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Abstract

Carbohydrates are invaluable in a variety of industnal applications ranging from biodegradable materials
to pharmaceutical drug carriers. Small functional groups, such as hydroxyl, amine, N-acetylamide and
methoxy are commonly employed for creating de mow saccharides with enhanced functionality. The
physiochemical properties of carbohydrates are govemed by their conformations and the polarity of their
substituents strongly influences the overall flexibility of such biomolecules. In this thesis, two types of
(1—4)-inter-glycosidic interactions, #%. hydrogen bonding and hydrophobic effects, are investigated.

A disaccharide is the smallest unit which incorporates inter-residue glycosidic linkages and it is such
linkage that allows the larger sacchanides to be formed. The strength of the hydrogen bond across the
glycosidic linkage can be tampered by replacing the hydroxyl groups on the C2 and C3’ position with a
variety of different polar substituents. It was previously not possible to evaluate inter-molecular hydrogen
bond strength in a quantitative manner. However, a novel method is used in this thesis where AEHE vs

Ag+Lep correlation curves were used to estimate the intramolecular hydrogen bond strength which occurs
between functional groups located across glycosidic linkages. The hydrogen donor (D) and acceptor (A)
pair have been ranked from the strongest (g NHCOCH3(D)-----~-NH2(A)) to the weakest (viz.
NH2(D)------NH2(A)). However, subsequently a senies of molecular mechanics based conformational
analysis and solution dynamics of the disaccharides namely maltose, 2-amine-Glc-a-(1-4)-Glc, GIcNAc-o.-
(1-4)-3-amine-Glc, reveals that an increase in hydrogen bond strength across the glycosidic linkage does
not necessanly lead to a decrease in the flexibility above the molecules.

Researchers have traditionally believed that network of inter-residue hydrogen bonds is the factor leading
to the anomalous aqueous solubility of B-cyclodextrin (CD). In this thesis, 5ns molecular dynamics (MD)
computational simulations of a-, B-, and y-CD solutions have been performed to gain further insight into
this anuomalos behaviour Moreover, the local water structuring around and conformational dynamics of
the CDs have been investigated. In addition, translational diffusion measurements have been carred out
for the three CDs using a PGSE NMR techniques and the corresponding diffusion coefficients obtained
from the MD trajectories have found to be in good agreement with those observed experimentally. The
MD studies further indicate that in the presence of water solvent, the macrocycle distortion and
glucopyranose tilting are the preferred types of motion for relieving the steric strain of CD rings. The
investigations clearly demonstrate that the B-CD is relatively more rigid than other two CDs thus initiated
an increase local water structuring around the solute. In addition, the intemal motion of the trimethylated
B-CD, which does not form inter-glycosidic hydrogen bonds but possess a higher aqueous solubility than
B-CD, has been examined. The molecular motion of three other B-CD derivatives, DIMBE, 2D2HB and
2D2MB, have also been studied. A key finding of this thesis is that the conformational flexibility of the
modified cyclodextnins is greatly influenced by the bulkiness and ngidity of the hydrophobic substituents,
wheresas the strength of inter-residue hydrogen bonding does not appear to be an important factor.
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Monosaccharides can either exist as open straight chains or closed ring shaped molecules. The open
chain monosaccharides forms are flexible, whereas those that occur as rings generally adopt the more
stable chair conformation. In nature, only a very small fraction of the monosacchandes exist in the
open-chain form which has a free aldehyde- or keto-group attached. The reason is that the carbonyl
and hydroxyl groups in the open-chain sugar spontaneously undergo hemiacetal formation in
aqueous condensed medium to yield a ring structure. For instance, glucose readily undertakes
hemicacetal formation in to form glucopyranose in the presence of water molecules. Unless under
the presence of extemal force compression, the pyaronse ring exist virtually only as the *C; chair
conformations in nature.* This hemiacetal formation in glucose can lead to two stereoisomers
involving the anomeric carbon which are termed as a- or 3-sugars. Even though the ring constantly
undergoes mutarotation (i.e. a reversible nng opening of each anomer to the open-chain aldehyde
followed by re-closure) the B-D-glucopyranose is favoured almost twice as much as than its a-anomer
in aqueous solution.2

Classification according to
anomeric center

+ : a3 'x
r’- s —= ; —_— ! .
Pl 4 4 l
a-D-glucopyranose D-glucopyranose f-D-glucopyranose
(36%) (64%)

-Figure 1.2 Formation of two anomeric sugars (- and B-forms).

Complex carbohydrates are difficult to study as they are large enough in size to behave in a complex
manner yet they are still relatively small in size so that gross structural generalization in their
conformational changes would not provide satisfactory information on its solvation nature. Hence
they cannot be studied using simplified models and detailed investigations at the atomic level are
required. A vast varety of complex carbohydrate can be found in nature, ranging from straight or
branched long chain carbohydrates to cyclised polymers. The smallest complex carbohydrates are the
disacchandes (refer to next page for more discussion). Many disaccharides are biologically important
and they may join together to form more sophisticated saccharides. Larger saccharides composed of
only a few monosacchanides residues are refer to as the oligosacchanides (ranging from 6 to 10) and

polysaccharides.!2



Classification according to
glycosidic linkages

Straight Branched Cyclic

Figure 1.3 Classification of the complex carbohydrates.

Most of the natural occurring disaccharides are formed by the joming of two
monosaccharides via glycosidic acetal bonds between the anomeric carbon of one sugar and a
hydroxyl group at any position on the other sugar. For example, a bonding can emerge from an o
positioned anomeric C1 hydroxyl group of one sugar residue to a C4 hydroxyl group of the other.
This bond formation is designated as a(1—4). Similady, a(1—06) indicates a bond formation from an
a positioned anomernc C1 hydroxyl group of one sugar residue to a primary hydroxyl group of the
other residue. Disaccharides are classified according to the compositions of the monomer units.
Disacchanides are an important class of carbohydrate for two main reasons. Firstly they have vast
chemical and biological importance! and secondly they have a transitional position between mono-
and polysaccharides since they are the smallest unit possessing of an inter-residue glycosidic linkage

which are the central feature of the larger oligo- and polysaccharides.?

It has been shown that the glycosidic oxygen atoms play a considerable part in influencing the overall
catbohydrate structure. The conformation of the saccharides in relation to the glycosidic dihedral
pair (¢ = H1-C1-O1-C4' and y = C1-O1-C4"-H4', this is in accordance with those used previously by
Brady et al5) have been studied extensively by both the experimentals® as well as the theoretical
methods>1%. As a result of this, the overall topology of a large polysaccharide 1s influenced
significantly by the nature of each the individual glycosidic dihedral angle found within the polymer.
By rotating the above two glycosidic dihedrals systematically, one can generate its energy
hypersurface known as an adiabatic map (refer to Chapter 5 for further details). In this case the
strength of the cross-glycosidic intramolecular hydrogen bond has a significant effect on the degree
of rotational flexibility of the glycosidic dihedral angles. Due to the pervasiveness of hydrogen
bonding in carbohydrates, this can be critically influenced by the dihedral and the atomic negativity
of the substituted functional groups methods 510






Hydrogen bonding is an interaction between molecules in which a hydrogen atom that 1s bound to
an electronegative atom interacts with an electron-rich atom on another molecule. Despite much
research and advances in knowledge, hydrogen bonding has remained as a controversial topic over
the years. Hydrogen bond has known to comprise both covalent and ionic characteristics. The true
nature of the hydrogen bond has been extensively analysed and discussed in the literature.'#!5 From a
modelling standpoint, the pervasiveness of the hydrogen bonding sites found in carbohydrates makes
the study of carbohydrates in the condensed phase challenging. This is because of the free rotating
nature of the hydroxyl groups that can simultaneously act as the hydrogen bond donor and acceptor
depending on their interaction orientation. The variations of the exo-cyclic functional groups can
subsequently alter the overall physiochemical properties of the carbohydrate and are therefore the
central feature of the macromolecular conformation influences.>3 (Refer to chapter 4 for more in-

depth description)

‘The hydrophobic effect is another factor that makes a substantial contribution to the thermodynamic
stability of a saccharide. The hydrophobic effect arises when solvating substances of less polarity in
an polar aqueous medium. This causes the water molecules neighbouring the solute to arrange
themselves in a more orderly structure and thus produce ice-like orientations. This orederly
arrangement of solvent molecules corresponds to a total loss of configurational variation in the
system resulting in a decrease of entropy. It is widely believed that hydrophobic interactions provide
the driving force for various 11 jortant physicochemical processes such as protein folding and
biomolecular recognition processes.!6 In conjunction with the hydrophilic effects, the hydrophobic
effect also play a determining role the intrinsic aqueous solubility the carbohydrate. (This part will be
explored further in chapter 8)

It 1s in general challenging to evaluate properties of the biopolymer within the condensed phase
medium using the conventional e 2rimental techniques. Certain conformational changes or reaction
pathways are generally below or beyond the experimental time scale and are therefore out of the
instrumental limitations. Other times, biopolymers may hold complicated structural shapes or
unusual properties making it almost impossible to draw conclusions from the expenmental data.
Computer modelling has recently emerged as a the discipline of choice in the study of these intricate
biopolymer due to its capability of providing detaled descriptions.”” The thorough use of
computational modelling techniques can promote ones understanding of the nature of biopolymers

and consequently aid the design of de 70w methods or materials of interest.

There are numerous computation chemistry techniques known to date. Currently, in this work, two

different fields within computational chemistry are employed for modelling the structural properties



of saccharides: the electronic structural approach (EAS) and empirical force field (EFF) methods.
17,18,19 The fundamental concepts behind these two methods are discussed in chapter 2 and 3.

At this point, it should be emphasized that all of these stmulation techniques are not a replacement
for conventional experimental chemistry. Instead, the computational work should be used to
complement the expenimental data. With any simulation, the computation techniques must be
validated by comparing the results generated with those of conventional experiments.

1.3 Project Motivations

As was previously mentioned, the structural characteristics of the carbohydrate influence its
physicochemical properties. In general, nommal carbohydrates, are only able to adapt a limited
number of conformational changes in the aqueous medium due to the steric hindrances imposed on
the rotation of sugar units about the mter-glycosidic bonds.1*> The allowed conformations are
dependent on the type of carbohydrate linkages as well the intra- and inter-molecular forces. The
most stable conformations of the polysaccharide will be that which balanced both the intra- and
inter-molecular forces. In this project, we aim to explore the effect of these two intra-molecule forces
(hydrogen bonding and hydrophobic effect) on the carbohydrate213 Due to the following
commercial reasons, we focus our research particularly on the conformational flexibility of some

a(1—4)-linked carbohydrates:

¢)) Starch is widely available in almost unlimited quantities from agricultural products. As
was previously mentioned, this biopolymer comprises a(1—4)-linked o-D-glucopyranose
polysacchanide with «(1-—>6)-branches. Starch can be genetically modified to mmprove its
functionality and commercial uses.?? Recently owing to environmental pressures, starch based
polymernic materials have gamned of considerable interest as the preferred replacement to the
traditional non-biodegradable plastic products. These starch-based polymeric materials may
range from packing materials to eating utensils. Studies have shown that extrusion of starch is
made possible when crystallinity is removed under the condition of a relatively high temperature
and low water content. By cross-linking or co-melting this substance with other polymers, for
instance polyethylene and poly(ethylene-co-acrylic acid), one can produce materials suitable for
applications such as packing materials or injection molded biodegradable plastics.21.22 However,
in the presence of water, these materials gain undesirable plasticity and this limits their
practicality. Vanious important studies have shown that this as a result of the bndging water
phenomenon which increase the total flexibility of the carbohydrates at the molecular level 2224 A
possible method of reducing the flexibility is by altering the hydroxyl functional groups on
saccharides to substituents that capable of initiating stronger inter-glycosidic interactions. By
doing so, this may pethaps hinder or prevent the formation of the intermolecular hydrogen
bonding between the saccharides and water. In order to make an intelligent guess as about which



- modifications might prove fruitful in the de now design of biodegradable matenals, it is essential
to understand the dynamic properties of starch in under a water environment. After examining
the complex cartbohydrates and their corresponding disacchandes, it is clear that the constituents
sugar residues and glycosidic linkages are essentially comparable. Therefore one can expected the
disaccharides to exhibit some similarities to the larger complex saccharides in their basic
physical-chemical properties. We commence our studies by examining the conformational
behaviour of some chemically modified a(1->4)-linked disaccharides (chapters 4, 5 and 6) in the
hope that the results found may then be extrapolate to the larger systems.

2 Cyclodextrins, as previously mentioned, are the cyclic a(1->4)-linked a-D-glucopyranose
oligomers. Due to it structure, these cone-shape molecules have a hydrophilic exterior and
hydrophobic cavity (Figure 1.5). It is this unique structure and properties of cyclodextrins which
resulted in their extensive applications in the fields ranging from phammaceutical industries to
food and cosmetic research??. If a less hydrophilic molecule (commonly drugs with low
molecular weight) can fit entirely or partially into the cyclodextrin cavity, an inclusion complex of
the guest-host complexation may occur owing to the participation of vanous intermolecular
interactions. These interactions include hydrophobic interactions, van der Waals forces,
hydrogen bonding, release of high energy water molecule in complex formation and relief of
stain energy in the macromolecular cyclodextrin ring. The complexation phenomenon generally
increased the stability as well as the aqueous solubility of the drugs. Even though three major
parent cyclodextrins, designated a, 8, and y, comprising from six, seven and eight glycopyranose
units respectively, have been regulady studied, it is their chemically modified denivatives that
have also been more frequently utilized in the pharmaceutical field. These modified cyclodextrins
may show less toxicity and often possess a higher degree of intrinsic solubility and are hence able
to complex with larger amount of guest molecules.? Often, these cyclodextrins are denivitised
with hydrophobic functional groups and still show an improvement of the aqueous solubilities
when comparing to its precursor. To our knowledge, all of these cyclodextrins are important to
the pharmaceutical industry, research conceming these preposterous differences in the trend
of their solubilities has somehow been neglected. 28292 Theoretical as well as experimental
studies exclusively targeting this puzzle are somewhat scarce and comprehensive theoretical
explanations on these problems have not been fully resolved. An understanding of this paradox
could lead toward the design of pristine chemically modified cyclodextrins which would be
useful for a wider range of pharmmaceutical application.

This research targets the effect of hydrophilic and hydrophobic substitutents on the physicochemical
properties of above mentioned carbohydrates and subsequently enabling researcher to invent
materials with improved properties. However, this is certainly not the ultimate objective of this
research. In truth, these molecules are themselves of scientific significance; results obtaining from this



work are useful in its own right. The more sophisticated problems such as cell-mediated
glycoproteins or carbohydrate assembly! can only be answered when the fundamental properties of
catbohydrate solvation behaviour are fully understood. Therefore the thorough investigation
concerning the intricate nature of the hydrogen bonding and hydrophobic effect must be carried out.
The aim of this project is to contribute a fraction of the knowledge towards the foundation of

solving such problems.

Figure 1.5 The unique property of a cyclodextrin.

The pervasiveness of the hydrogen onding is common to almost every type of saccharides. While
evaluating inter-molecular hydrogen bonding strength can be carried out in a fairly straightforward
procedure, estimating intra-molecular hydrogen bonding strength appropriately has been a
challenging task in the past. Relying on the fundamental ESA principles (refer to chapter 2 for a brief
discussion relating to some of the fundamental concepts), a novel method of estimating intra-
molecular hydrogen bonding strengths was consequently developed by us for the purpose of rapid
charactering any intra-molecular hydrogen bond strength initiated by any combination of
substituents. In chapter 4, we demonstrate the usefulness of this method for predicting the intra-
molecular hydrogen bonding strength of vanous chemically modified disacchandes mimics.
Furthermore, we were able to predict the conformational determining role of inter-glycosidic

hydrogen bonds within the aqueous medium based on the results obtained from this method.

Bioploymers are vibrant in nature when immersed within the aqueous condensed phase and the EFF
dynamics simulations are well-suited to investigate their relativistic behaviour (refer to chapter 3 for

further details). Developing a set of adequate force field parameters is a prerequisite prior to any EFF



dynamic simulations, a set of par ieters must be developed. The outline of the procedures of
developing some force field parameter is documented in chapter 5. Furthermore, chapter 5 also
includes some fundamental conformational studies in vacuum of certain disacchanides which were
specifically chosen based on the ndings from chapter 4. These studies lead to the need of
comparing the condensed phase m: cular dynamics simulations of two a(1—4) linked disaccharides
which is documented in chapter 6. By comparing the results obtained from chapter 4, 5 and 6, we
were able to confidently deduce the conformational determining role of inter-glycosidic hydrogen

bonds within the aqueous medium.

The native and the chemically modified cyclodextrins are commercially important since they are used
for a wide range of industrial applic ions. Their anomalous aqueous solubilities have been a topic of
controversy over the years. In chapters 7 and 8, the conformational behaviour of each individual
cyclic-oligomers was simulated within the large solvent box. The dynamics properties of each cyclic-
oligomer in solution is examined using various simple yet effective approaches which share light on
the issue of problems relating to their solubilities. Particularly in chapter 8, we rely on these
approaches to stuy the hydrophobic effect on the conformational flexibility of certain cyclodextrins
that are derivertised with various hydrophobic functional groups. The results obtained from these

two chapters enable us to rationalise the conformational determining role of hydrophobic groups.

Carbohydrates are conformationally complex molecules and this complexity is responsible for their
interesting physicochemical properties. It 1s unusual features of carbohydrates which allow them to
play crucial roles in a variety of fields. Knowledge of cartbohydrate molecular structure, particulardy
their structures in solution, is the key of understanding their macroscopic properties. Detailed studies
of carbohydrate solution conformational changes are proven to be difficult to investigate
experimentally. Computational chemistry is a fast growing field of modem chemistry with simulation
methodologies and with the comg er efficiency being constantly improved, this field of discipline

becomes the invaluable tool for assisting such studies.
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By the beginning of the twentie century, most scientists were content with the fundamental
theories. Apart from a few minor difficulties, which were referred to in a lecture given by Lord
Kelvin on April 1900, most researchers were satisfied that all problems could be accounted for by
methods derived from the principles originally published by Sir Issac Newton in his famous book
tided Philosophiae Naturalis Principia Mathmatica in 1687. Thereafter, Newtonian mechanics was soundly
established as the fundamental discipline that was believed to be capable of describing everything in
the world of physics and physical chemistry. It was not until the mid-1920’s, with the discovery of
modem quantum theory pioneered by Plank, Einstein, Bohr, Schrédinger, Hetsenberg and Dirac,
that a reconstruction in our views towards the nature of the world came about. During development
period of quantum theory, a variety of other scientists have also contributed significantly (refer to
Figure 2.1 for example).! This chapter provides an overview of the fundamental concepts and

applications of quantum chemistry.

Quantum chemistry methods are o referred to as the electronic structural approaches (ESAs). The
basic idea these methods involves determining the electron distribution associated with a fixed set of
nuclear positions. ESAs allow one to calculate the energy and related properties of that particular
system by solving the Schrédinger wave equation along with auxiliary quantum mechanical laws.
Convergent ab initio methods and density functional theory are the two electronic structure
approaches. These two methods have been extensively used in this project. Simulations employing
these two approaches require only the aid of a limited number of physical constants; #%., the speed of
light (c), Plank’s constant (h), and basic information concerning the atoms involved (1.e. masses,
charges electronic configuration and the relative positions).2® In the remainder of this chapter, only
those quantum mechanical procedures that are relevant to this project will be discussed.

The Schrédinger wave equation 1s generally considered to be the ongin of modem science. This
equation yields the energy as a function of the electronic properties. In Schrodinger’s wave equation,
instead of trying to find solutions which pin-point the exact positions and velocitics of the particles
of a system in a given state of motion, this equation approximate the solution by subjecting the
system into the approprate boundary condition.2? The full, time-dependent form of Schrédinger

equation 1s:
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The denotation ¢, T, m, I, " and t represent for wavefunction, position vector, mass of the particle,
Plank’s constant, potential field in which the particle is moving and time respectively. In addition to
this the gradient V is given by:

6

V = _l+ ‘.‘ _
5% ayJ 5z eq 2.2

When 17 is independent of time, one can use the separation variables technique and rewrite the

wavefunction as the product of a spatial and a time components:
WA =4@ T w23

Nommally the left-hand side of the Schrédinger equation can be abbreviated to Hy where H 1s the
Hamiltonian operator. A tme-independent form of Schrodinger equation can be wrtten as

following;
HY(F) = Ey(F) oq 24

where T is the component vector describing the position of each electron. The energy (E) of the
particle can be determined by solving the Hamiltonian (H) which is made up of kinetic (T) and
potential (V) energy terms.2#

H=T+V eq 2.5
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ror<t eq 2.7

It contains three energy contributing functions, Coulomb, exchange and core terms, where ¢, Ze and

Z denotes the electronic charge, nuclear charge and atomic number.2*

The product of the ¢ and the conjugated {’ is interpreted as the probability density distribution of the
particle which is also referred to as the complex conjugate |{|2. The integration is performed and
normalised over entire space. The probability of integration thereof must be equivalent to the
number of the total particles within the system. Subject to the appropnate boundary condition, the
properties of the system can be derived by solving for the ¢ using the equation 2.8. Any physical
observable for a particular state of a system may be determined using this scheme once the

wavefunction 1s known.24
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The Schrodinger wave equation provides an accurate description of the dual nature of electron
particles. However, the biggest drawback is that, whilst the Schrédinger equation 1s powerful enough
to describe almost all chemustry, = exact electronic wavefunction of a system can not be easily
resolved by solving of this equation analytically without employing other auxiliary approximations.
These approximations can be categorised into two classes; the first class involves with the choice of
basis functions to represent the one-electron functions, also known as the molecular orbitals, and
second entails with the choice of electron functions to represent the electronic wavefunction. It is
with the aid of these approximations (refer to session 2.1.2 to 2.1.11), that the Schrédinger equation
can be transformed into an alg raic equation which permits the utilisation of the numerical

methods.24

Prior to solving the wave equation, the Born-Oppenheimer approximation, sometimes known as the
Born-Oppenheimer separation, has to be applied. This approximation involves the two parts of the
wave equation to be resolved independent of each other. This means that the nuclear and electronic

motions can be discretcly treated.

The charge of electrons and the nuclei are of the same order of magnitude, therefore the forces
exerted on both electrons and nuclei must also be the same. As result, one can assume the changes of
the momenta of both electrons ar  nudlei are also of equal magnitude. However, since the masses of
the nuclei are so much larger than the masses of the electrons and the nuclear motion is slow with
respect to electron’s motion, nucler must therefore have much less velocities.  is commonly
accepted that electrons adjust their positions almost instantaneously to any change of the position of
the nucler. The Bom-Oppenheimer approximation assumes that the electronic wavefunction depends
solely on the position of the nucler and independent to their momenta. It allows an electronic

Hamiltonian to be constructed while neglecting the kinetic energy terms of the nuclei.24
H="T#(7)+T™ (R) + Ve (R T) + Ve () + V™ (R) eq 2.9

Where T, V, R and T are the terms describing the kinetic energy, potential energy and vector position
of the electron and the electrons. The electronic structure calculation 1s performed under the fixed
nuclear configuration condition. Hence the positions of all the atoms must be specificed clearly before

one can compute the clectronic energy by solving the electronic Schrédinger equation. 24






The HF method s usually considered to be the first step of most ab mitio chemistry calculations.
Hartree introduced the self-consistent field principle in 1928 by proposing a model in which the
electron belonging to an atom moves completely independently of the other electrons within the
molecule. According to this theory, the total kinetic energy 1s simply the sum of the kinetic energies
of each and every mndividual electrc #

1 - o
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o eq2.11
In 1930, Fock pointed out that Hartree wavetunction did not compliant with Pauli Fxclusion
Prnciple due to the expression did not counter for antisymmetry. He resolved the problem by

incorporating an exchange functi  al (Ej, refer to Equation 2.12) into Hartree’s expression:

L _BERE

5 r, Or,

: | fi -1 | eq 2.12
In 1930, Lennard-Jones, Mulliken and Hund demonstrated that the self-consistent field can be

extended molecules comprising several atoms. This was the beginning of molecular orbital theory.

A molecular otbital 1s the term used for wavefunction that satisfies the Schrodinger wave equation.
One conceptualised the |1/|2 as a probability density of the electron in the system. Molecular orbital
theory assumes that § can be decomposed mnto a combination of molecular orbitals. In quantum
mechanics, an orbital is written as a three-dimensional mathematical representation which expresses
the behaviour of a single electron. A linear combination of a pre-defined set of one-electron
functions is known as basis function or basis sets. When solving any polyelectronic system, one can
implement the orbital approximation which involves treating each electron independently. Each of
the electrons will be subsequently described with 1ts own electronic wavefunction.24 In general, the
Hartree-Fock product for an atom, ¢, 1s defined as the product of all the single functions electron

assoctated with the atomic orbitals, §, for example:

O=0,0,0;5...... . eq2.13

The Pauli’s exclusion principle states that “no two electrons can have the same set of four quantum

numbers, #, 4 7 and m”. Even though electrons are indistinguishable, electrons can either have spin



As was illustrated in equation 2.32, the implementation this scheme involves the evaluation of, firstly,
the total energy of the complex and the energy of each molecule found within the complex.
Secondly, molecules within the complex and each possible combination of subsystem were set as the
“ghost system” signifies 2 molecule or complex which only has orbitals but no electrons. The total
energy of the complex is then subtracted with the sum of the energies of all the individual molecules
as well as the subsystem under the influence of the other ghost system(s). It is important to keep all
the energetic terms computed with the exact same basis set or else the scheme is invalid.13

2.1.13 Geometry Optimisation

The manner in which the energy of a molecular system depends on its structure or orientation may
be represented in terms of a potential energy surface plot. Each point on the surface represents a
particular molecular configuration. Geometry optimisation is usually employed to find minima along
the potential energy surface, both locally or globally. Hence this technique predicts equilibrum
structures of the molecular systems. For ESAs, the geometry optimisation employed numerical
minimisation algorithms in conjunction with the quantum mechanical theorem to solve the stability
of the wavefunction. Unless a stable wavefunction is acquired, the properties of that particular
molecular system cannot be correctly studie.

Once the stationary structure is obtained after the optimisation, the system should be characterised
using a frequency calculation. The information yielded from the frequency calculation enables one to
one to evaluate the competency of the optimisation by comparing with the actual experimental data.
Furthermore, frequency calculation also tests the presence of the imaginary frequency. In the case of
locating one or more imaginary frequency numbers, the system computed does not represent a
minimum on the potential energy surface. Unless one is searching for a transitional state structure,
would yield one imaginary frequency, the presence of any negative frequency node indicates one
should perform a re-optimisation with different convergence criteria.

2.1.14 Molecular Partitioning

Quantum mechanics can be used to derive a wide variety of structural related properties. Regardless
which quantum mechanical methods employed, the calculation of these properties are basically
dependent on a fundamental factor, the electronic distribution. Various applications on analysing the
distribution of the electron have been proposed over the years. Since there is no actual quantum
mechanical operator for partitioning the molecule, these methods are purely arbitrary. In this section,
a few of the more popular electronic partitioning methods are listed. It is important to emphasise
that these methods relied on the result obtained from the above mentioned quantum mechanical
method to justify the validity of the calculations.

28



2.1.11.4 Diffuse basis functions

In some cases the above mentioned basis functions can not adequately describe the subtle electronic
distortions that occurred within certain systems. These systems include the excited states, molecules
with lone pairs (where electrons are relatively far away from the nucleus), anions or compounds with
significant negative charges (where the electronic density is more spread out over the molecule) and
hydrogen bonding complexes (wherte slight interaction of the electron cloud can induce vast amount
of energetic stabilisation). In order to describe these systems involving the electronic interaction
between the groups contribute to a considerable change of overall outcome, one would be compelled
to employ more “spread out” basis functions for which are able to account for a larger region of
space. These additional basis functions are called diffuse functions and they are essentially large-size
version of s- and p-shell functions. Such basis sets are normally termed as 6-31+G(d) or 6-31++G(d)
which simply means adding diffuse functions to heavier atoms and to both heavier atoms and
hydrogen respectively. It has been suggested that including diffuse function on hydrogen atoms
seldom make a significant difference in accuracy in most of these cases. However studies have shown
that using the 6-311++(d,p) does lead to a significant improvement on the accuracy for investigating
of hydrogen bonding phenomena.24

2.1.12  Basis Set Superposition Error (BSSE)

Basis set superposition error is an artificial mathematical effect resulting in an overestimation of the
interaction energy. This overestimation of energy has two causes:

® Accurate evaluation of the interaction energy of a complex system require the use of
sufficiently large basis set to correctly describe the multipole moments and the
polarizability of the systems. However, when the basis set employed in the calculation is
contracted, the margin of error increases.!

@ Within a complex, the wavefunctions of one molecule experiences the presence of the
basis functions on the other entity and this non-physical phenomena leads to a false
increase in the stabilisation of the wavefunction of the first molecule.t?

The magnitude of BSSE within a complex is equivalent to the strength of the binding energy.1315
There are two approaches to correct the BSSE and subsequently to estimate the binding energy: the
chemical Hamiltonian approach (LDH) and counterpoise correction (CP). Salvador and co-workers
have shown both methods essentially yield equivalent results.1” Owing to its simplicity, this project
employes the Boy-Bemardi’s counterpoise correction scheme to estimate the non-bonded
interaction.1®

AEgsse = E(X:Y;Z) — [E)+ E(Y) + E@) + E(X.Y) + E(X:Z) +E(Y:2)] eq 232
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2.1.11.2 Split-valence basis sets

The basis set may be improved by replacing each poimitive minimal basis set orbital with two orbitals
of different sizes, one large exponent and one small exponent. This is known as the split-valence
basis set for GTOs (for example, 3-21G and the 6-21G). Almost equivalently the double zeta basis of
the Dunning-Hunzinaga functionals (D95) also induce the same effect. When using this kand of basis
set, both orbitals of the set appear to mix in the ratio that gives the lowest energy. Due to the fact
that by combining a large orbital and a small orbital, one essentially yields an equivalent of orbitals
with intermediate size. Such type of basis set can provide more acceptable fits to the molecular
condition. 14

Similady the triple-split valence basis sets utilize three different size contracted functions as the
replacement of a single STO. Common examples are the 6-311G or other triple zeta basis sets
referred to as TZ, TZP and TZ2P.24

2.1.11.3 Polarisation Basis Functions

Although the split valance basis sets allows the size of orbitals to alter but they do not modify the in
shape of the orbital. In certain study cases, the orbital needs to be able to change their shape in order
to accommodate molecules containing heavier atoms or more polarisable atoms. It has been argued
that the orbital of one atom within a molecule can become smaller when they are attracted by
another atom with high electronegativity. This can significantly influence the atoms to distort or
polarise the electron density. The problem can be eradicated by adding polanisation basis functions,
the basis functions of higher angular momentum quantum numbers beyond what is required for the
ground state description of atoms. Polarisation functions allow the distortion of the spherical orbital
by mixing orbitals with higher valence shell symmetry. The orbital lobes within this type of basis set
can take shapes of orbitals with higher sub-shell number.24

One normally incorporates these polarisation functions by adding them to a single GTOs and not by
contracting them together. Results obtained by adding such polarisation functions to the split valence
basis sets can significantly improve the outcome of the calculation, particulardy for any system with
higher than ground state electronic ¢ tion.

Addition of the d-shell polarisation functions for heavy atoms to the double zeta basis sets is
expressed using nomenclature such as 6-31G(d) or 6-31*. The 6-31G(d,p) or 6-31** are used to
designate for basis sets which incorporate extra p-shell functions to the hydrogen atoms while
adding the d-shell functions onto the heavy atoms.24
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atomic orbitals within a molecule are now more correctly referred to as the "basis functions. The
basis set effectively defines the restriction on each electron to a particular region of space around the
molecule. Larger basis sets impose less restrictions.>***
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The c,,;are known as the molecular orbital expansion coefficients.

2.1.11.1  Gaussian-type Minimal Functions

The Schrodinger equation for the hydrogen atom and other hydrogen-like one-electron systems can
be solved directly by using atomic orbitals. These atomic orbitals are the product of several radial
functions which depend on the distance of the electron from the nudeus as well as a spherical
harmonic. However, it is too complicated to use these functions when trying to compute systems
with more than two particles. An altemative is to use Slater-type orbitals (STOs) which better
represent the real situation of electron density in the valence region and beyond. The STOs only
require functions that consist of spherical harmonics and an exponential term, but may show poor
accuracy when describing electrons that occur nearer to the nucleus.

Even though STOs do speed up the task of evaluating orbital integrals that are centred on three ot
four different atoms, it remains a very time-consuming. Pople suggested an altemative approach to
evaluate the orbital integrals which employs Gaussian-type orbital (GTO) functions. These GTOs are
fitted to the STO by using three linear combination of Gaussian function. As a result of this, the
functionals become less complex while still being applicable to since almost all the elements in the
periodic table. This type of function is known as the minimal basis set as it contains the fewest
function required to describe every atomic orbital within the atom. Such minimal basis set is simple
and is faily computationally inexpensive. However, it fails to yield accurate results when comes to
deal with if more sophisticated problems are dealt with. More flexible functions are necessary to
account for the different molecular environments. Therefore, it has been recommended that the
GTOs should be constricted into separate functions. In this approach, each basis function would
then be comprised of several linear combination of functions with fixed coefficients. It is therefore
adwvisable to expand the total number of the GTOs within a basis set, but usually kept to less than
six.2#4 The additional auxiliary functions to the STO-nG basis employed for improving the accuracy
of the solutions is commonly as expressed as following:

gy =cx'y"ze eq 231

t is composed of x, y and z coordinates « is a constant determining the radial extent of the function.
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2.1.11.2 Split-valence basis sets

The basis set may be improved by replacing each primitive minimal basis set orbital with two orbitals
of different sizes, one large exponent and one small exponent. This is known as the split-valence
basis set for GTOs (for example, 3-21G and the 6-21G). Almost equivalently the double zeta basis of
the Dunning-Hunzinaga functionals (D95) also induce the same effect. When using this kind of basis
set, both orbitals of the set appear to mix in the ratio that gives the lowest energy. Due to the fact
that by combining a large orbital and a small orbital, one essentially yields an equivalent of orbitals
with intermediate size. Such type of basis set can provide more acceptable fits to the molecular
condition.14

Similarly the triple-split valence basis sets utilize three different size contracted functions as the
replacement of a single STO. Common examples are the 6-311G or other triple zeta basis sets
referred to as TZ, TZP and TZ2P.24

2.1.11.3 Polarisation Basis Functions

Although the split valance basis sets allows the size of orbitals to alter but they do not modify the in
shape of the orbital. In certain study cases, the orbital needs to be able to change their shape in order
to accommodate molecules containing heavier atoms or more polarisable atoms. It has been argued
that the orbital of one atom within a molecule can become smaller when they are attracted by
another atom with high electronegativity. This can significantly influence the atoms to distort or
polarise the electron density. The problem can be eradicated by adding polarisation basis functions,
the basis functions of higher angular momentum quantum numbers beyond what is required for the
ground state description of atoms. Polarisation functions allow the distortion of the spherical orbital
by mixing orbitals with higher valence shell symmetry. The orbital lobes within this type of basis set
can take shapes of orbitals with higher sub-shell number.2+

One normally incorporates these polarisation functions by adding them to a single GTOs and not by
contracting them together. Results obtained by adding such polarisation functions to the split valence
basis sets can significantly improve the outcome of the calculation, particulardy for any system with
higher than ground state electronic configuration.

Addition of the d-shell polarisation functions for heavy atoms to the double zeta basis sets is
expressed using nomenclature such as 6-31G(d) or 6-31*. The 6-31G(d,p) or 6-31** are used to
designate for basis sets which incorporate extra p-shell functions to the hydrogen atoms while
adding the d-shell functions onto the heavy atoms.24
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atomic orbitals within 2 molecule are now more correctly referred to as the "basis functions. The
basis set effectively defines the restriction on each electron to a particular region of space around the
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The c,,;are known as the molecular orbital expansion coefficients.

2.1.11.1  Gaussian-type Minimal Functions

The Schrodinger equation for the hydrogen atom and other hydrogen-like one-electron systems can
be solved directly by using atomic orbitals. These atomic orbitals are the product of several radial
functions which depend on the distance of the electron from the nucleus as well as a spherical
harmonic. However, it is too complicated to use these functions when trying to compute systems
with more than two particles. An altemative is to use Slater-type orbitals (STOs) which better
represent the real situation of electron density in the valence region and beyond. The STOs only
require functions that consist of sphenical harmonics and an exponential teom, but may show poor
accuracy when describing electrons that occur nearer to the nucleus.

Even though STOs do speed up the task of evaluating orbital integrals that are centred on three or
four different atoms, it remains a very time-consuming. Pople suggested an alternative approach to
evaluate the orbital integrals which employs Gaussian-type orbital (GTO) functions. These GTOs are
fitted to the STO by using three linear combination of Gaussian function. As a result of this, the
functionals become less complex while still being applicable to since almost all the elements in the
periodic table. This type of function is known as the minimal basis set as it contains the fewest
function required to describe every atomic orbital within the atom. Such minimal basis set is simple
and is fairly computationally inexpensive. However, it fails to yield accurate results when comes to
deal with if more sophisticated problems are dealt with. More flexible functions are necessary to
account for the different molecular environments. Therefore, it has been recommended that the
GTOs should be constricted into separate functions. In this approach, each basis function would
then be comprised of several linear combination of functions with fixed coefficients. It is therefore
advisable to expand the total number of the GTOs within a basis set, but usually kept to less than
six.># The additional auxiliary functions to the STO-nG basis employed for improving the accuracy
of the solutions is commonly as expressed as following:
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r is composed of x, y and z coordinates @ is a constant determining the radial extent of the function.
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LDA works well in solid-state physics but is ineffective to compute most chemical applications that
do not satisfy the restriction of slowly varying electron density. Moreover, the exchange correlation
energy functional term of the LDA sometimes tends to over-estimate the total energy. This leads to
the necessity for the development of other improved functionals. The generalized gradient
approximations (GGAs) demonstrated 2 much better accuracy in predicting the chemical properties.
This method computes the density fluctuations via the gradient of the density.5

A more popular class of GGA is the hybrid functionals proposed by Becke. This class of functionals
combine the exact Hartree-Fock exchange with conventional correlation functionals. These hybnd
functionals can provide significant improvement on the estimation of various molecular properties
over other GGAs. The most frequently used hybrid density functional theorem is conceivably the
Becke-three-Lee- Yang-Parr (B3LYP) functionals!! where there exchange functionals are combined
with the Hartree-Fock exchange (E/F) and the Slater local-density exchange (E,Ss=[p] = ap*/3)
together with the addition of the correlation functional that included both uniform (local) and
gradient (non-local) terms.24 Moreover, three scaling parameters are customized into the algorithm as
is shown in the following equation:

E_(B3LYP) = A x E 3= + (1-A) x E}¥ +B x DE 8¢ + E YW + C x DE =Yg Pax eq2.29

where the AE,Bexe is the exchange "correction” term, E.YWN represents the correlation functional
based on a uniform electron gas'2 and AE/esYmgha denotes the non-local corrections to the
correlation functional taken from the LYP expression. The "best” scaling parameters that found to fit
a number of calculations were declared to be 0.80, 0.72 and 0.81 for A, B and C respectively.512

Density functional theory is generally most suitable for ground state theory. It performs poory on
excited state modelling. Apart from the highest occupied state, the eigenvalues obtained from DFT
do not always necessarily coincide with the physical eigenvalues of the system. Furthermore, it has
long been argued that this level of theory is unsuitable for calculations involving systems with
substantial degree of hydrogen bonding.!* Further discussion regarding the comparisons between the
MP2 and B3LYP calculations will be dealt with in chapter 4.

2.1.11 Basis Sets

The use of basis sets to represent the solution of the electronic Schrodinger equation can be dated
back to 1927 when Heitler and London made use of a basis set of hydrogen orbitals to describe the
electronic structure of some simple molecules. Molecular orbitals can be expanded as a linear
combination of atomic orbitals. The mathematical representations of such linear combination of
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2.1.10.2 Density Functional Theory

An altemative electronic correlation method is density functional theory (DFT). Pure density
functional theory was originally developed by Hohenberg and Kohn and later modified by Kohn and
Sham. The pure density functional theory was subsequenty further modified by Becke and co-
workers. They created 2 new category of density functional theory in which the functionals are
tatlored by the addition of hybrid theory and few parameters.? Recently the application of DFT in the
computational chemistry has gained overwhelming popularity as these methods offer a significant
amount of electron correlation with only 2 minimal fraction increase on the computational cost in
comparison with Hartree-Fock210 Despite its simple origins, DFT is not a post-Hartree-Fock
method sincere here the electronic charge density is the fundamental vanable rather than the
wavefunction. The electron spin and spatial parts of the equation are different in DFT than to those
implemented in Hartree-Fock theory.5

For a given wavefunction, ¥, the Hamiltonian, H,, can be represented by the following equation:
Ha=T+U+V, eq2.25

T and U are the common kinetic and interaction energy operators, respectively. Vy is the ground state
electron density corresponding with the external potential. Density functional theory is based on the
conception that within a many-electron system there is a direct connection between the external
potential and the electron density:24

V() o) » eq2.26

According to this theory, all properties are a derivation of the density. The electron density yields the
potential, which then determines the Hamiltonian and the wavefunction y[g}. All physical properties
can then be determined. Kohn and Sham showed that the exact ground-state electronic energy for an
N-electron system could be written as:

WP HI¥loD =[dr d0p+Tip}+ Vo] = Ejp) Eew) eq221

with T[] is the electronic kinetic energy functional and Ve[d] is the electron-electron interaction
energy functional 24

A vadety of density functional theorems have been established. Kohn-Sham’s local density
approximation, LDA, is noteworthy. This method stated that in a one-electron formalism, there
exists 2 number () of non-interacting electrons in the system. Each electron in the system will
experience only a local potential Vi(r) that yields exactly the same density as the system of interacting
electrons with potential V(r). The electron density is represented by the sum of the densities of the
n/2 doubly occupied single-particle spatial orbitals. Since the exact expression for the exchange
correlation energy functional which compensates for the electron-electron interaction is not yet been
proposed, therefore this forced one to use an approximate functional 24



larger one-electron basis sets than Hartree-Fock method to yield converged results. Therefore CI and
CC calculations generally required extensive amount of computational cycles.24

In 1933, Maller and Plesset established a particulady successful method which was able to resolve the
correlation problem. This method is also based on the varational principle to account for the
correlation energy. When examining a system where static correlation effects are negligible, the
remaining cotrelation can be dealt with as 2 small perturbation of the original Hartree-Fock method.
Calculation of the energy using the perturbation theory is based on the following principles. In the
basic perturbation method, one decomposes the Hamiltontan matrix in the following way:

H=H+AV eq 221

Perturbation theory works on the idea that if one has possible solutions to the answer to the
problem, one can work out an answer which is closely to the related problem. Thus, one would like
to make the simplest possible choice for Ho. AV is the perturbation applied to Ho. Given a choice of,
the CI secular equation becomes:

Ho—E)C=-VC eq 222

If the outcome generated from the modified Hamiltonian operator is not satisfactory, one can
continue solving the difference between the Hamiltonian operators as a small perturbation to the
first solution by literately treating the above equation according to the following expression:

Ce = (E —Hy) VCo) eq 223

A higher approximations to the desired C vector can be generated as its eigenvalue E can be
corrected at each iteration with the using the equation stated below:

(E - B)(C)TC = (Cy)T VC eq 224

Even though Moller-Plesset perturbation theory may sometimes overcorrect Hartree-Fock results,
this form of electron correlation is stil relatively economical in terms of the computational
processing time when compared to the CC or CI methods. The second order Moller-Plesset
perturbation theory (MP2) does provide a reasonable proportion of the correlation energy. Although
a higher order Moller-Plesset perturbation methods, such as the third and fourth order Moller-Plesset
perturbation methods (MP3 and MP4) may yield better results. However, they are much more
computationally demanding than MP2 but only able to yield an improvement of results about a few
tenths of a kcal/mol-. Thus, for this the reason, MP2 remains as the most widely used method for

computing correlated structures and binding energes of hydrogen bonded complexes.>*
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requires the user to predefine the electron spin of the state. This causes problems for some study
cases where one needs to investigate what that spin state is and how it relates to structure and
reactivity.’

The unrestricted Hartree-Fock (UHF) method is the popular approach in simulating open-shell
systems. This method adopts what has been called the "Different Orbitals for Different Spins" |
approach. There are two sets of spatial orbitals used within a computation: those with a- and 8- spin
electrons. This separation of orbitals has been found to reproduce attributes of the open-shell system
most closely.?

2.1.10 Electron Correlation Methods

In general, there are four sources that can lead to an incorrect energy estimate when using a Hartree-
Fock level calculations: '

€)) relativistic effects
)] dewviations from the Bom-Oppenheimer approximation
3 the neglect of the complete treatment of the electron correlation

@ the incompleteness of the basis set assumption

The first type of error is only important for molecules containing heavy atoms. The second is
negligible for ground-state systems. Hence, these types of errors do not affect the study of
carbohydrates. However, the third and the forth problem may significantly interfere with the
accuracy of the computation. The third source of errors is discussed in this section and the fourth
source of error will be explored further in the discussion of basis sets section.2

In order to compensate for the lack of electron correlation of Hartree-Fock theory, many electron
correlation methods employ different schemes to approximate and optimise the wavefunction.
Moller-Plesset (MP) perturbation theory, configuration interaction (CI), or coupled cluster (CC)
methods are the three post-Hartree-Fock electron correlation methods. Density functional theory
(DFT) also takes electron correlation into account, although strictly speaking, it is not a true post-
Hartree-Fock electron correlation method.24

2.1.10.1 Moller-Plesset (MP) Perturbation Theory

The MP perturbation theory is the more popular electron correlation method due to the fact that the
(I and CC methods are both based on the principle of involving large matrices in which a
wavefunction built with linear combination of Slater determinants. It is crucial to bare in mind that in
order to yield acceptable results: most of the explicit electron correlation treatments require much
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E®:22E@) ;E#¢ _ eq 2.17

Where E is the symbol chosen for antisymmetric normalised function of electron coordinate >4

2.1.8 Roothaan-Hall Approximations

The Hartree-Fock equations are a set of integro-differential equations using basis vectors. The
Hartree-Fock equation can be transformed into a set of algebraic equations but gives a generalized
eigenvalue which i1s a problem to solve. Roothan and Hall derived the following coefficient
expansion equations using the variational principle,

FC =SCe eq2.18

where C is the molecular orbital expansion coefficient matrix, e is the diagonal matrix of orbital
energies and F s called Fock matrix and is defined as follows:

Fr=Hu+ Pio [(uv |A0)-1/2(h | vo)] eq 2.19

where Hw represents the energy of an electron in the field of the nuclei. Py, is called the density
matrix element that can be defined by the following expression:

P = 282G Ga eq2.20

It has been found that the Fock matrix and the molecular orbital theory depend on their expansion
coefficients and these equations can only be solved in the iterative manner. The (uA|vo) term
represents the two-electron-repulsion integrals and under the Hartree-Fock treatment each electron
experiences the average field of all the other electrons without there being any instantaneous
electron-electron interaction.>*

2.1.9  Multiplicity and Open Shell Methods

The multiplicity of a molecule is determined by the number of unpaired electrons the molecule
contains. In this project, only the nomal ground-state equilibrium structures consisting of only
paired electrons were studied. These systemns are termed “singlets” or also commonly known as
"closed-shell molecules”. However other methods have been developed to handle the “open-shell
system” which contains either free radicals with one unpaired electron or biradicals with two
unpaired electrons respectively. The assumptions made in the restricted Hartree-Fock method are
inappropriate for to these open-shell molecules. There is more than one way of resolving this type of

problem.”

The Restricted Open-Shell Hartree Fock method (ROHF) is one method that extends the HF
principle to treat open-shell systems. It uses the open-shell wavefunction that is well approximated
with a single, spin-adapted linear combination of Slater determinants. However, this method requires
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up (alpha) or spin down (beta) state. Since electrons are fermions and the orbitals which descabe the
system must satisfy the fermion wavefunctions charactenstics. Electrons must obey Fermi Dirac
statistics and a sign change is necessary if two electron are interchanged .24 In 1930, Fock pointed
out that this invalidity of Hartree wavefunction since it did not satisfy the Pauli Excdlusion Principle.
The wavefunction must be antisymmetric with respect to electron interchange. Fock demonstrated
that a Hartree product could be made antisymmetric by adding and subtracting the permutations of
the Hartree product.$

JE) =1 @) eq 2.14
Ex - i- 22 ﬂ ll’i(rl)ll!j(rl)ll,i(rZ)ll(j(rZ) 81’1 81’2
2 i I -6 l
eq2.15

Later, Slater illustrated that the resulting wavefunction is simply the determinant of a particular
determinant matrix. This matrix is now known as the Slater matrix determinant. For example, in a
dosed shell system containing # electrons, the electrons are assigned two at a time to a set of
molecular orbitals5 In the Hartree-Fock self consistent field (HF-SCF) method, the wavefunction
will increase with a subset of all possible of Slater determinants.

TIROLTO N O S 80D, ADBD)
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OO I — RCTICTNL ) eq 216

where « and $ denote the two electrons of different spin within an orbital. Swapping two electrons
simply corresponds to interchanging two rows of the determinant which subsequently lead to
swapping the signs. The possible permutations are represented by n! term. The wavefunction can be
thus solved using a single Slater determinant is used when the orbitals is vaniationally optimised.24

2.1.7 Variational Principle

The variational principle states that the expectation energy value obtained from using an approximate
wavefunction is always equal to or higher than the exact solution of the Schrédinger equation for a
particular Hamiltonian operator. An improvement of the wavefunction description results on lesser
margin of error between the calculated value and actual value. This means that if one has a
wavefunction that contains flexible parameters, one can then adjust the parameters to minimise error
in the expectation value towards the exact solution.
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A convenient way of partitioning the molecular electron distnbution ar  gaining an idea of its charge
distribution has its origin from the Mulliken population analysis.!® However, even though Mulliken
population analysis 1s quick to perform, it does suffer from a few drawbacks. This method ngidly
assigns an atomic charge to the atom around which the otbital is centred. It apportions electrons
between the pait of atoms equally which is somehow problematic for electrons sharing between p, d
or f shell orbitals and s shell orbital. Furthermore, this method is highly basis set dependent and the
calculation schemes can sometimes allocated a negative number of electrons or more than two

electrons within an osbital. This clearly violates the Puali’s exclusion principle 42

The Merz-Singh-Kollman scheme uses the principle proposed by Cox and Williams of fitting the
electrostatic potential to points selected on a set of concentric van der Waals envelope around each
atom.2! This method is more acceptable than the Mulliken-Léwdin population analysis. We employed
this method to roughly estimate the atomic charges assignment scheme in force field
parameterisation (refer to chapter 5). However, the Merz-Singh-Kollman analysis has a disadvantage
of being conformationally dependent. In other words, it tends to be defective for studying atoms
which are buried within a molecule42! Therefore one can not depend on this method to solve
problems which requires accurate analysis. Bader’s Atoms in Molecule theory (AIM) overcomes these
drawbacks by offering a more theoretically sounded approach of partitioning the electron population.

From a chemistry level, atoms are the fundamental constituents of all matter and within each atorn,
the positively charged nuclei are immersed in a cloud of negatively charged electrons. The electron
clouds which may be represented as electron densities, p(1), are distributed throughout space but
mostly are confined within the region of space bounded by the attractive field exerted by the nuclei.
Once the optimised geometry and the wavefunctions of a system are known, AIM can transform the
distribution of electron density of the atoms found at any particular part of the molecule into a 2-
dimensional gradient vector map. This vector map is also known as a relief map (see Figure 2.2) and
it allows one to transforms the electron density into a measurable property by examining the

topology of the map.2

One can slice a part of molecule (shown in Figure 2.2(1) highlighted with blue lines) and transform it
mnto a relief map (Figure 2.2(11)). In Figure 2.2(i1), the po(r) s iteratively traced out based on the
gradient vectors trajectory as well as the direction of the density trajectory at each point of the map
iteratively. Then p(r) gradient of the neighbouring point is calculated and a new direction 1s obtained.
By repeating of this process, one can trace out the total trajectory of Vp(r) of the system and a relief
map can be generated. The positively charged nucle, also known as the attractors, exhibit a strong
attracting force on the negatively charged gradient vector field of the electron density resulting the



maximum o{r) to be found near the position of each nucleus. All trajectories terminate at each
nucleus. At the same time, one can also derive the mmima and saddle points along the gradient
vector trajectory. By joining all the saddle points on the map, one can successfully partition the

“atoms” found on that particular molecular slice according to the topology of the p{r) 2

Figure 22 Graphical representa n of transforming a slice of the GlcM  :-o-(1—4)-3-amine-Glc

into a 2-dimensional relief map and partitioning the atoms base on the p(r) topology.

Since AIM enables the partitioning of the ““atoms” found on a particular molecular slice according to
above mentioned procedure, thus simnilardy by stacking all the slices that made up of the whole
molecule, one accurately determine the amount of p(r) found within each 3-dimensional atom in the

3-dimensional molecule. The 3-dementional charactenisation of pfr) defines the atomic boundary
which 1s often referred as an atomic basin. Each basin is the region of space cross through by the
trajectories but terminating at a given attractor. Since a single attractor is associated with each basin,
the merger of an attractor and its ba | can be regarded as an atom. Within this boundary, the atomic

volume can be calculated.

Alternatively, an atom can be defined as a region of space bounded by surfaces through which there
15 a zero flux in the gradient vector field of the electron density (refer to equation 2.38). An inter-
atomic surface 1s defined by the set of trajectonies that terminate at a point where the "zero-flux"

boundary condition 1s satisfied for every point 1 on this surface S(ts).

Vo(on(t) = 0 eq 233



The n(r,) is the unit vector normal to the surface at r.. The thick black lines found in Figure 2.2(1)
indicate the region that satisfy this "zero-flux" gradient condition and the atoms are partitioned
accordingly.

Each topology of p() is associated with a bond critical point (BCP). A BCP denotes a point where
the V(1) = 0. There are four types of possible points associated with a three-dimensional system and
they are defined as following:?

(3-3) Al curvature of p(r) at the critical point is negative and p(s) is a local maximum at r..
These type of points represents the location of the nucleus.

(3-1) Two curvature of p(r) is negative with local maximum p(r)s at the 7 in the plane of the
two axes. The third curvature is positive and A(r) is a local minimum at the . along the
axis perpendicular to the plane. This type of points represents the location of the bond-
critical point.

(3,+1) Two curvature of p(s) is negative with local minimum g(r)s at . in the plane of the two
axes. The third curvatures are positive and A(r) is a local maximum at r. along the axis
perpendicular to the plane. This type of points represents the location of the ring-critical
point.

3,+3) All curvature of p(r) at the critical point is positive and 1s a local minimum at 7. This
po po
type of points represents the location of the cage-critical point.

2.1.14.3 Investigating Hydrogen Bonding using AIM

AIM is particulady useful when considering the controversial hydrogen bonding phenomenon and
this technique has been extensively applied in characterising hydrogen bonding. 2427, For the purpose
of our study, we direct out attention to the fundamental meaning of (3,-1) critical point. Associated
with each bond-critical point, there is a set of trajectories that start at infinity (1.e. the nucleus) and
terminate at the bond-critical point. Therefore, between two nuclei, an atomic interaction line with
maximum g(r) can be traced along the gradient vectors trajectory of the electron density. This atomic
interaction line is known as the bond-path. Hence, the existence of a (3,-1) critical point implies that
P(t) occurs between two nuclei and linked by the associate bond path. In other words, the existence
of a (3,-1) critical point indicates the formation of a bond. One can study the relationship and the
relative characteristics of the atomic interaction of any two atoms in the molecule based on the bond-
catical point. The covalent characternistic of the hydrogen bonding has cleary been illustrated over
the past using this theory?-? (refer to chapter 4 for more the discussion of the physical charactenstic
of hydrogen bonding).
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Apart from the presence of (3,-1) BCP, it was found that a true hydrogen bond must comply with
these two sets of properties listed below:2.2

o)) The following topological changes must be found within the (3,-1) BCP: (a) the o(?) locates
within the range of 0.002 to 0.04 a.u, (b) The Vp(x) value fall between the range of 0.015 to
0.15 a.u. and (c) mutual penetration of hydrogen and acceptor atoms. 282

@ The following integrated properties must be found between the hydrogen atom and the
acceptor. () an increase of the positive atomic charge of hydrogen atom along with a
decrease of the atomic charge of the acceptor atom, (b) the occurrence of a energy
stabilisation, (c) a total decrease of dipolar polarisation and (d) decrease in the atomic
volume of hydrogen atom along with an increase of the atomic volume of the acceptor.28.

2.2  Applications

Electronic structural approaches resolve the molecular wavefunctions in terms of basis function
coefficients. Along with a number of approximations, these applications involve calculating the
energy of a given arrangement of molecular coordinates generally obtained from geometrical
optimisation and they are based on the fundamental physical principles. Therefore ESAs do not
depend on the nature of the system under investigation. Hence, making correct use of the electronic
structural techniques for predictive calculations leads to a much reliable investigation. The ESAs are
non-biased and the results obtained are generally highly comparable to the experimental findings.
Chapters 4 and 6 rely profoundly on the electronic structural methods to analyse intra- and inter-
molecular hydrogen-bonding within carbohydrates. The ESA methods were also to chapter 5 for
assisting the force field parameterisation process.

2.3 Conclusion

ESAs are most useful for simulating the detailed electronic structure of a system or predicting the
mechanism of a reaction. Traditionally, these methods are limited to small molecules owing to
the high computational cost of the calculations. As the availability of computing power increases, the
range of problems addressed by electronic structural methods have widened. However, the
computational cost for study of a large chemical system on the atomic level using electronic
structural approach still remains exceedingly high. Therefore, there is still a need for empirical force
field methods in order to model such system. The principles and the techniques relating the empirical
force fields (EFF) are covered in the next chapter.
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Empirical force field ... . , methods are the fast-growing discipline of computational chemistry. The
conformational behaviour and energetic properties of molecules at atomic level can be evaluated
using EFF methods provided that the composition of the system and a set of spatial coordinates for
all the atoms within the system are both defined properly. The reason EFF works at all is due to the
validity of several assumptions. The Born-Oppenheimer approximation is perhaps the most
important assumption amongst all. Without it, one would not be able to describe the system as the
function of the nuclear coordinates. In the EFF methods, molecules are treated at the atomic level
and the electrons are not explicitly treated. The original concepts of these methods aimed to mumic
the vibrational spectroscopy. The atoms and bonds are assumed to behave like balls and spring.
Commonly, the EFF methods employ several algorithms derived from Newtonian principles to
account for the dynamic nature of the system. Using EFF methods in combination with the principle
of statistical mechanics results in the conversion of microscopic properties of the vibrant system into

macroscopic deterministic observables.1.2

A variety of simple potential energy functions were implemented in the EFF calculations resulting in
an empirical model. CHARMM (Chemistry at HARvard Molecular Mechanics) i1s such an EFF
program. Modelling of isolated macromolecules, condensed phase systems, crystalline and
amorphous solids to are all possible using CHARMM. It features a wide range of functions and
analytical tools that enables researches to study the relativistic molecular properties. Even though the
program has been extensively tested and modified since the original version of CHARMM published
in 1983, the fundamental structure of the program is still unchanged.3# In this chapter, the important
aspects of the CHARMM program are overviewed along with selected principles and theories that

are central in EFF simulation methods.3#4

The potential energy functions are the mathematical expressions used to describe the dependence of
the energy of a system on the coordinate of its atomic composition. These functions along with their
parameters are known as the force field. The energy, E, is a function of the atomic positions, R, of all
the atoms in the system which is usu y expressed in terms of Cartesan coordinates. There are two
broad classes of energy functions, #g 'bonded’ and 'non-bonded' interactions. For the purpose of this
work, bonded interactions are taken between atoms that are connected covalently by no more than
three bonds (i.e. not more than four atoms) whereas the non-bonded interactions are taken as the
atoms are more than two bonds apart d in addition to those that are not chemically bounded. The
value of the energy is calculated as the sum of the covalently bonded terms (ie. Ewnts, which
describes the all the bonded interactions such as stretching, angles bending and dihedral angle

torsions in a molecule), and a sum of the non-bonded energy terms (1.€. Enn.sonid, Which takes van der



Waals, electrostatic and other higher terms interactions into consideration)> The pictorial

representation of the empirical force field terms are shown mn Figure 3.1.

Non-bonded -
Potentials

Figure 3.1 Pictorial representation of the terms included in a force field.!

The values of the force constants and the corresponding parameters of the various potentials are
often estimated from experimental data such as infrared-Raman stretching frequencies, microwave
spectroscopy data, NMR plots and high resolution crystal structures. However, sometimes these
experimental data are unavailable and denving force field parameters can be achieved through
comparing the EFF calculated properties with the results generated from high level quantum

mechanical calculations (refer to chapter 5 for more examples).!%5

Depending on the empirical force field methods used, the implementation of covalently-bonded
potential functions may differ slightly. Typically, the principle of deriving the total bonded energy
generally comprises the terms below:

EW:EW+EM1@+EW+F_‘VP+E“’ 7y terms eq31

These potential functions behaves like penalty functions, whereby an energy penalty is imposed once

the specific term dewviates from its ideal geometry.12

In many force fields, harmonic bond stretching functions are employed. The

Morse potential function is known to be the most accurate model for bond stretching but has the



disadvantages of increasing computational time. CHARMM describes the bond stretching using the

simple harmonic functions.

E,.,= 2.K, (6—5)°
= 24K, (0= by w32

In this approximation, the energy of a bond is a quadratic function of the deviation of its length, &,
from its ideal bond length, &. The force constant, K;, govems the strength of the bond. The values
of both the ideal bond lengths and the force constants are different depending on the chemical
constituents of the covalently boned atom pairs. The harmonic function suffers from the limitation
as it only roughly describes the actual behaviour of the covalent bond. This function tends to deviate
too steeply when the bond length is over stretched from its ideal value. It provides a fairly inaccurate

representation of large deformation dissociation, but overall, it produces satisfactory results.!2

In CHARMM, the angle bending motions, Ejed,, involving three bonded atoms

modelled using the simple harmonic function.

Ebnuﬁng = EKH (0 - 00)2
angle eq 33

E, i, thus depends on the amount that the actual bond angle, 6, deviates from its equilibrium value
6. Once again the values of th and K, ate specific to the chemical types of the atoms that makes the
angle. The only drawback of using 2 harmonic potential function to describe the Equnge 15 the lack of
accuracy when modelling the strained ring systems. Nevertheless, the overall outcome of employing

this function 1s satisfactory.12

The torsional interactions are represented by the bond dihedral potential
functional. This term accounts for the behaviour of steric barriers occurred between atoms separated
by three covalent bonds. A Fourier series is generally used and several functions are summed
together in order to reproduce the appropriate torsional rotation motion. CHARMM’s torsional

angle terms are defined to be periodic and is often expressed using cosine functions as follows:

By = 21Ky (1-c05 @)

dibedral eq34
K. 1s the rotational energy barrier height and n s the periodicity of the torsion angle @. It should be
emphasized that unless the non-bonded interactions (van der Waals interaction and the atomic
charge assignments), described in section 3.1.1.2, are specified correctly, the K, parameter does not
fully correspond to the actual complete profile of the molecule.l2 Hence in order to model the



torsional interactions correctly, both the dihedral and van der Waals parameters need to be
appropriated chosen. Careful selection process of these values must be carried out and this will be

demonstrated in chapter 5.

Many chemical groups involve arrangements of 4 or more atoms 1n a
plane. The improper dihedral term, also known as the out-of-plan bonding terms, s used to uphold
the planarity and the chirality of the molecule. CHARMM employs a harmonic energy term to
represent the improper dihedral potentials. The topology of the bonding atoms 1s different from the
scheme of the 'proper’ dihedrals.12

E,__ = K. (@—9)
zmpreper i Z 1(¢ ¢0) eq 35

One additional potential function 1s also implemented in
CHARMM namely the Urey-Bradley potential function. This term 1s an mteraction based on the
distance between atoms separated by two bonds. It takes the 1-3 interaction into account rather than
an explicit potential. The Urey-Bradley term is used to overcome the difficulty of mimicking the

force constant matrix within a molecular vibrational spectrum.

Etey sty = 2K (5 = 55)°
v ods UB eq 3.6
Unless this term is included, the evaluation of the molecular vibrational energies would not yield

reasonable agreement with experimental data.34

Commonly in EFF, any non-bonded interaction involving more than two atoms is neglected. The
non-bonded interactions potential function mainly consists of two components; the van der Waals
and the electrostatic interaction energy. Sometimes, other terms such as hydrogen bonding, stretch-
bend, bend-bend, torsion-bend and/or polarization functions can be specifically introduced in
CHARMM. But it is generally sufficient to employ only the van der Waals and the electrostatic

interaction for the condensed phase modelling.3+4

Evon-bonded = Euan dor Zaas + Eeteotostasic + Eladiinonai rms eq3.7

This term models the atomic size parameter while trying to mimic
the energy mnduced from the electron correlation effect between the atoms. The van der Waals

interaction between any two atoms 1s known to be attractive at long range between all atoms. Thus 1s



due to the London dispersion forces initiated from fluctuations in the charge distribution in the
electron cloud on one atom which irther induced a direct dipole in a second atom or a molecule. In
the short interatomic range where overlapping of the electron clouds occurs as the distance between
the atoms 1s less than their aton  radu, the interaction is strongly repulsive. The Buckingham
potentials and Lennard-Jones pote ials, also known as 6-12 potential, are the two expressions that
have been widely accepted to model van der Waal interaction. The Buckingham potential is
particularly useful for investigating  ort contacts. This is due to the fact that the Lennard-Jones term
can sometimes over-estimate the steepness of the repulsion between two atoms that are positioned
less than the optimal mnter-atomic distance. However, a drawback of using Buckingham potential 1s
that at the very short inter-atomic distance, the function inverts and yields a negative mfinity value. It
1s this reason CHARMM utilizes the Lennard-Jones potential to model the van der Waals interaction.
CHARMM describes the mnteractic energy using the atom-type dependent constants, r; and 7 in
which r-12 term represents the short range repulsion and the London dispersion forces are accounted

for by the r- term.

72 5
[ J.

- r.. r-.
Non-tonded I if

eq 3.8
‘The overall shape of the curve below is nfluenced by the collision diameter, ¢ (the distance at which
the energy required is zero) and the well-depth, €. 'The separation of atoms r* is roughly equal to the
sum of the van der Waals radii of that atoms. The depth of the curve determunes the interaction

energy, E*. Both r* and E* are atom type dependent.1.2

Figure 32 A typical van der Waals interaction energy plot.



Coulombic Interactions: CHARMM employs the Coulomb potential to model the electrostatic
interaction between charged atom pairs.

9:9;

E Cpntmbis = 2 e —2
Condombic Z 4ns 7',','2

pe eq 39

where D is defined as the effective dielectric function for the specific medium and r is the
interatomic distance between the atom pair having charges ¢ and 4. The influence of the atomic

charge on the overall potential energy will be discussed further in Chapter 5.

3.1.2 Energy Minimisation

Energy minimisation is the technique used to search for the conformation of the molecule with the
lowest potential energy. Such technique iteratively refines the geometry of a molecule based on the
relative energy of the geometrical conformers. It is advisable to perform an energy minimisation
before starting a molecular dynamics simulation as such these technique are useful in remove any
undesirable steric clashes existing between atoms or molecular groups which can otherwise cause the
distortion of the structure and result in an unstable simulation.

Energy of the system varies according to atomic positions. Thus conceptually the geometrical change
of a system can be visualised as moving along on a multi-dimensional “surface” called the potential
energy surface. All energy minimisation techniques are dedicated on searching along a downhill path
on the potential energy surface. Hence these techniques tend to find the local minimum on the
energy surface that is nearest to its starting point. These approaches may fail to reach the global
minimum due to the high conformational energy barrier. A thorough conformational search should
therefore be carried out using simulated annealing procedures (described in chapter 5).

The “simplex” and “sequential univariate” methods are the two common non-derivative
minimisation approaches. However, this type of approaches is somehow not as effective and reliable
as the first and second order denvative minimisation methods. Many modem minimisation
approaches are now based upon the pnnciple of higher order algorithms which require only a
fractional increase of computationally cycles but yielding more dependable results. CHARMM offers
five different energy minimisation algorithms and each has its own strengths and weaknesses.67 Since
only two minimisation methods are employed in this project, the discussion will thus be limited to
these two methods only.

Steepest Descent: The method of steepest descent (SD) employs the first denivatives of the
potential energy of the molecule with respect to the molecular atomic coordinates. A new atomic
configurations is generated from the current configuration using the following equation:
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X powr = Ky + A x 5 ¢q3.10

where s is the unit vector that points the search direction along the force (F = -dE/dr), A is the step-
size that govems the amount of change allowed per step along the search path while X is denoted for
the molecular atomic coordinates.

SD is a fast and practical of method when dealing with the initial stages of an energy minimization
where the forces are strong. However, it suffers from poor convergence. This algorithm sometimes
yields structures that are trapped in a local energy minimum of relatively high energy since the
algorithm may fail to cross the potential energy barriers.s’

Conjugated Gradient: The conjugated gradient (CG) method employs first-derivatives. It
produces a set of directions prevents the minimisation oscillates within the narrow valley of the
global minima. In conjugated gradient method, the gradient vector at each point is orthogonal.
Furthermore, the search direction is a combination of that given by the force and the previous search
direction:

§ =2 X S eq3.11
where ¥ is given by

= Qo) Goew) [/ Eoidy™ Zoley eq3.12

The CG method is slightly slower than SD, but the method can produce larger coordinate alterations.
This can often lead to atomic configurations with lower energies.

Other high-order minimisation methods are also available in CHARMM. These are based on the
ponciple of the Newton-Raphson method. Multidimensional Newton-Raphson methods require
both first and second derivatives of the energy about the energy surface. However, other second-
denvatives minimisation methods are usually computationally costly in terms of both the memory
and speed. Thus for large molecular systems, they are less frequently employed than the first-order
minimisation methods.¢” In this project, the minimisation scheme generally employs a combination
of SD and CG.

3.1.3 Statistical Mechanics

The goal of molecular dynamics (MD) is to gain insight and to predict the macroscopic properties of
a systemn based on its microscopic behaviour. In order to achieve the goal, one needs to convert the
microscopic information obtained from simulations to macroscopic observables using the rigorous
theoretical formulation of statistical mechanics.
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Thermodynamics, structural and transport properties can be calculated from microscopic observables
combined with the statistical mechanics methods. Within the microscopic state, the system can be
completely described by the phase space parameters: the three atomic positions, gz, gy and qz, and
the three momenta description, px, pv and pz For a system with N particles, the system consists of a
6N dimensional phase space. Each point of the phase space represents a state of the system. A
collection of all possible points in the phase space which have different microscopic states but have
an identical macroscopic state is known as an ensemble.2?

3.14 Calculating Averages from a Molecular Dynamics (MD)

Simulation

An ensemble average (< A >) is the averages value of the quantity A, determined for a large number
of replicas of the system. MD simulates an ensemble as a function of time thus a time average
property (<A>sme) to be computed as a function of the microscopic states of the system in the
available phase space. The basic idea is that if one allows the system to evolve in time indefinitely, the
system will eventually sample through all possible states. A molecular dynamics simulation must be
sufficiently long in order for all representative configurations to be sampled.

- =rh;n%f ANO SR

eq 3.13

In equation 3.13, the <A> term is expressed as a function of the momenta, p, and the positions, 7, of
the system. The integration is over all the possible values of rand p. M is the number of time steps in
the simulation and ApN,/) is the instantaneous value of A.

Based on statistical mechanics, the Ergodic Hypothesis is a method for computing molecular
properties of the system from MD simulations. It states that statistical averages obtained from
ensembles are equivalent to the “time-averaged™” properties since a computer simulation cannot
follow a path in phase space over an infinite amount of time. The simulation time is limited to a
finite period and the phase space may not thus be completely sampled. Hence one must be satisfied
with the following statement:

A= <A> eq3.14

A number of different ensembles exists, each possessing its own unique charactenistics. In this work,
only two different statistical namely the ensembles, microcanonical and the isothermal-isobaric
ensemble are employed.

In the basic MD setting the macroscopic observables N (number of atoms), V (volume) and E
(energy) are held constant. This is known as the “microcanonical ensemble” (NVE). The NVE
ensemble can be shown to be thermodynamically equivalent to the other ensembles. The NVE
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ensemble can be shown to be thermodynamically equivalent to the other ensembles. The NVE
ensemble is particularly useful for simulating /# sawo dynamics owing to the fact that this ensemble
does not need to assign pressure the individual atoms. Since in sacuo dynamics generally deals with
system consist of a small quantities of atoms, assigning pressure over each atoms would normally
lead to an exceeding of the limits of pressure fluctuation tolerance.

Previously, the stochastic procedures were used to regularly reset the particle velocities to random
values picked from the approprate Maxwell-Boltzmann distrbution. More recently, deterministic
and reversible equations of motion such as Gaussian and Nosé-Hoover dynamics have been
developed. Instead of completely constraining the kinetic energy, Nosé has shown that under quite
general conditions, a canonical distribution can be approached by introducing some kind of
thermostat for maintaining the energy near a desired value. In 1980 Andersen introduced an
additional energy term that could be coupled with the Nosé-Hoover algonthms and enable the
system to change its volume? On the same year, Parrinello and Rahman extended this method to
allow for non-isotropic stretching and shrinking of box sides. Morris and Evans further extended
these ideas and made it possible to retain both the pressure and the kinetic energy near a desired
value. This brought about the isothermal-isobaric ensemble (NPT) 2

Recently, NPT ensembles have been shown to successfully mimic the expenimental conditions by
fixing the number of atoms, N, pressure, P, and temperature, T of the system. The NPT simulations
employs a thermostat and phase transitions are known to best studied using this ensemble.28

3.1.5 Molecular Dynamics (MD)

In the late 1950's, Alder and Wainwright presented one of the very first molecular dynamics
simulations involving the interactions of hard spheres. Their studies drew attention to many
important aspects conceming the behaviours of simple liquids. Starting with a suitable nitial
conformation, molecular dynamics makes use of Newton's equations of motion to determine how
the system will transform over a period of time. A long dynamics simulation also provides insight
into its various thermodynamic properties. MD can inform us of the vanous conformational
dependent behaviours of the system, such as what conformational states are the system accessible to,
and how the conformational fluctuations vanes with the timescale.

A vanety of MD algorithms have been developed extensively in the past few years. The default
simulations using under conditions the NVE ensemble. However, it is preferable to perform
simulations under the more realistic NPT ensemble. CHARMM is capable of utilising a wide range of
dynamics algonithms and in addition to the original Vedet algorithm, it has now implemented with
the Velocity Vedet and the Leapfrog Vedet algorithms. Moreover, apart from the original approach
based on the work perform by Berendsen e 4/ for controlling temperature and pressure, the Nosé-



3.1.5.1  Equations of Molecular Dynamics
During a molecular dynamics simulation, the positions, velocities and accelerations of the particles at
each time increment can be obtained by integrating Newton’s equations of motion. Using one of the
numerical integrators described in the next section and the potential energy functions described
below, one can generate a configurational time series is known as a trajectory.
Newton’s equation of motion is given by:

F.=ma eq3.15
where E , m and 4 represent the force exerted on particle 4, its mass and its acceleration respectively.

Since the force is also given by the gradient of the potential energy, these two equations can be
combained:

Vo En
&, * e eq3.16

where V is the potential energy of the system. This permits one to obtain the derivative of the
potential energy to the changes in position as a function of time.

Newton’s Second Law of motion states:

i A i ) eq3.17

The velocity can be denived from integration as follows:

v=al+un eq3.18
Further integrates yields:
r=ut+r, eq 3.19

Combining the equations 3.18 and 3.19 would yield the value of position (r) at time t as a function of
the acceleration, a;, the initial position, f,, and the initial velocity, %:

r=af+outtr eq3.20
The acceleration is the denivative of the potential energy with respect to the atomic position, r:

av

1
a= — —— =7
”;

i dr, eq3.21

Hence if the initial positions of the atoms, the distribution of velocities and the acceleration are
known, the deterministic trajectory can easily be simulated using with various the numerical
integration algornithms (listed in the section below).210
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3.1.5.2 Dynamic Integration Algorithms

The equations of motion must be solved numerically, owing to the complicated relationshtp between
the potential energy (V) and the phase space (r) of the system. Numerous numerical algonithms have
been developed for integrating the equations of motion. These integration algorithms are derived
from the Taylor series expansions where ris the position, », the velocity, 4, is the acceleration and the
constants are denoted by A, B, C, D and E so forth:"*

He+ &) =) + ))&+ 1/24(0)58 + ........ eq3.23
At + &) = oft) + BOG + 1/2CH6E + ........ eq3.24
at+ &) =D@) + EQdt+ ........ eq3.25

Basic Verlet: The Vedet method employs a second-order differentials equation and formed by
combining the Taylor series expansions of r+d and r—d&, in which the velocities are generated by
combining the two expansions about the position at time, £ such as is shown below:

t+ &) =rft) + v@)x + 1/24a1)5F eq3.26

t- &) = () - )6t + 1/2a)5F eq3.27
this produces 2 new expression:

M+EB)=2rp) +rt+ )+ af) +....... eq3.28
The new positions at time 7+0J¢ are calculated by gathering the positions and accelerations at time z
along with the positions from time 2-d¢ The Vedet algorithm is known to be straightforward and it
requires only 2 modest computational storage capacity since this algonithm integrates the positions
directly, thus avoiding having to explicitly integrating velocities. However, the Verdet algorithm does
suffer from a shortcoming of only yielding result with moderate precision and it may also
overestimates the kinetic energy.""’

Leap-Frog Verlet: When using the Vedet algorithm, numbers of the order of 8t are added to

numbers of the order 8t%. This may introduce numerical error. The leapfrog Vedet method was
developed to overcome such problem. This algorithm determines the velecities on odd steps, and

positions on even steps:
M+&)=rt) +&tout+1/28) eq3.29

V(t + 1/28) = oft- 1/280c() +¢ a(s) eq 3.30
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First 2 new mid-step velocity is generated from the velocity and then used to calculate the new
position. The new velocity is then calculated from:
o) = (1/Due + 1/28) +(1/2oft - 1/28) eq3.31

The temperature scaling is much more practical when using the leap-frog algorithm since the
temperature control is determined by the velocity scaling,*°

Velocity Verlet: The handling of the velocity terms is not as close to ideal in both of the above

mentioned algorithms. The velocity Vedet algorithm is known to produce a2 more accurate velocity

description. The velocity Vedet approach is equivalent to basic Verdet algorithm when one eliminates

the velocities terms. This method stores positions, velocities, and accelerations using the equations
. below that are implemented in two stages. First, the new positions at time £ + ¢ are calculated

e+ &) =)+ & L)+ 1/28a() eq3.32

wt+ o) = ) + 1/204a(d) + a(r + 69) eq 3.33
Then the velocities at mid-step are calculated using:

Wi+ 1/28) = o) + 1/26a0) eq3.34

The forces and acceleration at time £ + & are then calculated and consequently a new velocity is
calculated:

W+ &)= ot + 1/28) + 1/20a(+ &) eq3.35

The velocity Vedet algorithms may be more precise, but for molecular dynamics, calculating the
forces becomes time-consuming. On the other hand, the basic Veret’s can yield various predictions
with a low precision."'® Hence, the Leap-frog Vedet algorithm is the preferred choice for our
dynamics simulation.

3.1.6 Deriving Ensemble Variables

The initial velocities assignments in NVE ensemble are usually performed with the following
equation to confirm the required temperature. The velocity # in the x direction of atom ¢ is randomly
assigned by using 2 Maxwell-Boltzmann or Gaussian distribution at a given temperature T:

», /2 1»',#-2
P(”l").:(?lba’l) o?[_ 2 KB%

eq3.36
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Using the conventional NVE ensemble can lead to various problems when one attempts to simulate
the more complex systems. For example, the total density of 2 system consisting of 2 liquid/liquid
interface is difficult to determine. In some other cases, even when the macroscopic properties of the
system are properly determined, the appropriate volume of the microscopic simulation cell is unable
to be resolved easily. In recent years, the NPT ensemble dynamics has produced simulation results
close to the experimental findings. This ensemble permits the total volume of the box to fluctuate
with the particle coordinates being adjusted instantaneously to the fluctuation of the box size.?

All solution simulations in this project were performed using 2 NPT ensemble where the pressure
and temperature were maintained constant using the Langevin Piston method. In this scheme the
pressure is controlled using an equation of the following type:

LY = L)) R0) -
'The volume, V, is treated as a dynamic variable, while W is the “mass™ of the piston with a collision
frequency of y and applied with a random force R() that is determined from a Gaussian distribution
having a zero mean and variance.

For a system containing N number of atoms, the temperature (T) then can be obtained from the

velocities using the following expression:
N
1 |2
T=Gy z 2m;
i=1 W eq3.38

Moreover, the average potential energy can be acquired using the equation stated below:

1
E‘ ..=(E,‘.‘>=EZ(E )‘_
=1 eq3.39

where M is the number of configurations in the molecular dynamics trajectory and Epotential is the
potential energy of each related conformation and the average kinetic energy (Eiinesc) is obtained
from following equation:

M N
E s =<Em>=%2[2—2”‘"fxz- ]
s=rL o=t j eq 340
n which N is the number of atoms, and »; and » represent the mass and the velocity of particle 7.#
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Since there are Nx(N-1)/2 non-bonded interactions to calculate in an N atom system.  valuating the
non-bonded interactions is the most time consuming part during the dynamic simulation. To reduce
computational cost, the non-bonded interactions that involve atom pairs separated by more than a
given distance are usually neglected. This distance range is known as the cutoff distance. Employing
such a non-bonded cut-off does not affect the van der Waals interactions accuracy, since that when
the distance between the two atoms increases, the interaction rapidly decay to minute magnitude.
However, the charge-charge mteractions are of much longer range due to the 1/r dependence on the
mnteraction energy. For the charged atoms, the use of a cut-off is more challenging. Mathematical
tricks such as the Ewald Particle Mesh Summations method has been used to approximately adjust

for long-ranged electrostatic mteractions.>?

In an ideal situation, the non-bonded energy between every atom pair should be calculated. However,
the total number of pairwise interactions increases by the square of the number of atoms. To
increase the efficiency of the simulation, the interactions between two atoms separated by a distance
greater than the cutoff distance is neglected. Several different approaches have been developed for
terminating the van der Waals mnteraction above the cutoft distance and these methods are being

described and illustrated as follows:

Energy

SHIFTED cutoff
SWITCH cutoff

Figure 33 Several cutoff methods principles used in molecular dynamics.

interactions are completely ignored once the inter-atomic distances are greater than
the cutoft range (represented by the red mesh lines in the above figure). This method is not often

used as it can lead to large fluctuations in energy.2



this method modifies the entire potential energy surface so that the
interaction potential is set to zero at the cutoff distance. However, the equilibrium interatomic

distances will be slightly decreased when applying this method.?

2r? r! <
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this method reduces the interaction potential over a range of
distances. In other words, two cutoff values are specified. When the inter-atomic distance is less than
the first cutoff, the potential energy is calculated as normal. Between the first and last cutoff, the
energy is gradually switched to zero. In principle, it must be ensured that the cutoff distance should
be sufficiently large when using the SWITCH function. A weakness of using this method is that

sometimes the equilibrium  ucture can be perturbed when the forces in the switching region are

strong. 211
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Hydrogen atoms have subs tially lower molecular weight than other atoms and hence their motion
tends to be faster. If one allows hydrogen atoms to vibrate during a simulation, one needs to set the
dynamics time step to be a fraction of a femtosecond mn order for the algorithms to be soundly
integrated. This solution is somehow time consuming and in order to resolve this problem all bond
distances that involve hydrogen are fixed with harmonic constraints. SHAKE?!? is one such method
that is commonly employed. This algorithm constrains the coordinates with a set of harmmonic
constraints. The constraining tolerance of the SHAKE algorithm constraints are normally set to be
lower than other molecular fluctuation anses from other sources. However, on the same time, the
motion of the molecule studied should not be affect by SHAKE.



Water is essential to all biochemical processes and thus it remains as the most studied condensed
phase system. However, it 1s also one of the most difficult solvents to study since it is an associative
liquid wherein hydrogen bonding gives rise to the water’s unique characteristics. The water models in
CHARMM generally take the form of effective pair potentials. Numerous models have been
developed for water such as ST2, TIPS (transferable intermolecular potential functions) and SPC
(stmple point charge).!31* An improved version of SPC was used in some of our simulations, the
SPC/E model. The SPC/E model has been known to reproduce the important structural features
determined experimentally. It has been shown that the difference between the TIP3P and SPC/E
water models in carbohydrate simulation is inconsequential.1314 Therefore both these water model

were employed in our simulation.

MD simulation may be performed using either implicit or explicit solvent models. The Self-
Consistent Reaction Field methods is one of the approaches which enables dynamics simulations to
perform within the implicitly solvent medium. There are several available models and they are all
based on the principle of treating solvent models as a reaction field with a2 continuum of uniform
dielectric constant. When the solute 1s modelled within the “field” of the solvent, such methods
require less computational cycles. However, frequently it is necessary to include the solvent model
explicitly. This is especially important in the case of studying carbohydrate in an aqueous medium.
The exocyclic functional groups of sugars establish hydrogen bonds readily with the adjacent water
molecules in specific orientations which affect the water properties significantly. This solvent
structuring 1s generally responsible for much of the behaviour of the carbohydrate solvation. The
three-dimensional analyses of such anisotropy of the solvent ordering has proven to be a useful tool
in predicting the solvation nature of the carbohydrate. It is worth noting that when solvent molecules
are strongly bound to the carbohydrate solute, significant changes in the overall carbohydrate
topology result owing to the bulkness of the solvent molecules. The bridging water effect can only be

studied by MD simulations under explicit solvent conditions.!5

In ponciple, simulations performed using fully explicit solvents to account for the physicochemical
solvation environments should yield more realistic behaviour of the solute than simulations which
employ implicit solvating environments. If water molecules are explicitly included in a simulation a
solvent boundary conditions must be imposed. Periodic boundary conditions (PBC) ensure that the
water molecules do not diffuse away from the solute and that no a void would be created around the
solute during the simulation. The PBC also provide a means for calculating the macroscopic

properties of a system using a relatively small number of solvent molecules from MD simulations .15






at regular intervals to permit thorough analyses. Structural parameters of interest and time dependent
properties can be computed using the analytical tools such as those described in following
subsections. Some of these tools serve as means of interpreting the complicated information
obtained from the molecular dynamics configuration into comprehensible graphical visualisation

format.

The pyranose ring 1s able to adopt the same conformational changes as cyclohexane, namely chair,
boat envelop and twist ring conformations. These conformations can be conveniently analysed by
the generalized puckering parameters developed by Cremer and Pople.’¢ Experimental findings have
shown that the glucopyranose rings are virtually rigid in solution and exist only in the 'C4 chair
conformation. Puckering analysis has been used one to venfy the conformational changes of the
sugar ring during the sinulations'’. We make use of this procedure throughout all the dynamics runs
involving glucopyranose to ensure the fluctuation of the cyclic ring dihedrals remains within the

acceptable range.

Pair distribution function (PDF), sometimes known as the radial distribution function, is a simple
analytical method used to describe the structure of a system. Particuladly in the case of mvestigating
liquids, PDF make uses the spatial atomic coordinates from each MD trajectory frame and a
probability density function to represent a probability distribution in terms of integrals. The PDF
g(n), indicates the probability of finding a pair of atoms of specified types at a distance r from one
another. To calculate such a function from a trajectory, atoms or molecules specified are sorted into
histograms of distance bins. The number of atoms or molecules in each bin, N(7), is then averaged
over the entire simulation taking the bulk water number density p in to account. This is mostly

defined using equation listed below

" 1 dN()
’) = ——
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A probability density function can be seen as a "smoothed out" (continuous) version of a histogram.
The PDF can be determined experimentally by evaluating the diffraction of X-rays, neutrons or
electron diffraction. One can validate a computed trajectory by comparing the PDF obtained from

simulation with the corresponding data obtained experimentally.2



PDF provide insight into the structuring of liquids. However, since they are radially averaged, they
are unsuitable to for investigating anisotropic liquid structuring using such method. Other techniques
must be applied in order to study systems with non-spherical symmetry.15

The spatial distribution function (SDF) is also not computed as a continuous function, but 1s
obtained by dividing the three dimensional space into small but discrete blocks. Each solvent
molecule (or atom specified) can be assigned and “binned” into the corresponding block. After the
process has been performed for the entire simulation, the probability of the SDF can be
approximated. The equations 4.44 and 4.45 are generally employed for SDF analyses and a graphical
representation this process is illustrated in Figure 3.5:

g = Z(o/m x e eq 344

only the oxygen water atoms were employed for the calculation. Gaussian distribution function
centred on the electrons for ich oxygen atom was used to approximate the distribution of electron
of the oxygen. Notation Z is the total number of electrons for the atom and « is calculated constant
so that the function drops to 10% of its maxtmum value when found within the atom’s van der
Waals radis. Ideally, the maximum density binning grid size was found to be approximately 0.5A
wide. The densities in each box are summed and then analogously normalised using the expression
listed below:

Densnom(l, j, k) = Dens(i, j, k)X [(bingy X Nbing) X Nbintz)) / Ratom X MNelectrons X Nerame)] eq 3.45

Notation Npin(x), Nbin(s), a0d Nbinz) are the number of grd allocate in the x, y and z axis of the boundary
box respectively where Naom, Nelectrons a0d Nfame define the number of atoms whose density 1s to be
calculated, the number of ctrons for that particular atom and the number of frames selected for

calculations respectively.

Mapping the distnbution of the solvent molecules allows one to attentively examine the
charactenistics of solvent structuring around a particular solute or solvent molecule. By predefining a
molecular sphernical polar coordinate frame with respect to a reference molecule, the probability
density of solvent around that reference molecule during the simulation can be determined. It is

important to perform the following procedures prior to the analyses.!51819

) In order to account of changes in conformation as well as the diffusion and rotation of the
reference molecule, each atom need to be treated separately. The conformations of the
molecule analysed are superimposed to match a reference molecule in by means of

translation and/or rotation.

@) It is important to employ a sufficiently long MD trajectory in order to ensure adequate

dynamics sampling.






water structure can be performed by calculating an asphericity parameter () for each of the water

VPs. The asphericity parameter is defined in following equation:

AJ
77 =
3671 eq 346

where A is the total area of all the faces and 17 is the volume of the VP. The more spherical 2 VP
the closer 1 is to 1. Thus a perfect sphere takes on a value of 1 by definition while a cube would have
N=191. In the case of ice I, N=2.25 for the VP of each water molecule illustrating the anisotropy of
the distribution of solvent >lecules in a tetrahedrally coordinated arrangement. On the other hand
for liquid water at room temperature there i1s 2 Gausstan distribution of n for the solvent molecules’
VPs that lies within the range 1.3 to 2.0.20

A correlation function enables one to understand the degree of correlation between the same
observable of two quantities x and y. Using this concept, the time correlation functions indicate the
correlation between the x and y at different times during the simulation, in other words how quickly
x and y becomes uncorrelated within a dynamic trajectory. The correlation of two quantities x and y
is often measured by the <x.y> for vector quantities. If the properties are uncorrelated, the
correlation functions will have means of zero whereas if the properties are correlated, the function

will be either positive or negative.

Col) = (AKHAH0)) eq 347
One tend to normalize the inctions by dividing the product of the mean values by x and y.?

The intramolecular fluctuations such as the rotation about the glycosidic bonds are of general interest
in carbohydrate science. Experimentally, one can use NMR to determune the Lamour frequency of
this phenomenon using T1 intemuclear relaxation measurements. Computationally, one can employ
the root mean square (RMS) fit autocorrelation function as defined in equation 4.49. The rate of
fluctuation decay indicates the “uncorrelated” rate of the intemal degrees of a molecule. The function
RMS(#,t:) 1s the measurement of the best RMS fit for superimposing the different conformers at time
t;and 43

N,

de 2
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L toms eq E









Hydrogen bonding is the comerstone of macromolecular secondary and terttary structure. There are
two classes of hydrogen bonds that determine the conformation and intermolecular nteractions of
biomolecules in solution. These are the internal or sutramolecular hydrogen bonds that often compete
with the external solute to solvent imtermolecular hydrogen bonds in a biomolecular folding
environment. In the case of globular proteins 90% of the hydrogen bonds are due to the interactions
between the main chain N—H and main chain C=0O groups forming secondary structure (x-helices,
B-sheets etc).! The majonity of intramolecular hydrogen bonds in polysaccharides take place between
small functional groups (e.g, hydroxyls, ammes and acetylamides) branching off pyranose or
furanose rings that are in close proximity to each other. More important are the hydrogen bonds that
form across glycosidic linkages joining adjacent sugar rings along a saccharide chain. These account
for the macromolecular structure of polysaccharides? and the structural specificity, of

oligosaccharides found in glycoproteins, required for molecular recognition in cell-cell interactions.

There have been some experimental! and ab initie®® investigations into the nature of the hydrogen
bond between functional groups of biological relevance. At the same time molecular mechanics
studies often invoke hydrogen bond explanations to rationalize conformational and binding
observations.® The overall topology of a large polysaccharide 1s influenced significantly by the
performance the individual glycosidic dihedral angles in the polymer. Here the strength of the cross-
glycosidic intramolecular hydrogen bond has a significant effect on the degree of rotational flexibility
of the glycosidic dihedral angles. However within the condensed medium, this intramolecular
hydrogen bond is in competition with water molecules that form hydrogen bonded bndges between
residues across the linkages.'° The introduction of a bridging intermolecular bonded water molecule
that is in regular exchange with the intramolecular cross glycosidic linkage hydrogen bonds wall
significantly affect the conformation and properties of an oligosaccharide. One possible means of
controlling the strength of a polysaccharide matenial would be to prevent the occurrence of such
phenomenon through increasing the strength of the mtramolecular hydrogen bonds across the
glycosidic linkage so as to exclude the intermolecular hydrogen bonds formed with the bridging

water.!!

In general it 1s not possible to accurately estimate the strength of an intramolecular hydrogen bond
from ab initio calculations. As a result there has to date not been a systematic attempt to rank the
hydrogen bond strength across the glycosidic linkage apart from our preliminary studies.!2 In the
meantime there have been much theoretical mnvestigations into intermolecular hydrogen bonding in
small organic molecules. Most studies, on medium sized molecules of the type we are interested in,
employed the Hartee-Fock (HF) level of theory. Hydrogen bond strengths between pairs of
functional groups such as hydroxyls and amines are determined from intermolecular binding
energges. It 1s possible to approach the HF limit of the binding energy using a sufficiently large basis

set and in some cases these energies are in agreement with experimental binding energies. This
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In condensed phase, the molecules within the system diffuse randomly and a modified time
correlation can be used to calculate the diffusion properties. The self-diffusion coefficient can be

obtained by the following equation:

+o0
D, = ((D-(0)) d¢
0 K00 eq 349
The vector notation v is the velocity of the particles. With a sufficiently long trajectory, one can

approximate the displacement of the particle (r) using the Einstein relation:

- <|r(0) - r(t)|2>
D = 7
t > 61 eq 3.50

where the 7(t) denotes the di lacement of the particle.?

For the last four decades, empirical force field methods have proven to be exceedingly useful for the
modelling and simulation of various phenomena. The advantages of these methods are clearly
demonstrated in chapter 5, 6, 7, and 8 where a vanety of complicated problems can be resolved using

the EFF techniques of molecular mechanics and molecular dynamics.

CHARMM is a comprehensive platform which uses the EFF methods as its basis of calculation. A
wide range of algorithms and analytical tools are available in CHARMM which makes investigations
of lager variety of chemic systems possible. Numerous extensions and upgrades of CHARMM
ensure the applicability and capability of this program. The simulation of biological molecules can be
performed efficiently with CHARMM. However, unless a set of accurate force fields is acquired,
reproducing the proper conformational and dynamisc behaviours of the condensed phase system
would not be possible. The validity of the force fields parameters will be discussed and examined in

chapter five.

1) Grant, G. H.; Graham Ruchards, W. Computational Chemistry, Oxford University Press: Oxford, 1995.

2 Leach, A. R. Molecular Modelbing: Principles and Applications, Addison Wesley Longman Ltd: Singapore,
1996.

3) Brooks, B. R.; Bruccolen, R. E; Olafson, B. D;; States, D. J.; Swaminathan, S.; Karplus, M. J. Compur.
Chem. 1983, 4(2), 187.



4.1.2 Mathematical Representation of Hydrogen Bonding

Refer to Chapter 2, mathematically, the common expression for estimating hydrogen bond strengths
between a hydrogen donor molecule and the molecule accepting the hydrogen is to divide the energy
of the molecular pair into a contribution from the two molecules plus the overall lower interaction
energy such that

AEHB = E(D-Hp---A) — [E(D-Hp----A)+ E(A)] eq 4.1

Decomposing the interaction energy (AEHS) into electrostatic and quantum mechanical components
is somewhat artificial in terms of molecular orbital theory; however, this approach has been used to
facilitate a chemical understanding of the make up of hydrogen bonds. This decomposition of AEHB
can be investigated using the framework of perturbation theory.!® In perturbation theory the
contribution to the self-consistent field (SCF) interaction energy (AEgY) is associated with the
deformation of the zeroth order perturbation wavefunctions of the hydrogen donor () ) and the
hydrogen acceptor (¥§ ) molecules which results from the interaction between the electrons and the
nuclei on the two different molecules. The interaction operator (I}) acts on the relaxed, fully
symmetrized SCF wavefunction of the hydrogen-bonded complex (¥, ,) giving the deformation

energy

AEL = (¥, ,[V|¥p.4) - (ES + EX) eq4.2

which is equivalent to AEHB. The second term in equation 4.2 is the combined electrostatic energy

(Es) and the quantum mechanical exchange energy (Ex) anising from the antisymmetry operator (;1)
acting on the zeroth order perturbation wavefunctions ie.,

(Awgwg |V| A¥3¥)) eq43

The strength of the hydrogen bonds can vary considerably with the type of donor and acceptor
atoms presented but commonly within the range between 3 to 12 kcal/mol amongst the functional
groups found biologically¢ There are two main contributions to the hydrogen bonding energy:
covalent and electrostatic. The covalent attribution arises as a result of ovedap of the orbital of
hydrogen with the acceptor atom whereas the interaction between the electronegative acceptor atom
and the electropositive hydrogen leads to the electrostatic attraction.? During the last few decades,
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the hydrogen boding energy estimations were mostly based on the decomposition scheme developed
by Morokuma?!. This scheme sub-partitioned the total Hartree-Fock (HF) derived binding energy
(AEZ2Z) into electrostatic, polarization, exchange repulsion, charge transfer and coupling
components. Using procedures of this type it has become widely accepted that energetically
moderate hydrogen bonds involved in bio molecular systems (e.g., proteins, polysaccharides, nucleic
acids etc) are prncipally electrostatic in nature. However, this procedure is flawed since
differentiating the orbital space between the above terms is largely arbitrary922 and so it 1s not
possible to distinguish between the charge transfer and polanization terms.? Furthermore the lack of
electron correlation at the Hartree-Fock level of theory makes the response of electrons in one part
of the hydrogen-bonded system to the positions of electrons in another part less accurate.

A more direct approach to assessing the quantum mechanical nature of the hydrogen bond is to
calculate directly the relation between electron density and hydrogen bond strength. The problem is
to define the electron density in the volume between the 1D and A participants in the hydrogen bond.
The overall electron density can be calculated from the wavefunction of the hydrogen-bonded
complex over all N atomic coordinates.

p(FD—H——A) = I'TD,A(ﬁ9F29---9FN lzﬁ;’ﬁ;’"-’ﬁ}v eq 44

An absolute electron density (p(r)) associated with the hydrogen bond, that is comparable for all
combinations of functional groups capable of hydrogen bonding, is best calculated using Bader’s
Atoms in Molecules (AIM) theory).2¢ The electron density may be analyzed in terms of its topology
(maxima, minima and saddle points) by partitioning the molecules into atomic basins. A gradient
vector map (Vp(F)) is generated and an interatomic surface (a surface that separates the atomic
basins of neighbouring atoms) can then be analysed. The bond path is then the line through space
between -Hp and A along which the electron density is 2 maximum while the point of lowest pfr)
on this line is the bond critical point (BCP). There are two sets of trajectonies associated with the
BCP, (i) the set that terminates at the critical point and defines the interatomic surface and (i) the
pair that originates at the critical point and defines the line of maximum density.? An accurate
estimate of the strength 2 hydrogen bond can be determined when the electron density distribution
satisfies eight topological criteria and the hydrogen atom complies with four properties. These have
been derived in detail by Koch and Popelier? and conveniently summarized in a paper by Pacios and
Gobmez.? The major advantages of the AIM method is its ability to produce system independent
robust results and that the method 1s not highly basis set dependent# Refer to chapter 2 for more in
depth details.

While intermolecular hydrogen bond energies between independent (ie., not bonded) functional
groups can be estimated by calculating the binding energy between two molecules, an accurate
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measure of intramolecular hydrogen bond strengths for multifunctional molecules is not available.
Estimates of the energy of intramolecular hydrogen bonds have been achieved by taking the
difference in energy of the maximally oniented hydrogen bonded configuration i.e., E(D-Hp---4) and
the energy of an anti-hydrogen bonded configuration that has the D-Hp proton-donating bond
rotated away from the acceptor atom by 180° ie, E(Hp-D---A).72 The difference in energy
between these two configurations do not correctly reveal the energy of the hydrogen bond (AEHE)28
since strain effects and electronic steric repulsions are embedded in these energy differences.
Moreover, procedures of this kind are not suitable for molecules with multiple hydrogen bonds
found in close proximity to each other, as is the case in disaccharides. Rotating a single hydrogen
bond, in the way described above, in the presence of a set of adjacent hydrogen bonds will result in
an energy difference between the conformations that is artificially higher than the energy resulting
from only the electrostatic and electronic contributions to hydrogen bonding. Grabowski proposed
that the hydrogen bond strength may be adequately described based on either the geometrical data,
or the topological parameters or the Laplacian values of the electron densities exhibited by the
hydrogen bonded complex.? By combining these three factors a complex parameter (Ageo+d+ip) Was
developed and shown to have a linear relationship with the hydrogen bond energy.?? We find that it
is sufficient to include only the electron density in the hydrogen bond and the Laplacian of the
electron density to achieve a strong linear relationship with hydrogen bond strength. In this modified
Grabowski complex parameter shown in equation 4.5 the pacpand VZpacp correspond to the electron
density and Laplacian of the electron density of a proton donor bond (I*H) involved in hydrogen
bonding. While the p’scp and VZpPppr correspond to the electron density and Laplacian of the
electron density of bond (X*H) not involved in hydrogen bonding,

o _ V2p? _y?
Ao = (PBCPP ;:BCP) +( pagngz, pacr) eq45

Here we develop correlation curves between hydrogen bond strengths (AEME) and a modified
Grabowski’s complex parameter (Au+s) from all hydrogen donor and acceptor combinations of the
following functional groups: OH, NH;, and NHCOCH3) by varying distances between D and 4
These AEHB vs Auiyp correlation curves are used to estimate the AEHB value for the cross glycosidic

intramolecular hydrogen bond by calculating the As+s parameter for the minima conformation of
each of the 1-4 linked disacchanide derivatives (as shown in Figure 4.1).
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4.2 Computational Details

Full geometry optimisation was performed under the restricted closed shell ground electronic state
for all the pairs of functional groups using Gaussian 98.% All the geometry optimisation of the pairs
of functional groups were performed using the second order Moller-Plesset perturbation theory
(MP2)*t and Becke-Three Lee-Yang-Parr (B3LYP) density functional methods. Three different
levels of basis sets, 6-31G(d), 6-31+G(d,p) and 6-311++G(d,p), were used in the optimisation of the
functional group pairs. Due to the shallow potential curves of these systems, the keyword
OPT=Tight was included to increase the convergence criteria. This ensures a better reliability of the
final geometries. For each optimisation, vibrational frequency calculations were carned out to
confirm that the global minimum state was reached for each pair of molecules. It was necessary to
calculate all the donor-acceptor orientations to allow us to estimate the magnitude of the hydrogen
bonds as obsetved in the disaccharides. As a result we optimised Me-NH(D)-—Me-OH(A) and Me-
NAc(D(H))-—Me-NAc(A(N)) (amide hydrogen of the first NAc group as hydrogen bond donor and
amide nitrogen of the second NAc group as the hydrogen acceptor) for which a single imaginary
frequency was observed. This is explicable since it was previously shown that oxygen is a superior
hydrogen bond donor compared with nitrogen and so locating the global minimum state when
nitrogen is the hydrogen bond donor is a near impossiblity.32 All other functional group pairs reached
the global minima on optimisation.

Binding energy evaluations were performed with a Boys-Benardi functional counterpoise scheme.2
The standardized AEHB vs Agyy correlation curves were constructed by using the restricted closed
shell electronic ground state method with 6-311++G(d,p) basis set for all functional group pairs
including both Me-NH3(ID)—Me-OH(A4) and Me-NAc(IXH))—-Me-NAc(A(N)). Both MP2 and
B3LYP electron correlation theorems were employed and the results were directly compared. It was
found that the rankings of hydrogen bonding strength were comparable when using both of these
electron correlation theorems. Thus the disaccharides were only optimised with B3LYP/6-31G(d)
mnitially due to the fact that MP2 is highly computational costly. After the probing the results of all
possible arrangements of functional groups onentations, only selective disacchanides with the lowest
energy conformation were optimised with the B3LYP/6-311++G(d,p) basis set to allow better
accuracy. The topological properties of the electronic density were characterised using the AIM
methodology for all the calculations as implemented in Gaussian 98% and AIM2000.3
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4.3 Results and Discussion

We have calculated the binding energies of all combinations of the following functional groups:
Me-CH3, Me-OCH3, Me-NH:, Me-OH and #rans Me-N(H)-C(=0)-CHs (Me-N-acetylamide, Me-
NAc). Alkylamides show planar symmetry as the electrons are delocalised along the amide bond
therefore exhibiting partial double bond character. Two distinct species of geometric isomers can
be found for any of the alkylamides. The trans N-alkyl isomer is highly preferred over the as
isomer regardless of the solvation medium.35 Consequently only hydrogen bonding involving the
trans Me-N Ac group have been investigated here.

There have been many studies on the various hydrogen bonded complexes involving the functional
groups, Me-OH, Me-NH>, and Me-NAc.7:3-% using electronic structural approach. Eardy ab initio
work for the methanol dimer was pioneered by Del Bene* followed by numerous HF calculations
differing only in the level of basis set used. Dixon ez. 4/ performed a HF/6-31G(d) calculation on a
methanol dimer complex?” and found a binding energy of —4.10 kcal /mol which is within the range
of -3.2 to —4.1 kcal/mol limit measured from experiments.# These calculations did not include a
correction for Basis Set Superposition Error (BSSE) and electron correlation therefore the
comparison with experimental energies and geometries are predictably poor. When BSSE were
corrected for and electron correlation included as in the Hagemeister er. 2/ B3LYP/6-31+G(2d,p)
Zero Point Energy (ZPE) level calculations® the resulting binding energies were comparable to the

experimental values.

To date, one of the most comprehensive computational studies on moderate hydrogen bonds of
biomolecular significance has been that of Kim and Freisner.® The objective of this study was to
provide a resource for developers of molecular mechanics protein force fields. They optimised the
dimer geometries with HF/6-31G** followed by MP2/cc-pVTZ(-f/d) energy evaluations. We
optimized pairs of functional groups with basis sets ) B3LYP/6-31G(d), (IT) B3LYP/6-31+G(d,p)
and (IIT) B3LYP/6-311++G(d,p) and compared the geometries and binding energies with published
DFT and MP2 data%’-36-3%.41 where possible. On the whole the B3LYP results are in agreement with
the MP2 ones. The relative hydrogen bond strengths for the functional group pairs denved from
B3LYP counter poise corrected binding energies are shown in Table 4.1. Of particular note is the
result predicting the Me-OH(D)-—-Me-NHz(A) hydrogen bond to be more than 3.5kcal/mol
stronger than the Me-NHz(D)-—Me-OH(A). This is consistent with previous studies that show
hydroxyls to be better hydrogen bond donors than amines.¢
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Table41 Hydrogen bonded functional pairs that have optimised and evaluated with three different
methods (I) MP2/6-31G(d), (II) MP2/6-31+G(d,p) and (i) MP2/6-311++G(d,p) are
ranked from strongest to weakest hydrogen bond.

Geometry Basis set Basis sct | Basis sct
I II III
Raok | Dooor | Accpror | | b H~D | AH~D | aApms AEHB AEHB
Dist. (A) | Dist. (A) | Angle () |keal/mol |kecal/mol |kcal/mol
1 |Me-NAc |Me-NH2 | 3.0584 2.0410 172.73 |-72003 |-7.0882 | -6.9151
2 |MeOH |Me-NH2 | 28712 2.1784 17002 | -7.1748 |-6.8332 | -6.7354
3 |{Me-OH [Me-NAc 2.8396 1.8960 160.63 | -7.0122 |-7.0512 | -6.6988
4 |[Me-NAc [Me-NAc | 2.9802 1.9792 168.82 | -6.7920 | -6.9676 | -6.4982
5 |Me-NAc |Me-OH 2.9611 1.9801 16170 |-52892 |-5.4297 | -4.9932
6 |MeOH |Me-OH 2.8691 1.9033 169.44 | -52510 | -5.1481 | -4.7865
7 | Me-OH kV[e-O CH3 | 2.9062 1.9343 17337 | -4.5181 | -4.5018 | -4.3955
8 |[Me-NH2 {Me-NAc 3.4121 2.1416 168.09 | -3.8537 | -4.0138 | -3.6110
9 |Me-NH2 |Me-NH2 | 3.1505 2.1945 155.06 | -33004 | -3.1837 |-3.2064
10} |Me-NH2 | Me-OH 3.0334 1.9240 15039 | -3.0926 | -3.1039 | -2.6374
11* Me-OCH3 Me-OCH3 | 3581 2.699 13858 | -0.687 -0.919 -1.169
12¢ |Me-CH3 |Me-CH3 - - - -0.010 -0.006 -0.005
* improper hydrogen bond

1 conformation with 1 imaginary frequency (transitional state).
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Table42 Hydrogen bonded functional pairs that have optimised and evaluated with three different
methods (I) B3LYP/6-31G(d), (IT) B3LYP/6-31+G(d,p) and (IIT) B3LYP/6-311++G(d,p)
are ranked from strongest to weakest hydrogen bond.

Geometry Basis sct | Basis sct | Basis set
I I 1
Raok | Donor | Acceptor ™ "7n ™ T WD | AH-D | AEA® AEHB AEHD
Dist &) | Dist. (&) | Angic () | keal/mol | keal/mol | keal/mol
1 Me-OH | Me-NH2 2.8849 2.1895 171.13 -71.5737 73499 -7.0751
2 Me-NAc | Me-NH2 3.0604 2,0562 175.41 -7.0447 -6.9111 -6.7348
3 Me-OH | Me-NAc 3.0195 1.8603 174.96 -6.7352 -6.7334 -6.5814
4 Me-NAc Me-NAc 2.9905 19801 17234 -5.7075 -5.6277 -5.3372
5 Me-NAc | Me-OH 2.8179 2.0012 175.96 -5.3567 -5.3350 -4.8528
6 Me-OH Me-OH 2.8280 1.8975 168.18 -5.0323 -4.7325 -4.6709
7 Me-OH | Me-OCH3 1.887 2.858 178.58 -4.865 -5.333 -5273
8 Me-NH2 | Me-NAc 3.1051 2.0957 160.12 -3.5514 -3.7443 -3.2098
9t Me-NH2 | Me-OH 3.1058 1.8883 148.38 -3.4188 -3.2015 -2.8874
10 Me-NH2 | Me-NH2 3.2256 22106 170.60 -3.2552 -3.1231 -2.7626
11* | Me-OCH3 |Me-OCH3| 3.601 2.769 132.58 0.7717 -1.119 -1.569
12¢ | Me-CH3 | Me-CH3 - - - -0.008 -0.005 -0.002
* improper hydrogen bond

1 conformation with 1 imaginary frequency (transitional state).
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4.3.1 Comparison Between MP2 and B3LYP

We used both MP2/6-31G(d) and B3LYP/6-31G(d) methods to optimise the dimer structures with
the aim of measuring the reliability of the computationally faster, DFT method in comparison with
the accepted reliability of the MP2 method for hydrogen bond analysis. The geometry and the
binding energies of the optimised monomer and dimer complexes calculated here strongly correlate
to the data reported by vatious researchers.&’36-4042 The data for the MP2 calculations is listed in
Table 4.1 while the B3LYP data is shown in Table 4.2. In general the B3LYP/6-31G(d) derived
energies and geometries are similar to those produce from the MP2 method with a few notable
exceptions. We find that the B3LYP method consistently produces binding energies that are on
average 0.3 kcal/mol lower in energy than the MP2 derived energies. The results for the Me-NAc
dimer leads to the greatest disagreement between the two methods with the B3LYP calculations
predicting a binding energy of more than 1.2 kcal/mol lower than that found with the MP2
calculations. None-the-less the trends in binding energjes predicted by both methods are the same
except for two cases. The MP2 calculations predicts Me-OH(D)--—Me-NH3(4) to be marginally
stronger than Me- NAc (D)—Me-NH3(4) with an overall relative ranking of 2 and 3 respectively
while the B3LYP calculation showed a reverse ranking for these hvdrogen bond pairs. Further down
the ranking the MP2 procedure predicts the Me-NH; dimer to be approximately 0.6kcal/mol
stronger than the Me-NHz(I)—-Me-OH(A) complex while the B3LYP method shows the latter
hydrogen bond pair to be stronger by 0.12 kcal/mol. These differences between the two methods are
small and the results disagree by less than 1 kcal/mol. On the whole the B3LYP results are in
agreement with the MP2 ones. Of particular note is the common result predicting the Me-OH(D)——
Me-NHz(4) hydrogen bond to be more than 3.5kcal/mol stronger than the Me-NHz(D)—-Me-
OH(A). This is consistent with previous studies that show hydroxyls to be better hydrogen bond
donors than amines.$

4.3.2 Electron Density Hydrogen Bond Correlation

We utlised the AIM procedure to calculate the electron density of the hydrogen bonds of the pairs
of functional groups listed in Tables 1 and 2. All of the hydrogen bonded pairs comply with the
caterion required for hydrogen bonding developed by Koch and Popelier.2 Estimating the strength
of the hydrogen bond based on geometrical terms does not provide satisfactory answers. In Figure
4.3 (a) and (c) the binding energies of the fully optimised complexes evaluated from MP2/6-
31G(d)//MP2/6-311++G(d,p) and B3LYP/6-31G({d)//B3LYP/6-311++G(d,p) respectively are
plotted against the distance parameter D" Hp—A. It is clear from these plots that there is not a
strong linear correlation between these two parameters which echoes the findings of Kim and
Friesner.¢ Graphical plots showing binding energies against electron densities of the complexes is
presented in Figure 4.3 (b) and (d). The relationship between binding energies (AE,{'”I?2 ,prr ) and the
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The program CHARMM?! was employed for all the work involving empirical force field methods.
The Gaussian9822 suit of programs was used to carry out all electronic structural calculation.

In order to develop reliable parameter sets, various sets of atomic charge assignments were tested in
CHARMM. The atomic charge evaluations were carried out quantum mechanically for each
optimised conformers using the Merz-Singh-Kollman (MSK)2 method (tefer to chapter 2) and the
B3LYP/6-311++G(d,p).2* A detailed discussion on the force field development of the NH,
functional group was included as an example while the parameterisation of other functional groups

was performed in the similar manner.

Full geometry optimisations of the monosaccharide mimics were performed under the restricted shell
B3LYP level of theory along with the 6-311++G(d,p) basis sets. The same quantum mechanical
method was selected to construct potential energy wells that were generated by evaluating the static
molecular energy along 12 gnid points associated with the 360 degrees rotation about the C2-X bond
(refer to section 5.1.1.1). The same approach was carried out using CHARMM. Different possibilities
of C2-X dihedrals parameters were explored in attempt to reproduce energy curves obtained by

respective DFT calculations.

Full geometry optimisations were performed using various conformers of the disaccharide mimics as
was mentioned previously in section 5.1.1.2. In additional to this, at each interval all possible
hydrogen bonding orientations were selected as the starting molecular conformation. To reduce
computational cost, the restricted closed shell ground electronic state B3LYP/6-31G(d) was selected
as the method of optimisation. However, all energy evaluation were carried out with a more adequate
level of theory, B3LYP/6-311++G(d,p). The energy profiles were constructed by choosing the
individual conformer with the most stable molecular energy. The same procedure was carried out in
CHARMM for evaluating the change in disaccharide energy with respect to the change of their
¢,y dihedral angles. Different atomic charge parameters were explored in attempt to reproduce

energy curves obtained by the respective DFT calculations.






Disaccharides are the smallest units possessing an inter-residue glycosidic linkage are the building
blocks of the larger oligo-.and polysaccharnides. -maltose (x-D-glucopyrnosyl-(1—4)-3-glucopynose )
is perhaps the most studied a(1—4) linked disaccharide both experimentally and theoretically.l”
Studies of maltose have often been employed as the groundwork towards understanding larger
polysacchanides. In order to achieve relable predictions in the conformational analyses of
disacchandes, incorporating all the exocylic hydroxyl groups found on the sugar ring is necessary.
The reason is these hydroxyl groups often participate in intra-residue hydrogen bonding and thus can
strongly influence the degree of the inter-residue hydrogen bondings. Instead of using saccharide
mimics as previously used in the parameter development phase, a 3-maltose with modified at the C2

and C3’ positions of the non-reducing and reducing sugar units respectively was employed.

The conformation behaviour of all the disaccharide derivatives was examined. Only the stmulations
of 2-NHx>-Glc-a-(1—-4)-Glc and GlcNAc-a-(1—4)-3-NH>-Glc are included in this section for
comparison with the conformational behaviour of 3-maltose. As was shown in the previous chapter,
a ranking of the relative hydrogen bond strength across the glycosidic linkage 1s now possible. The
cross glycosidic link hydrogen bonds OH(I)--—-NHz(A4) and NAc(D)----NHz(4) are known to be
more than 3.5 kcal/mol stronger than OH(I)----OH(A) hydrogen bonds for the a(l—4) linked
disaccharides. One of the most useful aspects of using empirical force field calculations is that they
allow rapid evaluation of molecular energies. This makes them suitable for problems requiring the
understanding of the relationship between changes i molecular conformation and variation in the
molecular energy. In the case of disaccharide conformational prediction, one can calculate the
complete energy surface results from changing one or more dihedral angles, known as adiabatic map,

and subsequently verify the molecule conformations that correspond to the low energy regions.

Systematic rotating about the glycosidic C-O-C bonds yields an energy hypersurface, also known as
the adiabatic map. Owing to the pervasiveness of hydrogen bonding found in carbohydrates, the
energy hypersurface can be critically influenced by the different orientations of any of the functional
groups. Each pyranose ring of the carbohydrate is practically rigid since only the “Ci chair
conformation is observed experimentally.?® The mnter-residue non-bonded interactions influence the
topology a particular disaccharide adiabatic map. These interactions include steric clashes and
hydrogen bonding. The steric interferences between the hydroxyl groups and the glycosidic linkage
primarily lead to the high energy regions in the map, whereas the strength of the hydrogen bonding
stabilises the disaccharides.

Normally the hydrogen bonding pattern of the disacchande adapted either the “clockwise” or “anti-

clockwise” arrangement. In some cases when the orientations of the glycosidic linkage forbid the






The dev pment of the dihedral parameters was carried out using 2-hydroxy-5-methyl-pyranose as a
monosaccharide mimic (Figures 5.1() and (i) respectively). The site marked X (Figure 5.1(it)),
where the O2 hydroxyl group s situated (compare to Figure 5.1(1)), was later substituted with all the
above mentioned small functional groups. The topologies of the potential energy wells ware obtained

by systematically rotating the C2-X dihedral angles (8) of interest from —180 to 180 in 30 degree
increments and using the corresponding DFT and molecular mechanics to evaluate the potential

energy at each grid point.

Momany and Willet performed B3LYP optimisations on maltose with varying ¢,y dihedral angles
(Figure 5.1(11)) and found close similanties between the lowest energy computed structure and crystal
structures obtained from the neutron and x-ray diffraction studies® The objective of this current
procedure is not to locate global minimum energy structures for disaccharides, but rather to make
sure the charge assignments are adequate. The disaccharide mimics (Figure 5.1(iv)) is employed in
this case as they can reduce the complexity of the actual disaccharide but without sacrificing essential
conformational features of the sugar complex. This approach has been previously used by Cloran e
alt¢ but differs from our approach since we include the primary methyl (C6) groups in the
disaccharide mimics. This is an important feature for carbohydrate mimics since omitting the primary
methyl groups results in mter-atomic distances between C2 to C3’ that being longer than is
experimentally observed. Here, the functional group were substitute on the X and Y sites (Figure
5.1(iv)) of the maltose mimics according to the combination scheme previously described i chapter
4.

The dominant feature of an «(1—4) linked disaccharide adiabatic map is a broad low energy region
situated diagonally across the center of the map starting from @,y) = (-60,-60) to (40,40). Thus, we
carried out our energy evaluation in this region by systematically rotating both ¢,y dihedral angles
simultaneously with 10 degree increments. (These are the selected grid points: (-60,-60), (-50, -50), (-
40,-40), (-30, -30), (-20, -20), (-10,-10), (0, 0), (-10, -10), (-20, -20), (-30, -30) and (40,40)). This results
a profile that stretched diagonally across the low energy region of the well of the adiabatic map and
such profile should be sufficient to provide an adequate description of glycosidic rotational vs energy
topology of the disaccharides.

The process of finding a suitable atomic charge assignment is difficult. It is a tricky process to
generating a set of atomic charges which can bring about a good agreement between the empirical

energy curves and the quantum mechanical potential energy wells. Further, each atomic charge



using molecular otbital theories to collect a set of potential energy values from an array of
conformations with different distorted geometries. Fitting the empirical potential energy function
and its derivatives to such energy surfaces can provide more information compared with only using
the information obtained from the equilibrium structure. Reiling ez 4/,12 introduced torional terms by
studying various small fragments resembling the saccharides. However their findings rely mostly on
lower level quantum chemistry calculations. TvaroSka and Carver had reported the hydroxyl and -O-
methyl torsional terms by incorporating the gauche effect while using a higher level of ab initio
theory.’® Their results seem mote valid. However, the high potential energy barriers of their
investigation made it somehow impractical for studying carbohydrate conformational properties.
Here, we make use of e density functional theory (DFT) calculations for the force field
development considering DFT incorporates electron correlation effects. Nonetheless, the mamn aim
of this chapter is to brefly illustrate the procedutes employed for extending the existing CSFF which
has previously been found to yield dynamics simulation results that are comparable to the
experimental findings.1* The force field parameters of these small functional groups, amine (NHz),
N-methylacetamide (NHCOCHs; NAc), permethyl (OCHs) and methyl (CHs), were specially
developed by utilising the procedures stated in section 5.1.1. This newly developed parameters sets
were employed for rapid prediction on the conformational behaviour of maltose, 2-amine-Glc-o-
(1—4)-Glc and GlcNAc-o-(1—4)-3-amine-Glc. The procedures are documented in section 5.1.2.
Maltose 1s the natural occurring a-(1—4) linked disaccharide whereas the latter two molecules are
chosen due to the higher strength of their inter-glycosidic interactions (established in chapter 4).
Furthermore, the force field parameters of these small functional groups were employed for
investigating the condensed phase conformational properties of the relevant carbohydrates. This can

be examined in chapter 6, 7 and 8.

An accurate description of the structure energy relationship is considered crucial for the development
of any carbohydrates force field. In chapter one, it was mentioned that an inadequate force field set
can yield misleading results. The force field parameters must be able to reliably estimate the finer
details of the adiabatic map. Hete any subtle error in this estimation can lead a large degree of
unreliability when predicting the overall chemical-physical properties of the larger a(1—4) linked
polysaccharides.’> When beginning the parameter development, it is usually useful to choose the
bond length and bond angle parameters from the similar groups found in other CHARMM
carbohydrate force field or experimental data. However, the dihedral angle parameters and the charge
assignments for the atoms involved should be carefully assigned. The reason is that the accuracy of
the EFF calculation relies to a large extent on the rotational energy barriers which are greatly

influenced by these two terms.



Carbohydrates possessing modified functional groups are commonly found in nature. These
modified carbohydrates have significant commercial value as they are often the basis of several
important industrial materials and may be vital pharmaceutical ingredients.! As was mentioned in the
previous chapter, every functional group has a different hydrophilicity /hydrophobicity. Hence, each
functional group can influence the inter-residue hydrogen bonding strength that consequently affects
the overall chemo-physical properties of the complex carbohydrates.2 The development of
computational methods for simulating such modified carbohydrates within the condensed phase has
eamed considerable awareness in recent years. Empirical Force Field (EFF) methods such as
molecular mechanics and molecular dynamics are gaining wide popularity as the preferred techniques
for studying structural the details of carbohydrates. The usefulness of EFF methods for predicting
the molecular properties of the modified carbohydrates has clearly been established. However, such

predictions are not possible unless a set of force field parameters 1s satisfactory validated.

Various different types of Force Fields have been developed in order to describe carbohydrate
conformational changes without a solvent environment. Several unique features of carbohydrates
such as their highly polar functionalities and the dependence of their conformational behaviour on
stereoelectronic effects (22g. anomeric, exo-anomeric and gauche effects) have long been recognized
and included 1n the development of various parameterisation schemes.? In 1988, Ia and co-workers
presented one of the early CHARMM-Type carbohydrate parameters. Although this force field does
not correctly model the experimental findings of anomer mutarotations, it yields free energies which

are consistent with the expenimental findings .*

During force field development, it is often necessary to employ experimental findings, such as
Nuclear Overhuser Effects data, to validate the structural geometries of the predicted conformers.
The intricate conformational changes of a carbohydrate molecule in the condensed phase would only
quantitatively fit experimental data if the torsional parameters are adequately parameterised. Palma’
has revised the Brady force field® and incorporated some of the Homans’ parameters in order to
produce a primary alcohol dihedral rotational that favours the gg and gt conformations. Based on
Homans parameters as well as the charge scheme proposed by Wood ez a/.2 Momany and Willet have
put forward a force field parameter set which allows an mncreased in rotation about the C5-C6 bond.?
Recently, Kuttel ez 4/1° studied the dihedral angle parameters of both the primary alcohol and the
secondary hydroxyl groups by modifying the sugar parameter sets of Palma e 4/ to yield the
Carbohydrate Solution Force Field (CSFF). Their CSFF exhibits primary alcohol rotational
transitions on a nanosecond time scale for simulating molecular dynamics of sugars in solvent and
demonstrated a excellent agreement with NMR data. The studies presented by Corzana e al. also
confirmed the CSFF to be swtable for simulating catbohydrates in nanosecond scale.!!

Deriving torsional parameters using the electronic structural approaches (ESA) has been widely

accepted as an option when experimental data are scarce. One can generate an energy surface by
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conformational energy of biopolymers have previously not been accessible as that energetic
contribution had been buried 1n a large mix of electrostatic, van der Waals and quantum terms.
Only a rough approximation could be obtained from the binding energy of model compounds.
This however, did not account for the very ditferent conformational, structural and chemical

environment found when the functional group pairs were connected in a bonded arrangement.

We have found that intramolecular hydrogen bond strengths can be estimated by establishing a
relationship between hydrogen bond energy and the topological properties of electron density
between the complex. Thus relationship allows for the construction of correlation AEHB vs Ay
curves for each combination of hydrogen bond pairs. Once the AEHB vs Aqiip curve s
constructed for a pair of hydrogen bonded functional groups it can be used to estimate the
intramolecular hydrogen bonds for the same pair in any system. We have used these curves to
estimate the cross glycosidic linkage hydrogen bond strength in (1—4) linked disaccharide
derivatives and found the relative strengths of these intramolecular hydrogen bonds within their
biomolecular conformational context. Thereby demonstrating that a ranking of the relatve
mntramolecular hydrogen bond strength occurring across the (1—4) glycosidic linkage is now
possible. We have seen that the strongest intermolecular hydrogen bonds (e.g., Me-NH2(A)---
Me-OH(D)) do not result in the strongest an intermolecular hydrogen bond cross-glycosidic
intramolecular hydrogen bonds when the either of the hydroxyl groups at C(2) and C(3) are
substituted with an amine. This is because the hydrogen bonds between vicinal groups on the
reducing and non-reducing sugars affect the formation of the cross glycosidic hydrogen bonds.
None the less our estimations of intramolecular cross glycosidic linkage hydrogen bonds showed
that the NAc(D)----NH2(A) hydrogen bond in 2-amine-Glc-a-(1—4)-Glc and 2-amine-Glc-8-
(1—4)-Glc 1s stronger than OHD)----OH(A) found in maltose and cellobiose.
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Figure 47 The electron density maps of the molecular fragments close to and about the glycosidic
linkage of GlcNAc-«-(1—4)-3-amine-Glc (1)-(ii) and GlcNAc-$-(1—4)-3-amine-Glc (7v)-
(vi) The positions of the nuclei (as labelled in Figure 4.1) are marked with an open circle
and the positions of the BCPs are marked with a “®”. Note: 022, N2 and HN2 represent

the oxygen, nitrogen and amide hydrogen of the NAc substituent where as N3’ and HNJ3

represent the nitrogen and the amine hydrogen of the amine substituent.

Evaluating relative intramolecular hydrogen bond strengths in folded saccharides and other
biopolymers is an important component in the rational design of conformationally dependent

“lock and key” binding. The contribution of intramolecular hydrogen bonds to the



Table 4.3 Geometry parameters and the estimation of cross-glycosidic H-bond strength (AEHB) of

the B3LYP/6-311++G (d,p) optimised disaccharides.

I H---A Distance (A)
Estimated
Rank | -X Tl e ¢ ¥V |HO3--Hx/ | Hx—Y/ Hy-02/
03--X X---Hy Y---HQO?2’
a(1—4) linked
1 -NAc -NH; -6.03 -14.08 1.55 1.845 1.957 2.475
2 -OCH3; -OH -5.01 -8.59 3.00 2.469 1.964 2.287
3 .OH | -OH 499 -6.80 7.1 2.358 1.922 2.360
4 | Nac| oH | 476 | 1380 | 2m 1.856 1.945 2.286
5 -NH: -OH -2.51 -9.79 6.53 2220 2127 2.308
6 -OCH; | -OCHj3 -1.01 -12.59 2.20 2.302 2.669 2.891
7 -NAc -NAc -0.97 -24.86 -38.86 1.941 2.660 2.001
8 | -NH: | -NH, 2491 | -1200 | 2246 2267
9 -CH3 ~-CH3; - -25.53 -10.39 --- --- e
B(1—4) linked
1 | -NAc | -NH, | 608 | 17627 | 7.83 1760 1.963 2.487
2 | OH | -OH | 502 | 18093 | 079 2.366 1.889 2.307
3 |-ocHs| -OH | 489 | 18721 | 7.3 2.366 1.893 2.603
4 -NAc -OH -4.62 176.66 8.17 1.767 1.945 2.262
5 -NH; -OH -2.47 176.18 2.87 2.785 2.081 2274
6 |-ocH| -ocH;| -098 | 16020 | 4.3 2.451 N/A 3.126
7 -NH; -NH; - 188.07 12.40 2.404 2.210 2.195
8 | -NAc | -NAc 166.76 | 6.01 1743 2.051
9 | -cHs | -CHs 16217 | 9.62




Inter-glycosidic hydrogen bonds between the hydroxyl groups on C2 and C3’are present in both
maltose and cellobiose. Fstimating the hydrogen bond strength using the AEHB vs A
correlation curves gives a value of approximately Skcal/mol. Interestingly, the intramolecular
interaction between the vicinal hydroxyl groups located on the C3 and C2 as well as the C3” and
C2’ do not satisfy the AIMs criterion for hydrogen bonding, This result confirms the previous
observation for 1-2-diols* since there is no electron density between these adjacent hydroxyl

functional groups.

Ranking the intramolecular hydrogen bond strengths of the (1-—4) linked disacchandes
derivatives with functional groups substituted at the C2 (X) and C3’ (Y) positions (Table 4.3)
produced a different trend than that of the corresponding intermolecular hydrogen bonds listed
Table 4.2. The strongest intermolecular hydrogen bond i1s Me-NHz(A)---Me-OH(D) which is not
the case with this functional group pair substituted about the glycosidic a and 3(1-—4) linkage.
Rather, the functional groups exhibiting the strongest hydrogen bond across both a and 3(1-—4)
glycosidic linkages are the NAc(D)----NHz(A) combination. The reason for the differences in the
two trends lies with the formation of intramolecular hydrogen bonds between the adjacent
hydroxyls and the NH> and NAc functional groups on the reducing and non-reducing sugars. An
examination of the electron density maps (Figure 4.7) of GlcNAc-a-(1-—4)-3-amine-Glc and
GlcNAc-3-(1-—4)-3-amine-Glc showing fragments of the disaccharides supports the existence of
hydrogen bonding between these vicinal groups as seen in the molecular graphs of Figures 4.5(v)
and Figure 4.6(v). Unlike the case of the adjacent hydroxyl groups on the reducing and non-
reducing sugars of maltose and cellobiose that do not exhibit hydrogen bonding a BCP does
occur between the hydroxyl and the NAc of the non-reducing sugar and a further BCP occurs
between the hydroxyl and the amine on the reducing sugar both with the correct topology for
hydrogen bonding. These hydrogen bonds between the vicinal groups on the two sugar rings
optimally direct the NAc toward the amine inducing a strong hydrogen bond of approximately
6kcal/mol for both a and B derivatives compared to approximately 5kcal/mol for the equivalent

cross glycosidic hydrogen bond found in maltose and cellobiose.

While the Me-NAc---Me-NAc dimer complex produced a relatively strong intermolecular
hydrogen bond when both X and Y sugar positions were substituted with NAc groups
significant steric repulsions between these bulky groups occurs. Consequently no BCP was
found between substituents in GlcNAc-a(1—4)-GlcNAc resulting in only a weak cross-
glycosidic electrostatic attraction. The GlcNAc-B(1—4)-GlcNAc disaccharide produced a very
weak hydrogen bond between the amide hydrogen of the non-reducing sugar and the amide
nitrogen of the reducing sugar.









1e binding energy of intermolecular hydrogen bonds can be readily and accurately assessed using
model pairs of functional groups such as the ones analysed in the previous section. However, it is
nearly impossible to tease out the contribution of individual intramolecular hydrogen bonds to the
internal energy of 2 macromolecule since electrostatic, steric and electronic effects are always present.
It 1s here that the predictive value of the correlation AEHB vs A, curves shown in Figure 4.4 can be
demonstrated. We investigate the strength of hydrogen bonds across glycosidic linkages for both a
and B(1—4) linked disaccharides as illustrated in Figure 4.1 using the correlation curves of Figure 4.4.

The conformations of oligosaccharides are dictated by the flexibility of the glycosidic linkages and in
tum the hydrogen bonds formed across those linkages. We have previously investigated the nature of
the a(1—4) and o(1—06) linkages* and found that the flexibility of the a(1—4) linkage in solution is
affected by the extent of rapid exchange between bridging intermolecular water hydrogen bonds,
formed with the hydroxyls at C2 and C3’, and the intramolecular hydrogen bonds usually found
between these hydroxyls in the solid state.1%!! Preliminary investigation into dernivatives of a(1—4)
linked saccharides was done with a view to the slowing down this exchange of intermolecular and
intramolecular hydrogen bonds through increasing the intramolecular hydrogen bond strength by
substituting functional groups of varied hydrogen bond accepting and donating properties at the C2
and C3’ positions (Figure 4.1).12

B3LYP/6-31G(d) optimisations were cartied out on all the disaccharnides combinations listed in
Figure 4.1. Combinations of clockwise and anticlockwise hydroxyl orientations on the reducing and
non-reducing sugars were optimised and compared as a way to identify conformations with the
lowest energies. The low energy conformations for each of the disaccharides were further optimised
with B3LYP/6-311++G(d,p) and the resultant electron density analysed using AIM calculations. The
molecular graphs of six global minimum geometry a(1—4) linked disaccharides (maltose, 2-amine-
Glc-o-(1—-4)-Glc, 2-amine-Glc-a-(1—4)-3-amine-Glc, GlcNAc-o-(1—4)-Glc, GlcNAc-a-(1—4)-3-
amine-Glc and GlcNAc-o-(1—4)-GlcNAc) are displayed in Figure 4.5 (i-vi) respectively. Similarly the
corresponding six 3(1—4) linked disaccharides (cellobiose, 2-amine-Glc-8-(1—4)-Glc, 2-amine-Glc-
o-(1—4)-3-amine-Glc, GlcNAc-3-(1—4)-Glc, GlcNAc-B-(1—4)-3-amine-Glc  and GlcNAc-8-
(1—4)-GlcNAc) are shown in Figure 4.6 (i-vi) respectively.






We use the AIM procedure to analyse the electron density in the ydrogen bonds of the pairs of
functional groups listed tn Table 4.1. Except for the methylated and deoxy-methaylated dimmers, all
of the hydrogen bonded pairs comply with the criterion required for hydrogen bonding summarized
by Pacios and Gémez.8 It has been suggested by Cheeseman ez a/. that the near-perfect transferability
of electron density of atoms does contribute to the total energy.#?2 This underlying relationship is

illustrated in Figure 4.3 (i1) and (v).

Based on this postulation and supported by the results of Grabowski3® we construct the standardised
correlation curves by plotting the binding energies of the fully optimised complexes (AEHB) evaluated
from B3LYP/6-311++G(d,p)//B3LYP/6-311++G(d,p) against the modified Grabowski parameter
Auiip. The results of a survey of crystal structures showed that the directionality of hydrogen bonds
were consistent with the diffusive nature and the directional properties of the lone-pair electron
densities of acceptors atoms.#3 Furthermore the effect of the D-Hp---A angle on the binding energy
of the Me-NAc hydrogen bonded dimer has been investigated using AM1 semi empirical methods.
The results showed a very minor correlation between the variation in angle and the hydrogen bond
energy.* Therefore, while hydrogen bonds are directional and the overall range of the D-Hp---A
angle is limited between 180° and 140°, for a medium to strong hydrogen bond, the distance between
the hydrogen donor and acceptor atoms makes the most significant contribution to the strength of
the hydrogen bond. This being the case we kept the D-Hp—-A4 angle fixed at the value obtained
from the optimised geometry (generally not smaller than 155°) and varied the distance between D
and A from a minimum distance where the van der Waals radit of the acceptor atom and the donor
hydrogen ate in contact to 2 maximum distance where the electron density 1s zero for each of the
fully optimised combinations of functional donor-acceptor pairs. The modified Grabowski parameter
and binding energy were calculated for each D and A distance and so a binding energy - Aurup
correlation was established for each functional group pair. The A.u versus the binding energy
correlation curves for all the hydrogen donor-acceptor pairs are shown in Figure 4.4. The parabolic
nature of these curves allows for comparison between the interacting pairs. It is clear that the
electron density tn the hydrogen bond is a strong indicator of the hydrogen bond strength, which
implies that electron delocalisation, as in an actual chemical bond, is a significant contributor to the

character of hydrogen bonds 45



electron density in the D-Hp---A hydrogen bond is linear for both the MP2 and B3LYP methods.
This result is consistent with the suggestion from Cheeseman ez 4/. that a near-perfect transferability
of electron density of the ms does contribute to the total energy.*? This linear relationship
between the binding energy strength and electron density cleardy illustrates the covalent
charactenstics of the hydrogen bond.
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Figure 43 Binding energies of various hydrogen bonded dimmer complexes were plotted as a
function of D-H----A distances (A) (represented by (i) and (iii)) and as electron density
) found within hydrogen bond (represented by (ii) and (iv)).



Simulated annealing involves performing molecular dynamics at a sufficiently high temperature as a
means of overcoming the rotational energy barrier of the exocyclic functional groups. This is then
followed by a slow cooling process which allows the molecule to gradually reach a conformation of
low potential energy. A reliable adiabatic map could be constructed by means of the following

systematic procedures:

(1) The conformational space of the disaccharides is explored according to the
dihedral angles rotation. Harmonic constraints were applied to the endocyclic dihedral angles in order
to prevent the monosaccharides flipping out of their natural chair conformation. Glycosidic angles
were also harmonically constrained and the ¢,y energy space of the disaccharide was divided in
terms of grids by sampling at 20 degree intervals for each glycosidic dihedral. (1) Durnng the
simulated annealing process, each conformer was rapidly heated from 200K to 900K in the
increments of 100K per picosecond over 7ps. The dynamics were further equilibrated for another
3ps at 900K heatbath before the cooling process in attempting to explore conformatione of lower
energy. (i) The cooling process was performed from 900K to 300K in 30K per picosecond over
20ps. The rate of the cooling is purposely set at a slower pace to allow the molecule to explore the
lower energy regions. The structures obtained from the simulated annealing process were subject to a
combined-methods minimisation scheme involving 100 steps of steep descent followed by an
additional 100 steps of conjugated gradient. The outcome from the initial gnd search provides a
rough idea of the topology of the adiabatic map.

The energy surface generated from the initial grid search does not guarantee
finding the conformation representing the lowest energy. In order to clanfy this issue, a returing

procedure must be performed.

The orientation of the exocylic functional groups found within the different minima on the initial
map should practically be very different. Therefore, it is reasonable to assume that for any
disaccharide, the orientation of the functional groups yielding the lowest molecular energy would be
similar to the exocylic group arrangement found within one of the minima within the adiabatic map.
From the initial grid search, 6 different conformers, each with different combinations of
¢,y dihedrals, were taken from 6 very different regions of the map. Each conformer was then
employed to conduct further simulated annealing process for 35 cycles as was described previously.
This procedure ensures the one to uncover the specific orientations of the exocylic groups which

yield the lowest molecular energy.

Finally, the six conformations with the lowest molecular energy from the above mentioned
procedure were selected for the map refinement procedure. The map refinement was carried out

using the same combined-methods minimisation scheme at 10 degree interval grnid search. These



arrangements of exocyclic gro 5 were compare at each grid point as the and only the arrangements

yielding the lowest energy structures were taken as a final energy point on the final map.

Vacuum molecular dynamics simulations were implemented by keeping the chemical bonds mvolving
hydrogens fixed via the constraint algonthm SHAKE? and employing a 1fs integration time step.
The long range interactions were decreased smoothly to zero between 12 A and 14 A using the
CHARMM switching functions applied on a group-by-group basis. The molecular dynamics
simulations were conducted using the microcanonical ensemble (constant N, V, E) and used to
explore the phase space of the saccharides (refer to Chapter 3). Configurations of the molecules were

stored at intervals of 0.5ps 1n all simulations and analysed over 6ns long trajectories.

As was mentioned in chapter 2, depending on the conformation of the molecule, the MSK charge
calculations can yield a variety of atomic charges. One can clearly observe the change in the atomic
charge of atoms involving in hydrogen bonding when the geometry of the molecule 1s altered. This
eftect was demonstrated by the NH: ---- OH disaccharide mimics data as shown in Figure 5.3.
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Figure 53 The ¢ and y dihedrals of the disaccharide mimic influence the atomic charge for (i) N2
and (ii) the ¢ atomic charge of the amine hydrogens. (Obtained from MSK scheme
where blue lines resemble N2(A) ---- HO3’(D) and pink lines resemble HNq orvy (D) —
- 03’(A)).

The average atomic charge of N2 is -0.72 when it participated as a hydrogen bond acceptor with the
HO3-03 hydrogen bond donor group (shown in the blue curve of Figure 5.3(1)) However, when N2



participates as a hydrogen bond donor itself, the average atomic charge of N2 is -1.05 (shown in the
pink curve in Figure 5.3(1)). Similarly, the average atomic charges of the amine hydrogens range from
0.29 to 040 depending on the hydrogen bonding orientation. It is interesting to observe the dramatic
variation in the atomic charges of these atoms depending on the orientation hydrogen bonding. This
confirms that the nitrogen atom is a superior hydrogen bond acceptor but a poor hydrogen bond
donor (See chapter 4 for the characteristics of hydrogen bonding).2

Unlike the electronic structural approach, the empirical force field method requires each atom can
only be assigned with one atomic charge regardless of the hydrogen bonding orientation. Therefore,
different combinations of atomic charges were assigned to the N2, NH,, NH,, C2 and H2 atoms in
an attempt to produce an empirical energy curve that has a comparable topology to the energy profile
generated from ESA calculations Some of the atomic charge combinations tested are listed in Table
5.1 ((b) to ()) and their respective empirical energy profiles are shown in Figure 5.4 and Figure 5.5
and further compared with the energy well obtained from density function theory (Table 5.1 (a)).

Table 5.1. The different combinations of atomic charges employed during the CSFF parameter
development of NH2 functional groups

QM Derived and Empirical Assigned Atomic Charges
@] ®] © @] © O] ®] o 6) )
C2 —_ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10
H2 -~ \'dq: 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.05 0.10
N2 E S? -0.40 -0.50 -0.60 -0.70 -0.80 -0.90 -1.00 -0.80 -0.80
NHa | @ :;: 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.15 0.15
NHb b 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.15 0.15

The internal rotation barriers about single bonds have long been recognized as one of the major
factors goveming the conformations of a molecule. In Figure 5.4, altering the atomic charge scheme
induces only a subtle variation to the energy topology for rotating about the C2-X bond of the
monosaccharide mimic. However, due to the non-bonded interaction between the functional groups,
the slight alteration of the atomic charge on the atoms results in considerable differences on the
overall topology of the disaccharide mimic potential energy profiles (Figure 5.5). This intricate
relationship between the potential energy profile and atomic charge makes it a difficult task to decide
with which atomic charge assignment scheme to incorporate as the finalised parameter. Moreover,
modification of the atomic charge of one functional group leads to changes in the potential energy
profiles for other disaccharide mimics involving thus particular functional group. For example, fine
tuning the functional groups of NAc and NH: parameters using the mimics involving -NAc - -NH2
would affect the outcomes of all of these interactions: -NAc - -OH, -NAc - -NAc, -OH ----NH; and
-NH; - -NH;,
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Figure 5.5 Subtle changes of charge parameters can induce drastic changes in the overall potential
energy profiles of an NH,----OH disaccharide mimic. (Curves (b) to () represent
different CHARMM empirical energy profiles whereas curve (a) represents the results
obtained from B3LYP calculation).

Due to the space constrain, the details of all the tedious procedure are not include in the rest of the

chapter. The results obtained from the final parameters are shown in Figure 5.6 (the dihedral rotation



of C2-X bond) and 5.7 (rotating the glycosidic dihedral angels under the influence of the non-
bonded interaction of -X and —Y). These curves were generated after taking all the important factors
mentioned previously in to consideration while making some reasonable assumptions of fine turning
the parameters. The new force field parameters (red lines) are shown to be comparable with the

curves generated from B3LYP calculations (green lines).
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Figure 5.6 The empirical potential energy profiles for rotating various functional groups on the

corresponding monosaccharide mimic.

Corzana et al1! performed a series of solution dynamic simulations of methyl-a-D-maltoside and
methyl-a-D-isomaltoside and found that rotation of the -O-methyl group is somewhat ngid when
using the CSFF. Although it 1s not clear how such a conclusion can be drawn from the CSFF which
at the time did not include potential parameters for -O-methyl groups, this warmning has been taken
into consideration. In order to promote free rotation of the -O-methyl groups, the necessary
potential parameters have therefore been adjusted by lowering the rotational barrier height. Figure
5.6(u1) shows the overall energy profile of the newly adjusted parameters sull holds remarkable
similarity when compare to the enetgy curves generated quantum mechanical calculations.
Nevertheless, after examining Figure 5.6 and 5.7, it 1s clear that the overall profiles between the
empirical potential energy curves and the corresponding B3LYP generated energy profiles have been
shown to be analogous. The force field parameters were hence deemed to be acceptable for the

conformational analyses applications.
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Figure 5.7 'The empirical potential energy profiles for different disaccharide mimic generated by
simultaneously rot ag both glycosidic dihedrals (¢ and ).

After modifying the CHARMM. e carbohydrate parameter, we performed conformational analyses
on all the a(1—4) linked disaccharides listed previously. However, due to the space constraints, only
three disaccharides (maltose, 2-amine-Glc-a-1—4)-Glc and GlcNAc-a-(1—4)-3-amine-Glc) were









NHz(4)) followed by a weaker NH(1D)-—OH(A) hydrogen bond across the glycosidic linkage and a
moderate hydroxyl-hydroxyl hydrogen bond on the reducing sugar. This weaker cross glycosidic
linkage hydrogen bond allows for increased motion about the ¢,y torsion angles. The third
disaccharide GlcNAc-a-(1—-+4)-3-amine-Glc (Figure 5.9(ii)) includes a medium strength OH(D)—
NAc(4) hydrogen bond between the hydroxyl and the carbonyl oxygen of the NAc on the reducing
sugar that impedes rotation of the NAc group. This is followed by another medium strength
hydrogen bond across the glycosidic linkage (i.e., NAc()-—NH2z(4)) through to a relatively weaker
hydrogen bond between the amine and the hydroxyl (i.e., NHz (D)—OH(4)) on the reducing sugar.
Because of the increased hydrogen bonding between the functional groups adjacent to the glycosidic
linkage in GlcNAc-a-(1—+4)-3-amine-Glc impedes rotation of the NAc group a more limited volume
of conformational space is sampled.

5.4 Conclusion

The lack of experimental data becomes a significant challenge for the development of any new force
field parameters. Relying on the electronic structural approach to provide target values have been
widely accepted as the altemative method of parametersing the EFFs. The CSFF parameters have
been proven to yield simulations results which are comparable with the experimental findings. In this
chapter, we extended this force field by introducing several new parameters for modelling these four
small functional groups (-NHz, NAc, -OCHs and -CHs). The empirical energy profiles of these
functional groups were further compared with the data obtained from the quantum mechanical
calculations as 2 mean of validation. As was demonstrated, the overall energy profiles generated from
CHARMM have to been shown to be faily comparable with the curves obtained from the B3LYP
calculation. The force field parameters were deemed to be acceptable for calculations involving these
groups.

Conformational analyses of maltose and its derivatives revealed that the GlcNAc-a-(1—4)-3-amine-
Glc sugar has relatively limited motion about the ¢,y torsion angles. In general, although one can not
concluded the solvation nature of the molecules by simply relying on the conformation analyses that
have been carried out in this chapter, but these analyses do provide a valuable groundwork for
designing new type of biopolymer. In addition, they enable one to selectively pre-eliminate the
molecules with unwanted characters and focus on the molecules with potential. Nevertheless, in
order to confidently deduce the intricate solvation nature of any molecule, the molecule has to be
studied within the conditions where the solvent molecules are explicitly incorporated.? This issue
would be explored in further in the next chapter.
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Glycoproteins are proteins that are covalently linked to an oligosaccharide. The conformational
flexibility of the oligosaccharide is an important factor that govems the many biological functions of
this class of biopolymer. The monosaccharides that make up the oligosacchande mostly have no
more than one axial group and can therefore be largely approximated as “rigid” rings maintaining a
chair conformation. Therefore rotations about the glycosidic linkages between the monosacchandes
are the primary determinants of the conformation of oligosaccharides in glycoproteins. Predicting the
shape of oligosacchandes by controlling the rotation of the glycosidic linkage is 2 major objective in
the design of saccharide mimics for pharmaceutical applications. However, determining the solution
conformation of carbohydrates is a significant challenge to experimental methods. In the case of
NMR the long time-scale of the experiment compared with the often rapid intemnal motion of the
saccharide leads to average d mostly virtual structures. Rotation about glycosidic linkages occurs
on a comparatively shorter me scale and it has been shown that the resultant structures are best
resolved in combination with computer simulations.! Molecular dynamics (MD) simulations have
been used to interpret information from nuclear Overhauser effect (nOe) and spin-coupling NMR
experiments on oligosacchrides in an effort to elucidate their conformations.? More recently a
promising theoretical method was used to extract glycosidic linkage conformational distributions
from NMR dipole-dipole coupling data.? However, to our knowledge, a detailed analysis of the

solvent-sacchanide relationship of disaccharides using NMR has not been performed.

The conformation of oligosacchandes composed of glucopyranosyl monomers is largely determined
by rotation about the glycosidic linkage dihedrals. Molecular dynamics (MD) simulation data provide
a level of atomistic detail that allows unambiguous characterization of molecular motion. Based on
the vacuum dynamics simulation from the previous chapter, when compare the difference of
dynamics behaviour between maltose and Glc-2-NAc-a-(1—4)-Glc-3-NH, it is apparent that the Glec-
2-NAc-a-(1-4)-Glc-3-NH: clearly shown more rigidity in their intemal motion. The next step of
rational designing of new type of carbohydrate is to investigating the influence of water solvent
molecule on the behaviour of Glc-2-NAc-a-(1—4)-Glc-3-NH,.

As with many other biological molecules, carbohydrates undergo a variety of motions when immerse
within the aqueous environment. The Voronoi tessellations and spatial distribution functions have
been previously employed to analyse the structure of water about maltose and maltohexaose.* It was
found that the hydrophilic groups (in this case hydroxyls) participate freely in hydrogen bonds
adjacent hydrophilic groups and water molecules in the first hydration shell. There is therefore a
competition between intramolecular and intermolecular hydrogen bonding, Of particular interest are
the intramolecular hydrogen bonds occurring between neighbouring glucopyranose units (1.e., those
formed across the glycosidic linkage). These have a significant effect on the rotational flexibility of
the torsional angles comprising the glycosidic linkage. This chapter investigates the effect of






The program CHARMM has been used for all the molecular mechanics computations reported
heres A CHARMM-like force field specifically parameterized for carbohydrates” was used and
appropriately modified for our computations. The TIP3P water model® was used to represent the
solvent explicitly. Maltose and GlcNAc-a-(1—4)-3-amine-Glc solution simulations were started from
the previously established vacuum global minima (¢ = -23.77, y= -20.56) and (¢= -28.68, y=-
17.39) respectively.? MD sit lations were run for 6ns keeping chemical bonds involving hydrogens
fixed via the constraint algorithm SHAKE®? with a 1 fs integration time step. The long range
interactions were decreased smoothly to zero between 12 A and 14 A using the CHARMM switching
functions applied on a group-by-group basis.!! All solution simulations were run using a isothermal-
isobaric ensemble (NPT) where the pressure and temperature were kept constant (P=1bar and
T=300K) using the Langevin Piston method as implemented n CHARMM.12 In this scheme the

pressure is controlled using a Langevin equation of the type:

d’v 1 ar
— =W[P(’)*Pm 7;1—+R(t) eq 6.1

where the volume, V, is treated as a dynamical variable, W=500 1s the “mass” of the piston with a
collision frequency of y= 51! and applied with a random force R(t) that is determined from a
Gaussian distribution. Configurations of the molecules were stored at intervals of 0.5 ps in all

simulations and analyzed over the entire 6ns trajectory.

Full geometry optimisations were performed using Gaussian 9813 and AIM2000.14 on disacchande
mimics of maltose and GlcNAc-a-(1—4)-3-amine-Glc (Figure 6.1 (i) and (iv) respectively) each
complexed with a single v 2r molecule located at the glycosidic linkage. Density functional Becke-
Three Lee-Yang-Parr (B3LYP) 15 level of theory was used in the optimisation along with the 6-
31G(d) basis set. Due to the shallow potential curves of these systems, the keyword OPT=Tight was
included to increase the convergence criteria. This ensures a better reliability of the final geometries.
Basis set superposition errors (BSSE) were corrected with a Boys-Benardi functional counterpoise

scheme 16 and energy evaluations where done with a 6-311++G(d,p) basis set.

We analyzed the motion « the glycosidic torsional angles from the 6ns solution MD simulations of
the two disaccharides. The time series of the ¢ and y torsional angles are shown in Figure 6.2. The
glycosidic torsional angles fluctuate about ¢~40, y~-20 in the case of both saccharides. However,
the maltose glycosidic torsional angles (Figure 6.2 (i) and (i)) appear to fluctuate less than the






glycosidic motion of the two disaccharides is similar despite the cross glycosidic linkage

intramolecular hydrogen bonds being stronger in the former case.”
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Figure 6.3 Time correlation analysis of the fluctuations in a dihedral angles ¢ and Wy comprising
the glycosidic linkage in the disaccharides.

The hydrophilic interactions between water and the sugar solute induce a specific distribution of
solvent about the solute where water molecules that are closer to the solute tend to be localized in
certain high probability regions compared with the normal “bulk water” solvent probability density
further away.* Radially averaged pair distribution functions (PDF) between sugar oxygens or
nitrogens and the water oxygens, g(Os),2! provide approximate pictures of how the water is
structures about each functional group. In maltose for example, the O3’ oxygen is typical of most by
having a strong first peak at 2.82A, which on integration over a sphere of radius 3.5A about the
oxygen, results in a first shell of approximately 3.2 waters for the hydroxyl. This is much larger than
the number of hydrogen bonded interactions calculated previously, so there is clearly significant local
water density that 15 not participating in hydrogen bonds to the hydroxyls.22

The pair distribution function gives only approximate information about the nature of solvent
structure about each disaccharide, as it is radially averaged: the position of the maximum is the same
for all hydroxyls, althoug the maximum peak height may vary. Specific solute-solvent interactions,
however, would be expected to give a complex directional distribution of water about each
saccharide, which may not be revealed in the PDDF. A more detailed picture may be obtained by
calculating the full three-dimensional spatial distribution function (SDF).% 22 This is done by
averaging the water distt  ution about each disaccharide over the whole trajectory, after correcting

for translational and rota mal solute motion. The PDF’s have been calculated for the O2 and O3’



atoms of maltose (Figure 6.4 (1) and (1)) and the N2, O22 and N3’ atoms of GlcNAc-a-(1—4)-3-
amine-Glc (Figure 6.4 (iii) and (iv)). The SDF’s were calculated at 90% above bulk water probability
for both sugars as a function of the linkage atoms C1-O1-C4’ and are shown together with the
PDF’s in Figures 6.5 (f) and (it).
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Pair distribution function (PDF) for maltose ((i) O2 to water oxygen atoms, (ii) O3’
to water oxygen atoms) and Glc-2-NAc-a-(1—4)-Glc-3-NH; ((iiij) N2 and O22 to

water oxygen atoms, (iv) N3’ to water oxygen atoms).

The combination of the PDF and SDF data allows us to estimate the location of the water

probability density about the glycosidic linkages of the two disaccharides relative to the functional

groups adjacent to these linkages. This analysis is summarized in Table 1 for both disaccharides.
There is 2 90% probability of finding a water molecule 3.14A from the O2 and 3.42A from the O3
atoms in the maltose solution. The equivalent analysis for GlcNAc-a-(1—4)-3-amine-Glc reveals
that a water molecule is most likely to be located 3.19A from N2 and 3.40A from N3’ and a second
water located at 2.79A from O22 and 3.54A from N3’. There are therefore two bridging waters in

the case of GlcNAc-a-(1—4)-3-amine-Glc with one participating in hydrogen bonds with the N2

(NAc) and N3’(amine) atoms and a second participating in hydrogen bonds with O22 (NAc) and

N3’(amine) atoms.






After a fast inital fall the p(t) curves decay almost exponentially as exp(-t/ 7 ) where T is the
residence time. The residence time (7=8.36ps) for water molecules representing a solvent bridge
between the amine and NAc groups of the GlcNAc-a-(1—4)-3-amine-Glc disaccharide corresponds
to the 90% probability volumes shown in Figure 6.5(11). The residence time for bridging waters
about maltose corresponding to the 90% probability volume shown in Figure 6.5(1) 1s a factor of 2

lower than in the case of the NAc-amine derivative with 7= 3.66ps.
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Figure 6.6 Semi-natural log plot of the survival function (p(t)) of hydrogen bonded bridging

waters located between O2 and O3’ in maltose and N2/022 and N3’ in Glc-2-NAc-
a-(1—4)-Glc-3-NH,.

In MD simulations a frequent exchange between interactions that are less than 5kyT (Le., 3kcal /mol
at T=300K) can be expected if there are no kinetic “bottlenecks”. The geometry of the mimic
disaccharides were optimised using a density Functional B31.YP/6-31G(d) method. These structures
were then compared with a set of micro solvated mimic disacchandes, where single water molecules
in close proximity to the functional groups straddling the glycosidic linkage were geometrically
optimised at the same level of theory. The structures of disaccharide mimics are shown in Figure 6.7

(1) and (11) and the mimics complexed with a water molecule are shown in Figure 6.7 (1ii)-(v1).

Using a method developed previously® the intramolecular hydrogen bond strengths between the
functional groups and the multiple intermolecular hydrogen bond strengths between the functional
groups and the water molecule were calculated by way of B3LYP/6-31G(d)//6-311++G(d,p).
These results are shown in Table 6.1 along with the corresponding hydrogen bond distances and
glycosidic dihedral angles.






‘Table 6.1 Geometries, binding energies and hydrogen bond strengths for Maltose and Glc-2-
NAc-a-(1—4)-Glc-3-NH; mimics and the related micro solvated structures shown in
Figure 6.7.
Structure 6.7G) 6.7(i) 6.7(iii) 6.7@v) 6.7(v) 6.7(vi)
¢ -18.03 -17.87 -3323 -35.55 -22.88 -10.63
v -20.62 0.79 -32.90 43.97 8.30 34.68
Inter-residue hydrogen bond distance (A)
02 10 O3 29172 - 3.7301 - - -
N2 to N3 - 2.0388 - 4.3943 3.4240 3.4762
022 toN3 - 5.1170 - 6.6160 4.0772 39149
Bridging water distance (A)
O2(N2) to O, - - 2.7753 2.8706 2.8808 4.3040
022 t0 O, - - - 4.8276 4.8160 3.0563
O3 (N3’) to O, - - 2.7655 2.7917 2.8233 2.9393
Inter-regidue hydrogen bond strength (kcal/mol)
Inter-residue 49 | 68 | - | - | - | -
Bridging water hydrogen bond strength (kcal/mol)
02 t0 O, - - 450 - - -
03’ to O, - - 4.46 - - -
N2 t0 O. - - - -5.86 -6.14 -6.38
022 to O, - - - - - -3.76
N3’ to O, - - - -5.03 -529 -
Total energy - - -8.96 -10.89 -11.43 -10.14
Binding energy (kcal/mol)
Include BSSE L - T - | -8.4769 | -92662 | -10.0452 | -8.8728

6.4 Conclusion

Medium strength hydrogen bonds formed between uncharged functional groups such as hydroxyls,
amines and NAc are prevalent in many biopolymers and particulady in the oligosacchandes of
glycoproteins. The strongest attractive interaction amongst these 15 between the NAc and amine
groups. These groups when positioned around the glycosidic linkage in oligosaccharides effectively
determine the conformational space of the biopolymer. It is therefore conceivable that
oligosaccharide shape can be designed and controlled by tuning the hydrogen bond strength of these
functional groups.

The studies here tested this hypothesis by comparing solution conformations of maltose and a NAc-
amine derivative where the inter functional group hydrogen bond strength had been maximised. The
difference between the intemal motions of the two disaccharides in the presence of an aqueous
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solvent is not significant. Both disaccharides deviate from their vacuum global minima
conformations. This is due to the competition between the intermolecular hydrogen bonds formed
between water molecules and functional groups on saccharides and the intramolecular hydrogen
bonds formed between these functional groups.

The molecular similarity theory states that “a molecule acts like it acts, because it is what it is”.25
Contextually this theory can be applied to this study. Consider the chemical charactenistics of
hydroxyl groups of water molecules does not vary much from the charactenistics of exocyclic
hydroxyl groups found within sugars and since water is a2 small molecule that can readily reorientate
itself around large compounds, the water-bridging phenomenon thus occurs instantaneously. Due to
the fact that the functional groups substituted were only able to participate in weak inter-residue
hydrogen bond, a regular interchange between solvent-solute and solute-solute hydrogen bonds was
observed thus resulting in 2 similar frequency of fluctuation in maltose and its NAc-amine derivative
albeit about different conformations. This chapter fully illustrated that increase in inter-residue
hydrogen bonding strength does not necessary reduces in motion above the glycosidic linkages.
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Cyclodextrins (CDs) are cyclic a(1—4) linked carbohydrate oligomers constructed from glucose
units. They are produced by treating starch with an enzyme, cyclodextrin glycosyltransferase
(CGTase). CDs have commercial application in many areas, including pharmaceuticals, agricultural
chemicals, cosmetics and foods. Almost all applications involve the ability of the cyclodextrin to
alter the physical, chemical and biological properties of guest molecules, through the formation of

inclusion complexes.

Three of the most important cyclodextrins are a-CD, 8-CD, and y-CD in order of increased size.
These cyclic oligosaccharides have cone shaped rings with primary alcohol functional groups at the
small base and secondary alcohol functional groups at the large base. The interior cavity is covered
with hydrogens linked to C-3 and C-5 and glycosidic oxygens and is therefore largely hydrophobic.
The external part of the cone is mostly hydrophilic so that the CD’s protect chemically unstable
hydrophobic guest molecules from reacting with their environment while being transported through
a biologically aqueous media. Because of its cavity size and relative ease of production derivates of 3-
CD have been used commercially as a drug carriers. An inhibiting property of 3-CD has been its
relatively low solubility in water compared with a-, and y-CDs that are eight and twelve times more
soluble, respectively. Of the neatly twenty eight thousand papers published (to date) on the chemistry
and properties of CDs the overwhelming majority focuses on the carrier properties of this class of
molecule.! An electronic search in the literature revealed only a few publications devoted to the
uncorrelated solubility to mass relationship of a-, - and y-CDs.2? However, a thorough
understanding of the deviation of 3-CD from expected mass predicted solubility in aqueous solutions
and the gain 1n solubility of derivatives such as O-methylated 3-CDs is important to the design of

experiments for drug preparation .4

The solubility of a solute in a solvent depends fundamentally on the attraction and association of the
solute molecules with that of the solvent molecules. In general at the molecular level the CD’s

dissolve in water and in so doing they spread out and become surrounded my water molecules.

The thermodynamic process for dissolving a solid in a solvent requires a release of energy from the
crystal lattice in which the individual CDs are bound. The attraction between the various CDs in the
crystal represents the lattice energy. The degree to which the CDs are soluble in water depends on
the competition between the CD-CD interaction energy, the CD-water interaction energy and the
water-water interaction energy. For a solution with mole fraction x of CDs, the CDs can aggregate

and thus change their local concentration. The entropy of mixing for this dissolved solute is given as:

AS = —k[xInx + (1 — x) In(1 — x)] eq7.1



and the internal energy is

AU = yx(1 — x) eq7.2
Furthermore, we know that ideal and the non-ideal saturated solubility is directly related to the
enthalpy of melting,

[dlnm /d (1/D)}sat = -AHmetiing / R eq7.3

[dlinm /d (1/D))se: [1 + d1n Y /d (1/D)fsat = -(AHmelting + AHmixing)sar / R eq7.4

where T and m represent time and molality respectively. The activity coefficient of the non-ideal

mixing is represented by ym.

These factors affect solubility and solvation of a-CD, B-CD and y-CD. However, in this
thesis we compare the relative solubility and so look for factors that may cause the deviation

from linearity of in the solubility vs mw plot. Here a possibility may be an unusual increase
in the aggregation of B-CD at similar saturation points in the solubility curve. This would
imply that the free energy of attraction between two solvated B-CDs may be greater than

the counterpart of a-CD and y-CDs. It has been previously shown that the free energy of
binding between dimers of a-, B- and y-CDs were calculated from 5ns MD simulations using a
Poisson-Boltzmann procedure. There it was shown that the free energy of dimer binding decreases
with increasing CD size. It may therefore appear that the molecular origins of the uncorrelated
solubility to mass relationship of a-, - and y-CDs are more intimately related to the individual CD-
solvent relationship. Therefore our present investigation attempts to resolve the unusual CD
solvation pattem by addressing only the comparative relation of these cycloamyloses with the

surrounding waters as they compete with the water-water interactions.

We performed NMR expertments and MD computer simulations to investigate the dynamics of o-,
B- and y-CDs in aqueous solutions. In particular we measured the translational diffusion coefficients
(D) of the three CDs using the pulse-field-gradient spin-echo nuclear magnetic resonance (PGSE
NMR) experiments. These values were subsequently compared with the Ds calculated from the MD
trajectories. Detailed analyses of the translational diffusion provide important information about the
motion of CDs in water, which in tumn, reflects the complex intermolecular interactions. These
interactions are also manifested in the water structure around the CD molecules. Molecular dynamics
simulations provide a unique possibility for investigations of different properties at the molecular
level related to water structuring. In addition, the internal motion of the CDs can be monitored using
time correlation functions. These dynamical processes are strongly affected by the solute-solvent
interactions. Finally, the assumptions about cyclodextrin-water interactions based on the analyses of
the MD trajectories are used to reveal the reason for the anomalous solubility properties of the three
investigated cyclodextrins.



The program CHARMM has been used for all the molecular mechanics computations reported
here$ A CHARMM-like force field specifically parameterized for carbohydrates? was used to model
the CDs. The SPCE water model® implemented with periodic boundary conditions was used to
simulate the cyclodextrins in explicit bulk water. More precisely the «, B and y-CD’s were immersed
in solvent boxes of 4040 SPC/E water molecules of average dimensions 49.61 A, 49.65 A and 49.69
A respectively. This corresponds to solution densities of 1.013 g/cm?® in each case. The MD
simulations were run for 500 ps to equilibrate the system and 5ns for data collection using a 1fs
integration time step with the chemical bonds involving hydrogens fixed via the constraint algorithm
SHAKE?. The long range interactions were decreased smoothly to zero between 12 A and 14 A
employing the CHARMM switching functions applied on a group-by-group basis.?0 All solution
simulations were run using a isothermal-isobaric ensemble (NPT) where the pressure and
temperature were kept constant (P=1bar and T=300K) using the Langevin Piston method as
implemented in CHARMM! (refer to chapter 3) In this scheme the pressure is controlled using a
Langevin equation of the type where the volume, V, is treated as a2 dynamical variable, W=500 is the
“mass” of the piston with a collision frequency of y=5ps-! and applied with a2 random force R(t) that
is determined from a Gaussian distribution about 2 zero mean and variance. Configurations of the
molecules were stored at intervals of 0.5 ps in all simulations and analysed over the entire 5ns

trajectory.

Translational diffusion measurements were performed at 298 K using the pulse-field-gradient spin-
echo nuclear magnetic resonance (PGSE NMR) experiment. The conventional Stejskal-Tanner
experiment!? was extended with an additional gradient pre-pulse. The latter purges all transverse
magnetization from the previous FID and thereby equalized the two diffusion encoding gradient
pulses. Furthermore, it is followed by an additional weak gradient during the acquisition period that
enables spatial resolution along the z-axis. The deviation from linearity of the pulsed-field-gradient
(PFG) pulses over the sample volume was characterized as described by Damberg ez 2/1* The
distribution of the gradient strengths was modeled by a simple truncated linear gradient resulting in
calibrated conditions for a sample with a known translational diffuston coefficient (1% H2O in DO
+ 1 mg ml-1 GdCls; D: = 1.90 x 10-° m?2 s-1 at 298 K).14 The gradient strengths were varied between
0.5 and 14.6 G cm-1in 30 steps. The duration of the PFG pulses was 5 ms and the refocusing delay
was 50 ms. Diffusion coefficients of the cyclodextrins (1.0 mM in D2O) were obtained by the
Longitudinal Eddy-Delayed experiment using 10 consecutive measurements for each molecule.1> The
gradient strengths were in the range 0.5 to 28.8 G cm-!. The duration of the PFG pulses were 5 ms
and the refocusing delay was 100 ms. In addition, dephasing gradients were applied after the second
and fourth 90° pulses as well as after the acquisition period. Subsequently, a non-linear two-
parameter fit (4p and D) was performed of the attenuation of signal intensities. The average HDO



D, value in the CD samples were 1.85 x 10 9m? s-1at 298 K compared with the calibrated HDO D,

value of 1.90 x 10-°m? st at 298 K reflecting the accuracy of the D, measurements.

The diffusion rates for each of the three CDs were measured experimentally as described in the
previous section and the results are listed in Table 1. The trend shows a clear molecular mass
dependency with the heaviest molecule, y-CD, diffusing the slowest in water and the lightest
molecule, a-CD, diffusing the fastest. The diffusion rates obtained from the MD simulations were

calculated from the mean square displacement using the Einstein relation (refer to chapter 3).

The simulation values compared well with the experimental results but are approximately 10%
greater in magnitude. This difference originates most likely from the water model used in the
simulation. The experimental diffusion constant determined for pure water!6 1s 2.3 x 10-°m2 s-1 at
298 K while the simulated counterpart obtained using the SPCE force field® 1s 2.5 x 10-2m?2 s-1 at
298 K. As with the experimental measurements the translational motion 1s molar mass dependent
and indicates that the CD’s are diffusing relatively freely in the solvent. However, on closer
inspection 2 small but significant deviation from this trend can be observed originating from the 3-
CD that 1s diffusing slightly slower than predicted from a linear interpolation for the three CD set.
The B-CD is therefore experiencing an additional drag as it diffuses through the solvent.

Table 7.1: Diffusion coefficients (x101° m2/s) of -, B- and y-CD measured from NMR and
calculated from MD simulations within 95% confidence limits.

Method a-CD g-CD v-CD

NMR 2.29240.025 2.16810.015 2.097+0.017

MD 2.53540.035 2.40010.060 2.37510.070

We analyzed the spatial distribution of the individually diffusing water molecules in the three CD
solutions by applying a method detailed by us previously.!” Using this procedure we are able to
display the distribution of solvent diffusion rates found in the a-, 3-, and y-CD solutions (Figure
7.1). The diffusion rates are contoured at 50% and 10% of the diffusion rate of bulk SPCE water.
It is clear that water molecules diffuse significantly slower when close to the cyclodextrins. This






ignore cases when a water molecule only temporarily leaves the CD cavity and retums to it without
properly entering the bulk solution. We use a value of t*=2ps, which has been used m studies of
hydration shell sizes around ions' and in line with our previous calculations involving saccharide
solutions.2® The T'was found to be 1.46ps, 3.85ps and 1.14ps for water in the cavities of a-, §- and y-
CD’s respectively. Therefore the 5.35 waters in the 3-CD cavity are trapped roughly 3 times longer
than the 3.09 and 8.42 waters in the a- and y-CD cavities. The number of cavity waters obtained for
B3-CD from these MD simulations corresponds to the number observed in solid state NMR

experiments of hydrated 3-CDs.2

We mvestigated the structural properties of the waters making up the first hydration shell about the
CDs and as a consequence those waters that are located in the CD cavities. The size of the hydration
shells was calculated using a Vorono1 procedure previously reported by us, where a volume of space
15 allocated to each water molecule in a saccharide solution.?? In this method the volume of space 1s
represented by a Voronot Polyhedra (VP), which is constructed around each solvent molecule. This
was done by considering water oxygens within a radius of 4 A from the hydroxyl oxygens and 4 A
from the methylene hydrogens. The VPs of the waters that are immediate neighbours of the CD
Voronot volume are added up for each frame and then averaged over the entire trajectory to yield
the mean number of water molecules that are in the first hydration shell for a-, 3- and y-CDs. The
hydration shell analyses were performed over the entire 5ns trajectory (for each CD) with intervals of
0.5 ps between successive frames analyzed. From these calculations we found that a-, 8- and y-CD
each had 84, 99, and 113 first hydration shell waters respectively which amounts to approximately 14

water molecules for every glucose monomer in the cycloamylose nings.

The nature of the first shell waters can be analyzed by using the Voronoi Polyhedra (VP) analyses
(described in chapter 3) to determine if their collective structure is different from that observed for
bulk water. An accurate measure of local water structure and hence cyclodextrin solution structure
can be found by calculating an asphericity parameter 1 for each of the water VPs. We calculated
asphericity values for the first hydration shells water VPs of a-, 8- and y-CD solutions to assess the
structure of the surrounding water. All three CD solutions have similar asphericity profiles. The
relationship between the waters and the hydroxyl (hydrophillic) groups are similar to that found in
bulk water with n distributions (mode=1.64) tading off at 2.1 m all three cyclodextrin solutions.
However, analysis of the VI of the water molecules that are neighboring the hydrophobic CH
groups (including the ones found in the ring cawity) reveal that these waters have a significantly
anisotropic relationship with thetr water neighbors. This 1s evidence by the shift in the 1 distribution
mode=1.74 toward one that is more characteristic of an ansstropic overall structure which tails off at

24.The water pockets in the ung cavities of all three cyclodextrin solutions are therefore structurally



different from that of bulk water and tend to be structured more like the solvent does on

crystallization in ice I,.

The three-dimensional water distributions, as measured by the spatial distribution function (SDF),
about the cyclodextrins was calculated by a similar method to that used previously.222¢ All frames of
the three trajectories were used in tum for solvent probability density analysis. The volume around
the solute was divided into a three-dimensional Cartesian grid with the width of each division about
0.5 A. Each set of coordinates from the trajectory was translated to the solute centre of mass and
rotated by least squares fitting to a reference structure.? The value of a normalized gaussian function
centred on each water oxygen was used for binning, to achieve a smoother density. Finally, the total
oxygen density was normalized by dividing by the number of frames binned and the expected oxygen
density per bin for a uniform distribution, such that a density of 1.0 corresponds to the bulk
probability density. Cont s of 1.5, 1.7 and 1.9 times larger than bulk water probability density were
used to illustrate the solv  t configurational probability about the three cyclodextrins that 1s 50% and
90% greater than that observed in the pure solvent. These contour plots showing the cyclodextrins
limiting the configurational entropy of the water solvent from that observed in the bulk solvent are
shown in Figure 7.2.

! B Y
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Figure 72 Contour plots of water spatial distribution functions corresponding to the probability
density 50% and (a, b and c) 90% (d, e and f) above bulk water as calculated from the MD

trajectories.



Visual inspection of the SDI¥’s reveal that the probability of water molecules locating themselves
around 3-CD (Figure 7.2 (c) and (d)) is greater than that for «-CD (Figure 7.2 (a) and (b)) and y-CD
(Figure 7.2 (e) and (f)). The decrease of the 3-CD solubility is due to the marked water structuring
initiated from water-B-CD interaction. This reasoning has been previously put forward by various
researchers.? However, their studies involve using insufficient solvent numbers or/and
unsatisfactory cutoff distance (see chapter 3 for graphical representation of problems associate with
cutoff distances). Moreover, not only didn’t they provide comprehensible representations of reasons
regarding to water-CD solvent orderliness, some of these studies dealt exclusively with 3-CD only

and neglected any comparisons with other cyclodextrins.

Calculating the volume of the contours associated with above bulk water probability densities for the
three cyclodextrin solutions gives a more accurate assessment of the total fraction of waters that are
localised about the three cycdodextrins compared with waters that are located in the bulk solvent.
The results of these calculations are graphically illustrated in Figure 7.3. Here a strong correlation
between solubility and the extent to which individual CD’s interfere with the water molecule
locations mn solution emerges. The result is an alteration of the water structuring as seen in the bulk
solvent. The least soluble compound, B-CD, induces water to locate around it the most, this is
followed by a-CD which has a slightly lower structuring effect on the solvent and finally y-CD which
structures the water significantly lower than either of the other two CD’s and is by far the most
soluble cyclodexttin in aqueous solution. This result 1s consistent with the number of waters found
on crystallization of 8-CD (8.3-9.14/CD), «-CD (5.5/CD) and y-CD (5.86-12.75/CD).18
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Figure 7.3 The volume fraction (x10%) occupied by the structured water, derived from the SDFs for
the CDs.



Our simulations account for the properties of CDs in dilute solutions and so far the solvation of the
CDs appear to be more related to the way in which they affect the water structure rather than their
relative molecular weight and macromolecular ring size. The rational for the lowest solubility
observed for B-CD is due to the ice-like water structure that is trapped within its central cavity for a
significantly longer period than that occurring for the other two carbohydrates. The water structure
about B-CD is therefore disturbed to a greater extent than in the case of the other two cycloamyloses.
In addition the solvent spatial probability density calculations reveal that the first shell waters
surrounding this CD are more highly localized than their counterparts in a- and y-CD solutions.
Since the relative chemical structure and compositions of the three CDs are no different from each
other with each displaying a similar ratio of hydrophobic (methylene groups) to hydrophilic (hydroxyl
groups) the differential solute solvent interactions of these three cyclic sugars must be due to

differences tn their conformational behaviour.

Although on the basts of X-ray early studies assumed cyclodextrins to be rigid molecules this notion
has been discounted and CDs are accepted to be flexible? displaying significant rotational motion of
the individual glucose rnings as well as undergoing distortions of the macrocyclic nings.?” We probe
this further, in relation to the unusual effect that 3-CD has compared with a-, and y-CD on the
surrounding water, by calculating the relative internal (conformational) motion of the cyclodextrins
in solution. The orientational and translational motions of the CDs were removed leaving only the
conformational motion of each CD over each of the 5ns data sets. The contribution of internal
motion toward molecular relaxation was then estimated by calculating the root mean square (RMS)
fit autocorrelation function (Equation 5), where RMS(z,4) is the best RMS fit obtained between
structures at times £, and 4 using a standard fitting procedure.? (refer to Chapter 3)

Of particular interest to us is the ring motion of a-, B-, and y-CD in water. This was calculated from
the relative distortion of the cycloamylose ring as observed from the glycosidic oxygens between
different time frames (4 d #). An interval of 0.05 ps was used between time origins with each
frame separated by 0.05 ps therefore Crus values for consecutive frames will result in very small
RMS differences and the Crus() curve is bounded by the maximum RMSD of the glycosidic
oxygens. The plots for all three CDs are shown in shown in Figure 7.4. The relaxation rate of the
macrocyclic ring motion is taken from the point where the functions at plateau to the maximum
RMSD. This analysis shows that 3-CD undergoes the least macrocyclic ring motion and relaxes the
fastest (0.5 A, 210 ps) followed by a-CD (0.6 A, 502 ps) with y-CD (0.9 A, 840 ps) undergoing the
greatest amount of ring distortion and relaxing the slowest. Although the difference in the extent of
RMSD macrocyclic ring motion (0.5 A for $-CD c.f. 0.9 A for y-CD) between the three CDs the



hydrophobic cavity and first hydration shell compared with the comparatively flexible y-CD, which

interferes the least with the surrounding solvent structure and diffusion.
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Figure 7.4 Auto-correlation functions of the RMS fit calculated for the three CDs.

Over the years, the conformational flexibility of cycldextrins has been the subject of intensive
discussion without establishing a conclusive verification on the orgin of the 3-CD’s anomalous
aqueous solubility.2628-3t The comprehensive assessments of CDs’ dynamical behaviours have
appeared in a series of publications documented by Koehler, Saenger and van Gunsteren dated as
early as in the late 1980s.32 These publications addressed the characteristics of asymmetry motion of
the macrocyles, mobility of the water molecules and the distribution of a variety of CD structural
geometries. Recently, other publications conceming the how the hydration effects on the
conformational properties of the CDs can also be found. However, it is to our knowledge, the
fundamental molecular motion of the CDs has not been properly described. Furthermore, some of
these publications attributed the solubility trend of these three CDs as a direct result of the
differences between their inter-glycosidic hydrogen bonding networks participated between their C2-
C3’ hydroxyl groups. This phenomenon is referred as hydrogen bonding belt. For the remaining part
of this chapter, we aim to carry out a detailed investigation of the factors influencing the contrasts
between the internal motions of three cyclodextrins.

Traditionally studies are directed towards examining the fluctuation of the ¢, y glycosidic angle and
torsional angle pairs on the cyclodextrins.?® However, such type of analyses can not successfully
distinguish the intricate motional fluctuation behaviour within a cyclodextrin. Moreover, the scatter
plots for the different ¢, y glycosidic torsional angle pair in a-, B-, and y-CD have been examined by
Kuttel. But no definite comparative trend was established due to the fact that all three scatter plots

show analogous conformational sample space.33

After performing the Pucker analysis, it was found that the glucopyranose monomer units essentially
remain in their preferred 4C; chair conformations. Thus the factors influencing the internal motion

of a cyclodextrin was deemed to be essentially dependent on three different types of internal



After performing the Pucker analysis, it was found that the glucopyranose monomer units essentially
remain in their preferred 4Cy chair conformations. Thus the factors influencing the internal motion
of a cycodextrin was deemed to be essentially dependent on three different types of internal
motions: (1) rotation of t  exo-cydlic groups, (2) macro-cyclic ring distortion and (3) glucopyranose
monomer tilting. Since the exo-cydic groups found on each cyclodextrin are identical, they should
essentially rotate in the similar way. Therefore, the drastic contrasts between the RMS fit amonggst the
three cyclodextrins should be due to their differences in the latter two contributing factors. We
found that probing underlying molecular motion of the CDs could be more adequately achieved by

describing the motions according to the schematic representations found in Figure 7.5.

The macro-cyclic ring distortion of the cyclodextrin was inspected by exploring behaviour of the
“macro-cyclic ring pseudo-dihedral angles” (denoted as @) over the whole dynamics trajectory. This
pseudo-dihedral term is made of 4 consecutive glycosidic oxygen atoms found on the cyclodextrin
ring. The graphical illustration of @ 1s shown in Figure 7.5(1) (where O,, O, O, and Oy, are symbols
representing the label of 4 successive glycosidic oxygen atoms). According to such a scheme, if a
cyclic molecule resembles a perfectly planar polygon ring, then all of its pseudo-dihedral angles
should be equal or close to zero and the degree of deviation indicates the level of ring distortion.
Each @ of the CD was analysed and binned with 5 degree increment interval. Summing up all
possible binned grids over the 5ns MD trajectory, the degree of macro-cyclic distortion of each
individual CD was revealed and the differences between the ring distortions amongst the three CDs

can be examined in Figure 7.6.

() (‘D
Figure 7.5 Defining the two major modes of internal motions found within a cyclodextrin: (i)

macro-cyclic pseudo-dihedrals distortion and (ii) glucopyranose monomer tilting



For the investigation of the glucopyranose monomer tilting behaviour, the tilted angle () of each
glucopyranose monomer was analysed and binned with 5 degree increment interval according to the
scheme defined in Figure 7.5(11). The titling angle distribution of every glucopyranose unit of the
CDs can be examined in Figure 7.7. The curves denoted Al-6, B1-7 and G1-8, illustrated the tilting
behaviour of each monomer for a-, 8- and y-CD respectively. If the cavity of the cyclodextrin is
cylindrical, then according to this scheme, the tilt angle should be equal to 0 degree. Should the
cavity of the cyclodextrin adapt the torus shape with the primary hydroxymethyl group pointing into
the cavity, the tlt angle would be negative. On the contrary, a positive tilt angle reveals the ring
opening behaviour. The fluctuation of the glucopyranose monomer tilting should display the flexible

opening/closing motion of the cavity.

The molecular mechanics investigation of Lipkowitz ez 4/. suggested that all three CDs are somewhat
rigid in gas phase but solvation can induce ring certain level of distortion.? Similarly, the recent
review article by Saenger and co-workers stated that the larger CD has more distorted cycloamylose
rings.3 However, according to the computational work performed by Dauchez e 4, only the
cycloamylose ring of B-CD remains rigid and upholds a perfect symmetry when immersed in
solution while the cyclo-amylose ring a- and y-CD become more distorted.?! They claimed that this
macro-cylic ring distortion phenomenon contributes to the solubility difference amongst these three
CDs. Nevertheless, it 1s to our knowledge that these references do not draw any conclusive remarks

concerning the direct comparison between the ring distortion differences between these three CDs.
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Figure 7.6 'The normalised distribution of macro-cyclic ring pseudo-dihedral angles (@) of a-, B-
and y-CD.



From the above figure, it was found that a- and 3-CD cycloamylose rings exhibit similar flexibility to
one another. Even though both a- and $-CD rings reveal a fair degree of nng flexibility, the
distortion of their cycloamylose rings 1s much more restricted in comparison to y-CD. The mean
value, the standard deviation uctuations (SDrug) and the time correlation function of the distortion

motion of each macro-cyclic ring pseudo-dihedral angle were calculated and listed 1n table 7.2.

Table 7.2 The ring distortion behaviour of «-, B- and y-CDs

Macro-ring dihedral angles

Averagel 1 2 3 4 5 6 7 8
a-CD
Mean / o -0.12 -2.86 4.02 -3.36 0.81 0.29 0.38 - --

SD(Fluc) /o| 13.82 14.21 14.44 12.22 13.76 13.56 14.71 - --

TCE/ps  |00199 [0 39 |0.0147 |00149 {00133 |00227 00401 | - -
8-CD
Mean / o -0.04 217 -3.15 3.68 -1.55 -2.93 3.25 -1.75 -~

SD(Fluc) /o] 14.83 13.10 15.92 14.34 16.50 13.16 16.07 14.70 --

TCF / ps 0.0197 [0.0280 |0.0111 |0.0476 |0.0291 |0.0149 |0.0152 |0.0414 --
y-CD
Mean / o 3.72 13.68 6.37 6.93 -8.19 8.83 -6.80 9.16 -0.26

SD(Fluc) /o| 26.48 19.37 28.11 20.28 32.50 27.06 30.02 24.60 29.87

TCF / ps 0.0033 | 0.0123 | 0.0036 | 0.0020 [ 0.0026 | 0.0041 | 0.0031 | 0.0070 | 0.0030

Base on the results stated in Table 7.2, it 1s apparent that both a- and 3-CD rings exhibit a higher
coplananity since the mean values of their pseudo-dihedral angles do not deviate far from zero. On
the contrary, the wide distt  ution of y-CD’s pseudo-dihedral angles (-8.19 to 13.68) clearly indicates
that the eight-membered cycloamylose ring has a high degree of flopping tendency. In the condensed
phase simulation, all three cyclodextrins are not as rigid as 1t has been previously claimed to be. The
extent of the SDwq 15 related to the magnitude of the flexibility of the macro-ring. The y-CD ring
clearly reveal a higher deg : of flexibility capability since 1ts SDuq) values are about twice as large
in comparison with both a- and -CD. The time correlation functions of each macro-cyclic ring
pscudo-dihedral angles support the above statements as it is apparent that two of the @s of $-CD
showed a relatively higher degree of rigidity. Furthermore, the distortion motion of y-CD of the @s

are far more rapid than the other two cyclodextrins



According to the x-ray structure of a-CD hexahydrate, the results indicated that two glucopyranose
units have their hydroxymethyl side inclined towards the cycloamylose cavity. The average tilting
angle of the glucopyranose monomer unit for a-, 8- and y-CD are -13%10, -14%£10 and -1919
degrees respectively.3 Rees, as well as, Schonberger ez 4/ had previously discussed such tilting
motion by analysing the inter-residue hydrogen bond belt of the secondary alcohol groups.3435 They
argued that since one of the glucopyranose units preferred to tit in a distorted position, the
hydrogen bond belt is broken. Thus under such circumstance only four out of all possible six
hydrogen bonds can be established for a-CD. They believed such phenomenon in «-CD enhanced its
solubility. Similarly, Gillet ez 4/, studied the 3-CD and regarded the low aqueous solubility of 3-CD as
a result of a belt of hydrogen bond occurring 1n the low rim of cyclodextrin. However, these findings
are based either solely on the static cyclodextrin geometries or using hydrogen bonding phenomenon
to predict the rigidity differences between the cyclodextrins, none of the above studies have
addressed the issue adequately by showing the significant differences between the vibrant tlting
motion of the glucopyranose units amongst different cyclodextrins. From the dynamics simulations,
it was found that in contrast to y-CD which relies on distorting the coplanar symmetry of the
cycloamylose ring as a means of increasing its solubility, a-CD relies on the rotational motion of its

glucopyranose units to enhance its solubility.
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Figure 7.7 The normalised distribution of each individual glucopyranose monomer tilting angle ((i)
-, (ii) B- and (iii) y-CD)






It is important to mention that even though it can be argued that since all the glucopyranose units
should experience the exact identical condition within a particular cyclodextrin, hence the titling
motion of each monomer unit found within the ring should be indistinguishable to one another. The
inequality of their tilting motion suggested that the dynamics trajectory is not sufficiently long
enough. However, alternatively it can also be rationalized that after 5ns of simulation time, $-CD
remains less flexible when compared with both a- and y-CD and this argument corresponds to the
anomalous low aqueous solubility of the B-CD.

The x-ray studies of the inter-residue distances between the O2(n) to O3(n-1) of all three
cyclodextrins for a-, B- and y-CD are as following, 3.0265:0.1235A, 2.8995:0.0885A and
2.8380+0.0730A.32 It is worth-noting that «-CD holds a much larger fluctuation range of the
estimated inter-glycosidic oxygen atom distance. Since the bond length of each glycosidic bonds of
o-CD does not unexpectedly elongate, this unexpected wide range distribution of a-CD’s O2(n) to
O3(n-1) distancing should primarily brought about by the tilting motion of the monomer. This
coincides with the above investigation which cleardy indicates that the glucopyranose residues of the
a-CD can easily undertake this type of motion.

7.3.24 Influence of Hydrogen Bonding on Ring Flexibility

From the geometrical stand-point, after examined the x-ray findings of the inter-residue distances
between the O2(n) to O3(n-1) of all three cyclodextrins mentioned in the above paragraph, it is
apparent that y-CD is more suitable for forming cross-glycosidic hydrogen bonding. However, this is
not the case when one investigate the hydrogen-deuterium-exchange rate of these CDs within the
DMSO solvent. The 1H NMR chemical shifts of the secondary hydroxyl protons of a, § and y-CD
have been compared. It was found that the hydrogen bonding phenomenon predominates on
secondary hydroxyl groups of the CDs and the interaction is particulardy stronger within the §-CD
than other a-CD and amylose.?”.

Based on the findings observed from chapter 6, an increase in hydrogen bonding strength does not
bring about a decrease of cross-glycosidic motion. Moreover, it has been documented that most of
the cycdlodextrin crystalline structures are often trapped in a higher energy state and the hydration
tends to distort these relatively flexible cyclic-amyloses into a more stable conformation.?” Therefore,
we suspect that the stronger hydrogen bonding of B-CD detected by NMR experiment is the result
of B-CD’s macrocyclic inflexibility rather than being the factor which causes B-CD to be
anomalously rigid. This issue will be investigated in detail in the next chapter.
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7.4 Conclusion

The diffusion rates of the CDs obtained from the pulse-field-gradient spin-echo nuclear magnetic
resonance experiments show good agreement with molecular dynamics computer simulations
diffusion rate. On closer examination it is seen that B-CD diffuses slower than expected from a
linear trend for the three CDs. Analyses of the hydration shells indicate that water in the first
hydration shell is more spatially localized. Furthermore the waters within the ring cavity of 3-CD
diffuse more slowly than the cavity waters of a- and y-CD and are trapped for pertods of up to
3.5ps. The result is that B-CD drags five or six cavity waters along with it in solution and therefore
diffuses slightly slower than expected for its size and weight. The relatively constrained macrocyclic
ring motions of B-CD compared with that of the other two CDs is the reason for its greater
interference in the water structure. This relatively “rigid” sugar ring is therefore prevented from
being as easily accommodated into the overall water structure compared with a-, and y-CDs.
Remarkably the increase in flexibility from $-CD to a-CD and finally to y-CD is consistent with the
solubility pattem of the three cyclic saccharides. After further investigation of the differences of the
intemal motions between the three CDs, it was found that y-CD relies on distorting its cyclo-amylose
rings for relieving its internal strain whereas a-CD relies on tilting the glucose monomers motion.
The B-CD shows the least degree of flexibility in both types of intemal motions. Hence results in its
low aqueous solubility.
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A major field of application of cyclodextrins (CDs) is controlled drug delivery. Pharmaceutical drugs
are relatively small in size generally and 3-CD s often found to be a suitable complex host due to the
optimal size of its cavity. The solubility of numerous pootly soluble drugs can be enhanced several
fold once complexed with B-CD. However, one of the key factors that presides over the applicability
of CDs relies upon their individual mtrinsic aqueous solubility and since the aqueous solubility of {3-
CD itself is inefficiently low, thus it would be advantageous to improve the solubility of 3-CD by
modifying the necessary functional groups. Through simple chemical modification, the natural CDs
are useful templates for producing a wide range of cydlic-amylose derivatives. CD derivatives can be
tailored to meet specific requirements of vatious molecular recognition properties and these
molecules often have lower toxicity affinities. In general, incorporating an extended range of
functional groups can greatly expand the utility of CDs and subsequently open the gateway to diverse

new areas of chemical applications.!

Up to this point, this work has illustrated that a reduction of the internal motion of carbohydrates
would unquestionably lead to a decrease in their aqueous solubility. Moreover, when the saccharides
are chemically modified for the sake of increasing their intermolecular hydrogen bonding strength,
these procedures do not necessarily bring about a reduction in their intemal motions. There are
several other ways one can tamper with the inter-glycosidic motion of a catbohydrate, one of which
15 to increase the hydrophobicity and the steric effect of the inter-glycosidic groups. This chapter
aims to address the influence of these two factors on the overall conformational behaviour of the
carbohydrate. Furthermore, this chapter is also dedicated to propose rational explanations regarding

the effect of the non-polar inter-glycosidic interaction on the solubilities of CDs.

Four chemically modified B-CD derivatives were selected for aqueous condensed phase simulation.
For convenience, these four derivatives, heptakis(2,6-di-O-methyl)-, heptakis(2,3,6-tri-O-methyl)-,
heptakis(2-deoxy-2-hydro)- heptakis(2-deoxy-2-methyl)-3-CD, are denoted as DIMEB, TRIMEB,
2D2HB and 2D2MB respectively. Their motional properties were examined and compared with their
seven-membered native precursor. Amongst these four 3-CD derivatives, DIMEB and TRIMEB are
commercially available and are both frequently used in pharmaceutical applications, while 2D2HB
and 2D2MB were selected e to the differences in their steric hindrance ability. The differences
between the monomers st ctures of these CDs are illustrated in Figure 8.1. The structural
differences of the monomer units between these derivatives (Figure 8.1(u-v) and the 3-CD (Figure
8.1(1)) are highlighted with blue circles.






primarily due to the inter-residue hydrogen bonding formed between the C2 and C3’ hydroxyl
group.” Some researchers even postulate the increase in solubility of DIMEB and TRIMEB is simply
due to a reduction of their molecular rigidity, caused by breaking the completeness of inter-residue
hydrogen bonds on the lower rim of the cyclo-amylose.? From the condensed phase simulation
standpoint, one has to consider that not only would the bridging water effect be constantly
interfering with the inter-glycosidic hydrogen bonding, but the flexible distortion motions of the CDs
would certainly also be hindering the inter-glycosidic hydrogen bonding.® therefore we suspected that
the participation of the hydrogen bonding should be strong only if that particular cyclodextrin
exhibits high internal rigidity. In addition, the hydrogen bonding belt argument fails to account for
the reason why TRIMEB (with no possibility of inter-residue hydrogen bonding occurrence) has a
lower aqueous solubility ¢ 1pare to DIMEB (with allows a partial hydrogen bonding belt). Thus,
this led us to suspect that 1 hydrogen bond belt would not play such a decisive role in altering the
flexibilities of these CDs. In order to fully justify our suspicion, two additional CDs, 2D2HB and
2D2MB, were also incorporated. Both of them do not participate in hydrogen bonding but have clear

differences in their steric hindering nature.

The program CHARMM!® has been used for all the computations reported here and the simulation
conditions were kept essentially the same as listed in section 7.2 in the previous chapter, except for
the size of the solvent box. In order to maintain the same solution densities of 1.013 g/cm? in each
case, the solvent box sizes were adjusted to maintain the solution densities of 1.013 g/cm? in each
case. The DIMEB, TRIMEB, 2D2HB and 2D2MB werte immersed in solvent boxes of 4040 SPC/E
water molecules of average dimensions 49.69A, 49.71A, 49.67A,and 49.65 A respectively.

Similarly, the translational « fusion measurements were performed using the pulse-field-gradient
spin-echo nuclear magnetic resonance (PGSE NMR) experiment under the same conditions stated in

section 7.2 in the previous chapter.

The experimental diffusion rate measurements for each of the permethylated CDs are listed in Table
8.1. Within the same table, the diffusion rates obtained from the MD simulations are also listed.
These values were calculated from the mean square displacement using the Einstein relation (refer to

chapter 3). It is necessary to point out the slight irregulanty of the NMR results. The diffusion rates



obtained the pulse-field-gradient spin-echo nuclear magnetic resonance (PGSE NMR) experiments
from do not seem to follow a trend of solubility nor a dependency on molecular weight. This

disagreement should be dealt with and resolved in the future work.

Table 8.1: Diffusion coefficients (x10'® m2/s) of §-CD and its derivatives measured from NMR and

calculated from MD simulations within 95% confidence limits

Method g-CD DIMEB TRIMEB 2D2HB 2D2MB

NMR 2.16810.015 | 2.01410.014 | 2.21840.003 -- -

MD 2.40030.060 | 2.52510.066 | 2.5071+0.064 | 2.89%0+0.072 | 1.821+0.031

The MD results showed that both DIMEB and TRIMEB exhibit higher diffusion rates than that of
the B-CD. This could be due to the fact that both these methylated derivatives are substantially more
soluble than 3-CD hence they tend to move about with less obstruction within the bulk solvent.
Similary, one would estimate the aqueous solubiity 2D2HB to be higher than the B-CD also.
Moreover, since 2D2MB reveals a diffusion rate that 1s much lower than the rest CDs, this implies
that 2D2MB should be less soluble within the aqueous medium. The hydrophobic effect initiated by
the stiffed methyl groups disrupt the hydrogen bonding network of the water solvent molecules
hence could induce an additional drag of salvation shells.

The three-dimensional water distributions above each B-cyclodextrin derivative was analysed using
the spatial distnbution function (SDF) method described in chapter 7. Contour probability densities
of 50% and 90% greater than that observed in the pure solvent were selected for graphical
illustration of the solvent configurational probability about the three cyclodextrins. These contour

plots are shown in Figure 8.4.

Visual assessment of the SDF’s indicates that the probability of water molecules locating themselves
around B-CD (Figure 8.2 (i) and (ii)) is greater than that for DIMEB (Figure 8.2 (ii) and (iv)) and
TRIMEB (Figure 8.2 (v) and (v1)). The SDFs of TRIMEB seems to bring about a higher degree of
solvent orderliness when compare with the SDFs of the DIMEB. This coincides with the trend of
their aqueous solubility differences. Based on the same argument, we estimated that 2D2HB (Figure
8.2 (vu) and (vii)) should ideally have a higher aqueous solubility whereas 2D2MB (Figure 8.2 (ix)



and (x)) would be poordy solvated when mmmersed within an aqueous medium. It is apparent that

there 1s a substantial degree of marked water solvent orderliness around the methyl groups of the

2D2MB.
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Figure 8.2 The average structure of CDs along with the contour plots of water SDFs

corresponding to the probability densities 50%, and 90% greater than bulk water as

calculated from the MD trajectories.



The volume of the contours associated with the above bulk water probability densities of the four
CD solutions are calculated and compared with their native form. This gives a more accurate
assessment of the total fraction of waters that are localised about these CDs in comparison with the

normal waters that are located in the bulk solvent. The results of these calculations are illustrated in

Figure 8.3.
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Figure 8.3 ‘The volume fraction (x104) occupied by the structured water, derived from the SDFs for
the CDs.

Once again a strong correlation between solubility and the extent to which individual CD’s interfere
with the water molecule locations in solution emerges. It is clear that the less soluble B-CD induces a
far more substantially occupied volume of the localisation of water solvent molecules. This is
followed by TRIMEB and then DIMEB. The trend coincides with the differences i their

solubilities.

When examining the other two derivatives, the water solvation mapping around the 2D2MB is
notably more ordetly than that around D2HB which seems to have disturbed a bulk water pattern
only slightly. This is due to the fact that the water molecules around the bulky hydrophobic
functional groups require the adaptation of physical changes associated with increased hydrogen
bond organization.

It has been widely accepted that the permethylated groups cause a subtle increase of the cavity size of
both the DIMEB and TRIMEB torus and as a result of this, the amount of water molecule



entrapped within the cavity of individual CDs was found to differ slightly. Table 8.2 listed the

estimated volume of the CDs, the amount of water found within the cavity and the water survival

rate (T) obtained from the Pj(t,t;t*) calculaton.

Table 82  Predicted cavity volume, quantity and the survival rate (7") of the water molecules within

respective CDs

B-CD DIMEB TRIMEB | 2D2MB | 2D2HB

Entrapped water molecule 5.35 5.89 5.03 5.41 532
T (ps) 3.85 0.86 0.98 4.35 1.03

The calculation reveals that the survival rates of DIMEB and TRIMEB are estimated to be shorter
than that of their parent 3-CD. Furthermore, the calculations also indicate 2D2HB exhibits a similar
T in comparison with those of permethylated CDs. Conversely, 2D2MB showed the tendency of
water molecules being trapped in its cavity for a much longer period of time than the rest of the CDs
does. In chapter 7, a connection was established between the affinity of an individual CD to entrap
water molecules within its cavity and the internal motion of that CD. The degree of solvation of the
CDs 1s related to the extent of disturbance exerted by the CDs on the free moving bulk water rather
than being related to their molecular weight. The conformational analyses uncover a direct
correlation between the flexibility of the CDs and the extent of localised water solvents surrounding
the cyclo-amylose ring. The differences between solute solvent interactions for these CDs must be a
result of their conformational behaviour. Once again, similar investigations involving the
conformational properties of the CDs wete performed in order to rationalise the above findings for
these chemically modified CDs.

The amount that the interna 10tion of each CD affects its molecular relaxation was estimated by the
root mean square (RMYS) fit autocorrelation calculation. The evaluations were carried out after affects
of onentational and translational motions of the CDs were eliminated. Hence, only the
conformational motons of each CD over their 5ns data sets were taken into consideration. The

internal motions of the 3-CD are compared to these other chemically modified CDs in Figure 8.4.

There are noticeable differences in the magnitude of RMSD macrocyclic ring motion between the
CDs (0.5, 2.2, 3.1, 0.9 and 0.3A for 3-CD, DIMEB, TRIMEB, 2D2HB and 2D2MB, respectively).

The estimated relaxation times have shown significantly differences between them (approximately



210, 320, 590, 290 and 170ps, in the same order mentioned respectively). Interestingly, even though
the RMS deviation of the permethylated CDs is far larger than that of 3-CD, but their relaxation rate
plateau 1s much slower than that of -CD. This analysis shows that the permethylated CDs takes on
various extensively distorted macrocyclic ring motion rapidly. Figure 8.4 also reveals that the 2D2MB
exhibits a smaller range of internal motion and is thus more likely to trap water molecules within its
hydrophobic cavity and its first hydration shell compared with the relatively more flexible 2D2HB,

which hardly interferes the surrounding solvent molecule.

w
e
S

- DIMEB
< L0
=2 TRIMEB
e’
2 2D2HB
2 0
@) B-CD
0.0 + , : , — 2D2MB
0 500 1000 1500
Time (ps)

Figure 8.4 Auto-correlation functions of the RMS fit calculated for the B-CDs and its chemically

modified derivatives.

The X-ray study has shown that within the crystalline state, one of the monomer units of TRIMEB
prefers the 'C,4 conformation.!t However, it has been reported that solvation induces a flexibility
freedom upon CDs and further reduces their intemal strain.!? After performing the Pucker analysis,
the results indicate that all of the monomer units practically remain in their favoured *C; chair
conformations. Therefore, we believe that these 3-CD derivates also rely on the macro-cyclic ring

distortion or the monomer tilting for relieving the internal strain.

The macro-cyclic ring distortion and monomer tilting behaviour of the CDs were carefully analysed
over the 5ns trajectory. The procedures are in accordance with those previously defined in chapter 7.
It was found that the macro-cyclic ring distortion behaviours of B-CD and its permethylated
derivatives are fairly similar to one another. The latter, however, show a slight increase in the degree

of flexibility in comparison with 3-CD.



From the X-ray crystallographic study, it was found that the trend of planarity of the macro-cyclic
ting is in the order of DIl 1B (0.094), B-CD (0.14A) and TRIMEB (0.44A). It is evidently that such
results do not correlated with the trend of aqueous solubility of these CDs. Thus, since molecules are
often trapped in a higher strained conformation within the crystalline state due to the lattices energy,
we believe that one cannot rely on the above crystallographic data to explain the ring flexibility
tendency in the case of these methylated 3-CID derivatives.

Unlike in the crystalline state, CDs in the condensed phase can undergo a vanety of conformational
changes and resulting in a range of different molecular conformations.1213 The assessment of macro-
cyclic ring distortion revealed that both methylated 3-CD derivatives possess a slightly highly degree
of macro-ring flexibility compared to their native 3-CD. Although this investigation can not
sufficiently account for the difference between the aqueous solubility of the three CDs (specially
since both DIMEB and TI VIEB both show a similar degree of ring flexibility), but result does imply
that both DIMEB and TRIMEB are more flexible than the 3-CD. This finding is in agreement with
the trend of their aqueous solubilities. Figure 8.5 also shows that the macro-cyclic ring of the 2D2HB
1s much more flexible than the corresponding rings of the other CDs. The wide range in the value of
2D2HB’s pseudo-dihedral clearly indicates that its cycloamylose ring possesses a high degree of
flexibility. On the contrary, 2D2MB demonstrates a relatively restricted macro-cyclic ting distortion.

At this point, we would like to emphasise that TRIMEB, 2D2HB and 2D2MB are all incapable of
mnitiating inter-residue hydrogen bonding involving the functional groups situated on the C2 and C3’
position. However, the contrast of their ring distortions is clearly observed. Thus, it 1s believed that
one can not assume the solubility of the CDs 1s directly linked to the concept of hydrogen bonding

belt as was suggested by various researchers.
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Figure 8.5 'The normalised distribution of macro-cyclic ring pseudo-dihedral angles of the CDs



According to the x-ray structure, the tilting angles of the glucopyranose monomer unit for 3-CD,
DIMEB and TRIMEB have averages and standard deviation of -14+10, -14+8 and -20%25 degrees
respectively.* The relatively large standard deviation of the TRIMEB tilting angle indicate there is a
high degree of steric hindrance between the monomers and the monomers are forced away from
each other. However, the since these monomers can be affected by crystal packing forces and
therefore the relative molecular geometry of the TRIMEB may be trapped in the unfavourable

conformation.12

The tlting motion of each individual monomer of the different CDs are analysed over their
dynamics trajectories and the results are shown in Figure 8.6. These different monomers of the
DIMEB, TRIMEB, 2D2HB, 2D2MB are denoted as B1-7, D1-7, T1-7, H1-7 and M1-7, respectively.
The plots clearly indicated that both DIMEB and TRIMEB exhibit a relatively high degree of
monomer tilting when compared with the same glucopyranose motion of 3-CD. Moreover, it is
apparent that the monomer units of TRIMEB showed a more limited tilting range in comparison to
the dynamics of their dimethylated derivatives. The trend of the motional freedom for these three
CD:s 1s consistent with the trend of their aqueous solubilities. The results present here is also in good
agreement with the computational work performed by Remhardt e 4/ However, without
performing potential mean force calculations, one can not propose a more accurate reasoning
regarding as why DIMEB exhibit a higher degree of monomer titling than as of TRIMBE. One can
only speculate that the inter-glycosidic steric hindrance is higher in TRIMEB than of DIMBE due to
the additional replacement of a hydroxyl functional group by an —O-methyl substituent.

The limited range of titing motion exhibited by 2D2MB (Figure 8.6(v)) demonstrates a distinct
dissimilarity to the tilting motion of the glucopyranose units found within other derivatives (Figure
8.6(1)-(vi)). We believe that the restricted motion of the 2D2MB monomer is owing to the steric
interference caused by rigid but bulky methyl substituents that constantly impede with the rotational
motion of the neighbouring monomer residues. In the case of the 2D2HB, the hydroxyl group on
the C2 position of each glucopyranose residue is been replaced by a small hydrogen atom, the high
magnitude of tilting motion was observed. It 1s believed that since hydrogen atoms have smaller van
der Waals radi, they tend to cause less inter-residue interferences, such substitution presides an

increase of the glycosidic rotational freedom of 2D2HB.






A number of structural modifications to the native cyclodextrins have been made in an attempt to
improve their physical properties. Methylation is one of the simplest modifications and this synthetic
route is commonly used to yield the heptakis(2,6-di-O-methyl)- and heptakis(2,3,6-tri-O-methyl)-CD
derivatives. The substituting the hydroxyl groups with the permethyl groups can drastically enhance
the aqueous solubility of the CDs. Most computational studies of methylated CDs have involved
host-guest complexes and have neglected the fundamental problem of the preposterous solubility
enhancing nature. In this chapter, we carried out that a combination of some straight-forward studies

to rationalise the puzzling solvating nature of these methylated CDs.

Traditionally, it is believed that the anomalous aqueous solubility of B-CD is as a result of the C2 and
C3’ inter-residue hydrogen bonding network. Two additional B-CD derivatives, 2D2HB and 2D2MB,
were employed to justify this theory. Even though both CDs derivatives are incapable of
participating inter-residue hydrogen bonding, the solvent ordering around 2D2HB is noticeably
lower than that around 2D2MB. It has already been previously established that an increase in intra-
residue hydrogen bonding strength does not necessary induce a reduced glycosidic rotation. The
results obtained from this chapter further invalidate the conventional assumption on the significance
of these belts of hydrogen bonding towards the CD aqueous solubility. However, in order to
consolidate the results presented in this thesis, the potenttal mean force calculations should be
included in the future studies.
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Carbohydrates such as a(1—4) linked saccharides have unique physiochemical properties which
make them invaluable in the industrial applications. The flexibility of the a(1—4) linked glycosidic

bond in the aqueous condensed phase can be attributed to the type of atoms involved in the
glycosidic linkage and the cross-glycosidic non-bonded interactions, #g hydrogen bonding and

hydrophobic effects. This thesis investigate influence of these interactions which 1nitiated from the

inter-residue functional groups attached on the C2 and C3’ position of the a(1—>4) saccharides.

The greater part of a saccharide is considered to be hydrophilic as carbohydrates normally contain a
large amount of polar hydroxyl groups. These hydroxyl groups are capable of forming both inter- or
intra-molecular hydrogen bonding. While the magnitude of the inter-molecular hydrogen bonds can
be readily and accurately assessed both computationally and experimentally, the energy of intra-
molecular hydrogen bonds has not been easily accessible in the past. An efficient procedure for
evaluating the intra-molecular hydrogen bond strength of different saccharides has been specially
developed. Using Bader’s Atoms in Molecule Theory (AIM), this thesis presents an effective way for
evaluating the various important topological properties of electron density between the complex. The
AEFB vs Agsgp relationship allows the construction of separate correlation curves for each
combination of hydrogen bond donor/acceptor pairs. Using the appropriate AEHB vs Aqgiap curve
associate with a pair of hydrogen bonded functional groups, the strength of the intra-molecular
hydrogen bonds for the same type of interaction in biopolymer system can be predicted. In order to
find the strongest cross-glycosidic interactions, the hydrogen bond strengths between a set of

chemically modified saccharides were evaluated and ranked using this method.

In continuation with the above findings, the adiabatic maps and vacuum dynamic calculations were
performed to examine the flexibility of these modified disacchandes. Combined with the vacuum
dynamic simulations, adiabatic maps can indicate of the preferred sampled region for that particular
carbohydrate during a dynamics simulation. Employing these two studies in conjunction enable the
flexibility of the carbohydrate to be esitmated. These studies reveal that GlcNAc-a-(1—>4)-3-amine-
Glc has limited glycosidic flexibility in vacuum. Therefore this molecule was chosen for additional

investigation involving aqueous condensed phase simulations.

The influence of water molecules to the internal flexibility of the GlcNAc-a-(1—4)-3-amine-Glc was
explored. It was found that despite the stronger intra-glycosidic hydrogen bonds in the GlcNAc-a-
(1—>4)-3-amine-Glc, the correlation times for glycosidic dihedral angle fluctuations are approximately
the same as for maltose. Investigation of the first hydration shells associate with the two
disaccharides revealed high water probability densities region straddling between the cross-glycosidic
linkage functional groups. This probability density corresponds to single water molecules forming



bridging hydrogen bonds between the functional groups on either side of the linkage for periods of
3.66ps in the case of maltose and 8.36ps in the case of the denvative. With the aid of the AEHB vs.

Aui 1y correlation curves, ab initio studies demonstrated that these sugar-solvent hydrogen bonds are
of similar strength to the sugar-sugar hydrogen bonds. This combination of molecular dynamics and
ab initio computational methods demonstrates that increasing the internal hydrogen bond strength in
oligosacchandes does not necessanly lead to slower internal molecular motion of these sugars in
solution. The intermolecular hydrogen bonds formed with water compete equally with the intra-
molecular hydrogen bonds in the sugar. Hence, one can conclude that an increase i the strength of

cross glycosidic hydrogen bonding do not necessary induce an increase in the molecular ngidity.

Addition of hydrophobic substituents commonly reduces the degree of polysacchande solubility.
This is due to the fact that the hydrophobic groups of the solute interrupt the randomness of the
water solvent molecules and induce an entropic effect of increasing in the ordediness of water
solvent molecules around hydrophobic functional groups of the solute. However, introducing the
hydrophobic groups onto a carbohydrate does not necessary lead to a decrease in its aqueous
solubility. For instance, the intrinsic aqueous solubility of cyclodextrins can be considerably enhanced
when permethylated. Prior to solving this perplexing issue, probing the underying explanation

conceming the anomalous differences in the relative solubility of the a-, -, and y-CD 1s essental.

The relative solubility of a-, $-, and y-CD is known to deviate from simple mass dependence as B-CD
being is much less soluble than the others. The underlying molecular ongin of this anomalous trend
was inspected by analysing the motions of the CDs from the trajectories generated in molecular
dynamics (MD) simulations. In addition, translational diffusion measurements have been carried out
for the three CDs using a PGSE NMR techniques and the corresponding diffusion coefficients
obtained from the MD trajectories have found to be in good agreement with those observed
experimentally. The MD trajectonies exhibit that the more soluble CDs tend to trap water in their
ring cavity for a shorter time than the others. In addition, the relaxation rate of internal motion for
the more soluble CDs, as seen from time correlation functions, suggested they have more flexibility
freedom. This anomalous solubility of the CDs can be explained by detailed assessments of their
internal motion behaviours. The internal motions analyses showed the macro-cyclic ring and
individual monomer tilting is most rigid in the case of B-CD in comparison with the other two native

CDs. Hence B-CD is least soluble — in line with the anomalous trend.

Along with two chemically modified CDs (listed in chapter 8), similar investigations involving the
internal motion of the native CDs were applied to the di- and trimethylated B-CD denvatives for
explaining the contrast in their aqueous solubility. The results illustrate that some of the less bulky
hydrophobic functional groups cause an increase of the CD’s intemnal motion and consequently
enhance the solubility of that particular CD. The other more bulky hydrophobic functional groups,
such as replacing hydroxyl groups with methyl substituents, were found to hinder the glycosidic



flexibility and hence induce a2 more structured solvent organisation around the cycloamylose ring.
Therefore, one can conclude that the bulkiness and the ngidity of the inter-glycosidic substituents
played a more significant role to the aqueous solubility of the carbohydrate than hydrogen bonding.

It 1s essential to have detailed knowledge of the conformational response of a new carbohydrate
material to its environment in order to design biodegradable polymers with improved functionality.
This work has uncovered some of the fundamental issues by the use of a variety analytical tools. The
results presented in this work have important implications when considering the mechanism of
hydrophobic and hydrophilic effects in more intricate problems such as folded glycoproteins,

enzyme-substrate interactions and host-guest complexation.

The glycosidic rotational freedom of the a(1—4) saccharides can be controlled by mntroducing some
bulky hydrophobic groups on the C2 and C3’ posttions. However, such modification may result in
undestrable effects such as a reduction in solubility and a decrease in biodegradability. Modifying the
atoms involved in the glycosidic linkage (1.e. replacing the glycosidic oxygen with other atoms such as
nitrogen, sulphur or carbon) may be an alternative manner to reduce the glycosidic flexibility of the

saccharides.

It has been shown in this project that simulations comprise of 5ns trajectory are sufficiently long
enough to estimate some important transitions for a- and y-CDs within the condensed phase.
However, use of a longer trajectory is advised when investigating the oligosaccharides which have a
slight higher degree of intemal ngidity, such as 1s the case of 3-CD. A longer simulation should allow
all the important transitions of the molecule to take place and subsequently increase the confidence
of the results obtained.

Presently, literatures provide little useful explanatory theory for polysaccharide hydration, with poor
predictability. This work demonstrated that with the aid of detailed molecular motion investigations,
SDF studies are useful for providing information regarding the water structuring about
carbohydrates. However, the predictability of carbohydrate solubility would remain inadequate unless
the solvation free energy calculations are explored. The change in solubility resulting from
modification on the inter-glycosidic functional groups on the saccharide can be better understood
from such studies of the solvation free energy surfaces. This will be particularly useful in rationalising
the basis of the perplex solubility trend of the methylated cyclodextrins.

Should 2 suitable biodegradable saccharide be developed in the near future, the degree of the
biodegradability of this de now saccharide need to be determined by use of by introducing a cleavage
enzyme. It has long been suggested that the arrangement of hydrogen bonds on the complementary



surfaces of biological molecules play a vital role in the binding specificity of an enzyme. The electron
correlation curves developed in this work can assist in locating the conformations associate with
molecular binding for systems known to bind but whose exact binding mechanisms are unknown.
Instead of dealing with the full biomolecular structure which 1s often extremely large in size, use of
these curves can greatly simplify the complex task by isolating the hydrogen bonding responsible for
the binding, In order to account for the dynamic behaviour of the biomolecule and as well as allow
the forming and/or breaking of the bonds, other more sophisticated methods, such the combined

electronic structural approaches and empitrical force field methods, should be employed.








