


ABSTRACT

LIGAND-MACROMOLECULE INTERACTIONS

Rebecca Claire Wade D. Phil. Thesis
Wadham College Trinity Term, 1988

The optimisation of ligand-macromolecule interactions is
fundamental to the design of therapeutic agents. The GRID method is a
procedure for determining energetically favourable 1ligand binding
sites on molecules of known structure using an empirical energy
potential. In this thesis, it has been extended, tested, and then
applied to the design of anti-influenza agents.

In the GRID method, the energy of a hydrogen-bond is
determined by a function which is dependent on the length of the
hydrogen-bond, its orientation at the hydrogen-bond donor and
acceptor atoms, and the chemical nature of these atoms. This function
has been formulated in order to reproduce experimental observations of
hydrogen-bond geometries. The reorientation of hydrogen atoms and
lone-pair orbitals on the formation of hydrogen-bonds is calculated
analytically.

The experimentally observed water structures of crystals
of four biological molecules have been used as model systems for
testing the GRID method. It has been shown that the location of well-
ordered waters can be predicted accurately. The ability of the GRID
method to assist in the assignment of water sites during
crystallographic refinement has been demonstrated. It has also been
shown that waters in the active site of an enzyme may be both
stabilized and displaced by a bound substrate.

Ligands have been designed to block the highly conserved
host cell receptor site of the influenza virus haemagglutinin in order
to prevent the attachment of the virus to the host cells. The protein
was mapped energetically by program GRID and specific ligand binding
sites were identified. Ligands, which exploited these binding sites,
were then designed using computer graphics and energy minimization
techniques. Some of the designed ligands were peptides and these were
synthesised and assayed. Preliminary results indicate that they may
possess anti-influenza activity.
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SYMBOLS AND ABBREVIATIONS

A Angstrom units (1R=10"10n)

B-CD B-cyclodextrin

CAMP cyclic adenosine monophosphate
DHFR Dihydrofolate reductase

DNA Deoxyribonucleic acid

€0 Permittivity of a vacuum

HA Influenza haemagglutinin

HL Human lysozyme

HEWL Hen egg white lysozyme

kcal Kilocalorie (1kcal=4.184kJ)

MEP Molecular electrostatic potential
NA Influenza neuraminidase

nmr Nuclear magnetic resonance

QSAR Quantitative structure activity relationship
rms Root mean square

RNA Ribonucleic acid

TEWL Tortoise egg white lysozyme

Program GRID

r Interatomic distance
t Angle of deviation of a hydrogen-bond from linearity at a

target atom

P Angle of deviation of a hydrogen-bond from linearity at
the probe
to Angle of deviation of a hydrogen-bond from the plane of the

lone pair orbitals of a target atom



Ph

Pad

Et

Ep

Angle of deviation of a hydrogen-bond from the plane of the
lone pair orbitals of the probe

Angle of deviation of a hydrogen-bond from the bisector of
the lone pair orbitals of the probe

Angle subtended by a target hydrogen-bond acceptor atom
and a target hydrogen-bonding hydrogen at the probe

Total interaction energy of the probe with the target
Lennard-Jones energy

Electrostatic energy

Hydrogen-bond energy

Hydrogen-bond term dependent on r

Hydrogen-bond term dependent on t

Hydrogen-bond term dependent on p

The analysis of the predictions of water made by program GRID

&6d

Eobs

Epred

6E

Bobs

Bpored

<u’>%

Distance between the experimentally observed water position
and the water position predicted by program GRID

Energy calculated by program GRID at the experimentally
observed water position

Energy calculated by program GRID at the predicted probe
position

= Eobs - Epred

Temperature factor of the water at the experimentally
observed position

Calculated temperature factor for the water at the position
predicted by program GRID

Observed root mean square displacement of the water from

its mean rest position
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CHAPTER 1

INTRODUCTION

1.1 LIGAND-MACROMOLECULE INTERACTIONS

Interactions between ligands and macromolecules are vital
to the function of biological systems [1,2,3]. Examples are the
interactions between an enzyme and its substrate; a receptor and a
drug; and an antibody and an antigen. These interactions are often
highly specific enabling molecules to recognise each other [3,4,5,6].
Many ligands bind reversibly and non-covalently, and non-covalent
interactions also contribute to the recognition between molecules that
bind covalently [7]. It is these non-covalent interactions that are

studied in this thesis.

1.1.1 Non-covalent interactions

The non-covalent interaction energy may be considered to
consist of the following five terms.
1. The repulsive electron overlap energy. Electrons obey the
Pauli exclusion principle which states that electrons of the same
spin cannot occupy the same space simultaneously and thus they repel
each other. This energy may be modelled by a distance dependent C/r12
[8,9] or exponential term [10].
2. The weak attractive dispersion energy. This is due to the
correlated motion of electrons on neighbouring molecules resulting in

instantaneous induced dipole-induced dipole interactions. It may be



given by a term proportional to a1a2/r6 where aq and a, are molecular
polarizabilities [11].

3. The electrostatic energy. If the charge distribution of the
molecules is represented by partial point charges at the atomic
centres, this may be given by a Coulomb term q1q2/4ner2 where qq and
qp are atomic charges and € is the dielectric constant of the
surrounding medium. It is repulsive for like charges and attractive
for unlike charges.

4. The attractive charge transfer energy. This is due to the
partial migration of electrons between interacting molecules.

5. The attractive polarization or induction energy. This is
due to permanent dipole-induced dipole interactions. It may given by a
term proportional to —u’a/r6 where u is the permanent dipole moment
inducing a dipole on a molecule of polarizability a.

All these terms contribute to the energy of a hydrogen-bond
[12] which makes a particularly important contribution to the
specificity of intermolecular interactions [5,6] and is therefore
discussed in detail in Chapter 3.

The electromagnetic forces giving rise to non-covalent
interactions are distance dependent and are only effective in
biological systems for interatomic separations up to about 128 [7].
The approach of a 1ligand to within this range of a macromolecule
occurs by diffusion and is governed by Brownian motion and the
Boltzmann distribution. The subsequent binding of the 1ligand is
dependent on the steric accessibility of the binding site on the
macromolecule, the magnitude of the stabilization energy of the

ligand-macromolecule complex and entropic factors.



The solvent plays an important role in ligand-macromolecule
interactions [13] and has therefore been studied in this thesis (see
Chapter 4). Water has a high dielectric constant and consequently
shields the electrostatic interaction between the ligand and the
macromolecule. However, it is also responsible for the hydrophobic
effect [14]). This causes water to make a favourable contribution to
the free energy of ligand binding because of the positive entropic
change which occurs on the displacement by the ligand of ordered
waters to bulk water. It gives rise to favourable interactions between
non-polar solutes surrounding which water molecules may form cage-like
hydrogen-bonded networks. Thus, hydrophobicity can be considered to be

a major factor in stabilizing molecular associations [3,14,15].

1.1.2 Theoretical studies of the ligand-macromolecule interaction

Three models of the ligand-macromolecule interaction may be
considered.
1. The 'lock and key' model [16] in which the 1ligand and
macromolecule are rigidly complementary.
2. The 'zipper' model [2] in which the ligand is flexible in
solution and adopts a conformation complementary to a rigid receptor
site on binding. Segments of the ligand bind sequentially resulting in
less entropic loss and faster binding than in the 'lock and key'
model.
3. The 'induced-fit' model [17] in which the binding of the
ligand causes a change in the conformation of the macromolecule. This

can occur by the 'zipper' action. The conformation of the ligand may



also be altered on binding. The 1ligand may act allosterically
triggering an action at another site on the macromolecule.

The latter model is generally accepted as being the most
realistic.

Theoretical methods [18] of studying ligand-macromolecule
interactions include model building, using such techniques as computer
graphics and distance geometry, and energy calculations. The latter

may be performed using ab initio molecular orbital theory, semi-

empirical quantum mechanics and classical molecular mechanics in
energy minimization, Monte Carlo simulation and molecular dynamics.
In this thesis, study is directed primarily at ligand-

macromolecule interactions of pharmacological interest.

1.2 THE DISCOVERY OF THERAPEUTIC AGENTS

1.2.1 Introduction

There are, perhaps, 30,000 diseases worldwide, and for most
of these there is no available drug treatment [19]. Disease may be
caused by external agents such as viruses, bacteria, protozoa,
helminths or other parasites; by damage e.g. cancer; or internally by
genetic inheritance e.g.sickle cell anaemia [20].

A drug may be defined as any natural or synthetic chemical
substance that produces a biological response of therapeutic value.
The traditional methods of drug discovery are [20,21]:

1. the large scale screening of compounds, e.g. tetracyclines
were discovered after systematic screening for antibiotic-producing

micro-organisms in the soil;



2. the extraction of the active substances in natural
products, e.g. salicylic acid from willow bark;
3. the follow-up of unexpected results in modern medical,
physiological and biochemical investigations e.g. penicillin;
4, the exploitation of biochemical information on key
metabolic pathways or other biochemical activities in man and
pathogens e.g. the inhibition of the biosynthesis of tetrahydrofolic
acid by methotrexate in cancer chemotherapy.

These methods result in only about five novel drugs being
brought on to the market each year [20].

Recently, methods of designing therapeutic agents have been

developed which exploit the concept of the drug-receptor interaction.

1.2.2 Receptors

A firm definition of a receptor has not been agreed on
[22], but it may be considered to be a cellular entity with which
ligands interact eliciting a biological response [23,24,25]. These
ligands may be endogenous agonists causing activation of the receptor
e.g. a neurotransmitter; or they may be exogenous acting, for
instance, as antagonists causing the blocking of the receptor binding
site to agonists.

The concept of a receptor was first proposed by Langley in
1878 [26]. However, it was Ehrlich who, while working independently of
Langley, first introduced the term 'receptor' and applied it to the
interaction of drugs [27]. He also went on to propose the existence
of a 'pharmacophore' consisting of the essential atoms in a drug

necessary for it to bind to a receptor. Following these early



theories, receptor theory was given a quantitative basis in the 1920s
and 1930s by Clark who applied the law of mass action to the drug-
receptor interaction [28,29] and Gaddum who investigated the
competitive action of antagonists with agonists at the receptor [30].

The functions of a receptor are to recognise and
distinguish biologically active molecules by specific, high affinity
binding and to mediate the transduction of the signal generated by
ligand binding either directly or via a secondary messenger such as
CAMP to an effector e.g. an enzyme or an ion channel. This triggers a
cascade of biochemical reactions leading finally to a characteristic
physiological or pharmacological response [25].

Receptors may be found in the cell membrane, the cytosol
and the nucleus [25]. Most receptors are lipoproteins embedded in the
plasma or cell-organelle membrane as intrinsic proteins. These
receptors are difficult to isolate as their structure and function may
be maintained by the surrounding membrane. Receptors may also be
nucleic acids, lipids, glycoproteins or pure proteins [21]. Although
there is no rigid distinction between the receptor-drug and the
enzyme-substrate interaction, the basic difference is that in the
former, it is the receptor while in the latter it is the substrate

that is changed.

1.2.3 The design of therapeutic agents

The strategy employed in the design of therapeutic agents
depends on whether the identity and structure of the receptor is

known.



1.2.3.1 Unknown receptor structure

If the receptor structure is unknown, a 'lead' compound
possessing some of the required activity may be obtained by one of the
methods described in Section 1.2.1 or it may be generated by
theoretical methods. Its properties are then optimised in order to
produce a potent and specific therapeutic agent. The major theoretical

techniques that may be used are now considered.

1.2.3.1.1 oQuantitative Structure Activity Relationships (QSAR)

These relate the biological activity of a series of
compounds to their physical, chemical and structural properties
[31,32].

The principal method used is Hansch analysis {33,34] in
which physicochemical parameters of a group of congeneric structures
are correlated with their observed biological activities. Multivariate
regression analysis is used giving rise to a 1linear or parabolic
relationship, known as an extrathermodynamic or 1linear free-energy
relationship. Three parameters which commonly show a high correlation
to the biological response are the substituent hydrophobicity constant
n, the Hammett substituent o and the steric Taft Eg value.

Structural rather than physicochemical parameters are used
in the Free-Wilson or de novo method [35] where biological activity
is related directly to the chemical nature of substituents at
particular positions in the molecule by linear regression. It is
assumed that a substituent at one position does not affect the

response to a substituent at another point in the molecule.



These two methods may be used in conjunction with each
other. In addition, other parameters such as molecular connectivity
[36] or those obtained from molecular orbital calculations [37], may
also be correlated to biological response. Parameters for which a
statistically high degree of correlation with activitf is observed can
then be identified as important in determining ligand binding. The
optimisation of these parameters can be used to design more active

compounds.

1.2.3.1.2 Pharmacophore and receptor mapping

A 'pharmacophore' may be defined as the three dimensional
arrangement of the chemical groups in a ligand which are essential for
recognition and activation [24,38]. It may be mapped by studying,
(e.g. by the Active Analogue Approach [39]), the correspondence
between pharmacophoric groups in a set of active compounds. For each
compound, all the energetically available conformations, rather than
just the minimum energy conformation, are explored in a systematic
search and the relative positions of the pharmacophoric groups
recorded for each possible conformation. A pharmacophoric pattern
common to all active compounds may then be identified. To reduce the
extent of conformational search necessary, distances within the active
molecules can be constrained using the distance geometry technique
[40].

Pharmacophoric patterns may also be identified by
searching databases for molecules containing common substructures by
statistical pattern recognition techniques [41].

The identified pharmacophore may be used to generate novel



ligands e.g. by searching a database for molecules satisfying the
properties of the pharmacophore [42].

The receptor site volume and shape may be mapped by
examining inactive as well as active compounds. An inactive compound
may fit the identified pharmacophore but it may make sterically
unfavourable interactions with the receptor. The active drugs may be
superimposed to define a 'receptor-excluded' volume. The difference
between this and the volume occupied by the inactive drugs defines the
'receptor-essential' volume where steric overlap occurs between the
receptor and the inactive drugs [39].

Molecular electrostatic potentials (MEP), calculated by
molecular orbital techniques may be used to map an 'interaction'
pharmacophore. The MEP of a molecule is the interaction energy
between a unit positive charge and the molecule. This approach has
been applied in order to discriminate between agonists and
antagonists of the 5-hydroxytryptamine receptor [43].

The molecular similarity of active compounds may be
examined in order to identify the pharmacophore [44]. In assessing
molecular similarity, one must choose variables to characterise the
molecules e.g.MEP; weighting schemes for the variables; and similarity
coefficients to determine their resemblance, e.g. an index of
molecular similarity based on the electronic properties of two
molecules may be computed [46]. Molecular similarity may be used to
compare two or more compounds and a series of compounds can be

grouped automatically according to similarity by cluster analysis

(45].



1.2.3.2 Known receptor structure

If the structure of the receptor is known, it may be
possible to design therapeutic agents by the method of receptor fit
[47,48]. The emergence of this as a feasible method has been reliant
on the recent advances in the techniques of determining the three-

dimensional structures of macromolecules.

1.2.3.2.1 Methods of determining the structure of the receptor

The principal technique used is x-ray crystallography. The
first protein structure, that of sperm whale myoglobin, was observed
in 1958 by x-ray crystallography [49] and details of its structure
were revealed in 1960 [50]. The first enzyme structure followed in
1965 when the structure of hen egg-white lysozyme was published [51].

There are now more than 350 macromolecular structures [52]
which have been solved by x-ray crystallography and the rate at which
structures are being determined is ever increasing. This recent
escalation can be ascribed to the following factors [20,53].

1. The availability of powerful computers with the ability to
perform large calculations and the development of computer graphics.
2. The use of the high intensity, broad spectrum x-ray
synchrotron source. This permits both small crystals and crystals with
large unit cells to be studied. In addition, the fast collection of
diffraction data by the Laue method using the white x-ray beam is now
possible for protein crystals [54].

3. The development of rotation cameras and area detectors

enabling fast collection and processing of data.

10



4, New methods of solving the phase problem such as molecular
replacement and direct methods.

5. Improved <crystallization techniques aided by the
availability of pure preparations of cloned and expressed proteins.
However, crystallization still remains a very unpredictable and
problematic stage in the process of structure determination.

6. The development of gene and protein sequencing techniques
allowing faster interpretation of electron density maps.

7. The development of site-directed mutagenesis allowing the
detailed examination of intermolecular and intramolecular
interactions.

Neutron diffraction may be used to determine receptor
structures with hydrogen coordinates but it is not often applicable to
large molecules because large crystals are required due to the low
flux currently available from neutron sources, and there are a large
number of hydrogens in crystals of biological macromolecules [55].

The structure and dynamics of biological molecules may also
be studied by the newer technique of nuclear magnetic resonance (nmr).
This has the great advantage that the molecule may be studied in
solution and does not have to be crystallized. Experimental
observations of spin-spin coupling constants, nuclear Overhauser
effects and hydrogen-bonding enable interatomic distances to be
defined which, with the application of distance geometry, molecular
dynamics and database searching, may be used to determine the
structure of small proteins, as well as details of ligand binding and
molecular motion [39].

In addition, receptor structures may be modelled. Two

methods of modelling proteins are as follows [39]:

11



1. Homologous proteins may be modelled when the crystal
structure of one is known and that of a related one can be deduced by
building in side chains and subjecting the protein to energy
minimization.
2. The secondary and tertiary structure of proteins may be
modelled from their amino acid sequence. However, statistical methods
are able to predict secondary structure with only approximately 60%
accuracy [56]. Heuristic approaches may give better predictions e.g.
turns can be predicted with about 90% accuracy [57].

With these advances in structure determination, it is now
possible to choose receptors as targets for molecular design because
of their therapeutic relevance rather than because their crystal

structure is already available, e.g. renin (see Section 1.2.3.2.3).

1.2.3.2.2 Methods of studying the properties of the receptor

In investigating the ability of the receptor to bind to

ligands, the steric and energetic properties of the receptor may be

studied.
1. Steric properties
Two methods of sterically examining the receptor are as
follows.
a. The construction of the solvent accessible surface area

[58]. This is given by the locus of the centre of a sphere of radius
1.4R, representing a water molecule, as it is rolled over the surface
of the receptor. Alternatively, the solvent accessible molecular
surface [59] can be displayed using the Connolly algorithm [60]. This

surface is the locus of the surface of a spherical water probe of

12



radius 1.4R& rolled over the receptor, and consists of the part of the
van der Waals' surface of the atoms accessible to the probe sphere,
termed the contact surface, connected by a network of concave and
saddle-shaped surfaces, known as the reentrant surface. The surface of
a ligand can be similarly defined and the ligand docked interactively
by matching the surfaces of the two molecules [61].
b. The construction of receptor spheres to represent the
volume of the binding site [62]. The fit of these spheres and spheres
representing the shape of a rigid ligand can be maximized in designing
a ligand to fit complementarily into the receptor site.

Both these methods have been applied to the study of the
binding of thyroxine analogues to prealbumin [62,63]. High affinity
analogues of thyroxine were found to fill more of the hormone-binding

site than low affinity analogues.

2. Energetic properties

The energetics of the receptor-ligand interactions may be
studied by the following methods:
a. The calculation of the MEP which may be displayed by means
of contours around the receptor [64] or by colour-coding the receptor
surface [65].
b. The energetic mapping of the receptor site by the
calculation of the binding energy of small chemical probe groups. The
calculated energies may be displayed as three dimensional energy
contours as in the GRID method [66] studied in this thesis or
interpreted by picking out peak binding energies [67]. Alternatively,
hydrogen-bonding regions may be identified wusing geometrical

constraints alone [65,68].

13



c. The calculation of the binding energy of particular ligands
using quantum mechanics [69,70,71] or classical molecular mechanics
[72,73,74,75,76]. Energy minimization may be performed to optimise
the conformation of the ligand and the receptor (e.g. see Chapter 5.).
This may be followed by molecular dynamics simulations of the complex.
Thermodynamic cycle perturbation and integration techniques [77] may
be used to calculate the relative binding affinities of different
ligands for a receptor.

All the above methods of studying receptors are
complementary and a combination may be used in the design of a ligand

to bind to a receptor.

1.2.3.2.3 Design strateqies in the method of receptor fit

Therapeutic agents may be designed to act in a variety of
ways.

1. They may bind to a biomolecule which is functioning
incorrectly.

This strategy was adopted in the design of an anti-sickling
agent using the known three-dimensional structure of haemoglobin
[78]. Novel 1left-shifting compounds were designed which bound
preferentially to the oxy conformation of haemoglobin between the N-
terminal residues of the a-subunits at a site where no naturally
occurring ligand had been observed. These compounds caused a reduction
in the concentration of the deoxy conformation of haemoglobin and thus
in the number of haemoglobin molecules able to undergo sickling. One
of these compounds is a potent inhibitor of the sickling of
erythrocytes in sickle cell disease and is now undergoing clinical

trials [79].
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2. They may block the action of infectious organisms by
binding to their proteins.

In this thesis, this strategy has been applied to the
design of anti-influenza agents (see Chapter 5). If a homologous
protein exists in humans, a therapeutic compound must bind selectively
to the exogenous protein. For example, inhibitors of the enzyme
dihydrofolate reductase (DHFR) have been investigated which have
different affinities for the bacterial and mammalian enzymes and hence
have antibacterial properties [80,81].

3. They may modify the action of human enzymes or other
molecules by binding to themn.

For example in order to treat proliferative diseases, drugs
may be targeted at DHFR [82]. When blocking enzymes, they may be
designed as transition-state analogues in order to bind more tightly
than the natural substrate. An example of this is the design of renin
inhibitors as antihypertensive agents [83]. The structure of renin
was modelled from the crystal structures of homologous aspartic
proteases. Peptide inhibitors were then designed which contained
substitutions chosen to mimic the transition-state conformation of the
scissile bond. The structure of renin has now been solved by x-ray
crystallography [79] and should facilitate the design of further

antihypertensive agents.

Not only must a drug bind selectively to its receptor, it
must also possess appropriate physicochemical properties in order to
be clinically useful [47]. It must be non-toxic, stable and readily
absorbed. In addition, it should be patentable and easy to

synthesise. The method of receptor fit may also be used to optimise
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these properties. For example, in the first application [84] of the
method, the solubility of compounds designed to stabilise deoxy
haemoglobin and produce a right-shift in the oxygen saturation curve,
was increased by adding a hydrophilic side chain at a position where
steric hindrance with the receptor would not occur and where
additional favourable contacts could be made.

The first and only clinical drug that can be said to have
been designed by the method of receptor fit is Captopril. This is an
inhibitor of angiotensin converting enzyme used in the treatment
of hypertension. It was designed to bind to the active site of the
enzyme which was modelled on the basis of its similarity to
carboxypeptidase A whose crystal structure was well-defined (85].
However, the method of receptor fit is complementary to the many other
methods of drug discovery and is now applicable to the design of
therapeutic agents against many serious diseases. It can also be used
in the design of herbicides, fungicides and pesticides.

In this thesis, the GRID method [66] of designing ligands
by receptor fit is extended, tested and applied. This is a method of
identifying energetically favourable ligand binding sites on molecules
of known structure. It may be used to design novel compounds which

are able to bind specifically to particular receptors.

1.3 OUTLINE OF CHAPTERS

In the next chapter, the GRID method of predicting ligand
binding sites is described.

In Chapter 3, hydrogen-bonding and its treatment in the

16



GRID method are discussed. The modelling of the directional properties
of hydrogen-bonds is described.

In Chapter 4, the prediction of the water structure in
crystals of biological molecules by program GRID is described. Water
has been studied because it serves as a model with which to test the
ability of the GRID method to reproduce experimental observations and
because of the important influence of water on ligand binding.

In Chapter 5, an account is given of the application of the
GRID method to the design of anti-influenza agents. A number of other
theoretical methods were also used in the design of these compounds
and some of these compounds were then synthesised and assayed for
activity.

Chapter 6 provides a summary of the results obtained and
indicates possible directions for the future extension of the work

presented in this thesis.
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CHAPTER 2

THE GRID METHOD OF DETERMINING FAVOURABLE LIGAND BINDING SITES

2.1 INTRODUCTION

Program GRID [66,86] has been developed as a tool for use
in the design of novel therapeutic compounds. It is concerned with
one aspect of the design of drugs, namely the prediction of how a
ligand binds to a macromolecule. It computationally determines
energetically favourable ligand binding sites on macromolecules using
an empirical energy function.

A molecular mechanics method is employed rather than a
quantum mechanical one because molecular orbital calculations for
large systems can be time-consuming and are usually performed 'in
vacuo', whereas molecular mechanics calculations are quicker, and can

therefore take some account of the solvent present in biological

systems either explicitly or by means of a dielectric constant.

2.2 THE GRID METHOD

In order to determine ligand binding sites, interaction
energies are calculated between a small fragment of a ligand, called a
probe, and a known molecular structure which is called the target, at
different positions of the probe around the target. These energies are
then displayed as energy contours over the chosen molecular target,

using three-dimensional computer graphics. Different energy contours
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may be obtained for different probes enabling specific binding sites

to be identified.

2.2.1 The probe

This may either be a single atom or a small recognisable
structural unit such as a methyl group, a water molecule, or an amine
nitrogen. Thus, a ligand may consist of a combination of different
probe groups each considered separately by program GRID. This
treatment neglects mesomeric and inductive effects between the
different probe groups in the ligand and also does not take into
account conformational restrictions imposed by the structure of the
target on the arrangement of the probe groups in the ligand.

The probe is represented as an extended atom, i.e. as a
sphere centred on a point charge consisting of one atom heavier than
hydrogen and an appropriate number of hydrogen atoms which are not
considered explicitly. The probe is assigned nine parameters which are
used to calculate its interaction energy. These are given for a water

molecule and a nitrate ion by way of example in Appendix III.S5.

2.2.2 The target

This may be a macromolecule e.g. a protein, a nucleic acid,
a glycoprotein, or a polysaccharide; a molecular array e.g. a
membrane; or a small organic molecule e.g. a drug. It may be
considered in an aqueous environment. The target is defined by its
atomic coordinates and by parameters describing the chemical nature of

its constituent atoms. For large molecules, an 'extended atom'
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representation is adopted in which hydrogen coordinates are only used
in order to determine the geometry of hydrogen-bonds. For small
molecules, an 'all atom' representation may be used in which the
interactions of hydrogen atoms are calculated explicitly. The
'extended atom' representation is advantageous because it
significantly reduces the complexity of the target resulting in much
faster calculations. It is also useful when studying macromolecular
structures determined by x-ray crystallography for which hydrogen
positions are not usually available. However, it results in the loss
of dipole and quadrupole moments and of steric effects due to the
hydrogen atoms. The potential energy function used must therefore
include a hydrogen-bond term in order to account for these effects as
well as for the effects due to the lone pair electrons which are not
treated explicitly in either of these representations and are not

observed by x-ray crystallography in biological molecules.

2.2.3 The calculation

The probe is passed through a regular spatial array around
the target, and the interaction energy between the probe and the
target is calculated at each point in the array. The array may cover
the whole target or just a small region of interest as shown in Figure
2.1. The distance between the sampling points is chosen according to
the accuracy required and takes values up to 1&.

Once the interaction energies have been calculated at all
points in the array, the location of energy minima can be identified.

These minima correspond to favourable binding sites for the probe on
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the target. The interaction energies can be converted into energy
contours and displayed using computer graphics.

Selectivity contours [87] can also be displayed. These are
derived by calculating the difference in interaction energy at each
point in the array for two different probes interacting with the same
target or for one probe interacting with two similar targets. They
enable the relative binding properties of different molecules to be
assessed.

The programming and operation of the GRID method are

described in Appendix III.

2.2.4 The enerqy function

The energy function consists of Lennard-Jones (Elj),
electrostatic (Egy) and hydrogen-bonding (Epp,) terms. The total
energy (Ego¢) is computed as the sum of the pairwise interactions of

the probe group with each atom in the target.

EtOt = EElj + EEel + EEhb

2.2.4.1 The Lennard-Jones interaction

This is given by:

= a/r'2 - B/r®

E4
where A = %BRO6
Rg= Rp *+ R
B = (1%eJ(h/m)apat)/C
C = Y(ap/Neggp) + Y(ap/Negst)

where
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r is the distance between the probe and an atom in the target in &;
Rp and Ry are the van der Waals' radii of the probe and the target
atom respectively;
ap and a; are the polarizability of the probe and the target atom
respectively;
Neffp and Ngffy are the number of effective electrons of the probe
and the target atom respectively.

A cutoff distance of 8& is imposed on E14. At this distance
Eyy is about -0.01 kcal/mol and the resultant error in the total

energy when summed over all atoms is of the order of 0.1 kcal/mol

[66].
2.2.4.2 The electrostatic interaction
This is given by:
1
Ee] = 9pdt/4neqy{1/r + [(y - 8)/(y + 8)1/(r® + 4sps¢)?)
where

r is the distance between the probe and an atom in the target in &;

dp is the electrostatic charge of the probe;

qy is the electrostatic charge of the target atom;

6 is the dielectric constant of the solvent phase;

Y is the dielectric constant of the target phase;

Sp is the nominal depth of the probe in the target phase in A;

st is the nominal depth of the target atom in the target phase in A;
In this expression, the Coulomb electrostatic energy for a

homogeneous medium, Egy = qpqt/4nysor, has been modified [66] to take

account of the heterogeneous nature of the system. An infinite planar

interface is assumed to separate a homogeneous target phase of
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dielectric constant y from a homogeneous solvent phase of dielectric
constant 6. For a target protein in aqueous medium, values of y=4 and
6=80 are used. The electrostatic interaction is calculated using the
method of images [88].

The nominal depth s, of each target atom in the target
phase is estimated by counting the number of neighbouring target atoms
within a distance of 44 and translating this into an equivalent depth
using a calibrated scale. The nominal depth Sp of the probe is
calculated in the same way [66].

The electrostatic interaction is evaluated for every
probe-target atom interaction as its magnitude does not diminish

rapidly with distance.

2.2.4.3 The hydrogen-bond interaction

This is given by:

Ephp = Er x Et x Ep
where Er, Et and Ep are functions of r, t and p respectively. t and p
are the angles made by the hydrogen-bond at the target atom and the
probe respectively as defined in Figure 2.2.

The modelling of hydrogen-bonds is described in detail in

the next chapter.

2.3. THE DEVELOPMENT OF THE GRID METHOD

During the development of a predictive method, it is vital
to test the method by examining the agreement between predictions and

experimental observations. For this reason, a comparison between the
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predictions made by program GRID of the binding of water to biological
molecules and crystallographic observations was made and this is
described in Chapter 4. As a result of the examination of the binding
of water, the modification and extension of the program were found to
be necessary. Most of the required improvements were concerned with
the treatment of hydrogen-bonds and this is considered in Chapter 3.
Three versions of program GRID were used for the work
presented in this thesis: GRIDO, GRID1 and GRID2; each with
increasingly sophisticated treatments of hydrogen-bonding. The
differences between these are outlined in Appendix III. The current
version of the program, GRID2, is able to produce results which are
consistent with experimental observations and can therefore be used
with some confidence for the prediction of ligand binding although the

program is naturally still undergoing improvement.
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CHAPTER 3

THE ROLE OF HYDROGEN-BONDS IN LIGAND BINDING

3.1 INTRODUCTION

Hydrogen-bonds are important in determining the
conformation and intermolecular interactions of proteins,
polysaccharides, nucleic acids and organic molecules [89]. The
strength of such bonds varies in a complex manner, and a wide variety
of empirical energy functions [90] have been devised in order to
compute their strength. In general terms, they may be considered as
intermediate range interactions between an electron-deficient hydrogen
atom and a nearby region of high electron density [91]. Both the donor
atom, which is covalently bonded to the hydrogen atom, and the
acceptor atom are highly electronegative. When strong hydrogen-bonds
are formed, the donor and acceptor atoms approach closer to each other
than the sum of their van der Waals' radii [89].

The physical origins of the hydrogen-bond are subject to
debate. In 1928, Pauling [92] described the hydrogen-bond as being
electrostatic and due to ionic forces between a partially positively
charged hydrogen atom and a negative lone pair on the acceptor atom.
More recently, quantum mechanical explanations, involving Valence
Bond [93,94], Charge Transfer [95], or Molecular Orbital theories
[96,97,98,99] have been proposed. These suggest that, at small
separations, the hydrogen-bond is governed by a balance between
attractive electrostatic, charge transfer, polarization and dispersion

components and repulsive electron exchange terms, while at large
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distances the hydrogen-bond is almost completely electrostatic.
Charge transfer is the second largest attractive component and it
enables stabilization of hydrogen-bonds such as 0-H--0, where part of
the electron charge occupies the anti-bonding orbital causing
weakening and lengthening of the O-H bond [95]. Most of the charge
redistribution, though, is due to the movement of the o-electrons from
the proton acceptor to the donor atom [99]. The large electron
exchange repulsion prevents bond bending and favours the occurrence of
linear hydrogen-bonds.

The treatment of hydrogen-bonds in molecular mechanics
potentials is shown in Table 3.1. These potentials may be divided into
two categories: those which do contain an explicit hydrogen-bonding
term in addition to van der Waals' and electrostatic terms
(72,73,74,104,105,108,110,111}, and those which do not [75,112,113].
The former often employ an exponential [100,101,114] or 12-10
[72,73,76,110] function to describe the interaction between the
hydrogen-bonding atoms. The latter generally rely on the explicit
representation of hydrogen atoms and sometimes lone pair electrons to
account for the hydrogen-bond directionality. However, the lone pair
electrons and hydrogen atoms are not normally observed in
macromolecules studied by x-ray crystallography and their coordinates
must therefore be estimated using standard known geometries.

In the GRID method [66,86], an 'extended' atom
representation is wused and an explicit hydrogen-bond term is
incorporated in the energy potential. In this chapter, the formulation
of a set of hydrogen-bond functions for use in the GRID method is

described.
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3.2 THE _HYDROGEN-BOND POTENTIAL_ Ehb

The hydrogen-bond potential is given by:

Enp = Er x Et x Ep

It was formulated to give predicted structures which agreed
with experimental data. This required that the hydrogen-bond energy
was the product of three terms: Er, dependent on the separation of the
hydrogen-bonding atoms, and Et and Ep dependent on the angle made by
the hydrogen-bond at the target or probe atom respectively. Et and Ep
take values between 0 and 1. They have different functional forms
because there are different constraints acting on hydrogen-bonding
atoms in the target and in the probe.

It should be noted that the hydrogen-bond potential was
developed for use as part of the GRID energy function and was not
designed to be transferable to other energy potentials.

The subroutines wused to calculate the hydrogen-bond

potential are listed in Appendix III.

3.3 THE DISTANCE DEPENDENCE Er OF THE HYDROGEN-BOND

For the distance dependence Er of the hydrogen-bond, a
12-10 function has been used in a number of other potential functions
[{72,73,76,110] and this was tested first. However, when used as a term
in the GRID energy function, it proved to give too narrow a range of
hydrogen-bond lengths when compared with the range of lengths observed
experimentally [115]. A 6-4 function, which had also been used
previously [72,108], was then tried [66], but this could produce

hydrogen-bonds of such a great length that it would be possible for
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another non-hydrogen atom to ©position itself between the
hydrogen-bonding atoms. Eventually an 8-6 function, as suggested by
Reiher [116], was adopted [86] and found to give the most satisfactory
results and the closest agreement with experimental observations. This
is given by the following equation:

Er = C/r8 - p/r®

where C = -3E,r, 8 kcal A8/mol

D —4Emrm6 kcal R6/mol

where

r is the separation of the acceptor atom and the donor heavy atom in
&;

E, 1is the optimum hydrogen-bond energy for the particular
hydrogen-bonding atoms considered in kcal/mol;

r, 1is the optimum hydrogen-bond 1length for the particular
hydrogen-bonding atoms considered in A (see Figure 3.1).

E, and r, vary according to the chemical type of the hydrogen-bonding
atoms and were chosen in order to reproduce experimentally observed
hydrogen-bond lengths and strengths.

A cutoff energy of -0.25 kcal/mol is imposed on 1long
hydrogen-bonds in order to exclude 1large numbers of weak
hydrogen-bonds from further consideration by program GRID.

For short hydrogen-bonds, Elj for the interaction between
the hydrogen-bond donor and acceptor atoms would be repulsive and so

it is set equal to zero if a hydrogen-bond is formed.
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3.4 THE DEPENDENCE Et OF THE HYDROGEN-BOND ON ITS ORIENTATION

AT THE TARGET ATOM

3.4.1 Experimental data used for the formulation of Et

The function Et is dependent on the chemical nature of the
hydrogen-bonding atoms in the target molecule. It was chosen by
fitting to experimental data on hydrogen-bond geometries 1in
crystalline structures observed by x-ray or neutron diffraction. The
observed structures were of organic small molecules and proteins as
shown in Table 3.2. Neutron studies tend to be slightly more accurate
than those by x-ray because neutrons can easily detect hydrogen atoms.
However, this difference is small when x-ray results have been
'normalised' to account for the fact that the length of bonds to
hydrogen atoms is underestimated by 0.1-0.28 [134,135]. Spectroscopic
studies also give some information about hydrogen-bond geometries
[136].

Data were collected from 'good' crystal structures. For
small molecules, these can be defined [125,130] as structures in
which the crystallographic R-factor is less than 10%, hydrogen
coordinates are available, and there is no disorder. Therefore, only
molecules which crystallise well were studied. As a result, the sample
of hydrogen-bonds may not be representative of those formed between
molecules in solution. The hydrogen-bonds in a crystal are likely to
be shorter than in solution due to long-range attractive forces but
this is unlikely to exert a detectable influence on bond angles [119].

The hydrogen-bond function was designed to be applicable to

general intermolecular interactions but not to intramolecular
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Figure 3.2 a. The observed angular distribution of hydrogen-bonds
donated by the N-H group [139]. b. The probability of hydrogen-bond
donation by the N-H group determined from the observed distribution
shown in a. c¢. The relative hydrogen-bond energy variation with
deviation from bond linearity derived from the probability shown in b.
See text for derivation.



interactions which may have a different spatial distribution. However,
experimental observations of intra- and intermolecular hydrogen-bonds
were both studied. In addition, some molecular systems show
hydrogen-bonding patterns which are peculiar only to the particular
molecule studied. For example, crystals of amino-acids contain a large
number of three-centred hydrogen-bonds due to a proton deficiency and
the presence of charged ammonium and carboxylate groups [137], while
proteins have secondary structures, such as the a-helix, with
characteristic hydrogen-bond orientations which are not typical of
intermolecular hydrogen-bonds in general [115]. Therefore, due
consideration of the source of the experimental data had to be taken
when using the data as a basis for determining the terms occurring in

the GRID energy function.

3.4.2 The method of derivation of Et

The observations in Table 3.2 were analyzed to give the
number of hydrogen-bonds formed per 10° angular segment. This number
was then converted into a probability by multiplying by a geometric
factor [119,135,138], since 10° segments of angle t do not occupy the
same solid angle. For example, for a target amide nitrogen, the
correction factor is 1/(cost'-cost") where the 10° segment is between
angles t' and t". This alters the apparent distribution of
hydrogen-bonds as a function of angle t. For an N-H--O hydrogen-bond,
the most frequently observed value of angle t is about 15° [139].
However, when the experimental data are converted into probabilities,
the most probable conformation of the N-H--O hydrogen-bond is linear

with angle t=0°. This is illustrated in Figure 3.2.
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Figure 3.3 The geometry of the target carbonyl group. Angle t,
is the angle subtended at the oxygen atom by the probe's hydrogen atom
and the plane of the lone pair orbitals. Angle t; is the angle

subtended by the probe hydrogen atom and the C-0 axis within the plane
of the lone pair orbitals.



The probabilities were then converted into relative
energies assuming a Boltzmann distribution:

Ej = -RT(1n{P;}-1n{Pg}) + E
where P; is the probability of bond formation at energy E; and Py is
the probability of bond formation at reference energy Ey. These
energies were plotted against angle t and a suitable analytical
function was chosen to fit them. The function was required to be

continuous and of a simple form.

3.4.3 The function Et

The orientational dependence Et of the hydrogen-bond energy
varies according to the chemical nature of the target atom. This can
be seen in Table 3.3 which lists the functions used to describe the
hydrogen-bonds made by different types of target atom. These functions

are now described in detail for specific cases.

3.4.3.1 Oxygen

3.4.3.1.1 cCarbonyl and carboxyl oxygen atoms

A carbonyl or carboxyl oxygen atom can accept one or two
hydrogen-bonds. A definite tendency for these to be formed in the
direction of the lone pairs at :60° to the C-0 bond and in the 1lone
pair plane has been reported [117,121,135,139]. The orientation of a
hydrogen-bond accepted by a carbonyl or carboxyl oxygen atom is
described in terms of two angles: t,, which is the angle subtended at
the target oxygen atom by the hydrogen atom which is donated by the

probe, and the lone pair plane of the target oxygen; and t;, which is
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Figure 3.4 The two histograms show the observed probabilities of a
hydrogen-bond to a carbonyl oxygen atom derived from the experimental
data which was used for modelling the hydrogen-bonding function,
(dashed line - data from reference [117], solid line - data from
reference [139]). The variation between the histograms is due to the
different experimental samples studied. The graph shows the modelled
variation of the probability of hydrogen-bond formation with angle tj
derived from the total interaction energy calculated for a target
carbonyl oxygen atom interacting with a probe water molecule. The
water molecule lies in the lone pair plane, i.e. to=0°, at a distance
of 2.8&8 from the oxygen.



the angle of deviation within the oxygen lone pair plane of the probe
hydrogen atom from the direction of the C-O bond. This is illustrated
in Figure 3.3. In observed hydrogen-bonds, angle t, tends to be less
than 40° although larger angles are not unusual [134,138]. Within the
lone pair plane, hydrogen-bonds along the directions of the lone pair
orbitals are favoured and more hydrogen-bonds occur between the
orbitals than outside them as can be seen from the histograms in
Figure 3.4. The directionality is more marked if two hydrogen-bonds
are accepted than if only one hydrogen-bond is accepted, when both
lone pairs tend to attract the single donor atom to their bisector,
suggesting that both electrostatic and steric factors influence the
hydrogen-bond geometry. There is no correlation between angle t, and
angle t;.

The chosen hydrogen-bonding term Et for a carbonyl or
carboxyl oxygen atom [140] has maxima at t;= +45° and this causes
energy Ep, to be most attractive at this angle. However, when the
Lennard-Jones interactions of the probe with the atoms covalently
bonded to the target oxygen are also taken into account, the
probability of hydrogen-bond formation, (derived from the total
energy calculated by program GRID), is found to be highest in the lone
pair orbital directions at tj= :60° as shown by the graph in Figure
3.4. The functional form of Et causes a variation in Epp of about 10%
over the range t;= 0-90° and this is not incompatible with molecular
orbital calculations [98] for a formamide dimer where the variation in
hydrogen-bond energy is about 15% over the range t;= 0-80°. When angle
t;>80°, the molecular orbital calculations show that the total
interaction energy rises rapidly as exchange repulsion effects

increase.
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3.4.3.1.2 The phenolic hydroxyl group

In proteins, the tyrosine residue has been observed to
donate hydrogen-bonds more often than it accepts them [132]. It can be
considered able to donate one hydrogen-bond and to accept only one
hydrogen-bond, because there is a significant back donation of the
oxygen lone pairs which gives partial double bond character to the C-0
bond restricting rotational motion around it. The hydroxyl oxygen
resonates between sp2 and sp3 hybridizations and can thus be
considered to have its hydrogen atom and one lone pair in the plane of
the aromatic ring at t60° to the C-0 bond direction, thus accounting
for the observed hydrogen-bonding geometry. In calculating
hydrogen-bond energies, the hydrogen atom is allowed to occupy the
energetically most favourable of the two positions available to it,
according to the position and chemical characteristics of the
interacting probe. Similarly, the lone pair orbital always takes up
the most favourable of the two possible positions available to it.
Hence, account is taken of the influence of the incoming probe on the
conformation of the phenolic hydroxyl group.

The experimental data studied were limited to that on 150
hydrogen-bonds to tyrosine residues from a survey of fifteen protein
crystal structures [132]. The geometries are described in terms of one
angle only, the deviation from the C-O0 bond direction, and there are
no data for when this angle is greater than 90°. Data are available as
a plot of the variation of hydrogen-bond occurrence with angle t, the
deviation from the 0-H direction, for when tyrosine donates. Et=cos4t
was found to be the most suitable function fitting this plot.

The experimental data on hydrogen-bonds accepted by

tyrosine are more limited because tyrosine is found to accept only
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about 20% of its experimentally observed hydrogen-bonds [132].
However, where it is observed, tyrosine accepts hydrogen-bonds
preferentially at 59:+16° to the C-0 bond. The same angular function is
used for accepted hydrogen-bonds as for a carbonyl oxygen atom because
the available experimental data on tyrosine are inadequate for
formulating a separate function specifically for this group. If better
data on observations become available in the future, it may be
possible to assign a more suitable function for this hydrogen-bond.

An anionic phenolate oxygen is treated in the same manner
as a phenolic hydroxyl group accepting a hydrogen-bond. It may accept

up to two hydrogen-bonds but is unable to donate.

3.4.3.1.3 The sp3 hybridized hydroxyl qroups

Crystallographic data show that hydrogen-bonds accepted by
the sp3 hydroxyl group are strongly constrained to the group's lone
pair plane which can be defined if the position of the hydroxyl
hydrogen is known. This effect is more marked than the corresponding
constraint for hydrogen-bonds to form in the lone pair plane of
carbonyl oxygen atoms. The angle to, for a sp3 hydroxyl group is
generally less than 20° [138,139] compared to less than 40° for a
carbonyl oxygen atom as mentioned above. Within the lone pair plane,
hydrogen-bonds occur more often between the lone pair orbitals than
outside them. They have a fairly uniform distribution over the range
-60°¢<t;<60° if one hydrogen-bond is formed, but are more strongly
constrained to the lone pair directions if two hydrogen-bonds are
accepted [124,137].

However, the observed lone pair directionality does vary

according to the method of study. Microwave spectroscopy of

34



hydrogen-bonded dimers [136] shows an energetic preference for
hydrogen-bonds to occur in the lone pair directions for Sp3 hybridized
oxygens although this is smaller than for sp2 hybridized oxygens. In
charge density studies [12], there is some small deformation in
electron density towards lone pairs for sp2 hybridized oxygens whereas
for sp3 hybridized hydroxyl groups and water, the lone pairs appear to
exist as one broad peak in the electron density.

A large amount of crystallographic data is available on the
geometry of hydrogen-bonds to hydroxyl groups in proteins. The protein
hydroxyl groups in serine and threonine are therefore described by
angular functions which differ somewhat from those for general
hydroxyl groups. The protein functions define hydrogen-bonds which are
more constrained to the lone pair or hydrogen directions than the
functions for general hydroxyl groups which make allowance for the
incompleteness of the data from which the function for a general
hydroxyl group was chosen.

In proteins, hydroxyl groups are more likely to donate a
hydrogen-bond than accept one. In a survey of fifteen protein
crystals [132], serine was observed to donate 67% of its
hydrogen-bonds and threonine 75% of its hydrogen-bonds. Hydrogen-bonds
in proteins were found to be accepted at 58°:35° to the C-O bond and
donated at 67°:35°. It appears that the donated hydrogen-bonds are
closer to the tetrahedral angle because of the greater directional
control of the hydrogen atom when compared to the lone pair orbital.

In the calculation of hydrogen-bond energy, the hydrogen
atom and the lone pairs of a hydroxyl group are normally allowed to
rotate at the tetrahedral angle around the projected C-0 axis. The

hydrogen atom and lone pairs are assumed to position themselves in the
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most energetically favourable positions according to the nature and
position of the probe group. Angle t is then the deviation from this
direction when the hydroxyl group donates. In Figure 3.5, the
attractive energy contours obtained for the interaction of an amide
nitrogen probe with glucose can be seen. The toroidal energy contours
show the energetically favourable positions of the nitrogen following
the circular locus of the hydroxyl lone pairs as it donates a linear
hydrogen-bond to the glucose molecule.

In some circumstances, such as if the hydroxyl group is
already making an intramolecular hydrogen-bond to another target atom,
the explicit position of the hydrogen atom may be known and can
therefore be fixed. The hydrogen-bonds of the hydroxyl group are then
calculated differently with donated hydrogen-bonds favoured in the
predefined O-H direction, while accepted hydrogen-bonds are favoured
in the 1lone pair plane where they are treated similarly to the

hydrogen-bonds of an ether oxygen atom (see below).

3.4.3.1.4 The ether oxygen atom

This is sp3 hybridized and is able to accept two hydrogen-
bonds. Its two lone pairs are in the plane perpendicular to the C-0-C
plane and symmetrically placed with respect to it. The hydrogen-bonds
that are formed show a definite tendency to be in this lone pair plane
but have an approximately constant probability of occurrence between
the lone pair orbitals [130]. Unfortunately, there is very little
experimental data on the hydrogen-bond geometry of the ether oxygen
atom so a relatively weak angular dependence was chosen to fit this

data.
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3.4.3.1.5 Water

This can donate two and accept two hydrogen-bonds. Usually,
the coordinates of the hydrogen atoms are unknown so the water is
assumed to be able to rotate freely and no angular factor is applied
to its hydrogen-bonds. However, sometimes hydrogen atom coordinates
are known. These can then be fixed and the same angular constraints
applied as for a general target sp3 hydroxyl group with its hydrogen

atom coordinates fixed.

3.4.3.2 Nitrogen

Target nitrogen atoms may be able to donate up to three
hydrogen-bonds and may be able to accept one or two hydrogen-bonds.
Linear hydrogen-bonds are favoured [132,134,139] -especially for
shorter bonds because as the hydrogen-bond becomes shorter, the
non-bonded interaction becomes 1less favourable and so the
hydrogen-bond straightens out and thereby increases the distance
between the heavy atoms. An Et=cos?t function centred on the N-H
direction was adopted for all hydrogen-bonds donated by these target
nitrogen atoms.

For accepted hydrogen-bonds, the same angular functions are
applied as for oxygen atoms of the same geometry. However, E, and rj
are different for the two types of atom and so the resultant
hydrogen-bond energy for a target nitrogen atom differs from that for
a target oxygen atom. The movement of the nitrogen's hydrogen atoms
and lone pairs is also allowed for in the same way as for oxygen. For
example, the three hydrogens in an ammonium group may rotate about the

C-N bond, or may be fixed at specified coordinates.
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Figure 3.6 The two tautomers, and the protonated and anionic forms
of the histidine side chain.



3.4.3.2.1 Histidine nitrogen

The side chain of histidine can exist in four forms: two
neutral, one protonated and one anionic as shown in Figure 3.6. The
protonated form normally exists in significant concentrations only at
low pH while the anionic form is generally found only at high pH.
According to experiment [141,142,143,144] and theory [145,146], the
tautomer with NE protonated should predominate over that with ND
protonated. This is because the R-group is electron withdrawing and
the effect of the R-group is more marked for ND than NE [147,148].

The Protein Data Bank [52] files of thirty proteins were
searched [149] to assess the position of tautomeric equilibrium by
examining the atoms neighbouring the histidine residues. However, it
was not possible to detect a significant preference for one or other
of the tautomeric forms. The hydrogen-bonding function for histidine
therefore had to be devised [149] to allow for the existence of both
tautomers at physiological pH, and to select the tautomer which gives
the most favourable energetic interaction with the probe. It does this
by allowing both nitrogens of the histidine residue to donate or
accept a hydrogen-bond, and making the way in which the hydrogen-bond
is actually formed depend on the nature and position of the probe
group. If the probe group cannot make a hydrogen-bond to either of
these nitrogens, the hydrogen is assumed to be attached to NE. If a
hydrogen-bond is donated by NE or accepted by ND, the electrostatic
charge of the histidine residue is wunchanged. However, if a
hydrogen-bond is donated by ND or accepted by NE, there is an
alteration in the electronic charge distribution of the histidine
residue and therefore, a compensating term must be applied to the

electrostatic energy calculated. This allows not only the hydrogen
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position, as for a phenolic hydroxyl group, but also the electronic
distribution of the histidine residue to be influenced appropriately
by the nature of the probe group.

For calculations at high pH, both histidine nitrogens are
assumed to be unprotonated while at low pH they are both assumed to
be protonated. The histidine charge is adjusted accordingly but its
distribution at these pHs is assumed to be independent of the nature
of the probe group.

There are insufficient observations of histidine
unequivocally accepting a hydrogen-bond from which to construct a
function Et. However, as the histidine nitrogen is sp2 hybridized, it
was assumed that it had the same characteristics as a carbonyl oxygen
which is accepting two hydrogen-bonds simultaneously, although only
one hydrogen-bond can be accepted by the histidine nitrogen. For
carbonyl oxygen atoms with their full hydrogen-bonding capacity
satisfied, most hydrogen-bonds are observed [117,121] within 20° of
the lone pair orbital directions and their hydrogen-bond distribution
can be modelled using the angular function Et=cos?t. Nitrogen is less
electronegative than oxygen so the lone pair cloud is likely to be
more diffuse. However, the same angular function is used for the
histidine nitrogen when it accepts a hydrogen-bond, although E, and
ry in the distance dependent function Er are different.

The geometry of hydrogen-bonds donated by histidine
nitrogens has been observed [132]. This data and general data on
N-H--0 bonds were fitted by the function Et=cos?t centred on the

direction of the N-H bond.
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3.4.3.3 Halogens

Fluorine and chlorine may be able to accept up to three
hydrogen-bonds [150] but as insufficient data were available on their
geometry, no angular function was adopted. The hydrogen-bonds to
chloride ions have been observed to be generally longer than those to

other acceptor atoms suggesting that they are weak [122].

3.4.3.4 Other atoms

Hydrogen-bonds to carbon atoms have been found to be
significant in small organic molecules containing nitrogen and in
proteins where a carbon atom is adjacent to a protonated nitrogen
[125]. Hydrogen-bonds have also been observed to be accepted by
aromatic rings perpendicular to the ring plane [151]. Hydrogen-bonds
accepted by sulphur atoms in the directions of the lone pair orbitals
have also been reported ([73,132,152]. However, hydrogen-bonds to all

these atoms are not calculated by the present version of program GRID.

3.4.4 Examples of the application of the hydrogen-bond functions
Er and Et
3.4.4.1 The catecholamines

The catecholamines act on a number of different receptors
producing a variety of effects which are of great pharmacological
interest. They are described here both because of their

pharmacological importance and because they demonstrate the
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properties of the hydrogen-bond functions used for target hydroxyl
groups and nitrogen atoms in program GRID.

The interaction energy of an uncharged nitrogen NH probe,
which is able to donate one hydrogen-bond, with L-noradrenaline (I) in
a crystallographically observed conformation [153] was calculated.
The energy contours obtained at -3 kcal/mol are shown in Figure 3.7.a.
The three small contours show where a hydrogen-bond from the NH probe
can be donated to the phenolic hydroxyl groups. This hydrogen-bond is
favoured in the plane of the aromatic ring at the trigonal angle to
the phenolic C-0 bonds. The phenolic hydrogens are shown in their
crystallographically observed positions, but program GRID allows them
and the hydroxyl oxygen lone pairs to exchange positions in the plane
of the aromatic ring so that they can make the most energetically
favourable interaction with the nitrogen NH probe. Thus, the target
molecule is able to adapt to changes in its local environment caused
by the approach of the probe group. The presence of both phenolic
hydroxyl groups is necessary for full B-agonist activity [154], so
these energy contours may indicate regions where interaction with the
B-adrenergic receptor occurs.

The dominating circular region shows where a linear
hydrogen-bond can be made to the alkyl-hydroxyl group as its 1lone
pairs rotate at the tetrahedral angle around the C-0 bond. The ring of
contours is thickest near the benzene ring and the alkyl-side chain,
where the attractive Lennard-Jones and hydrogen-bond interactions of
the probe summate. This hydroxyl group plays a very important role in
determining the activity and the binding affinity of the B-adrenergic
agonists and antagonists [154]. If it is absent or in a different

stereochemical configuration, potency is generally reduced.
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Figure 3.7.b shows D-noradrenaline arranged in the same
overall conformation as L-noradrenaline, so that the catechol and
nitrogen moieties of both molecules are in the same spatial
relationship to each other. The energy contours at -3 kcal/mol for the
same probe group do not form a full ring around the alkyl-hydroxyl
group since there is now a repulsive steric interaction between the NH
probe and the amine group of noradrenaline, which is closer to the
alkyl-hydroxyl group in this conformation. The interaction of the two
isomers can be compared in a selectivity map as shown in Figure 3.7.c.
This is constructed by calculating, as described in Appendix III, the
difference in interaction energy of the probe with the L-isomer and
the D-isomer at each point in the grid surrounding noradrenaline, and
contouring the difference energies at -2 kcal/mol. The two contoured
regions in Figure 3;7.c show where the probe interacts at least 2
kcal/mol more favourably with the L-isomer than the D-isomer. The
uncontoured channel between the two regions shows where the two
circular rings seen in Figures 3.7.a and 3.7.b overlap and mutually
cancel each other out in the difference map. The volume excluded from
the lower left-hand side of the main circular difference contour is a
region where a hydrogen-bond is made to the alkyl-hydroxyl group in
the L-isomer, but in the D-isomer in this conformation a hydrogen-bond
cannot be made to the alkyl-hydroxyl group, and is instead made to the
adjacent phenolic oxygen, thus diminishing the effect on the binding
energy of moving the alkyl-hydroxyl group. Such details are not
immediately obvious when the conformations of the molecules are
compared, but stand out clearly in appropriately contoured maps

calculated by program GRID.
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Figure 3.7.d shows the interaction at -3 kcal/mol with
L-noradrenaline of an uncharged nitrogen probe which has one lone
pair and is therefore able to accept one hydrogen-bond. The small
contoured regions show where the phenolic oxygens tend to donate a
hydrogen-bond in the plane of the aromatic ring at :60° to the C-0
bond. The phenolic hydrogens are allowed to adopt the position in the
plane of the aromatic ring which gives the most energetically
favourable interaction with the nitrogen probe. The contours at the
phenolic oxygen are of a different shape to those in Figure 3.7.a
because they were calculated using an angular dependence of a
different functional form to that used when the phenolic oxygen
accepts a hydrogen-bond.

As before, the hydrogen of the alkyl-hydroxyl group on the
target is able to rotate at the tetrahedral angle to the C-0 bond
giving rise to the circular contour. The energy contours are at the
same energy level as in Figure 3.7.a but the regions enclosed by the
contours are seen to be smaller. This 1is because the hydroxyl
hydrogen-bonding hydrogens of the target molecule have more influence
on the direction of hydrogen-bonds than the hydroxyl lone pairs do. A
hydrogen-bond is thus constrained to occupy a smaller range of angles
when the target atom is donating.

Figure 3.7.e again shows the interaction with
L-noradrenaline of an uncharged nitrogen N probe able to accept a
hydrogen-bond, but this time the map is contoured at -2 kcal/mol. This
naturally makes all the original contours around the target oxygen
atoms appear larger, but in addition to these contours there is an
extra circular contour showing hydrogen-bonding to the amine group

which is assumed to exist in its ionised form as NH3+ at physiological
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pH [155]. These contours are circular because the three hydrogens of
the charged amine group may rotate at the tetrahedral angle around the
C-N bond. The contours are seen in this figure but not in Figure
3.7.d, because the hydrogen-bond to a nitrogen atom is weaker than
that to an oxygen atom and does not show when a contour level of -3
kcal/mol is used. This demonstrates that it is important to choose a
suitable contour level to display the interaction energies calculated
by program GRID.

In Figure 3.7.f, the interaction with L-adrenaline (II) of
an uncharged nitrogen able to accept one hydrogen-bond is shown
contoured at -2 kcal/mol. Adrenaline differs from noradrenaline in
having a methyl group substituted at its nitrogen, and its
conformation was altered from that observed in the adrenaline crystal
[156] 1in order to superimpose it on the previous noradrenaline
conformations. The catecholamine nitrogen is again treated as being
positively charged, and has two hydrogens whose locations are now
assumed to be explicitly determined by the two bonds from the nitrogen
to two carbon atoms. This causes the energy contours around the target
nitrogen atom to form two discrete regions rather than a continuous
ring: one of these regions can be distinctly seen; the other is
adjoining the circular contours around the alkyl-hydroxyl group.

These energy maps of noradrenaline and adrenaline
demonstrate the way in which a small change in the structure or
conformation of a molecule can have a large impact on the molecule's
capacity to interact favourably with a ligand. This is due to the
specificity of the hydrogen-bonds formed, which have a geometry which
is sensitively dependent on the chemical nature and orientation of the

hydrogen-bonding atoms. The GRID contours show both the overall
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character of the interactions and their fine detail in a clear and

meaningful way.

3.4.4.2 Cardiac glycosides

The cardiac glycosides are used in the treatment of heart
failure as they cause positive inotropic action. Their activity varies
according to their structure and alternative hypotheses have been
proposed regarding their mode of binding. These suggest that binding
occurs either by interactions with specific sites [158], or via a
general charge interaction with the molecular dipole of the steroid
[157], or by means of hydrophobic interactions with the steroidal
nucleus [159]. Two compounds, digitoxigenin and gitoxigenin,
consisting of the portion of the cardiac glycoside without the sugar
residues, were studied because of the possible importance of
hydrogen-bonding in their action, which is of therapeutic interest,
and because they demonstrate the properties of the GRID hydrogen-bond
functions for a target carbonyl oxygen atom. Their structures, which
were obtained from the Cambridge Structural Database [131], are in
minimum energy conformations [160) and were first superimposed by
doing a least squares fit of atoms C1-C17, 03 and 04 (see Figure 3.8).

Gitoxigenin is much less active than digitoxigenin
[(157,158]. The directionality of a hydrogen-bond to the carbonyl
oxygen 023 on the lactone ring of these two compounds can be seen
clearly by using an amide nitrogen probe which is able to donate one
hydrogen-bond. The energy contours at -3 kcal/mol near the lactone
carbonyl oxygen atom are quite different for digitoxigenin (Figure

3.8.a) and gitoxigenin (Figure 3.8.b). This is highlighted by the
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selectivity map (Figure 3.8.c), contoured at -3 kcal/mol and shown
with the structure of gitoxigenin, which indicates where a stronger
interaction with the probe could occur for digitoxigenin than for
gitoxigenin. In addition to the two contours which occur at the
anticipated position near the lactone oxygen on this map, there is a
third contour due to the extra hydroxyl group 016 in gitoxigenin. This
hydroxyl group is able to form an intramolecular hydrogen-bond to 014
thus preventing the probe from hydrogen-bonding to 014 when it is
positioned near the coordinates of 016 and giving rise to a region
where digitoxigenin can interact more favourably than gitoxigenin with
the probe. In fact, the intramolecular hydrogen-bond between 014 and
016 in gitoxigenin is thought to cause the lactone ring to be tilted
and rotated so that the carbonyl oxygen 023 is 2.4& from its position
in digitoxigenin [160], and the selectivity map explicitly draws
attention to this interesting feature. The decreased binding energy of
gitoxigenin indicated by program GRID may contribute to its reduced

activity compared to digitoxigenin.

3.4.4.3 Cytochrome P450-cam

Cytochrome P450-cam catalyses the hydroxylation of camphor
to 5-exo-hydroxycamphor using molecular oxygen. Its structure has been
observed by x-ray crystallography with [161,162] and without [163] the
substrate bound. The use of program GRID on this enzyme is described
in order to demonstrate how the GRID energy potential with the new
hydrogen-bond terms can be applied to macromolecules and can produce

results in accordance with known experimental observations.
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Figure 3.9 An energy contour map at -2.5 kcal/mol for a carbonyl
oxygen probe at the substrate binding site of cytochrome P450-cam. See
text.



It is thought [161] that the formation of a hydrogen-bond
between the camphor carbonyl oxygen and the hydroxyl oxygen of
tyrosine 96 may hold the camphor molecule in the correct orientation
in the binding site of cytochrome P450-cam with its 5-carbon exposed
to the molecular oxygen and to the haem group. The experimental
structure shows that the camphor oxygen is in the plane of the
tyrosine ring at 65.8° to the C-0 axis, and at a distance of 2.65R&
from the tyrosine oxygen atom. This arrangement would indicate
favourable hydrogen-bond formation. However, it has also been
suggested [162] that the interaction of the keto group with the
tyrosine 96 hydroxyl group, may only make a modest contribution to the
free energy of binding because solvent may bind to tyrosine 96 in the
absence of camphor. The role of solvent in this site is considered in
Chapter 4.

Program GRID demonstrates the importance of the
directionality of the hydrogen-bonds made by the tyrosine 96 residue
in this protein. The most energetically favourable position for a
carbonyl oxygen probe in the active site is shown by the contours at
-2.5 kcal/mol in Figure 3.9. These show where the carbonyl probe can
hydrogen-bond to the tyrosine 96 hydroxyl group and are at precisely
the observed position of the carbonyl oxygen of the camphor substrate.
An energy contour is not seen on the other side of the tyrosine C-0
bond because the hydroxyl group of threonine 101 is positioned to make
an intramolecular hydrogen-bond with tyrosine 96. Thus, program GRID
distinguishes correctly between the hydroxyl groups of residues 96 and
101, and uniquely defines the tyrosine 96 binding site as the position

where a favourable and specific interaction can be made.
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The camphor molecule is hydrophobic apart from its carbonyl
oxygen. In fact, the whole hydrocarbon skeleton of camphor is found
within a region where a methyl probe can interact energetically
favourably with the protein, and an energy contour at -2.0 kcal/mol
for this methyl probe, as shown in Figure 3.10, defines the camphor
position much more clearly than does the van der Waals' surface of the
protein itself. This shows the way in which program GRID can be used
in sterically fitting a small molecule to a receptor site. It can be
seen that the camphor oxygen atom alone is outside these methyl
contours showing that it is in a less hydrophobic region of the active
site than the rest of the substrate molecule. The orientation of the
camphor is apparently controlled by the precisely defined geometry of
the hydrogen-bond between the camphor oxygen and tyrosine 96, while
the position of the hydrophobic part of the substrate is determined by

steric interactions with the surrounding protein.

3.5 THE DEPENDENCE Ep OF THE HYDROGEN-BOND ON ITS ORIENTATION

AT THE PROBE

There are more factors involved in taking account of the
geometry of hydrogen-bonds at the probe than at the target as the
probe has more degrees of freedom than a target atom of the same
chemical type. This is because, in program GRID, the probe is
completely free to rotate at each position at which the interaction
energy is calculated, and the positions and chemical types of the
atoms covalently bound to it are undefined. The repulsive van der
Waals' interactions of these adjacent ligand atoms have an important

steric effect on the observed hydrogen-bond geometry but this cannot
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be considered directly for the probe in the way that it can for a
target atom.

There are two distinct aspects to be addressed when
determining the dependence of the strength of hydrogen-bonds on their
orientation at the probe:

1. The functional form Ep of the angular dependence of the
hydrogen-bonds made to the probe. This was modelled to fit
experimental data in the same way as Et.

2. The determination of the combination of hydrogen-bonds
which gives the most attractive total interaction energy Ei,¢. This
varies in complexity according to the hydrogen-bonding capacity of
both the probe and the target molecule.

If only one hydrogen-bond is formed to the probe, the
probe may be assumed [164] to orient itself so that the hydrogen-bond
is optimally aligned [139] along the vector from the centre of the
probe to a lone pair orbital or to a hydrogen atom of the probe with
angle p=0° and Ep=1 (see Figure 2.2). However, if more than one
hydrogen-bond is formed, the probe geometry may be such that not all
hydrogen-bonds will be optimally oriented at the probe. The energies
of the weaker hydrogen-bonds must then be multiplied by a factor Ep«<1
to account for the less favourable geometry. In addition, it may be
that at a certain position of the probe, the hydrogen-bonding capacity
of the target or of the probe itself cannot be satisfied, and then
program GRID must choose which hydrogen-bonds are formed and which are
not, such that the total interaction energy Ei,¢ is optimised.

The case in which the probe has the capacity to make only

two hydrogen-bonds is considered in the following section. Treatment
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of probes able to make three or four hydrogen-bonds is described in

Section 3.7.

3.6 PROBES CAPABLE OF FORMING TWO HYDROGEN-BONDS

3.6.1 The derivation of function Ep

Function Ep was derived by fitting to experimental data
from neutron and x-ray diffraction studies as described for the
derivation of Et. Ep is only applied when the probe is making more
than one hydrogen-bond, and therefore, where possible, only
experimental observations of atoms making more than one hydrogen-bond
were used for formulating Ep because the hydrogen-bond geometry is
influenced by the number of hydrogen-bonds a particular atom makes.
For instance, for a carbonyl oxygen atom as noted before, it is quite
common for a hydrogen-bond to occur near the bisector of the lone pair
orbitals if the oxygen accepts only one hydrogen-bond. However, if the
carbonyl oxygen accepts two hydrogen-bonds, a hydrogen-bond in this
direction is unlikely [117,121,1651.

An Ep=coszp function is applied to the energy of the weaker
hydrogen-bond for probes which can form two hydrogen-bonds (See Table
3.4). It reproduces the experimental data while being continuous and
simple to compute.

It has been experimentally observed that stronger, shorter
hydrogen-bonds in general show less deviation from linearity than

2

longer, weaker hydrogen-bonds [129,135,139]. An Ep=cos“p function is

able to model this relationship because it produces a greater
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Figure 3.11 The geometry of the hydrogen-bonds donated by an amine
nitrogen probe: a. asymmetric with an amine hydrogen pointing directly
at the closest target oxygen atom. b. symmetric with the bisector of
angle O0-N-O coinciding with the bisector of angle H-N-H. From
reference [164].



variation in hydrogen-bond energy with angle p for strong hydrogen-

bonds than for weak hydrogen-bonds.

3.6.2 The determination of the combination and strengths of the

hydrogen-bonds made to the probe

It has been shown [164], for an amine and an amide nitrogen
probe hydrogen-bonding to two target carbonyl oxygens, that an
asymmetric configuration (as defined in Figure 3.11), of the two
hydrogen-bonds results in a more favourable total hydrogen-bond energy
than a symmetric configuration unless both the hydrogen-bonds are very
short. In the latter case, the difference in the hydrogen-bond energy
calculated for the two configurations is very small. This result can
be explained by the fact that, in the asymmetric case, Ep<1 only for
the weaker hydrogen-bond and the full strength of the stronger
hydrogen-bond is always retained, whereas in the symmetric case, Ep«<1
for both hydrogen-bonds. The results of this theoretical calculation
are supported by nmr investigations [166] which suggest that, for a
water molecule hydrogen-bonded to a protein, one hydrogen-bond is
stronger than the others so that the water has an asymmetric
arrangement of Thydrogen-bonds and its motion is rotationally
anisotropic.

Accordingly, it is assumed in program GRID that the
hydrogen-bonds adopt an asymmetric configuration in which the
strongest hydrogen-bond is aligned optimally at the probe with Ep=1,
and the weaker one deviates from linearity at the probe by an angle p

and is therefore modified by an appropriate angular factor Ep«<1.
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The procedure adopted by program GRID in determining the
hydrogen-bonds made by the probe is as follows.
Step 1. Orient the probe so that its hydrogen atom, if donating, or
its lone pair, if accepting, points directly at the target atom to
which it can make the strongest hydrogen-bond so that p=0° and Ep=1.
(The target atom is a hydrogen atom when the hydrogen-bond is accepted
by the probe. See Figure 2.2).
Step 2. Calculate Ep:coszp for the other weaker hydrogen-bonds
which the probe could make and identify the most energetically
favourable one which results in the optimum total interaction energy,
Etot: (taking account of the dependence of Elj on the formation of
hydrogen-bonds) .
Step 3. Orient the probe so that p=0° for the second strongest
hydrogen-bond. Repeat Step 2. to see if a more favourable value of
E{ot can be obtained by assuming that this hydrogen-bond is linear.
Step 4. Repeat Step 3. for the third strongest hydrogen-bond and so
on until the combination of hydrogen-bonds yielding the most
favourable value of Ei, 4 is found.

This procedure is illustrated for a carbonyl oxygen probe

in Figure 3.12 and Table 3.5.

3.6.3 An example of the application of the hydrogen-bond function

Ep for probes capable of forming two hydrogen-bonds

L-noradrenaline (I) serves as a suitable target molecule
with which to demonstrate the effect on the calculated hydrogen-bond
energy of taking the geometry of the probe into account. Calculations

were performed with program GRID for three different probes, each
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Figure 3.12 The determination by program GRID of the hydrogen-bonds
accepted by a carbonyl oxygen probe from different target molecules
containing nitrogens able to donate hydrogen-bonds. The hydrogen-bonds
formed and their computed energies are listed in Table 3.5. The plane
of the paper corresponds to the plane of the probe's lone-pair
orbitals. Angle p is marked by a solid 1line for hydrogen-bonds
predicted to be formed and by a dashed line for those not predicted to
be formed. a. The target contains two hydrogen-bonding atoms only.
b.c. and d. The target contains three hydrogen-bonding atoms at
different orientations giving rise to different combinations of
hydrogen-bonds being formed. The hydrogen-bond to N3 deviates from
linearity at the target with t=20°. In d. the hydrogens of N2 and N3

subtend an angle of 120° at the probe and so it is more favourable for
hydrogen-bonds to be formed to both these atoms than to Ni.






capable of making two hydrogen-bonds, interacting with a target of L-
noradrenaline in a crystallographically observed conformation [153].

In Figure 3.13.a, energy contours at -5.3 kcal/mol are
shown for the interaction with L-noradrenaline of a phenolic hydroxyl
probe with a charge of -0.1e, which is the charge assigned to the
tyrosine hydroxyl group in program GRID. The contours show regions
where the probe can form two hydrogen-bonds to the target.

In Figure 3.13.b, energy contours are shown at the same
energy with the same target molecule for an sp3 hybridized hydroxyl
probe with the same charge, which is approximately equal to the
charge assigned to a serine or threonine hydroxyl group in program
GRID. The probe was only permitted to accept one hydrogen-bond so that
a direct comparison with the calculations for the phenolic hydroxyl
probe could be made. In fact, the contours obtained if the sp3
hybridized hydroxyl probe is allowed to accept two hydrogen-bonds are
almost identical. The energy contours show regions where the probe
accepts one hydrogen-bond and donates one hydrogen-bond.

The differences between the contours in Figure 3.13.a and
3.13.b are due solely to the difference in the geometry of the two
probes. The contoured regions are smaller for the phenolic hydroxyl
probe, (for which the optimum angle subtended by the hydrogen-bonds at
the probe is assumed to be 120°), than for the sp3 hybridized
hydroxyl probe, (for which the optimum subtended angle is assumed to
be 110°), because of the close proximity of the atoms of the target
molecule which hydrogen-bond simultaneously to the probe i.e. the two
oxygens on the aromatic moiety of the target, and the nitrogen and
alkyl hydroxyl oxygen on the ethanolamine moiety. Thus at a given

position of the probe, angle p is larger, and therefore Ep is smaller,
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for the weaker hydrogen-bond to the phenolic hydroxyl probe than for
that to the spS hybridized hydroxyl probe.

It is thought that the positively charged nitrogen of
noradrenaline may play a dominant role in determining binding to the
adrenergic receptor by interacting with a negatively charged group on
the receptor such as a phosphate or a carboxylate group [167,168].
Therefore, the interaction of a carboxyl oxygen probe with
L-noradrenaline was calculated using program GRID. A charge of -0.575e
was placed on the probe as this charge is assigned to an oxygen atom
in the side chain of Asp and Glu residues in program GRID. The energy
contours obtained are shown in Figure 3.13.c. The largest contour,
which also contains the most energetically favourable binding site, 1is
at a position where the probe can accept hydrogen-bonds from the
nitrogen and the alkyl-hydroxyl group and can also make a strong
attractive electrostatic interaction with the positively charged
nitrogen. This contour thus indicates a region where the adrenergic
receptor could interact strongly with noradrenaline. The adrenergic
receptor has been modelled by formate [169] and the favourable binding
region for the carboxyl probe identified by program GRID is consistent
with the position adopted by formate on energy minimization with
noradrenaline. The contours near the aromatic moiety of noradrenaline
in Figure 3.13.c are smaller than those for the phenolic hydroxyl
group because there is a stronger repulsive interaction between the
target phenolic oxygens and the carboxyl oxygen probe.

These calculations of the interaction of three different
probes with noradrenaline demonstrate the significant impact on
molecular interactions of small changes in the geometry and charge of

the probe.
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3.7 PROBES CAPABLE OF FORMING MORE THAN TWO HYDROGEN-BONDS

3.7.1 The derivation of function Ep

Function Ep for probes which are able to make more than two
hydrogen-bonds was derived from experimental data in the same way as
for probes which can only make two hydrogen-bonds. It is given in
Table 3.4. The orientation of hydrogen-bonds at water molecules was
not considered in detail when function Et was formulated and

therefore, its hydrogen-bonding properties are discussed now.

3.7.1.1 Water

The water molecule is able to donate two and accept two
hydrogen-bonds. On hydrogen-bonding, the H-0-H angle opens from its
water vapour value of 104.5° by an average of 3.6:0.4° and the O-H
bond elongates from 0.9572:0.0003& to 0.98:+0.006R [170]. In crystal
structures, the water molecule has been observed to be both
tetrahedrally and planar trigonally coordinated with angle H-0-H
=106.920.6° and 109¢0.5° respectively [170]. Therefore a water probe
may reasonably be modelled in program GRID, for the purpose of
determining the optimum orientation of its hydrogen-bonds, with a

perfectly tetrahedral angle H-O-H and an O-H bond length of 1A&.

3.7.1.1.1 Hydrogen-bonds donated by the water probe

Water has been found to donate hydrogen-bonds more often
than it accepts them. In small molecule hydrates, water nearly always

donates two hydrogen-bonds [118,119,120]. In proteins, bound waters
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are more frequently observed donating hydrogen-bonds than accepting
them [132,171]. This is because there are more oxygens than nitrogens
in proteins and these can generally accept more hydrogen-bonds with
fewer geometrical constraints than nitrogens. In the peptide bond, the
carbonyl oxygen can stick out further into the solvent than the amide
nitrogen and has a greater hydrogen-bonding capacity. However, it has
been postulated that water may also have an innate tendency to donate
hydrogen-bonds [132].

Linear hydrogen-bonds donated along the direction of the
water O0-H bond are favoured. Bending of these hydrogen-bonds has been
found to be isotropic and to follow a Gaussian distribution for angle
p<20° [119]. No preference for the hydrogen-bond acceptor to lie in
the plane of the donor water molecule has been found [119].

2

In program GRID, and Ep=cos“p function is applied to

hydrogen-bonds donated by the water probe.

3.7.1.1.2 Hydrogen-bonds accepted by the water probe

Water tends to accept hydrogen-bonds in the lone pair plane
with the angle of deviation p, from this plane generally less than
20° [121]. The hydrogen-bond distribution shows less angular
dependence between the 1lone pair orbitals than outside them. The
variation in angle p is smaller if two hydrogen-bonds are accepted
than if only one is [121].

In small molecule crystal hydrates, water has been
classified according to its lone pair coordination into the following
categories [118,172]:

1. Tetrahedrally coordinated with two hydrogen-bonds accepted

along the lone pair orbitals.
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2. Tetrahedrally coordinated with one hydrogen-bond accepted
along a lone pair orbital approximately 45° out of the plane of the
water molecule.

3. Planar trigonally coordinated with one hydrogen-bond
accepted along the bisector of the lone pairs within 25-30° of the
plane of the water molecule. In a study of 663 waters observed by
neutron diffraction [170], more than half of the waters coordinated to
a cation and almost all those coordinated to highly charged cations
were planar trigonally coordinated. Of the 70 waters that had only one
donor OH or NH neighbour, eight were planar trigonally coordinated.
Several of these made a hydrogen-bond with an acidic hydroxyl group
which was very short (=2.558). A planar trigonal coordination is
taken into account by program GRID even though it is probably less
common than a tetrahedral coordination in biological systems.

4, Bipyramidally coordinated with three hydrogen-bonds
accepted. This is very rare [170] and is therefore not modelled in
program GRID.

5. No hydrogen bonds accepted.

In program GRID, the water probe is modelled as an
extended atom with a coordination geometry which is dependent on the
hydrogen-bonding capacity of the target molecule and may be classified
as either tetrahedral or trigonal.

For a tetrahedrally coordinated water probe, an Ep=coszp
function is applied to the accepted hydrogen-bonds. For waters with a
planar trigonal coordination geometry for which the lone pair plane

2

can be defined, Ep=cos“p, for an accepted hydrogen-bond which lies

within the lone pair orbitals. Thus the hydrogen-bond is constrained
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to the lone pair plane but has a uniform probability of occurrence

between the lone pair orbitals.

3.7.2 The determination of the combination and strenqths of the

hydrogen-bonds made to the probe

This is a more involved process than for a probe making two

hydrogen-bonds and is as follows.

Step 1. Orient the probe so that Ep=1 for the strongest hydrogen-
bond.
Step 2. Calculate Ep for each of the combinations of possible

weaker hydrogen-bonds and find the combination resulting in the most
attractive total energy E¢,t. Water and hydroxyl probes may be
classified as either trigonally or tetrahedrally coordinated and their
coordination geometry must be determined for each hydrogen-bond
combination and the appropriate functional form of Ep computed (see
Table 3.4).
Step 3. Orient the probe so that Ep=1 for the second strongest
hydrogen-bond. Repeat Step 2. to see if a more favourable value of
E{ot can be achieved.
Step 4. Repeat Step 3. for the third strongest hydrogen-bond and so
on until the most favourable combination of hydrogen-bonds is found.
This procedure is illustrated for a water probe in Figure

3.14 and Table 3.6.
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Figure 3.14 The determination by program GRID of the hydrogen-bonds
made by the water probe. The hydrogen-bond energies evaluated are
listed in Table 3.6. The plane of the paper corresponds to that of the
water oxygen atom and the two target atoms making the strongest
hydrogen-bonds to the probe. Angle p is marked by a solid line and
angle pp is marked by a dashed 1line. Where the water is planar
trigonally coordinated, the lone-pair bisector is given by a dashed
line and 1lone-pairs are not shown. a-d. The target contains two
hydrogen-bonding atoms. In c. and d., three different orientations (1-
3) of the target atom making the weaker hydrogen-bond are shown. e-j.
The target contains three hydrogen-bonding atoms. If the probe is
tetrahedrally coordinated, it could make a fourth hydrogen-bond if a
suitable target atom were present. The orientation of the probe lone-
pair orbital or hydrogen atom participating in a fourth hydrogen-bond,
and hence angle p, could be deduced from the geometry of the three
other hydrogen-bonds In f. two different orientations of the third
hydrogen-bond are shown, the second to N3, corresponding to a
hydrogen-bond near the bisector of the water's 1lone-pairs. This
hydrogen-bond deviates from the lone-pair plane by angle p,. In h. and
j. the water probe is planar trigonally coordinated.
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3.7.3 The application of the hydroqen-bond function Fp for

probes able to form more than two hydrogen-bonds

The function Ep was tested for probes which are able to
form more than two hydrogen-bonds by predicting the positions of the
ordered waters in biological crystal structures. This is described in

the next chapter.

3.8 CONCLUSION

An energy function has been developed for wuse in
calculating the interaction between a molecular probe group and a
target molecule. The energy function consists of a Lennard-Jones, an
electrostatic and a hydrogen-bond term. There are sufficient
experimental observations of hydrogen-bonds in the 1literature to
enable a set of hydrogen-bond functions to be modelled and fitted to
experimental data. These hydrogen-bond functions are specific to
different types of atom, and model the variation in strength and
geometry of the hydrogen-bond according to the chemical nature of the
donor and acceptor atoms as well as their position and orientation in
the system under study. However, current experimental data for some
types of atom are sparse and so functions to describe the
hydrogen-bonding characteristics of certain atoms are still poorly
defined. As more experimental data become available in the future, it
should be possible to refine and improve such hydrogen-bond functions.

When appropriate, the hydrogen-bond term Et takes account

of the mobility of the target hydrogens and lone pairs analytically.
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Consideration of this property is vital in order that realistic
predictions may be made. When a tautomeric change occurs on the
approach of a ligand molecule, the functions allow for the appropriate
charge redistribution in the target molecule. This treatment of
molecular polarization has only been applied to histidine residues,
but it exemplifies an important principle which could be extended to
other target systems.

Program GRID allows the probe to orient itself so that the
most energetically favourable interaction with the target is obtained.
This is achieved by determining the optimum combination and strengths
of the hydrogen-bonds to the probe while taking account of the fact
that there may be more than one preferred coordination geometry for
some probes, e.g. waters have been observed to be both trigonally and
tetrahedrally coordinated.

However, a ligand may not be able to occupy a site at
which strong binding is predicted by program GRID because of steric
constraints. For instance, a carbonyl oxygen is covalently bound to a
carbon atom. The algorithm for determining the optimum orientation of
the carbonyl oxygen probe takes no account of the position of the
carbon atom and its interaction with the target. It may make repulsive
van der Waals' interacfions with the target causing the predicted
probe binding site to be unfavourable. Similarly, for a carboxyl
oxygen probe, only the interaction of the oxygen itself is considered,
but the binding site should be able to accommodate a whole carboxylate
or amide group in a suitable orientation. These factors must at
present be considered by examination of the target molecular structure
and the GRID energy maps using computer graphics. However, the

extended atom model of the probe used in program GRID could be
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modified to take account of these factors automatically and this
modification is currently being undertaken for a carbonyl group [173].

A few examples of the resultant energy maps have been
shown, giving predictions which agree with experimental observations
and which are chemically meaningful. The new energy function (in
version GRID2) produces better results than the functions previously
used in program GRID, (versions GRID0 and GRID1), which had only
simple and general hydrogen-bond terms. The present findings confirm
that the quality and accuracy of the predictions is improved when more
carefully constructed hydrogen-bonding terms are used. The extensive
testing of the new energy function is described in the next chapter
and the energy function is applied to the design of novel therapeutic

agents in Chapter 5.
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CHAPTER 4

THE STUDY OF WATER BY THE GRID METHOD

In developing a theoretical method for predicting ligand
binding, it is essential to test the method in order to ensure that
there is good agreement between predictions and experimental
observations. Program GRID was tested by using it to predict the
interactions of water with a variety of molecules. The predicted
properties of the water were compared both qualitatively and
quantitatively with experimental observations and the extent of
correspondence assessed. Program GRID was then used to examine the

role of water in ligand binding.

4.1 WATER

4.1.1 The choice of water for this study

Water serves as a model ligand for a number of reasons.
1. It is wubiquitous, and observed experimentally in large
numbers in a variety of environments. This enables statistical
analysis of the accuracy of predictions as well as the detailed
examination of predictions of particular water molecules. Most data on
its three dimensional structure in biological systems come from x-ray
and neutron diffraction. For example, the water structure may be
observed in protein crystals which contain 30-78% water by volume
[174] so the protein can be considered to be in a very concentrated

solution rather than in the solid state.
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2. The small size of the water molecule makes calculations
less complex than those for larger molecules such as drugs. However,
the prediction of water is not trivial and many attempts have been
made to simulate its properties [175].

3. Water is of intrinsic interest. It makes important
contributions to the properties of biological molecules which have
evolved in water and are saturated with it. For instance, dry enzymes
are inactive but they can be reactivated by hydration [13]. It
influences the folding, stability, dynamics and function of biological
molecules through its ability to form hydrogen-bonds, fill space and
confer entropic advantage on particular molecular conformations [13].
4, It is important to include water in the consideration of
the binding of ligands to macromolecules since water molecules may be
displaced on binding, or a ligand may bind via water to a target
molecule, (see e.g. [176,177]). Knowledge of the properties of water
at a binding site is therefore necessary for the correct prediction of
ligand binding.

5. Water is a well-studied molecule. There have been many
experimental and theoretical studies of bulk water [178] and of the

interaction of water with solute molecules [179,180].

4.1.2 The characteristics of the water solvating biological

molecules

Water plays a vital role in the properties of biological
molecules and they, in turn, influence its nature [179]. Distinctive
characteristics of the water structure of biological macromolecules

may be identified.
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In proteins, water may be classified as follows according

to the extent to which it is ordered [181,182,183].

1. Buried, internal water

These waters are completely surrounded by the protein and
are inaccessible to the bulk solvent. They may exist individually or
in small groups and their total number tends to increase with
increasing protein size [132]. They have long lifetimes of the order
of seconds. They may coordinate metal ions or they may hydrogen-bond
to buried hydrophilic groups in the protein bridging peptide bonds or
mediating salt bridges [184]. These waters can thus stabilise the
protein and can in many cases be considered as an integral part of the

protein structure. They may also have a catalytic function in enzymes.

2. Ordered, surface water

These waters may be bound in clefts and crevices of the
protein structure or on the surface of the protein where they can form
hydrogen-bonds to charged and hydrophilic polar groups of the protein.
They are particularly found binding at turns which are generally the
most hydrophilic parts of proteins and they may act to stabilise these
turns [185]. Ordered waters may extend out to the second hydration
shell where they may be strongly hydrogen-bonded to well-ordered
waters which are in turn hydrogen-bonded to the protein. The ordered
waters may be further subdivided [171] into those which are strongly
bound making multiple hydrogen-bonds with the protein and those which
are weakly bound making one hydrogen-bond or not hydrogen-bonding to
the protein at all. Ordered waters are able to exchange with both the

solvent and the protein with lifetimes of the order of 1076 to 10-10g
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{182). In high resolution (<2R) electron density maps, ordered water
molecules can be distinguished by discrete peaks and their
contribution to the high angle region of the x-ray diffraction pattern
[171].

The peptide bond in proteins is very hydrophilic [186] and
so waters are observed hydrogen-bonding to main-chain carbonyl oxygens
at regular intervals along a-helices [132]. However, side chain atoms
make more hydrogen-bonds to water than main-chain atoms because of
their greater solvent accessible area [132]. The affinity of the
different amino acid side chains for water is variable and can be
expressed quantitatively in terms of a 'hydration potential' [187].

Distinct patterns are seen in the structure of ordered
water. For example, in crambin, water has been observed [188] to form
pentagonal arrays around a hydrophobic region of the protein. This
'cage-like' structure may arise because of the hydrophobic effect
[14]. Over hydrophilic regions, the water molecules form chains
connecting polar groups on the protein [188]. Such water structures

are also observed in carbohydrates and nucleic acids [127,181].

3. Disordered water

Order has not been detected in the majority of water
molecules present in protein crystals [171]. Disordered waters may be
present around exposed hydrophobic groups as well as at some distance
from the protein. They have similar properties to bulk liquid water
with lifetimes of the order of 10-12¢ [182]). In x-ray diffraction
maps, fhey produce a featureless electron density contributing only to

the low angle (>4.5R) region of the diffraction pattern. They may be
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modelled as a single-valued smooth electron density continuum
[171,189].

The divisions between these classifications are flexible
and very dependent on the method by which the solvent is studied

[179,1801.

4.1.3 The theoretical study of the water around biological

molecules

Many models of water have been proposed each of which is
able to reproduce some but not all of its experimentally observed
properties [183,190,191]. Liquid water may be represented as a
continuum with an effective dielectric constant or as a set of
discrete molecules. The former representation does not explicitly
consider solute hydrogen-bonding effects and water-water interactions.
Some of the models of the water molecule used in the latter

representation are outlined below.

4.1.3.1 Models of the water molecule
1. Pair additive rigid body
a. Three-point charge

The first model of water was introduced in 1933 [192] and
had a positive charge on each hydrogen and a negative charge on the
bisector of the HOH angle as shown in Figure 4.1.a. It was modelled to
reproduce the experimentally observed dipole moment of water. There
have since been many modifications of this model including the SPC

[193], TIPS [194,195] and RWK [196] models.
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Figure 4.1 Models of the water molecule. See Section 4.1.3.1.

a. Bernal-Fowler model (gg=-0.49e) [192]

b. Rowlinson model (g=0.33e, r_=0.25&, r,=0.96R, ©,=104.5°) [198]

c. BNS model (g=0.2e, r=1&, 0=2.82R) [199]

d. EPEN model (rLP=0.27ZA, er=0.5672A, rOH=0.9572A, 01,p=104.5°)
[201,202].



The Configuration Interaction (CI) model [197] is also a
three-point model. It employs an analytical potential function
composed of exponential and Coulomb terms which is parameterised to
fit high-level quantum mechanical calculations of the interaction

energy of the water dimer.

b. Four-point charge

The first model of this type is the Rowlinson model [198]
in which the two hydrogen atoms and the two lone pairs are assigned
equal and opposite charges as shown in Figure 4.1.b. The lone-pairs
are positioned 0.25&8 above and below the molecular plane so as to
reproduce the experimental quadrupole moment. Modifications of this
model are the strictly tetrahedral Ben-Naim-Stillinger (BNS) model
[199] with the lone-pairs and hydrogens 1A from the oxygen (Figure
4.1.c) and the ST2 model [200] which places less emphasis on the
tetrahedral shape of water with the oxygen to lone-pair distance at

0.84.

C. Seven-point charge

In the EPEN model [201,202], the water has seven charge
centres as shown in Figure 4.1.d and is described by nine parameters,
used in an effective pair potential, which were determined by fitting
to either experimental data or quantum mechanical water dimer

energies.

d. Extended Atom
For solvent accessibility calculations [58], water is

treated as a sphere of radius 1.4A. In molecular dynamics simulations
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[203], water may be represented as a neutral spherical atom of van der
Waals' radius 1.78 and mass 18.0154 a.u. In program GRID [66], the
water probe is modelled as an extended atom. Target waters are also
modelled as extended atoms wunless the coordinates of the water
hydrogens are known, in which case a three-point atom-centred charge

model may be used (see Section 4.2.1 for further details).

2. Pair additive non-rigid body

The Central Force (CF) model ([204] allows intramolecular
motion by treating the oxygen and hydrogen atoms separately and
assigning point charges to the three atom centres. The geometry of the
water molecule is maintained by a strong O-H potential and an H-H

potential with a local minimum at the intramolecular H-H distance.

3. Non-pair additive model

Several models incorporating polarizability have been
proposed [205,206,207,208]. In the Polarizable Electropole (PE) model
[207,2081, the charge distribution of the water molecule is
represented as a multipole expansion containing the experimental
dipole moment, the quantum mechanical quadrupoles and the dipole
polarizability, and allowing the dipole moment to change under the
influence of the surrounding field. The potential also contains
repulsion and dispersion terms and the hydrogen atoms are not modelled

explicitly. Non-bonded parameters are fitted to experimental data.
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4.1.3.2 Theoretical methods of studying water interactions

The principal methods employed to study water interactions

are as follows.

1. Monte-Carlo Simulations

The first Monte-Carlo simulation of water was performed by
Barker and Watts in 1969 [209] using the Rowlinson model of water.
Since then, many more simulations have been undertaken [175,210]. In
the Metropolis algorithm [211], a starting configuration of atoms is
chosen and new configurations generated by the random movement of a
randomly chosen solvent molecule. At each configuration, the total
potential energy is calculated and compared to that of the previous
configuration. If the new energy is favourable then the new
configuration is adopted, otherwise the Boltzmann Factor is examined
to decide if the new or old configuration is accepted. The calculation

is continued until an equilibrium configuration is obtained.

2. Molecular Dynamics

This was performed in 1971 for bulk water represented by a
box of 216 waters using an effective pair potential [178]. In a
simulation of a solvated molecule [203], a starting configuration of
solvent atoms on a cubic lattice in a rectangular box with a density
of 1g/cm3 is created. The configuration is randomised and then the
solvated molecule is positioned in the box. The energy of the system
is minimized and the dynamics of the system are then studied by
integrating the classical equations of motion for all the atoms over a

finite period of time.
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3. Thermodynamic solvation energy

A method for evaluating the free-energy of solvation of a
protein has been developed [212]. Atomic Solvation Parameters (ASP)
are defined for each atom and the free energy 6G calculated as

6G = & 6S.A.x ASP
where 6S.A. is the change in atomic solvent accessible area [58] on
protein folding or ligand binding. ASP are derived for five classes of
atom, (C, N/O, 07, N* and 89), by fitting to the experimental free
energies of transfer of amino acids and calculating atomic solvent

accessible areas for standard residue conformations.

5. Steric and energetic location of water binding sites

The interaction energy of one water molecule with a
solute molecule can be calculated and displayed graphically enabling
strong water binding sites to be located. Ab initio and semi-empirical
molecular orbital methods may be used for small solutes [213,214]. The
solute with the identified tightly bound waters can then be treated as
a 'supermolecule' in the calculation of conformational energy maps.
Alternatively, the interaction of the solute with a water molecule can
be calculated using a classical molecular mechanics energy potential.
This approach is applicable to large solute molecules and is used in

the GRID method as described in the next section.
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4.2 METHODS OF STUDYING WATER USING PROGRAM GRID

4.2.1 The model of the water molecule used in program GRID

In the GRID method, water may be treated as a probe or, if
it is well-ordered, as part of the target.

In GRIDZ2, a water probe is modelled as an uncharged
'extended atom' with a van der Waals' radius of 1.7&8 and a hydrogen-
bonding radius of 1.4A. The directionality of its hydrogen-bonds is
accounted for by the hydrogen-bond potential function described in
Section 3.7.1.1.

A target water molecule 1is generally modelled as an
'extended atom' with no directional component in its hydrogen-bonding
potential. However, if the orientation of its hydrogen atoms is
defined, it may be represented by a three-point atom-centred charge
model with a charge of -0.25e on the oxygen and the directionality of
its hydrogen-bonds considered as described in Section 3.4.3.1.5. The
parameters for the 'extended atom' model of water are listed in

Appendix III.S,

4.2.2 Prediction methods using program GRID

When used in the design of therapeutic agents, program GRID
is generally run with a target consisting of one molecule in solution.
However, when testing the GRID method by assessing the agreement of
predictions of water binding sites with crystallographic observations,
it is necessary to take into account the factors influencing a water

molecule in a crystal. For this reason, two methods of predicting
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water binding sites with program GRID were developed: Prediction
Methed 1 in which there is only one molecule in the target; and
Prediction Method 2, which has been designed for the testing of the
GRID method, in which the target is composed of the symmetry related
molecules of a crystal.

These methods are carried out as follows:
Prediction Method 1

The interaction of a water probe with an isolated target
molecule in solution is calculated by program GRID for positions of
the probe throughout the target. An energy map is then displayed and
favourable water binding sites identified.
Prediction Method 2

The experimentally observed waters in a target crystal
structure may be predicted using a target consisting of all
crystallographic symmetry related molecules surrounding the region of
the crystal where the water prediction is to be made. The target may
include waters observed in the crystal structure. Each observed water
in the crystal structure is predicted individually, a temperature
factor is calculated as shown in Appendix I, and the properties of the
predicted water molecule are compared to those of the experimentally
observed water, (see the next section for comparison methods). This
method is carried out using the series of programs listed and
described in Appendix III.A4.

This second method enables the objective and quantitative
assessment of the accuracy of the predictions. In particular, it does
not rely on the potentially subjective visual examination of GRID

energy maps using computer graphics.
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4.3 THE ASSESSMENT OF THE PREDICTION OF WATER BY PROGRAM GRID

Criteria for assessing the quality of predictions made by
program GRID were required. The properties examined for each water
molecule predicted using Prediction Method 2 were:

1. The separation, 6d, in distance between the observed and
the predicted water position.

2. The energy E,,g calculated at the observed water position,
the energy Epred calculated at the predicted water position and the
difference between these energies, O6E = Egpg - Epred' The energies
Eopg and Epred may be compared to the binding energy of the water
dimer which has been found, by experimental and theoretical molecular
orbital methods, to be about -5.5 kcal/mol [215].

3. The hydrogen-bonds to the probe at the observed and the
predicted water position. The identity of the target atoms to which
hydrogen-bonds are made at each position may be compared.

4. The thermal motion of the water at the observed and the
predicted position. This is given experimentally by a temperature

factor or B-value Bobs=(8n’/3)<u’> where <u?

> 1is the mean square
displacement of the water from its mean rest position [216]. The
temperature factor may contain contributions due to the static
disorder of the crystal, the partial occupancy of atomic sites, and
experimental and systematic errors, in addition to those due to
thermal motion [217]. The static and dynamic contributions to the B-
values can in principle be distinguished by determining the crystal

structure at different temperatures [218]. The thermal motion includes

contributions from the rigid-body motion of molecules and from
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intramolecular vibrations. The 1latter increase with increasing
molecular size [217].
A B-value, Bpred' may be calculated for the water molecule

from the shape of the energy well predicted by program GRID as shown

in Appendix I.

4.4 THE TEST QF THE PREDICTION AND ASSESSMENT METHODS ON

L-SERINE MONOHYDRATE

Prediction Method 2 was tested by using it to predict the
water binding site in crystalline L-serine monohydrate before going on
to use it to predict the water structure of crystals of
macromolecules. L-serine monohydrate was chosen as a well-defined test
system because its crystal structure has been determined both by x-ray
and neutron diffraction to high resolution [219] and it has been used
previously as a test system for Monte-Carlo simulations [220].

The crystal structure coordinates were obtained from the
Cambridge Structural Database [131] and predictions were made with the
three versions of program GRID described in Appendix III. The results

are given in Table 4.1.

4.4.1 The test of the prediction method with GRIDO0

Only version GRIDO was available when these results were
used to decide whether the methods of prediction and assessment were
appropriate. GRIDO predicted the water molecule with reasonable
accuracy 0.26F from its experimentally observed position. The three

experimentally observed hydrogen-bonds were predicted. The calculated
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B-value of 1.86A4% was of the correct order of magnitude. The predicted
B-value would be expected to be smaller than the observed B-value of
3.084% which may contain contributions due to static disorder and
experimental error in addition to those due to thermal motion. It will
also be dependent on the mobility of the amino-acid atoms which was
neglected in the calculations.

These results compare favourably with those obtained by
Monte Carlo simulations [220] which had an average value of 6d=0.43%
and of B=0.95&8% and were also obtained assuming that the amino acid
atoms were stationary.

The prediction made with GRIDO was of adequate accuracy to
suggest that Prediction Method 2 may be suitable for testing program
GRID and could be applied to the prediction of the water structure of

crystals of macromolecules.

4.4.2 The improvement of the predictions with GRID1 and GRID2

Subsequently, predictions were made with versions GRID1 and
GRID2 (see Table 4.1). The differences in the predictions with these
versions of program GRID were principally due to differences in the
treatment of target hydrogen atoms and in the determination of
hydrogen-bonds (see Appendix III.3 for the differences between the
three versions of GRID).

GRID0 predicted a weak hydrogen-bond of energy -0.20
kcal/mol to be donated to the water probe by N 8. This hydrogen-bond
was not observed experimentally [219]. Subsequent versions of program
GRID did not predict this hydrogen-bond for two reasons. Firstly, a

cutoff energy of -0.25 kcal/mol was applied to weak hydrogen-bonds.
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Figure 4.2 The region of the L-serine monohydrate crystal surrounding
the predicted water OW!1 1. Strong hydrogen-bonds, shown by dashed
lines, were predicted by program GRID to O 8, 0G 33 and N 6 and were
observed experimentally. A fourth weak hydrogen-bond was predicted to
N 8, OXT 62, OXT 32 or OW! 8 according to the version of program GRID
used (see Table 4.1). See Section 4.4.2 for details.



Secondly, the algorithm used in GRIDO for selecting the hydrogen-bond
made by a target atom that has the capacity to both accept and donate
a hydrogen-bond always predicted a hydrogen-bond to be accepted from
the probe. Thus the water probe was predicted by GRIDO to donate a
hydrogen-bond to OG 33 and accept a fourth hydrogen-bond from N 8
despite the presence of oxygen atoms in the target which could accept
stronger hydrogen-bonds than that made to N 8. In GRID1 and GRID2Z,
this algorithm was improved to allow the hydrogen-bond formed by such
target atoms to be selected on energetic criteria.

In GRID1, a fourth hydrogen-bond was predicted to OXT 62.
However, experimentally, OXT 62 was observed to accept hydrogen-bonds
from N 6 and N 8 and not to make a hydrogen-bond to the predicted
water OW1 1 (see Figure 4.2). The angle subtended by N 6 and OXT 62 at
water OW1 1 is only 48° so the simultaneous formation of hydrogen-
bonds to both these target atoms is unfavourable. GRID1 did not take
into account the geometry of the hydrogen-bonds made to the probe and
this prediction clearly shows its importance.

In GRID2, geometrical constraints were applied to the
hydrogen-bonds to the probe and so a hydrogen-bond to OXT 62 was no
longer predicted. The prediction of a fourth hydrogen-bond by GRID2
was dependent on the treatment of the target hydrogen atoms.

If they were allowed to rotate on hydroxyl groups, O0G 33
was predicted to donate a hydrogen-bond to the water and a fourth
hydrogen-bond was accepted from OXT 32. This prediction was in
disagreement with experimental observations in which water donates a
hydrogen-bond to 0G 33 and OXT 32 accepts hydrogen-bonds from N 1 and
N 3 (see Figure 4.2). The hydrogen atom of 0G 33 would be unlikely to

rotate because it was experimentally observed to donate a hydrogen-
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bond to a serine oxygen and therefore, it may be reasonable to fix the
positions of the hydroxyl hydrogens in this target.

When the hydroxyl hydrogens were fixed in position, GRID2
correctly predicted OG 33 to accept a hydrogen-bond from the water. It
now predicted a fourth hydrogen-bond to be donated by water OW1 8
which was assumed to be able to rotate. However, this hydrogen-bond
was not observed experimentally (see Figure 4.2).

If all target waters were also assumed to be unable to
rotate and all target hydrogen atoms were fixed at their
experimentally observed positions, the water was predicted to make
only three hydrogen-bonds in accordance with experimental
observations. It was predicted close to its observed position at a
distance of 0.18A.

These three predictions with GRID2 show the need to take
account of the hydrogen-bonds between target atoms when determining
the hydrogen-bonds that can be formed to the probe. Program GRID was
able to detect these hydrogen-bonds in the L-serine monohydrate
crystal if the target hydrogen coordinates were fixed.

The examination of the predictions of the water in L-serine
monohydrate has clearly shown the improvement in predictions obtained
when the geometric properties of hydrogen-bonds are taken into account

by program GRID as described in Chapter 3.
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4.5 STUDIES OF THE WATER IN CRYSTALS OF HUMAN LYSOZYME (HL)

4.5.1 The selection of HL for study

The water structure of crystalline Human Lysozyme (HL) was
chosen as a model system for testing the GRID method for several
reasons. It has been observed by x-ray crystallography at 1.54
resolution with an R-factor of 18.7% [115,171]. The structure of HL
was determined in Oxford and so the original data and electron density
maps were available. Consequently the predicted water positions could
be compared not only with the coordinates assigned to the observed
waters but also with the electron density map from which their
positions were determined. In addition, the water structure of
crystals of HL has been analyzed in detail {171] and has been found to

contain features typical of globular proteins.

4.5.2 Human lysozyme and the water structure of its crystals

Lysozyme is a hydrolase found in most bodily secretions
which destroys certain bacteria by cleaving the mucopolysaccharide
chains forming part of the cell wall. It is thought to bind a
hexasaccharide substrate, (with sugar rings at subsites A-F), and
catalyze the cleavage of the glycosidic link between the residues at
sites D and E [221].

Human lysozyme (HL) has 130 residues and a molecular weight
of about 14,500. It is a small ellipsoidal molecule with dimensions of
about 30R x 30R x 45K (see Figure 4.3.a) and an active site crevice

dividing it into two lobes joined by a helix (residues 88-100). One
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lobe is predominantly helical and hydrophobic (residues 1-40, 101-
130), while the other one is irregular and mainly hydrophilic
containing an anti-parallel B8-sheet (residues 41-87). In general, HL
is polar on the exterior and non-polar on the interior.

Crystalline HL contains about 350 water molecules per
protein molecule [171]. Four of these waters (see Figure 4.3.b) are
buried in an internal cavity forming a semi-circular string of
well-ordered waters around Ala 92. A further 128 ordered waters and
three nitrate ions have been observed covering about 75% of the
protein surface and extending out to a distance of 4.5&8 (see Figure
4.3.d). There are 27 equivalent water sites present in the crystals of
the hen egg white (HEWL), human (HL) and tortoise egg white (TEWL)
lysozymes [222] and these are shown in Figure 4.3.c. Four of these are
internal and six are in the active site cleft, (one of latter is
occupied by the oxygen atom of a nitrate ion in HL). In the active
site, many of the positions of the polar hydroxyl, carbonyl and amino
groups of the hexasaccharide substrate are occupied by waters in the
native protein.  These waters are displaced on substrate binding.
Other waters are in ©positions where they may mediate a
protein-substrate hydrogen-bond e.g. 200/3. Water may be important in
the catalytic action of the enzyme e.g. 204/5 hydrogen-bonds to the
catalytic residue Glu 35 and may attack the glycosidic bond [171].

The remaining 60% of the waters have not been individually
identified experimentally and may be disordered [171].

Previous attempts have been made to simulate the water
structure around HEWL. One of these was by Monte-Carlo simulation
with a Rowlinson model of water and a molecular mechanics’ force field

[223]. In this simulation, 49 of the 80 waters observed by x-ray
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diffraction were found in the same 'environmental niche' as the
simulated waters. Another simulation [224,225] made use of atom pair

potentials derived from ab_initio molecular orbital calculations and

in this, half the waters observed crystallographically in triclinic

HEWL were predicted to within 2.5& of their observed positions.

4.5.3 Results of the predictions of the water structure of

crystalline HL made with GRIDO

The structure of water around HL was predicted with GRIDO
using Prediction Method 1 by Holloway [226]. By searching the GRID
energy map for water binding sites in the region around each
experimentally observed water, he was able to predict 88 of the 132
observed water molecules correctly. A correctly predicted water site
was defined as being small (so that the minimum energy position could
be identified visually), low in energy (i.e. in the range -5 to -10
kcal/mol), and within 1.58 of an observed water molecule.

Two causes of the absence of predicted water binding sites
for some of the remaining water molecules were identified [226]. These
were the neglection of water-water interactions, and the neglection of
interactions with atoms in neighbouring lysozyme molecules in the
crystal. In addition, the need for a quantitative way of assessing the
quality of the prediction was identified. This lead to the
development, in the present work, of Prediction Method 2 which was
designed to overcome these problems.

The coordinates (HUMSY.PDB and HUMB.DAT) and electron

density map (HUMAP.BRK) of HL [171] were used in this study.
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Table 4.2 The assessment of the predictions by GRID1 and GRID2 of the
waters in crystalline human 1lysozyme according to the separation
between the observed and predicted positions 6&d.

Criterion Number? of waters
predicted by
GRID1 GRID2P
6d<1.0Rk 56 (42) 64 (48)
5d<<u?s? 81 (61) 84 (64)
6d<¢1.5RC 87 (66) 85 (64)
6d<¢3.04 125 (95) 128 (97)

@ fThe total number of experimentally observed waters is 132.
Percentages are given in parentheses.

b 6d is smaller for GRID2 than GRID1 for 68 (52%) waters. The rms
value of 6d for all 132 ordered waters is 1.52& for GRID1 and 1.28R&
for GRID2.

C For GRIDO, the number of waters with 6d<1.5& was 88 (67%) [226]. For
predictions with GRIDO, less stringent criteria were applied to the
determination of the position of the predicted water. The predicted
water was required to have a binding energy greater than 5kcal/mol in
magnitude and be located in an energy well but it was not required to
be exactly at the position of minimum energy in the energy well as it
was for the predictions made with GRID1 and GRIDZ2.

Table 4.3 The assessment of the predictions by GRID1 and GRID2 of the
waters in crystalline human lysozyme according to the energy
calculated at the observed position E

obs -
Range of E pg NumberP of waters
in kcal/mol predicted by
GRID1 GrID2P
Eobs >0 25 (19) 17 (13)
-6<Eghg<0 11 (8) 22 (17)
Egps<-6 96 (73) 93  (70)

@ The interaction energy for a water dimer has been experimentally
observed and theoretically calculated to be about -5.5kcal/mol [215].
Thus if Egno is positive the water is unfavourably positioned. If Eobs
is negative but less than 6kcal/mol in magnitude then the water can be

considered to bind weakly. If Eops 1s less than -6 kcal/mol, the water
is favourably positioned.

b The total number of experimentally observed waters is 132.
Percentages are given in parentheses.



4.5.14 Results of predictions of the water structure of

crystalline HL made with GRID1

A brief summary of the results analyzed according to the

four properties described in Section 4.4 is given here.

1. Distance &d

66% of the waters were predicted to within 1.5&8 of the
observed position and the rms value of &6d for all 132 ordered waters
was 1.52R (see Table 4.2). Examples of well predicted waters are 200/1
which was predicted 0.098 from its observed position, and 204/8, a
water in the active site cleft, which was predicted 0.10& from its

observed position (see Figure 4.4).

2. Energy

The distribution in the energies calculated at the observed
water positions, Egng, 1is given in Table 4.3. Those with Eogps?0
kcal/mol were found to be making repulsive contacts with an atom
which had adopted a position in very close proximity to the observed

position of the predicted water during crystallographic refinement.

3. Hydrogen-bonds

The target atoms to which hydrogen-bonds were calculated
were the same at the observed and predicted positions of 33 of the
waters. For the remaining waters, the difference in the hydrogen-
bonds determined at the observed and predicted positions was mostly
due to the prediction of more hydrogen-bonds, usually to other waters

in the crystal structure, at the predicted water position than at the
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observed water position. This was due to the fact that no angular

constraints were applied to hydrogen-bonds to the probe or to target

water molecules in GRID1.

4, Temperature factors

The calculated B-values for water molecules in HL were
small, averaging about 4A? while the observed B-values ranged from 12
to 83A%. The calculated B-values were mostly very anisotropic giving
rise to ellipsoidal contours as seen in Figure 4.4.b. This anisotropy
was not reflected in the shape of the electron density contours around
the waters which were approximately spherical in most cases (see
Figure 4.4.a). The calculated B-value appeared to be unrelated to the
observed B-value.

Negative B-values were calculated for seven waters. These
appeared to be caused by the use of abrupt cutoffs in the modelling of

some of the hydrogen-bond interactions.

This analysis showed the need for the modification of
GRID1. In particular, the geometry of the hydrogen-bonds at the probe
required consideration and the angular dependence of the hydrogen-
bonds at the target molecules needed alteration. Modifications were
therefore made to GRID1 resulting in version GRID2. These are outlined
in Appendix III.3.

Three nitrate ions per HL molecule have been observed in
the HL crystal because it was crystallised from 7M ammonium nitrate
[171]. These were represented as waters in the predictions made with

GRID1 but in order to predict them and the surrounding water
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Figure 4.5 Histogram of the distance 6d of the predicted positions of
the waters in human lysozyme from their experimentally observed
positions for predictions with GRID1 (dashed line) and GRID2 (full
line). In the predictions made with GRID2 more waters had 6d<¢0.5& and
fewer waters had 6d>3.0& than in the predictions made with GRIDI.



correctly, it was necessary to derive appropriate parameters for them.
These are listed in Appendix III.S.

The prediction of the water structure of crystals of HL was
repeated with GRID2 and with the inclusion of the correctly

parameterised nitrate ions.

4.5.5 Results of the predictions of the water structure of

crystalline HL made with GRID2

These were analyzed according to the four criteria
previously described and they were compared to the predictions made

with GRID1.

1. Distance 6&d

The distribution of 6d is displayed in the histogram in
Figure 4.5 for both sets of predictions. Different criteria can be
used to assess the predictions on the basis of 6d as shown in Table
4.2. Notably, with GRID2, more waters were predicted with 6d<0.5& and
there were fewer for which the water site could not be predicted and
6d>3R. The rms value of 6d was reduced to 1.28& for the predictions of
all the ordered waters with GRID2.

Program GRID was designed to locate sites on macromolecules
at which ligands bind strongly and was therefore not expected to be
able to predict the positions of the waters in the second hydration
shell which are not tightly bound to the protein. Thus, the four
waters with 6d>3A were observed to lie far out in the solvent channel
making little contact with the protein and having high temperature

factors in the range 60-82R% (See Figure 4.13.b). Program GRID
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predicted their observed position within a large shallow energy well
but located far from the position of the energy minimum. Nonetheless,
it is shown in Section 4.5.8. that program GRID may be of value in

investigating waters which interact weakly with the protein.

2. Energy

The energies at the observed positions E,,g ranged from
-16 to 231 kcal/mol and the distribution of Eg,g is shown in Table
4,.3. As for GRID1, very large repulsive energies were calculated for
waters at positions very close to other atoms in the crystal
structure. The energies at the predicted positions Epred were all in

the range -7 to -17 kcal/mol.

3. Hydrogen-bonds

The effect of applying constraints to the geometry of the
hydrogen-bonds at the probe can be seen by examining the number of
hydrogen-bonds made by the waters.

With GRID1, the number of predicted hydrogen-bonds was far
greater at the predicted water positions than at the water observed
positions (see Figure 4.6) and 78% of the waters were calculated to
make four hydrogen-bonds at their predicted positions. With GRIDZ,
this discrepancy between the number of hydrogen-bonds at the observed
and predicted positions was reduced because the geometry of the
hydrogen-bonds at the probe was taken into account (see Figure 4.6).
There was still a tendency for more hydrogen-bonds to be found at the
predicted position than at the observed position. This would be
expected because, in order to find the most energetically favourable

probe position, program GRID optimises the hydrogen-bonding
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which they were calculated to hydrogen-bond.



interaction energy subject to the other constraints acting on the
probe.

The number of hydrogen-bonds calculated for each water at
the observed position was generally greater than that experimentally
observed [171] (see Figure 4.6.a) because program GRID calculates all
hydrogen-bonds with strengths greater than 0.25 kcal/mol. In the
analysis [171] of the experimental observations, hydrogen-bonds were
defined by having a length of 2.6 to 3.4&, and this definition

excluded the long, weak hydrogen-bonds calculated by program GRID.

4, Temperature factors

The calculated B-values of the predicted waters were, as in
the GRID1 predictions, much smaller than the observed B-values and
were very anisotropic. No relationship between Bpred and Bgpg Wwas
identified. This may be because program GRID models all the target
atoms except hydrogens as being stationary. The mobility of the
waters has been found to be very dependent on that of the protein to
which it is bound [171]. From the experimental data, waters making
multiple hydrogen-bonds to the protein were found to have similar
B-values to their protein neighbours while waters making a single
hydrogen-bond to the protein were found to be more mobile than the
protein atom to which they were hydrogen-bonded. The observed water
B-value was of similar magnitude or greater than the B-values of the
protein atoms predicted by program GRID to hydrogen-bond to it (see
Figure 4.7). This suggests that the mobility of the ordered waters is
very dependent on the mobility of the surrounding neighbours and that

the ordered waters have little intrinsic motion of their own.
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4.5.6 The predictions of the conserved waters with GRID2

Of the 26 conserved waters for which predictions were made,
24 were predicted within 1.58 of their observed position and 22 were
within <u’>% of their observed position. They had an rms value of 64
of 0.73&. All these waters were found to have negative values of Eobs -
All the waters in the active site were predicted with 6d<0.8& and

within <u*>% of their observed position.

4.5.6.1 The internal waters

The internal waters lie in a chain with 200/8 furthest into
the protein stabilizing a reverse turn [222] and 200/7 hydrogen-
bonding to 200/4 leading out to the solvent. They are clearly defined
in the electron density map [171] (see Figure 4.8.a). The predictions
of the internal waters are given in Table 4.4 and shown in Figure
4.8.b. All the internal waters were predicted close to their observed
positions within a distance of <u’>% and with 6d<0.7A. Program GRID
predicted a consistent hydrogen-bonding pattern between the waters as
shown below:

200/8 <— 200/6 <— 200/5 —> 200/7 —> 200/4
where —> represents the donation of a hydrogen-bond.

The predictions for these waters were similar to those made
with GRID1. However, in three <cases, four hydrogen-bonds were
calculated to the water at the observed position by GRID1 and only
three were calculated by GRID2. In addition, for all the waters,
Epred was of smaller magnitude than calculated with GRID1. These

differences were due to the application of constraints on the geometry
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Table 4.4 The predictions of the internal waters in crystalline human
lysozyme by program GRID using Prediction Method 2.

Water <u’>% 6d in A Epred in 8E in H-bond H-bond
in & kcal/mol kcal/mol partners at partners at
observed predicted
position position
200/8 0.68 0.36 -14.06 0.76 O Tyr 54 O Tyr 54
(0.49) (-15.61) (1.07) N Phe 57 N Phe 57
200/6 200/6
(O Leu 84) (0O Leu 84)
200/6 0.78 0.51 -13.31 3.98 O Leu 84 O Leu 84
(0.53) (-16.65) (1.48) N Ile 56 N Ile 56
200/5 200/5
(200/8) 200/8
200/5 0.76 0.66 -15.95 1.22 O Gln 86 O Gln 86
(0.69) (-17.78) (1.05) 200/6 O Ala 83
200/7 200/6
(0 Asn 88)  200/7
200/7 0.68 0.27 -15.78 0.78 O Ala 83 O Ala 83
(0.23) (-19.25) (0.60) N Ala 92 N Ala 92
200/4 200/4
200/5 200/5
200/4 0.90 0.34 -13.36 1.80 OD1 Asn 88 OD1 Asn 88
(0.27) (-16.44) (0.75) N Asp 91 N Asp 91
200/7 200/7
212/1 212/1

Values in parentheses are for predictions made with GRID1. All
hydrogen-bond partners were the same for both predictions except those
given in parentheses to which hydrogen-bonds were predicted only by
GRIDI1.






Table 4.5 The predictions of the nitrate ions in crystalline human

lysozyme by program GRID.

Nitrogen cu?>¥

of of the

nitrate nitrogen

ion atom in A&

207/9 1.39 0.1
218/6 1.50 0.91
221/8 1.60 0.59

&6d in & Epred

in 8E in
kcal/mol kcal/mol

-18.16 1.09
-16.24 7.40
-11.26 3.79

H-bond
partners at
observed
position

202/1
204N/3
205N/2
206N/8

0G Ser 24N
ND Asn 66

206/9
213/9
214/17
NH1 Arg 110

210/1
209/2
210/5
210/0
N Asn 60

H-bond
partners at
predicted
position

202/1
204N/3
205N/2
206N/8

0OG Ser 24N
ND Asn 66

206/9
213/9
214/7
209B/7
N Cys 6
N Glu 7

210/1
209/2
210/5
210/0
N Asn 60



of the hydrogen-bond at the probe in GRID2 which prevented the
prediction of hydrogen-bonds which were poorly oriented at the probe.
For instance, at water 200/8, O Leu 84 and water 200/6 subtend an
angle of 37°. GRID!1 predicted hydrogen-bonds to be made by 200/8 to
both O Leu 84 and 200/6 and this is clearly unfavourable. GRID2 was
able to take account of the angle subtended at 200/8 by these atoms
and so it predicted a hydrogen-bond to be made only to 200/6. This
resulted in an improved prediction for water 200/8 with the magnitude

of 86d being reduced by 0.13A4.

4.5.7 The predictions of the nitrate ions

By running program GRID with a nitrate probe, the three
nitrate ions were predicted with 6d<18 and within <u’>% of the
observed position of the nitrogen atom of the ion (see Table 4.5). &d
was greatest for the nitrate ion centred on 218/6 because program GRID
predicted the movement of this nitrate ion in order to satisfy its
hydrogen-bonding potential. The satisfactory prediction of the nitrate
ions suggested that the parameters derived to describe them were not

inappropriate.

4.5.8 The potential application of the GRID method to the

interpretation of electron density in x-ray maps

Program GRID may be of use in indicating the assignment of
electron density in x-ray maps and it is shown here that it may be of
particular value in the interpretation of the 1less well defined

regions of such maps.
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Examination of the region of the electron density map shown
in Figure 4.9 shows an unassigned volume of density in the solvent
labelled A. When program GRID was run with a water probe over this
region, an energy minimum was predicted at the site labelled B where a
water could make hydrogen-bonds to O 68 B, 211/7H and 215/5H. This
site is just adjacent to the volume of unassigned density A suggesting
that this density may be occupied by a water molecule.

Water 218/0 (see Figure 4.9) could not be predicted using
Prediction Method 2 and had the largest value of &6d (=5.46R&) of all
the waters predicted and a value of Eqgps=-1.85 kcal/mol. However, if a
water molecule occupied the volume of unassigned density A, it could
form a hydrogen-bond to 218/0 and this might then enable program GRID
to locate a water binding site near the observed position of water

218/0.

17 waters had values of Eg,g>0 because of their close
proximity to another atom less than 2.4& away which was either part of
the protein or another solvent molecule. Further investigations of

some of these waters were carried out using program GRID.

4.5.8.1 Observed water position very close to the protein

One such water is 207/4 which is near to the mobile Arg 14
side-chain as shown in Figure 4.10. It is much better defined, having
a B-value of about 48A&%, than NH2 Arg 14 which has a large B-value of
9582. NH2 Arg 14 is only 2.398 away from 207/4 and was therefore
calculated by program GRID to interact repulsively with 207/4. Program

GRID predicted an energy minimum for this water at the position marked
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by the triangular pointer at 6d=0.46& further away from NH2 Arg 14
than the experimentally observed position.

The GRID predictions were made for one conformation of the
HL molecule. 1In fact, the protein is mobile and alternative
conformations have been found experimentally for some side-chains
including Arg 14 [227] (see Figure 4.10). In the alternative
conformation, NH2 Arg 14 is further from 207/4 and so program GRID
predicted favourable binding of water 207/4 to the protein in this
conformation with Egpg=-11.2 kcal/mol. Therefore, the GRID
calculations suggest that if the Arg 14 side-chain swings between the

two identified conformations, water 207/4 may move complementarily.

4.5.8.2 Observed water position very close to another water

Two examples where waters were very closely positioned were

examined.

4.5.8.2.1 Waters 217/1 and 217/9

Waters 217/1 and 217/9 are at positions only 2.14& apart
(see Figure 4.11) and repulsive values of E,,g of 15.8 and 18.3
kcal/mol respectively were calculated for them by program GRID. They
lie at the interface between two HL molecules and are mobile with B-
values of 71.09&% and 73.47A? respectively.

Using program GRID with Prediction Method 2, the nearest
energy minimum to 217/1 was found at the position marked OW 2W and the
nearest energy minimum to 217/9 was found at the position marked

OW 1W. If both observed waters were removed from the target and a
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prediction made with program GRID, an energy minimum for a water was
found at site OW 1W where it could hydrogen-bond to 0 129L and 202/3.

Site OW 1W is in a region of considerably more electron density than
217/1 and 217/9 and thus it is reasonable to suggest that it may be
occupied by a water molecule. Such a water could stabilize the
position of water 217/1 by making a favourable hydrogen-bond to it. It
would be only 2.28 from 217/9 but as the latter water is in a region
of much weaker electron density, it may be possible to adjust its

position in order to accommodate a water site at OW 1W.

4,5.8.2.2 Waters 215/1 and 221/1

Waters 215/1 and 221/1 are at the interface between three
symmetry related HL molecules (see Figure 4.12). They are very mobile
with temperature factors of 67.65A% and 73.09&* respectively. 215/1
and 221/1 are positioned 1.93A apart and this is shown to be
unrealistic by program GRID which calculated very repulsive values of
Eobs (=80 kcal/mol) for these two waters.

215/1 was predicted by program GRID to lie nearer to the
protein and further away from 221/1 at 6d=1.8& at the neck in the red
contours seen in Figure 4.12. The predicted site was at a similar
electron density to the observed site suggesting that a water placed
at the predicted site could simultaneously satisfy the observed
electron density and make energetically favourable interactions with
the surrounding atoms.

Nearby, there is a region of considerable unassigned
electron density indicated by the white pointer (see Figure 4.12).
This might be expected to contain a water molecule which could

interact with Arg 107 and Asn 117. When program GRID was run over this
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region with a water probe, an energy minimum was predicted within the
red electron density contours at a position where hydrogen-bonds could
be made to 215/1, 221/1 and NH1 107 suggesting that this site could be
occupied by a water. However, Arg 107 is very mobile [227] and this
may affect the possibility of assigning a water in this region. Two
possible conformations have been found for Arg 107, one as shown here
and one with NH1 pointing away from these waters and the identified

region of unassigned density.

These examples illustrate some of the ways in which program
GRID may assist in the assignment of the positions of solvent
molecules during crystallographic refinement. Program GRID may be of
value in locating both well-ordered waters, such as the internal
waters, and waters in more mobile regions of the crystal such as in

the solvent channel between two protein molecules.

4.5.9 The estimation of the accuracy of the predictions made with

GRID2

It is important to have a measure by which to estimate the
accuracy of predictions made for ligands which are not experimentally
observed. Therefore, using the predictions of the water structure of
HL, a search was made for a suitable benchmark for assessing the

accuracy of predictions made by program GRID.
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4.5.9.1 Interaction with the protein

Waters making many contacts with the protein were well
predicted. All but one of the ordered waters with more than ten
protein neighbours closer than 4R were predicted within 0.65& of their
observed positions (see Figure 4.13.a). Internal waters, waters bound
in clefts and crevices, and conserved waters found in equivalent sites
in homologous protein structures were all well predicted by program
GRID. Therefore, site conservation and the strength of binding may act

as indicators of the reliability of a prediction.

4.5.9.2 Mobility

Using mobility as a criterion, program GRID was able to
predict all ordered waters in HL with Bops<56A* (<u’>%<1.46A) to
within 1.8&8 of their experimentally observed positions (see Figure
4.13.b). More mobile waters had a smaller probability of being well
predicted. The waters with high values of 6d were often near very
mobile protein side chains or else positioned far out into the solvent
channels. In these regions, inaccuracies in the experimental
assignment of waters may be comparable to inaccuracies in the GRID
predictions.

A similar classification of water molecules may be

applicable to other macromolecules.
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4.5.10 The prediction of water by GRID2 using Prediction Method 1

For proteins of pharmacological interest, experimental
water coordinates may not always be available and so it is desirable
that program GRID should be able to predict the important water
binding sites in such proteins. In order to investigate the ability of
program GRID to do this, GRID2 was run for a water probe over the
whole isolated HL molecule. The array used for the calculations is
shown in Figure 2.1.a. The energy contours obtained at -6 kcal/mol are
shown in Figure 4.14. The contoured regions show where water was
predicted to bind strongly to the protein and 32 of the observed

water sites were within these contoured regions.

4.5.10.1 The prediction of the internal waters by GRID2 using

Prediction Method 1

The largest contoured region in the energy map shown in
Figure 4.14 is in the internal cavity of HL which contains the chain
of water molecules 200/4-8 described in Section 4.5.6.1. Program GRID
was used to sequentially position these waters in the cavity without
utilising knowledge of their experimental coordinates. This was
performed as follows:
1. Program GRID was run with a water probe and a target
consisting of one HL molecule only over the whole internal cavity
region. The shape and location of the array used for these
calculations is shown in Figure 2.1.b. The energy contours obtained

are shown in Figure 4.15.a at a contour level of -9 kcal/mol. An
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Table 4.6 The prediction of the internal waters in human lysozyme by
GRID2 using Prediction Method 1.

Predicted Number of Closest 6d in A2 Epred in Hydrogen-bond
water predicted waters observed kcal/mol partners at
included in the water predicted
target molecule molecule position
300/1 0 200/7 0.12 -13.80 N Ala 92
(0.27) 0 Asn 88
o Ala 83
300/2 1 200/5 0.46 -15.17 0 Gln 86
(0.66) 300/1
300/3 2 200/4 0.38 -13.24 N Asp 91
(0.34) OD1 Asn 88
300/1
300/4 2 200/8 0.19 -11.34 N Phe 57
(0.36) 0 Tyr 54
300/5 4 200/6 0.44 -12.79 0] Leu 84
(0.51) N Ile 56
300/2
300/4

2 vyalues in parentheses were obtained using Prediction Method 2 and
GRID2.

b All hydrogen-bond partners were also predicted by GRID2 using
Prediction Method 2 except for O Asn 88 for water 300/1(200/7). See
text for details.






energy minimum was found, its position was refined, and a water
(300/1) was assigned to it (indicated by a red cross).

2. Program GRID was then run with a target consisting of one
HL molecule and water 300/1. A second energy minimum was found and
water 300/2 assigned to it (Figure 4.15.b).

3. This procedure was repeated (Figure 4.15.c and d), adding
each predicted water to the target, until no suitably deep energy
minimum could be found. This occurred when five waters (300/1-5) had
been predicted.

The properties of the predicted waters are listed in Table
4.6. The waters were all predicted at positions less than 0.5& from
observed waters and with 6d less than cu?>%,

Several hydrogen-bonding networks between the waters were
possible including the one predicted using Prediction Method 2. All of
the hydrogen-bonds predicted except for that between 300/1(200/7) and
O Asn 88 were also predicted using Prediction Method 2. The latter
hydrogen-bond was not predicted using Prediction Method 2 because the
waters 200/4 and 200/5 were included in the target and were calculated
to make more favourable hydrogen-bonds to 200/7 than O Asn 88.

The positions of these predicted waters could be refined by
repredicting each water in turn with all the other predicted waters
included as part of the target wuntil there was no significant
variation in the predicted positions and energies.

This prediction of the internal waters illustrates how
program GRID may be used to accurately determine well-ordered water
sites in crevices of macromolecules. Such water sites are often found

at positions where ligands bind to macromolecules and thus the
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ability of program GRID to predict their positions is of vital

importance.

4.5.11 Conclusion

The water structure of crystalline HL has been studied
energetically using program GRID. The accuracy of the predictions of
the water molecules has been assessed by examining their position,
energy, hydrogen-bonds and mobility.

In summary, the results obtained using Prediction Method 2
are as follows:

1. 64% of the waters were predicted to within 1.5& of their
observed position. The rms distance between observed and predicted
water positions was 1.284.

2. 90% of the experimentally observed water positions were
found to be in energetically favourable regions.

3. The atoms to which hydrogen-bonds were made could be
predicted correctly for the more ordered waters but there was a
tendency to overestimate the occurrence of water-water hydrogen-bonds.
The hydrogen-bonds were predicted better by GRID2 than GRID1.

4. The mobility of the waters could not be predicted by
program GRID and this may be because the mobility of the target is not
taken into account in the calculations.

Generally, more ordered waters were predicted better than
less well ordered waters. Thus the ability to make a good prediction
could be estimated from the B-value and the number of protein

neighbours of the water molecule.
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The ability of program GRID to assist in the assignment of
waters during crystallographic refinement has been demonstrated.

Program GRID has also been shown to be able to accurately
predict the positions of the strongly bound internal waters from a
knowledge of the protein structure alone and thus, program GRID should

be of value in determining the solvation of ligand binding sites.

4.6 STUDIES OF THE WATER IN CRYSTALS OF B-CYCLODEXTRIN (B8-CD)

4.6.1 The purpose of the study of the water in crystalline B-CD

The water structure of this carbohydrate was studied for a
number of reasons:
1. It provides a model system for the testing of the functions
used in program GRID for determining hydrogen-bonds to target hydroxyl
groups and ether oxygens. It has previously been used in order to test
the GROMOS force field [228].
2. As B-CD has been studied by neutron diffraction [229,230],
the coordinates of the hydrogen atoms have been determined.
Predictions with program GRID can be made with and without the
explicit representation of all the target hydrogen atoms. 8-CD can
thus act as a model system for testing the effect of using different
representations of target hydrogen atoms.
3. A number of three-centred hydrogen-bonds have been observed
in the crystal structure of B8-CD [230]. In addition, homodromic chains
of waters have been observed in which cooperative interactions are
thought to occur polarizing the O0-H--O0 hydrogen-bond and increasing

its strength [181]). It is of interest to see how these factors affect
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15KH

Figure 4.16 a. The structure of B-cyclodextrin viewed from the side of
the ring of larger diameter with the twelve observed water sites in
the first subunit shown. Some of these waters are closer to other B-CD
molecules in the crystal and other symmetry related waters are closer

to this B-CD molecule. b. The twelve observed water sites surrounding
the subunit 1 B-CD molecule are shown.



program GRID's calculations and whether correct predictions of water
sites can be made in carbohydrates as well as in proteins.

4, The interior of B-CD is hydrophobic while the exterior is
hydrophilic and this gives rise to two different types of water
structure within one crystal. Thus, differences in the ability of
program GRID to predict the two types of waters may be examined.

5. The structure of B-CD has been determined at 120K [230],
and at this temperature, the motion of the carbohydrate is very small.
The possibility that this might enable the temperature factors of the

waters to be predicted with program GRID can thus be investigated.

4.6.2 B8-CD and the water structure of its crystals

B-CD consists of a ring of seven a(1-4) linked glucose
molecules (see Figure 4.16). The ring has a smaller diameter at one
end than the other thus forming a bucket shape which has a
hydrophobic interior and a hydrophilic exterior. B8-CD can form
inclusion complexes by accommodating guest molecules within its ring
cavity which are thought to bind by non-specific hydrophobic
interactions [231,232]. Thus, B-CD is of therapeutic interest because
it may be used to make hydrophobic drugs, e.g. the cardiac glycosides
[233], more soluble.

The structure of B-CD has been determined 120K at high
resolution by neutron diffraction [230]. Twelve water sites (8W-19W)
occupied by 11.6 waters have been observed (see Figure 4.16). One of
these sites (15W) has been assigned an occupancy of 0.64. (In this

thesis, the water sites are numbered 8W-19W. These sites correspond to
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the experimentally observed water sites named W1-W10, W13, and W14
[230]).

The water structure has been observed to contain a four-
membered flip-flop ring (9W, 14W, 024, 035) in which the directions
of the 0-H--0 hydrogen-bonds fluctuate; a pentagonal, homodromic ring
(13W, 17w, 18W, 19W, 15W) in the cavity; and several homodromic

chains of waters.

4.6.3 Method of prediction of the water structure with program

GRID

Predictions were made using Prediction Method 1 for one
isolated B-CD ring. The hydroxyl hydrogens were assumed to be able to
rotate and an extended atom representation was used.

Two predictions were then made of the water structure of
the B-CD crystal using Prediction Method 2 with different models of
the target hydrogen atoms:

1. The hydrogens were represented explicitly and fixed 1in
their crystallographically observed positions for both 8-CD molecules

and target waters.

2. The B-CD hydrogens and target water molecules were allowed
to rotate and an extended atom representation was used.
All predictions were made with version GRID2. The

coordinates for B-CD at 120K [230] were obtained from the Cambridge

Structural Database [131].
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4.6.4 Results of the predictions using Prediction Method 1

Only five of the observed waters, 15IW, 13LW and 17JW
inside the ring and 12HW and 11JW outside, were predicted at energies
of less than -6 kcal/mol as shown in Figure 4.17. The 11W site was
also found [229] to be fully occupied at room temperature showing that
it was a well defined site. The weak binding energy predicted at the
other seven observed sites suggests that in crystalline B-CD, as was
found in HL, crystal contacts are important in determining the water

structure.

4.6.5 Results of the predictions using Prediction Method 2

The results of the predictions of the twelve observed water
sites are listed in Table 4.7. These were analyzed according to the

four properties described in Section 4.4.

1. Distance 64

The distance 6d was in the range 0.0 to 0.428 and was
always less than <u’>% if hydrogens were explicitly fixed and
greater only for 8W if hydrogens were not fixed. The rms value of &d
was 0.20R if hydrogens were fixed and 0.22R if they were not. Thus,

program GRID predicted the water binding sites close to their observed

positions.

2. Energy

For all water sites, Egpg<-7 kcal/mol showing that all the
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waters were observed in favourable sites. Strong binding energies were

predicted with Epred in the range -12.0 to -17.5 kcal/mol.

3. Hydrogen-bonds

All waters were found by program GRID to make three or four
hydrogen-bonds at the experimentally observed site and to always make
four hydrogen-bonds at the predicted site if the target hydrogens were
considered to be mobile. All waters were calculated to donate two
hydrogen-bonds and this is in agreement with the general observation
that waters tend to donate hydrogen-bonds where possible [132,171].

Two factors were found to influence the predictions of hydrogen-bonds.

a. The treatment of the target hydrogens.

These predictions show differences according to the
treatment of the target hydrogens of a similar nature to those seen
for L-serine monohydrate. If hydrogen coordinates were fixed,
hydrogen-bonds to the same target atoms were calculated at the
observed and predicted positions for all waters except 19W. If the
hydrogens were not fixed, there were differences in the hydrogen-bond
partners at the observed and predicted positions for waters 8W, 13w,
14w, 15W, 16W and 19W. These differences occurred principally because
the neglection of the geometry of the hydrogen-bonds to the target
waters led to the overestimation of the number of hydrogen-bonds to
water made by the probe. At higher temperatures, there would be more

flip-flop hydrogen-bonds and the fixing of hydrogen coordinates may

not then be justified.
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Table 4.8 A comparison of the predictions of the waters in the ring
cavity and in the interstitial space of crystalline B-cyclodextrin.

Property Mean value for the Mean value for the
six cavity waters six interstitial
waters
6d in A2 0.23:0.11 0.11+0.07
(0.21+0.12) (0.17£0.12)
Epred in kecal/mol -13.52+1.31 -15.73+1.29
(-15.2821.01) (-16.66+0.87)
5Epred in kcal/mol 1.6412.22 0.83t0.72
(3.02+2.05) (1.1520.93)
<u?>Z% observed in & 0.4610.12 0.27¢0.03
<u?>? predicted in A 0.19+0.06 0.12:0.03
(0.1420.06) (0.2120.12)
Number of waters with 1 0
different H-bond (4) (2)

partners at observed
and predicted positions

Number of H-bonds to 1.17+0.69 2.83+0.90
carbohydrate at (1.17+0.69) (2.6720.94)
observed position

Number of H-bonds to 1.17+0.69 2.83+0.90
carbohydrate at (1.29+0.70) (2.8320.69)

predicted position

Values listed first are for predictions with fixed target hydrogen
coordinates and those in parentheses are for predictions with mobile
target hydrogens and with target waters represented as extended atoms.

Error values are standard deviations.

@ rms values of 63 were 0.25(0.24)R for cavity waters and 0.13(0.20)A
for interstitial waters.



b. The determination of the geometry of the hydrogen-bonds at
the target atoms and at the probe.

These predictions show that, by determining the dependence
of the strength of the hydrogen-bonds on their geometry, program GRID
was able to predict hydrogen-bonds in accordance with experimental
observations.

Two waters (8W and 16W) have been observed to make
hydrogen-bonds to ether oxygens. These hydrogen-bonds were both
predicted and so was an additional one from 15W to an ether oxygen.
However, if the hydrogen atoms were allowed to rotate, the hydrogen-
bond to the ether oxygen was not calculated at the predicted position
of 8W which was 0.428 from the observed water position. This was
because a hydroxyl group on the same residue of a neighbouring 8-CD
ring as the ether oxygen was predicted to reorient itself and make a
stronger hydrogen-bond to the probe than the ether oxygen.

Three-centred hydrogen-bonds have been observed to be
donated by 9W and 14W to each other and to an ether oxygen [230].
These hydrogen-bonds to the ether oxygen were not detected by program
GRID. This was not unexpected because program GRID does not recognise
three-centred hydrogen-bonds. The water-ether oxygen interaction is
weaker than the water-water interaction and so neglection of the
weaker interaction had little effect on the calculated energies and
predicted positions of the two waters.

The effect of the careful determination of hydrogen-bonds
by program GRID is shown by its ability to predict the interstitial
waters near the hydrophilic surface of B8-CD closer to their
experimentally observed positions than the cavity waters surrounded by

hydrophobic carbohydrate (see Table 4.8). The interstitial waters
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overall made more hydrogen-bonds than the cavity ones did and they
were predicted to have a greater binding energy. They were observed to
be less mobile having an rms displacement of 0.27R compared to 0.47R&

for the cavity waters.

4. Temperature factors

Calculated values of <u’>% were of the correct order of
magnitude but were always smaller than the observed values of <u2>%
and showed no relationship to them. This may again be due to the fact
that the motion of target atoms other than hydrogen was not taken into

account in the calculations.

4.6.6 Conclusion

Program GRID has reproduced the experimentally observed
water structure of crystalline B-CD at 120K although it was unable to
determine its mobility.

It was able to predict the hydrogen-bonds made by the
waters. The quality of the predictions suggest that the hydroxyl and
ether oxygen hydrogen-bond functions wused in program GRID are
reasonable representations of the geometry of hydrogen-bonds to these
atoms.

Program GRID was able to predict the water structure
despite the fact that it does not explicitly take account of the
cooperative interactions that may increase the strength of the
hydrogen-bonds in chains of water and hydroxyl groups.

Better predictions for the B-CD waters were obtained if the

hydrogen coordinates were fixed. However, this would be unlikely to be
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the case at higher temperatures because of the increased presence of
flip-flop hydrogen-bonds. The number of cases in which one can
realistically fix target hydrogen coordinates is limited and must be
chosen with care.

The predictions were better for water sites in a
hydrophilic environment than in a hydrophobic one and this was
probably due to the greater strength and number of hydrogen-bonds to

the waters in hydrophilic surroundings.

4.7 SOLVATION OF THE ACTIVE SITE OF CYTOCHROME P450-CAM

The interaction of camphor with cytochrome P450-cam was
studied in Chapter 3 without considering the effect of solvent.
However, the hydrophobic active site of cytochrome P450-cam contains
six crystallographically observed waters [163]. Therefore, the study
of cytochrome P450-cam has been extended to assess the role of water
in the enzyme-substrate interaction. Program GRID has been used to
predict the experimentally observed waters, to postulate additional
water binding sites and to propose functions for the waters in the

active site.

4.7.1 Method of study with program GRID

Using Prediction method 1, program GRID was run with a
water probe over the active site for targets of cytochrome P450-cam
with and without camphor bound. Only small conformational changes
between the substrate-bound and the substrate-free enzyme structures

have been observed [163] and therefore, the calculated energy maps
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Figure 4.18 a. and b. Energy contours at -6 kcal/mol for a water
probe in the active site of cytochrome P450-cam are shown a. in the
substrate-free enzyme and b. in the substrate-bound enzyme. Sites
A,B,C and D are distinct water binding sites predicted by program
GRID. c. and d. Energy contours at -3 kcal/mol for a water probe are
shown c. in the substrate-free enzyme and d. in the substrate-bound
enzyme. e. Energy contours at 0.5 kcal/mol for a methyl probe in the
substrate-free enzyme showing the shape of the active site. f. The six
crystallographically determined water sites (W801-806) in the active
site of the substrate-free enzyme and water W652, which may act to
stabilize some of the active site residues, are shown. See text.






could be compared to each other and also to the energy map for a
methyl probe in the camphor-free enzyme structure which delineated the
shape of the active site.

Coordinates for the substrate-bound enzyme were obtained
from the Brookhaven Protein Databank [52] and those for the substrate-
free enzyme were provided by Dr.T.Poulos. Version GRID2 was used for

all calculations.

4.7.2 Results

GRID energy contour maps for water and methyl probes in the
region of the active site of cytochrome P450-cam are shown in Figure
4.18. Four distinct water binding sites, (labelled A,B,C and D), were
predicted in this region of the protein. These may be occupied by
water molecules which perform different functions in the enzyme and

would act as follows.

1. Water which would be firmly bound to the protein adjacent

to the active site at Site A.

A large binding region for water (labelled A in Figure
4.18.a and b) may be seen at -6 kcal/mol near Tyr 96 and Thr 101 in
both structures. The experimentally observed water W652 in the
substrate-free structure, (see Figure 4.18.f), occupies Site A and
program GRID predicts it to be strongly bound with Egpg=-9 kcal/mol
and able to make hydrogen-bonds to O Thr 101 and OG Ser 83. This

particular water may play a structural role in the enzyme.
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2. Water at Site B which would be displaced from the active
site on substrate binding.

The second large contour (labelled B in Figure 4.18.a) seen
at -6 kcal/mol near Tyr 96 in the substrate-free structure extends
towards the region where camphor binds. If a water occupied this
region, it would be displaced by the bound substrate. None of the
observed waters are seen within this contoured region.

However, at -3 kcal/mol, there is a large favourable water
binding region in the substrate-free active site (see Figure 4.18.c).
This contains half of the observed water sites, (at all the observed
water sites E pq<-2 kcal/mol).

An energy minimum was predicted at -5.36 kcal/mol 0.234
from the experimentally determined iron-linked aqua-ligand W801 on the
opposite side of it from the haem ring. The experimentally observed
aqua-ligand was found 2.28& from the Fe ion with a low temperature
factor (16.582%) and full occupancy. It has been suggested [163] that a
hydroxide ion may occupy this observed site instead of a neutral
water molecule and would be expected to approach closer to the Fe ion
because it could make a favourable electrostatic interaction.

The remaining experimentally determined waters (W802-6)
were not predicted in defined energy minima but were found in a large
region of weakly attractive binding energy. This is consistent with
crystallographic observations [163] in which these five water sites
were located within one large region of electron density and could not
be individually resolved. On average, they were observed to have
higher temperature factors and lower occupancies than the ordered
surface waters suggesting that these water sites were not well defined

and that the cavity contained a mobile water structure [163].
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Displacement of these mobile waters on the binding of
camphor would be favourable as it would result in little loss of
water-binding energy and a favourable entropic gain. In fact, the
binding of camphor is thought to be largely entropically driven due to
the desolvation of the camphor substrate and the release of the active
site waters allowing camphor to bind in a region of low dielectric
constant [163]. However, the GRID energy maps suggest that water may
play a more complex role in the binding of camphor as shown by the

next two binding sites discussed.

3. Water which would not be displaced on substrate binding and

which would occupy a vacant crevice in the active site at

Site C.

At -6 kcal/mol, there is a distinct water binding site
(labelled C in Figure 4.1 8.a and b) near val 247 and Asp 251 present
in both substrate-free and substrate-bound structures. From the methyl
contours in Figure 4.18.e, it can be seen that Site C lies in a small
crevice leading from the main volume of the active site, so the
position of Site C is well defined by van der Waals' contacts. In
addition, a water molecule in Site C is predicted to form hydrogen-
bonds to 0 Vval 247 and OD1 Asp 251. This suggests that a water could
bind strongly in Site C and would not be displaced by the camphor
substrate.

On the binding of camphor, the mobility of Asp 251 has been
observed to be reduced despite the fact that it does not contact the
substrate [163]. This could be explained by the presence of a water at

Site C. The motion of this water would be restricted by the binding of
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camphor and because this water could donate a hydrogen-bond to OD1 Asp

251, it would constrain Asp 251 and reduce its mobility.

4, Water which would bind more tightly in the active site on
substrate binding and which would serve to orient the

substrate correctly and to fill a vacant crevice at Site D.

In the substrate-bound enzyme, a third binding site
(labelled D in Figure 4.18.b) is seen in the active site at -6
kcal/mol. It is only present in the camphor-free structure at a less
attractive energy contour level (see Figure 4.18.c with energy
contours at -3 kcal/mol). Site D is in a crevice of the active site as
shown by the methyl probe contours (see Figure 4.18.e).

In the absence of camphor, Site D is very hydrophobic,
containing residues Phe 87, Phe 98, Val 247, Tyr 96, and no hydrogen-
bonding atoms. Thus a water may only bind weakly at this site in the
substrate-free enzyme.

However, on substrate binding, a water at Site D could be
stabilised by a hydrogen-bond which it could donate to the camphor
oxygen at a distance of about 2.98 away. This would be a strong
hydrogen-bond because it would be optimally oriented at the camphor
oxygen at the trigonal angle to the C-0 bond and would lie
approximately in the plane of the oxygen lone pair orbitals. Indeed,
this hydrogen-bond would serve, in conjunction with that from OH Tyr
96 to the camphor oxygen, to orient the substrate correctly for the
highly specific hydroxylation reaction to occur. A water at Site D
would thus p<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>