies that an ensemble of configurations, with energy barriers < 3.0 kBT, that exist in

dynamic equilibrium, populates the area in and around the global minimum.

The global free energy minimum configuration was found to be of a PD form (Figure 5.7
and Table 5.3). An analysis of the in-plane orientation revealed that the most probable
PD configuration is PD-cross (¥ = +75¢), while the PD-parallel () = 0°) and PD-anti-
parallel (i = +180°) configurations are equally likely (Figure 5.8a and b). It should be
noted that the dihedral analysis was only performed for configurations that had a
separation distance < 5.0 A and specifically for PD configurations. The BT configuration
is found to be approximately 2.0 kzT (~1.2 kcal/mol) higher in energy than the PD-cross
global minimum, while the EoE is 1.5 kcal/mol higher in energy (Table 5.3) - in
agreement with others.13 42-44¢ However this falls within the 3.0 kT range, making them

thermally accessible at room temperature.
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Figure 5.7: The vacuum PHE-TYR pair 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62); and (d) W(6,
@); contoured at 0.5 kcal/mol from 0.0 to 5.0 kcal/mol.
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Table 5.3: The 4-D reaction coordinates for the PHE-TYR pair in vacuum. The PD-cross, -parallel and -anti-

parallel arrangements were assigned using Figure 5.8a.

Configuration Name Reaction Coordinates (r; 6;; 62; @) AA (kcal/mol)

PD-cross 4.0 A;160/20°; 20/1600; 0/+180° 0.00
PD-(|| and anti-||) 4.0 A; 135/450; 45/1359; 00 0.50
BT 5.0 A; 90/1359; 135/90°; 0/+1800 1.20

EoE 5.0 A; 90/250; 25/90°; 0/+180° 1.50

All the structures are stabilized mostly by large attractive electrostatic interactions. This
is consistent with the result obtained by Chelli at al.,13 using quantum mechanical and 2-
D PMF calculations, and Gervasio et al.36 using molecular mechanics and ab initio
calculations. The electrostatic attraction is due to the OH-PHE ring-centre (RC)
interaction, where aromatic rings have been shown to be good hydrogen bond

acceptors.*>
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Figure 8: The PHE-TYR contact pair in-plane orientation (¥) definition (b); and the probability

distributions, P(), in (a) vacuum and (c) solution.

5.3.2 Free energy hyper-volume analysis in solution

Upon solvation of the PHE dimer, the overall free energy 2-D surfaces and 3-D
volumes change dramatically (Figure 5.9a-d). Firstly, the global minimum is shifted from
4.0 to 6.0 A; and secondly, the free energy basin has become very flat and much broader
extending to separation distances between 5.5 to 6.8 A (Figure 5.9a). Chipot et al.
showed that the contact pair distance of approximately 5.5 A for PHE in solution.6 It
appears that, in solution, the local structure of the PHE-PHE dimer becomes more
unstructured (Figure 5.9a-f) than compared to vacuum (Figure 5.3a-f). The opposite
situation is observed for the benzene dimer, where the free energy configurational

space is reduced in solution compared to vacuum.!® The energy barriers in the free
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energy basin is found to be << 3.0 kgT, indicating that an ensemble of contact pair
configurations contribute to the global free energy well and the low energy barrier
allows for regular interconversion between them (Figure 5.9a). The global minimum
energy configuration is found to be an approximate PD, which has a slight twist in the
dihedral angle (Figure 5.9 and Table 5.3). The BT and EoE/V/CW are found to be only
0.5 kcal/mol higher in energy than the PD configuration.
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Figure 5.9: The solution PHE-PHE pair 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62); and (d) W(6,
@). The 3-D volumes for (e) W(r, 6, ¢); and (f) W(6y, 62, ¢).

The water destabilizes the contact pair formation allowing for PHE-PHE pair to assume
a larger ensemble of configurations, shown by the larger 3.0 k3T volume in Figure 5.9e-f.
The solute-solvent interactions plays an important role here; the PHE-water interaction
is found to be slightly stronger than that found for the benzene-water interaction!8 (see

Appendix Interactions and Solvent-Structuring section for the PHE-PHE pair).

The relative orientation of the plane of PHE-PHE ring does not prefer PD-cross, PD-
parallel or PD-anti-parallel (Figure 5.4c), emphasizing the unstructured nature of this
pair in solution. The EoE is found to be similar to the cogwheel (CW) structure observed
by Singh and Thornton in their analysis of phenylalanine pairs in proteins.6 As with the

case of the benzene dimer, a solvent-shared local minimum is found to begin at 8.5 A in
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agreement with Chipot et al.1¢ It shows a preference for a distant-EoE/SbS configuration

and is only 1.0 ksT higher in energy than the global minimum.

Table 5.4: The 4-D reaction coordinates for the PHE-PHE pair in solution. The PD-cross, -parallel and -anti-

parallel arrangements were assigned using Figure 5.4c.

Configuration Type Reaction Coordinates (r; 6;; 62; @) AA (kcal/mol)

Contact Pair

PD-(no preference) 5.5 A; 60/1200,120/60°, 0-+30/+150-180° 0.00
BT 5.5 A;90/600, 60/900, 0/180° 0.30
EoE 5.5 &; 70/1100,110/70°, 0-+300 0.60

Solvent-Shared

Distant-EoE/SbS 8.0 &; 60/1200, 120/600, 0° 0.60

In solution, the TYR-TYR contact pair minima range between 3.5 <r<5.0 A. The 2-D
surface has fractioned into two legs and they are observed to be narrower, with respect
to 0 (Figure 5.10a), when compared to the vacuum case, PHE and benzene dimers.!8 The
free energy basins, in each leg, appear to be flat with energy barriers < 3.0 kgT.
Secondary local minima at 7.5 A are observed, which corresponds to the solvent-shared
minima as anticipated from the vacuum analysis (Figure 5.10a). However, the solvent-
shared minimum for the TYR dimer appears to be more favourable in the case of TYR
than either PHE or benzene.!8 This is due to the greater hydrogen bonding capability of
TYR. The solvent-shared minima have a free energy of association that is only 1.0 kT

higher in energy than the global minimum contact pair free energy.

The contact pair configurations are made up of an ensemble of PD, EoE/V/CW and BT
configurations (Table 5.5 and Figure 5.10a-f). The energy barriers separating these
configurations are low (< 3.0 kgT), which allows them to exist in dynamic equilibrium.
The global free energy minimum configuration is found to be of PD form. The in-plane
orientation analysis shows that the PD-parallel and PD-anti-parallel configurations are
the preferred configurations, while the PD-cross arrangement becomes less probable

compared with the vacuum case (Figure 5.6c).

The PD-parallel has increased electrostatic interactions due to the hydrogen bonding
between the OHs groups and with water, while PD-anti-parallel geometry allows for
hydrogen bonding with the ring centre and water. The favourable TYR-water interaction

is shown the Appendix - Interactions and Solvent-Structuring section for the PHE-PHE
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pair. The PD configurations are found to have the shortest separation distance of the all
the contact pair configurations. This enhances the PD configurations stability brought by

stronger dispersion interactions.
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Figure 5.10: The solution TYR dimer 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(63, 62); and (d) W(6, ¢).
The 3-D volumes for (e) W(r, 6, ¢); and (f) W(03, 62, ¢).

The solvent-shared minimum consists of two configurations, distant-EoE:/SbS; and
distant-EoE»/SbS;. The distant-EoE;/SbS: configuration is more planar shown by a
dihedral angle of #20 (Figure 5.10b). The slight offset from planarity allows for OH-OH
hydrogen bonding. The distant-EoE,/SbS, (r 7.5 A; 6; 120/60; 6, 60/120; ¢ +60)
configuration is more offset from than the distant-EoE1/SbSi. This corresponds to a
structure where the TYR molecules are arranged in such a way that they maximize the

hydrogen bonding capability between the OH-OH and OH-water.

Yan and Spangler also found a configuration similar to the distant-EoE,/SbS;, where
hydrogen bonding was occurring between the OHs of the TYR molecules.*¢ They used
the low-frequency portion of the TYR dimer jet-cooled fluorescence excitation spectrum
to obtain their results. They also commented on the dynamics of the TYR dimer and
suggested that the complete dissociation of the dimer is not in agreement with their
results, but appears that it occurs via a photophysical process such as the internal

conversion.#¢ Configurational interchange can occur quite easily in each of the legs
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observed in the 2-D free energy surfaces, as shown in Figure 5.10a. This supports the
internal conversion mechanism of Yan and Spangler.46¢ However, complete dissociation

will allow the system to cross from one leg to another.

Table 5.5: The 4-D reaction coordinates for the TYR pair in solution. The PD-cross, -parallel and -anti-

parallel arrangements were assigned using Figure 5.6c.

Configuration Name Reaction Coordinates (r; 61; 62; ¢) AA (kcal/mol)

Contact Pair

PD-(|| and anti-||) 3.5 4; 0, 160/20°; 6, 20/160°; 0° 0.00
PD-cross 3.5 &; 35/1450,145/350,0/+1800 0.50
EoE 4.5 A; 60/1200; 120/609; -60 - 60° 0.50

BT 4.5A; 6:115/35; 6, 35/115; 0° 1.80

Solvent-Shared

Distant-EoE/Sbs1 7.5 &; 120/60; 60/120; £20

Distant-EoE/SbS2 8.0 A; 60/1200, 120/600, £60°

The contact pair for the PHE-TYR falls in range between 4.0 - 6.0 A, and solvent-
shared minimum begins to appear at 8.5 A (Figure 5.11a). The amount of 4-D (r, 6; 6;;
@) configurational space available to this pair solution (Figures 5.5e-f) is found to be less
than in vacuum (Figures 5.11e-f), in accord with the TYR-TYR pair and benzene dimer.18
The favourable contact pair configurations are found to be BT and PD configurations.
However, the PD configurations are slightly tilted forming an approximate EoE-like

configuration (Figure 5.11a-f).

This is seen by the non-linearity in the 6; and 6, values, i.e. 8; = 25/155° and 6.

150/300, whereas pure PD configurations display linearity, i.e. 8; = 30/150° and 6;
150/300. The global free energy minimum configuration for the PHE-TYR pair (Figure
5.11 and Table 5.6) is found to be the PD configurations, with the PD-cross being only
slightly more probable than the PD-parallel and PD-anti-parallel (Figure 5.8c). The BT is
1.0 kcal/mol higher in energy than the global minimum and an EoE contact pair
configuration is observed, but it is almost 3.0 kzT higher in energy than the global
minimum. The PD and BT configurations have a decreased electrostatic and larger

dispersion interaction compared to vacuum, which is found to be in agreement with
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Chelli et al.13 A distant-EoE/SbS occurs for the solvent-shared minima configurations.
This occurs to enhance the OH-to-PHE-ring-centre (RC) interaction, as well as the
interaction of PHE and TYR with the surrounding waters (see Appendix Interactions and
Solvent-Structuring section for the PHE-TYR pair), and the solvent-shared local
minimum is only 1.0 kzT higher in energy than the global minimum. The energy barriers
separating the contact pair configurations are found to be approximately 3.0 kgT,
making the interconversion between configurations accessible at 298.15 K. However, it
is more likely that the interconversion occurs via the solvent-shared configuration

where rearrangement can occur.
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Figure 5.11: The solution PHE-TYR dimer 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62); and (d)
W(0, ¢). The 3-D volumes for (e) W(r, 6, ¢); and (f) W(6y, 62, ¢).

Fractionation of the 2-D free energy surface (Figure 5.11a) appears to be less
dramatic for the PHE-TYR pair compared with the TYR-TYR pair. This indicates that the
PHE-TYR is more forgiving with regards to planar solvent-shared configurations. The

PHE-TYR also appears to be a mix of the PHE-PHE and TYR-TYR pair interactions.

The solvent-shared minima occurring at 8.0 A, as opposed to the 7.5 A for the TYR-TYR
pair, can be attributed to lesser attractive electrostatic interactions for the PHE-TYR
compared with the TYR-TYR pair. The energy barrier separating the two legs of the
PHE-TYR surface (Figure 5.11a), at the solvent separated minima at 8.0 A4, is observed to
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be < 2.0 kcal/mol. A planar solvent-shared distant-EoE/SbS configuration is possible for
the PHE-TYR pair because PHE lacks an OH, and the PHE-TYR interaction (in vacuum) is
only found to be favourable by 0.3 kcal/mol compared to 0.6 kcal/mol for the TYR-TYR

at 8.0 A (see Appendix Interactions and Solvent-Structuring section for the PHE-TYR

pair).

Table 5.6: The 4-D reaction coordinates for the PHE-TYR pair in solution. The PD-cross, -parallel and -anti-

parallel arrangements were assigned using Figure 5.8c.

Configuration Name Reaction Coordinates (r; 61; 62; ¢) AA (kcal/mol)

Contact Pair

PD-cross 4.0 A; 155/25¢°; 25/155¢; 0o 0.00
PD-(|| and anti-||) 4.0 A; 135/450; 45/1359; 00 0.30
BT 4.8 &;150/60°; 60/1500; 0/+180° 1.00

EoE 5.5 A; 90/1200; 90/120°; 0/+1800 1.80

Solvent-Shared

Distant-SbS 8.8 A;120/60°; 60/1200; +60° 1.00

5.3.3 Aromatic amino acid association as found in proteins

The protein can be considered as a special solvent where several aromatic side
chains, rigidly anchored to the backbone, are solvated. Many interacting (neighbour)
and non-interacting aromatic residue pairs can be identified in the dataset, and all of
these pairs can be considered as a statistical ensemble.13 Therefore, an ensemble
approach can be applied following the same procedure can be performed as described
for calculating the 4-D PMFs in the r, 6;, 62 and f configurational space in the “protein

solvent”.

It has been shown that the interior hydrophobic core does not have an effective
dielectric constant of 1, rather it has found to be between 2 - 4.47. 48 The apparent
dielectric effect experienced by the internal charges is considerably higher than the low
dielectric constants of hydrophobic matter used to represent the protein interior in
electrostatic continuum models of proteins.*” This suggests that the hydrophobic core

has a significantly higher dielectric constant than vacuum. The backbone of the protein
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also contributes to the high effective dielectric constant via its dipole moment,+-51 and
water molecules have also been known to penetrate the hydrophobic core,*8 52 53 that is

corroborated by the number of solvent inaccessible water molecules in Table 5.7.

Details concerning the number of buried, at or near the protein surface (termed here as
interface) and exposed amino acid residues and water molecules are given in Table 5.7.
This data, in conjunction with Figure 5.12, provides insight into the environment around
associating PHE-PHE, TYR-TYR and PHE-TYR pairs in proteins. The solvent accessible
surface area (SASA) for each amino acid is used to calculate the relative SASA, and it is
used as a metric to determine if an amino acid is buried, at the interface or exposed to
the solvent. A relative SASA value of < 20% is buried, between 20 and 50 % interface,

and > 50 % is exposed.

Table 5.7: An analysis of a random subset (100 protein structures) from our larger protein set was used to
generate the data in this table. Calculated using data obtained from the Stride program.>* This is a rough
estimate and more rigorous investigation will be required, however this is beyond the scope of this work

and will be studied in future work.

% Buried % Interface % Exposed
Water 56.7 271 16.2
Protein 55.6 14.8 29.6
PHE 81.3 12.5 6.2
TYR 289 54.5 16.6

Even from such as small database of 100 hundred proteins, the results are already
showing that the PHE residues prefer to be buried, or inside the protein where water
cannot access it (Figure 5.12a). On the other hand, the TYR residue does not have a
particular preference in that it was found to either be buried or at the interface/surface.
This is it agrees with the dogma that TYR residues area interfacial residues, occurring at
the surface and interface of proteins.55> Another interesting note is that there appear to
very large number of water molecules buried, or inaccessible to the solvent, inside the
protein and at the protein-protein interfaces (Figure 5.12b). These waters have shown
to be disordered and entropically favoured, while the waters in are enthalpically
favouable.s6. 57 The large occurrence of PHE-TYR and TYR-TYR pairs at the surface
suggests that a number of weakly associating aromatic interactions can add up to
stabilize even protein-protein interfaces. Nonetheless, it is clearly evident that the PHE-
PHE interactions are predominantly found within the hydrophobic core of the protein,

while the TYR-TYR show a preference for interacting near or at the surface of the
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protein. The interaction between the hydrophobic-hydrophilic ~PHE-TYR
([ENV _is_hydrophilic]-TYR-—-n|[[nt-—-PHE-[ENV is hydrophobic]) pair also shows a

slight bias towards interacting near the surface; the TYR has its non-associated side
facing the hydrophilic environment, while the PHE has its non-associating side facing

the hydrophobic core.

(@) (b)

Figure 5.12: The two proteins chosen reflect to vital aspects of proteins. (a) 8ABP.pdb is a transport

enzyme and has to bind its substrate with high affinity and specificity. The important interactions here are
the buried PHE-PHE residue contact pair (maroon box), the PHE (yellow)-TYR (orange) contact pairs
occurring near the surface (orange box) and the substrate-PHE interaction (green box). (b) 1M1N.pdb is
hetero-dimeric tetramer involving protein-protein interactions - only chain A and B (cartoon
representation) are shown for clarity. The important interactions are the green solvent-shared PHE-TYR
configuration (green) and adjacent to it a collection of PHE-PHE and PHE-TYR contact pair configurations

occurring within the interface (cyan and blue). Red and blue spheres are exposed and buried waters.

A closer investigation of the PHE-PHE, TYR-TYR and PHE-TYR pairs using 4-D PMF
approach, such that we obtained “pseudo” free energy hyper-volumes for these pairs.
The 4-D reaction coordinates are defined in the same manner as the theoretically
derived multi-dimensional PMFs (Figure 5.2). The interest is in pairs that are closely
associated (i.e., r < 8.0 A), because pairs that are farther apart may have other amino
acid residues or molecules between them. In the r phase space, for 2.0 < r < 8.0 A, the
number of PHE-PHE, TYR-TYR and PHE-TYR pairs are found to be 1588064, 729248 and
861408 respectively. From this information, the PHE-PHE pair is the more prevalent
aromatic-aromatic interaction in proteins compared with the PHE-TYR and TYR-TYR,

respectively. PHE-PHE pairs occur more often than expected by chance, which is in
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agreement with others.6 36.37.58 The 3-D volume plots, in W(r, 85, ¢) phase space, for the
PHE-PHE, TYR-TYR and PHE-TYR pair associations in proteins and solution are plotted
in Figures 5.13 and 5.14, respectively. A quick glance at the volume plots shows the sin@
(and sin¢) phenomenon for r > 8.0 A, described by Singh and Thornton.6 The free energy
hyper-volumes are tagged pseudo because they represent a biased sampling toward
aromatic pair configurations found in proteins, and parameterization from such data
will lead to biased simulations. The phase space for aromatic amino acid interaction in
proteins is profoundly undersampled and the parameterization of an effective coarse-
grain (CG) interaction potential from such data will lead to biased protein structures and
dynamics. This was discovered by Liwo et al. using their United Residue (UNRES)
protein folding simulation package.5® Thus, it is preferable to use converged (i.e., near-
complete sampling of configurational phase space) free energy data for parameterizing
CG interaction potentials. This notion will be the subject for the remaining chapters of

this thesis.
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Figure 5.13: The 3-D PMFeps, W(r, 61, ¢), volume plots for the (a) PHE-PHE, (b) TYR-TYR and (c) PHE-TYR
pairs. Volume values of 1.0, 1.5 and 3.0 ksT are the blue, yellow/light blue and red < 3.0 ksT, respectively.

The PHE-PHE association in proteins (Figure 5.13a) is composed of an ensemble of
contact pair configurations (i.e, r < 6.0 A), which corresponds with the PHE-PHE
solution PMF (Figure 5.14a). Although this pair interaction occurs in the hydrophobic
core of the protein, consideration of the internal effective dielectric constant and water
penetration into the hydrophobic must be taken into account. The contact pair ensemble
is composed of PD, BT and EoE/CW/V configurations, in agreement with other studies,*
6,11, 60 and is also evident from Figure 5.12. The large number of types of contact pairs

available suggests that the PHE-PHE pair association in proteins contributes to the
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stability of the tertiary structure (as well as the process of protein folding) via a

favourable entropy contribution (see next section thermodynamics) to the free energy.

On the other hand, TYR-TYR pair association in proteins is found to be more likely
for larger separations (r > 6.0 A) than contact pairs (Figure 5.13b). This is not
unexpected due to the fact that this pair occurs mostly in a hydrophilic environment,
such as the solvent exposed surface of proteins.!3 By being exposed to the solvent the
TYR-TYR should display more solvent-shared like behaviour, which is found to be the
energetically favourable form in the TYR-TYR solution PMFs (Figure 5.14b). From the
solution PMF the solvent-shared configuration is a distant-EoE/SbS geometry, which
occurs so as to maximize the TYR-TYR and TYR-water electrostatic interactions through
hydrogen bonding (see Appendix Interactions and Solvent-Structuring section for the

TYR-TYR pair).

§ | deg: o1 deg:
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Figure 5.14: The solution 3-D PMF, W(r, 61, ¢), volume plots for the (a) PHE-PHE, (b) TYR-TYR and (c) PHE-

TYR pairs. Volume values of 1.0, 1.5, 3.0 and 8.3 ksT are shown by dark blue, light blue/green, darker red

and the light, transparent red respectively.

The PHE-TYR association shows characteristics of both the PHE-PHE and TYR-TYR
pairs, in that solvent-shared and contact pair configurations are observed in the protein
(Figure 5.13c). A similar observation is made for the PHE-TYR solution PMF shown in
Figure 5.14c. The contact pair is composed of PD and BT configurations, while solvent-
shared configurations are a distant-EoE/SbS, clearly seen in Figure 5.12. The similarity
between the protein and solution PMF results from the polar OH group of TYR, which
can have attractive interactions with the ring centre of the PHE (for the contact pair)

and the surrounding solvent (for solvent-shared configuration).
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These results suggest that the solution free energy hyper-volumes for the PHE-PHE,
TYR-TYR and PHE-TYR pairs can satisfactorily describe these aromatic associations
found in proteins. A closer investigation into the thermodynamics will, therefore,
provide insight into the major factors that aromatic association has on the 3-D tertiary

structure found in proteins.

5.3.4 Thermodynamics analysis

THE AROMATIC AMINO ACID ASSOCIATION

The Helmholtz free energy, 44, internal energy, AE, and the entropy, -TAS, for the
PHE-PHE, TYR-TYR and PHE-TYR pairs association in solution is shown in Figure 5.15.
The thermodynamic calculations were performed in the same way as detailed for the
benzene dimer (Section 4.2.3).18 The global free energy minima (red curve) for the PHE-
PHE, TYR-TYR and PHE-TYR pairs occur at 5.7, 5.0 and 5.3 A, respectively, and presents
as a broad well in agreement with results obtained by others.13 16 Therefore, similar to
the benzene dimer, the 3-D volume and 2-D contour plots (Figures 5.9-5.11)
deconvolutes the orientational preference for these aromatic pairs indicating that the
broad well, seen in the 1D PMF, is a result of a collection of aromatic (PHE-PHE, TYR-
TYR and PHE-TYR) contact pair configurations. It is immediately clear that the relative
orientation of the aromatic pairs are of significant importance, implying that distance
alone is insufficient for describing aromatic association in vacuum and solution.
Important to note here is that the critical distance of 6.0 A for contact pair formation is

used to define the distance at which a contact begins to form for all pairs studied here.18

The curves for the entropy (green) and enthalpy (blue) are also plotted in Figure
5.15. Quite evident from the PHE-PHE profile is that there is no strong enthalpically
stabilized PD contact pair (r < 4.0 A) found in solution (Figure 5.15a), whereas the TYR-
TYR, PHE-TYR and benzene dimer (Figure 5.15b-d) have these present. The cause for
the lack of such an enthalpic minimum is due to the (i) the weak association of the PHE’s
(see Figure A5.4 for the PHE-PHE vacuum 1D free energy profile), and (ii) the symmetry
breaking and, hence, structure breaking effect of the methyl group (which is not
observed in the benzene dimer case). However, an internal energy (or enthalpy, blue
curve) global minimum is observed at 7.0 A, closer to the free energy minimum than the
PD global minima for the TYR-TYR, PHE-TYR and benzene dimer pairs. This would
suggest an internal energy-driven association, or an enthalpy driven hydrophobic effect,

as it appears that this is responsible for the initial formation of the PHE pair in solution.
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This appears to run counter-intuitive to what we consider to be the hydrophobic effect,
but there have been a few studies that have corroborated such a result, indicating that
the shape of the hydrophobic surface determines the driven force.¢ 57. 61 Chandler has
summed up how the hydrophobic effect changes characteristics as the length scale of
the hydrophobic scales.62 As the length increases, it causes the water to form an
interface decreasing its ability to form all of its hydrogen bond, thus, incurring an
enthalpic cost. Upon hydrophobic association, these waters are released back into the
bulk where they can form hydrogen bonds resulting in the large enthalpic stabilization,
while an entropic cost is incurred as they become more structured. However, the
enthalpic contribution is found to be greater than the entropy resulting in an

enthalpically driven hydrophobic effect.56.57. 61, 62
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Figure 5.15: The thermodynamic free energy (red), entropy (green), and internal energy/enthalpy (blue)
curves for (a) PHE-PHE, (b) TYR-TYR and(c) PHE-TYR pairs in solution; and (d) the benzene dimer curves.
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Two local entropy minima are observed for the PHE-PHE contact pair at 4.0 and 5.2
A, in the PD configuration region, while the TYR-TYR, PHE-TYR and benzene dimer pairs
have only a one. The occurrence of two rather than one local entropy minima indicates
that the PHE-PHE contact is much less disordered than TYR-TYR, PHE-TYR and the
benzene dimer pairs. This is also concurs with the PHE-PHE not possessing a very
favourably-stabilized PD near 4.0 A, which is mainly in part due to the symmetry and
structure breaking methyl group. This is further confirmed by the solution PHE-PHE
pair in-plane dihedral angle probability distribution, P(y), plot, which shows that it does
not favour either of the PD-parallel, -anti-parallel or -cross configurations (Figure 5.4c),
leading to the increase in entropy observed. However, for the TYR-TYR the parallel and
anti-parallel configurations are favoured (Figure 5.6¢),'* and the PD-cross
configurations are favoured for the PHE-TYR pair (Figure 5.8c). The type of PD
configuration is null for the benzene dimer, due to the symmetry. The increased
probability is a result of a significant interaction, causing that particular configuration to
have a larger probability than compared to complete random structure (more or less
demonstrated by the PHE-PHE pair). The directionality of these PD configurations
indicate that there is a strong electrostatic interaction occurring between the OH and RC
(ring centre) for the TYR-TYR and PHE-TYR, resulting in the favourable enthalpy,s6 57. 61
for case of the benzene dimer this interaction is mostly composed strong dispersion and
higher-order multipole (i.e, quadrupole-quadrupole) interactions.!8 This indicates that
the tightly bound contact, i.e. separation distance, r < 4.5 A, is not entropically stabilized

but rather enthalpically stabilized, which agrees with Marsili et al.60

Solvent-shared configurations (at r = 7.5 A) for the PHE-PHE and benzene dimer
(44 = 0.1 and -0.15 kcal/mol) are much less stable than the TYR-TYR (-0.3 kcal/mol)
and PHE-TYR (-0.45 kcal/mol) pairs. The scenario for the pairs are similar but differ
only in the magnitude of the interaction between the aromatic and water and the fact
that PHE and TYR can only support 5 waters along the ring edge, whereas benzene can
accommodate 6. The 1-D free energy interaction profiles for constituent components
and solvent distribution functions (SDFs) are shown in the appendix of this chapter. The
solvent-shared distant-EoE/SbS is enthalpically stabilized indicating that solvent-shared
and solvent-separated configurations are a phenomena caused by the solvent stabilizing

these distant pairs via solute-solvent and solvent-solvent interactions.

Interestingly enough is that the global free energy minimum for the all the amino
acid aromatic associating pairs appear to occur at or close to the point at which the

entropy and enthalpy curves intersect (Figure 5.15a-c), whereas for the benzene dimer
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this does not occur (Figure 5.15d). The negative enthalpy gradient for the PHE-PHE and
TYR-TYR pair happens in these two pairs for different reasons. For the PHE-PHE pair
this occurs due to due to the stabilization offered by the entropy for the disordered PD
configuration, while for the TYR-TYR it is caused by the breaking of OH-OH hydrogen
bonding to reform a configuration with shorter separation and OH-RC hydrogen
bonding. The PHE-TYR follows the same rationale as the benzene dimer; where the
entropy is closer the free energy global minimum indicating that the entropy determines
the orientation of the contact pair configuration. These results, in conjunction with the
thermodynamic results for the benzene dimer,'® shows that the entropy (i.e.,
hydrophobic effect) plays an important role in determining the orientation of the
aromatic pairs association in solution. The ability of the PHE-TYR and TYR-TYR pairs to
form solvent-shared configurations, allows them to stabilize the protein surface as well
as protein-protein interfaces. The associations of the PHE-PHE, TYR-TYR and PHE-TYR
pair’s contributions to protein structure are mainly driven by entropy. This is in
agreement with the notion that the hydrophobic effect is the main driving force for

protein folding.63. 64

5.4 Conclusions

In this study, an investigation of the biologically relevant aromatic amino acid
residues is conducted. The PHE-PHE, TYR-TYR and PHE-TYR interactions have been
studied using multi-dimensional anisotropic free energy hyper-volumes in vacuum,

solution and proteins.

The free energy hyper-volume for the association of the PHE-PHE pair shows that
only PD configurations in vacuum is formed (stabilized by dispersion interactions),
while in solution electrostatic interactions between the PHE-water results in the lower
local structuring of the PHE contact pair, as shown by the ensemble of configurations
available. The TYR-TYR interaction is dominated by electrostatic interactions, mostly via
hydrogen bonding and O-H--m interactions. This is observed by the formation of
EoE/V/CW and BT configurations in vacuum, which is not present for either the
benzene dimer or PHE pair. The competition between solute-solute and solute-solvent
interactions results in the solution 4-D PMF splitting into two “legs”, which are
separated by a free energy barrier >5.0 kcal/mol. This is a consequence of the
unexpected highly stabilized solvent-shared configuration, which has the an OH capable
of hydrogen bonding with either with the adjacent TYR OH, water or both by optimizing
the TYR-TYR-water hydrogen bonding network. The latter is inferred from the
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configuration located about this intermolecular separation (r ~ 7.5 A). Only a weak
shoulder solvent-shared shoulder is observed from the 1D PMF, further substantiating
the importance of the orientation. The PHE-TYR anisotropic free energy of association
shows a “cross-correlation” between the structure and thermodynamic behaviour of the
PHE-PHE and TYR-TYR pairs. Direct interconversion between contact pair global
minima is somewhat more possible compared to the TYR pair and the wells are less
defined, the PHE-like behaviour; while the electrostatics in the form of hydrogen
bonding and O-H--mt interactions is found to be important, similar to the TYR pair. The
notion that the thermodynamic data of the PHE-TYR pair shows behaviour similar to

both the PHE-PHE and TYR-TYR pairs is reverberated in the thermodynamic data.

The PMFppg for the PHE-PHE, TYR-TYR and PHE-TYR pairs show good correlation
with the computed solution free energy hyper-volumes. The ensemble of contact pair
configurations for PHE-PHE pair and the thermodynamic analysis shows that these
configurations are driven by a favourable entropic contribution to the free energy. On
the other hand, the PMFppg for the TYR-TYR pair indicates that it prefers the entropically
favoured solvent-shared configuration, which maximizes the electrostatic interactions,
via hydrogen bonding, between the TYR-TYR and TYR-water. The PHE-TYR shows
similar behaviour to both the PHE-PHE and TYR-TYR pairs; it has both contact pair and
solvent-shared configurations, both driven by a favourable entropic contribution to the
free energy of association. However, upon closer inspection of two proteins structures it
is observed that the PHE-TYR contact pair and solvent-shared associations occur near

the surface of the protein and quite possibly at protein-protein interfaces.

It is found that the computed free energy hyper-volumes in solution are able to
describe the association of the PHE-PHE, TYR-TYR and PHE-TYR in proteins adequately.
The thermodynamic analysis reveals that the entropy makes a significant contribution
to the contact pair configuration and the overall association. This shows that the
entropically driven aromatic association (hydrophobic effect) is important for the
stability of protein tertiary structure and the process of protein folding. Not only is this
an important result in terms of chemistry, but now it also lays a foundation for
developing coarse-grain models of these aromatic amino acid residues for coarse-
grained simulations of protein dynamics. Future work includes perform a more
instructive PDB analysis on larger PDB dataset as well as for certain types of enzymes,
e.g. glycosyltransferases. The final part of this thesis details a proof of concept, the use of

free energy hyper-volumes for parameterizing coarse-grain interaction potentials.
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5.5 Appendix

AROMATIC INTERACTIONS IN PROTEINS

The PHE-PHE 2-D contour plots, contoured at 0.3 kcal/mol, are shown in Figure A5.1.
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Figure A5.1: The PHE-PHE dimer 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62) extracted for
distances < 6.0; and (d) W(6, ¢) extracted for distances < 6.0 A

The TYR-TYR 2-D contour plots, contoured at 0.3 kcal/mol, are shown in Figure A5.2.
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The PHE-TYR 2-D contour plots, contoured at 0.3 kcal/mol, are shown in Figure A5.3.
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Figure A5.3: The PHE-TYR dimer 2-D surfaces for (a) W(r, 8); (b) W(r, ¢); (c) W(61, 62) extracted for
distances < 6.0; and (d) W(6, ¢) extracted for distances < 6.0.

INTERACTIONS AND SOLVENT-STRUCTURING

The 1D PMFs for the PHE-PHE and PHE-water interactions, in vacuum, are shown in
Figure A5.4. The PHE contact pair global minimum (Figure A5.4a) is found to occur at
5.5 A, in agreement with Chipot et al.16 and the vacuum free energy surfaces (Figure 3a-
d). The PHE-water (Figure A5.4b) interaction shows that the water interacts mostly
with the PHE ring-centre, and to a lesser degree with the ring H’s shown by the small
shoulder at 5.0 A. The PHE-water interaction is found to be 0.8 kcal/mol, which is 0.2
kcal/mol more favourable than the benzene-water interaction.
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Figure A5.4: The 1D PMF interaction profiles for (a) PHE-PHE; (b) PHE-water in vacuum.

This can be attributed to favourable electrostatic interactions due to the non-zero dipole
of PHE. This increased attractive PHE-water interaction results in the destabilization of
the contact pair as observed in the free energy surfaces and volumes in Figure 5. Thus, it
appears that the solvated PHE pair configurations appear to a competition between the
solute-solute and solute-solvent interactions, which have approximately equal free

energies (Figure A5.4).
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The solvent distribution functions are shown below in Figure A5.5 for the contact pair,
solvent-shared and non-interacting for the PHE-PHE pair. A decrease in water
probability density (i.e, release of bound water molecules) is observed when going from
the non-interacting (Figure A5.5c) to the solvent-shared (Figure A5.5b) to the contact
pair (Figure A5.5a) configurations.

. 4

Figure A5.5: Spatial distribution functions (SDFs) for the PHE-PHE (a) contact pair (r < 6.0 A); (b) solvent-
shared (6.0 A < r <12.0 A) and (c) non-interacting (r = 12.0 A). All densities are plotted at 50% above bulk.

The 1D PMFs for the TYR-TYR and TYR-water are shown in Figure A5.6. It is
observed that the association of the TYR pair is stronger than the PHE and benzene
dimers in vacuum.31.39-41 Figure A5.6b shows the water interacts stronger with the OH at
49 A (1.4 kcal/mol) than the ring centre at 3.3 A (0.5 kcal/mol). The TYR-TYR
interaction is found to be at least 0.5 kcal/mol stronger than the TYR-water interaction.
This suggests a reason for the fractionation of the free energy surface (Figure 5.10a)
observed in solution and not in vacuum (Figure 5.3a). For the solvent-shared
configuration, at 7.5 A, the TYR pair is attempting to create as many hydrogen bonds as
possible (i.e.,, between the OH-OH and OH-water), which is only possible for the non-
planar arrangement. The planar arrangement loses the ability for hydrogen bonding to
occur between the OHs and loses a favourable 1.0 kcal/mol interaction (Figure A5.6a).
The lose of a favourable interaction and the TYR'’s inhibited ability to rotate, due to a
high solvent-structuring (Figure A5.7b), results in the appearance of the two legs in the
solution free energy surface (Figure 5a). The contact pair is separated for similar
reasons, highly favourable TYR-water interactions resulting in waters being bound to
the contact pair (Figure A5.6b) and the obvious steric effects.
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Figure A5.6: The 1D PMF interaction profiles for (a) TYR-TYR; (b) TYR-water in vacuum.

The solvent distribution functions are shown below in Figure A5.7 for the contact pair,
solvent-shared and non-interacting for the TYR-TYR pair. A decrease in water
probability density (i.e, release of bound water molecules) is observed when going from
the non-interacting (Figure A5.7c) to the solvent-shared (Figure A5.7b) to the contact
pair (Figure A5.7a) configurations.
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Figure A5.7: Spatial distribution functions (SDFs) for the TYR-TYR (a) contact pair (r < 6.0 A); (b) solvent-
shared (6.0 A <r<12.0 A) and (c) non-interacting (r = 12.0 A). All densities are plotted at 50% above bulk.

The solute-solute (PHE-TYR) and solute-solvent (PHE-water and TYR-water)
interaction profiles are shown in Figure A5.8. The PHE-TYR interaction is found to be
1.45 Kkcal/mol, which is more attractive than the benzene dimer. This is similar
observation made by Sherrill et al# 4! and can be attributed to the increased
electrostatic attraction. The solvent-shared configuration (at 8.0 A) is found to have an
attractive free energy of 0.4 kcal/mol; the global minimum for the PHE-water and the
TYR-water interactions is found to be 0.8 and 1.4 kcal/mol respectively. Therefore, the
solvent-shared configuration is dominated by the solute-solvent interaction, while the
contact pair is found to a balance between the PHE-TYR (1.45 kcal/mol) and solute-
solvent competitions.
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Figure A5.8: The 1D distance PMF interaction profiles for (a) PHE-TYR; (b) PHE-water; and (c) TYR-water
in vacuum.

The solvent distribution functions are shown below in Figure A5.9 for the contact pair,
solvent-shared and non-interacting for the PHE-TYR pair. A decrease in water
probability density (i.e, release of bound water molecules) is observed when going from
the non-interacting (Figure A5.9c) to the solvent-shared (Figure A5.9b) to the contact
pair (Figure A5.9a) configurations.

# 4G,

(a)

Figure A5.9: Spatial distribution functions (SDFs) for the PHE-TYR (a) contact pair (r < 6.0 A); (b) solvent-
shared (6.0 A < <12.0 A) and (c) non-interacting (r = 12.0 A). All densities are plotted at 50% above bulk.
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PART 2

REDUCTION OF REPRESENTATION - COARSE-GRAIN
DYNAMICS

“... most CG methods are best cast within the context of the Helmholtz free energy.” -

Gregory A. Voth

>

2 COARSE-GRAIN Q)
%2 -

(Left) all atom representation of a dodecylphosphocholine (DPC) and (Right) its coarse-grain (or reduced)
representation.

Representing a system in a reduced manner, while maintaining connections to the all
atom representation and biophysics, will result in the ability to simulate large
biomolecules on biologically relevant timescales. The second part of this thesis deals
with the parameterization of an effective coarse-grain (CG) interaction potential (from
free energy hyper-volumes), development of a CG dynamics code and the subsequent CG

dynamics simulation and analysis of liquid benzene.
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CHAPTER 6

COARSE-GRAIN DYNAMICS AND CODE
DEVELOPMENT

The explosive growth of computing power over the past two decades has led to the
development of large-scale simulation techniques whose aim is to directly reproduce (or
simulate), on a molecular level, experimental macroscopic observables for small
systems. Over the years, these techniques have been extended to study macromolecular
and biological systems. Unlike small systems, such as water and other organic
molecules, the usefulness of these computer simulation techniques have been limited by
the spatial (size) and temporal (time) scale of the system.!* Large systems such as
biomolecules have a greater number of degrees of freedom, which makes reproducing
their experimental observables, by employing either mixed Hamiltonian (QM/MM)
dynamics or all atom molecular dynamics, nearly impossible. Quantum mechanics
solves the Schrodinger equation for motion of electrons, while the nuclei are at rest
(Born-Oppenheimer approximation). When the nuclei move, a new wavefunction is
generated and the motion of electrons has to be calculated again. This computation
involves many second-order differentials, integrals etc and this limits the computation
to a small number of atoms and short timescales (femto- to picoseconds), Figure 1.9.5
Statistical mechanics techniques, on the other hand, such as molecular dynamics are apt
for simulating large systems for longer timescales (nano- to microsecond),® because
they do not calculate the motion of electrons (Figure 1.9). The motions of the atoms are

treated classical mechanically and solved using Newton’s equations of motion.

Grand challenge problems such as protein folding, which has an astronomically
large configurational space, cannot currently be investigated using molecular dynamics.
Further theoretical approximations, such as coarse-graining, have to be introduced to
deal with the high computational cost. Coarse-graining is a method whereby the certain
atomic and molecular degrees of freedom are removed by treating them as an average.
In this chapter, a brief account of coarse-grain (CG) dynamics implemented with the

Gay-Berne anisotropic interaction potential energy function is presented. First the



Hamiltonian is described, followed by the Euler equations for rotational rigid body
dynamics and concluded with a description of the Gay-Berne potential, forces and

torques.” The derivation of the forces and torques? is given in the Appendix.

6.1 Coarse-Grain Dynamics

By employing the CG dynamics formalism, certain molecular degrees of freedom are
removed by treating their effect as an averaged over. This averaging has the
consequence of reducing the amount of calculations to perform per MD step, which
leads to a significant reduction in the computational cost. Thus, this methodology offers
an attractive route for simulations of very large (macromolecular or biological) systems
that could reach biologically relevant time-(microsecond)-scales. It has been shown by
Orsi et al. that CG dynamics can be approximately 130 times faster than the dynamics of
its all atom counterpart.® A molecule can be coarse-grained in several ways,3 10.11 but the
choice has to make physical sense. For example, the alkane chain, hexane (C¢Hi4), it
detracts from the conformational accuracy of the model if the entire molecule is treated

as a sphere or ellipsoid.

(b)

Figure 6.2: (a) A hexane (20 atoms) molecule coarse-grained to 3 bonded ellipsoids; and (b) coarse-grained

quartet of water molecules represented as a sphere.

Rather, a combination of two bonded carbons (CH;-CH:), uniting the hydrogen and
carbon atoms, into a single “bead” or site can be done, as shown in Figure 6.2a. The
result is that the hexane is represented as a chain with 3 ellipsoidally shaped beads.? 12
13 Here, atomic sites have been reduced to coarse-grained sites resulting in more a 6-
fold decrease in the systems degrees of freedom (from 20 to 3). This approximation has
been shown to be reasonable for the ethylene group and has been applied to long
aliphatic chains found in tail moiety of lipids.> 12 13 QOther approximations include
conflating 4 or 5 water molecules into a single spherical CG site, Figure 6.2b,1* and
representing a single benzene molecule as an ellipsoid,® which is the subject of this work

(Chapter 8).
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A reduced representation of the system is also advantageous in terms of overcoming
problems such as heavy-atom-to-hydrogen-bond vibrations, which occur on very short
time scales. By removing these vibrations, by fixing the bond length, allows the use of
larger timesteps without too much sacrifice in the accuracy and stability of the
simulation.! Usually CG particles are represented as ellipsoidally shaped particles. This
infers that the interaction potential, between non-bonded particles, should not only
depend on the inter-particle distance but also on the relative orientation. An anisotropic
interaction potential, such as the Gay-Berne potential,” which treats the particles as
being rigid, is often used in CG dynamics simulations. Such a potential can be
incorporated into a rigid body dynamics algorithm, Figure 6.3. The rigid body
Hamiltonian, and algorithm, has a similar form to that of atomistic molecular dynamics,
but includes an additional orientational/rotational term. The total potential energy
function remains similar to molecular mechanics in that the bonded and non-bonded
terms are functions of the coordinates only, as pointed out earlier (Chapter 2, section

2.1.1).

Initialize linear and angular
momentum and accelerations

Advance the tim

=t +

Figure 6.3: Simplified scheme showing the molecular (and rigid body) dynamics algorithm. Begin with
some starting configuration of the system, proceed to dynamics for specified number of steps (Nsteps) and

then end dynamics.
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The Gay-Berne potential differs from the Lennard-Jones potential by being dependent
on the inter-particle orientation, which requires the additional orientation term. The
Euler equations of motion, which allows for the integration of the rotational kinematic

equations, is similar to the Newtonian equations of motion used in molecular dynamics.

6.2 The Hamiltonian

The Hamiltonian for CG mechanics is similar to the one used in molecular
mechanics (MM). However, the orientational and rotational terms are incorporated into
the potential (V) and kinetic (T) energy terms respectively. This is effectively the
Hamiltonian for a rigid body (Hrsp), with an anisotropic inter-particle potential energy

function (VR¢B), and can be expressed as:

TRED %V'RBD 6.1
1

M=z

HRBD =
=1 i=1

where TiRBD is the kinetic energy contribution to the total energy for i-th particle, which
includes translation and rotational velocities, and V8D is the anisotropic interaction
energy contribution from the i-th particle to the total energy. The linear momentum and
spatial coordinates have been defined previously (Chapter 2), while the angular

momentum is given by

_HMHMH o T
I’

T op 00 ayp POV

6.2

where [ is the angular momentum, 7 the torque and I is the diagonal of inertia matrix.

The first derivative of the Euler angles are given by

5o P 6.3.1
1

o_ P 6.3.2
1

o P 6.3.3

6.2.1 Coarse-grain (CG) mechanics

Much like the empirical potential energy function used in MM, the CG potential
energy function is composed of bonded and non-bonded interaction terms. Thus, two
types two types of potential energy functions exist: (1) a “full” potential energy that has

both bonded and non-bonded interactions; and (2) a “partial” potential energy function
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for simulating only non-bonded CG particles using only non-bonded interactions. Only
the “partial” potential energy function is discussed, as this thesis is only concerned with

the CG dynamics of non-bonded interacting ellipsoidal particles.

The “partial” potential energy function, described by only non-bonded interactions, is
composed of a dispersion-like interaction potential, such as the Gay-Berne potential, and
an electrostatic potential determined using the electrostatic multipole expansion. The

v RBD 0 RBD

forces (F = — ) and torques (1=er=rx(_

)) are derived in the Appendix.
The total potential energy of the non-bonded interactions is expressed in a similar
fashion as in MM, in that it is the sum of a dispersion-like (i.e., Gay-Berne) and

electrostatic potential terms?

VP - EGB(r’01’62’¢) + E g 6.4

The first term is the Gay-Berne anisotropic inter-particle potential energy function and

has the following form:

6.5

o 0

o (o2

12 6
i) e |

EGB(r’ 91’92’4’) = 45(‘91’92"15) (

The Gay-Berne potential is discussed later in Section 6.5.1, and with greater detail in
Chapter 7. The electrostatics, which have not been incorporated into the CG dynamics

code, can be approximated by the multipole expansion

1

foe]
EElec N E
4 e n=1

o

1
R(a+b+1)

6.6

Jr"P,(cosO)p(r)dr,

all space

where R is the distance between the particles, Py(x) is a Legendre polynomial of order n,

the angular term cos@ is given by the dot product of the two vectors 7 and IA'(’, and a and

b are the multipole expansion coefficients (see Chapter 1).
6.3 Rotational And Rigid Body Dynamics

6.3.1 Euler equations of motion

The linear forces in system result in the translation motion, but how do we deal
with the rotation of a molecule or a CG particle? Undoubtedly the rotational force, also

known as torque, is required to describe the rotational motion of an object about its
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centre of mass. The torque, T, is calculated by taking the cross product of the rotation

axis, around which rotation occurs, and the force1>

T=rxF. 6.7

Here r is the positions of atoms relative to the centre of mass, and F is the force
(calculated from molecular positions and orientations). The torques enters the
rotational equations of motion (rotational kinematics) in the same way as the forces
enter the translation equations of motion. The nature of the orientation space, however,
guarantees that the equations of reorientational motion will not be as simple as the
translational kinematics. We present here the necessary mechanics and mathematics to

describe the rotational motion of a rigid body.

6.3.2 Orientation matrix

The orientation of a rigid body specifies the relation between an axis system fixed
in space and one fixed with respect to the system, as well as where the inertia tensor is
diagonal.’s For example, in the case of benzene, the vector normal to the plane can be

used to describe its orientation, Figure 6.4.

cm

eb

Figure 6.4: The vector (eb), normal to plane of the benzene molecule, can be used to define orientation of

the benzene molecule.

The 3D orientation of a molecule or any object, in space, can be completely described by

the orientation matrix, which is a 9-component matrix

cos@cosy - sin@cosOsiny  sin@cosy + cos@cos@siny  sin0siny
A=|-cos¢sinyp -singcosOcosyp -singsiny +cos¢cos@cosy sinbcosy | 6.8
singsin@ —cos¢ sinf cos
Only 3 independent quantities (or generalized coordinates) are required to define the
orientation (or rotation) matrix, referred to as A. These generalized coordinates are

referred to as the Euler angles, ¢-6-1, Figure 6.5.16
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-Z

Figure 6.5: Pictorial description of the Euler angles; 6 is the elevation, 1) the heading and ¢ the bank.!5 First
arotation of ) degrees is made about the original z-axis, followed by a 8 degrees rotation around the x-axis.
Finally the orientation is complete by rotating by ¢ degrees around the new z-axis.

6.3.3 Rotational frames of reference

If eb is a vector fixed in the molecular frame (e.g. a vector defined to be normal to
the benzene molecular plane, Figure 6.4), then e? will not change with time.15 However,

in the space-fixed coordinates the components of the vector, es, will change?s

e’ =¢’+w’xe’ =w'xe’. 6.9

6.3.4 Angular momentum and velocity

The time derivative of the angular velocity is the angular force, known as the
torque. It dictates the magnitude and direction of the angular velocity, much in the same
way as the translational force acts on the translation velocity. It is most convenient to
connect the angular velocity (w) with the angular momentum (), in the body-fixed
principal axis system, where the moment of inertia tensor () is diagonal?s

I’ =1 6.10
I*+wxIb =1° 6.11

where the angular momentum is defined as
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l=1w . 6.12

Therefore, the resulting equations for the components of the w, in the body-fixed frame,

are shown in Equations 6.13.1 - 6.13.3.

b
o, =;x(1yyl_lzz)w;;wf’ 6.13.1
(L~ 6.13.2
Iyy Iyy
b
v (1, -1, 6.13.3
@, =IZ(1w)w§ }{),
2 Z

where I, I,y and I,; are the diagonals of the inertia tensor, i.e. the 3 principals of the
moment of inertia in the body-fixed frame. Conversion to space-fixed space and back is
quite easily done with knowledge of the orientation matrix and its inverse (or

transpose).

' =TxA, 6.14

wS=A_1.wb =AT.wb’ 6.15

since the inversion of an orthogonal matrix (A4) is its transpose.’> The only piece of
information that is left to be determined is how the orientation changes with time. This
proceeds in a similar fashion as the calculated components of the angular velocity, w, in

terms of the Euler angles. The first derivative of the orientation (¢, 6 and 1)) is given in

Equations 6.16.1 - 6.16.3.

4-)__(”5 sin¢cos0+ws cos¢cos0+ws 6.16.1
Y sin@ Y sin@ <

6 = w) cos6 + w) sing 6.16.2

V= sin¢g P cos¢ 6.16.3

sin@ ' sin@

Much like in the regular translation kinematics equations, the above rotational
equations may also be solved in a stepwise fashion. However, the above equations have
a major drawback in that it contains a sin6 term in the denominator, and as we approach
0 or m the orientation equations become divergent.15 Of course the molecular motions
are unaffected, but because of the choice of axes the ¢ and i) angles become
degenerate.!> Thus, it is unsatisfactory to have such an event occur if we are interested

in simulating rigid CG molecules.1” We could overcome this drawback by decreasing the
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size of the dynamics timestep, but this would defeat the purpose of coarse-graining

where the objective is to simulate at larger timescales (= microseconds).

6.3.5 Quaternions: A substitute for Euler angles

A much more elegant solution to the problem of divergence in the orientational
equations of motion has been proposed, in place of the original Euler angles.15 It was
recognized by Evans!8 that singularity-free equations could not be obtained in terms of
3 independent variables. This lead to the suggestion that the generalized coordinates
can be described using 4 quaternions. Quaternions fulfill all the requirements of having
well-behaved equations of motion, i.e. there are no divergent or degenerate terms. The 4
quaternions are linked by one algebraic equation, such that there is only one

“redundant” variable.1®

A quaternion, Q, is a set of four scalar quantities

0 =(%’41’42’CI3); 6.17

where it is often useful to think of the last three elements as constituting a vector.15> The

property of interest is that they satisfy the following constraint

2 2 2 2
G+4qi+4q+q; =1. 6.18

Therefore, quaternions can be used to represent the orientation of a rigid body. In the

Euler convention, it is most convenient to define them as

9 =c0s10c0s1(¢ +1/J), 6.19.1
2 2
.1 1 6.19.2
=sin—0Bcos—(¢-y),
q, 2 2 (¢ '/’)
N | 6.19.3
=sin—0sin—(¢-y),
p) 2 2 (¢ 1/’)
qs =cos10sinl(¢ +1/J); 6.19.4
2 2
and the orientation (or rotation) matrix becomes
6.20

G+a-6-a0 209 +49095) 20195 -409>)
A=| 2qq-49093) @G -9+%5 -4 2a95+d04;)
Aqas+40d:) 293 -900) 9o -9 - B + G5

The quaternions, for each particle, can then satisfy the equations of motion,!5 as shown

by their time derivatives
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4o 9 -~ —9 -4\ (0 6.21
af_lla 49 -9 4| |@
| 2| 93 G —q| |@
493 a3 9 9 q90) \W

NS o = o

For further information on quaternions, their properties and conversion from

quaternions to Euler angles refer to the Appendix.

6.4 Rotational Kinematics

The equations of motion using quaternions with knowledge of the orientation
matrix, to transform between body- and space-fixed coordinates, contain no unpleasant
singularities.’® They are a system of first-order differential equations and can be quite
nicely solved with the Gear-Predictor-corrector method.1s However, this involves a lot of
variable storage. It requires storage of all 4 quaternions together with their 4 time
derivatives and also the angular velocities with its 4 time derivatives, for each particle.1>
It is possible to eliminate the angular velocities from the equations of motion all
together; thus, obtaining second-order differential equations for the quaternions.2® An
advantage of this approach is that, for multipolar potentials, the torques may be
expressed very easily as derivatives of the potential with respect to the quaternions,

thereby simplifying the geometry.15

As in the translational case an alternative to the Gear-Predictor-corrector algorithm
would be preferable, and a leapfrog formulation for quaternions has been proposed.2!
The simple leapfrog previously described (Chapter 2) cannot be used directly, because
the quaternion derivatives (g) appearing in the algorithm depend not only the angular
velocity but also on q itself. However, a modified leapfrog may be applied in this case.22
The method is based on stored values of I(t - 12A4t), q(t) and the torques s(t), computed
from the positions and orientations only.!5> The leapfrog algorithm then proceeds as
usual. Here, we discuss a rigid body velocity Verlet algorithm implemented using

quaternions describing the orientation.

6.4.1 Integration schemes Il

An alternative to the leapfrog algorithm is the velocity Verlet algorithm. As the
name implies, it not only calculates the coordinates, orientation, forces and torques at
each time step but also the velocities. This algorithm allows the velocities to be
calculated at each timestep, which is most desirable for the determining diffusion

constants and other velocity related properties such as viscosity. Martyna et al. have
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developed this method,?3 and this section briefly describes the method and its

applications to rigid body dynamics.

The standard velocity Verlet algorithm?24-2¢ involves the following equations to calculate

the position and momentum att =t + At from t =t

(14 At) = (1) + (1)Ar + @(A,)Z 6.22

F(1)At + F(1 + At) A 6.23

F(t+Ar)=F(r)+ > t

The integration method that is employed uses the Liouville time evolution method. The

Liouville operator is defined as:

N 6.24
iL=% "zi"'Pzi )

i i
and the time evolution operator that propagates the system from ¢ = 0 to t = t is then

exp(iLAr). The time evolution of any dynamic variable, starting at £(0), is given by

£(1) = exp(iLr)E(0) = [exp(iLAr)] £(0) + O(N Ar*) 6.25

where 7=NAt. A useful technique is to split the operator into two parts, namely the

position and momentum operators (iL = iL, + iLp):

N J 6.26
iL =>r—
r ; to.’rl
N J 6.27
iL =Yp —.
i ;P, ap;

The time evolution of the system is then approximated by:
. . Ar : .
exp(lLAt) =exp|iL, EY exp(lLrAt) exp(zL pAt).

This approach has the effect of propagating the positions and momenta separately, and

can be easily seen in the form of
exp(iL,At)C(rN,pN) = ;‘(rN + i-N,pN) 6.29

exp(inAt)?;(rN,pN) = ;(pN + pN,rN)_ 6.30
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For systems that have forces that act on different time scales this approach is also very
useful as the Liouville operators can be split into multiple terms, where multiple
timesteps can be used. These are not in this thesis but it is worth noting for future
applications to mulitscale CG dynamics simulation methods. Different parts of the
system can be treated with different timesteps, with a smaller timestep for the finer
motions and a larger timestep for the environment. Martyna et al. describe the above
form of the Liouville operator and splitting technique.23 They present the Martyna,
Tuckerman and Klein (MTK) equations of motion, which incorporates a chain of Nose-
Hoover??. 28 thermostats for NVT dynamics, as well as the Liouville operator and

propagators used to integrate them.

Now, when including the rotational equations (in the form of quaternions) into the
kinematics equations we proceed in the following manner.!> The first step in the

algorithm is to bring the angular momentum up to the half step

zs(”%) -r(0)+ B (s) 631

From this, along with transformation equations, we can calculate the body-fixed angular

velocity and, hence, the time derivative of the quaternions, ¢. Then the guess of

quaternion at the half step, (q(t + ¥24t), can be madels

q(t+§)=q(t)+lq'(t+g)_ 032
2 2 2

Note, none of these values need be stored permanently. The sole aim is to provide
auxiliary equations for calculating the q(t + %At), so that transformations from space- to
body-fixed angular momentum, and the calculation of ¢, can be calculated at the half
step.1> The next procedure is to update the angular momentum and orientation to

complete the time step. This is performed when the forces (F(¢+Af)) and torques

(z*(¢ +At)) are calculated at t = t + At giving

Ar\ At 6.33
Plt+An) =0 t+—|+—1"(r+ Ar).
2 2
Finally, updating the quaternions completes the integration algorithm
q(t+At)=¢q 4 +lq' e o34
2) 2 2)

138



Special care must be taken at every step to ensure that the orientation (or rotation)
matrix remains orthogonal such that the angular velocity converges.l5 If these
requirements are not met the angular momentum, and hence the total momentum, will

not be conserved in the simulation.15
6.5 Gay-Berne Potential and Forces

6.5.1 The Gay-Berne interaction potential

The Gay-Berne potential,?- 8 29 30 developed by Gay and Berne, is a generalized
anisotropic form of the Lennard-Jones 12-6 interaction potential. The Gay-Berne
potential is described The distance and three angular variables describing the Gay-
Berne potential where the variables are the distance between the two molecules and the
relative orientation of the molecules, Figure 1.xxx. It was originally adapted from the
Berne-Pechukas potential,3! and over the years has been adapted to include biaxial
molecules.30 The potential was initially intended to describe the interaction between
liquid crystals, but since has also been used to describe the non-bonded interactions in

CG molecular dynamics simulations of macromolecules.? 32

Figure 6.6: Generalized molecular anisotropic definition that describes the distance (r) between and
relative orientation (61 = r-uiq, 62 = r-uzg and ¢ = uz)-uz() of two non-bonded coarse-grain particles. The

vectors (uz@ and uzg) are defined along the molecular principal axis, unless otherwise stated.

The Gay-Berne interaction potential energy function incorporates the orientational
contributions to the energy, forces and torques. The original uniaxial Gay-Berne

potential energy function has the following form:
Ugy = 4 (i, it 7y ) 7 - x5 ] 6.35
where the inter-particle distance, x;, has been modified (shifted) in the following way

oy 6.36.1
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The combining rules for the interaction strength, g; and inter-particle range, o9,

parameters have been modified as follows

A A A o[ 1(~r ~\T'T.2(~r ~ 2\* 6.36.2
sij(ul-,uj,rl.j)=sij[slj(ul-,uj)] [sij(ui,uj, l-j)]

6.36.3

A more in depth discussion of this potential is been provided in Chapter 7, while only
the important details are given here. As can be seen from the above equations that the
interaction strength (g5) and range (o;) parameters are directly coupled to the

orientation of the particles as pointed out in Chapter 7.

6.5.2 Forces and torques

The force, in any computational simulation, is calculated as the negative derivative
of the potential energy function. In all atom MD simulations the Lennard-Jones potential
and Coulomb energies are used. They are quite easily differentiated due to their
univariate nature. However, in liquid crystal and macromolecular dynamics simulations
the orientation of the molecules has to be taken into account as well. In other words a
different orientation results in different energies and forces. To determine the forces
and torques requires knowledge of the partial derivative of the interaction potential,
which is a made more complicated by having angular dependence. The force for this
potential has been derived is by Golubkov and Ren,® while Allen and Germano provide

generalized expressions for these Corner type potentials.33

The total translation force for the Gay-Berne potential, in terms of the partial derivatives

for the distance and angular variables, is obtained as follows:8 33

ou . ou au 6.37

v

And, the torque exerted on each molecule, based on their relative orientation, is

obtained as follows:8 33

T, = ﬁ(;[_]ﬁl)(;i; x ﬁi)+(9(iz(-]ﬁj)(ﬁj x ﬁi) 6.38.1
E o (s xaf)_f?iUA(i‘j x ii;)» 6.39.2
a(rij' ]) (9(1,{1 ”j)

where 7; is the torque for the i-th molecule and 1; is the torque for the j-th molecule.
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CHAPTER 7

ANALYSIS OF THE GAY-BERNE INTERACTION
POTENTIAL AND STRATEGY FOR
PARAMETERIZATION

The Gay-Berne potentiall 2 is a multivariate potential described by 4 degrees of
freedom (or independent variables) and 4 (or 6) parameters. Figure 3.4 the variables

are defined the benzene dimer and the parameters are concisely described in Table 7.1.

Table 7.1: The parameters and their explanations.1.2

Efac Ratio of well depth of edge-to-edge to sandwich configurations
o, Size of semi-major (or long) axis of the ellipsoid

ol Size of semi-minor (or short) axis of the ellipsoid

£ Interaction strength or well depth

u First exponent of the interaction strength

% Second exponent of the interaction strength

The aim of this section is to provide a full description of the Gay-Berne potential and to
describe the method used to parameterize this potential from free energy hyper-
volumes. The four reaction coordinates defining the free energy hyper-volumes (in
Chapters 4 and 5) were chosen, by no coincidence, to have the same description for the
4 degrees of freedom as the Gay-Berne potential. A method for reducing the
dimensionality of the hyper-volumes, from 4 degrees of freedom to 3-(volumes) to 2-
(surfaces) degrees of freedom is introduced.3 4 This was done to allow for the
interpretation and visualization of the 5D data, which would otherwise be remarkably
difficult to analyze. The bulk of this chapter proceeds in a step-wise fashion by first

describing the Gay-Berne in complete detail, and showing the affect of changing each of




the parameters on the Gay-Berne interaction potential surfaces. The optimization tool
employed, the Genetic Algorithm (GA), is described in brief detail. The GA was chosen
because of its ability to sample a large range of possible parameters with a low
probability of getting stuck in local minima. The GA algorithm is also inherently parallel.
Finally, the free energy hyper-volumes obtained from the FEARCF3 5 and WHAM¢® will

then used to parameterize the Gay-Berne potential.

7.1 The Gay-Berne Potential: The Full Story

7.1.1 Gay-Berne potential

In Chapter 6 a more brief discussion of the Gay-Berne potential (and derivation of
its forces) in the context of its degrees of freedom and parameters was discussed. Here,
a more in depth look at the potential is given. The Gay-Berne potential is essentially an
anisotropic form of the 12-6 Lennard-Jones potential; in other words it not only has
distance dependence but includes angular dependence.l. 2 The Gay-Berne potential has

the following form:

Us = 480(‘91’92"15)[)5}/2 y xg] 7.1
where
&5 = £ [8,;1;(¢)]v [85(61,92@)]“ , 7.2

the anisotropic contribution to the interaction strength and

0
B Oj; 7.3

Xij = K
ry = 0;(0,6,,0)+ 0

the anisotropic contribution to the range. The angular variables (65, 82 and ¢) can also be

written in the following form:

0,=r-u, 7.4.1
0,=r-a,. 7.4.2
p=1, 0, 7.4.3

JJ
It is quite clear to see that both the interaction strength and range are based on the

molecular shape and orientation.
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The usual combining rules applied for Lennard-Jones potential do not apply for the Gay-
Berne potential, due to its orientational dependence. The manner in which we obtain the
inter-particle interaction strength (&;) and range, or closest approach (oj), are detailed

below.1.2

To make the Gay-Berne easily legible a few terms, based on the shape and orientation of
the particles, have to be defined. The first few factors relate the ratio of the semi-major

(or long/length, 0,) and semi-minor (or short/breadth, /) axis, of the ellipsoid.

. (l,-z—b,.z)(lf.—bf-) %, 7.5.1
(ljz.+bi2)(li2+b12-)
2 (lf—bf)(lf—bf)% 7.5.2
o =

(lf.—bf.)(l?wf.)

where [ and b describe the length and breadth of the ellipsoids, respectively (Figure 7.2).

O

oy

[

Figure 7.2: The description of an ellipsoid used in the Gay-Berne potential using a benzene molecule as an
example. The semi-major axis (o, or I) that is perpendicular to the molecular vector and the semi-minor axis

(o or d) that is parallel to the molecular vector.

To avoid imaginary numbers the terms are combined in the following way?

. 2 -p? 7.6.1
G
242 7.6.2
ek
jta
e (lf—bf)(lf—bf). 7.6.3
(ljz. + bl.z)(ll.2 + bjz)

The next two terms are the anisotropic factors that affect the interaction strength and

are based on which particle configuration is preferred, which is controlled by &g The
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&rc parameter is the ratio of the interaction strength for edge-to-edge (e--) to sandwich

(¢//) configurations, Equation 7.7.1.

E__ 7.7.1
e &
! 7.7.2
Xv= 1- (gﬁzc )A

-1 7.7.3
1
a'=[l+(efac)/“] :
Along with orientation between the Gay-Berne particles, these factors give the
interaction strength (g;) its anisotropic form. Note that if I = d, then the Gay-Berne

potential simply reduces to the Lennard-Jones intermolecular potential.® 2

Finally, two more terms are required to ensure that reading of the Gay-Berne potential

is simple. The first, is the anisotropic factor affecting the interaction strength (&;)

_ X () + oo (u ) =200 (g ) ) ) 78

1= ()

H|
and, the second, is the anisotropic factor affecting the range (o)

_ Xaz(“i : rij) + Xa_z(”j ' rz’j)_zxz(ui : rzj)("‘j : rij)(ui : “j) 7.9

! 1=3(w-u)

where both factors are based on the relative particles (ellipsoid) orientation. Now that
we have introduced all the necessary terms, a much better description of the Gay-Berne

potential can be provided.

The most favourable interaction energy, 82,

is found when the particle vectors are
orthogonal. This can be obtained from either quantum mechanical or 1D potential of
mean force calculations. The anisotropic contribution to the interaction strength (silj),
which is a function of the dihedral angle only,! 2 is given by

! 7.10

1 2 212

sl-j(q))=[l—x (u,--uj) ] .
In addition, the contribution from all three of the angular degrees of freedom (6;, 6 and

I 2
¢) is given by the ¢; term
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£(6,.0,.9)=1-H', 7.11

The closet approach distance, o;°, along the semi-major (or long) axis of the two

interacting ellipsoids is obtained by using the geometric combining rule:

o) = [l (o)

Finally, the anisotropic range parameter (o), which is also dependent on all the angular

degrees of freedom, is defined as follows:

-1
0,(6,,0,,9) = oU[1- H] 2, 7.13

Combining Equations 7.1 to 7.13 results in all the details necessary for the full definition
of the Gay-Berne potential, which is an anisotropically shifted form of the Lennard-Jones

potential.l.2

7.1.2 Visualizing the Gay-Berne datasets

The Gay-Berne is a multi-dimensional, orientationally dependent form of the
Lennard-Jones soft sphere potential. Viewing this potential by including the 4
independent variables, or degrees of freedom, (r, 6;, 6, ¢) and the dependent variable
(Ugp) is impractical and cumbersome to interpret the data. It is for this reason that we
reduce the dimensionality of the problem, by averaging over the independent variables

to form either a 3- or 2-variable subset of the original 4-variable (U(r,6,,6,,4)) dataset.>*

The 3-variable subsets are denoted by U*'(r,6,,0,;¢,) and U**(r,6,,,,,¢:6,,,,):

i

U3'1(’”’ 6,6, ;¢i)fU3’2(”’ 010r2’¢;620r1) - U(’"’ 91’92"15)' 7.14

For similar particles it should be noted that 8; and 6. are interchangeable, and the two
reduced forms on the left of Equation 7.14 can sufficiently describe the original 4-
variable superset (U(r,6,,6,,¢)).* It also follows that the 2-variable form is a subset of the
3-variable subset, and, by corollary, a subset of the original data. The 2-variable subsets

are denoted by U*'(r,6,;0,,¢);U>*;U>* and U>*:

U2,1 (r’ 01 ;02’ ¢),'U2'2,'U2’3,'U2’4 g U3:1 (I", 61’62;¢)_ 7.15

The reduction in dimensionality can be done in several ways but the method employed
to average over the degrees of freedom we wish to view along (much like viewing down
the z-axis of a crystal where a 3D view is reduced to 2D view) is by using Boltzmann

averaging3 4. The Boltzmann averaging is performed in the following manner:
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Ny 7.16.1
U™(&,,E,.8) =—kzTIn

2P3’1(§l,§2,§3,§4) (3D volume)
&y ]

] 7.16.2

U2,1(§l’§2) =—k,TIn 2P2’1(§],§2,§3,§4) (2D contour),

£3.84 ]
where the probability, P, is given by the usual Boltzmann distribution
exp _ﬁU 7.17.1
P (&5 &), = C9U) - (a0 votune)
Sexp(~PUs g, z, . )

- 7.17.2

exP( ﬁU§3’54) (2D contour).

P& E, E, E =
( 152,53 4)53,54 Eexp(—ﬁUél,Ez&@)

Using these reductions, it is possible to view the characteristics of the Gay-Berne
potential and conceive its topology as it relates to select configurations. The plots
produced from the 3-variable subsets are 4 dimensional (i.e., volume plots), while the 2-
variable subsets are 3 dimensional (i.e., contour plots). A comparison between the
Lennard-Jones (Figure 7.3) and the Gay-Berne potentials, presented as 3D (volume) and
2D (contour) plots (Figure 7.4), are used to demonstrate the anisotropic nature of the

latter interaction potential energy function.

This comparison exposes the superiority of the Gay-Berne potential is for describing
molecular anisotropic interactions. It should be noted that the parameters used in
Figure 7.4 are fictitious and serve only to demonstrate the anisotropic nature of the Gay-
Berne potential. A value for &pc representing an edge-to-edge configuration is used.?
Variations in the character of the interaction potential energy hyper-volume, while

varying each of the parameters, will be discussed in the next section.

0.0 F

3-100 |

E [ Kcalimol

-20.0 }

-30.0
2

Figure 7.3: The Lennard-Jones potential with a o = 3.4 A and ¢ = 4 kcal/mol, obtained from an isotropic Gay-

Berne potential, i.e. where [ = d.
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Figure 7.4: The Gay-Berne potential with fictitious parameters: o, =3.4 4, 0= 2.4 4, gfac = 5,6 = 1.0
kcal/mol, yu =2 and v = 1. The variable definition (top middle), 3D volume (middle; volumes at 0.6 kcal/mol
(dark blue), 1.8 kcal/mol (opaque blue) and 5.0 kcal/mol (red)) and 2D contour plots (sides, contoured at
0.5 kcal/mol from 0.0 to 5.0 kcal/mol).

7.1.3 Parametric analysis

The affects of varying the parameters (listed in Table 7.1) on the shape and
topology of the Gay-Berne potential will be discussed. To illustrate the effects of
changing the values for the parameters the use of the reduced 2D plots are used,
showing the distance and one orientation variable (6 = 8; = 8 for similar molecules), for
the sake of brevity. The affect will be shown for all 6 Gay-Berne parameters (Table 7.1).
Values of 8 that are 0 or 180° correspond to a stacked arrangement, while a 8 value of

900 corresponds to a side-by-side configuration, Figure 7.5.

(a) (b)

Figure 7.5: (a) Sandwich/stacked arrangement, resulting in a short inter-particle distance, and (b) edge-to-

edge configuration, that has a longer inter-particle distance.
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Efac: Controls the arrangement of the ellipsoidal particles as either sandwich or edge-to-
edge arrangement, Figure 7.5. It is essentially a ratio of the interaction strength between
the edge-to-edge to sandwich configurations. For an &g > 1.0 will favour edge-to-edge
arrangements (Figure 7.6b) and a value of < 1.0 will favour sandwich arrangements
(Figure 7.6a). grac = 1.0 induces no particular preference for either arrangement (Figure

7.6¢), giving rise to an ensemble of possible configurations.

180 10 180
150§S Is 150
1202 o 120

Figure 7.6: The affect of gfac parameter on the Gay-Berne potential energy function, shown for the 2D

surface r-0 only. The gfc values are (a) 0.1, (b) 5.0 (as in Figure 7.3) and (c) 1.0.

Length(l, o,):breadth(d, o;): When we have the length longer than the breadth by a
factor of 2, i.e. a ratio of 2:1, then the surface protrudes with increasing distance,
reaching maximum of the curvature occurs at 90° (Figure 7.7a and b). The opposite is
observed when the breadth is longer than the length, i.e. a ratio of 0.75:1 - the surface
recedes with a decrease in the distance (Figure 7.7c). When the length and breadth are

equal or tends toward 1, the surface approaches Lennard-Jones type behaviour.

10 180 10 180 10
|
IB 150) \ Hs 150 la
wp 120 120)
6 2 | e 6
~ 90 90
fe © 4 fa
60 60
2 30 | 2 a0 2
ﬂ
0 o o
8 0 ° 2 8 10 2 10 °

Figure 7.7: The affect of changing the b (0 ,:0//) ratio. The ratios are (a) 2:1, (b) 1.42:1 and (c) 0.75:1.

&9: This parameter controls the interaction strength, or well depth, affecting the overall
interaction energy. An illustration of for £ values of 0.1, 1.0 and 10.0 are shown in Figure

7.8.
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10 180
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120)

Figure 7.8: The various values of the € parameter (a) 0.1, (b) 1.0 and (c) 10.0 kcal/mol.

p and v: These two parameters are the exponents for & and &2 interaction strength
factors, respectively. They work in conjunction & to control the overall interaction

strength between the particles (Figure 7.9).

10 180 T 10 180 10
9 |
Ia 150| \ Hs 150 Is
F7 ep 120 120
6 3 ‘ e 6
5 ~ 90 2
A 4 4
* 60 60
3
'2 30 | 2 30 2
|
! 0 l o 0 0
8 10 2 8 10 2 10

Figure 7.9: The affect of changing the exponents’ u and v on the Gay-Berne potential energy surface. The

values for y and v are (a) 1.0 and 2.0, (b) 2.0 and 1.0 and (c) 6.0 and 2.0 respectively.

By swapping the values of y and v of the original data (Figure 7.9b), results in the
minima becoming more distorted and less well defined, Figure 7.9a. A larger ratio of p:v,

i.e. 6:2, results decrease in the anisotropy decrease with increasing distance, Figure 7.9c.

7.2 Parameterization Using a Genetic Algorithm (GA)

7.2.1 Fitness function

The fitness function, used in a Genetic Algorithm (GA), can be as simple as an error
function or as complex as a heuristic neural network system. In this thesis, we make use
of the least squares function as the fitness function to determine the optimal parameters
for the Gay-Berne interaction potential using free energy hyper-volumes. The least

squares function is defined in the following way
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N 7.18

Sleip)= \/ le lgl(yi(X) - fi(x:p)) -

where S(x; p) is the error function, y;(x) the i-th observable and fi(x; p) the i-th function
value for the point x and the parameter (p). This can be extended for the fitting of the

Gay-Berne potential to the free energy hyper-volumes in the following manner

2 7.19
S(r’91’92’¢"£fac’g’0//’gl) = | E[Yi(ri’gli’gzi"Pi)‘ Jti(”i’eli’gzi’¢t;5fac’5’0//’0l)] ’

where S(r, 91"92)¢"3fac’3’0//’0l) is the error function, yi(ri,Bl_,Bz_,qbl.) the i-th free energy
observable and fi<ri,61_,62_,¢i,'£fac,£,0,,,ol) the i-th Gay-Berne interaction potential

energy value at the point (13,911_,02[_,(15,.) and the parameters (&, 0,0, ). It should be

noted that no reliable global offset methods are available at present, and this due to the
high-dimensionality of the free energy hyper-volume. Instead, the global minimum of

the Gay-Berne potential, min[Ues(7;,0, ,0, ,¢;)], was used to offset the Gay-Berne
potential energy value, fi(rpgy’92»¢i;5fac’&0//’0l)' to match the free energy, such that

the value is actual given by
fi(ri’eli’82,’¢i;£fac’£’0//’oi) = fi(ri’el,-’HZ,- ’¢i"£fac’g’01/’0-1_) - min[UGB(’}’Qli’ezi’(Pi)] .

7.2.2 Crossing boundaries

In describing the algorithm used in this thesis, we have to first realize that it is a
method drawn from the principles of evolutionary biology, and more specifically from
Darwin’s theory of evolution, to a new realm in all forms of science. This is analogous to
the evolution from simple unicellular bacteria to multicellular complex organisms.
Darwin’s theory is based on the process of natural selection. It states that the organism
with a set of genes, which allows it to better survive in its environment, is allowed to
reproduce. This ensures its genes survival in the population pool. In other words
organisms that are less adapted, or have less fit genes, will be eliminated and their genes
removed from the population pool. By this, and not strictly speaking, nature is always
trying to produce the perfect organisms to survive in a dynamically changing

environment.

Concisely stated, the GA is an optimization tool that allows the solutions to a problem to
be analyzed using a metric called a fitness function, and each solution (or candidate) is
qualitatively evaluated. The poor solutions are removed from the pool of solutions,

while the better solutions are allowed to produce offspring (or reproduce). The
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offspring of the remaining solutions can be mutated, to allow for a better solution, and
go on to be evaluated by the fitness function in the next generation. Once again, poor
solutions are removed and better ones are retained. This cycle goes on until optimal
solutions to the problem are obtained.” Further change in the individuals can be
introduced by the process of mutation (exploring the genetic diversity, or solutions, by
introducing a random change in the individual) and/or crossover (exploiting the genes,

or solutions, of the fitter individuals).”

7.2.3 Methods of representation

As for any search and learning method, the way in which the candidate solutions
are encoded is a central factor in the success of a GA. Most GA applications use fixed-
length, fixed-order bit strings to encode the candidate solutions.® There are three
general methods for encoding the candidate solutions such as (1) binary strings, (2)

many-character and real-values and (3) tree encodings.

The binary string method is the most commonly used method for many reasons, but
mostly for historical reasons. Holland and others have concentrated mostly on this type
of encoding.® Much of the GA is based on the assumption of fixed-length, fixed-order
binary encodings where much of that theory can be extended to non-binary encodings.
However, non-binary encodings are not as well developed as the original binary
encoding.8 In addition, heuristics about appropriate parameter settings (e.g. mutation
and crossover rates) have been developed in the context of binary encodings.8 There has
also been other extensions to binary encoding over the years such as gray coding0. 11

and Hillis’s diploid binary encoding scheme.? 12,13

The many-character and real-values encoding is a more natural-feeling choice for
encoding entities such as chromosomes. It uses characters or real numbers both of
which are more abundant than 0s and 1s.8 Examples include Kitano’s many-character
representation for graph-generation grammars,!* Meyer and Packard’s real-valued
representation for condition sets,15 Montana and Davis’s real-valued representation for
neural-network weights'6 and Schulze-Kremer’s real-valued representation for

torsional angles in proteins.17

Tree encoding schemes, such as John Koza’'s scheme for representing computer
programs!é 19 have several advantages including the fact that they allow the search
space to be open-ended (in principle, any size tree could be formed by mutation and

crossover).8 This open-endedness also leads to some disadvantages; trees can grow very
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large, in an uncontrolled manner, preventing the formation of more structured,
hierarchal candidate solutions. The resulting trees can be very difficult to understand

and simplify by virtue of their size. 8

7.2.4 Methods of selection

There are many methods for selecting which solutions will be retained in the next
generation. In brief, a selection method is required to choose which individual (or
solution) will create offspring for the next generation and how many offspring it will
produce. The purpose of selection is to emphasize the fitter individuals in the population
in the hope that their offspring will bring about better fitness.? Selection has to be
balanced with the variation introduced by mutation and crossover (exploration versus
exploitation). Too strong of a selection will result in suboptimal highly fit individuals
that will take over the population. This will result in a decrease in the diversity and
hamper the need for further change and progress. However, too weak of a selection will
result in evolution that is too slow.8 A brief explanation of the common selection
methods are provided below. More in depth discussions can be found in the following

references [8, 20-23].8.20-23

Roulette Wheel:7-9 Conceptualized as a roulette wheel, where each individual is given a
slice of the wheel. The size of the slice is determined by the fitness of the individual. The

wheel is spun and the slice on which it lands is chosen to spawn the next generation.

Sigma Scaling:”. 8. 12. 24 Keeps the selection pressure relatively constant throughout the
run rather than depending on the fitness variances in the population. An individual’s
fitness expected value is a function of its fitness, the population mean and standard
deviation. At the beginning of the run the selection pressure does not allow only the
fittest individuals to spawn but less fit individuals are also allowed to produce offspring,

while near the end of the run the selection becomes more discriminating.

Elitism:7.8.25 The fittest members of each generation are guaranteed to be selected. Such
individuals can be lost if not selected to reproduce or destroyed by mutation or

crossover.

Boltzmann Selection:”. 8 26 An approach similar to simulated annealing. A continuously
varying “temperature” controls the rate of selection according to the preset selection
scheme. The temperature starts out high, with a low selection pressure, and is slowly

cooled resulting in an increase in the selection pressure.
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Rank Selection:?- 8 27 Each individual in the population is assigned a numerical rank
based on fitness. The selection is based on this ranking and not on absolute differences

in fitness. It is an alternative method to prevent convergence occurring too quickly.

Tournament Selection:?-8 28 Two individuals are selected at random from the population
and a random number (rand) between 0 and 1 is chosen. If the rand < k (where k is a
parameter) the fitter of the two individual’s is chosen to be the parent, else the less fit
individual is chosen. Both individuals are retained in the population and can be selected

again.

Steady State Selection:?- 8. 25 Only a few individuals are replaced in each generation.
Usually less fit individuals are replaced by the offspring of the fittest individuals, which

have been subjected to mutation and crossover.

7.2.5 Methods of change

Once the selection scheme has selected the fit individuals, they must be randomly
altered in the hope that the alteration will improve the fitness in the next generation.
There are basically two types of strategies to accomplish this alteration.” 8 The first is
conceptually the simplest and is called mutation - just as mutation occurs in living
organisms - it changes one gene to another. Mutation in a GA causes small alterations at

single points in an individual’s code, thus mutating the individual into something new.”.8

The second method is called crossover and entails choosing two individuals to swap
parts of their genes. This swapping produces artificial offspring that are combinations of
the parents — much like sexual reproduction does in nature. Common forms of crossover
include single-point crossover, in which a point of exchange is set at a random location
in the genetic code of the two individuals. All the code before the set “point” in the one
individual goes to the offspring, while the second individual contributes code after the
set “point”. This is called uniform crossover, as the offspring has a 50/50 split of the two
parents.” 8 To reduce positional bias, which results in an “endpoint” anomaly, another
crossover method has been developed that uses two points, called the two-point
crossover.”.8 Here two positions are chosen at random and the segments between them
are exchanged. The segments that are exchanged do not necessarily contain the
endpoints of the strings from the two parents. A number of crossover points have been
experimented with for each parent. In one method the crossover points for each of the
parents is chosen from a Poisson distribution, whose mean is a function of the length of

the chromosome.” 8
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[t is important to note that it is not the choice between mutation or crossover, but rather
the balance between mutation, crossover and selection that is important. The correct

balance also depends on the details of the fitness function and type of encoding used.”.8

7.2.6 Strengths

The first and most important note about the GA is that it is inherently parallel.23
Most algorithms are serial and can only explore solution space in one direction at a time.
If the solution is found to be suboptimal, which is highly dependent on the initial guess,
all the work to that point has to be discarded and the algorithm has to started over.
Since the GA spawns many offspring, it can explore many different solutions at once. If
one path turns out to be a poor solution, it can be removed and continue along a more

promising route. This gives a greater chance of finding the optimal solution.”

In the beginning, GAs generates a vast population of possible solutions thereby casting a
“net” over the fitness landscape.” The strength of this is that it performs well when
fitting problems with rugged and complex landscapes. In other words landscapes where
the fitness function is discontinuous, noisy, changes over time and has many local
minima. It is here that GAs have found their niche and proven to be effective. GAs have
the powerful ability to escape local minima and discover the global minimum in a very
rugged and complex fitness function landscape. The major aspects of the GA -
parallelism, selection, mutation and crossover - work together for finding the optimal

solution.

Another area where the GA supersedes other optimization algorithms is that it excels in
the ability to manipulate many parameters simultaneously.2* Many real-world problems
cannot be expressed as a single value problem that requires minimization or
maximization, but rather depend on multiple variables and parameters. This is
especially true in the case of this thesis in that the Gay-Berne interaction potential has to

be fitted to a free energy hyper-volume.

Finally evolutionary algorithms, like the GA, are neither aware of nor concerned with
whether a solution runs counter some established beliefs. It is only concerned with

solutions that work.”

7.2.7 Limitations

Although the GA has proven to be an efficient and powerful method for finding the

optimal solution to a problem, it is not the be all and end all of optimization schema. The
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first and most important consideration for the GA is defining a representation of the
problem. The language used to stipulate the candidate solutions must be robust and not

prone to fatal errors when random changes are introduced.”

The problem of defining the fitness function must be performed with careful
consideration and has to be appropriate for the problem at hand. In other words an
appropriate fitness function has to be defined such that a higher fitness actually equates
to a better solution, rather than not being able to find a solution or, even worse, solving

the wrong problem.”

The rate of mutation and crossover, size of the population and the strength of the
selection have to be considered carefully as well. If the rate of genetic change is too high
or the selection scheme is chosen poorly beneficial schema may be disrupted and the
system will enter an error catastrophe, resulting in change that occurs too fast to bring
about convergence. Population sizes that are too small will result in the GA failing to
explore enough of solution space to consistently yield good solutions. The most common
method to deal with these problems involve controlling the strength of selection, so as

not to give excessively fit individuals too great of an advantange.”

In spite of its shortcomings, as well as how counterintuitive and astonishing as it may
seem, GAs have proven to be a very efficient and powerful tool for problem solving. This
demonstrates the power of evolutionary principles,” as proposed by Charles Darwin in
the Origin of Species published in 1859. GAs have found their way into a vast array of
scientific disciplines from physics?2 to chemistry,” and it often comes up with solutions

efficiently, elegantly or more complex than any human engineer can produce.’
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CHAPTER 8

COARSE-GRAIN DYNAMICS OF LIQUID BENZENE - A
PROOF OF CONCEPT

8.1 Introduction

The simulation of the condensed phase and biological systems has resulted in
profound new insight into the molecular-scale phenomena that occur in these complex
systems.! However, many processes that occur in liquids and biological systems occur
over spatial (size) and temporal (time) scales that are well the beyond the current
capabilities of all atom molecular dynamics (MD) simulations.! Therefore, there has
been a drive to produce new and novel approaches that can access larger size and
longer time scales. One such approach is coarse-grain (CG) dynamics methods, which
groups atoms together to form so-called CG sites. Coarse-graining is the reduction of the
molecular degrees of freedom into lower resolution models, while retaining a
connection with the all atom description.l. 2 The grouping of atoms, and averaging over
other molecular degrees of freedom, results in a decrease in the amount of
computations required. These fewer computations paves the way for investigations of
liquids and biological systems well into the microsecond (or greater) range. An example

of coarse-graining is given for liquid benzene in Figure 8.1.
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Figure 8.1: The reduction of degrees of freedom for liquid benzene; where the all atom model (left) is

converted into a single ellipsoidal site for each benzene molecule (right) for the reduced representation.



The lowering of the resolution of atomic systems into CG sites requires specialized
effective interaction potential energy functions. These functions have to be
parameterized by being fitted to data obtained from either molecular dynamics (MD),
Monte Carlo (MC), quantum mechanics (QM), free energy (FE) simulations or

experiments.3

Coarse-graining must be understood, at some level, within the context of statistical
mechanics. This remarkable theoretical framework provides the connection between
the microscopic world of molecular interactions and the macroscopic world of
thermodynamics.! In that light, most CG methods are best cast within the context of the
following formula for the Helmholtz free energy, A, (derived from the canonical
ensemble):

V(%)

A
exp| ——— | = const.[ dx exp

B B 8.1

—Vee (xCG ) '

~const.' [ dx, .. ex
f cG €XpP kBT

Here V(x) is the system potential energy as a function of the coordinates, x, of all the
atoms in the system, T is the temperature, ks is Boltzmann’s constant and “const.” the
normalization constant (where the prime in the second line represents a different
constant).! Importantly, in the second line of Equation 8.1, the expression for the free
energy is rewritten in terms of the CG variables, x¢; and the effective CG potential,
Vee(xcg). The CG variables, by definition, are fewer in number than the atomistic

variables such that Nxcg < Ny.1

CG simulations have been applied to a multitude of chemical and biological systems?
that include the liquid benzene* and water systems,> ¢ peptides and proteins,’°
dendrimers,1© nucleic acids!®: 12 and lipids.t3-1¢ The development of reduced
representations also has a long history of success in the study of condensed matter.2 The
Gay-Berne (GB) potential was developed to describe the short-range repulsive and
attractive interactions (dispersion) of anisotropic molecules.l” The GB potential has
been widely used for liquid crystals,!8 19 protein? 8 and nucleic acid!® 12 simulations.
Although these simulations have been successful, they have often been parameterized
from crystal or static quantum mechanical data, which results in a bias for certain non-

bonded configurations and also does not include the effects of entropy. The latter
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difficulty has been fairly well resolved by fitting the CG simulation to experimentally

derived thermodynamic data.3

In the present study, a unique approach to the parameterization of the GB interaction
potential is performed using a fully converged benzene dimer anisotropic free energy
hyper-volume in vacuum.20 This free energy hyper-volume was found to be sufficient to
describe the anisotropic nature of the benzene dimer interaction.2® There have been
others who have parameterized the CG interaction potential derived from fitting to ab
initio simulations.21-2¢ However, this work is within the context of statistical mechanics
as described above in Equation 8.1. The parameters obtained by parameterization have
been used in a CG dynamics code for the simulation of liquid benzene. This CG model has
been tested for the parameters derived from our free energy hyper-volume2? and the
parameters reported by Golubkov and Ren (from hereto referred to as GR).* Differences
arise between our simulations and that of GR, due to GR using a CG model that
incorporated the electrostatic interactions as a point multipole expansion.* The
structural analysis and diffusion constant reveals the differences between the
simulations and parameter sets. We find that the CG simulations using the parameters
obtained from the free energy fits the structural and dynamical data from molecular

dynamics simulations and experiments quite well.

8.2 Methods

8.2.1 The Gay-Berne potential, forces and torques

The Gay-Berne (GB) interaction potential* 17 has been completely defined in the
previous chapter. In this study, the GB has been used to calculate the intermolecular
interaction between the CG particles. The range (o) and strength (&) parameters, for
pairwise interactions, are a function of the orientation of the particles. Each uniaxial
particle is described by a set of parameters that describe its ellipsoidal shape and the

orientation of its principal axis in the molecular frame (Chapter 7, Figure 7.1).

The translation and rotational (torque) forces are given by the partial first derivatives,
of the potential energy function, with respect to each of the variables. The translational
force and torques* 25 are given in section 6.5 and derived in the appendix of chapter 6

equations.
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8.2.2 Coarse-grain dynamics simulation details

All the theory necessary for performing a CG molecular dynamics simulation is
described in Chapter 6 and only the necessary details about the simulation are given

here.

Each molecule is represented by a single site (or molecular site), its molecular
orientation matrix (or unit vector) and by its dimensions along the semi-major and
semi-minor axes. The GB interaction potential is used to calculate the interactions
between the sites, and the resulting partial first derivatives of the GB are used to
determine the translational and rotational (torques) forces. The GB potential is provided
in more detail in Chapter 7 and the derivation of the force and torque are given in the
appendix of Chapter 6. By using quaternion mathematics,?¢ we have modified the Euler
equations of motion implemented in the velocity Verlet integration algorithm (Chapter
6).26.27 A timestep of 10 fs was used in all the CG dynamics simulations. The reason for
choosing to implement quaternion rotational kinematics is two fold: (1) there are no
trigonometric functions, especially in the denominator, which would result in
singularities; and (2) as a result of the first point, this provides stable and well-behaved
dynamics.26 The CG simulations were run in a cubic box with a side length of 41.9 A and
the potential energy cutoff was set to 12.0 A. The method of Berendsen et al.28 was used

to maintain a constant temperature of 298.15 K.

8.2.3 Conversion from coarse-grain particles to all atom benzene molecules

A point in space and orientation, determined by the orientation matrix (4),
completely defines the CG benzene particles. The point represents the centre of mass of
the benzene molecule and the orientation matrix (A4), which defines its orientation, is

built up from the quaternions as follows:26

G+ai - -4 2Aag+90qs) 290195 - 904>)
A=| 209 -9003) G4 +B -0 2095+ 90q1) |- 8.6
Aqas+4900:)  2A095-49001) 9o -q1 -4+ 45

Conversion from CG particles to the all atom description of benzene requires that we
have to build a base benzene molecule from which we can work. Therefore, we build the
all atom benzene in the yz-plane, with the centre of mass (cm) at the origin and the

normal vector (u;) along the x-axis, Figure 8.2.
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To obtain the correct orientation of the benzene during the simulation, we multiply the
pre-built benzene atomic coordinates (1x3 matrix) by the corresponding orientation

(3x3) matrix. For example, the orientation of the C;-H; atoms is given by

Ay Ap Ag

C/'= C1A=[XC] Ye, Zc,] Ay Ap Ay, 8.7
Ay Ap Ay
Ay Ap Ag

H1‘=H1A=[JCH1 YH, ZHI:I Ay Ay Ayl 8.8
Ay Ap Ay

where the prime (‘) represents the rotated coordinates in the molecular frame. This
procedure is applied to all the atoms of the pre-built benzene molecule. It also applied to
the conversion of all the CG particles to the all atom representation of the system.
Concurrently, each benzene molecule’s centre of mass is translated to coincide with its

respective CG particle position.

Figure 8.2: The details for the pre-built benzene molecule, which is built in the yz-plane. The centre of mass

(cm) is placed at the origin and the relative orientation (u;) is directed along the x-axis.

8.2.4 All atom simulation details

All atom molecular dynamics simulations were performed using the CHARMM
v33b2 program.2® The liquid benzene simulation, containing 500 benzene molecules in a
periodic cubic box with a side length of 42.3 A, was carried out using the Leapfrog
integration algorithm with a timestep of 1.0 fs.27.30 The simulation was run for 10.0 ns in

the canonical (NVT) ensemble. The temperature was maintained at 298.15 K using the
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extended Hoover thermostat, with a mass for the thermal piston of 1000 kcal.ps2/mol
(where ps = picosecond).3! The non-bonded cutoffs were set at 10.0, 12.0 and 14.0 A on
an atom-by-atom basis with force and potential switching methods for truncating the
potential. The particle mesh Ewald (PME) method32 33 was used to calculate the long-
range interactions, with a grid size of 36 x 36 x 36 and 6t order B-spline using a kappa
value of 0.34. All bonds involving hydrogen atoms were fixed via the constraint

algorithm, SHAKE.34

8.2.5 Parameterization

The parameterization of the Gay-Berne potential was performed using the module
PYGENE (a python based Genetic Algorithm).35 Here the parameters are set between a
user-defined range with a probability and degree of mutation set at a default of 0.1. The
genes are represented using floating point numbers, which allows for a wide-ranging
description for genes compared to using binary strings. This GA method is based on
Mendel genetics, which employs both mutation and crossover as methods of change.

The selection is accomplished using the tournament selection method.

An initial population size of 100 was used, with a child count (i.e. the number of children
to produce after each generation) of 50 and a child culling number of 5 (the number of
children to be selected from each generation). The fitness function that was employed is
given by the sum of the squares of the deviations (S), which is the function that has to be

minimized

S(r’61’62’¢;8fac’£’0/l’0J_) & '\/E[yi(ri’eli’92i’¢i) - F(ri’eli’02,-’¢i;£fac’£’0//’OJ_):|2 : 5

1

For the parameterization of our CG benzene Gay-Berne particles from the benzene
dimer vacuum free energy hyper-volume we used a large range for the parameters,

given in Table 8.1.

Table 8.1: The range for the parameters used in the PYGENE genetic algorithm.35 Large ranges were chosen

to ensure proper sampling of parameter space.

Minimum Maximum
Efac 0.0 5.0
go 0.1 3.0
gy 1.0 4.0
o, 3.0 7.0
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8.2.6 Calculation of the diffusion constant

The diffusion constants for the all atom MD and CG dynamics simulations were

calculated using the Einstein relation:26

D=1i[MSD]. 810
6 ot
The MSD is the mean square displacement, which is given as
msD=([r() -7 (0)]) =

where r; is the molecule/particle position. These averages are computed for each of the
N particles in the simulation, the results added together and divided by N to improve the
statistical accuracy. The trajectories were unfolded (i.e., periodic boundary conditions

removed) in order to perform the calculation.2é

8.3 Results and Discussion

Previously, we obtained a free energy hyper-volume that consisted of 4 reaction
coordinates to comply with the 4 variables of the Gay-Berne interaction potential
function.l” These variables are the distance between the molecules (r); the relative
orientation of the molecular normal vectors with respect to the intermolecular distance
vector (6; and 6;); and the relative orientation of the two molecular normal vectors (the

dihedral angle, ¢), Figure 7.1.20

The genetic algorithm was chosen because of its robustness for fitting complicated
landscapes and its ability to not get caught in local minima (Chapter 7).3¢ The
parameters required are the molecules semi-major (0,) and semi-minor (oy) axis
lengths, i.e. length and/or breadth of the molecule, interaction strength (&°), and the
interaction strength ratio between the edge-to-edge to face-stacking (gfuc = Eface/Eedge)
configurations. The values for y and v exponential parameters have been set to their
canonical values, for g and v, of 2.0 and 1.0 respectively in this work. However, the u

values can range between -10.0 to 7.6 and the v values can range from -12.5 to 0.4.37

Can parameters for the Gay-Berne potential obtained from a free energy hyper-volume
result in CG dynamics that is comparable with all atom models? Benzene coarse-grain
(CG) parameters for use in liquid benzene CG dynamics simulations, obtained from the
benzene dimer free energy hyper-volume in vacuum,?? is summarized in Table 8.2.

Calculations of the structural properties (in the form of probability distribution
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functions) and the diffusion constant are performed. The results are compared with
other CG studies performed Golubkov and Ren,* using a Gay-Berne and point multipole
expansion CG dynamics, all atom MD simulations done by Headen et al., using molecular
dynamics refined with 6D neutron diffraction scattering data,?® and experiment. It
should be noted that electrostatic interactions has not implemented in any of the CG
simulations. This serves two purposes: (i) to ascertain whether or not parameterization
from a free energy hyper-volume produces results that are in agreement with all atom
MD simulations and experiment; and (ii) to check the effect that the electrostatic

multipole expansion, used by Golubkov and Ren,* has on the CG dynamics simulations.

Table 8.2: The GR* and SCRU parameters used for the CG dynamics. . is the ratio of sandwich to edge-to-
edge configurations, €° the usual interaction strength, o and o, are the ellipsoidal lengths parallel and

perpendicular to the vector, respectively.

Efac & g o,
GR* 3.67 0.54 2.03 4.65
SCRU 1.87 1.31 2.85 4.05

8.3.1 Radial probability distribution function

A radial distribution function (RDF) is a statistical tool used to determine the
radially averaged structure of the solvent (or solvent sites) around a solute (or solute
site), as well as for pure solvent systems. It is used to investigate the structure of liquids
in terms of nearest neighbour shells and how many molecules constitute each shell.
RDFs are commonly used as a metric to check the validity of many force-field water
model potentials39-43. Similarly, a check of the validity of the liquid benzene CG dynamics
simulations is achieved by comparing the centre-of-mass (CoM) and carbon-carbon (C-

C) RDFs with the corresponding all atom MD RDFs, shown in Figure 8.4.

The parameterization scheme used by GR was to adjust the parameters by matching
physical properties to the all atom MD simulation and experimental results.# The GR
parameters (Figure 8.4, green curve) gives RDFs that are less structured in the first
solvation shell (at r = 5.5 A) compared to the all atom simulations (Figure 8.4, red
curve). The broadening and decrease in probability can be attributed to the fact an all
atom representation has been replaced by a single particle, as well as the rotation
around the C6 symmetry axis that occurs.* 24 44 Unlike GR, the CG simulations performed

in this study did not restrict the aforementioned rotation, which resulted in a slightly
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more defined peak centred at 5.5 A. Also, the lower structuring can be attributed to the
small interaction strength parameter (€°) value used by the GR parameter set. The GR
RDFc.c (Figure 8.4a) appears to rise at 2.0 A, whereas GR found that it rises at 2.8 A4
This can be explained by the fact that they used electrostatic (more specifically
quadrupole-quadrupole) interactions in their simulations. They found that the
electrostatic interaction to be repulsive for all parallel configurations, which exist at
separation distances < 4.0 A. Therefore, the 0.8 A difference is a result of the
electrostatic repulsion that becomes hyperbolically increasing for distances less than 4.0

A (approximately repulsive by 4.2 kcal/mol at 3.0 A).4
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Figure 8.4: The (a) carbon-carbon, C-C (RDF,) and (b) centre of mass (RDFcom ) pair distribution functions
(RDF) for the all atom MD (MD, red) and GR (green) and SCRU (blue) CG simulations.

The notion that the parallel configurations result in the 0.8 A difference is confirmed by
the centre-of-mass-to-centre-of-mass RDFcm (Figure 8.4b), which rises at a shorter
distance, approximately 2.5 A, compared to the all atom model. Thus, the electrostatics
included in the GR CG dynamics simulations ensures that very closely stacked
configurations do not form. The number of nearest neighbours (or number of
molecules) for the first solvation (r = 5.5 A) is found to be 9.7, which is less than that
obtained by MD and experiments (N = 12). GR maintain that extensive parameterization
should yield a unique set of parameters capable of more closely approximating the

liquid benzene properties.*

Parameterization of the GB interaction potential from the benzene dimer free energy

hyper-volume in vacuum (Table 8.2) results in a unique set of benzene GB parameters.20
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This has been termed as the SCRU parameter set. The advantage of using the free energy
hyper-volume is that it not only incorporates the benzene configuration orientational
preferences, but inherently contains the configurational entropy. Liwo et al. have
alluded to the fact that the entropy is an important factor at room temperature.*s
Another advantage of using free energies for parameterization is that it already includes
all the intermolecular forces (i.e., dispersion and electrostatic interactions) that were
present during the all atom free energy MD simulation. Therefore, the use of an
anisotropic free energy hyper-volume is anticipated to provide a more accurate
representation of liquid benzene. The RDFc¢ and RDF¢om (Figure 8.4, blue curve),
obtained using the SCRU parameter set, shows a very good correlation with the all atom
MD simulations. The RDF begins to rise at 3.0 A, which is much closer to the all atom
RDF than the GR simulation. The first peak centred around 5.5 A appears to map very
closely to the all atom MD simulations, in that two nearby peaks are observed in this
region. The same is true for the location and the shape of the second peak at 10.0 A,
finally reaching bulk behaviour for r = 14.0 A. The RDFcom (Figure 8.4b) shows slightly
less correlation but the maxima and minima appear in the more or less the same
location. However, the general shape agrees with the all atom MD RDF¢m. The number
of nearest neighbours in the first solvation (r = 5.8 A) was found to be 11.8 (x 12), which

agrees with others*¢ and experiments.*’

8.3.2 Radial-angular probability distribution

The RDF only provides a one-dimensional radially averaged picture of the liquid
structure, but to gain better insight into the anisotropic liquid structuring, a radial-
angular distribution function have been calculated for the various simulations and are

shown in Figure 8.5.

The all atom radial-angular probability distribution (Figure 8.5b) shows that the first
solvation shell (r = 5.5 A) is composed of parallel (more specifically PD, 8 = 0°) and
perpendicular (8 = 90°) configurations. At separation distances = 8.0 4, it shows the sin6

dependence observed by Singh and Thornton for PHE pairs in proteins.48

The GR CG simulation (Figure 8.5¢) shows a very weak first solvation shell (r = 5.5 A),
which corresponds with the RDF (Figure 8.4), as well as a very low preference for either
parallel or perpendicular configurations. The small & value and the fact that no
electrostatic interactions are used results in rather weak interactions between the GR
CG benzene particles. This manifests itself as the low probability distributions that are

observed.
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Figure 8.5: (a) Diagram depicting the definition of the angle between the normals, 6. Parallel orientations
are defined by 0 = 0° (+20°) and perpendicular orientations by 6 = 90° (+20°). The 2D radial-angular
probability distributions, P(r, 8), are shown for the (b) all atom MD, (c) GR and (d) SCRU CG simulations.

The SCRU parameters have been obtained from the free energy and, thus, already
include all intermolecular interactions. This results in the SCRU CG simulation (Figure
8.5d) showing greater structuring in the first solvation shell (r = 5.5 A), which agrees
with the all atom model better than the GR parameters. Like the all atom model, the
SCRU probability shows a greater tendency to form parallel and perpendicular
configurations compared to the GR model. Both CG models display the sinf dependence
at large separation distances (i.e., = 8.0 A). Therefore, the SCRU parameters perform

better than the GR parameters in mimicking the 2D structure of liquid benzene.

8.3.3 Three-dimensional solvent structuring

RDFs only provide a radially averaged description of the liquid structure, while the
2D radial-angular provides better insight into the anisotropic solvent structuring.
However, spatial distribution functions (SDF) provide fully anisotropic 3D description of

the liquid structure.

Liquids do not often structure isotropically but, rather, are inherently anisotropic due to

the anisotropic nature of intermolecular forces. Headen at al. showed that the SDF for
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benzene liquid displays a lantern-like pattern, with 6-lobes, around benzene.38 This is
indicative of a variety of parallel and perpendicular (Figure 8.5a) found for the first
solvation shell.38 The all atom MD simulations performed here display similar 3D

anisotropic structuring (Figure 8.6a).

The SDF for the GR CG simulation appears to have a similar overall shape, but shows
lower probability density indicating less structuring in this system. The 6-lobes of the
lantern appear to be less pronounced and more disordered, Figure 8.6b, in comparison
with the all atom model (Figure 8.6a). This corresponds with the distribution functions
(Figures 8.4 and 8.5c) and indicates that the inclusion of electrostatic interactions may
be important for CG simulations, which do not obtain GB parameters from free energies.
Strong densities above and below the benzene ring indicate the existence of parallel
configurations. The density around the rim of the benzene is indicative edge-to-edge
configurations, which is substantiated by the fact the GR used an &g value (= 3.67) that

favours edge-to-edge arrangements.

Figure 8.6: The centre-of-mass-to-centre-of-mass (CoM-CoM) spatial distribution functions (SDFs) for the

(a) all atom MD; (b) GR and (c) SCRU CG dynamics simulations.
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The CG simulation using the SCRU parameters resulted in an SDF that shows the shape
of a lantern with 6-lobes (Figure 8.6c), which is in agreement with our MD simulations
(Figure 8.6a) and the results obtained by Headen et al.38 Although the lobes appear to be
slightly disordered, it appears to show greater structuring compared to the GR-CG
model. The 6-lobes are indicative of the perpendicular configurations, while the
distribution above and below the benzene point to parallel configurations. This agrees
with the 2D radial-angular probability functions plotted in Figure 8.5d. Thus, the
parameterization scheme presented here (i.e., by obtaining Gay-Berne parameters from
an anisotropic free energy hyper-volume) appears to provide a fairly accurate
anisotropic description of liquid benzene. This can be attributed to the fact the free
energy already incorporates all the intermolecular interactions and, more importantly,

the entropy.

8.3.4 Diffusion constant

The diffusion constant for the all atom MD simulations was found to reproduce the
experimental value quite well (Table 8.3). The GR parameter set gave a self-diffusion
constant slightly larger (2.29 x 102 m2/s) than MD and experimental values (2.15 x 10-9
and 2.20 x 10 m?2/s, respectively), while the SCRU parameter set underestimated (2.05

x 109 m?/s) the self-diffusion constant.

Table 8.3: The density and self-diffusion constant for the all atom MD, GR CG and SCRU CG dynamics

simulations compared with experiment.

Density (g/cm3) Diffusion Constant (109 m2/s)
GR* 0.879 2.29
SCRU 0.879 2.05
MD (CHARMM) 0.857 2.15
Exp. 0.870 2.20%9

The difference between the MD and CG diffusion constants are expected due to the
coarse-graining.* The difference between the GR and SCRU diffusion is due to the
differences in the parameter sets. The GR o0, and o, values indicate a flat disk-like
particle and the ggc value of 3.67 results in edge-to-edge arrangements being preferred.
The SCRU parameters describe particles that are less disk-like with an &g value of 1.87,
which has no preference for either stacked or edge-to-edge arrangements. The diffusion

constant differences result in the GR model having a higher diffusion constant because
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(due the aforementioned facts, weaker interactions small, determined by the small e°
value, and no electrostatics) the benzene particles are allowed “slip” between edge-to-
edge arrangements more easily than the SCRU model. Nonetheless, the CG diffusion

constants show good correlation with the all atom MD simulation and experiment.

8.3.5 Comparative timings

Finally, the point of coarse-graining is to not only to reduce the size-scale of the
problem but also to attain simulations timescales that are reach biologically relevant.
Therefore, the main motivation for obtaining a unique set of CG GB parameters, which
yields an accurate anisotropic description of the system, is to increase the
computational efficiency without a sacrifice in accuracy. Table 8.4 shows the time taken
to run the all atom MD and CG dynamics simulation for 100 ps, as well as the relative
speed up. The MD timestep is 1 fs and the CG timestep is 10 fs. The timing data has been

extrapolated to determine the time it would require to run a 1 us simulations.

Table 8.4: Timings for a 100 ps for the all atom MD and CG dynamics simulations. The estimated time to
run a 1 ps simulation is provided for comparison. Note: 1 ps is equivalent to 109 MD dynamics steps, and

108 CG dynamics steps - MD timestep is 1 fs, while the CG timestep is 10 fs.

Simulation Timestep Time taken to Steps / Estimated time for 1

Methodology At (fs) run 100 ps (s) second us simulation (days)

MD (CHARMM); At=1fs 16200 6.2 187.5

CG (SCRU-CG); At=10fs 47 212.8 5.5

Relative Speed  At=1fs 345 - -
Up;

The all atom MD simulation was composed of 500 benzene molecules in a cubic box with
a side length of 42.3 A. The CG dynamics simulation was composed of 500 GB particles
in cubic box with a side length of 41.8 A. The simulations were run on a single first
generation Intel i5 core (clocked at 2.8 GHz) and the speed up obtained is approximately
345 times faster for the CG over the MD simulations with a timestep of 1.0 fs. For
biological systems a timescale of at least 1.0 ps is required. Therefore, an all atom MD
simulation would require 188 days (~6 months), while the CG dynamics simulations
would only need 5.5 days to complete a 1.0 ps simulation. The drawback of CG dynamics
is that the molecule is described by an ellipsoid and, thus, all atomic information is lost.

However, converting the CG particles back into its all atom representation and
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performing a short simulation, using an all atom potential energy function, can return
the all atom detail and remove any bad contacts. This is a method that Liwo et al. have

employed in their CG simulations of proteins.*>

8.4 Conclusions

A multi-dimensional anisotropic free energy hyper-volume has been used to
parameterize the Gay-Berne interaction potential for benzene. The advantage of this
method, over others, is that all the intermolecular interactions and entropy are
inherently included in the free energy. The application to liquid benzene demonstrates
that the parameters obtained by this method reproduces the MD and experimental data
quite well, and is found to be superior to the Gay-Berne parameters reported by

Golubkov and Ren.4

The structural properties, based on probability distribution functions, and the
diffusion constant analysis reveals good correlation between the (SCRU) CG dynamics,
with parameters derived from a free energy hyper-volumes, and the all atom MD
simulations and experimental results. The first solvation shell (r = 5.5 A) is observed to
be composed of both parallel and perpendicular configurations, shown by the radial-
angular and spatial distribution functions, in agreement with Headen et al,, who used

MD simulations refined with 6D neutron diffraction data.38

In contrast, the Gay-Berne parameters, reported by Golubkov and Ren,* produced
CG dynamics simulation that were found to have distribution functions that are
significantly less structured for the first solvation shell (r = 5.5 A) and a diffusion
constant that is higher than the experimentally observed value. These discrepancies can
be attributed to the weak CG particle interaction, determined by the small €° value in
Golubkov and Ren parameter set, as well as the lack of electrostatic interactions.
Therefore, electrostatic interactions play a crucial role in CG dynamics simulations if the

parameterization of the interaction potential was not performed using a free energy.

The computational efficiency of the CG dynamics is greatly increased compared to
the all atom simulations. We found that the CG dynamics is found to be approximately
35 times faster than the corresponding all atom MD simulation. Eliminating high-
frequency motions, heavy-atom-hydrogen-atom bond vibrations, by coarse-graining
also allowed for a larger timestep (10 fs for CG compared to 1 fs for the all atom MD
simulations) without detrimental loss of accuracy, which is the goal of this simulation

technique
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This study shows a proof of concept for the parameterization of a relevant CG
intermolecular interaction potential from an anisotropic free energy hyper-volume. This
method appears to be superior (in terms of structure and dynamics) compared to other
parameterization scheme used by Golubkov and Ren. Therefore, parameterization of a
CG benzene model from an atomistically detailed anisotropic benzene dimer vacuum
free energy hyper-volume shows that this method allows a CG model to retain its
connection with an all atom benzene model, providing strong credence to the theoretical
notion that relates the all atom potential and coarse-grain potential energies via the

Helmholtz free energy:

exp(— kAT) = const.[ dx exp[_l‘:(;f)l

B B 8.12

Ve (xcc )

= const.' [ dx . ex
S cG €Xp k,T

However, the drawback here is that the method is only applicable at the temperatures
that the free energy hyper-volumes were calculated (i.e., preventing direct
transferability to other temperatures), and by being dependent on the explicit solvent
(water) model used, inhibiting the transferability between the various solvent system
models. This would require a further development in the underlying theory to
understand and relate the free energy hyper-volumes with respect to temperature.
Other future work includes: inclusion of the Nose-Hoover thermostat, which generates
canonically distributed molecular velocities, and Brownian (an extreme of Langevin)

dynamics.

Owing to the success of this parameterization scheme, proposed further work along
this direction could include: the parameterization of the Gay-Berne interaction potential
for biologically relevant aromatic amino acids for use in the protein folding simulations;
to perform CG dynamics simulations of other aromatic molecules applicable for studying
liquid crystal biophysics; and develop an accurate CG water model, parameterized from
the water free energy hyper-volumes,5° that could possibly perform structurally as well

as TIP5P-Ew.
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