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ABSTRACT

This thesis deals with the analysis of protein structures and their complexes which has 
been made possible by the high number of good quality protein structures available. 
It essentially falls into parts whereby the first part deals with the role of sidechains 
within proteins and the second part deals with the role of sidechains between proteins. 
For the first part of this thesis a statistical analysis of the atomic environments around 
the sidechains of arginine and phenylalanine was performed. A database of 62 high 
resolution protein structures was used. The contact preferences and the geometrical 
distributions of 19 different atom types around the sidechains were studied. The results 
show that polarity, covalent constraints, volume occlusion and solvent accessibility are 
the key factors governing the packing arrangements of the atoms around the 
sidechains. Theoretical methods were used then to try and ‘predict’ these experimental 
atom-sidechain distributions. For this purpose a commercially available energetics 
package was used. In due course it is hoped that the results of these studies will be 
successfully incorporated into a novel algorithm regarding the development of new 
drug molecules. Preliminary results are promising.

The second part of this thesis presents an extensive analysis of the mode of binding 
of peptidic inhibitors to the aspartyl proteinase endothiapepsin. Endothiapepsin is an 
enzymic protein which belongs to the same family as the medically important HIV-1 
protease. A general pattern emerged whereby the inner residues of the peptidic 
inhibitors were found to bind more tightly to the enzyme than the outer residues. 
The results of this study together with information about the binding constants of the 
inhibitors in their complexes have led to the suggestion of alternative designs of the 
inhibitors which may function equally well or even better.
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Introduction

CHAPTER 1 

INTRODUCTION
1.0 General Introduction
In the past few decades much research effort has concentrated on obtaining knowledge 

on the role of sidechains of proteins. This research - from which a thick volume of 

literature has amassed {e.g. Loewenthal et al, 1992; Singh & Thornton, 1990; 

Poorman et al., 1991; to name but a few articles involving sidechains), has involved 

using both ‘wet laboratory’ and computational techniques. It has been found that 

sidechains play major roles in the folding, stability and functioning of proteins. It is 

the sequence of amino-acid sidechains which determines the three-dimensional 

structure of the proteins. Furthermore, sidechains play important roles in the binding 

of protein-ligand complexes. The work described in this thesis aims to further our 

knowledge in this field.

1.1 Proteins in General
Protein molecules and their complexes play important roles in biological processes. 

For the past four decades researchers have been involved in the determination, analysis 

and prediction of the three-dimensional structures of these molecules. Various physical 

techniques such as X-ray crystallography, nuclear magnetic resonance (NMR), neutron 

diffraction and circular dichroism (CD) have been used in the elucidation of their 

three-dimensional structures. Of these four techniques CD is the only one which does 

not provide information on the atomic positions of the molecule but instead it gives 

us details on the proportions of different secondary structure elements (see Section 

1.2 .2 ) within the molecules.

The elucidation of the three-dimensional structure of proteins has enabled researchers 

to derive general rules on the packing arrangements of different entities which 

constitute protein molecules. This in turn has led to the development of algorithms for 

the prediction of the three-dimensional structure of proteins - such algorithms have 

been termed ‘knowledge-based’ (Blundell et al, 1987a).

The next section provides a brief introduction to protein structure.
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Introduction

1.2 P ro te in  C o m p o n e n ts

A protein molecule can be thought of as possessing four levels of structures, namely, 

primary, secondary, tertiary and quaternary. I shall now describe what these are.

1.2.1 P rim ary  S tru c tu re

Proteins are built from compounds called amino-acids - of which 20 are usually found 

in nature (Solomons, 1976). The structures of these 20 amino-acids are shown in Fig 

1.1. The individual amino-acids associate to form proteins via peptide bonds. It is the 

sequence of amino-acids within a protein which is known as the primary structure.

LeuAio

Phe Met Trp
Pro

Se. ThrCys Asn Gin

H is Asp Glu

Lys Arg

Fig. 1.1 Sidechains of the 20 standard amino-acids that occur naturally in proteins. For proline part of 
the mainchain is inserted, this has been indicated by the thick black line. All other sidechains are shown 
as they emerge from the Ca atom in the mainchain. The mainchain is the invariant part of all amino- 
acids (Section 1.2.1(a)). Residue names are given as three-letter symbols (see Table 1.1). Small 
unlabelled spheres are hydrogen atoms. Ca atoms are black. Bonds with non-single bond character are 
shaded. [Taken from Schulz & Schirmer, 1979].

13



Introduction

The general and individual properties {i.e. stereochemistry, hydrophobicity, etc.) of 

each amino-acid are described as the rest of thesis is a detailed study of sidechain 

interactions of the amino-acids.

1.2.1 (a) Stereochemistry

All amino-acids have a stereochemical aspect. This can be divided into three 

components.

First, there is a stereochemical component due to the chirality of the amino-acids. 

With the exception for glycine, all amino-acids are chiral. This means that the 

structure {i.e. amino-acid) is not superimposable on its mirror image. The reason for 

their chirality that they have four different groups bonded to their C a  atom in a 

tetrahedral arrangement. The amino-acids can exist in two different forms L  or D (see 

Fig. 1.2). Most naturally occurring amino-acids are of the L form, however there are 

a few structures which contain naturally occurring D amino-acids such as the 

membrane protein gramicidin (Wallace, 1990).

COCO L-form D-form

Fig.1.2 Describing the L and D amino-acids. In the L form the CO, R and N substituents go in a 
clockwise direction from Cot, when one looks down at the H-Cct bond, the opposite is true for the D 
form. The CO and N atoms are part of the mainchain of the amino-acids. The R represents the 
sidechain of amino-acid. i - -

Secondly, there is a stereochemical component associated with the backbone of the 

amino-acids. All amino-acids consist of a mainchain (or backbone) and a sidechain. 

The mainchain of the amino-acid is a rigid unit with its four constituent atoms (Ca, 

carbonyl C, carbonyl O and nitrogen) in the same plane, whereas the sidechain is 

more flexible. The backbone comprises two bonds around which the amino-acids can 

rotate, these are the bonds around N-Ca and Ca-C. The corresponding torsion angles

14



Introduction

are termed (\> and \|/ respectively (see Fig. 1.3).

Most combinations of (}) and \\f are not allowed for an amino-acid because of steric 

collisions between the sidechains and mainchain. Ramchandran (1968) was the first 

person to calculate and plot allowed <}) and y  values on the basis of steric 

considerations. The permitted values of (j) and \|/ are usually indicated on a two- 

dimensional map known as the Ramachandran plot. An example of such a plot for 

alanine is shown in Fig. 1.4.

There is a third dihedral angle called co associated with the mainchain which allows 

rotation around the C-N bond. This is -180° {trans) for most amino-acids, but in a 

few cases for proline it is -0° {cis).

F ig .U  Definition of dihedral angles in a polypeptide chain. Ser is shown. The arrow indicates the chain 
direction from the N to C termini. The 0° positions for the angles are defined as:

CO, = 0° for C“ - C'i cis to -  C“
Yi = 0° for C“ - N, trans to C\ -O;
4), = 0° for C“ - C\ trans to 

Xn = 0° for C“-N, cis to -0 \
The hatching indicates usually the six atoms C“, Nĵ ,, C“ ,̂ and lie in one plane. Here (}) =
\ |/  =  CO = 180°.
Indicated rotation directions of 4>, y  and co are positive if the viewer sits on the N-terminal side of a 
bond and the C-terminal side of a bond is rotated according to the arrow, A corresponding definition 
applies for Xi with a viewer on the atom closer to the Ca atom. [Taken from Schulz and Schirmer, 
1979].
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Thirdly, there is the stereochemistry associated with the sidechain. Ail amino-acids 

apart from glycine, alanine and proline have an associated sidechain dihedral angle 

(%;) which defines the rotation around the Ca-C(3 bond (Fig. 1.3).

Janin et al. (1978) conducted a survey of the conformations taken by the %, angles of 

the sidechains from a set of proteins in which the sidechains of all amino-acid types 

apart from glycine, alanine and proline were included. They found that the %, angle 

distribution was trimodal with the preferred %, angles being 300° ± 60° {gauche'' or 

g^), 180° ± 60° {trans or t) and 60° ± 60° {gauche or g') in that order. This 

experimental data was found to correlate well with what would be expected from 

energetic considerations.

-wo
-180

Fig.1.4 Ramachandran plot showing the allowed (}), Y values for alanine. The fully allowed regions are 
shaded and the partially allowed regions are enclosed by a solid line. Connecting regions enclosed by 
the dashed lines are permissible with slight alterations of the bond angles. [Taken from Creighton, 
1992].
1.2.1 (b) H ydrophobicity

Each amino-acid has an associated hydrophobicity. This is generally thought of as the 

preference for nonpolar atoms to interact with other nonpolar surfaces rather than with 

water. Many ways of assessing the hydrophobicities of amino-acids have been devised 

-not all of which produce similar results. Nozaki & Tanford (1971) derived
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empirical means by which to do this. They calculated the apparent free energy of 

transfer of the sidechains to water from a nonpolar solvent {e.g. ethanol). This was 

achieved by measuring the relative solubilities of the free amino-acids in water and 

nonpolar solvents. The measurements were made relative to glycine which was 

assigned a value of zero for its free energy of transfer as it does not have a sidechain. 

The relative values were then assumed to provide information on the relative 

hydrophobicities of the amino-acids.

More recent scales include two devised by Rose et al. (1985). These scales are based 

on measuring the surface area of the residues buried upon folding. They give similar 

results to those observed empirically by Nozaki & Tanford (1971). According to the 

scales of Rose et al. (1985) the following amino-acids were classed as being 

hydrophobic, that is, glycine (Gly), alanine (Ala), cysteine (Cys), valine (Val), 

isoleucine (De), leucine (Leu), methionine (Met), phenylalanine (Phe) and tryptophan 

(Trp). The following were classed as moderately polar - serine (Ser), threonine (Thr), 

histidine (His) and tyrosine (Tyr). The rest were classed as very polar, that is, proline 

(Pro), aspartic acid (Asp), asparagine (Asn), glutamic acid (Glu), glutamine (Gin), 

arginine (Arg) and lysine (Lys). The merits and basis of other scales are described 

elsewhere (Comette et al, 1987).

1.2.1 (c) pKg values

Some of the sidechains of the amino-acids have an associated pK^ value. This is 

defined as the pH value at which the sidechain loses its acidic proton. The pK^ values 

together with other properties of the individual sidechains are given in Table 1.1. 

Sections 1.2.1(d(i)-(ix)) provide a brief description of each amino-acid.

1.2.1 (d) Individual Amino-acids 

(i) Glycine (Gly)

Gly is the smallest residue as it only has a hydrogen for a sidechain. The absence of 

a Cp atom has bestowed greater conformational flexibility for the backbone of Gly 

than for other sidechains. Gly is highly conserved in evolution.
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(ii) Proline (Pro)

In contrast to Gly the Pro backbone is fairly rigid. The unique covalent bond between 

the nitrogen atom of the peptide group and the CÔ atom keeps <j)~-60°. The covalent 

bond means that the nitrogen is not available to participate in hydrogen bonding, 

hence it rarely appears in a-helices and p-sheets as it would disrupt their hydrogen 

bonding pattern. Pro is most commonly found in turns. It is most commonly exposed 

although its sidechain is chemically hydrophobic. Another unique property of Pro is 

that a Pro peptide preceding Pro sometimes occurs in the cis conformation. This 

occurs in 6% of cases [(MacArthur et al., 1991) - see Fig. 1.5].

CH
CH.C NCHC N,

CH
transas

Fig.1.5 Showing cis and trans conformations of proline. [Taken from Creighton, 1984].

(iii) Cysteine (Cys)

There are three types of Cys residue: those with free SH groups, liganded SH groups 

and SH groups which are part of disulphides links (cystines). Those which act as 

ligands do so to a number of different metals which include, Fe, Zn, Cu, Fe-S clusters. 

and hemes.

(iv) Alanine (Ala)

Ala has a single methyl group in its sidechain. It is a relatively small, nonpolar amino- 

acid which does not show any specific preference to be in the interior or exterior of 

proteins. It is abundant and prevalent in a-helices.

(v) Valine (Val), Isoleucine (He), Leucine (Leu) and Methionine (Met)

These amino-acids have aliphatic sidechains which are pieces which fit in the interior 

of proteins. Of these four sidechains Met is the only amino-acid which has some 

hydrogen bonding capacity - it can sometimes form hydrogen bonds by acting as an 

acceptor through its S atom. A recent survey has shown that only 3% of the S atoms
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of Met form hydrogen bonds (|McDonald& Thornton, 1993). Its role is to provide a 

flexible sidechain. Val and He are branched at the Cp atom (along with Thr), and 

they are commonly in p-sheets. In contrast Leu and Met prefer to be in a-helices.

(vi) Serine (Ser) and Threonine (Thr)

These have short sidechains with OH groups. The OH group can act as a donoij in one 

hydrogen bond and an acceptor in two hydrogen bonds through the two lone pairs of 

electrons of the sp  ̂ hybridised oxygen atom.

(vii) Asparagine (Asn), Aspartic Acid (Asp), Glutamine (Gin) and Glutamic Acid 

(Glu)

The sidechains of these amino-acids each have two hydrogen bonding centres. Asn 

and Gin can both form four hydrogen bonds, two through donating two protons carried 

by the NH2 and the other two through accepting protons through their sp^ hybridised 

oxygen of the C =0 group. The two C =0 bonds of Asp and Glu have partial double 

bond character. Each of the carboxylate oxygens should be able to act as an acceptor 

in two hydrogen bonds.

(viii) Histidine (His), Phenylalanine (Phe), Tyrosine (Tyr) and Tryptophan (Trp)

These amino-acids all possess aromatic rings. Phe is completely hydrophobic and is 

often found in the interior of proteins. All these amino-acids have the potential to form 

hydrogen bonds. Trp can form one hydrogen bond by donating its NH hydrogen on 

the five-membered ring. As for Tyr, the C -0  bond of its sidechain has partial double 

bond character, therefore the OH group is expected to form two hydrogen bonds, one 

as a donor and one as an acceptor. There is also some evidence that the aromatic ring 

has some potential to accept weak hydrogen bonds.

Histidine can carry a proton on either or both of its imidazole nitrogens depending on 

the pH of the medium. Each of these nitrogens can participate in one hydrogen bond 

either as an acceptor or a donor.

(ix) Lysine (Lys) and Arginine (Arg)

These are found most commonly on the protein surface and can form interior salt links 

(Barlow & Thornton, 1983). Lys is the most mobile of all the sidechains. It is the least 

hydrophobic amino-acid according to the scale of Rose et al. (1985) despite the
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hydrophobic nature of most of its sidechain. Lys has the potential to form three 

hydrogen bonds through donating the three hydrogens of its NH3 group.

Arg (and Lys) has a positive charge at the end of a long flexible hydrophobic 

sidechain. Arg has three hydrogen bonding centres from which it can donate a total 

of five hydrogen bonds. That is it forms two such hydrogen bonds through each NH2 

group and one through its NH group. The hydrogen bonding groups are held in a large 

planar rigid array in the portion of the molecule called the guanidinium group which 

possesses a delocalised electron cloud. Arginines often interact with water.
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Table 1.1: Properties of Amino-Acids

AMINO
ACID

Three-
letter
Code

One
letter
Code

MW of 
residue 

at pH 7.0 
(Daltons)

pK, value 
of the 

Sidechain

Alanine Ala A 71 -

Arginine Arg R 157 12.5

Asparagine Asn N 114 -

Aspartic
Acid

Asp D 114 3.9

Cysteine Cys C 103 -

Glutamine Gin Q 128 -

Glutamic
Acid

Glu E 128 4.3

Glycine Gly G 57 -

Histidine His H 137 6.0

Isoleucine He I 113 -

Leucine Leu L 113 -

Lysine Lys K 129 10.5

Methionine Met M 131 -

Phenylalanine Phe F 147 -

Proline Pro P 97 -

Serine Ser S 87 -

Threonine Thr T 101 -

Tryptophan Trp W 186 -

Tyrosine Tyr Y 163 10.1

Valine Val V 99 -

M.W denotes the Molecular Weight. [Values taken from Schulz & Schirmer, 1979].
A| Dalton is a unit of mass very nearly equal to that of a hydrogen atom (equal to 1.000 on the atomic 
mass scale). The termsfDalton and M.W are used interchangeably.

denotes that the sidechain of the corresponding amino-acid does not have an associated pK  ̂value.
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1.2.2 Secondary Structure

This is described as the local arrangement of the polypeptide backbone. Amino-acids 

combine to form structural elements called helices, p-sheets and turns. The different 

elements of secondary structure are distinct from each other in their patterns of 

mainchain hydrogen bonding and (}),\|/ angles.

1.2.2 (a) a-Helix

The a-helix is the most common type of secondary structure element in proteins. In 

an a-helix hydrogen bonds are formed between the CO of residue n and the NH of 

residue n+4, with repeated values near -60° and -40° respectively. The hydrogen 

bonds are nearly parallel to the helical axis. The CD’s all point in one direction 

towards the C-terminal end. This helix has 3.6 residues per turn - the rise along the 

helical axis being 1.5 Â per residue or 5.4 Â per turn. The sidechains point outwards 

(Fig. 1.6).

The other type of helix that often occurs is the 3,Q-helix. In the 3,o-helix a hydrogen 

bond forms between the CO of residue n and the NH of residue n+3 and (j),\|/ values 

are near -70° and -5° respectively.

Fig.1.6 Right-handed a-helix. R denotes the sidechain. Dashed lines indicate the hydrogen bonds 
formed. [Taken from Creighton, 1984].
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1.2.2 (b) p-Sheet

The other common type of repeated secondary structure is the extended P-strand with 

(}), Y values near -120° and 140°. Hydrogen bonds are formed between strand pairs. 

There are two types of hydrogen bonding arrangements that occur between strands. 

One is a parallel arrangement in which there are evenly spaced hydrogen bonds that 

are found between the p-strands (Fig. 1.7). The other type is an antiparallel 

arrangement in which narrowly spaced hydrogen bonds alternate with widely spaced 

ones (Fig. 1.8).

p-strands associate to form P-sheets. These sheets can comprise solely of parallel or 

anti-parallel type hydrogen bonding patterns or both.strands' or with both. However 

the hydrogen bonding pattern within P-sheets is not always regular and sometimes 

becomes disrupted to form p-bulges (Chan et al, 1993; in press). P-sheets have 

another common property in that they almost all are twisted.

Fig. 1.7 Schematic diagram of the hydrogen bond pattern in a parallel P-sheet. The dashes denote the 
hydrogen bonds. [Taken from Branden & Tooze, 1991].
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Fig.1.8 Schematic diagram showing the hydrogen bond pattern (as indicated by the dashes) in an anti
parallel P-sheet. [Taken from Branden & Tooze, 1991].

1.2.3 Tertiary and Quaternary Structure

There is a great body of literature which has accumulated over the past two decades 

on these structures (Orengo et al., 1993; Branden & Tooze, 1991). I shall not go into 

detail about these structures as the thesis does not deal with them. Basically the 

tertiary structure refers to how secondary structure elements associate with each other 

to form domains. It can be thought of as the overall three-dimensional structure of the 

protein. The two ends of the protein are known as the N and C terminus - the NH2 

and COOH groups are found respectively at these ends. In numbering the protein 

residues the convention is to start at the N-termini. The quaternary structure refers to 

how separate polypeptide chains associate with each other.
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1.3 Energetics of Protein Folding
In the|following; sections, various aspects associated with the stability of proteins and 

their complexes are discussed. I have chosen to discuss these topics as they are 

inherently related to the work described in Chapters 4 and 5.

The stability and formation of proteins and protein-ligand complexes is dependent on 

two factors, binding enthalpy (AH) and entropy (AS) (Dill, 1990).

AH and AS are related by the following equation:

AGf = A i f  -  Th.S  ( 1 .1 )

change in 
where AG is the Gibbs free Energy

AG AH and TAS are measured in units of kcalmol '.

AS has units of kcalmor^kelvin'.

and T is the temperature (in Kelvin)

In order for a process to be thermodynamically favourable, AG has to be negative. 

Proteins and their complexes are only marginally stable, with a AG of between -5 and 

-10 Kcalmol * with respect to their unfolded state.

The three types of binding energy (or enthalpy) are: electrostatic, hydrogen bonding 

and van der Waals. These are described in some detail in the subsequent sections.

1.3.1 Electrostatic Forces

This force occurs between any two charged particles (1 & 2). The corresponding 

electrostatic energy between two such particles in a medium is given by the following 

equation:-

E = (1.2)
47te„e/

where Qj is charge on particle 1 

Q 2 is charge on particle 2

r is the distance between the pai'ticles 

2 5
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&Q is the permittivity of vacuum i

where is the dielectric constant (or relative permittivity) of the medium 

The electrostatic force is a long-range force i.e., it is significant over relatively long 

distances.

The dielectric constant is an important property of the medium. It is a property which 

reflects the polarizability of the medium. The greater the dielectric constant of the 

medium the smaller the interactive force between any two charges in that medium. For 

a more thorough explanation and mathematical expressions of the concept of the 

dielectric constant see Physical Chemistry by Atkins (1978). The dielectric constant 

of proteins is usually taken to be between 2 and 5, whilst that of bulk water is 80.

In complex systems such as proteins, however, the major problem lies in how to treat 

the dielectric constant when considering electrostatic interactions. The problem arises 

as the dielectric constant is essentially applicable when the medium in question is 

continuous and homogeneous whilst a protein is fundamentally inhomogeneous and 

discontinuous in character.

Several different approaches on how to model the dielectric constant have been 

developed. These include the uniform, distance-dependent and cavity dielectric models. 

A review of the different dielectric models developed and the merits of each model 

has been written by Davis & McCammon (1990). | unifonn dielectric model

it is assumed that the protein and water all have the same dielectric constant. A value 

of 4 is often used. In the distance-dependent dielectric model it is assumed that the 

dielectric constant is equal to the interatomic separation distance in Â of the two 

interacting atoms. In the cavity method it is assumed that a mass of protein of an 

unifonn dielectric is surrounded by water of a dielectric constant of 80.

1.3.2 Hydrogen Bonding

The hydrogen bond can be thought of as a special type of electrostatic interaction. A 

hydrogen bond is defined as an interaction involving a proton carrying a partial 

positive charge (H) on a donor group (X) with the electron density on an acceptor 

group (Y) (Baker & Hubbard, -1984). (X-H..Y)
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Experimentally it can be deduced that a hydrogen bond is present in an interacting 

system X-H..Y if the X..Y distance is less than the sum of their van d er^aals  radii 

and 11O°<0<18O° where 0 is the angle X-H..Y. These criteria are arbitrary.

Many potentials have been developed to describe the hydrogen bonding interaction. 

One such potential is given below (Weiner et al, 1984)

V  V

where Cy and Dy are constants which relate to the interacting atoms i and j 

r is the interatomic separation distance

There are some authors who suggest that no extra hydrogen bonding term is necessary 

as it is taken into account by other parameterizations.

1.3.3 Van der Waals Interaction

This is a term which is composed of dispersion forces and electron repulsion forces. 

One expression for the term is:

r  is the separation distance in Â 

where A and B are constants 

The first term represents the repulsive force and the second represents the attractive 

dispersion force.
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1.3.4 Entropy

Entropy can be qualitatively thought of as a measure of the disorder in the system. 

It can be defined from either a statistical or thermodynamic point of view. With 

regards to proteins, entropy plays an important role in the hydrophobic effect - this 

is described below.

1.3.5 The Hydrophobic Effect

It has generally been accepted that the hydrophobic effect is the principal driving force 

in protein folding (Kauzmann, 1959). This arises due to nonpolar molecules having 

an aversion for water. When an apolar molecule is found in water, the water 

molecules are found to surround it and organise themselves in such a manner so as 

to maximize the hydrogen bonds between themselves.

As stated previously in Section 1.3 the AG should be negative in order for a protein 

to fold. I shall now look at the AG term (eqn.1.5) in more detail and explain how the 

hydrophobic effect produces a negative AG term. I shall first consider the contribution 

of AS to AG. If a protein goes from an unfolded to folded state in water, the entropy 

of the solvent moleculesi increases whilst that of the protein decreases. It is relatively 

easy to see why the entropy of the protein chain decreases in going from the unfolded 

to folded state. The case for the solvent molecules however is not so easy to see. If 

the unfolded protein in water is envisaged as consisting of a number of separate apolar 

globules, the water molecules arrange themselves around each ‘apolar globule’ so at 

to maximize the hydrogen bonds between themselves. As a result of the globules 

associating with each other upon folding, the water molecules still arrange themselves 

around the ‘new globules’ so as to maximize the hydrogen bonds between themselves 

but in this instance the surfaces of the globules which are in contact with one another

are ‘lost’ to the solvent molecules, hence the solvent entropy increases. The enthalpy
I increases

of protein molecules, however, K upon folding. This is due to the formation of 

new bonding interactions.
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A fuller expression for the AG term is therefore given by the following formula: 

AG = -  n A S ^ ^ - A S ^ )  (1.5)

where Hfoî ed = Enthalpy of the Protein in the Folded State 

Hunfoided = Enthalpy of the Protein in the Unfolded State 

ASchain = Change in Entropy of the Protein chain 

AS^ater = Change in Entropy of the water when the protein chain goes from the 

unfolded to folded state within it.

Hfoided - H„„foided and AS^ater ^re regarded as being favourable whilst ASchain is regarded 

as being unfavourable.

1.3.6 Molecular Mechanics Force Fields

These force fields consist of a set of potential functions which describe the energy of 

a system (Cohen et al, 1990; Buckert & Allinger, 1982). A typical energy equation 

is given below:

^ to t ^ ^stretching^^bending'^^dihedral'^^VDW^^Q^^hb

where E^t is the total Energy, &

Estretching» Ebe„di„g, Ejibedrai ^Te the energy terms due to deviations of actual bond 

lengths and angles of the molecules from ideal molecules & Eyow» Eq and are the 

van der Waals, electrostatic and hydrogen bonding energies of the system respectively.

Different force fields adopt slight variations of the above equation and use different 

expressions for the potential functions. The ‘beauty’ of the molecular mechanics force 

field lies in the assumption that parameters and force constants can be transferred from 

one molecule to another. This means the quantities {i.e. parameters and equations) 

valid for one set of compounds are fixed and used for similar compounds. Methods 

based on purely experimental data are known as empirical whilst methods based on
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both experimental and theoretical calculations are known as semi-empirical.

Various force fields have been developed for the different functional groups 

encountered in nature. The force fields CHARMm (Brooks et al, 1983) and AMBER 

(Weiner & Kollman, 1981) have been developed for the study of proteins amongst 

other molecules and are now the standard packages used for the study of these 

molecules.

The basic unit in these force fields is the atom. In both force fields the atom is 

regarded as a point charge with no directional properties and without any internal 

degrees of freedom. For large systems such as proteins some (or all) hydrogens are 

combined with the neighbouring heavy atoms to which they are bound. This is 

referred to as the extended atom representation. This has a number of limitations as 

well as advantages. One advantage is that this representation reduces the size of many 

problems as almost half the atoms in biological and organic systems are hydrogens. 

Operations in which force fields are involved include energy minimization 

(McCammon & Harvey, 1987) and molecular dynamics simulations (Karplus & 

Petsko, 1990; Van & Berendsen, 1990).

1.3.7 Experimental Aspect of Thermodynamics

The field of thermodynamics of protein folding has been enriched by two experimental 

techniques. These are high scanning calorimetry (Privalov, 1982) and the use of 

mutant proteins (Matthews, 1991). Such techniques have provided us with 

experimental values of AG, AH and AS. A review on what can be learned from 

experiment about the thermodynamics of proteins has been written by Schellman 

(1987).

1.4 Molecular Complexes
Proteins associate with other molecules and proteins to form complexes. The basic 

concepts involved when molecules associate to form complexes are outlined in (i)-(iv).

(i) Firstly, for two molecules A and B to associate with each other to form a complex 

(A.B) over a period of time requires that the complex be stable. Hence the 

thermodynamics of the system must be favourable for such an association to occur.
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This ‘favourability’ is assessed by the change of free energy of the system upon 

complexation (AG).

For small systems it is relatively easy to measure this quantity experimentally. 

However for large systems such as proteins AG cannot be measured with great ease, 

hence derived equations are used in order to provide an estimate for this quantity. 

Several such equations are used, one such formulated by Williams et a l (1991) is 

given in eqn.1.7.

AG = (1.7)

AG(trans + rot) ÎS the Change in rotational and translational free energy upon association. 

Prior to association the molecules A and B each have three degrees of rotational and 

translational freedom, thus in total there are 12 degrees of freedom. Upon association 

(i.e, when A.B is formed) these 12 degrees of freedom are reduced to six.

AGrotors is the change in the free energy of the internal rotations when A and B 

associate. When A.B is formed the internal rotations {i.e. the bond rotations) of A and 

B are frozen out.

^Gconform fcpresents the strain energy of the complex A.B. This is the amount by 

which the bonds have to be distorted in the complex A.B from their minimum energy 

conformations in the uncomplexed state.

XAGt to is the free energy of all the interactions between polar groups.

AGydw gives the free energy of transfer from a nonpolar solvent to the binding site. 

AGh gives the free energy of transfer of a nonpolar group from water to a nonpolar 

solvent, i.e, the energy of packing.

A favourable association requires the AG term to be negative. The first two terms are 

usually unfavourable as they are responsible for an increase in entropy whilst the last 

three terms are favourable. The additive effect of these terms is usually responsible 

for a negative AG.
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(ii) Another requirement is that the ligand should fit as tightly as possible into the 

protein it associates with. This brings up the question of how the shape of a molecule 

should be assessed. A number of algorithms employing various approaches have been 

developed (Connolly 1983a,b; Lee & Richards 1977).

(iii) Thirdly, many proteins undergo conformational changes upon binding in order to 

accommodate the incoming ligand (Knowles, 1991). This can also serve some valuable 

purposes in some enzymes as such a change can result in:

(a) The shielding of the substrate molecule from water.

(b) The substrate molecule being surrounded by catalytic residues.

(c) Prevent the escape of kinetic intermediates.

(iv) Finally the field of|enzyn^G ; kinetics must not be ignored. This deals with the 

rates of formation and breakdown of enzyme and inhibitor complexes. These rates are 

dependent on a number of factors which include pH, temperature and the initial 

concentrations of the enzymes and inhibitors. The book entitled Enzyme Structure and 

Mechanism by Fersht (1978) provides an excellent text for the interested reader. 

Numerous algorithms incorporating some of these concepts have been developed to 

predict the position of a given molecule relative to a protein when it binds. These have 

been termed docking algorithms. Such algorithms are in widespread use by 

pharmaceutical companies in their drug development programmes.

1.4.1 Docking Algorithms

1.4.1 (a) Strategy employed

The strategy employed by a typical docking algorithm is outlined in (i) and (ii).

(i) First of all potential ligands in particular conformational and positional 

configurations with respect to the target molecule are generated. This can be achieved 

in a variety of ways. Techniques such as simulated annealing (Goodsell & Olson, 

1990; Caflisch et al, 1992; Yue 1990; Miranker & Karplus, 1991; Hart & Read, 

1992), building a substrate from a library of fragment molecules (Moon & Howe, 

1991; Goodford, 1985) and shape complementarity algorithms (Bacon & Moult, 1992; 

Jiang & Kim, 1991) based on the description of molecular analytical surfaces by
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Connolly (1983a,b) or otherwise (Walls & Sternberg, 1992) are three of the most 

common means. The precise details of how these techniques are incorporated in the 

different programs vary from one algorithm to another. Numerous potential ligands are 

generated by these techniques of which all are assessed by some means, usually 

according to some energetic consideration, as to whether to these structures should be 

retained for processing in the next stage.

(ii) At this stage the ligands which have passed the criteria in the previous stage, 

undergo a different assessment as to their viability to be potential substrates. This is 

usually done by calculating a binding energy between the potential ligand and its 

target molecule - the energy calculations usually making use of one of two well 

known standard force fields, AMBER or CHARMm.

Finally the algorithm undergoes a ‘real testing’ so to speak and this testing usually 

takes one of two forms

• Seeing how predictions of the algorithm compare with that of the atomic 

coordinates of the ligand as given in a crystal structure of the complexes.

• In the employment of a successful design of a new substrate.

1.4.1 (b) Example of how a particular docking algorithm ‘works’ (GROW) 

The docking algorithm GROW (Moon & Howe, 1991) has provided us with an 

example of automated de novo design of a ligand. For implementation of this method 

a library containing a large number of template structures in different conformational 

states was generated. This library contains amino-acid structures in different 

conformational states amongst other compounds. From this library a template structure 

is taken and positioned in a chosen region in the receptor binding site to provide a 

starting position for the subsequent growth of the peptide ligand. Details of the 

different ways in which starting portions of the ligand can be determined are discussed 

in more detail by the authors of the program. These ‘template structures’ in the 

starting positions have been termed site or seed atoms. A second fragment from the 

library is then attached to the seed atoms to form a dipeptide. The dipeptide is then 

assessed for ‘goodness-of-fit’ to the receptor by a ‘score’. The score is calculated from 

certain energy terms using parameters from the AMBER force-field. In turn other
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possible second fragments are attached to the seed atoms and a corresponding score 

is generated for each dipeptide. The highest scoring dipeptides are then retained and 

the procedure repeated until a fair number of potential ligand peptides of a 

prespecified length have been generated. These potential ligand peptides are then again 

evaluated in a different way to that just described to provide a more realistic 

assessment of whether they can be designed as functioning ligands. This is achieved 

by estimating the binding energy. In the event of an unfavourable binding energy three 

procedures are followed. The options include total rejection of the structure and 

consequent testing of another structure, a new seed being selected for the GROW 

procedure or a conformational analysis being performed by simulated annealing to find 

the lowest energy of that sequence of peptides and then proceed to calculate its 

binding energy.

One of the successes of the GROW algorithm has been the design of an aspartyl 

protease octapeptide inhibitor which was subsequently synthesised and showed some 

evidence for binding to the enzyme.

1.4.2 Binding Motifs
The ever growing number of examples of three-dimensional structures of peptides 

complexed with proteins elucidated by X-ray crystallography have enabled us to 

evaluate the concepts proposed earlier regarding protein recognition. This has also 

allowed us to appreciate the range of motifs adopted by peptides in recognition 

(Marshall, 1992). It is important to appreciate that some of the synthesised peptides 

in these protein-ligand complexes contain other residues apart from the 20  amino-acids 

(Balaram, 1992).

For this section the modes of binding of two types of protein-peptide complexes have 

been selected for discussion.

1.4.2 (a) MHC-Peptide Complexes

The function of the MHC molecules (or Major Histocompatibility Complex) are to 

bind to degraded fragments of antigens for subsequent recognition by T-cells. They 

have the ability to recognize hundreds of different peptides. For many years it has
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puzzled researchers how the MHC complexes (of which there are a few varieties) 

which consists of at most six proteins can recognize such a variety and different 

number of peptides. It has recently been (Guo et al, 1992, Silver et al, 1992) found 

that the MHC molecules are able to bind to a variety of peptides, as they bind to the 

backbone of these peptides, which are common, rather than the sidechains whose 

sequence varies from one peptide to another. The most important bonds formed 

between these entities are those which occur at the ends of the peptides, as the MHC 

complex seems to anchor the peptide backbone at its two termini.

1.4.2 (b) Serine Protease Complexes
Serine proteases are characterized by a catalytic triad of the sidechains of Asp, His 

and Ser. X-ray structures of their complexes with natural inhibitors reveal that the 

inhibitors bind in an extended conformation to the enzymes forming anti-parallel 

strand pairs (Bode & Huber, 1992).

1.5 Physical Techniques for determ ining the Atom ic Positions of  

Proteins and Their Complexes

1.5.1 X-ray Crystallography
X-ray crystallography has been the most widespread technique used in determining 

protein structures. To date the structures of over 1000 proteins have been determined 

by X-ray crystallography. All the analysis described in this thesis is based on data 

derived from X-ray crystallography; for this reason a more detailed discussion of 

some of the facets of this technique is given below. The books entitled Structure 

determination by X-ray Crystallography by Ladd & Palmer (1985) and Protein 

Crystallography by Blundell & Johnson (1976) provide excellent texts on how this is 

achieved. A very brief review is provided by Branden & Jones (1990). For this 

chapter, a qualitive description of X-ray crystallography will be provided.

1.5.2 A brief description of X-ray Crystallography

Basically, irradiation of ajcrystal by an X-ray beam results in the creation of an X-ray 

diffraction pattern. This pattern takes the form of a three-dimensional array of points
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and is unique to a particular protein. This pattern is then recombined so as to form an 

image of the object. I shall now go into more detail of the various stages (labelled 1- 

5) involved.

1) Firstly, in order for X-ray crystallography to be performed, a crystal of the desired 

protein is required. The crystal must have properties which enable it to remain 

reasonably stable over the time period over which data is collected. The growing of 

crystals is a difficult process whereby the right conditions of pH, temperature, protein 

concentration and the presence of other ions are required. However, "correct 

conditions" for one protein are not necessarily correct for another. The basic unit of 

a crystal is the unit cell. An unit cell is the smallest repeating unit of the crystal.

2) The second stage involves the formation of the X-ray diffraction pattern from 

which the image of the protein is reconstructed. This is obtained by incident X-ray 

beams (of wavelength X~1.5Â) being scattered by the electron clouds of the atom and 

constructively interfering with each other. In order for two waves to constructively 

interfere the following equation known as Bragg’s equation needs to be satisfied:

2^in6 = nX

where d is the spacing between molecules in the crystal 

0 is the angle of diffraction 

n is an integer 

X is the wavelength

3) The next stage is the reconstruction of the image. For this stage to proceed 

information is required on a number of factors. These include:- the dimensions of the 

unit cell; and the wavelength, amplitude and phase of the scattered waves. The 

dimensions of the unit cell and the wavelength and amplitude of the scattered waves 

can be determined from the diffraction pattern. The phase information however is not 

present and cannot be measured. This poses a serious problem and is often referred 

to as the phase-problem.

Various means have been devised by which to estimate the phases. The most
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successful method is called the isomorphous replacement method. In this method 

heavy atoms such as uranium, platinum and mercury are introduced into the protein 

crystals. This results in the strong scattering of X-rays. These heavy atoms must 

contribute enough to alter the intensities of the reflections in the pattern, but not cause 

any disruption to the protein structure. The change in intensity of the reflections 

allows the heavy atom positions to be determined. With this information the 

amplitudes and phases of the heavy atoms and protein can be estimated.

4) Once the phases are known, a Fourier analysis is performed in order to reconstruct 

the electron density map for the unit cell of the crystal. The electron density p at a 

point {xyz) in the unit cell is given by:

p(xyz) = - E  E  Z  (1.9)
y  h k I

where p(jcyz) is the electron density at a point in real space 

V is the volume of the unit cell 

F(hkl) is the amplitude (the square root of the intensity) of the reflection with

indices h,k,l 

and

a(hkl) is its phase

The main purpose of presenting the above equation is to emphasize the point that the 

electron density at each point includes the amplitudes and phases of all the reflections 

of the diffraction pattern. Therefore the quality of the protein is dependent on how 

much information is retrieved from the diffraction pattern.

5) The amino-acids of the protein are then fitted onto the electron density map. For 

this procedure knowledge of the primary structure of the protein is useful. Fitting the 

amino-acids is an arduous task which requires considerable skill and subjective 

judgement from the ‘fitter’.
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1.5.2.1 Refinement of the Model

After the protein’s covalent structure has been fitted onto the electron density map, 

the model’s consistency has to be checked with the experimental diffraction data. This 

is achieved by the calculation of an R factor whereby:

R^Jÿ.----------------- (1.10)

hid

where Fq is the observed Structure Factor as measured from the intensity 

Fg is the Calculated Structure Factor. This is obtained from the model structure.

K is the scaling factor 

The summations are over all reflections h,k and I.

The R value is often quoted when structures are published and provide a means by 

which the quality of the structure is assessed. The value is quoted either as a decimal 

or percentage value. For proteins values of R are usually between 0.15 and 0.20. The 

R factor is minimised by a process called refinement. This is a means of iteratively 

adjusting the model so as to improve agreement between the observed and calculated 

structure factors. I shall not go into detail here of the different ways of refining a 

protein. The interested reader should the consult the text by Jensen (1985).

1.5.3 Nuclear Magnetic Resonance (NMR)

NMR is another technique used in the determination of protein structure. Several 

books (Kemp, 1975) and reviews (Clore & Gronenborn, 1987; Wagner, 1992) have 

been published on the fundamentals of the methodology and applications of NMR. It 

is a powerful and informative technique in the sense that unlike X-ray crystallography 

NMR has made it possible to observe proteins in solution rather than crystal form. 

Comparisons between the same proteins determined by both X-ray crystallographic 

and NMR methods give very similar structures of the same fold. There are however 

some slight differences in their structures. Perhaps the most important of these 

differences concerns the surface residues. Surface residues are important because it is
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at the surface where the protein binds to ligands. Often surface residues are disturbed 

by intermolecular contacts in a crystal.

The limitations of the technique include the fact that so far it has only been possible 

to determine the structure of relatively small proteins - the largest protein whose 

structure has been determined by this method is -170 residues. Despite these 

limitations NMR is fast becoming a recognised and common technique by which the 

structures of proteins are determined.

1.5.4 Neutron Diffraction

This technique when used in association with crystallography also provides us with 

a means of determining the positions of hydrogen atoms of proteins (Wlodawer, 

1982). To date, only -5  proteins have had their structures determined by neutron 

diffraction. Difficulties associated with this technique include the requirement of large 

crystals and long collection times for data.

1.6 Outline of The Thesis
In this introduction I have tried to provide the reader with material which will act as 

a relevant and interesting background to this thesis. Very broadly this thesis covers 

some protein structure analysis, some predictions of protein structure and a study of 

the mode of binding of a group of ligands in their protein complexes.

More specifically. Chapters 2 and 3 deal with the atomic environments around the 

sidechains of Arg and Phe respectively. The atomic types which are responsible for 

producing these ‘atomic environments’ come from the 4 elements (excluding 

hydrogens) which constitute the amino-acids, namely carbon, oxygen, nitrogen and 

sulphur. Each element can be divided into different types (these are defined in Chapter 

2, Table 2.2). In total 19 different atom types are defined. The three-dimensional 

distributions of these atomic types around Arg and Phe were studied. This work is a 

natural extension of previous analyses carried out in this laboratory.

Chapter 4 deals with the prediction of the sites of the atoms around the two sidechains 

Arg and Phe using energetic means. For this purpose a molecular mechanics package
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was used. A comparison was then made between the ‘experimental’ distributions as 

discussed in Chapters 2 and 3, and the distributions ‘predicted’ by this theoretical 

approach.

In Chapter 5 the mode of binding of some aspartyl proteinase inhibitors to 

endothiapepsin were studied. The aim of this work was to elucidate the role of 

different sidechains of the ligand in binding to the protein.

Finally in Chapter 6 I have provided the reader with details of on-going and potential 

future work. A brief description of the similarities and dissimilarities of the three- 

dimensional distributions of the 19 atomic types around Arg and Phe has also been 

included. Thus this chapter shows how the work described in this thesis and other 

work of a similar nature can serve as an important foundation for subsequent work.
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CHAPTER 2 

ATOMIC ENVIRONMENTS OF ARGININE 

SIDECHAINS WITHIN PROTEINS
2.0 Introduction
Increased knowledge about the geometries of interacting groups within proteins, such 

as sidechain sidechain pairs, sidechain mainchain pairs, atom sidechain pairs and atom 

atom pairs can help further our understanding of the factors involved in the folding, 

stability and functioning of proteins. This requires detailed analysis of high resolution 

proteins to extract three-dimensional information. The first detailed study of interacting 

groups within proteins was carried out by Warme & Morgan (1978a,b) who analysed 

the interactions between sidechains and different atom types, of which 19 types were 

identified (see Table 2.2). The authors were able to calculate the propensities of 

interaction between each of these 19 atom types and each of the 20  different types of 

sidechain. This study did not, however, analyse the geometrical distribution of the 

atomic groups around the sidechains and thus could not provide information on their 

preferred packing arrangements. Since then a number of further studies have been 

carried out. These have included the distributions of oxygen and sulphur atoms around 

aromatic sidechains (Thomas et al, 1982; Reid et al, 1985), ion-pairs within proteins 

(Barlow & Thornton, 1983), carboxylate groups around arginine (Singh & Thornton, 

1987), aromatic-aromatic sidechains (Burley & Petsko, 1985,1986a; Singh & Thornton, 

1985; Blundell et al, 1986), amino-aromatic groups (Burley & Petsko, 1986b; Singh 

& Thornton, 1990) and hydrogen bonding atoms around amino-acid sidechains 

containing atoms capable of hydrogen bonding (Ippolito et al, 1990). In addition to 

this, similar studies have been conducted on the distributions of metal ions 

(Chakraborti, 1989,1990; Yamashita et al, 1990), and water molecules (Thanki et al, 

1988,1990,1991) around sidechains. The main conclusions emerging from these studies 

are listed in Table 2.1 together with brief descriptions of the datasets employed.
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However, descriptions of the studies involving aromatic rings of sidechains have been 

reserved for Chapter 3, which seems more appropriate as Chapter 3 deals with the 

atomic environments around the aromatic ring of phenylalanine. There have also been 

a number of related studies regarding the rationalization of the spatial orientation of 

such interacting groups from an energetic viewpoint (Hunter et a/., 1991; Mitchell et 

al, 1992).

Studies of interacting groups have also been based on small molecule data. These

include studies conducted by Murray-Rust et a l (1983) and Vedani & Dunitz (1985).

The data are available from the Cambridge Crystallographic Database (Allen et al,

1979). One particular study to note is that of Murray-Rust & Glusker (1984) in that

the methodology employed there is similar to the methodology used for the results
I analysis

presented in this and the following chapter. In theirj^Murray-Rust and Glusker (1984) 

selected compounds containing certain types of ester, ketones, epoxides and ether 

groups and examined the distributions of hydrogen bonding H-X groups (where X = 

N or O) within them. Contouring routines were used to identify and highlight regions 

of high population density of the X atoms, which congregate in specific regions. The 

hope was that this approach could be extended to ligand-macromolecule interactions 

to see if similar patterns of ‘congregating atoms’ emerged. These patterns might then 

help predict the binding sites of chemical groups of ligands around the 

macromolecules. At that time, however, there were too few known macromolecular 

structures to allow such an analysis, and it is only in the past few years that it has 

been possible to look at the distribution of chemical groups of ligands around other 

chemical compounds in the proteins to which they are bound (Singh et al, 1991; 

Moodie & Thornton, 1993).

The aim of this chapter, and the next, is to present a detailed analysis of atomic 

distributions around two sidechains which have dissimilar natures. This chapter deals 

with arginine which has a hydrophobic chain capped by a polar positively charged 

guanidinium group. The following chapter deals with phenylalanine which is an apolar 

aromatic amino-acid. The atom types considered in both cases (See Table 2.2) are the
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19 types defined by Warme & Morgan (1978a) and the results show how their 

geometrical preferences differ for the two sidechains.

As can be deduced from Table 2.1 previous studies regarding the sidechain portion of 

arginine have onljl focussec^on its hydrogen bonding properties (Ippolito et al, 1990; 

Singh et a l  1987). Other works published on the hydrogen bonding properties of 

arginine, but not mentioned in Table 2.1 as they were approached from a different 

angle, include that by Baker & Hubbard (1984) and Mitchell et a l (1992).
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Table 2.1: Description of Previous Studies Regarding Sidechains

Year Conunents

1983 
Barlow 

& Thornton

A total of 229 ion-pairs were identified in 38 proteins solved to resolutions of 2.5Â or 
less. Data from these proteins revealed that a third of charged residues are involved in 
ion-pairs and 76% of these stabilize tertiary structurê  rather than secondary structure.

1987
Singh

\el al

Evaluated geometries of interacting arginine-carboxyl oxygens from 37 proteins resolved 
to 2.0Â or better. Carboxyl oxygens were found to aggregate in certain regions around 

arginine where they could hydrogen bond

m s
Thanki et al.

Examined distribution of water molecules in 16 proteins of high resolution around main
chain and sidechains of 20 amino-acids. Distinct non-random distributions of water 

molecules were found. Proportion of waters in contact with the sidechains showed an 
inverse correlation with the hydrophobicity whereas it was fairly constant for mainchains.

1989
Chakrabo

-rti.P

Examined geometry of metal ions around the sidechains of methionine and cysteine. They 
found that the geometry follows the same pattern in proteins and is independent of the 

nature of the metal centre. The metal ions usually bind to these residues involved in turns
or coils.

1990 
Yamashita 

et al.

It is known from previous studies (Bernstein et al, 1978) that metal sites in proteins form 
centres of shells of hydrophilic ligands which are surrounded by shells of carbon- 

containing groups. Hence metals are found to be at the centres of high hydrophobicity
contrast.

In this work this observation has been quantitatively described by a ’hydrophobicity 
contrast function’, C. It was found from a set of 23 metal-binding molecules, which 

included both small molecules and proteins, that the maximum values of C lie near the 
observed metal binding sites. Hence this function C can serve to locate, characterize and

design such sites in proteins.

1990 
Thanki et 

al.

Extension of work performed in 1988. Examined the influence of secondary structure on 
the water distributions around Ser, Thr and Tyr in proteins. In addition to this water 

bridging sites involving these residues were looked at. A bridging site occurs if a water 
molecule is involved in more than one interaction to a protein atom.

1990 
Singh & 
Thornton

Summarizes many of the previous results from data obtained in Thornton’s laboratory, as 
well as including new results, such as the analysis of atom-atom contacts. Also has an 

analysis of aromatic-amino interactions (See Chapter 3).

1990 
Chakrabo 

-rti, P.

Examined geometry of metal ions interacting with peptide carbonyl groups in 30 
structures. Data was obtained from structures of both proteins and protein-complexes. The 

metal ions were found to be located in the peptide plane near the C=0 direction. 
Interestingly, comparing the results obtained by Thanki et al, (1988), it was noted that the 

distribution of metal ions around peptide carbonyls is different from that of waters. The 
most common metal bound to the peptide carbonyl was found to be calcium.

1990 
Ippolito et 

al.

Spatial arrangement of atoms engaging in hydrogen bonds with those of amino-acid 
sidechains were rationalized. Data was obtained from 50 high resolution proteins solved to 

2 .0 Â or better. 13 out of the 2 0  amino-acids, which include arginine, have atoms in their 
sidechains capable of engaging in hydrogen bond interactions. In particular in this study 

the numbers of such atoms in various regions around the amino-acid sidechains were 
rationalized. It was concluded that there are three factors which govern where in space 
around the sidechain the hydrogen bonding atom will occupy. These are:- the electronic 

configuration of the acceptors, steric accessibility of the donors and the sidechain 
conformation of the donors/and or acceptors.

1991 
Thanki et al.

Analysed the hydration of mainchain carbonyl and amide groups as a function of 
secondary structure. Found that mainchain atoms in p-sheets were just as hydrated as in

a-helices.
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Table 2.2: Definition of Atom Types

ATOM TYPE TOTAL NO. IN 
DATASET

EXAMPLES VAN DER 
WAALS 
RADH

Hydroxyl Oxygen (-0H) 1911 Qy(S,T), On(Y) 1 . 6

Carboxyl Oxygen (-0 ) 2140 OY(D),Oe(E) 1.5
Backbone Oxygen (=0B) 1 0 2 0 2 All Backbone Oxygens 1.4
Carbonyl Oxygen (=0) 791 05(N), Oe(Q) 1 . 6

Carbonyl Carbon (=CP-) 1861 Cy(D,N),C5(E,Q) 1.7
Backbone Carbon (=CB) 1 0 2 0 2 All Backbone Carbon 1.7
Apolar Carbon (CHjA) 4246 All CH2 (C,F,I,L,M,P,W,Y) 2 . 0

Neutral Carbon (CHjN) 2176 All CH; (H,N,Q,S) 2 . 0

♦'Aromatic Carbon (=CA) 1975 All ring C(F,H,W,Y) 1.7
♦̂ Aromatic Carbon (=CHA) 4989 All ring CH(F,H,W,Y) 1.9

Carbon CH3 (-CH3 ) 5735 All CH3 (A,I,L,M,T,V) 2 . 0

Aliphatic CH (>CH-) 2699 All CH (LL.T.V) 1.9
Polar Carbon (CHjP) 4997 All CH2 (D,E,K,R) 2 . 0

Backbone Cot (>CHB) 1 0 2 0 2 All Backbone C-alpha 2 . 0

Aromatic Nitrogen (>NH) 961 NS(H), Ne (H,R,W) 1.7
Amide Nitrogen (-NHj) 791 Ny(Q), N5(N) 1 . 6

Amino Nitrogen (-NH3 ) 1168 NC(K), Nti(R) 2 . 0

Backbone Nitrogen (>NHB) 1 0 2 0 2 All Backbone Nitrogen 1.7
Sulphurs (>S) 453

Total number = 77701

All Sulphurs 1 . 8

*' & Note that these carbons are defined differently.
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Table 23: 62 Proteins Used in Dataset

NAME PROTEIN AUTHORS UPDATED TO

1FB4*‘’ IgFAB Marquait & Deisenhofer (1982) 2FB4
IREI Bence-Jones Epp et al. (1983) -

4CYT*'’ Cytochrome C Takano & Dickerson (1980) 5CYT
2B5C"" Cytochrome B5 Matthews et al. (1972) 3B5C
2CDV"' Cytochrome C3 Higuchi et al. (1984)
3C2C** Cytochrome C2 Bhatia (1981)
ICCR Cytochrome C Ochi et al. (1983)
2CCY Cytochrome C Finzel et al. (1985)
2CYP Cytochrome C Peroxidase Finzel et al. (1985)
451C Cytochrome C551 Matsuura et al. (1982)

3ICB*‘ Ca Binding Protein Szbenzi & Moffat (1986)
IMBD Myoglobin Phillips & Schoenbom (1981)
2LH1 Leghaemoglobin Arutyunyan et al. (1980)
2LHB Haemoglobin Honzatko et al. (1985)
lECA Erythrocruorin Steigemann & Weber (1979)
4HHB Haemoglobin Fermi et al. (1984)
2AZA Azurin Adman & Jensen (1981)
IPCY'* Plastocyanin Guss & Freeman (1983)
ISGC Proteinase A Delbaere & Brayer (1985)
2ALP a-Lytic Pro tease Fujinga et al. (1985)
2PKA Kallikrein Bode et al. (1983)
2PTN Trypsin Walter et al. (1982)
3EST Elastase Meyer et al. (1988)
3RP2 Rat Mast Cell Protease Reynolds et al. (1988)
5CHA a-Chymotrypsin Blevins & Tulinksy (1985)
ICAC Carbonic Anhydrase C Liljas et al. (1972)
2CAB Carbonic Anhydrase B Kannan et al. (1984)
IFDX** Ferridoxin Adman et al. (1976)
4FXN Flavodoxin Smith et al. (1977)

5RXN** Rubredoxin Watenpaugh et al. (1973)
IHIP High Potential Iron Protein Carter et al. (1974)

4LDH‘‘’ Lactate Dehydrogenase White et al. (1976) 6LDH
IINS'*’ Insulin Baker et al. (1985) 41NS
IGCR Gamma Crystallin Summers et al. (1984)
2ACT Actinidin Baker (1980)
2SNS Staphylococcus Nuclease Cotton et al. (1979)
IPPT Avian Pancreatic Polypeptide Blundell et al. (1981)

1SN3'* Scorpion Neurotoxin Al massy et al. (1983)
INXB Neurotoxin Tsemoglou & Petsko (1977)
2CNA Concanavalin A Becker et al. (1975)
ICRN Crambin Hendrickson & Teeter (1981)
2S0D Superoxide Dismutase Tainer et al. (1982)
5CPA Carboxypeptidase A Rees et al. (1983)
3TLN Thermolysin Homes & Matthews (1982)
2 0 V 0 Ovomucoid Third Domain Papamokos et al. (1982)
1BP2 Phospholipase A2 Dijkstra et al. (1981)

IHMQ"" Haemerythrin Stenkamp et al. (1983) 2HMQ
3GRS Glutathione Reductase Thieme et al. (1981)
IGPl Glutathione Peroxidase Epp et al. (1983)
4DFR Dihydrofolate Reductase Bolin et al. (1982)
lACX Actinoxanthin Pletnev et al. (1981)

2APP**-'’ Penicillopepsin James & Sielecki (1983) 3APP
4APE Endothiapepsin Blundell et al. (1990)
4PTI Trypsin Inhibitor Wlodawer et al. (1987)

1RN3*‘’ Ribonuclease Borkakoti et al. (1982) 3RN3
ILZI Lysozyme Artymuick & Blake (1981)

ILZM*" Lysozyme Weaver & Matthews (1987) 2LZM
lUBQ Ubiquitin Vijay-Kumar et al. (1987)
2CTS Citrate Synthetase Remingtom et al. (1982)

3WGA’'’ Wheat Germ Agglutinin Wright (1987) 9WGA
5TNC Troponin C Herzberg & James (1987)
9PAP Papain Kamphuis et al. (1984)

Ihese Proteins do not contain Arginine 
'’These Proteins have been up-dated - however the updated structure is not included in this analysis.
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2.1 M ethod

The dataset comprised 62 high resolution proteins (See Table 2.3) resolved to 2Â or 

better taken from the Brookhaven databank (Bernstein et al., 1977). The program 

SIRIUS (Singh & Thornton, 1990) was used to extract "interacting" groups (i.e. atom- 

sidechain pairs) and calculate their geometries. Using the definition of Warme & 

Morgan (1978a) 19 different atom types were used as defined in Table 2.2. An atom- 

sidechain pair was considered to be interacting if their closest interatomic separation 

distance was less than the sum of their respective van der Waals radii (Momany et al., 

1975) plus 1Â. The sidechain atoms considered for arginine were the CD (CÔ), NE 

(Ne), CZ (CQ, NHl (NtiI) and NH2 (Nti) atoms of the guanidinium (See Fig.2.1 - 

this group of atoms have been termed the ‘reference arginine’), whereas the sidechain 

atoms considered for phenylalanine were the aromatic ring atoms - CG (Gy), GDI 

(G51), GD2 (G62), GEl (Gel), GE2 (Ge2) and GZ (GQ and the GB (Gp) atom (See 

Chapter 3, Fig.3.1, this group of atoms form the ‘reference phenylalanine’).

Fig.2.1 ‘Reference Arginine’. It is lying in the x-y plane. The point represents the atom in the 
interacting ‘atom-sidechain’ pair. R is the interatomic separation distance. 0 is the angle of elevation 
of the atom from the plane of the reference group, (j) is the equatorial angle of the atom in the plane 
of the ‘reference arginine’.
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2.1.1 Criteria for accepting data

Several criteria were applied to the extracted data before acceptance. All residues with 

low occupancies were excluded, as well as those interactions which were either 

homologous or occurring in adjacent residues. Using these criteria 30% of the 

arginine-atom interactions were rejected.

By counting the total number of atoms of each type we were able to calculate the 

‘random’ or expected number of interactions of that atom type with the arginine 

sidechain using the formula given in equation 2.4. The propensity of a given atom- 

sidechain pair to interact was then calculated by the ratio of their observed to expected 

number of interactions.

2.1.2 General Procedure Used to Extract Interacting Atom-Sidechain Pairs

Using arginine as the example the procedure followed is described below:

1) Coordinates for the reference arginine were calculated from ideal bond lengths and 

angles (Momany et ai, 1975), in the coordinate frame illustrated in Fig.2.1

The corresponding reference phenylalanine is illustrated in Fig.3.1 in Chapter 3.

2) The arginine residue of any arginine-atom pair was superposed onto the reference 

arginine. The resulting transformation matrix was applied to the paired atom.

3) The polar coordinates R, 0 and (|) (See Fig.2.1) were calculated, 

where

R = distance between the paired atom and the nearest atom in the reference group 

(|) = equatorial angle of the atom in the plane of the reference group. (|) varies between 

0° and 360°.

0 = angle of elevation of the atom from the plane to the reference group. 0 varies 

between 0° and 90°.

4) Histograms for the R, 0 and (|) distributions for all arginine-atom pairs were plotted. 

Expected frequencies for given 0 and (j) values were calculated on the assumption that 

all space has an equal potential to be occupied (Singh & Thornton, 1990). The 

formulae used for the calculations are given below:
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each 10° interval)=N^ (̂smQ  ̂ - sinOj) (2.1)

N
^„Jfor each 10° interval)=------------ --------- —---------------— - (̂ *̂ )

 ̂ Total number of intervals considered

where

®exp = frequency expected in each 10° interval 

Ntot = Total number of interactions considered

01 and 02 are the top and 0 bottom values of the 0 interval considered.

The plots for the R distributions were normalized by dividing by (for each interval 

considered), so as to eliminate bias due to increased volume.

5) A analysis was also performed for the 0 distributions to determine the 

probability of such distributions occurring by chance.

6 ) The resulting distributions were displayed on a Silicon graphics terminal using 

QUANTA (Molecular Simulations Inc.).

The scatterplots of the distributions in Fig.2.15 were generated using MOLSCRIPT 

(Kraulis, 1991).

7) Using the three-dimensional contour routine SURFNET (R.A.Laskowski, UCL) 

contour plots of the distributions were obtained.

2.1.3 Treatment of the ({) and 0 angles

The numbers for the expected ^  and 0 distributions were generated under the 

assumption that all space has an equal probability to be populated and the volume 

occupied by the atoms of the reference group is negligible in the x-y plane.

The expression for the expected (|) distribution is relatively easy to formulate, whereas
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that for 0 is more complicated. A detailed derivation of the expression relating to the 

‘expected 0 numbers’ can be found in the Ph.D thesis of Singh (1988).

2.1.4 Treatment of R

As stated before the R distributions were normalized to eliminate bias due to volume. 

The rationale behind this is explained as follows: -

Consider an atom A of the sidechain. Now consider an atom B which can lie at a 

distance R from atom A. Atom B can lie on any point a spherical shell, let this be 

called Shell B, centred at A of radius R. If B is at a distance of R+dR units away 

from atom A, the shell it lies on now has a radius of R+dR. This will be called shell 

C. Now, as Shell C has a larger surface area than Shell B, more atoms can occupy 

Shell C. However, if a comparative study is to be made of how occupied Shell C is 

with respect to Shell B, it is necessary to ‘normalize’ by counting up the number of 

the atoms occupying Shell B and Shell C and then dividing by R  ̂ and (R+dR)^ 

respectively. This effectively gives the number of atoms occupying each shell per unit 

area - i.e. a density.

2.1.5 analysis

analysis is a statistical method which can give the probability of an event (Brookes 

et al, 1979). The value of an event is calculated using the following formula:

(2.3)
%

where

0(,bs = the number of atoms occupying a 0 interval of 10°

0exp = the number of atoms expected to occupy a 0 interval of 10 '
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The summation is performed over each interval of 10° in 0. In some intervals, 

however, the number of observations, 0„5jj , is very small. In these cases (specifically 

0obs is less than 5) the observations are put with those of the next 10° interval, and the 

two adjacent bands are treated as one.

Each value has a corresponding probability associated with it. It is this figure which 

is of interest. The figure can be found from statistical tables.

In this analysis the test has been used to evaluate how close the probability of the 

observed 0 distributions of the different atoms is to random.

2.1.6 Comparison of the 6 and  ̂distributions
To quantitatively assess how similar or dissimilar the nineteen atom-sidechain 

distributions studied were with respect to each other the following procedures were 

performed.

2.1.6 (a) Similarity Coefficients

Firstly, "similarity coefficients" were calculated between each pair of 0 and ^  

distributions - giving two 19 by 19 matrices of similarity coefficients, one for 0 and 

for (]). The coefficients were calculated by summing the square of the percentage 

differences between the observed frequency in each 10° interval and then finally 

taking the square root of the sum obtained. The smaller the similarity coefficient (S.C) 

the greater the similarity between the two distributions (See Figs.2.17(a) & (b)).

2.1.6 (b) Multi dimensional Scaling

Secondly, given the two 19 by 19 matrices, the technique of multidimensional scaling 

(MDS) was then used to plot the relative similarities between the distributions. The 

2D graphs obtained are shown in Figs.2.17(a) & (b). Their aim is to show which 

points cluster together, and hence give a visual picture of which distributions are the 

most similar to each other.

The MDS calculations were performed using a program called PRAXES (R.A. 

Laskowski, UCL). This treats the 19 by 19 matrix of similarity scores as a matrix of 

distances between 19 objects. It forms a product moments matrix and calculates its 19
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eigenvalues and corresponding eigenvectors. The 19 eigenvalues, when normalised, 

give the coordinates of the 19 points in a 19 dimensional space. Only two of these 

dimensions can be plotted and the two selected are those corresponding to the two 

largest eigenvalues. The size of these eigenvalues, relative to the sizes of the 

remaining eigenvalues, gives an indication of how much of the information contained 

within the 19-dimensional object is visible in the 2-dimensional plot. The eigenvalues 

and their percentage contribution are given in Table 2.6.
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2.2 Result

2.2.1 General Observations

Before embarking on a discussion of / each arginine-atom distribution some general 

points have been highlighted.

• Table 2.2 lists the total number of atoms of each type in the dataset. In summary 

there are 77701 atoms of which 15044 (19%) are oxygens, 49082 (63%) are carbons, 

13122 (17%) nitrogens and 453 (0.5%) are sulphurs.

• It should be noted that not all of the 62 proteins in the dataset contain arginine but 

these 62 proteins represent the dataset chosen for general analysis in our laboratory, 

regarding interacting atom-atom, atom-sidechain and sidechain sidechain pairs. 

Interacting sidechain sidechain pairs have already been analysed using this dataset - 

the details of which have been published by Singh & Thornton, 1992. The proteins 

containing arginine have been indicated with an asterisk in Table 2.3.

• Comparing the observed ^  distributions to that expected revealed that there are very

few atoms at the distal end of the arginine (the N H l and NH2 atoms occur here) - 

thus reflecting the exposure of these atoms to solvent. The <|) distribution of all the 

atom types in Fig.2.2 reinforces this observation.

• Plotting the residue separation against frequency shows that the majority of the

interacting atom-sidechain pairs are local in sequence (See Fig.2.3)
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Fig.2.3 Residue separation plot of
all atom-sidechain pairs

For these graphs the x-axis represents the (j) angle and residue separation respectively, 
whilst the y-axis represents the frequency.
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The following sections describe contact preferences (Section 2.2.2) and the packing 

arrangements of the different types of oxygens, carbons, nitrogens and sulphurs around 

the arginine sidechain (Section 2.2.3). The atom types are grouped according to the 

similarities observed in their distributions.

2.2.2 Contact Preferences {Refer to Table 2.4)

There are 307 arginines in the dataset, forming a total of 5731 arginine-atom 

interactions. Of these 25% were rejected using the criteria stated in the Methods 

section, leaving 4293 interactions for analysis. 1,016 of these interactions are due to 

the oxygens (24%), 2,847 due to carbons (66%), 404 due to nitrogens (9%) and 26 

due to|sulphurs(0 .6%).

Table 2.4 gives the ratios of the number of observed interactions to those expected for 

a random distribution. It can be seen from Table 2.4 that the ratios are strikingly 

different for the carbons, nitrogens, sulphurs and oxygens. Oxygens have a strong 

preference for interacting with arginine (N̂ b/Nĝ p̂ =1.43) - this preference is 

particularly strong for the charged oxygens (-0  ) for which Nĝ g/Nĝ p = 2.30, whereas 

for uncharged oxygens^ the carbonyl oxygens (=0) and hydroxyl oxygens (-OH ) have 

values of 1.34 and 1.01. Interestingly, backbone oxygens (=0B) have the propensity 

that one would expect by chance despite the large number of examples.

Overall the carbons are indifferent (N^y/Ng^p = 1.16) to interaction with arginine. There 

are however two exceptions. Firstly the distributions of the carbonyl carbons (=CP-) 

from the aspartic acid (D), asparagine (N), glutamic acid (E) and glutamine (Q), are 

dominated by the oxygens to which they are attached (see Sections 2.2.3), and hence 

they show a high propensity to interact with arginine. Secondly, the aromatic carbons 

(both =CA and =CHA carbons) also show a significant preference to interact with the 

guanidinium. The N^y/Ng^p values are 1.62 and 1.26 =CHA and =CA atoms 

respectively. The tendency for the favourable interactions between aromatic and 

arginine groups has been noted previously by Warme & Morgan (1978a).
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As for the nitrogens and sulphur atoms, there were judged to be an insufficient 

number of these atom types to make any definite conclusions. However as expected 

the positively charged amino nitrogens (-NH3) has fewer interactions with arginine 

than expected, as do the backbone nitrogens (>NHB) - this probably reflects steric 

hindrance. Both amide nitrogens (-NH2) and aromatic nitrogen (>NH) interactions are 

observed slightly more than expected (1.27 and 1.11 respectively). For the amide NH2 

(-NH2) atoms the high propensity probably reflects the proximity of the oxygens of 

Asn and Gin during the refinement of the structure. There may also be a few examples 

where the carbonyl oxygens (=0) and aromatic nitrogens (>NH) have been 

erroneously interchanged as they cannot be distinguished in the electron density.
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Table 2.4: Contact Preferences for Arginine-Atom Interactions

Atomic Type Nob, N.XP Nob/Nn, Nob/N«p for 
the different 

elements'

Hydroxyl Oxygen (-0H) 115 106 1.08 1.43

Carboxyl Oxygen (-O') 271 118 2.30

Carbonyl Oxygen (=0) 59 44 1.34

Backbone Oxygen (=03) 571 564 1.01

Carbonyl Carbon (=CP-) 208 103 2.02 1.16

Backbone Carbon (=CB) 439 564 0.78

Apolar Carbon (CHjA) 228 234 0.97

Neutral Carbon (CHjN) 141 120 1.18

Polar Carbon (CH^P) 271 276 0.98

Aromatic Carbon 
(=CA)

137 109 1.26

Aromatic Carbon 
(=CHA)

446 276 1.62

Carbon CH3 (-CHj) 350 317 1.10

Aliphatic CH (>CH-) 120 149 0.81

Backbone C-alpha (>CHB) 507 564 0.90

Aromatic Nitrogen (>NH) 59 53 1.11 0.89

Amide Nitrogen (-NH%) 56 44 1.27

Amino Nitrogen (-NH3) 47 64 0.73

Backbone Nitrogen (>NHB) 242 564 0.43

Sulphurs (>S) 26 25 1.04 1.04

Nob, = No. of interactions of each atomic type. These numbers reject those not fulfilling certain criteria (See Methods Section). 
N„p = Expected no. of interactions 
Calculated from:

Total numier of each atom type of N
Total number e dataset "

(2.4)

1911
e.g N of Hydroxyl Oxygens =--------x4293=106

77701

These values are calculated from averaging the Nobs/Nexp of the constituent atoms types of the given element.
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2.2.3 The Three-Dimensional Arrangement of the Different Atom- 

Types Around Arginine
The table and figures referred to in this section are given on pages 62-71.

2.2.3.1 Oxygens

2.2.3.1 (a) R Values

The carboxyl oxygens (-O') favour an interatomic separation distance (R) of 2.8Â 

(Fig.2.4(b)) from the reference arginine group as indicated by the single prominent
I

peak in the plot of the normalized frequency versus R distribution |(Fig.2.4(b)). In 

contrast, fairly broad R distributions ranging from 2.8 to 4.0Â are observed for the 

other oxygen types (Fig.2.4(a,c,d)). These plots indicate that the carboxyl oxygens 

(-O'), for the most part, solely form hydrogen bond contacts with the atoms of the 

arginine whilst the other oxygen atom types form both hydrogen bonds and van der 

Waals interactions with the arginine. A total of 67% of carboxyl oxygens are found 

at separation distances of less than 3.2Â from an arginine atom compared to 43% of 

all other oxygen types.

2.2.3.1 (b) 0 Values

The oxygen atom types have non-random 0 distributions as indicated by the low p 

values in 'Table 2.5 With the exception of the carbonyl oxygens (=0), the oxygens 

exhibit a preference to lie in the plane of the guanidinium group ( 0 = 0-20°). As 

deduced from the R plots all four oxygen types engage in hydrogen bonding 

interactions with the arginine atoms, and the preference for the coplanar atom- 

sidechain arrangement is probably a reflection of the geometrical constraints of such 

interactions. It is interesting to note that the carbonyl oxygens (=0) are the only 

oxygen type not confined to the plane. This may be an artifact of the small number 

of examples of this atom type. It was also deduced from the R plots that three out of 

the four oxygen types engage in van der Waals interactions with the arginine atoms, 

the 0 plots however indicate that the hydrogen bonding interactions are more common 

than the van der Waals interactions - see Figures 2.5(a)-(d).
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2.2.3.1 (c) (|) Values

Inspection of the (|) distribution reveals that all oxygen types tend to cluster in certain 

preferred regions. Firstly, for the carboxyl oxygens (-0  ) inspection of their c|) profiles 

(Fig.2.6(b)) together with the corresponding contour plot (Fig.2.13) reveal that these 

atom types cluster in three regions around the arginine sidechain. The smaller of these 

regions is where an oxygen might form hydrogen bonds with the N H l and NH2 atoms 

of the arginine The two larger groupings are on either side of the CD atom of

the arginine (corresponding to (|)~+300° & +60°). In contrast, the carbonyl and 

hydroxyl oxygens (= 0  & -OH) are less clustered in ^  space but do show a slight 

preference for the (|)= +60° region (Figs.2.6(b),(c)). It is thought that there are two 

main influences causing the -OH atoms to pack in that region. The first is the 

inclination for the apolar aromatic group to which the -OH is bound in the tyrosine 

(73% of the interactions involve tyrosine) to interact with the ‘apolar tail end of the 

rigid group’ (the tail end is attached to the CD atom). The second is the inclination 

of the -OH to participate in hydrogen bonding; hence the necessity to be close to the 

NH2 atom. As for the (j) space occupied by the carbonyl oxygens (=0) - this probably 

occurs as a result of these atoms types being excluded from other (|) regions as other 

atoms types can form more favourable interactions with the arginine in those regions. 

The (|) distribution for the backbone oxygens (=0B) is strikingly different with a large 

peak centred around (|)=0°, which falls off sharply as the value of (|) increases. This 

may be a consequence of the rigid nature of the protein backbone of which these 

atoms are a part and the local nature of these arginine-atom interactions (See Fig. 

2 .6 (d)).

2.2.3.2 Carbons

2.2.3.2 (a) R Values

The arginine-carbon interactions can be divided into three groups on the basis of their 

R plots. The first group consists of carbon atoms which participate in mainly van der 

Waals type interactions with the atoms of the sidechain of arginine. This group
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contains the methyl carbons (-CH3), carbonyl carbons (=CP-) and both types of 

aromatic carbons (=CA & =CHA) - See Figs.2.7(a)-(d). The R plots of these carbon 

atoms have bell-shaped profiles. The bell-shaped profile pertaining to the carbonyl 

cubons is reminiscent of the R plot of the carboxyl oxygens to which 73% of these 

carbons are attached to.

The second group comprises those carbons which pack at distances longer than those 

expected for a van der Waals contact. These include the carbon types aliphatic, 

backbone and backbone C a  carbons (>CH-, =CB and >CHB) (Figs.2.7(e)-(g)). All of 

these carbon types are comparatively inaccessible because of their substituents and 

therefore unable to form good contacts. The third group contains the polar, apolar and 

neutral carbon types (CH2P, CH2A & CH2N). These carbon types form a large 

proportion of very close interactions at separation distances less than the van der 

Waals contact distance (Figs.2.7(h)-(j)). This is quite a surprising result, but a possible

explanation for this may be that the van der Waals radii obtained from Richards
I  those

(1974) are for extended carbon atoms so they do not accurately reflect the radii 

of these atoms. A common theme of the R plots of the atoms in the second and third 

groups is the broadness of their distributions which range in value from 3.0Â and 

4.8Â.

2.2.3.2 (b) 0 Values

On the basis of the 0 plots and the values we can divide the carbons into three 

groups:

• Carbons which prefer to lie in the plane of the guanidinium {e.g. carbonyl and 

backbone carbons or =CP- & =CB) - see Fig.2.8(a & b).

• Carbons which display a random 0 distribution. These are the backbone C a, neutral 

and polar carbons (=CB, CH2N & CH2P) - see figs.2.8(b, c & e).

• Carbons which prefer to stack over the plane of the guanidinium. These include 

apolar (CH2A), aromatic carbons (both =CA & =CHA), carbon CH3 (-CH3) and 

aliphatic CH (>CH-) carbons. (Figs.2.8(e-i)). Fig.2.14 is a contour plot showing the 

arg-aromatic carbon distribution.

59



Atomic Environments of Arginine Sidechains Within Proteins

The most likely reasons ’ why the aromatic carbons distribute themselves as they do 

are discussed in Chapter 4, Section 4.4.4. The unexpected 0 distributions of the ‘other 

carbons in this last grouping’, however, is not very easy to explain. It may be the 

case that these carbon types are excluded from other regions as a result of more 

favourable interactions formed between the other atom types and the arginine in those 

regions.

2.2.3.2 (c) (|) Values

The carbons can also be divided into three groups on the basis of their ^  profiles.

• The first group comprises the carbonyl and backbone carbons (=CP- & =CB). The 

(j) profiles of these atoms are very similar to those of the oxygens to which they are 

covalently attached. These oxygens are involved in hydrogen bonding interactions with 

the arginine (Figs.2.9(a,b)).

• The second group consists of aromatic carbons and those carbon atoms not a part 

of polar sidechains. These include the aromatic (=CA & =CHA), aliphatic CH atoms 

(>CH-), carbon CH3 (-CH3) and apolar (CH2A) carbons. Their (j) profiles are 

characterized by the peaks in the 0° to 90° range and the 340° to 360° range. The (j) 

profiles of these atoms can be described as random because although we see peaks in 

two angular ranges, the presence of the CD atom in the arginine sidechain means that 

the (|) distribution will be biased with a greater number of examples expected in the 

(|) =0° to 90° range (Fig.2.9(c)-(g)).

• The third group comprises the atoms which adopt an even (|) distribution. These 

include the polar, neutral and backbone C a  atoms (CH2P, CH2N & >CHB). As one 

would expect the (j) distribution to be biased in the (])=0° to 90° range, it can be said 

that this region is not popular for these atoms. These atoms are probably constrained 

as they are within polar sidechains which are involved in hydrogen bonding 

(Figs.2.9(h-j)).

2.2.3.3 Nitrogens and Sulphurs

Discussions of the R, 0 and (]> plots for the nitrogens and sulphurs are presented here
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for completeness, though with the exception of the backbone nitrogens (>NHB), there 

are comparatively few . of these atom types.

2.2.3 3 (a) R Values
The only type of nitrogen to form any favourable contacts with the arginine sidechain 

is the aromatic nitrogen (>NH). This adopts a bell-shaped profile around the van der 

Waals region. The backbone nitrogens (>NHB) and the amide nitrogens (-NH3) do not 

show any preference for forming contacts at distances shorter than the van der Waals 

contact, but exhibit R profiles which are somewhat shifted towards the right of the van 

der Waals region. This is to be expected as a positively charged amino nitrogen 

(-NH3) would be expected to be repelled by the positively charged guanidinium. The 

amide nitrogen (-NH2) shows a peak around a conventional hydrogen bonding 

distance of 2.8Â. This result suggests that the amide nitrogens (-NH2) may have been 

wrongly modelled into the electron density of the oxygens as arginine cannot act as 

a hydrogen bond acceptor. The sulphurs (>S) were judged to be in van der Waals 

contacts with the arginine atoms (Figs.2. lO(a-e)).

2.2.3.3 (b) 0 values

As there are very few examples of interactions involving the nitrogen and sulphur 

atoms we shall class them as having random 0 profiles as indicated in the plots until 

more data becomes available to clarify the situation (Figs.2. ll(a-e)).

2.2.3.3 (c) (|) values

In general these atom types have similar ^  profiles with an excess of atoms in the (|) 

range 0° to 90°. The backbone nitrogens (>NHB) have a (|) distribution that is similar 

to that of the backbone oxygens (=OB). The sulphur atoms (>S), on the other hand, 

do seem to cluster in the ‘elbow’ of the arginine, ((|)= +200°) which may reflect the 

‘shortness’ of the cysteine sidechain (which participates in 67% of the interactions) 

but more data is needed (Figs.2.12(a-e)).
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Table 2.5: Results of Analysis of the 6  distributions

ATOMIC TYPE Degrees of 
Freedom

Probability 
of a 

Random 6  

Distribution
(P)

Hydroxyl Oxygen (-0H) 24.0 6 <0 .1 %

Carboxyl Oxygen (-O') 109.1 6 <0 . 1 %

Carbonyl Oxygen (=0) 9.5 4 -5%

Backbone Oxygen (=0B) 32.0 8 <0 . 1 %

Carbonyl Carbon (=CP-) 89.5 7 <0 .1 %

Backbone Carbon (=CB) 14.2 7 2.5%<p<5%

Apolar Carbon (CHjA) 45.2 8 <0 . 1 %

Neutral Carbon (CHjN) 10.4 7 10%<p<50%

Polar Carbon (CHjP) 5.9 8 50%<p<90%

Aromatic Carbons (=CA) 36.6 7 <0 .1 %

Aromatic Carbons (=CHA) 77.8 8 <0 .1 %

Carbon CH3 (-CH3 ) 39.5 8 <0 .1 %

Aliphatic CH (>CH-) 31.8 8 <0 . 1 %

Backbone Ca (>CHB) 3.7 7 50%<p<90%

Aromatic Nitrogen (>NH) 4.4 5 10%<p<50%

Amide Nitrogen (-NHj) 1 1 . 8 4 l%<p<2.5%

Amino Nitrogen (-NH3 ) 4.6 4 10%<p<50%

Backbone Nitrogen (>NHB) 10.3 7 10%<p<50%

Sulphurs (>S) 1 . 2 2 50%<p<95%
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Fig.2.4 R Plots of the Oxygen Atom Types Around Arginine
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For Figs.2.4(a)-(d) the horizontal and vertical axes represent the interatomic separation distance (R) in Â and normalized frequency respectively, f  represents 
the van der Waals contact distance - calculated from summing the van der Waalyadii of the given atom + 2Â, assuming the arginine atoms have^ van der WaalS 
radii of 2Â. For Figs.2.5(a)-(d) the horizontal and vertical axes represent the 0 angle in degrees and frequency respectively, “represents the expected 0 frequency.
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Fig 2.6 ()) Plots of the Oxygen Atom Types Around Arginine
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For Figs.2.6(a)-(d) the horizontal and vertical axes represent the (j) angle in degrees and frequency respectively, “represents the expected  ̂ frequency.
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Fig.2.7 R Plots of Carbon Atom Types Around Arginine
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For Fig.2.7 the horizontal and vertical axes represent tke interatomic separation distance (R) in A  and normalized frequency respectively. T represents the van der Waals contact distance 
- calculated from summing the van der Waal radii of the given atom + 2À, assuming the arginine atoms have van der Waal radii of 2Â.
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Fig.2.8 0 Plots of the Carbon Atom Types Around Arginine
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For Fig.2.8 the horizontal and vertical axes represent the 0 angle in degrees and frequency respectively, “represents the expected 0 frequency.
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Fig.2.9 (|) Plots of the Carbon Atom Types Around Arginine
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For Fig.2.9 the horizontal and vertical axes represent the <j> angle in degrees and frequency respectively. ° represents the expected (|) frequency.
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Fig.2.10 R plots of the Nitrogen and Sulphur Atoms Around Arginine
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For Fig.2 . 1 0  the horizontal and vertical axes represent the interatomic separation distance (R) in Â and normalized frequency respectively. T represents the van der Waals contacts 
distance - calculated from summing the van der Waal radii of the given atom + 2Â, assuming the arginine atoms have van der Waal radii of 2Â. . For Fig.2.11 the horizontal and 
vertical axes represent the 0  angle in degrees and frequency respectively. ® represents the expected 0  frequency.
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Fig 2.12 (}) Plots of the Nitrogen and Sulphur Atoms Around Arginine
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For Fig.2.12 the horizontal and vertical axes represent the (j) angle in degrees and frequency respectively. ° represents the expected (f) frequency.
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Fig.2.13 Contour plot of Carboxyl Oxygens Around Arg. Fig.2.14 Contour plot of Aromatic Carbons (CHA) around
The projections of the contours can be seen in the x-y, 
y-z & x-z planes.

Arg. The projections of contours can be seen in the x-y, 
y-z & x-z planes.

70



C a rb o x y l O x y g e n H y d r o x y l O x y g e n C a rb o n y l O x y g e n B a c k b o n e  O x y g e n C a rb o x y l O x y g e n H y d r o x y l O x y g e n C a rb o n y l O x y g e n B a c k b o n e  O x y g e n

# # . ' \ i /  • • •
• '  ' . > ' # • Î-A Î -I' • . V » . •.•* •

C a rb o n y l C arb on B a c k b o n e  C arb on A p o la r  C arb on N eu tra l C arbon C a rb o n y l C arbon B a c k b o n e  C arbon A p o la r  C arb on N eu tra l C arbon

.-V K '''- T # # . / f C : ' -  . •• X V x r r : " : ' ' :  

•• ■ ■

P olar C arbon A ro m a tic  C arb on A ro m a tic  C arbon M e th y l C arbon P olar C arbon A ro m a tic  C arb on A ro m a tic  C arbon M e th y l C arbon

# ■ - M  y - .  • .

=C A = C H A

m
=C A = C H A

' #

A lip h a b c  C arbon B a c k b o n e  C -A lp h a A ro m a tic  N itro g en A m id e  N itro g en A lip h a t ic  C arbon B a c k b o n e  C -a lp h a A ro m a tic  N itro g en A m id e  N itr o g e n

# • •. Î *

■ ' . ■ y '  '■■■

V ' - ' - - . 7 7 : ' . . ' : ' ' ' W â f '

A m in o  N itro g en

H .'.y

B a c k b o n e  N itro g en S u lp h u rs A m in o  N itro g e n B a c k b o n e  N itro g e n  # S u lp h u r

Fig. 2.15 Scatterplots of the Arg-atom distributions (orthogonal views).
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2.2.4 MDS Analyses for the 0 and (|) distributions
The two plots corresponding to the MDS analysis of the 0 and ^  distributions are 

given in Figs.2.16(a) & (b) respectively. The associated eigenvalues for these plots are 

given in Table 2.6 - of which the first two axes have been plotted for both the 0 and 

(|) distributions. These axes account for -75%  and -46%  of the variance in the 0 and 

(|) plots respectively. The ‘similarity matrices’ which were used to ‘derive’ the plots 

are given in Figs.2.17(a) & (b). The range of similarity coefficients for the 

distributions pertaining to the 0 and (|) data are 3.4-38.6 and 6.8-29.2 respectively. 

Further comments on the significance of the variances and similarity matrices have 

been reserved for Chapter 3, Section 3.1.4(c). Here the discussion will be based on the 

‘MDS plots’ only.

2.2.4 (a) Groupings of the MDS Plots

The two plots are shown in Figs. 2.16(a) & (b). Each point on the graphs represents 

a 0/(|) distribution of a particular atom type around the arginine sidechain. The points 

on these graphs were clustered, somewhat arbitrarily on the basis of their proximity 

to give 5 (labelled 1-5) and 3 (labelled 1-3) groups for the 0 and ^  data respectively. 

With regards to the 0 data the constituent atoms within each groupings are as follows :- 

Group 1 consists of the carbonyl carbons and carboxyl oxygens (=CP- & O'); 

Group 2 consists of the backbone oxygens, backbone carbons and polar carbons 

(=0B, =CB & CH2P);

Group 3 consists of the neutral, backbone C a, aliphatic CH, carbon CH3 and aromatic 

carbons (=CA) as well as the backbone nitrogens (CH2N, >CHB, >CH-, -CH3, =CA 

& >NHB);

Group 4 consists of the aromatic (=CHA) and apolar carbons (=CHA & CH2A); & 

Group 5 consists of the aromatic, amide and amino nitrogens as well as the sulphur 

and hydroxyl oxygens (>NH, -NH2, -NH3, >S & -OH).

The hydroxyl and carbonyl oxygens do not fall in any of the groupings ( OH & =0). 

Alternatively groups 2 and 3 can be treated as a single group.

As for the (j) groupings, group 1 comprises the carbonyl carbons and carboxyl oxygens
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(=CP- and O'); group 2 comprises the aromatic and backbone nitrogens, hydroxyl and 

backbone oxygens, and the polar, backbone, backbone C a, neutral, aliphatic CH, 

carbon CH3, apolar and aromatic carbons (>NH, >NHB, -OH, =OB, CH2P, =CB, 

>CHB, CH2N, >CH-, -CH3, CH2A, =CA & =CHA); and group 3 comprises the amide 

nitrogens and carbonyl oxygens (-NH2 & =0). The amino nitrogens and sulphurs 

(-NH3 & >S) were not found in any of the three groupings.

2.2.4 (b) Physical Significance

The 0 groupings show that the oxygens and those carbons which are covalently

attached to them occupy different 0 regions compared to carbon atoms in general (i.e.

the carbonyl carbons (=CP-) and carboxyl oxygens (-0  ) are in one group, the

backbone carbons (=CB) and backbone oxygens (=0B) are in another and the

remaining carbons, with the exception of the polar carbons CH2P, divided amongst

two other groups). Conclusions drawn from both histograms pertaining to the

0 data and the results of the analysis are that the =CP-, -O', =CB and =0B  atoms

have different 0 packing preferences to the carbon atoms in general. What is also
for

interesting is that those atom typesKwhich there were an insufficient

number (i.e. the >NH, -NH2, -NH3 and S atoms) to draw definite conclusions about 

their packing preferences around arginine fall into a single group (group 5).

The conclusions already drawn from the histogram and analysis seem to be in 

general agreement with the inference made from these groupings.

The MDS plot corresponding to the c|) distributions shows that the carbonyl carbons 

(=CP-) and carboxyl oxygens (-0  ) have similar (|) distributions as do the carbonyl 

oxygens (=0) and amide nitrogens (-NH2). This is reasonable on the basis of 

histogram data and the scatterplots. The remaining points representing the various 

arginine-atom distributions are relatively close to each other (group 2), 

hence it can be inferred that the <|) distributions of these atom types are broadly 

similar. Thus the MDS plots broadly confirm our visual analysis of the distributions, 

indicating the importance of charged and polar interactions and the influence of 

covalent polar neighbours on some atom types.

73



Atomic Environments o f Arginine Sidechains Within Proteins

Table 2.6: Results of Multi dimensional Sealing of arginine-Atom
Distributions

Axis 0

Eigenvalue

0  % 
Variance

4)
Eigenvalue

(j) % 
Variance

1 2168.9 59.2 649.4 30.0

2 574.3 15.7 337.4 15.6

3 470.5 1 2 . 8 256.8 1 1 . 8

4 166.5 4.5 177.3 8 . 2

5 126.8 3.5 147.4 6 . 8

6 81.7 2 . 2 127.6 5.9

7 52.3 1.4 113.7 5.2

8 15.8 0.4 95.2 4.4

9 2 . 8 0 . 1 59.2 2.7

10 2 . 2 0 . 1 48.3 2 . 2

11 1 . 8 0 . 1 42.5 2 . 0

12 0.9 - 0 . 0 28.9 1.3

13 0 . 2 - 0 . 0 25.0 1 . 1

14 -0 . 0
* 19.6 0.9

15 -0.3 * 14.8 0.7

16 - 1 . 2
*

1 0 . 0 0.5

17 -1.4 * 8.7 0.4

18 - 1 . 6
* 5.5 0.3

19 -2.3 *
0 . 0 0

* An eigenvalue of zero or less has no meaning.

For the 0 values, there are 13 positive eigenvalues. Of these the first accounts for 59.2% of the variance 
and the second accounts for 15.7% of the variance. As the first two axes (axes 1 and 2) are plotted, it 
can be said that the MDS plot provides us with ~75% of the information about the 0 distributions. 
Likewise plotting the first two axes of the ‘(}) data’ provides us with -46% of the information.
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Fig. 2.16(a) MDS Distribution of Arg-0
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Fig.2.16(b) MDS Distribution of Arg-({)

Please note that the symbols used to denote the atom types in these and the following figures (Figs.2.16(a,b) & 
2.17(a,b)) are not the same as those defined ;n Table 2.2. It should be self-evident how the symbols here are 
related to those in Table 2.2.

75



CH2P CA CH2A CB CH CH3 CHA CHB CH2N CP NH NH2 NH3 NHB 0 - 0 OB OH s
CH2P ' 0 ,, 00 15 . 90 17 . 00 6 . 20 16 ,. 90 13 . 50 14 . 70 5 ,, 70 8 ,, 10 23 ., 10 13 ,, 60 20 . 40 14 . 80 9. , 60 23 ., 00 16 ., 50 7 ,, 40 16 ,, 40 11 . 40

CA ' 15 ,, 90 0 . 00 14 . 00 1 9 . 40 13 ,. 20 11 . 40 10 . 10 13 ,. 90 18 ,. 20 33 ,, 50 12 ,. 70 2 5 . 60 26 . 40 14 .. 70 34 ., 9 0 18 . , 9 0 21 ,. 7 0 27 ., 20 18 ,. 4 0
CH2A ' 17 ,, 00 14 . 00 0 . 00 2 0 . 40 16 . 10 9 . 80 6 . 90 14 . 10 18 ,, 90 38 ,. 00 15. . 60 31 . 00 22 . 90 12 ,. 40 38 ,, 6 0 25 ,, 30 22 . 3 0 30 ,. 0 0 20 ,. 10
CB ' 6 ,, 2 0 19 . 40 20 . 40 0 . 00 19 . 40 15 . 40 18 . 30 8 . 50 10 . 20 20 , 1 0 15 . 2 0 20 . 10 11 . 70 13 ,, 60 19 ,. 00 17 ,, 40 3 . 4 0 14 ,, 60 9 . 8 0

CH ' 1 6 . , 90 13 . 20 16 . 10 19 . 40 0. . 00 9 . 00 10 . 70 13 ,. 40 18 ,. 60 34 ., 90 13 ,, 60 2 7 . 70 25 . 60 13 .. 80 34 ., 90 1 7 . , 20 20 ,, 5 0 25 ,, 20 20 ,, 7 0
CH3 ' 13 ., 5 0 11 . 40 9 . 80 1 5 . 40 9 ,. 00 0 . 00 6 . 90 9 ,. 10 15 , , 30 33 ,, 00 12 ,. 10 27 . 40 2 0 . 70 10 , . 00 33 ., 00 18 ., 0 0 17 . 5 0 25 ,, 10 16 ,, 70
CHA ' 14 ,. 7 0 10 . 10 6 . 90 18 . 30 10, , 70 6 . 90 0 . 00 11 ,. 7 0 16 . 40 35, . 40 11 . 40 . 2 8 . 10 22 . 20 11 ,. 1 0 36 , , 10 21 ,. 8 0 20 . 0 0 26 ,, 20 17 . 7 0

CHS ' 5, . 7 0 13 . 90 14 . 1 01 8 . 50 13 . 40 9 . 10 11 . 70 0 . 0 0 8 . 7 0 27 . 0 0 13 . 6 0 24 . 10 17 . 00 5 . 6 0 26 . 5 0 14 ,. 70 10 . 6 0 19 , . 9 0 13 . 9 0
CH2N ' 8 . 1 0 18 . 20 18 . 90 1 0 . 20 18 . 6 0 1 5 . 30 16 . 40 8 . 7 0 0 . 00 24 ,. 90 17 . 6 0 27 . 20 17 . 80 11 . 9 0 24, . 7 0 17 . 7 0 11 . 2 0 20 . 00 14 . 3 0
CP ' 23 . 1 0 33 . 50 38 . 00 20 . 10 34 . 9 0 33 . 00 35 . 40 27 . 0 0 24 . 90 0 . 00 30 . 00 21 . 30 23 . 90 31 . 6 0 6 . 6 0 26 . 6 0 18 . 8 0 15 . 80 21 . 9 0

NH ' 13 . 6 0 12 . 70 15 . 60 1 5 . 20 13 . 6 0 12 . 10 11 . 40 13 . 6 0 17 . 6 0 30 . 0 0 0 . 0 0 19 . 90 17 . 80 16 . 5 0 30 . 8 0 23 . 2 0 16 . 3 0 20 . 1 0 10 . 8 0
HH2 ' 20 . 4 0 25 , 60 31 . 00 2 0 . 10 27 . 7 0 27 . 40 28 . 10 24 . 1 0 27 . 2 0 21 . 3 0 19 . 9 0 0 . 00 23 . 00 27 . 5 0 23 . 1 0 26 . 9 0 19 . 5 0 16 . 1 0 18 . 7 0
NH3 ' 14 . 8 0 26 . 40 22 . 90 1 1 . 70 25 . 6 0 20 . 70 22 . 20 17 . 0 0 17 . 80 23 . 90 17 . 8 0 23 . 00 0 . 00 20 . 6 0 22 . 9 0 28 . 2 0 10 . 8 0 16 . 1 0 11 . 3 0

NHB ' 9 . 6 0 14 . 70 12 . 40 13 . 60 13 . 8 0 10 . 00 11 . 10 5 . 6 0 11 . 9 0 31 . 6 0 16 . 5 0 27 . 50 2 0 . 60 0 . 0 0 31 . 1 0 16 . 4 0 15 . 2 0 24 . 0 0 18 . 7 0
0 -  ' 23 . 0 0 34 .. 90 38 . 60 1 9 . 00 34 . 9 0 33 . 00 36 . 10 26 . 5 0 24 . 70 6 . 6 0 30 . 8 0 23 . 10 22 . 90 31 . 1 0 0 . 0 0 26 . 2 0 17 . 5 0 16 . 30 22 . 7 0
0  ' 16 . 5 0 18 ., 90 25 . 30 17 , 40 17 . 2 0 18 . 00 2 1 . 80 14 . 7 0 17 . 70 26 . 6 0 23 . 2 0 26 . 90 28 . 20 16 . 4 0 26 . 2 0 0 . 0 0 18 . 8 0 23 . 7 0 23 . 7 0

OB ' 7 . 4 0 21 ., 70 22 . 30 3 . 40 20 . 5 0 17 . 50 2 0 . 00 10 . 6 0 11 . 20 18 . 80 16 . 3 0 19 . 50 10 . 80 15 . 2 0 17 . 5 0 18 . 8 0 0 . 0 0 12 . 2 0 10 . 6 0

OH ' 16 . 4 0 2 7 . , 20 30 . 00 14 . 60 25 . 2 0 2 5 . 10 26 ., 20 19 . 9 0 20 . 0 0 15 . 8 0 20 . 1 0 16 . 10 1 6 . 10 24 . 0 0 16 . 3 0 23 . 7 0 12 . 2 0 0 . 0 0 15 . 7 0
S ' 11 . 4 0 18 ,, 40 20 . 10 9 ., 80 20 . 7 0 16 . 70 17 ,, 70 13 . 9 0 14 . 3 0 21 . 9 0 10 . 8 0 18 ., 70 11 ., 30 18 . 7 0 22 . 7 0 23 . 7 0 10 . 6 0 15 . 70 0 . 0 0

Fig.2.17(a) Similarity Coefficent (S.C) Matrix of the Arg-0 Distribution

CH2P c A CH2A CB CH CH3 CHA : hb : h 2n CP NH NH2 NH3 NHB 0 0 OB OH S
' CH2P ' 0 . 0 0 12 . 7 0 9 . 2 0 11 . 0 0 13 . 2 0 9 . 8 0 12 . 6 0 8 . 6 0 12 . 4 0 13 . 2 0 15 . 4 0 18 . 5 0 18 . 4 0 10 . 9 0 10 . 2 0 16 . 3 0 11 . 80 11 . 7 0 25 . 5 0
' CA ' 12 . 7 0 0 . 0 0 10 . 7 0 11 . 0 0 10 . 0 0 7 . 9 0 7 . 8 0 9 . 01 12 . 01 15 . 6 0 15 . 0 0 19 . 3 0 18 . 4 0 13 . 7 0 13 . 8 0 15 . 7 0 9 . 6 0 12 . 4 0 22 . 0 0
' CH2A ' 9 . 2 0 10 . 7 0 0 . 0 0 9 . 9 0 10 . 8 0 7 . 5 0 8 . 60 8 . 0 0 10 . 7 0 15 . 3 0 15 . 2 0 17 . 6 0 16 . 3 0 11 . 01 13 . 8 0 16 . 01 8 . 2 0 11 . 2 0 21 . 3 0
' CB ' 11 . 0 0 11 . 0 0 9 . 9 0 0 . 0 0 9 . 6 0 9 . 3 0 9 . 3 0 6 . 8 0 9 . 0 0 10 . 4 0 13 . 4 0 16 . 5 0 18 . 6 0 9 . 4 0 12 . 0 0 13 . 9 0 8 . 9 0 10 . 2 0 23 . 3 0
' CH ' 13 . 2 0 10 . 0 0 10 . 8 0 9 . 6 0 0 . 0 0 10 . 3 0 10 . 40 9 . 60 12 . 5 0 14 . 2 0 16 . 2 0 18 . 80 20 . 9 0 12 . 8 0 14 . 0 0 15 . 5 0 10 . 9 0 12 . 01 22 . 1 0
' CH3 ' 9 . 8 0 7 . 9 0 7 . 5 0 9 . 3 0 10 . 3 0 0 . 0 0 7 . 01 7 . 6 0 12 . 01 15 . 7 0 14 . 01 18 . 3 0 16 . 6 0 11 . 01 13 . 5 0 14 . 30 8 . 01 12 . 2 0 21 . 7 0
' CHA ' 12 . 6 0 7 . 8 0 8 . 6 0 9 . 3 0 10 . 4 0 7 . 01 0 . 00 8 . 60 10 . 01 16 . 5 0 13 . 8 0 15 . 7 0 16 . 7 0 11 . 7 0 15 . 9 0 14 . 01 8 . 4 0 11 . 70 19 . 9 0
' CHB ' 8 . 60 9 .01 8 . 0 0 6 . 80 9 . 6 0 7 . 6 0 8 . 6 0 0 . 00 8 . 80 12 . 40 12 . 9 0 17 . 20 18 . 2 0 7 . 8 0 10 . 9 0 13 . 2 0 9 . 30 10 . 6 0 23 . 20
' CH2N ' 12 . 4 0 12 . 01 10 . 7 0 9 . 0 0 12 . 5 0 12 . 01 10 .01 8 . 8 0 0 . 0 0 14 . 4 0 16 . 60 15 . 2 0 19 . 2 0 9 . 8 0 14 . 0 1 16 . 5 0 11 . 8 0 12 . 9 0 23 . 80
' CP ' 13 . 2 0 15 . 6 0 15 . 3 0 10 . 4 0 14 . 2 0 15 . 7 0 16 . 5 0 12 . 40 14 . 4 0 0 . 0 0 16 . 4 0 21 . 7 0 23 . 3 0 13 . 9 0 10 . 2 0 18 , 9 0 14 . 9 0 12 . 5 0 28 . 9 0
' NH ' 15 . 4 0 15 . 0 0 15 . 2 0 13 . 4 0 16 . 2 0 14 . 01 13 . 8 0 12 . 90 16 . 60 16 . 4 0 0 . 0 0 19 ,, 50 22 ,, 2 0 14 ,. 9 0 15 . 9 0 17 , , 50 15 . 9 0 14 . 7 0 27 . 30
' NH2 ' 18 . 5 0 19 . 3 0 17 . 6 0 16 . 5 0 18 . 8 0 18 . 3 0 15 . 7 0 17 ,, 20 15 . 20 21 . 7 0 19 . 5 0 0 , 00 22 ,, 9 0 18 ,. 0 0 21 . 6 0 16 ., 70 16 .01 17 . 0 0 24 . 0 0
' NH3 ' 18 . 4 0 18 . 4 0 16 . 3 0 18 . 60 20 . 9 0 16 . 6 0 16 . 7 0 18 ,. 20 19 . 2 0 23 . 3 0 22 . 2 0 22 ,. 90 0 ,, 00 18 ,. 5 0 22 . 5 0 23 ., 50 15 . 9 0 20 . 00 24 . 7 0
' NHB ' 10 . 9 0 13 . 7 0 11 . 01 9 . 4 0 12 . 8 0 11 . 0 1 11 . 7 0 7 ,. 80 9 . 80 13 . 90 14 . 9 0 18 ,. 00 18 ,, 50 0 ,. 0 0 13 . 7 0 15 .,01 12 . 80 14 . 4 0 24 . 40
' 0 - 10 . 2 0 13 . 8 0 13 . 8 0 12 . 0 0 14 . 0 0 13 . 5 0 15 . 9 0 10 ,, 90 14 . 01 10 . 2 0 15 . 9 0 21 ,, 60 22 ,. 5 0 13 ,. 7 0 0 . 0 0 19 ,, 00 14 . 0 0 12 . 5 0 29 . 2 0
' 0  ' 16 . 30 15 . 7 0 16 . 01 13 . 9 0 15 . 5 0 14 . 3 0 14 . 01 13 ,. 20 16 . 50 18 . 9 0 17 . 5 0 16 , 70 23 ,. 5 0 15 ,. 01 19 . 0 0 0. , 00 15 . 4 0 16 . 8 0 23 . 7 0
’ OB ' 11 . 80 9 . 60 8 . 2 0 8 . 9 0 10 . 9 0 8 . 0 1 8 . 4 0 9 ,. 30 11 . 80 14 . 9 0 15 . 9 0 16 ,. 01 15 ,. 9 0 12 ,. 80 14 . 0 0 1 5 . , 40 0 . 0 0 10 . 8 0 21 . 3 0
' OH ' 1 1 . 70 ;1 2 . 40 11 . 2 0 10 . 2 0 12 . 0 1 12 . 2 0 11 . 7 0 10, , 60 12, . 90 12 . 5 0 14 . 7 0 17 ,. 00 2 0 , . 00 14 ,. 40 12 . 5 0 16 ,, 8 0 10 . 8 0 0 . 0 0 24 . 9 0

S ' 2 5 . 50 .22 . 00 21 . 3 0 23 . 3 0 22 . 0 1 21 . 7 0 19 . 9 0 23 ,, 20 23 .. 80 28 . 9 0 27 . 3 0 24 ., 00 24 ., 70 24 . . 40 29 . 2 0 23 ., 70 21 . 3 0 24 . 9 0 0.100

Fig.2.17(b) Similarity Coefficent (S.C) Matrix of the Arg-(|) Distribution
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2.3 Discussion
This analysis has provided the first detailed examination of the three-dimensional 

distribution of atoms around arginine sidechains within proteins. It has shown how 

different atom types have different packing preferences and from this data it has been 

possible to build up an overall picture of the atom packing around arginine. The 

observed distributions can be explained in terms of three main factors determining 

how the different atom types pack around arginine. These are:-

• The effect of various intermolecular forces such as electrostatic, hydrophobic and 

hydrogen bonding.

• The effect of covalently bonded neighbours.

• Volume occlusion.

2.3.1 Comparison with previous work
2.3.1 (a) Aromatic-Arginine Interactions

The various factors in play have been highlighted in the Results section.

The information obtained from these analyses shows a strong correlation with results 

obtained previously. For instance, aromatic-arginine interactions have been analysed 

before and the analysis of the packing has led to the suggestion that the weakly polar 

aromatic sidechains form favourable electrostatic interactions (Burley & Petsko, 1986; 

Singh & Thornton, 1990), Other hypotheses concerning aromatic-arginine interactions 

can be inferred from the results of theoretical studies involving interactions between 

small molecules containing aromatic rings and NH groups such as that between 

benzene and an ammonium ion (N H /). The theoretical calculations have suggested 

that the benzene ring acts as an electron donor in these systems to form 

unconventional hydrogen bonds with the ammonium ion (Deakyne & Meot-Ner, 1985; 

Cheney et al, 1988). The optimal position of the nitrogen in such molecules is 

calculated to be between 3.0 and 3.4Â above the ring centre (Levitt & Perutz, 1988). 

These hydrogen bonds are calculated to be primarily electrostatic in nature (Deakyne 

& Meot-Ner, 1985) with very little charge transfer involved. Hence it seems 

reasonable to suggest that unconventional hydrogen bonds are also involved in
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arginine-aromatic interactions. However, analysis of the structural information within 

the protein databank shows very few examples of this type of interaction (Singh & 

Thornton, 1990). In addition, analysis of the aromatic carbon distributions around the 

arginines described in this chapter shows that aromatic carbons avoid the edge of the 

arginine and stack on the face, which is contrary to what is expected for hydrogen 

bonding. This has been rationalised in terms of the relative strengths of conventional 

hydrogen bonds with respect to unconventional hydrogen bonds (Mitchell et al, 1993). 

Interestingly, a possible example of a putative unconventional hydrogen bond may be 

found in the recently solved X-ray structure of the v-Src SH2 domain complexed with 

tyrosine phosphorylated peptides (Waksman et al, 1992). In these structures it was 

found that an arginine sidechain is involved in two hydrogen bonds to the 

phosphorylated tyrosine, one to the phosphate group and an ‘unconventional hydrogen 

bond’ to the aromatic ring of the tyrosine. This ‘unconventional hydrogen bond’ raises 

the question of whether arginine is positioned as it is due to the presence of the 

phosphate group, or the aromatic moiety. Energy calculations are currently being 

performed in our laboratory to answer this question. However it is interesting to note 

that the terminal amino group of a nearby lysine also forms an unconventional 

hydrogen bond to the aromatic moiety of the tyrosine but in this instance hydrogen 

bonds are not formed to the phosphate group.

2.3.1 (b) Arginine-carboxyl oxygen interactions

The spatial arrangement of carboxyl oxygens (-O') around arginine has also been 

previously analysed (Singh et ah, 1987; Ippolito et al, 1991). The results of these and 

the analysis presented here all suggest that hydrogen bonding is the strong driving 

factor for this arginine-carboxyl oxygen interacting system.

Thus overall the results presented in this chapter are consistent with those obtained 

previously. Details of the work described in this chapter have been published - see 

Nandi et a l 1993.
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CHAPTER 3 

ATOMIC ENVIRONMENTS OF 

PHENYLALANINE SIDECHAINS WITHIN 

PROTEINS
3.0 Introduction
In this chapter the three-dimensional distributions of the 19 atomic types (as defined 

in Table 2.2, Chapter 2) around the sidechain of phenylalanine (Fig.3.1) will be 

examined. The methods used are as described in Chapter 2 which dealt with three- 

dimensional distributions around arginine sidechains.

The phenylalanine sidechain residue is made up of a hydrophobic aromatic moiety. 

It is generally found in the interior of protein regions along with other amino-acids 

having hydrophobic sidechains such as tryptophan and tyrosine, which are also made 

up of aromatic rings.

Warme & Morgan (1978a, 1978b), who performed the first analyses of 

propensities of interacting atom-sidechain pairs, found, much as expected, that the 

aromatic sidechains of phenylalanine, being nonpolar tend to associate with nonpolar 

atoms. Subsequent studies have focussed on the geometrical distributions of particular 

atoms and sidechains around phenylalanine (Thomas et al, 1982; Reid et al, 1985; 

Burley & Petsko, 1985; Singh & Thornton, 1985; Blundell et al, 1986; Burley & 

Petsko, 1986(a,b) 1988; Levitt & Perutz, 1988). These studies are briefly described in 

Table 3.1.

Similar studies of interacting aromatic groups on small molecules include work 

performed by Vedani & Dunitz (1984), Gould et a/.(1985) and Amidon et #7(1975). 

One of the more recent studies has been on water molecules around benzene (Suzuki 

et al, 1992).
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Table 3.1: Description of Previous Studies regarding Aromatic rings-(cont.d on page 80)

Year Comments

1982 
Thomas 

et al.

Analysed distribution of oxygen atoms around phenylalanine aromatic residues from 28 proteins. 
Found a preference for oxygens to lie in the plane of the aromatic ring. They showed that this 
position is favoured to that of oxygens being on top of the plane by -IKcal/mol.

1985 
Reid et 

al.

Described distribution of sulphur atoms of Met and Cys around the aromatic sidechains of Phe, 
Trp and Tyr from 36 high resolution proteins. There was a preference for atoms to lie in the 
plane of the ring.

1985 
Burley 

& Petsko

Analysed aromatic-aromatic interactions in 34 proteins. As well as examining geometries they 
found that -60% of aromatic residues interact with other aromatic residues of which 80% form 
networks with 3 or more interacting aromatic residues. The also found that 80% of the 
interactions stabilize tertiary structure as opposed to 2 0 % stabilizing quaternary structure and that 
conservation of aromatic residues in related molecules is striking.

1985
Singh

&
Thornton

Examined geometries of Phe-Phe interactions. Two sets of data were used. One set consisted of 
29 proteins which had resolution < 2.0Â and the second set comprised 62 proteins which were 
resolved to 3Â. A Phe-Phe was defined as interacting if the aromatic carbon carbon distances 
were less than or equal to 4.6Â. Three angles were used to define the geometry of the interaction 
0, <|) and P (interplanar angle)- see Fig.3.1. The overall distribution of P values is that expected 
for a random distribution. However, comparing the observed frequencies of P values for different 
0  ranges to that expected shows that the distribution is non-random.

1986 
Blundell 

et al.

An ‘afterthought’ to the paper of Burley & Petsko (1985), regarding aromatic-aromatic 
interactions. Although the analysis conducted by Burley & Petsko (1985) is very comprehensive 
and informative, Blundell et al. mentioned some extra points important to the type of geometrical 
analysis mentioned in the previous paper. They mention that it is important in geometrical 
analysis to calculate what would be expected on a random basis. Burley & Petsko had calculated 
the interplanar angle between interacting aromatic rings but had not considered how it would vary 
by chance. In fact, the random variation is the sine of the interplanar angle, so the distribution 
obtained by Burley & Petsko approximates a random one. Secondly, Blundell et al. said it is 
necessary to consider spherical polar angles R, 0 and <|) (as defined in Chapter 2 here) for such an 
analysis.

1986a 
Burley & 

Petsko

Studied interactions between aromatic sidechains within proteins by both geometric analysis and 
energy calculations. They found that these aromatic rings make enthalpically favourable edge-to- 
face interactions which bring a partially positively charged hydrogen atom of one aromatic ring 
near to the negatively charged electron cloud of the other aromatic ring.

1986b 
Burley & 

Petsko

Examined geometry of amino groups around aromatic sidechains Phe, Trp and Tyr in 33 proteins 
resolved to 2Â or better. It was suggested that positively charged amino groups make van der 
Waals contacts (3.4Â <R<6 Â) with the negatively charged n electron cloud and avoid the ring 
edge.
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Table 3.1 - ConLd

Year Comments

1988 Looked at amino-aromatic interactions from an energetic point o f view. Energy calculations
Levitt & showed that aromatic rings can engage in hydrogen bonds as hydrogen bond acceptors with the

Perutz amino group. This was deduced after plotting a graph o f energy o f interaction against distance of
the amino group from the centre of the ring. A minimum was found at 3.4Â. Interestingly in the 
analysis performed by Singh & Thornton (1990) and Burley & Petsko (1986b) examples o f these 
hydrogen bonding interactions were not found. The paper also says that there is no need to 
consider the delocalized electrons for this effect but the aromatic hydrogen bond arises from the 
small partial charges centred on the ring carbons and hydrogens. Carbons are partially negatively 
charged when bonded to hydrogen atoms.

1988
Burley

&
Petsko

Review which concentrates of the physical basis o f the interactions of atoms and sidechains with 
aromatic rings.

1990 Paper provides an overview o f the potential o f the program SIRIUS. It also describes an analysis
Singh which was carried out in order to see if hydrogen bonding interactions are common between the

& nitrogen atoms of Asn, Gin, His, Lys and Arg with aromatic rings o f Phe, Trp and Tyr. It was
Thornton found that there is a preference for the nitrogen atoms and aromatic rings to form van der Waals

contacts and for the nitrogen atoms to be above the plane of the aromatic ring.

cti Icoj

CB
CM

C02C£2

Fig.3.1 R, 0 and (}) angles around Phenylalanine. See
Fig.2.1, Chapter 2, for more explanations of R, 0 and



Atomic Environments o f Phenylalanine Sidechains

3.1 Results
3.1.1 General Observations

• All of the proteins in the dataset contain phenylalanine residues.

• A residue separation plot shows that the majority of interactions are local (see Fig. 

3.30.

• Comparing the observed ^  distribution with that expected (Fig.3.2) shows that this 

distribution is essentially random. This randomness reflects the buried nature of the 

phenylalanine sidechain as well as telling us that the different atom types can 

approach the sidechain from virtually any direction to interact with it. There is 

however a slight deviation to the random nature of the plot, in that more atoms are 

observed where (|)~0° and 360° and less where (|)~180°. The larger number of examples 

at (|)~0 ° is probably due to local interactions.

3 o a

X) 40 80 120 160 200 240 280 320 360
Fig.3.2‘All phenylalanine-(l) plot’

30oa

Fig.3.3. Residue separation of the all the
atoms in the phenylalanine-(|) distribution

For Fig. 3.2 the horizontal and vertical axes represent the (]) angle in degrees and frequency respectively. 
° represents the expected frequency.
For Fig.3.3 the horizontal and vertical axes represent the residue separation and frequency respectively.
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3.1.2 Contact Preferences (See Table 3.2)

There are 403 phenylalanines in the dataset forming a total of 11,814 interactions. 

32% of these interactions were rejected using the criteria stated in the Methods of 

Section 2.1, (Chapter 2) leaving 8,029 phenylalanine-atom interactions for analysis. 

Out of these 8,029 interactions 13.5% (1,086) are due to oxygens, 76.2% (6,121) due 

to carbons, 9.0% (721) due to nitrogens and 1.3% (101) to sulphurs.

The order of affinity of the atoms with respect to phenylalanine is as follows: 

sulphurs, carbons, nitrogens and oxygens - the average of the values of their

constituent atom types being 1.25, 0.78 and 0.62 respectively. Examination of the 

Nobs/Ngxp values of the individual atom types show that none of the oxygen atoms have 

a strong tendency to interact with the phenylalanine ring whilst the carbon and 

nitrogen atoms have different affinities according to the atom type - the affinities of 

the individual atom types will now be commented upon. The carbonyl (=CP) and 

backbone carbons (=CB) form fewer interactions with the phenylalanine ring than 

expected as do the oxygens to which they are attached. Those carbons in ‘apolar 

sidechains’ such as apolar carbons (CH2A), aromatic carbons (both =CA and =CHA 

atoms), aliphatic CH (>CH) and carbon CH3 (-CH3) make more contacts with the 

phenylalanine than expected - the carbon CH3 (-CH3) group making the highest 

number of contacts (N^y/Ng^p = 2.30). This is perhaps a reflection of the exposed 

nature of the -CH3 group. The neutral (CH2N), polar (CH2P) and backbone C a  

carbons (>CHB), on the other hand, seem to be almost indifferent to interaction with 

the phenylalanine sidechain.

As for the nitrogen and sulphur atoms there are almost twice as many sulphur- 

phenylalanine interactions than would be expected by chance; the backbone (>NHB) 

and amide nitrogens (-NH2) have a low preference to interact with the phenylalanine, 

whilst the aromatic (>NH) and the amino (-NH3) nitrogens can be described as 

indifferent to interaction with phenylalanine. However, there are relatively fewer 

examples of the aromatic nitrogens (>NH) atoms and therefore caution is required 

when such inferences are made.
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Table 3.2: Contact Preferences of Phenylalanine

ATOMIC TYPE Nexp Nobs Nobi/Nexp Nobs/Nexp for the different 
elements

Hydroxyl Oxygen ( OH) 197 135 0.69 0.62

Carboxyl Oxygen (-O') 2 2 1 1 1 0 0.50

Carbonyl Oxygen (=0) 82 45 0.55

Backbone Oxygen (=0B) 1054 796 0.76

Carbonyl Carbon (=CP-) 192 1 2 2 0.64 1.25

Backbone Carbon (=CB) 1054 722 0.69

Apolar Carbon (CHjA) 439 620 1.41

Neutral Carbon (CH2 N) 225 204 0.91

Polar Carbon (CHjP) 516 418 0.81

Aromatic Carbons (=CA) 204 268 1.29

Aromatic Carbons (=CHA) 515 1057 2.05

Carbon CHS (-CH3 ) 593 1361 2.30

Aliphatic CH (>CH-) 279 434 1.56

Backbone Ca (>CHB) 1054 915 0.87

Aromatic Nitrogens (>NH) 99 1 2 1 1 . 2 2 0.78

Amide Nitrogens (-NH;) 82 54 0 . 6 6

Amino Nitrogens (-NH3 ) 1 2 1 98 0.81

Backbone NHB (>NHB) 1054 448 0.43

Sulphurs (>S) 47 1 0 1 2.15 2.15
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3.1.3 Packing Arrangements of Atomic Types Around Phenylalanine
The Figs. referred to in the text are given on pages 89-96.

Table 3.3 referring to the probability of a random 0 distribution analysis) is given 

on page 88 .

3.1.3.1 Oxygens

3.1.3.1 (a) R Values

Figs. 3.4(a-d) show that the oxygens, that is, the hydroxyl, carboxyl, carbonyl oxygen 

and backbone oxygen types (-OH, O', = 0  & =OB), interact at separation distances 

greater than their van der Waals contacts. The backbone oxygens (=0B) and carbonyl 

oxygens (=0) exhibit a bell-shaped profiles with prominent peaks at 3.4Â and 3.5Â 

respectively - see Fig.3.4(c & d)).

3.1.3.1 (b) 6 Values

analysis (see Table 3.3) reveals that the oxygen atoms show non-random 0 

distributions. The backbone oxygens (=OB) show the greatest tendency for a non- 

random distribution, with the carboxyl oxygens (-O'), carbonyl oxygens (=0) and 

hydroxyl oxygens (-OH) following in that order. From the corresponding histograms 

(Figs.3.5(a-d)) and scatterplots (Figs.3.13 & 3.14), it can be deduced that the oxygens 

deviate from random by preferring to lie in the plane of the aromatic ring.

3.1.3.1 (c) (j) Values

With the exception of the backbone oxygens (=OB), the (j) plots show a fairly even 

spread of the oxygen atoms around phenylalanine (see Figs.3.6(a-d)). An excess of 

backbone oxygens (=0B) are found in the <[) ranges between 0°-30° and 330°-360°. 

The scatterplots (Figs.3.13) corresponding to these (|) distributions show that these 

atom types avoid the face of the phenylalanine ring.

3.1.3.1 (d) Rationale of the distribution of oxygens around phenylalanine

There are probably two competing forces involved in the phenylalanine-oxygen 

interactions. These are:- the repulsive forces between the partially negatively charged 

oxygens and the negatively charged n  electron clouds and the force of attraction 

between the oxygens and partially positively charged hydrogens. Of these two forces
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the effect of the repulsive force is greater. This is evident from the low contact 

preferences of these oxygen atoms {i.e. < 1) and the fact that the majority of

the oxygens interact with the phenylalanine at distances greater than would be 

expected for a van der Waals contact. The ‘slightly different’ pattern shown by the 

backbone oxygens in their R, 0 and ^  distributions is probably a reflection of the 

steric constraints in its backbone.

3.1.3.2 Carbons

3.1.3.2 (a) R Values

The carbons can be divided into 2 groups on the basis of their R profiles. The first 

group comprises those atoms which pack at distances longer than would be expected 

for a van der Waals contact (see Figs.3.7(a,b,c,d & h)). This group contains the 

carbonyl carbons, backbone carbons, aliphatic CH, aromatic CA and backbone C a  

carbons (=CP-, =CB, >CH-, =CA & >CHB). The carbonyl and backbone carbons 

(=CP- & =CB) probably pack at these separation distances because their position is 

probably somewhat influenced by the oxygens to which they are attached i.e. the 

carboxyl and backbone oxygens (-O' & =0B). This behaviour is similar to that of 

these carbons around the arginine sidechain. As for the aliphatic CH, backbone C a, 

aromatic =CA and backbone carbons (>CH-, >CHB, =CA & =CB) - these are 

relatively inaccessible in their sidechains and do not have the same flexibility as some 

other atom types.

The second group consists of the apolar, neutral, polar, aromatic =CHA and CH3 

carbons (CH2A, CH2N, CH2P, =CHA & -CH3) which have bell-shaped R profiles with 

prominent peaks at or very near the van der Waals contact distance, (see Figs.3.7(e-i)).

3.1.3.2 (b) 0 Values

The carbons can be divided into 3 groups on the basis of their 0 distributions. These 

are:-

• Those exhibiting a random distribution. This group consists of the aromatic CA, 

aromatic CHA, aliphatic CH3, carbonyl carbons, neutral carbons and backbone Ca. 

(=CA, =CHA, -CH3, =CP-, CH2N & >CHB) - see Figs.3.8(a-g).

• Those which prefer to lie in the plane. This group only consist of the backbone
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carbons (=CB). The backbone carbons may show an inclination to lie in the plane of 

the aromatic ring because of the steric constraints in the backbone (Fig.3.8(h)).

• Those which prefer to stack on top of the plane. This group consists of the polar 

carbons, apolar carbons and the aliphatic CH carbons (CH2P, CH2A & >CH-). With 

regards to the aliphatic CH carbons (>CH-), as they are relatively inaccessible in their 

sidechains, the only way in which they can form favourable contacts is if they are 

stacked above the phenylalanine ring, at which position the van der Waals contacts are 

maximized. It is unclear why the apolar and polar carbons pack as they do (see 

Figs.3.8(i-k)).

3.1.3.2 (c) (]) Values

With the exception of the backbone C a  and backbone carbons (>CHB & =CB) the 

carbon atom types all show a relatively even (|) distribution. For both backbone types 

there is an excess of atoms around the (j) = 0° and 360° region. This is due to 

backbone constraints. The corresponding scatterplots show that, in contrast to the 

oxygen atoms, carbons do not avoid the face of the ring and are seen to lie upon it.

3.1.3.3 Nitrogens and Sulphurs

3.1.3.3 (a) R Values

All the nitrogen atom types except for the amino nitrogens interact at distances greater 

than the van der Waals contacts. The amino nitrogens (-NH3) in contrast interact at 

distances less then the van der Waals contact. The sulphur atoms have a bell-shaped 

profile which interact near the van der Waals contact distance.

3.1.3.3 (b) 0 Values

From analysis (Table 3.3) it can be said that all nitrogen and sulphur atom types, 

with the exception of the aromatic nitrogens (>NH), have a random 0 distribution. The 

histogram plot reveals that the 0 distribution of the NH group deviates from random 

by stacking on the plane of the aromatic group. However, from sole consideration of 

the histograms it appears as if the amino nitrogen (-NH3) also has a non-random 0 

distribution and prefers to stack on the plane of the aromatic phenylalanine ring. From 

electrostatic considerations it may be expected that positively charged amino nitrogen 

(-NH3) and aromatic nitrogen (>NH) groups would stack on top of the phenylalanine 

ring (see Figs.3.11(a-e)).
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3.1.3.3 (c) (|) Values

The (|) plots show a distinct absence of backbone nitrogens (>NHB) and sulphurs (>S) 

atoms around (|)~0° and 360° and a more level spread of aromatic and amino 

nitrogens (>NH & -NH3). The scatterplot of these atoms shows that the sulphur atoms 

are similar to the oxygen atoms in their distribution in that they avoid the ring face 

(see Figs.3.12(a-e)).

Table 3.3: Results of Analysis of the 0 distributions

ATOM DEGREES OF 
FREEDOM

PROBABILITY 
OF A 

RANDOM 0 
DISTRIBUTION

(P)

Hydroxyl Oxygen (-0H) 7.9 6 10%<p<50%

Carboxyl Oxygen (-0  ) 1 1 . 8 5 2.5%<p<5%

Carbonyl Oxygen (=0) 6 . 8 3 5%<p<10%

Backbone Oxygens (=0B) 234 7 <0 . 1 %

Carbonyl Carbons (=CP-) 8 . 1 6 10%<p<50%

Backbone Carbons (=CB) 83.8 7 <0 .1 %

Apolar Carbons (CHjA) 17.7 8 <0 .1 %

Neutral Carbons (CHjN) 6 . 8 7 10%<p<50%

Polar Carbons (CHjP) 273.1 8 <0 . 1 %

Aromatic Carbons (=CA) 5.8 7 50%<p<90%

Aromatic Carbons (=CHA) 13.0 8 10%<p<50%

Carbon CH3 (-CH3 ) 1 1 . 8 8 10%<p<50%

Aliphatic CH (>CH-) 55.6 8 <0 .1 %

Backbone Ca (>CHB) 12.5 8 10%<p<50%

Aromatic Nitrogen (>NH) 17.7 7 l%<p<2.5%

Amide Nitrogen (-NH;) 6 . 0 4 10%<p<50%

Amino Nitrogen (-NH3 ) 1 0 . 8 7 10%<p<50%

Backbone Nitrogen (>NHB) 6.5 7 10%<p<50%

Sulphur (>S) 1 . 6 6 95%<p<97.5%

88



Fig.3.4 R Plots of Oxygen Atoms Around Phenylalanine
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Fig.3.5 0 Plots of Oxygen Atoms A round Phenylalanine
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For Fig.3.4 the horizontal and vertical axes represent the interatomic separation distance (R) in Â and normalized frequency respectively.^represents the van der Waals contact distance 
- calculated from summing the van der Waal radii of the atom type + 1.9Â, assuming that all phenylalanine atoms have van der Waal radii of 1.9Â. For Fig.3.5 the horizontal and 
vertical axes represent the 0 angle in degrees and frequency respectively. ° represents the expected 0 frequency.
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Fig.3.6 Plots of Oxygen Atoms Around Phenylalanine
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For Figs.3.6 the horizontal and vertical axes represent the (j) angle in degrees and frequency respectively. ° represents the expected  ̂ frequency.

90



Fig.3.7 R Plots of Carbon Atoms Around Phenylalanine
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For Figs.3.7 the horizontal and vertical axes represent the interatomic separation distance (R) in Â and normalized frequency respectively. Trepresents the van der Waals contact 
distance - calculated from summing the van der Waal radii of the atom type + 1.9Â, assuming that all phenylalanine atoms have van der Waal radii of 1.9Â.
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Fig.3.8 6 Plots of Carbon Around Phenylalanine
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For Fig.3.8 the horizontal and vertical axes represent the 0 angle in degrees and frequency respectively. ° represents the expected 0 frequency.
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Fig.3.9 (|) Plots of Carbon Atoms Around Phenylalanine

0 0 0 0 0 Dio 0
0 0 0 Crû

4 0  8 0  1 2 0  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  Î Ô  8 0  1 2 0  1 6 0  2 Û 0  2 4 0  2 8 0  3 2 0  3 6 0  4 0  8 0  Î Î O  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  0  4 0  8'0 1 2 0  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  1  4 0  8 0  12Q l 6 0  2 Ô 0  2 ^ 0  2 Ô 0  3 2 0  36 C

(a) Aromatic CA (b) Aromatic CHA (c) Carbonyl Carbons (d) Aliphatic CH3 (e) Neutral Carbons

0 0 oroio 0 0 0 0 0 oro0 OAO 0 0 0 0 0 0 0 0 0 0 0 0

4 0  8 0  1 2 0  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  1  4 0  8 0  1 2 0  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  ^  4 0  8 0  1 2 0  1 6 0  2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  1  4 0  8 0  l i O  1 6 0  2 Ô 0  2 i 0  2 0 0  3 ^ 0  3 6 0  0  . 4 0  8 0  l i O  1 6 0  2 Ô 0  2 4 0  2 8 0  3 2 0  3 5 C

(f) Backbone C-a (g) Backbone Carbon (h) Polar Carbons (i) Apolar Carbons (j) Carbon CH

For Fig.3.9 the horizontal and vertical axes represent the (|) angle in degrees and frequency respectively. ° represents the expected  ̂ frequency.
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Fig.3.10 R Plots of Nitrogen and Sulphur Atoms Around Phenylalanine
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For Fig.3.10 the horizontal and vertical axes represent the normalized R value and frequency respectively. V represents the van der Waals contact distance - calculated from summing 
the van der Waal radii of the atom type + 1.9Â, assuming that all phenylalanine atoms have van der Waal radii of 1.9Â.
For Fig.3.11 the horizontal and vertical axes represent the 0 angle in degrees and frequency respectively. ° represents the expected 0 frequency.
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Fig.3.12 (|) Plots of Nitrogen and Sulphurs Around Phenylalanine
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For Fig.3.12 the horizontal and vertical axes represent the  ̂ angle in degrees and frequency respectively. ® represents the expected  ̂ frequency.
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Fig.3.13 Scatterplots of the Phe-atom distributions (orthogonal views)
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3.1.4 (a) MDS Analysis of the 0 and (]) distributions
The MDS (Multi-dimensional Scaling) technique described in section 2.1.6 of Chapter 

2 was used to assess the similarity of the 0 and (|) distributions of the different atom 

types.

The plots are shown in Figs. 3.14(a) & (b). Points that are close together in each plot 

correspond to similar 0 and (j) distributions for these atoms. Of course, the plots only 

show two dimensions of the MDS analysis. To determine how well they represent the 

similarities and dissimilarities between the distributions the corresponding eigenvalues 

need to be looked at. These are given in Table 3.4. As can be seen from the table, the 

first two axes that have been plotted account for 81.2% and 41.5% of the variance in 

the 0 and ^  plots respectively. This suggests that the 0 plot is essentially a good 

representation, while the <|) plot is less informative. The similarity matrices are shown 

in Figs. 3.15(a) & (b). The ranges of the S.Cs corresponding to the 0 and <|) data are 

3.4-32.5 and 3.8-18.8 respectively. The significance of these figures are discussed in 

Section 3.1.4(b).

(i) Groupings

The points of the graphs in Figs.3.14(a) & (b) have been clustered, somewhat 

arbitrarily, to give 3 (labelled 1-3) and 2 groups (labelled 1-2) for the 0 and (|) data 

respectively. There were however some points in the ‘MDS-0 and <|) plots’ (Fig. 

3.14(a)) which did not fall in any of the three groupings. These correspond to the 

distributions of the carbonyl oxygens, backbone oxygens and amide nitrogens (=0 , 

=OB & NH2) for the ‘MDS-0 plot’ and the carbonyl oxygens and amide nitrogens (= 0  

& NH2) for the ‘MDS-(|) plot’.

The groupings for the 0 distributions are as follows :-

Group 1 consists of the backbone carbons and carboxyl oxygens (=CB & O ) atoms; 

Group 2 consists of the carbonyl, aromatic, backbone C a, carbon CH3, neutral and 

apolar carbons and also the backbone nitrogens, hydroxyl oxygens and sulphurs (=CP, 

=CHA, =CA, >CHB, -CH3, CH2N, CH2A, >NHB, -OH and >S); and 

Group 3 consists of the aliphatic and neutral carbons, and the aromatic and amino
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nitrogens (>CH, CH2P, >NH and -NH3).

For the ‘MDS-c]) plot’ (Fig.3.14(b)) the first group comprises the >NHB, -NH3, CHgA, 

CH2N, >CHB, CH2P, =CB, -O', -OH, >S, >CH & -CH3 atoms and the second group 

comprises the =CA, =CHA, =CP-, >NH & =0 B atoms (note full names have not been 

given here).

(ii) Physical Significance

How do these groupings relate to the conclusions already drawn from the analyses of 

the distributions?

Firstly, the atom types in Group 1 of the 0 distribution, =CB and -O', both prefer to 

lie in the plane of the aromatic ring.

For Group 2, the atom types >S, >NHB, >CHB, =CHA, -CH3, CH2N, =CP-, =CA and 

CH2A were judged to have random 0 distributions, whilst the OH atom was found to 

prefer the plane;

The atoms in Group 3 >CH-, -NH3, CH2P and >NH were found to prefer positions 

above the plane of the aromatic ring.

The outlying points - those corresponding to the = 0 , =0B and -NH2 - phenylalanine 

0 distributions have a preference to be in the plane of the aromatic ring.

For the MDS-(|) plot (Fig.3.14(b)) the proximity of the points within and between the 

two groupings suggest that the atom types have similar <|) distributions. Inspection of 

the (|) plots does show them to be relatively similar.

Overall, therefore, the MDS groupings are in broad agreement with the conclusions 

about the similarities of the atom distributions already discussed.

3.1.4 (b) Comments about the MDS analysis: Relevance of the variance and 

Similarity Coefficients (S.C)

The percentage variances quoted here can only really be appreciated in a qualitative 

manner. The wider spread of points in the 0 plots compared to the (|) plots allow us 

to appreciate that more information is being conveyed by the 0 plots and this is 

reflected in the given percentages. It is impossible to assess from just a visual 

examination of the plots how much information is being conveyed, these percentages
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are derived prior to the generation of these plots by complex mathematical procedures 

from the S.C values. The S.C values in this instance provide a measure of how similar 

the distribution of an atom type is with respect to another atom type around the same 

sidechain, i.e. arginine or phenylalanine. The smaller the number the greater the 

similarity. The greater the similarity the nearer the points should be on the graph. 

However, the proximity of the points on the plots do not always reflect the 

corresponding S.C value. This is because only two axes can be plotted out of a 

possible total of nineteen, thus only some of the information can be ‘correctly 

conveyed’.

Table 3.4: Results of Multi-dimensional Scaling of Phenylalanine-Atom 
Distribution

Axis Eigenvalue 
for 0

%
Variance 

for 0

Eigenvalue 
for (j)

% Variance 
for (|)

1 1385.4 66.9 280.9 24.2

2 296.5 14.3 201.4 17.3

3 139.6 6.7 161.2 13.9

4 107.0 5.2 107.0 9.2

5 67.4 3.3 86.0 7.4

6 36.2 1.7 70.8 6.1

7 28.2 1.4 53.3 4.6

8 5.2 0.3 46.1 4.0

9 2.6 0.1 39.4 3.4

10 1.5 0.1 34.5 3.0

11 0.8 - 0.0 27.6 2.4

12 0.2 - 0.0 14.0 1.2

13 0.1 - 0.0 10.8 0.9

14 - 0.0 - 9.8 0.8

15 -0.2 * 6.6 0.6

16 -0.4 * 5.8 0.5

17 -1.0 * 4.7 0.4

18 -1.3 * 2.9 0.2

19 -1.9 * 0.0 *

As the first two axes (axes 1 & 2) are plotted, it can be said that the MDS plot provides us with -81% of the information for 
the 0 distributions and only -41% for the <|) distributions.
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Please note that the symbols used to denote the atom types in these and the following figures (Figs.3.14(a,b) & 
3.15(a,b)) are not the same as those defined in Table 2.2. It should be self-evident how the symbols here are 
related to those in Table 2.2, Chapter 2.
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3.2 Discussion:

3.2.1 Comparison with Previous Studies

3.2.1 (a) Three-dimensional Packing Arrangements of the Atoms

This study has provided a description of the complete atomic environment of the 

aromatic ring of phenylalanine in proteins. To summarize it was generally observed 

that the oxygen and sulphur atoms prefer to lie in the plane of the aromatic ring 

around its edge, the nitrogen atoms are distributed in a random fashion around the 

aromatic ring and the carbon atoms are distributed both in random and non-random 

fashions. As stated in the previous chapter there are three main influences which are 

responsible for the packing arrangements of the different atom types. These are:- the 

intermolecular forces, covalent constraints as well as volume occlusion. With respect 

to the intermolecular forces the ones which appear to dominate in these phenylalanine- 

atom distributions are the van der Waals and weak electrostatic interactions. The van 

der Waals interactions seem to direct the positions of the majority of the carbon 

atoms, whilst the weak electrostatic interactions seem to direct the positions of the 

oxygen, sulphur and nitrogen atoms in the phenylalanine-atom distributions. This is 

in contrast to the Arg-atom distributions in which the hydrogen bonding interactions 

appear to dominate. For these weak electrostatic interactions, the partially positively 

charged hydrogens bonded to the carbons of the phenylalanine ring form interactions 

with the negatively charged oxygens and sulphurs, whilst the partial negatively 

charged k electron cloud of the aromatic ring forms interactions with the positively 

charged nitrogens. With regard to the interaction of phenylalanine with other carbon 

atoms, that of phenylalanine with other phenylalanine rings have been studied 

previously. Analyses of these systems also show a non-random distribution, in that a 

preference for a geometrical arrangement whereby the partially positively charged 

hydrogens on the edge of one aromatic ring approaches the partially negatively 

charged % electron cloud of the other aromatic ring. This phenomenon is not apparent 

from the results of the distribution of phenylalanine ring with aromatic carbons given 

here. The importance of the weak electrostatic forces of interactions involving 

phenylalanine have been commented upon previously in the literature (Burley &
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Petsko, 1988) who listed an impressive body of evidence from both theoretical 

considerations and from examination of protein and small-molecule structures which 

indicated that oxygen, sulphur, nitrogen and aromatic carbons in phenylalanine rings 

distribute themselves in a non-random fashion around the phenylalanine sidechain.

This analysis however does not provide any evidence for the phenylalanine acting as 

a hydrogen bond acceptor with potential donors such as the oxygens, nitrogens and 

sulphurs. This result is consistent with that of previous studies by Reid et al. (1985), 

Singh & Thornton (1990) and Burley & Petsko (1986b). The absence of evidence of 

hydrogen bonds between the aromatic phenylalanine ring and the nitrogen, oxygen and 

sulphur atoms is interesting in view of the recent experimental evidence acquired by 

Suzuki et al. (1992) and Rodham et al. (1993) whereby hydrogen bonds were 

observed in isolated small molecule complexes of benzene-water and a benzene- 

ammonium ion. For the complex formed between water and the benzene ring the 

water molecule was found to be positioned above the n electron cloud of the aromatic 

ring with both its hydrogen atoms pointing towards the n  cloud. A figure of 3.32Â 

was quoted for the distance between the centre of mass of the two interacting 

molecules.

3.2.1 (b) Contact Preferences

Of the nineteen atom types, the carbon CH3, aromatic carbons (one of the two types) 

and the sulphurs (-CH3, =CHA and >S) were found to have the greatest tendency to 

interact with the phenylalanine sidechain. In these examples, approximately twice as 

many interactions were observed than expected. Where easily explicable, possible 

reasons have been provided in the results section. What is interesting is that these are 

the atom types whose contact preferences do not correlate well with those given by 

Warme & Morgan (1978a), who found that these atom types are indifferent to 

interaction with phenylalanine. The discrepancy in the results can perhaps be 

rationalised by either the larger dataset used here or by the different criteria used for 

selecting interacting atom-sidechain pairs. In selecting interacting atom-sidechain pairs 

Warme & Morgan (1978a) counted all the interactions between a given sidechain and
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atom whereas here only one such interaction would be counted. It is unclear why the 

contact preferences of the other atoms given here should remain relatively unaffected 

by the two factors just mentioned and provide similar figures for the contact 

preferences as that of Warme & Morgan (1978a).

3.2.2 MDS Analysis

The MDS analyses showed that the grouping of the atom types according to the 

similarity of their 0 and (]) distributions were in broad agreement with that of the other 

types of analyses performed in this chapter. However it is important to stress that 

MDS analysis on its own cannot give the preferred position of an atom type with 

respect to a sidechain; it is only the similarity of an atom-sidechain distribution which 

can be assessed.
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CHAPTER 4 

PREDICTIONS OF ATOM 

SIDECHAIN DISTRIBUTIONS USING 
ENERGETIC CONSIDERATIONS

4.0 Introduction

The previous two chapters have described the manner in which the constituent atoms 

of the amino acids (19 types as defined by Warme & Morgan (1978a)) are arranged 

in three-dimensional space around the sidechains of arginine and phenylalanine within 

proteins. In this chapter the results of attempting to predict these experimental atom- 

sidechain distributions on the basis of energetic considerations are described. Four 

types of interacting systems of atom-sidechain pairs have been selected for the 

predictions. For this purpose the program Grid developed by Goodford (1985) was 

used. The program employs an empirical approach to calculate the energy of 

interaction (Etot) between two molecules. The value is calculated from summing the 

effects of the Lennard-Jones, electrostatic and hydrogen bonding potentials. More 

details of how the Ejot value is used in the prediction process are given in sections

4.1 and 4.2.

Grid was originally intended for determining the energetically most favourable sites 

(i.e. optimum positions) of a chemical group of a ligand around a large molecule such 

as an enzyme. The ultimate goal is to apply such knowledge in the design of potent 

ligands - that is, both in the de novo design of ligands and the improvement of 

existing ones. In order to see to what extent the atomic groups within ligands already 

occupy these ‘optimum positions’ Goodford first used the program to predict the 

positions of chemical groups around enzymes using complexes of known structure.
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Some examples of these systems studied include the prediction of water molecules 

around bovine phospholipase-A2 and that of group of the methotrexate ligand 

around E.Coli dihydrofolate reductase. A good deal of agreement was found between 

the observed and predicted positions of the chemical groups. Such results can be 

interpreted as encouraging as this approach of designing ligands by positioning their 

chemical groups in energetically favourable positions also seems to be one adopted 

by nature. There are many other examples in the literature of similar work being 

carried out by other workers. For examples of where Grid has been used in the design 

of novel moieties see (Reynolds et ai, 1989; Byberg et ai, 1992; Itzstein et ai, 1993). 

In addition to this, the output from Grid has served as a base for other ‘drug design’ 

programs such as CLIX (Lawrence & Davis, 1992) and LUDI (Bohm, 1992). Both 

programs use the information from the Grid potential maps in slightly different ways 

in order to design ligands. CLDC uses the information so that suggestions may be 

made on how to modify structures from the Cambridge Crystallographic Database. 

LUDI, on the other hand, uses a library of -600 linkers in order to connect the 

different interaction sites to form fragments.

In this chapter, however. Grid has been used in a somewhat novel manner. The three 

ways in which Grid has been used differently are:

1) The energetically favourable regions for atomic types within proteins as opposed 

to a ligand moiety of an enzyme-inhibitor complex are being predicted.

2) Much simpler systems are being dealt with here as atom-sidechain interactions are 

being investigated as opposed to atom-protein interactions.

3) In this chapter only parts of a molecule are considered rather than complete 

molecules.

4.1 The Grid Force Field

4.1.1 O v era ll V iew

The program is based on the molecular mechanics approach for calculating optimum 

positions of atoms in binding sites. A brief introduction to molecular mechanics has
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been given in Chapter 1, Section 1.3.6. For the sake of completeness some points with 

specific reference to how they are represented in the GRID algorithm are reiterated. 

The molecular mechanics force field is expressed as a sum of various potential energy 

functions. A typical energy equation is given below:

^TOT~^stretching'^ ̂ bending'^^dihedral'^ ^hb ( 4 . 1 )

where E denotes Energy.

E s t r e t c h i n g .  E f e e n d i n g  ^nd E j i h e d r a i  tenus due to deviations of ideal bond lengths and 

angles of the molecules.

Elj, Eq and Ê y are the Lennard-Jones, electrostatic and hydrogen bonding energies 

respectively. The E^, Eq and Ê y terms are described in more detail in sections 4.1.2- 

4.1.4, (Also refer to Chapter 1, Section 1.3).

Different programs using the ‘molecular mechanics’ approach adopt slight variations 

of the above equation. The Grid force field neglects the first three terms of the 

equation as it assumes that the molecules studied have ideal geometry.

The intricacies of the Grid force field are discussed in the next section.

4.1.2 Lennard-Jones Potential (Elj) (Fig.4.1)

The Lennard-Jones Potential is given by:

(4 . 2 )

where dy = distance between atoms i and j

and Ay and By are constants for any given pair of interacting atoms

- 1 / 2 ,ehmë a (4 . 3 )
4 7 t e o  { a . / N . )  1 / 2 + ( a^ / N. )

= ® (4 . 4 )

(The expressions for A and B are described by Slater & Kirkwood, 1931)
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Aj3ij pertain to A and B for a particular pair of 
interacting atoms i and j

Eo permittivity of vacuum** (8.854 X 10 *"Fm *)
c electron charge"* (1.602 X 10 ***C)
h Planck’s constant** (6.626 X lO^^Js)
m. electron rest mass** (9.110 X 10 "*kg)

polarizability*^
N. effective no. of outer shell electrons for atom i
R. van der Waals radius*^ for atom i

*2
Note that the values of these terms are not related to the interacting atoms 
The values of these terms are specific to the atoms in question

ENERGY IN KCAL/MOL

-2

DISTANCE IN ANGSTROMS

Fig. 4.1. Diagram showing how the Lennard-Jones term varies with the interatomic distance for an 
interacting Nitrogen( NHl)...Oxygen (0-) atom pair. The numbers on the y-axis represent the Lennard- 
Jones energies for the interacting atom pair in Kcal/mol whist the x-axis represents that of the distance 
in Â. The Lennard-Jones energies have been calculated according to equation 4.2, where the values of 
A and B in the equation have been calculated using equations 4.3 and 4.4. The parameters pertaining 
to the atoms in equations 4.3 and 4.4 are given in Tables 4.3 & 4.6 - they were obtained from the Grid 
files. The values for A and B are given in Table 4.7. They are quoted in SI units. For the calculation 
of the Lennard-Jones terms the values of A and B were modified using conversion factors so as to make 
them compatible with Lennard-Jones energies expressed as
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4.1.3 H y d ro g en  B ond ing  P o ten tia l

Boobbyer et a i (1989) formulated a hydrogen bonding potential function for use in 

the GRID program. Their aim was to formulate a potential in which the predicted data 

obtained from it would agree closely with experimental data. The function was 

designed for use in intermolecular interactions only and was not designed for transfer 

from one package to another. The expression generated for the interaction was:

(4 . 5 )

where E denotes Energy

andjfir, Et and Ep are functions of r, t and p respectively

where r is the distance between the probe group and an atom in the target

and t & p are the angles made by the hydrogen bond at the target and probe

respectively (See Figs. 4.2(a) & (b)). The angles t & p are different depending on

whether the target molecule is a hydrogen bond donor or acceptor.

T .  :  '

Fig.4.2 (a) & (b) Showing angles t and p made at the hydrogen bond by the target and probe molecules 
for when a hydrogen bond is: (a) donated by the target; (b) accepted by the target. The direction of the 
lone pair electrons is represented by the dots (:) [Taken from Boobbyer et al., 1989].
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where

&

(4 . 6 )
r ®  r ®

(4 . 7 )

Ĉ  = -3E^{2rJ^ K cal k^/mol (4 . 8 )

= R eal k^/mol  (4 . 9 )

where is the optimum hydrogen bond energy in Kcal/mol & 

rjn is the optimum hydrogen bond length in Â 

for those particular hydrogen bonding atoms.

In these calculations Ep was assigned a value of 1.0 as it was assumed that the probe 

orientated itself to form the strongest hydrogen bond.

The variation of E(r) with the interatomic distance in Â is shown in Fig.4.3.
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E(r) IN KCAL/MOL

DISTANCE IN ANGSTROMS

Fig. 4.3: Graph of the E(r) component of the hydrogen bonding potential vs. Interatomic distance for 
the interacting NH1...0 atom pair. The graph has been plotted according to equation 4.6. The values 
used to plot this graph are given in Tables 4.3 and 4.6. The hydrogen bonding potential exhibits similar 
behaviour with distance as the Lennard-Jones potential. Repulsion occurs between two atoms if the 
distance between them is below a threshold distance, the distance at which the curve cuts the x-axis.

4.1.4 E lec trosta tic  Potential (Eq) 

The electrostatic potential is given by:

1 ^ _________ (M-W)
d , - , -

(4 . 1 0 )

where and are the electrostatic charges on the interacting atoms i and j

K is a combination of geometrical and natural constants (-1/471)

M = dielectric constant of target 

W = dielectric constant of water
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djj = interatomic distance

Sq = the nominal depth of each protein atom in the protein phase. It is assessed by 

counting the number of neighbouring protein atoms whose nuclei lie within a distance 

of 4Â.

Sq is the nominal depth of the probe at each xyz position, similarly assessed. 

When the ‘depth’ contains 12 or more atoms the sphere is immersed in the protein 

phase, but if it contains 7 or fewer atoms then the centre of the sphere is in the 

solution. The term 4SpSq is set to zero when the probe has fewer than 7 surrounding 

protein atoms.

The electrostatic energy has been evaluated using the method of images (McCammon 

& Davis, 1990), Fig. 4.4 shows how the electrostatic potential varies with the distance 

of two interacting atoms of opposite charges.

ELECTROSTATIC ENERGY I N  KCAL/MOL
0 . 00 0 ,

- 0 . 0 0 5 .

- 0 . 0 1 5

- 0 . 0 2 0

DISTANCE IN ANGSTROMS

Fig. 4.4: Electrostatic Potential in Kcal/mol (y-axis) vs. Interatomic distance (x-axis) for the interacting 
N H l...O  atom pair. The values used in this calculation are given in Tables 4.3 & 4.6. This has been 
plotted according to equation 4.10. The term 4SpŜ  has been set to zero. The value of ranges from 0- 
4.0Â whilst that of ŝ  is ~0Â.
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4.1.5 Extended Atom Concept

There are many instances in which the calculations carried out by Grid use the 

extended atom concept. This means that a group of atoms are treated as if they were 

a single atom. For example, a CH group in an aromatic ring is treated as 1 atom 

instead of 2. The utilisation of this concept results in quicker computations. Although 

Grid does have a facility to allow computations to proceed with the use of extended 

atoms, the calculations in this chapter have not made use of the extended atom 

concept. The ‘explicit hydrogen’ model is used instead.

1 1 2
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4.2 M ethod

4.2.1 Generating the experimental distributions

The experimental sidechain-atom distributions were produced for 4 selected systems 

(Arginine-Carboxyl Oxygens, Arginine-Aromatic Carbons, Phenylalanine-Carboxyl 

Oxygens and Phenylalanine-Aromatic Carbons) from 62 proteins resolved to 2Â or 

better using the procedure described in Chapter 2. The program SIRIUS was used to 

produce the atom-sidechain distributions. For the sake of completeness a brief 

description of the procedure will be given here. For each system interacting groups 

(atom-sidechain pairs) were extracted and transformed onto a common reference frame 

so that the arginine and phenylalanine sidechains were superposed upon reference 

arginine and phenylalanine sidechains constructed from bond lengths and angles given 

in Momany et a/.(1975). The reference arginine sidechain comprised the N H l (N t|1 ) , 

NH2 ( N t|) ,  CD (CÔ), NE (Ne) and CZ {CQ atoms {i.e. the guanidinium group of the 

arginine sidechain) whilst the reference phenylalanine sidechain comprised the six 

atoms of the aromatic ring CG (Cy), CDl (Côl), CD2 (Cô2), CEI (Cel), CE2 (Ce2), 

CZ (CO and also the CB (CP) atom. The coordinate frame was chosen so that the 

atoms of the reference group lay in the x-y plane. The atoms which constitute the 

carboxyl oxygens and aromatic carbons referred to in this paragraph are given in 

Table 4.1 together with the numbers of each type in the individual atom-sidechain 

distributions. Geometrical analysis revealed the preferred positions of the atoms with 

respect to the sidechains (See Chapters 2 & 3) in terms of the spherical polar 

coordinates R, 0 and (|). The distributions were then contoured according to their 

density to highlight the most densely populated regions.

Table 4.1

DISTRIBUTION
(SIDECHAIN-ATOM)

Numbers of each atom Description of 
Atoms

Arginine-Carboxyl Oxygens (Arg-O ) 271 Oy (Asp), Oe (Glu)

Phenylalanine-Carboxyl Oxygens (Phe-0 ) n o

Arginine-Aromatic Carbon (Arg-CHA) 446 All ring CH in 

Phe, His,Trp & TyrPhenylalanine-Aromatic Carbon (Phe-CHA) 1057
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The remaining paragraphs of the methods section will be devoted to describing the 

involvement of the programs Grin and Grid in the prediction of the experimental 

atom-sidechain distributions.

4.2.2 Data Preparation

4.2.2 (a) Constructing the arginine and phenylalanine sidechains (target 

molecules)

The first step in this process involved obtaining the cartesian coordinates for the 

constituent atoms of the arginine and phenylalanine sidechain molecules. Henceforth 

the two sidechain groups will be referred to as the target molecules. The coordinates 

used for the atoms of the arginine and phenylalanine target molecules were identical 

to those in the experimental distributions. The bond lengths and angles of these two 

target molecules are given in Fig. 4.5 and 4.6.

CD
NHl

1.32
CZ

1.54

1.37

1.35NH2

Fig. 4.5: This figure gives the atoms, bond angles and distances used in the arginine target molecule. 
a= 120.52°, b=117.52°, c= 121.96° and d=122.56°. The bond lengths are given in Â.

CEI coi

CG
CZ

08

CE2 C02

Fig. 4.6: The above figure is of the atoms, bond angles and distances used in the phenylalanine target 
molecule. a=1.390 Â, b=l.482Â and all bond angles are 120°.
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4.2.2 (b) Parameters relating to the target molecules

The next step involved using the program Grin. This program is responsible for 

creating a file comprising data relating to the atoms of the target molecules for use in 

subsequent calculations by the program Grid. A list of the parameters held in this file 

is given in Table 4.2. The values assigned for these parameters for individual atoms 

of the arginine and phenylalanine target molecules are given in Tables 4.3 and 4.4. 

The values were obtained from the CHARMm force field (Brooks et at., 1983). In 

addition, Grin calculated the coordinates for the hydrogens. These were not supplied 

in the original input file.

Table 4.2: Definition of Parameters Used in Grid

Parameter Definition Units

Ri van der Waals radius Â

N, No. of effective electrons. Determines the strength of the van der 
Waals attraction

*1

Oi Folarizability A'

9i Electrostatic charge with changed sign Electronic
Charge

Rmin Strongest hydrogen bond attraction energy at the optimum position 
of the hydrogen bond function

Kcal/mol

Rmin Hydrogen bonding radius A

ID Maximum no. of hydrogen atoms which the atom 
can donate

*1

lA Maximum no. of hydrogen bonds which the atom 
can accept

*1

TYPE Different numbers are assigned to designate 
the different types of hydrogen bonds 

formed. Hydrogen bonds differ from one another 
in their orientation, lA and ID numbers.

*1

Represents dimensionless parameters
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Table 43: Parameters relating to the arginine target Molecule

ATOM R, N, a, Qi Rmin Rmin ID LA TYPE

CD* 1.80 5.0 0.98 0.009 0 0 0 0 30

NE* 1.65 6.0 1.80 0.001 -2.00 1.60 1 0 1

CZ 1.80 5.0 1.65 0.423 0 0 0 0 0

NHl* 1.65 6.0 1.80 0.001 -2.00 1.60 2 0 2

NH2* 1.65 6.0 1.80 0.001 -2.00 1.60 2 0 2

HCD 
. (3 of 

these)

1.15 1.0 0.10 0.071 - - - - -

HNHl
&

HNH2

0.60 1.0 0.04 0.071 - - - - -

HNE 0.60 1.0 0.04 0.071 - - - - -

Grin assigned the positions of the attached hydrogens to these atoms 
The arginine target molecule has an overall charge of +1

Table 4.4: Parameters relating to the phenylalanine target Molecule

ATOM R, N, a, Qi Rmin Rmin ID lA TYPE

All aromatic C 1.85 5.0 1.65 -0.032 0 0 0 0 40

All aromatic H 1.15 1.0 0.10 0.028 - - - - -

CB 1.80 5.0 0.98 -0.032 0 0 0 0 30

HCB 1.15 1.0 0.10 0.028 - - - - -

Note that the phenylalanine target atoms have very small charges assigned to them.
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4.2.2 (c) Treatment of Hydrogen Atoms

The hydrogens can be classified into different ‘TYPES’. One ‘TYPE’ differs from 

another in (a) its hydrogen bond forming potential {i.e. the number of hydrogens it can 

donate and accept) and/or (b) the positions and number of the neighbouring atoms to 

which the hydrogen is attached to in the compound. For example, let us consider two 

hypothetical compounds A and B, the structures of which are given below (Figs.4.7(a) 

&(b)).

Compound A: X(H1)(H2)

Compound B;Y(H3)

HI

< H2
Fig.4.7(a)Hypothetical Compound A

Y ------------------ — H3

Fig.4.7(b) Hypothetical Compound B

where X and Y represent a group of bonded atoms and H I, H2 and H3 represent 

hydrogen bonding hydrogens.

Both the H I and H2 atoms can be classified as the same ‘TYPE’ as both are bonded 

to the same group of atoms represented by X. The H3 atom however will be classified 

as a different ‘TYPE ’ from the HI and H2 atoms as it is bonded to a group of atoms 

(Y). Y differs from X in its chemical make-up, the number and geometrical 

arrangement of its atoms.

With regards to the two target molecules (arginine and phenylalanine) considered in 

this study, the hydrogen atoms bonded to the NHl and NH2 atoms are classified as
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the same TYPE {i.e. TYPE 2), whilst those bonded tto the CD atom of arginine and 

C atom of phenylalanine are different (TYPES 30 and 40 respectively).

4.2.3 Calculations using Grid

The final stage involves use of the program Grid. As previously stated Grid calculates 

the energy of interaction between two molecules (See eqns in sections 4.1). For this 

program to work the values of certain parameters need to be supplied. Table 4.5 gives 

values of these parameters together with their meanings. To summarize, a box of 

dimensions 20 by 20 by 20 Â encompassing the length and breadth of the target 

molecules as well as the surrounding region was defined (TOPX,..BOTZ). The energy 

of interaction was then evaluated for sample positions for a specified chemical group 

(or probe molecule) within the box. The sample positions were chosen by dividing the 

box into cubes of length 0.5 Â and considering the points at the vertices of each cube 

(NPLA). A total of 68921 positions were sampled. Calculations were performed using 

two sets of assumptions. The first assumption (1) was that the interacting atom- 

sidechain pairs are found deep inside the protein; hence DWAT and DPRO are both 

assigned a value of 4.0. Water is assumed not to be present in these systems. In the 

second assumption (2) water was ‘assumed’ to be present in the system, DWAT was 

assigned a value of 80 and DPRO assigned a value of 4.0. The values for DEEP, 

EMAX, FARH and FARR correspond to cut-off values for the repulsion energy, 

hydrogen-bonding and Lennard-Jones distances beyond which Grid neglects to perform 

calculations. The cut-off values serve to shorten the computation time. Details of the 

properties of the probe molecules used are given in Table 4.5. The three probe 

molecules used in these calculations are:

• The Carboxyl Oxygen (symbol O::, i.e. sp  ̂ hybridised oxygen)

• The Aromatic Carbon (symbol C l=, i.e. aromatic carbons attached to IH)

• The Carboxylate group (symbol C-COO )

It must be noted that the carboxylate group is the only multi-atom probe used.

Two of the probe molecules correspond to those of the atom of the atom-sidechain 

experimental distributions generated using SIRIUS, namely, the carboxyl oxygen and
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aromatic carbon probes. The third probe, the carboxylate anion probe, was used to see 

whether a more accurate prediction for the locations of the carboxylate anion around 

the arginine and phenylalanine could be obtained. This probe was expected to give 

more accurate results as the carboxylate oxygen is part of the carboxylate anion. 

Table 4.6 gives the values of the parameters of the probe molecules.

Table 4.5: Control Parameters

Term Value Defînitions

DPRO 4.000 Dielectric constant of protein

DWAT 4.000 Dielectric constant of water 
In these cases we are assuming water in 
not present in the system so the DWAT value 
is set equal to that of DPRO

EMAX 50.000
(Kcal/mole)

Greatest allowed repulsive energy

FARH 5.000
(Angstrom)

How far the Lennard-Jones potential will 
be calculated

FARR 8 . 0 0 0

(Angstrom)
How far the hydrogen bonding term will be calculated

NPLA 2 No. of planes per Â

TOPX 1 0 . 0 0 0 Top X, Y, and Z coordinates of the box around the target 
molecule

TOPY 1 0 . 0 0 0

TOPZ 1 0 . 0 0 0

BOTX - 1 0 . 0 0 0 Bottom X, Y and Z coordinates of the box around the 
target molecule.

BOTY - 1 0 . 0 0 0

BOTZ - 1 0 . 0 0 0
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Table 4.6: Probe Properties

Probe Ri Ni Oi Qi Rmin Rmin ID lA TYPE

Cl= 1.90 6 2.07 0.000 0.00 0.00 00 00 00

0:: 1.60 6 2.14 -0.450 -4.00 1.40 00 02 08

Properties of the Multi-atom Probe C-COO

0 1.60 6 2.14 -0.575 -4.00 1.40 00 02 08

C-1 1.80 5 1.65 0.300 0.00 0.00 00 00 00

c 1.80 5 1.65 -0.150 0.00 0.00 00 00 00
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Table 4.7: Values of A and B for interacting atom-pairs 
(Values have been evaluated using equations 4.2, 4.3 and 4.4 

and the numeric data given in Tables 4.3, 4.4 and 4.6).

Interacting atom-pair By(*10-^^)(AgmV")

Aromatic C..0 4.0 4.7 Phe.O
(Phe-CCOO)

Aromatic H..0 0.31 0.37

CB..O 2.9 3.4

HCB..O 0.17 0.8

Aromatic C..CHA 6.4 4.6 Phe..CHA

Aromatic H..CHA 0.14 0.36

CB .CHA 4.0 3.1

HCB..CHA 1.4 3.6

CD.CHA 3.9 3.1
Arg.CHA

NE..CHA 5.2 5.2

CZ..CHA 5.9 4.6

NH1..CHA 4.6 5.1

NH2..CHA 4.6 5.1

HCD. .CHA 0.14 0.36

HNH1..CHA 0.02 0.16

HNE..CHA 0.02 0.16

CD..O (CD..C) 2.5 (2.7) 3.2 (2.5)

Arg..O

(Arg-CCOO)

NE..O (NE..C) 3.2 (3.6) 5.4 (4.3)

CZ..O (CZ..C) 3.6 (4.1) 4.7 (3.8)

NH1..0 (NH1..C) 3.1 (3.5) 5.3 (4.2)

NH2..0 (NH2..C) 3.1 (3.5) 5.3 (4.2)

HCD..O (HCD..C) 0.12 (0.09) 0.55 (0.29)

HNH1..0 (HNH1..C) 0.006 (0.01) 0.11 (0.14)

HNE..O (HNE..C) 0.009 (0.01) 0.17 (0.14)
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Table 4.8: Constants C and D evaluated for interacting atom-pairs 
from the values given in Tables 4.3 & 4.6 and equations 4.8 & 4.9.

Interacting atom pairs Qj
(KcalÂVmol)

Pu
(KcalAVmol )

NH1..0 
(or NH2)

54600 8116 Arg-O'

NE..0 54688 8138

4.2.3 Interpretation of Results

Each run of Grid produces an array of energy values (Epox)» each corresponds to an 

energy of interaction for a sample position of the probe molecule with respect to the 

sidechain in question within the set volume. The energy values are interpreted as 

follows

A negative value indicates that there is a force of attraction between the atom- 

sidechain pair. A value of 0 Kcal/mol indicates that the atom is neither attracted nor 

repelled by the sidechain in question whilst a positive value indicates an atom repelled 

by the target molecule, three-dimensional contours are then displayed at specified 

energy levels using a graphics package such as QUANTA (Molecular Simulations 

Inc.). The surfaces and spaces within the three-dimensional isoenergy contours 

constitute the regions within which Grid predicts the atomic types should be situated. 

Although the energy levels of the three-dimensional contours are chosen somewhat 

arbitrarily, there are some rough guidelines as to which levels are acceptable. The 

selected energy levels ought to be slightly greater than the minimum value of Epox for 

the system under study. However, too large a value will result in a distorted 

representation of the system. For obvious reasons a ‘selected energy level’ should be 

greater than or equal to zero.
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4.3 Results
4.3.1 Phenylalanine / Caiboxyl Oxygens

The calculations [for both sets of assumptions (1) and (2)] show that the most 

favourable position for a carboxyl oxygen to be positioned with respect to the 

phenylalanine is directly above its ring centre (Figs.4.8(a) & (b)). For the calculation 

performed where DWAT and DPRO are both assigned a value of 4.0, the minimum 

energy was found to be -1.66 Kcal/mol, whereas for that performed when 

DWAT=80.0 and DPRO=4.0 the minimum energy was -2.04 Kcal/mol. These energy 

values are dominated by the Lennard-Jones term which contributes -2.06 Kcal/mol of 

the total energies for both sets of assumptions. The corresponding electrostatic term 

contributes energies of +0.39 and +0.02 Kcal/mol respectively. These repulsive terms 

arise from the negative charges on the aromatic carbons (-0.032) and carboxyl 

oxygens (-0.450). As the Lennard-Jones term dominates, its effect will be greatest 

when the oxygen is positioned above the aromatic ring where it is in contact with the 

six aromatic carbons.

F i g . 4 . 8 (a) F i g . 4 . 8 (b)

Figs.4.8(a) & (b) are of orthogonal views of the target phenylalanine. The contours outline the regions 
within which Grid predicts the carboxyl oxygens should be found.

When comparing the experimental distribution of the carboxyl oxygens around 

phenylalanine (See Chapter 3, Fig.3.13) with that which would be expected from Grid 

calculations, it appears that there is poor correlation between the two. No carboxyl
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oxygens were observed either directly above its ring centre or above the ring face in 

the experimental distributions. All the carboxyl oxygens were found to form edge-face 

interactions (i.e. in the plane o f the aromatic ring) with the phenylalanine.

4.3.2 Phenylalanine /  Aromatic Caihons

As in the case of the phenylalanine / carboxyl oxygen system Grid predicted the 

region above the ring centre to be the most favourable for an aromatic carbon to be 

positioned (Fig.4.9(a) & (b)). The minimum energy being -1.3 Kcal/mol. This 

prediction is solely based on the Lennard-Jones potential as the probe used in this 

calculation was not assigned a charge.

F i g . 4 . 9 (a) F i g . 4 . 9 (b )

Figs.4.9(a) & (b) are of orthogonal views of the aromatic ring of phenylalanine. The flat contours 
represent the regions within which Grid predicts Aromatic Carbons should be found.

Examination of the contours reveals that Grid predicts that the aromatic carbons 

should be found at high 0 values. This is contrary to that which is observed 

experimentally. The aromatic carbons exhibit a random 0 distribution (Chapter 3, 

Table 3.3).

4.3.3 Aiginine / Caiboxyl Oxygens

Calculations performed assuming that the probe and target molecules are found in the 

interior of the protein structures (i.e. DWAT=4.0, DPRO=4.0) resulted in 5 predicted
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regions. Orthogonal views of these regions (which are labelled 1-5) are shown in 

Figs.4.10(a) &(b). Regions 1,2 and 3 are largely in and around the plane of the target 

arginine whilst regions 4 & 5 are above and below its plane. O f these five regions 

only three (regions 1,2 & 3) were found to be populated by the carboxyl oxygens 

(Chapter 2, Figs.2.13 & 2.15).

F i g . 4 . 1 0 ( a ) F i g . 4 . 1 0 ( b )

Figs.4.10(a) & (b) Orthogonal views of arginine with contours outlining the regions within which Grid 
predicts Carboxyl Oxygens should be found for calculations performed assuming water is not present 
in the system.

The regions in order of the most to least energetically favourable are 1,2,3,4 and 5 

with regions 4 and 5 being energetically equivalent. However, the energy differences 

between the five regions are very slight, with an atom in region 1 having the potential 

to be attracted towards the target arginine with an energy of —14 kcal/mol whilst the 

corresponding value for regions 4 and 5 is —12 kcal/mol.

Calculations performed when DWAT=80.0 and DWAT=4.0 result in only 3 predicted 

regions (Fig.4.11(a)). This prediction shows a remarkable degree of similarity with that 

which is observed experimentally (Figs.2.13 & 2.15), as the three predicted regions 

correspond to the same three regions which the carboxyl oxygens populate. No extra 

regions are suggested as was the case when calculations were performed when 

DWAT=4.0 and DPRO=4.0 (ie. regions 4 and 5 in Fig.4.10(a) & (b). Of these three 

regions, the most energetically favourable region is region 1 whereas the least is
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region 3 but the energy differences between the three regions are not that great. A 

carboxyl group in regions 1 and 2 has the opportunity to form hydrogen bonds with 

the two nitrogens of the guanidinium. Each of the two oxygens can form hydrogen 

bonds with the nitrogens of the arginine. For region 3 one of the oxygens of the 

carboxyl group can form a hydrogen bond with the NHl atom but the second oxygen 

cannot form a good contact. The absence of regions 4 and 5 (as referred to earlier) 

can be attributed to the inclusion of solvent molecules (i.e water) in these calculations 

as the presence of a medium with a relatively higher dielectric constant such as water 

results in diminished electrostatic interactions between charged species. The charged 

species involved here are the negatively charged carboxyl oxygen and the CZ atom 

of the target arginine which was assigned a charge of +0.423 in the calculations. This 

results in a low Erox value (See equation 4.1).

3 »

Fig.4.11 View of arginine with contours outlining regions within which Grid predicts Carboxyl Oxygens 
should be found for calculations performed assuming water is present in the system.

As there appears to be a good correlation between the experimental and predicted 

distributions, a more detailed examination of the ‘experimental distribution’ has been 

made in terms of the strengths with which the carboxyl oxygens are attracted towards 

the arginine.

Firstly, the spread of energies of the interacting atom-sidechain pairs was examined. 

Fig.4.12 is of the percentage of carboxyl oxygens in each 1 Kcal/mol interval 

respectively. It shows that the oxygens distribute themselves so that no particular
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energy interval is favoured. According to these calculations the majority (80%) of the 

carboxyl oxygens are found in the ‘attractive zones’ whilst the remaining 2 0% interact 

with Arg with energies greater than or equal to 0 Kcal/mol. These repulsive energies 

arise due to the close proximity of the carboxyl oxygens to the hydrogen atoms of 

the Arg.

Arginine /Carboxyl Oxygens
FREQUENCY 

l oa
90.

ea
70.

60.

sa
4 0

3 0

20

10

- 3  - 2  - 1
Kcal/mol

Fig.4.12 Spread of energies of the experimental Arg-Carboxyl Oxygen distribution according to Grid 
when calculations are performed assuming water is present in the system.

Secondly, the average percentage contribution of each of the three energy terms (i.e. 

Lennard-Jones, hydrogen bonding and electrostatic) for each 1 Kcal/mol energy 

interval was calculated (Fig.4.13). The figure shows that the lower the energy the 

greater the relative contribution from the hydrogen bonding term. Over 60% of the 

interaction is due to the hydrogen bonding term in the lowest energy interval 

considered (i.e. -5.0 to -4.0 Kcal/mol). The contribution of this term decreases with 

increasing energy and is almost negligible in the highest energy interval (-1 to 0 

Kcal/mol). The contribution of the electrostatic and Lennard-Jones terms however 

increases with increasing energy.
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Arginine /Carboxyl Oxygens

Is£

Kcal/mol

□ ELECTROSTATIC 
■ LENNARD-JONES 
Q HYDROGEN BOND

Fig.4.13 Average percentage contribution of each of the three energy terms {i.e. Lennard-Jones, 
hydrogen bonding and electrostatic) for each 1 Kcal/mol energy interval for the experimental Arg- 
Carboxyl Oxygen distribution for calculations performed by Grid assuming water is present in the 
system.

The next question which arises is where in space are the atoms in the ‘experimental 

atom-sidechain’ distribution of the different energy ranges found around the sidechain. 

Fig.4.14 {see the bottom o f this page for the caption for this figure) shows part of the 

experimental Arg-Carboxyl oxygen distribution in which the carboxyl oxygens have 

been coloured according with the strength to which they are attracted towards the 

target Arg. The diagram shows that the greater the strength of the atom-sidechain 

interactions the more clustered is the distribution in 3-D space with the carboxyl 

oxygens which are attracted with greater strengths towards the arginine in positions 

which would correspond to regions 1, 2 and 3 in Fig.4.11 and the ‘other carboxyl 

oxygens’ are scattered throughout space, i.e., not confined to any particular region.

Fig.4.14 - overleaf. Experimental Arg-Carboxyl Oxygen Distribution in which carboxyl oxygens are 
attracted towards the Arg. The colour scheme in order of decreasing strength is: red, orange, pink, 
green and blue for the carboxyl oxygens interacting with the arginine with energies of between -5 & - 
4, -4 & -3, -3 & -2, -2 & -1, -1 & 0 Kcal/mol respectively.
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4.3.4 Aiginine /  Aromatic Carbons

The calculations showed the most favourable position for an aromatic carbon to be 

positioned is directly above the methylguanidinium group (Figs.4.15(a) &(b)). At this 

position a carbon can form interactions with up to four heavy atoms. This result is not 

altogether surprising when considering the fact that as no charge is assigned to the 

probe only the Lennard-Jones potential need be considered. The lowest energy term 

was found to be -1.2 Kcal/mol for both sets of assumptions.

Figs.4.15(a) & (b) Orthogonal views of the target arginine with contours outlining the regions within 
which Grid predicts that the aromatic carbons should be found.

The flat contours indicate that high 0 values are favoured. Examination of the relevant 

histogram for the corresponding experimental atom-sidechain distribution shows that 

high 0  values are significantly favoured.

4.3.5 Aiginine /  Caiboxylate Group (C-COO )

Calculations performed using the values of 4.0 for DWAT and DPRO show that the 

carboxyl group probe can be found in one of four regions. Orthogonal views of these 

four regions (labelled 1-4) are shown in Figs.4.16(a) & (b). It should be noted that 

each region is split into two portions, each of these portions will accommodate one 

of the two oxygens of the carboxyl group. The regions 1 and 2 are roughly in the 

plane of the target arginine whilst regions 3 and 4 are above and below its plane.
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Regions 3 and 4 are the least energetically favourable and they are also energetically 

equivalent. Region 1 is slightly more favourable than region 2. The energies in the 

different regions vary between -28.5 Kcal/mol and -26 Kcal/mol. The main 

contributing term to these regions is the electrostatic term.

Figs.4.16(a) & (b) Orthogonal views of the target arginine with contours outlining the regions within 
which Grid predicts that the Carboxylate Group should be found for calculations performed assuming 
water is not present in the system.

Of these four regions only two (regions 1 and 2) are populated in the experimental 

distributions. In contrast only two regions are predicted when calculations were 

performed when the value of DWAT was altered from 4.0 to 80.0. These regions are 

shown in the Fig.4.17 - they correspond to regions 1 and 2 in Fig.4.16(a). These two 

regions are similar energetically, with region 1 being slightly more favourable. A 

carboxyl oxygen placed in region 1 will have the potential to interact with the target 

arginine with an energy of ~-7.8 Kcal/mol. The calculation performed with the altered 

DWAT value results in the absence of regions 3 and 4 in Fig.4.17. This can be 

attributed to the lesser role of the electrostatic term.
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Fig.4.17 A view of the target arginine with contours outlining the regions within which Grid predicts 
that the Carboxylate Group should be found for calculations performed assuming water is present in the 
system.

It is interesting to note that both regions are correctly predicted. Unlike the single 

atom probes, the multi-atom probe C-COO probe i§ considerably bulkier and occupies 

more volume. Also unlike the single atom probes this probe is not spherical in shape, 

hence from steric considerations the regions which are available to this probe is more 

limited than if a single atom probe was being considered.

4.3.6 Phenylalanine /Caiboxylate Group

Calculations performed when DWAT and DPRO are assigned values of 80.0 and 4.0 

respectively resulted in the predicted regions being above and below the plane of the 

aromatic ring. The minimum energy was -1.59 Kcal/mol. This result is similar to that 

predicted for the carboxyl oxygens around phenylalanine.

However, the calculations performed when DWAT and DPRO are both assigned a 

value of 4.0 show a very different result. Figs.4.18(a) & (b) show three regions within 

which Grid predicts the carboxyl group probe may be found. All three regions are near 

in proximity to the CB atom of the phenylalanine target molecule. This result is quite 

different from what has been predicted previously with regards to the phenylalanine 

sidechain. All other predictions have resulted in probe molecules being predicted as 

being above or below the plane of the aromatic ring. The three predicted regions
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comprise two which can be considered in and around the plane of the target arginine 

and one region which is behind the plane of the target phenylalanine. This prediction 

can be explained in terms of the positive charges of the hydrogens bonded to the CB 

which results in electrostatic interactions formed between them and the carboxyl group 

probe.

Figs.4.18(a) & (b) Orthogonal views of the target phenylalanine with contours outhning the regions 
within which Grid predicts the Carboxylate Group should be found.

Both predictions (i.e DWAT=4.0, DWAT=80) bear little resemblance to that which 

is observed experimentally.
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4.4 Discussion

The results obtained from the Grid calculations and experimental distributions are 

summarized in Table 4.9. The lowest Epoi for each interacting system is underlined.

Table 4.9

Interacting Predicted Distribution Experimental Match
System

DWAT=4.0
DFRO=4.0

DWAT=80.0
DPRO=4.0

Distribution

Arginine/ Carboxyl 
Oxygen

5 predicted regions, 3 of which 
coincide with that observed 

experimentally.
(-14.3 Kcal/mol)

3 predicted regions 
- all o f which are 
in agreem ent w ith 

experim ent. 
(-4.7 Kcal/mol)

3 regions in 
the plane o f 

the target Arg.

G ood

Arginine / Carboxyl 
Group Probe

4 predicted 
regions, 2 of which are populated. 

(-28.5 Kcal/mol)

3 predicted 
regions, only 1 o f 

which is in 
agreem ent with 

experiment. 
(-7 .8  Kcal/mol)

Good

Phenylalanine/ 
Carboxyl Oxygen

Predictions essentially the same for both sets o f 
assumptions

Carboxyl 
O xygens in the

Could 
be better

M ost favourable position o f a  carboxyl oxygen is above 
and below the plane o f the aromatic ring.

plane and 
around the face 
o f  the arom atic

for both 
predictio

-ns

(-1.66 Kcal/mol) (-2.04 Kcal/mol)
ring.

Phenylalanine/ 
Carboxyl Group 

Probe

3 predicted regions. Two are in and 
around the plane o f  the aromatic 

ring, and the third is below its 
plane.

(-1.62 Kcal/mol)

Above and below 
the plane o f the 
aromatic ring.

(-2.04 Kcal/mol)

Arginine/ Aromatic 
Carbon

Predictions sam e for both sets of assumptions C arbons above 
and below

Fairly
OK

Predicts aromatic carbons above and below plane o f 
guanidinium  group.

(-1.2 Kcal/mol)

the face o f 
the target Arg.

Phenyiaianine / Predictions sam e for both sets of assumptions C arbons above Could
Aromatic Carbon

Predicts Aromatic Carbons to be positioned above and 
below  the plane of the ring 

(-1.2 Kcal/mol)

and below  the 
arom atic plane

be better
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In general the structures which involved hydrogen bonds such as the arginine / 

carboxyl oxygen and arginine/ carboxyl group interacting systems have much lower 

energies than the other systems in which hydrogen bonds cannot occur. Also the 

energies are much smaller when neutral species are involved compared to charged 

species.

Prediction of atom-sidechain distributions using this ‘monopole approach’ does appear 

to have some measure of success. However, an area was identified in which this 

model did not accurately reproduce the expected results. This area appears to relate 

to the description of the n electron system of the target molecules arginine and 

phenylalanine. From qualitative considerations one would not expect a negatively 

charged oxygen (like the carboxyl oxygen) to be situated either above or below the 

plane of the target molecules as is suggested by the Grid results, as it would 

experience repulsion from their n electron clouds. This view that a fuller description 

of the 7C electron system is required has been subsequently supported by similar 

calculations (Mitchell et al, 1993) using an "energetics package" which employs a 

different methodology to Grid. For these calculations the Distributed Multipole 

Analysis (DMA) method was used in combination with the program ORIENT (Price 

& Stone, 1987; Stone 1990). The differences in their approach were that:-

(i) The DMA method describes the K electron system by quadrupoles instead of 

dipoles.

(ii) In this method it is assumed that the interacting atom-sidechain pairs are in a 

vacuum.

(iii) Whole molecules or molecular groups have to be used as models in this system. 

These molecules have to retain the essential chemistry of the interacting probe and 

target molecules.

Calculations performed by Mitchell et a l (1993) showed the regions above the 

aromatic ring of phenylalanine and the guanidinium moiety of arginine to be purely 

repulsive.

When interpreting these results it is necessary to realize that it is not the absolute
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energy values which are being dealt with but relative values.

A brief summary of the results obtained from the DMA calculations (Mitchell et at., 

1993) will now be given.

Before discussing the results it is necessary to define some terms to describe the 

different interaction geometries observed.

• ‘Parallel plate stacked’ structures -in these structures the centres of the delocalised 

regions of the molecules are directly above each other.

• ‘Staggered stacked’ structures - the two structures are essentially parallel, but are 

somewhat displaced laterally.

• ‘Offset stacked’ structures - the planes are almost parallel with no overlap between 

the structures.

• ‘Edge-to-face’ - this occurs when the edge of one moiety interacts with the face of 

another.

• ‘Tilted edge-to-face’ - similar to ‘edge-to-face’ structures where the interplaner 

angles are close to 45°.

These are shown in Figs.4.19(a)-(d). ‘Tilted edge-to-face’ is not shown here as it is 

very similar to ‘edge-to-face’.

The discussion also makes reference to the experimental atom-sidechain distributions 

- these can be found in the Atlas o f Sidechain Interactions by Singh & Thornton 

(1992).
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(a) Parallel Plate Stacked Structure 
Toluene / Toluene

(b) Staggered Stacked Structure 
Toluene / Toluene

(c)
Offset Stacked Structure 

Toluene/Toluene
(d) Edge-to-Face Structure 

Toluene/Toluene

Fig.4.19(a)-(d) The ‘interaction geometries’ of interacting sidechains

1 3 7



Prediction o f Experimental AtomSidechain Distributions Using Energetic
Considerations

4.4.1 Phenylalanine / Carboxyl Oxygens

For these calculations a toluene / acetate system was used to model the phenylalanine 

/  carboxyl Oxygen system. The calculations resulted in the production of three minima 

in which the two carboxylate oxygens of the acetate moiety were either close to or in 

the plane of the aromatic ring. The model also found ‘stacked structures’ to be 

energetically unfavourable. An examination of the ATLAS o f Sidechain Interactions 

(Singh & Thornton, 1992) of phenylalanine with aspartate or glutamate show an 

absence of ‘stacked structures’. Thus the DMA calculations produced results which 

were in close agreement with experiment.

4.4.2 Phenylalanine / Aromatic Carbons

A toluene / toluene system was used to model the phenylalanine / aromatic system. 

These calculations found that the ‘staggered stacked’ and ‘parallel-plate’ structures 

were energetically unfavourable. This agrees with the experimental sidechain 

distribution of phenylalanine with phenylalanine in which these types of packings are 

absent. The minima found by these calculations exhibited mostly ‘offset stacking’ and 

a few examples of ‘edge-to-face’ packings. The experimental distribution comprised 

mainly of ‘edge-to-face’ and ‘tilted edge-to-face’ interactions. The DMA model was 

judged to be successful.

4.4.3 Arginine / Carboxyl Oxygens

For this system the compounds methylguanidinium and acetate were used in the 

calculations. The calculations involving these moieties resulted in minima produced 

in two the regions which correspond to regions 1 and 2 in Fig.4.11. The lowest 

energy configurations in the two regions correspond to coplanar structures. The 

energies in regions 1 and 2 are very similar at -439 and -438 kJ/mol respectively (or - 

91.19 & -90.98 Kcal/mol). Thus they are very similar. The best energy for a structure 

corresponding to region 3 in Fig.4.11 was -385 kJ/mol (or -79.97 Kcal/mol). As all 

three of these regions are populated the DMA calculations can be regarded as 

successful.
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4.4.4 Arginine / Aromatic Carbons

Modelling the arginine / aromatic carbon interactions with DMA calculations on the 

methylguanidinium /toluene system resulted in ‘local minima’ with aromatic rings 

perpendicular to the arginine plane. These were described as ‘edge-to-face’ 

interactions. The aromatic ring can lie in one of three regions with the aromatic 

carbons close to or in the plane of the methylguanidinium. The energy of interaction 

at these sites being —25 kJ/mol.

The experimental distribution of arginine and phenylalanine however shows a distinct 

preference for stacked structures where the aromatic carbons are found above the 

guanidinium plane. Despite this observation the prediction made by the DMA model 

is not actually incorrect. This can be said as the aromatic carbons probably do not 

form ‘edge face’ interactions as suggested by the DMA model as the carboxyl oxygens 

will form stronger interactions with the arginine at these positions, hence they have 

been displaced by other moieties which will form stronger interactions. This is in 

accord with the Legon-Millen rules (Legon & Millen, 1987) which were formulated 

from observing structures of small molecules. The rules state that a hydrogen bond 

donor (e.g. arginine) will preferentially form a hydrogen bond with a conventional 

acceptor (e.g. carboxyl oxygen) and only interact with a non-conventional acceptor 

(e.g. aromatic ring) if a conventional acceptor is not available.

However, the geometries of the interactions formed by the aromatic carbons with the 

arginine are not energetically unfavourable as judged by the DMA calculations.

Thus overall the DMA methodology was judged to be very successful in these 

predictions.
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CHAPTER 5 
A COMPARATIVE PEPTIDE-BASED 

ANALYSIS OF INHIBITORS OF THE 

ASPARTYL PROTEINASE 

ENDOTHIAPEPSIN
5.0 Introduction

5.0.1 General Introduction and Aims

Aspartyl proteinases are a class of enzymes characterized by two catalytic aspartic 

acid residues responsible for the cleavage of peptide bonds. The enzymes can be 

divided into two groups, namely, viral and non-viral. Both groups consist of two 

similarly structured lobes in which the two catalytic aspartic acid residues are found. 

The two lobes in the non-viral enzymes are two domains each of around 163 residues 

in length, whereas they are two separate units (subunits) each of ~ 100 residues in the 

viral enzymes. Members of this family with determined crystal structures include HIV- 

1 protease (Navia et al, 1989), human renin (Sielecki et al, 1989), mouse renin 

(Badasso et al, 1992), porcine pepsin (Andreeva et al, 1984, 1985; Abad-Zapatero 

et al, 1988; Cooper et al, 1990), pepsinogen (James & Sielecki, 1986), calf chymosin 

(Gilliland et al, 1988; Newman et al, 1991), penicillopepsin (James & Sielecki, 

1983), rhizopuspepsin (Sugana et al, 1987) and endothiapepsin (Blundell et al, 1990). 

With the exception of HIV-1 protease, the aforementioned enzymes belong to the 

non-viral class of proteins. For comprehensive a text on the characteristics of aspartyl 

proteinases see a review article by Davies (1990).

Of particular importance and interest are the properties of the binding sites of 

these enzymes {i.e. protein-ligand interactions) and their catalytic mechanisms. The 

studies described here have aimed to achieve a better understanding of these
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properties. The Brookhaven databank holds about 22 aspartyl inhibitor complexes. In 

the majority of cases the inhibitors have been synthesised (i.e. not a natural inhibitor) 

and/co-crystallised with the enzyme - these have been determined at resolutions
' r

between 1.7 and 3.0Â. The remainining complexes are those of model compounds. Of 

these 22, 12 are complexes with endothiapepsin and are listed in| Table 5 .3 , the 

remainder are listed in Table 5.1. Also listed in Table 5.2 are seven other enzyme- 

inhibitor complexes of endothiapepsin whose coordinates have not yet been deposited 

in the Brookhaven databank. This study has examined and compared the 

conformations of the bound inhibitors of 19 endothiapepsin complexes (all listed in 

Table 5.3 ) crystallised and solved at Birkbeck College by John Cooper and colleagues. 

The crucial interactions between the protein and its inhibitor which confer specificity 

were also investigated with an overall view of utilising the information obtained for 

suggesting other designs of inhibitors.. Other analyses of aspartyl proteinase inhibitor 

complexes, similar to that presented here, include those by Dhanaraj et al. (1992), 

Sugana et al. (1992) and Sali et al. (1989). In addition to this, other information on the 

mode of binding of inhibitors in aspartyl proteinase complexes has been collated from 

molecular dynamics (Mao, 1991) and molecular modelling studies (Scarborough et al., 

1993).

5.0.2 Occurrence of Naturally-Occurring Inhibitors of Aspartic Proteinases

Naturally occurring inhibitors of aspartic proteinases are relatively uncommon 

compcired to the widespread distribution of inhibitors of other proteinases such as 

those of the serine, cysteine and métallo enzymes (Kay, 1982). The few locations in 

which the inhibitors have been found are listed below:

• Proteins (M^-17,000) from ascaris lumbricoides.

• Acylated pentapeptides (pepstatins) from different species of actimycetes.

• The inhibitor peptide (-16/17 residues) released on activation of (pig/cow) 

pepsinogens.

• Renin-binding proteins

The degree of inhibiton of these inhibitors varies considerably depending on which individual 

aspartic proteinase we are dealing with.
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Table 5.1: Aspartyl Proteinase Complexes 
whose co-ordinates have been deposited in Brookhaven 

(Those of Endothiapepsin have not been included here - See Table 5.3)

Complex Author Protein
Brookhaven Code 

and Common 
name in

brackets

IHVP (Model) Weber et al (1989)
2HVP 

(HIV-1 Protease)4HVP Miller et a l (1989)

5HVP Fitzgerald et a l (1990)

9HVP Erickson et al (1990)

IPHV (Model) Gustchina & Weber (1991) (HIV-2)

2PHV (Model) Gustchina & Weber (1991)

3APR Sugana et al (1987) 2APR
(Rhizopuspepsin)

4APR Sugana et a l (1992)

5APR Sugana et a l (1992)

6APR Sugana et al (1992)

5.0.3 Development of Synthesised Inhibitors (or Un natural Inhibitors)

Many enzyme-inhibitor complexes of the aspartyl proteinase family have been 

synthesised of which complexes with human renin (Blundell et ah, 1987b, Szelke et 

al, 1982a,b) and HIV-1 protease enzymes (Roberts et al, 1990 & Wlodawer et al, 

1990) are the most common. Inhibitor complexes of these two enzymes are 

particularly abundant due to their medical importance. Human renin is of particular 

interest due to its role in the regulation of blood pressure whilst HIV-1 protease plays 

a role in the development of AIDS. The approach used to develop these un-natural 

inhibitors has been to study the sequence of the natural inhibitors and then to 

synthesise only that portion which is involved in binding to the enzyme. In an attempt 

to develop more potent inhibitors, three approaches have been adopted. These have 

been to modify existing inhibitors by:

7

142



A Comparative Analysis of Aspartyl Proteinase Inhibitors

1) Changing the length of the polypeptide chain

2) Substituting L amino-acids by D amino-acids or other L amino-acids or compounds.

3) Modifying some of the chemical groups of the constituent amino-acids of a 

pre-existing inhibitor.

The potency of an inhibitor (a ligand) is measured inj terms of Kj (nM) where K, is 

the dissociation constant of a ligand. The expression for the value is 

given below:

Where [E] is the enzyme concentration,

[I] is the inhibitor concentration, and 

[El] is the concentration of the complex 

The higher the value the lower the potency of the inhibitor.

Different Kj values can only be compared if they have been measured under similar 

conditions (ie. pH value).

For a detailed treatment of Kj values and enzyme kinetics see Enzyme Kinetics: The 

Steady-State Approach (Engel, 1981).

5.0.4 Description of the Native Endothiapepsin Enzyme 

The 3-D structure of endothiapepsin has been determined by X-ray crystallography 

(Blundell et al, 1990). The X-ray structure was solved at 2.1Â resolution. X-ray 

crystallography has revealed a structure comprising two domains of -170 residues 

each and mainly consisting of (3-sheet. Each domain consists of 5 p-sheets made up 

from 20 P-strands. 3 of the strands from each domain contribute to a central sheet. 

The 20 p-strands are connected by a total of 29 turns and 4 a-helices. All the a  

helices are on the surface of the protein exposed to solvent. One of the most
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important motifs, found in both domains of the enzyme, is the double \\f structure 

comprising residues from 4 (3 strands. This structure can be thought of as consisting 

of two \|/ motifs which share strands to make up a double \|/ structure. The residues 

which make up the double \\f structures, of both the N and C domains, are amongst 

the most conserved residues in the homologous aspartic proteinases endothiapepsin, 

penicillopepsin and rhizopuspepsin with a high level of structural and sequence 

similarity - which suggests that the \\f loops play an important part in the structure and 

function of the enzyme. This hypothesis is supported by the fact that the catalytically 

important aspartates (Asp-32 and Asp 215) are found in these loops. In addition to the 

constituent amino-acids, 333 water molecules have been identified in the structure. 

Approximately two-thirds of these water molecules (225) make hydrogen bonds with 

either the enzyme atoms or other solvent molecules. Fig.5.1 shows a ribbon 

representation of the endothiapepsin enzyme.

Fig.5.1 Ribbon Representation of Endothiapepsin. Please note this figure is presented in order to provide 
the reader with a general idea of the shape of the endothiapepsin enzyme.
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5.0.5 Active Site and Catalytic Mechanism

The active site of the enzyme is that portion of the enzyme which is involved in its 

catalytic mechanism. A description of the active site of the endothiapepsin enzyme has 

been given by Pearl & Blundell (1984). To summarize, the active site consists of a 

number of amino-acids and a water molecule which are connected by a network of 

hydrogen bonds. The central "elements" in this active site are two aspartate carboxyls 

and a water molecule - these "elements" all lie in one plane with the water molecule 

within hydrogen bonding distance of all four carboxyl oxygens of the aspartates. Also, 

the carboxyl oxygens of the aspartates (0D2 Asp 32 and OD2 Asp 215) are within 

hydrogen bonding distance of each other and of the peptide nitrogens of Gly 34 and 

Gly 217. Other amino-acids involved in this network of hydrogen bonds include: Ser 

35, Thr 218, Thr 33, Thr 216, Ala 214, Phe 31 and Asp 304.

Fig.5.2 shows some of the amino-acids making up the hydrogen bonding pattern of 

the active site. Discussion of possible catalytic mechanisms can be found in Blundell 

et al. (1987b) and Veerapandian et al. (1991).

SP 32
GLY 217

ASP 215 ■W ATER

GLY 34

Fig.5.2 Part of the hydrogen bond network around the active site of endothiapepsin. The hydrogen 
bonds (as shown by the dashed lines) between the Asp 32, Asp 215, Gly 34, Gly 217 residues and also 
the water molecule referred to in the text are shown here. Carbon atoms are shown in black, nitrogens 
in grey and oxygens in white. The different size labels are there to give an idea of perspective - they 
refer to the Ca atoms of the residues.
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5.0.6 Movement of the Endothiapepsin Enzyme Upon Complexation

In this chapter the structure of the ligand upon binding will be studied. However, it 

is important to realise that the enzyme itself undergoes conformational changes upon 

binding the various ligands. The details of these changes have been studied by Sali et 

al. (1992). A brief overview of the methodology employed by Sali et al. (1992) and 

the conclusions drawn will now be provided. For that work, 15 endothiapepsin 

complexes were used. These 15 complexes can be divided into two groups according 

to the manner in which they crystallise. They can be crystallised into two different 

unit cells, one which is isormophous to the native endothiapepsin and one which is 

non-isomorphous. By using various analytical techniques the following points were 

elucidated:

• Endothiapepsin can be thought of as comprising two rigid bodies which move 

relative to each other upon ligand complexation. The first rigid body, which will be 

referred to as ‘rigid body 1 ’ hereafter, comprises the central motif and the N-terminal 

of the enzyme (residue numbers -2 to 189 and 303-326), whilst the second rigid body 

(or rigid body 2) comprises most of the C-terminal domain (residue numbers 190-302).

• The precise nature of the movement of the C-domain (rigid body 2) was found to 

be a ‘screw motion’. This motion involves a rotation followed by a translation along 

a particular axis. Fig.5.3 shows the magnitude of the enzyme movement upon binding 

to the 15 inhibitors under study.
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- 0 . 3

rL - 0 .2

0.0

OH142

BW625

BW624 
L363.564

PD12 5 9 6 7  
H77 ■■ C P 69 .799  

H I89 ■ C P 7 1 .3 6 2  
H2614CRIP

PEPSTATIN

O ISOMORPHOUS 
■ NON-ISOMORPHOUS

2 3
ROTATION [•]

Fig.5.3 Showing the magnitude of rigid body movement in 15 endothiapepsin-inhibitor complexes. ■  
represents a nonisormorphous unit cell and O represents an isormophous unit cell [Taken from Sali et 
al, 1992].

• It can be seen from Fig.5.3 that the degree of movement depends upon whether 

isormophous or non-isomorphous crystals are being dealt with but not on the chemical 

nature of the P I-P I’ group. The isormorphous crystals exhibited a very small degree 

of movement whilst the non-isormorphous crystals move with a ~4° rotation followed 

by a small translation of 0.3Â.

Sali et a l (1992) also pointed out that there are actually two possible alternatives for 

the driving force of this conformational change. These are ligand binding and crystal 

packing effects. There is evidence to suggest that both effects play a role.

Such analyses shows that the endothiapepsin enzyme retains its local conformation 

upon inhibitor binding. There is however an exception in which one region of the 

enzyme does undergo ‘local distortions’ upon inhibitor binding. These distortions 

occur in residues 73-82 which constitute a P hairpin. These residues are commonly 

referred to as residues of the "flap". The "flap" residues cover the active site center
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and have to open in order to allow access for the ligand to enter into the active site 

cleft. This local distortion of the flap region was first observed in the aspartyl 

proteinases by James et al. (1982) when studying the binding of a PEPSTATIN 

fragment to penicillopepsin.

5.0.7 Diagram of Enzyme-inhibitor Complex

Finally, at the end of this introductory section fig.5.4 of endothiapepsin with a bound 

inhibitor is presented.

Fig.5.4 Diagram of endothiapepsin complexed with the H I42 Inhibitor. The Inhibitor is depicted by the 
thin strip in the ‘open region’.
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5.1. Terms, Definitions and Nomenclature
A few terms of relevance to this chapter will now be defined:

5.1.1 Schecter & Berger nomenclature for proteinase subsites

The Schecter & Berger system of nomenclature (1967) was originally intended to 

describe the interaction of proteinases with their substrates. Here, the nomenclature is 

used to describe the interaction of the enzyme with its inhibitor. In this system, a 

subsite is defined as a portion of the binding site interacting with one amino-acid of 

the inhibitor (or pseudo-polypeptide). The inhibitor (pseudo-polypeptide) amino-acid 

residues are denoted by the P symbol (P for peptide) and the subsites have been called 

S. The amino-acid residues on the amino-terminal side of the replaced scissile bond 

are labelled as follows: PI, P2, P3, P4 etc. whereas the corresponding sites {i.e. the 

interacting sites) on the enzyme are called SI, S2, S3 etc. Residues of the inhibitor on 

the carboxyl terminal end are called P I ’, P2’ and P3’ (outwards) and corresponding 

(i.e. interacting sites) on the enzyme are called S I ', S2’ etc. The scissile bond is 

defined as the bond which is cleaved by a specific enzyme. In these examples the 

bond in question is the ‘C-N bond’ of the mainchain.

5.1.2 Rigid Body Superpositioning

Rigid-body superpositioning allows for the quantitative evaluation of the degree of 

similarity in the conformations of the inhibitors. For this procedure an algorithm, 

comprising two basic steps, devised by McLachlan (1979), was used. The two basic 

steps employed by this algorithm are the superpositioning of the centre of mass of the 

structures and a rotation in 3-D space of one of the molecules until the ‘best fit’ is 

obtained. The ‘best fit’ is defined as the fit which minimises the sum of the squared 

distances between corresponding atoms in the 2 structures. The root mean square 

(RMS) is then calculated. RMS deviations are measured in Â.

5.1.3 Accessible Surface Area

The accessible surface areas reported in this article have been calculated using a 

program based on an algorithm developed by Lee & Richards (1971). In this algorithm 

a solvent probe of 1.4Â and the van der Waals radii given by Chothia et at. (1976)
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were used. These are;

T« an der Waals radii used in 
ccessibilîtyWgônÜ^

iius(A)

Carbon 1.7 (C-a)
1.8 (Carbonyl C)

Nitrogen 1.55 (Amide NH)

Oxygen 1.52

Solvent Probe 1.4

5.1.4 T orsion  angles

The torsion angles calculated in this report were the (}),i|/ and co angles of the 

main-chain, and the side-chain torsion angles Where possible the torsion angles 

were calculated using the definitions of the lUPAC-IUB Commission on Biochemical 

nomenclature (1970). However in a number of cases (i.e. the chemically modified 

amino-acids) the lUPAC definitions cannot be applied. In these cases we have used 

our own modified definitions to describe the torsion angles. The modified angles were 

defined by considering both the preceding and following atoms of the bond in 

question. For example the (j), \\f, co and %, angles of statine are described by the 

following atoms:

Statine

(j) Cl N CA CH

Y N CA CH CM

CO (two angles defined for co)

co.CA CH CM C2; co, CM C2 NHl CAl

%, N CA CB CG

NHl|CMC l CAl
C2

OH

Fig.5.5:Statine residue. The w avy lines
denote the beginning and end o f  the residue

The ({), Y, w and %, angles for the chemically modified amino-acids have been 

indicated in Figs. 5.7 and 5.8.

150



A Comparative Analysis of Aspartyl Proteinase Inhibitors

Some of the standard amino-acids really have two Xi angles. These amino-acids are 

those which are branched at the Cp (or CB) atom and include: Valine, Threonine and 

Isoleucine. These have been called the ‘alternate Xi angles’ in this thesis.

5.1.5 B values

The expression for the value of the temperature factor or B value of an atom (a body) 

is given below.

B=87uC/2 ( 5 . 3 )

where Ü is the average squared displacement of the atom in the x,y and z directions. 

Hence it is treated as an isotropic parameter {i.e. not directional). It is measured in 

units of Angstrom squared (Â^).
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5.2 The Dataset

5.2.1 The Dataset in General

The 19 endothiapepsin inhibitors used in this analysis have been divided into five 

groups (labelled 1-5) depending on the chemical nature of the residues in the 

combined PI and P I ’ regions (see Table 5.3). In all cases the peptide bond has been 

replaced by a non-scissile bond so that cleavage cannot occur. For groups (1-5) the 

natural peptide bond ‘C-N’ between the PI and P I’ residues have been replaced by 

a reduced bond, hydroxyethylene, amino-alcohol, statine and pseudostatine isosteres 

respectively. These are shown in Fig.5.6. The five groups (1,2,3,4 and 5) are shown 

in Table 5.3 together with details of the resolution and R factor of the complexes. The 

sequences and chemical structures of the 19 endothiapepsin inhibitors used in this 

analysis are shown in Table 5.4 and Fig.5.9. The pseudo amino-acids are shown in 

figs. 5.7 and 5.8.

5.2.2. Design of the 19 inhibitor enzyme complexes in the dataset

Many of the inhibitors in the dataset were originally designed to investigate their 

viability as inhibitors for the aspartyl proteinase renin, that is to test their potential 

use as antihypertensive factors. The design of the inhibitors of all the enzyme-inhibitor 

complexes in the dataset (irrespective of whether they were designed to act against 

renin or not) have been based on the natural pepstatin inhibitors (Umezawa et ah, 

1970) and the renin substrate angiotensin. The pepstatins are characterized by the 

presence of two statine residues in their sequences, one of which corresponds to the 

P l- P l’ residue in the Schecter & Berger (1967) notation. This particular statine 

residue is essential for inhibition. A discussion of why the statine residue is good for 

inhibition can be found in Blundell et at. (1987b). Pepstatins were found to be good 

inhibitors of most aspartyl proteinases, but poor inhibitors of renin. One approach used 

for the development of potent renin inhibitors has been to incorporate statine or 

analogous statine residues into the 6-13 octapeptide of human angiotensin. Inhibitors 

developed in this way include H189 (Tree et al, 1983) and L363564 (Boger, 1985).
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Studies have shown (Blundell et al, 1987b) that the statine residue resembles a 

dipeptide analogue although it should contain two more mainchain atoms to be a true 

dipeptide analogue.

A series of other renin inhibitors have been designed solely based on the angiotensin 

substrate. These have been developed by modification of the scissile bond that is 

cleaved. H142 (Szelke et al, 1982b) was one of the first inhibitors to be synthesised 

in this series. The inhibitors in groups 1 and 2 of the dataset belong to this category.

5.2.3 Bifurcation of the CP69799 P2 His Residue ("A Special Case")

By X-ray crystallography it was found that the P2 His sidechain of CP69799 can 

occupy two different positions and that both positions are occupied (Sali et al, 1989). 

These two positions were called P2N and P2C. The final occupancies of the P2N and 

P2C states were found to be 0.43 and 0.57 respectively. This ‘bifurcation’ has only 

been observed with respect to the P2 His residue of the CP69799 inhibitor and no 

other residue in any other inhibitor. Bifurcation may arise because the S2 pocket is 

large and exposed to solvent and form interactions with the spatially adjacent 

sidechains at P I ’ and P4.
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Table SJ Information about the Inhibitors Used in 
this Analysis

Inhibitor
Complex

Brookhaven
Code

Resolution
(A)

R factor 
(%)

Reference if 
available

K,(nM ) 
pH (3.1)

1 H77 1ER8 2.0 20 *1

1 H142 4ER4 2.1 19 Foundling et 
al. (1987)

160

1 H256 2ER6 2.0 20 Cooper et al. 
(1989)

60

2H261 2ER7 1.6 14 Veerapandian 
et al. (1991)

<1

2 CP71362 3ER3 2.0 19 *1

2 PD125967 4ER1 2.0 14 Cooper et al. 
(1988)

*1

3 BW624 5ER1 2.0 21 *1

4 PEPSTATIN A 4ER2 2.0 16 Bailey et al. 
(1993)

*1

4 PD130693 
(PDFASTC4)

* 1.9 16 *1

4H 189 3ER5 1.8 }5 Bailey et al. 
(1993)

1

4 L363564 2ER9 2.2 17 Cooper et al. 
(1989)

40

4 L364099 2ER0 3.0 28 Cooper et al. 
(1989)

420

4 PD125754 * 2.0 15 *t

4 PHESTAl * 2.0 19 *1

4 PHESTA2 * 1.6 17 *1

5 CP69799 5ER2 1.8 16 Sali et al. 
(1989)

*1

5 PD 130328 
(PHOSTA)

* 1.9 17 *1

5 CP81282 * 2.0 18 *1

5 PD 13340 
(GLYCOL)

* 1.9 17 *1

The numbers in bold in the left-most column represent which group the inhibitors fall in. An'*’ denotes the fact the coordinates for the complexes have not 
been deposited in the Brookhaven Databank. *' represents the fact that K, values have not been 
ascertained for these complexes.

yet

OH H
]> rin

R e d u c e d  B o n d  ( 1 )  H y d r o x e t h y l e n e { 2 )  A m in o  A l c o h o l  ( 3 )  S t a t i n e  ( 4 ) P s e u d o s t a t i n e ( 5 )

Fig.5.6 ISOSTERES - pertaining TO GROUPS I, 2, 3, 4 & 5 RESPECTIVELY
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T ab le  5.4: C hem ica l S equences o f In h ib ito rs

IN H IB IT O R P6 P5 P4 P3 P2 P I  P I ’ P 2 ’ P 3 ’ P 4 ’ P S ’ P 6 ’

H 77 D H IS PRO PHE HIS LRL VAL TYR

H 142 PRO HIS PRO PH E HIS LRV ILE HIS LY S

H 256 PRO THR GLU FRF ARG GLU

H261 BOG HIS PRO PHE HIS LOV ILE HIS

C P71362 BOG PHE HIS PZG LYS PHE

PD 125967 N AP NPC HIS PZG DGl

B W 624 sss V AL ILE PHE OM E

P E P S T A T IN  A IVA VAL VAL STA ALA SIFA

PD 130693 DM S PHE BMT STA DCl

H 189 PRO HIS PRO PHE HIS STA VAL ILE HIS LY S

L 363564 HOC HIS PRO PHE HIS STA LEU P H E N H2

L 364099 IVA HIS PRO PHE HIS CHS LEU PH E NH2

PD 125754 BOG FOG CHS LEU

P H E S T A l PRO LEU GLU PHA ARG LEU

P H E S T A 2 THR PHE GLN ALA PHA LEU ARG GLU

C P69799 BOG PHE HIS PZN LYS PH E

PD 130328 BOG PHE HIS PST DGl

C P81282 M OR PHE NLE GHF N M E

PD 13340 SOT PHE SGG GGL

’ PEPSTA TIN  A is actually a naturally  occuring inhibitor o f the aspartyl proteinases, unlike the rest o f  the inhibitors listed in the table.

The shading indicates that there is no electron density for these residues.
The structures and names of the non-standard amino-acids are given on the next three pages (Fig.5.7 & 5.8). For some of these amino-acids systematic names have been 

given but where possible the structures have been named or described in terms of the standard amino-acids whose structures are given in Fig. 1.1.
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Boc (N) Dei (C) Dms (N)

0 x /

Iva (N) Mor (N) Nap/Npc (N)

Q)

0
w X

0

%

NMe (C) OMe (C) Sot (N)

N -----C H 3 0 - C H 3

0

/ — \  11“
w  p

0

Sss (N) (3)

QH

Boc - Tert-butyloxycaibonyl Anion; Dei- Decarboxy-lsoleucine: Dms- N,N-dimethyl sulphoxide: Iva- Isovaleric Acid: Mor-Morpholyne 
Nap/Npc - Bis-(Naphty1-1-Methyl) Acetic Acid (Called BNA in the Brookhaven files). Nme- N-Methyl: Ome-Methoxy group:
Sss - Leucinol-Methylene (Called LOL-CH, in the Brookhaven files).
Sot - Morpholyne Sulphoxide

Figure 5.7; N and C terminal groups of the inhibitors marked with pseudo (|), \j/, (O and angles. A subscript of 1 indicates that 
angles pertain to the PI site. A subscript of 2 means angles pertains to the PI’ site. Note that Sss is the only residue in this group 
which spans the P l-P l’ site and belongs to group 3. The residues have been marked with a N or C indicating whether they are 
found in the N or C termini of the inhibitors.
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Bmt Chf (5) Chs (4)

AJ  CH3 \ \

0 ip 0  (Û CH CH 0

0  Z l

CH 0

Fog Frf (1) Gel (5)

0  Y  x T  0

CH

0  V jA  CH

CH

Lev (1) Lrl (1) Lrv(l)

0  0

J 1»
0  5Cii z '  0

Bmt - So-called because it comprises butyl, methyl and thiourea groups. It is a thiourea analogue of 
lysine
Chf - Cyclohexyl fluorostatine
Chs - 5-cyclohexyl-4-amino-3-hydroxy pentanoic acid
Fog - Phenylalanine-hydroxyethylene-glycine
Frf - Phe-Phe where the Peptide Bond has been reduced to CHjNHj
Gel - 5-cyclohexyl-4-amino-pentane glycol
Lov - Leu-Val where the Peptide Bond has been reduced to CHOH-CHj 
Lrl - Leu-Leu where the Peptide Bond has been reduced to CHjNHj 
Lrv - Leu-Val where the Peptide Bond has been reduced to CHjNHj

Fig.5.8 - Cont.d on next page (Caption on next page)
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Nle

-NH
NH

Pha (4)

0  X i ^
A  w

my
CH 0

Pst (5)

1

CH 0

Pzc (2) Pzn (5)

»NH
œ

Sta (4)

.NH

OH

See

A r II T
0

Nle - Norleucine
Pha - Phenylstatine (See below for the systematic name for statine).
Pst - Phosphostatine
Pzc - Cyclohexyl Ala-Leu Peptide Bond replaced by CHOH-CHj (Called CAL in the Brookhaven Files) 
Pzn - N-isobutyl-N-carboxy-2-hydroxy-3-amino-cyclohexyl butylamine (Called AHS in the Brookhaven 
files)
Sta - Statine (Systematic name is: 4-(S)-amino-3-(S)-hydroxy-6-methylheptanoic acid).
See - 3-amino-3-carboxyl-3methylethythiol

Figure 5.8- cont.d: Pseudo amino-acids marked with their pseudo dihedral (j), \|f and angles. All these 
residues apart from Fog span the P l-P l’ sites. Fog spans the P3-P2 site in Phestal.Those residues which 
span the P l-P l’ sites are marked with a number indicating the group to which they belong. A subscript 
of 1 (as in (j)), \|/i & CO]) indicates dihedral angles pertaining to PI. Where the PI and PI’ sites both 
have a angle, these are labelled Xu Xn respectively.
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F i g . 5 . 9 :  I n h i b i t o r  S t r u c t u r e s  
GROUP 1

H77
,C»I

H142

H256

GROUP 2
H261

PI- PI' P3f

PD125967
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F i g . 5 . 9  - c o n t .d  I n h ib i t o r  S t r u c t u r e s  
GROUP 2 - c o n t .d

CP71362

OH OH

NH

F4 P3 P2 P2

GROUP 3
BW624

OH

P2' P4P l-P l'

GROUP 4
PEPSTATIN A

.CH

P3 O P2'

PD130693

H189

NH

P 2 "P 3
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GROUP 4 - c o n t . d

L 363564

L364099

Pl-Pl'

PD125754

OH OH

NH

P4 P3 P2 P2'

PHESTAl

PHESTA2
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GROUP 5
CP69799

PI- PI' O

PD130328

CP81282

PD133450

CH

o CH 
PI- PI'

Fig. 5.9: Schematic diagrams of the inhibitors divided into their five groups. The wavy lines denote the 
span of a P residue.
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5.3 M ethods

5.3.1 Torsion angle calculations

Where possible, main-chain dihedral angles ((}), \\f and (o) and the side-chain dihedral 

angle were calculated for each residue of the 19 endothiapepsin inhibitors using the 

lUPAC definitions (1970) using the program PROCHECK (Laskowski et a i, 1993). 

For a few chemical groups modified definitions of these angles had to be applied. 

These angles have been indicated in Figs. 5.7 & 5.8.

5.3.1 (a) (j) and \\f

The main-chain dihedral angles ( ,̂\p were then classified according to nomenclature 

formulated by Morris et al. (1992), see Fig.5.10, based on the occupied areas of the 

Ramachandran plot. These areas have been empirically derived using the data obtained 

from the residues of 463 proteins of the Brookhaven Databank. Glycine and proline 

were excluded from their study due to the atypical values of their dihedral angles. 

Grids of 10° by 10° were used to classify the main-chain <|),\)/ angles on the basis of 

their population density. The areas correspond to low energy regions and have been 

defined as follows:
180

135-

90-

45-

1
2

-45-

-90 X X

-135-

-180 180135-180 -135 -90
Phi (degrees)

Fig.5.10 Diagram defining the various regions in the ‘Ramachandran plot’ as extended by Laskowski 
et al. 1993. See Overleaf for more explanations.
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A-Core a , a-Allowed a , ~a-Generous a ,

B-Core p, b- Allowed p, ~b-Generous P 

L-Core Left-handed a ,

1-Allowed Left-handed a , ~l-Generous Left-handed a  

p-Allowed £, ~p-Generous e,

XX-Outside Major Areas

5.3.1 (b) Xi

The %i angles have been categorized as follows: 

trans t 180° ± 60 

gauche+ 300° ± 60° 

gauche- g' 60°± 60°

5.3.1 (c) CD

The CO values of the residues of the inhibitors are given in Table 5.7. Morris et al. 

(1992) conducted a survey of co angles in the Brookhaven dataset of proteins and 

observed that the standard deviation of these angles is 5.8° about a mean value of 

179.8°. The values of co which do not fall in the 180°± 6° have been highlighted in 

the Table.

5.3.2 Van der Waals Contacts

The van der Waals contacts between the atoms of the enzyme and inhibitor were 

calculated using an in-house program. The inhibitor was deemed to be interacting with 

the enzyme if the interatomic distance was between 3.0 and 5.0Â. From this 

information, a table of conserved van der Waals contacts has been constructed as well 

as a quantity which we have defined as the E value. The E value is the number of van 

der Waals contacts per atom of each residue of the inhibitor made with the enzyme.
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5.3.3 Hydrogen bonds between the inhibitor and enzyme

All hydrogen bond type interactions were calculated between the inhibitor and the 

enzyme atoms in their inhibitor-enzyme complexes. Only oxygen, nitrogen and sulphur 

atoms can participate in hydrogen bonding in proteins. Two atoms have been defined 

as being hydrogen bonded if their interatomic distance lies within 2.5 and 3.6Â. No 

account has been taken of the hydrogen bonding angles in this report as hydrogen 

positions were not generated. The conserved hydrogen bonds of the main-chain 

nitrogens and oxygens of each P site have been tabulated (See Tables 5.13(a) & (b), 

and also 5 .14(a) & (b)). Hydrogen bonds have been defined as conserved if they occur 

in more than 50% of equivalent bonds over the 19 inhibitors.

5.3.4 Rigid Body Superpositioning or Least squares fitting

For the purpose of calculating RMS values the inhibitors were divided into two 

categories. The first category comprised those inhibitors in which there are 5 bonds 

(6 mainchain atoms) connecting the backbone NH and carbonyl carbon atoms nearest 

to the P l - P r  residues, whilst the second category comprised those inhibitors 

containing 4 (5 mainchain atoms) such bonds. The inhibitors belonging to the first 

category are: H77, H142, H256, H261, CP71362, PD125967, PD133450 and CP69799. 

The inhibitors belonging to the second category are: PEPSTATIN A, PD 130693, 

H189, L363564, L364099, PD125754, PHESTAl, PHESTA2, PD130328 and 

CP81282. BW624 does not fall into either category as it has 4 mainchain atoms.

For each category a series of RMS values were calculated pertaining to the backbone 

of each inhibitor using the other inhibitors within the same category as template 

molecules. The backbone atoms involved in these comparisons were the main-chain 

nitrogens, C -a  carbon and carbonyl carbon. Main-chain oxygens were not used in 

these fittings. Where possible the segment length employed was from P3 to P3’. For 

example, it is possible to employ this chain length (P3 to P3’) when comparing the 

H77 with respect to H142 or H256 but not with CP71362. An examination of Table 

4 showing the chemical sequences of the inhibitors should make it apparent which 

residues of the segment were employed for each comparison.

The inhibitors of each category were then divided into two fragments: one fragment
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

comprised residues before PI (i.e. P3 and P2) and the other fragment comprised 

residues after P I ’ (i.e. P2’ and P3’). Again RMS values were calculated using 

equivalent atoms within the same category. There is also a category of inhibitors for 

which comparisons involving the fragment after P I ’ cannot be made due to the 

"wrong atoms" constituting the P2’ residue. The inhibitors in this category are: 

PEPSTATIN A, PD130693, PD 130328 and CP81282.

5.3.5 Temperature Factors

Average B values of both the sidechains and all atoms of each residue were plotted 

for every inhibitor, together with the average B value of the whole inhibitor. 

Comparisons were made of the general trends of these B values within each inhibitor. 

It must be noted that absolute B values cannot be compared between inhibitors.

5.3.6 Accessibility

The difference in accessibility between the free and buried forms of each residue of 

the inhibitors in each complex at each site (i.e. P site) was calculated. The difference 

at each P site was calculated for the side- and main- chains. The accessibilities were 

calculated according to the algorithm developed by Lee & Richards (1971).

A figure showing the free space or gaps between the H I89 inhibitor and the 

endothiapepsin enzyme has been generated using an in-house program called 

SURFNET (R.Laskowski). The filling of these gaps has been achieved by a very 

simple insertion of spheres between all possible inhibitor and protein atom pairs. 

Spheres of radii between 1 and 5Â were used to generate these gaps in this model. 

The region within a distance of 5Â is presented in the figure.

1 6 6



A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.4  Results

The general trends of the properties measured are now presented. In this study the 

unusual properties of the various P residues have been highlighted. For ease of 

interpretation of the results, the inhibitors have been classified into two categories 

according to the nature of the P l-P l’ residues. Category 1 comprises those inhibitors 

which possess a P l- P l’ residue which can be thought of as mimicking a dipeptide 

analogue with 6 mainchain (backbone atoms) whilst category 2 comprises those 

inhibitors which contain 5 mainchain atoms in the P l-P l’ site.

The inhibitors in the two categories are listed as follows:

• H77, H142, H256, H261, CP71362, PD125967, PD133450 and CP69799 (belong 

to category 1).

• PEPSTATIN A, PD130693, H189, L363564, L364099, PD125754, PHESTAl, 

PHESTA2, PD130328 and CP81282 (belong to category 2).

• The inhibitor BW624 does not fall into either of the two categories as it has 4 

mainchain atoms.

5.4.1 Mainchain dihedral angles (c|),\{/)

The results in Table 5.5 show that the majority of the main-chain dihedral angles ((|),\|/) 

of the inhibitors occupy identical regions of the plot in Fig.5.10 in equivalent P 

positions (see the consensus sequence). The consensus conformation at the bottom of 

Table 5.5 was derived by the most frequently occurring region for each P site. It can 

be seen that the main-chain dihedral angles are well conserved despite the variation 

in their sequences. The majority of the residues occupy the B region of the plot, that 

is the residues occurring in the P4, P3, P I ’ and P2’ sites. This shows that the 

introduction of a ‘pseudo amino-acid’ in the P l-P l’ position (mainly) results in 

comparatively little disruption of the "|3-strand conformation" of the main-chain. The 

residues in the PI and P2 sites, however, show a distinct preference to occupy the b 

region of the plot. This part of the Ramachandran plot forms a bridge between the 

classic a  and P regions (corresponding to regions A and B on the plot). The b region 

is populated less densely than the classic a  and P regions. A survey of 121468 

residues in 462 proteins by M.MacArthur (personal communication) has shown that
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7.5% (9073) of the residues have values which fall in the b region of the plot as 

opposed to the 43.5% (52779) and 38.3% (46473) in the A and B regions respectively. 

The tendency for the residues in the PI and P2 sites to occupy the b region may be 

a reflection of the fact that we are actually dealing with ‘pseudo’ (j),\|/ angles due to 

non-standard amino-acids and hence these ‘pseudo’ angles will not be subject to the 

same constraints as the proper (j),y angles. The P3’ residue at the C-terminal portion 

of the inhibitor does not show any preference for any particular region of the plot. 

The P4 site is dominated by prolines. Prolines have a very restricted range of (|),\j/ 

values available to them due to the geometry of the pyrrolidine ring.

Table 5.5: Showing the regions the (|) and vj/ values fall in Fig.5.11

P6 P5 P4 P3 P2 PI PI P2 P3 P4 P5’

H77 * B B b a B B *

H142 h h B # # # b B B ♦

H256 B b b B P *

H261 * h B B b b B B *

CP71362 * B h b B B

PD125967 * * b a B B

BW624 ♦ b b A *

PEPSTATIN A * B t) b * * b *

PD130693 * B b * *

H189 * B B B \> \? B B a *

L363564 * t) B B b

L364099 I? B B b ~b * *

PD125754 * * b a B *

PHESTAl * B b b

PHESTA2 * B B \> * B —h *

CP69799 * B b a B B *

PD130328 * B b -h

CP81282 * B b * *

PD1334?0 * B b * *

CONSENSUS h B b b/~ B
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There are also a few ‘deviant residues’ possessing ([), \j/ values which occupy regions 

o f the plot not associated with the P site of the residue. The 11 deviant residues have 

been highlighted by shading in the table. In order to assess how far the ‘deviant 

residues’ lie from the consensus positions, the absolute (j),\|/ values were plotted for 

each inhibitor. These plots are shown in Fig.5.11.

Inspection of the figures reveal that the majority of these ‘deviant residues’ have 

values which are in fairly close proximity to the consensus regions. The exceptions 

are the P2’ Ala of PEPSTATIN A, the P5 His of H189, P2’ Arg of PHESTAl and the 

P3’ Arg of PHBSTA2. The occupancy of the b region of the P2’ Ala of PEPSTATIN 

A is most probably a reflection of the fact that it is between two non-standard statines 

in the inhibitor, hence it is not subject to similar constraints as residues in the P2 site. 

The (|),\j/ values of the other deviant residues may be rogue values due to uncertainty 

in the electron density.
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BW624180

135

I
4 5 -

-90

-135-

-180-

Phi (degrees)

Fig.5.11 (t),V|/ Plots of the Residues of the Inhibitors. Please Note that in this figures ‘alternate names’ 
have been used for some of the inhibitors. PDFASTC4 has been used instead of PD130693, PHOSTA 
instead of PD 130328 and GLYCOL instead of PD 13340.
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5.4.2 Side-chain dihedral angles (%i)

Table 5.6 gives the regions occupied by the %i angles of the residues of the inhibitors. 

It should be noted that for residues that are branched at the CB atom such as the 

standard amino-acids Val, Thr and lie and the non-standard amino-acids Lov and Lrl, 

two regions corresponding to the two angles of these residues are given. The first 

region corresponds to that which would be obtained if the lUPAC definition for the 

angle of that residue is applied and the second region corresponds to the ‘alternate 

angle’ as defined in Section 5.2 & Figs.5.7 & 5.8.

The results in Table 5.6 indicate that in contrast to the mainchain dihedral angles the 

angles of the residues of the 19 inhibitors are not as well conserved. Only 4 out of 

the 11 P sites ( P3,P2,P1 and P I ’) have associated ‘consensus’ regions. The P3, PI 

and P I ’ sites are conserved with the angles of the residues occupying the g* and 

g regions respectively whilst the P2 site shows a dual preference to occupy both g* 

and t regions. The P2’ and P3’ sites have no distinct preferences for any regions.
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Table 5.6: Classification of the %, angles of the Residues

P6 PS P4 P3 P2 PI PI’ P2’ P3’ P4’ PS

H77 8' 8 8̂ g' g g'It t

H142 8' t 8 8̂ g" g' 8 II î

H256 8 8* 8* g" g t g

H261 8̂ 8̂ 8* t g" g/g* f/g" t

CP71362 * 8̂ g' g' g t

PD125967 8* 8* g' g"

BW624 g' * f/g' g'

PEPSTATIN
A

* 8* tl8* g' * * g'

PD1303693 * 8* 8* g' * *

H189 8' t 8 8* t g' * gVt t t

L363564 * 8* 8 8* t g' * g'

L364099 * 8̂ 8 8* t g' ♦ g

PD125754 * 8̂ * g' * t

PHESTAl 8 8̂ t g' * g"

PHESTA2 8* 8* 8̂ * g' * t t t

CP69799
(P2N)

* 8* g" g" g t ~8*

CP69799
(P2C)

* 8̂ t g" g t g"

PD130328 * 8* t g' * *

CP81282 * 8̂ t g" * *

PD13340 8̂ tig* g" g *

CONCENSUS 8* 1 0 # g variable variable

* D enotes that there is not a  angle for the residue occupying this position. 
All residues w ith tw o angles have been highlighted by shading.
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5.4.3 M ainchain  d ihed ra l angle (co)

With the exception of the modified peptides which are mainly found at the P l-P l’ 

sites, the majority of the co angles are within the range of 180 ± 6 ° (Table 5.7). A 

study of the co angles of the proteins in the Brookhaven Database (Morris et ai, 1992) 

showed that the co angles have a standard deviation of 5.8° around a mean value of 

179.8°. There are however a few residues of the inhibitors surveyed whose co angles 

do not fall within this accepted range. These have been highlighted in the table. The 

H77, H261, H I89, L363564 and PD130693 inhibitors have a number of co values 

outside this range. Also the co values of some of the P2 residues were outside this 

range. The majority of these P2 residues are histidines. It is possible that this may 

reflect a change in conformation. The PI residues also have co values outside the 

accepted range. This may be due to the non-peptidic nature of the inhibitors.

Table 5.7: o) Values of the Residues of the Inhibitors

P6 PS P4 P3 P2 PI PI’ P2’ P3’ P4’

H77 -167 -164 178 -169 45 ■ 169 179 *

H142 174 179 -178 180 180 -179 *

H256 179 -179 179 . 177 175 *

H261 -178 -166 -175 175 -170 MM-.: 168 175 *

CP71362 179 179 161 -174 *

PD125967 170 -178 ? *

BW624 -105 177 -179 *

PEPSTATIN -168 178 -175 86 175 175 *

PD130693 -170 178 -166 .....81..... 166

H189 170 -174 -173 174 167 ... 82..... -180 166 1 156 -180

L363564 -170 -169 180 167 -176 ... 79 ..... 164

L364099 -179 -178 179 177 -179 54 177 *

PD125754 179 -177 -177 -79 -176 *

PHESTAl 178 -179 -178 ilMiii 175 -176

PHESTA2 -179 -180 176 -179 71 -177 178 -179 *

CP69799 176 178 154 171 -179 *

PD130328 180 -180 -180 -180 *

CP81282 0 -179 -169 82 179 *

PD133450 179 180 180 *
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Plots of the individual values of the co angles for each of the inhibitors are given in 

Fig.5.12. These plots highlight the fact that the co angles of the PI residues do not fall 

within the accepted range 180 ± 6 ° - the upper and lower limits of this range are 

indicated in Fig.5.12 by the dotted lines. The co angles of the PI residues in category 

1 {i.e. H77, H142, H256, H261, CP71362, PD125979, PD133450 and CP69799) are 

generally greater than 120° whilst those in category 2 are greater than 60° (i.e. 

PEPSTATIN A, PD 130693, H189, L363564, L364099, PD125754, PHESTAl, 

PHESTA2, PD 130328 and CP81282). Hence the co angles for those in category 1 are 

nearer the normal 180° (trans conformation) found for co values of standard amino- 

acids. This can be rationalized on the basis that the P l- P l’ residue in this category 

resembles a dipeptide with its 6 mainchain atoms and its CA atoms in analogous 

positions. Hence a trans position or a near trans position results in less steric clashing 

of the CA atoms of the P l- P l’ residue whilst the co angles of the PI residues in 

Category 2 are subject to a different set of steric constraints.

177



A Comparative Analysis of the Aspartyi Proteinase Inhibitors

UWLE.

P6 P5 P4 P3 P2 PI P rP 2 ’P3’P4’P5 P6 P5 P4 P3 P2 P1 P r P 2 ’P3'P4’P5 P6 P5 P4 P3 P2 PI P1’P2’P3’P4’P5

CP71362 PD-125967

190-________ ms . .pzc Boe—“Hfa— ----------

PP13340

P6 P5 P4 M P S P l  P rP 2 'P 3 'P 4 'P 5 '

P̂STAHN
— ■ —CTA—  
-1VA* —— ----

P6 P5 P4 P3 P2 PI P rP 2  P3'P4’P5

pdTs m m

P6 P5 P4 P3 P2 PI P1’P2 P3 P4'P5'

P6 P5 P4 P3 M  PI P rP 2 'P 3 ’P4‘P5P6 P5 P4 P3 P2 PI P rP 2 ’P3’P4’P5 P6 P5 P4 P3 P2 PI PrP2’P3’P4’P5*

PHECTAlL364099
PRO GLUrVA p r q _ H IS _ .C H 5

P6 P5 P4 P3 P2 PI P1 'P2’P3’P4’ P5’

. . . . ..T 5 R ..« u f .H A ..W iA ....A R 0 ---------- s ---------- flQ C .j.H K .__P .|I---------- ------- ______JidOR.^._«___ CHF______________
—----- -— -----. . . . . . . f t . . . : . . . . . .—.. . .

PHE LEU

'II
1

PHE

'II CHF
PHA *

BW624

Fig.5.12 Plots of the Cù Values of the Residues of the Inhibitors
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5.4.4 B values

The plots of the average B values for all the atoms of each P residue and the 

sidechain atoms are given in Figs.5.13(a) & (b). The dotted line in the graphs 

represents the average of those average values. The similar shapes of the profiles 

exhibited by both types of plots for any inhibitor indicates that it is the sidechains of 

the residues which are responsible for the variation of the B values within an inhibitor. 

The plots show that upon complexation, the residues nearer the P l- P l’ sites have 

lower B values than those further away. There are however, some exceptions, the N- 

terminal residues in H261, CP71362, PD125967, CP69799, L364099, PHESTAl and 

PD 130328 have lower B values as compared to the average of the residues of the 

particular inhibitors. All of these N-terminal residues can be described as non-standard 

amino-acids which predominantly consist of ‘mainchain’ type atoms. As well as this 

a few of the residues occupying the P2 sites (adjacent to the P I ’ site) of the inhibitors 

{le. CP71362, PD125967, PD130693, L364099, PHESTAl and PD130328) have 

higher than average B values as compared to the inhibitor as a whole. This may be 

a reflection of the poor quality of the electron density of the sidechains of these 

residues.
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Fig.5.13(a) Plots of the Mean B Values of the Residues of the Inhibitors (Taking into account all 
Atoms). B values are in units of Â̂ .
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.4.5 Van der Waals Contacts

The residues of the enzyme in van der Waals contacts with that of the P residues of 

the inhibitors are shown in Tables 5.8(a) and (b) for categories 1 and 2 respectively. 

An explanation is now provided of how to read the tables.

Each column represents a different P site. The column headings show the sequence 

numbers of the enzyme residues near the respective P sites. These residue numbers are 

read vertically downwards, -eg. for P6 , the corresponding residue numbers are 10, 12, 

275, 276, 277, 278 & 284. The ‘T and symbols in the columns indicate a van der 

Waals contact or non-contact with the corresponding residue respectively. For 

instance, for the P5 site of H77 the symbols ‘1’ and correspond to residues 10, 12, 

113 and 114. This means that the P5 site of H77 only makes contacts with the residue 

number 12 of the enzyme, and not with residues 10, 113 and 114. The shaded regions 

in the table indicate an absence of a residue for the corresponding P position. For 

instance, H77 does not contain residues at its P6 , P4’ and P5’ positions.

It can be seen that for some of the residues of the inhibitors the in-house program 

used did not record any contacts with the enzymic atoms. These are marked ‘NRC’ 

in the table and there are 8 examples for residues at the C-termini of the structures, 

and 2 examples for residues at the N-termini. This may reflect the poor quality of the 

electron density in these regions or a relatively high degree of mobility of these 

residues due to solvent exposure. This phenomenon of no contacts between certain 

residues of the inhibitor and enzyme residues was also checked using the graphics 

program QUANTA.

It can also be seen from these tables that the inner residues of the inhibitors can form 

contacts with a wider selection of enzyme residues. The inhibitor residues P6 , P5, P4, 

P3, P2, P I, PT , P2’, P3’ and P4’ can form contacts with 7,4,6,10,8,12,12,10,7 and 1 

enzymic residues respectively.

The next question which arises is where in the enzyme are the residues which can 

form contacts with the inhibitor residues. For this purpose the classification scheme 

of Sali et al. (1992) was used. This defines the N terminal domain comprising residues 

-2 to 189, the C-terminal as comprising residues 190-302, the central motif comprising
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residues 303-326 and the flap residues as 73-82 (a region which is part of the N- 

terminal domain). The P6 and P4 residues form contacts with residues of the C 

terminal domain, the P3, PI and P I’ residues form contacts with residues of the N and 

C domains as well as the ‘flap’ residues, the P2 and P3’ residues form contacts with 

the C-domain and the flap, the P2’ residue forms contacts with the flap and N - 

terminal domain residues whilst the P5 residue only forms contacts with the N 

terminal domain residues.
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Table 5.8(a): Showing Van der Waals’ Contacts for Residues in Inhibitors of Category 1 (And Also BW624)
(See Text for Interpretation of this Table)

(NRC stands for No Recorded Contacts and Shaded Boxes mean that there are no residues of the Inhibitor 
at these P positions or that there is no electron density for these residues)

. P6 
1122222 
0277778 
♦♦56784

PS
1111
0211
*♦34

P4
122222
212278
♦90254

P3
7117111222
♦237111111
♦♦♦♦047789

P2
77722223
56711290
♦♦♦78271

PI
333377711222
024557912111
♦♦♦*♦♦♦10578

pr
337712222223
245681111990
♦♦♦♦93578791

P2’ 
337777111 
453456238 

: ♦♦♦♦♦♦869' :̂'

7772231 7
4

PS’

H77 * j ** ]]**** 111**11111 111*1*11 11**1***1111 *111 1*111*1*1 1111*

H142 1*1*111 *111 111**11111 *11111** 11**1***1111 *111111*1*** 11***

H256 * j j ] m i l l * * 11**11111111 *111*11*11*1* 1*11**111*

H261 1*11111 *) ** j 2**** 111**11111 111*1*11 11**1*1*1111 *111111****** 1*11**11** 1*****

CP71362 111**1*111 m i l l * * 11**1**1*111 *in**i***i*

PD125967 1111** 111111*111 111*111* 111*11*11111 *111111***11* 11111*1*1

PD130328 NRC *11**1*111 11111*11 111*11111111 NRC

CP69799
(P2C)

11*1** 111**1*111 111*1*11 111*11111111 1111111****1* ]** 1*111**

CP69799
(P2N)

11*1** 111**1*111 111*111* 111*11111111 *111111**1*** 1*111**

BW624 11**11**1111 *111111*****1 1*11**1**1 1*11***
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Tal

(NRC star

l)le 5.8(b): Showing Van der W aals’ Contacts for Residues in Inhibitors o f Category 2
(See Text for Interpretation o f this Table) 

ids for No Recorded Contacts and Shaded Boxes mean that there are no residues of the Inhibitor 
at these P positions or that there is no electron density for these residues)

1122222 IIU  
«27771» m% 2 m »

•S0254
m m -

ysimwSSmk
- s

^80sr

mmàTm̂Â" " ''fv\ 11* 1** ***1***111 111* 1*** 111* 1* 1*1111 *11 1***1* 1111**1 1

mmm 11**** 11* 1*11111 11111111 111* 11***111 * 11j**i****** 1**11* 1* 1*

H18« w***** * 1*1 11**** 11* 1*11111 11111*11 111* 11**1111 111 1** 1****** 1* 1111**1* 111**** NRC NRC

LSm64 1* 111*1 * 1** 11**** * 11**11111 111* 1*11 11* * 11* * 1*11 1111**11 ***** 1* 111* 1* 1* NRC NRC

L364099 *****11 11** 

FD12S754

11****

111***

1111*11111

111**1*111

111* 1*11

11111***

11* * 11*11111

111* 11*11111

**12**1****** 

*111**1 ******

1* 11* 1***

1* 11111*1

■
NRC NRC

p m ^ A i 11**** * 111***111 11111111 111*11111111 * 111**1****** 1* 111* 1* 1* **1111

FHESTÂ2 NRC * 11*11 *******!12 11111*** 111*11111111 *111* * i****** 1* 11***1** 11**111 NRC

11**** 

111***

1111* 1*111

11***11111

11111*11

111* 1*11

111111111111

1111111*1111

*1 i i* * i* i* * * *  

** 11** 1******

1 ********* 

1**11* 1*1
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Tables 5.9 (a) and (b) are derived from Tables 5.8(a) and (b). These contain 

information on the total number of contacts between the enzyme and peptide residues. 

The first six rows of the tables comprise the sequence numbers and the corresponding 

residue types of the enzyme. These six rows should be read vertically downwards. The 

two right-most columns show the P sites and the total inhibitors possessing each P 

site. The other numbers in the table represent the number of P residues which form 

contacts with a particular enzyme residue. As for example, 8 represents the fact that 

8 of the PI residues form van der Waals contacts with the Ser 35 residue of the 

enzyme.

Comparison of the data in tables 5.9(a) and (b) show that equivalent residues in the 

two categories interact with more or less the same residues in the enzyme. The only 

difference concerns the P I ’ site in which the structures in category 1 make contact 

with 12 different enzymic residues while the P I’ residues in category 2 makes contact 

with 7 different enzyme residues. This may be due to the reduced length of the 

mainchain of the category 2  inhibitors.

Tables 5.10(a) and (b) are derived from Tables 5.9(a) and (b). These show the residue 

types in contact at each P site for the inhibitors in the two categories. The residues 

shown in bold face are those which make a contact with the corresponding P site in 

50% or more cases. Such contacts can be thought of as conserved. The conserved 

residues have been classified as being either polar, apolar or moderately polar as 

denoted by the symbols ‘V’, ‘H’ and ‘M’ respectively in accordance with the findings 

by Rose et al. (1985). These symbols are given below the residues. Thus from these 

tables it is possible to determine the nature of the important residues which form 

contacts with the various inhibitor residues, i.e., it is possible to say whether the 

corresponding enzyme pockets comprise mainly polar, apolar, moderately polar or 

a mixture of residues. It can be seen that for category 1 the encompassing enzymic 

residues for the P6 , P3-P1’ and P2 sites are hydrophobic, mixed and hydrophobic, 

respectively. With respect to category 2 the residues occupying the P3-P1 sites are 

surrounded by enzymic residues of varying nature whilst the residues P2-P3’ are 

surrounded by mainly hydrophobic residues. The nature of the subsites which have 

two or less conserved residues have not been commented upon.
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T a b le 5 .9 ( a ) : Van D er W aals I n t e r a c t i o n s p e r t a i n i n g t o C a te g o r y  1
7 1 1 1 3 3 3 3 7 7 7 7 7 7 1 1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3

0 2 3 0 2 4 5 3 4 5 6 7 9 1 1 1 1 1 2 2 3 8 1 1 1 1 1 2 2 7 7 7 7 8 9 9 0
0 1 3 4 7 0 8 0 9 3 5 7 8 9 0 2 5 6 7 8 4 7 9 1

I L A A A A G S I S T G A S s P G A I L L T L I A G T T L T P G P I P I I I
L E S L S S L E L E Y L S E E H L S L E E H E L S L H H E Y H L R L H L L L
E U P A P P Y R E R R Y P R R E U P E U U R U E P Y R R U R E Y 0 E E E E E

2 2 1 2 2 2 P6 2
3 1 1 P5 3
5 7 1 3 P4 7

6 8 7 2 1 7 3 8 8 8 P3 8
7 8 7 4 8 5 5 4 P2 8

8 8 8 8 8 4 4 5 7 8 8 8 PI 8
1 8 8 8 6 6 8 4 2 2 3 PI' 8

7 1 4 7 2 7 4 3 P2 ' 7
5 2 3 2 1 P3 ' 5

T a b le 5 .9 ( b ) ; Van d e r W aals I n t e r a c t i o n s p e r t a i n i n g t o  C a te g o r y  2
1 
2

A 
S 
P 
1 
3 
9
8 5

1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 3
1 1 1 2 2 3 8 1 1 1 1 1 2 2 7 7 7 7 8 9 9 0
3 4 7 0 8 0 9 3 5 7 8 9 0 2 5 6 7 8 4 7 9 1
G A I L L T L I A G T T L T P G P I P I I I
L S L E E H E L S li H H E Y H L R L H L L L
U P E U U R U E P Y R R U R E Y 0 E E E E E

1 1 1 1 2

7 5

1010102  
2 8 

10

101010  
10 9 5
1010  
6 3 
3 3

103 
101010 
6 10 

101010 
101 1

1 1

4 1
2 1 2

P6
P5
P4
P3
P2
PI
PI
P2
P3
P4

3
3 
10 
10 
10 
10 
10 
10
4 
1
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Table 5 . 10 (a) Category 1 T o t a l s

P6 Leu 2 ]Phe 275 Gly 276 Pro 277 H e  278 Pro 284
H H V  H H 4H, IVP5 Asp 12 Glu 113i Asp 114

V IVP4 Asp 12 Thr 2191 Leu 220 Tyr 222
V M IV, IMP3 H e 7 Asp 12 Ala 13 Asp 77 Ser 110 Asp 114 Asp 117 Gly 217 Thr 218 Thr 219
H V H V V H M H 3H, 3VP2 Tyr 75 Gly 76 Asp 77 Gly 217 Thr 218 Tyr 222 H e  297 H e  301
H H V H H H H M 2H, IV, 5MPI Asp 30 Asp 32 Gly 34 Ser 35 Tyr 75 Asp 77 Ser 79 Phe 111 Leu 120 Asp 215 Gly 217 Thr 218
V V H M M V M H H V H M 4H, 4V, 4MPI' Asp 30 Asp 32 Tyr 75 Gly 76 Leu 189 H e  213 Asp 215 Thr 218 H e 297 H e 299 H e  301

V H H H H V  M 2H, 2V, IMP2 ' Gly 34 Ser 35 H e  73 Ser 74 Tyr 75 Leu 128 Thr 130 Leu 189
H H M H 3H, IMP3 ' Ser 74 Tyr 75 Gly 76 H e 297 H e  299
M H IH, IM

Table 5 ..10 (b) Category 2

P6 Leu 10 Asp 12 Phe 275 Gly 276 Pro 277 lie 278 Pho 284
H H 2H

PS Leu 10 Asp 12 Asp 114
V IV

P4 Asp 12 Thr 219 Leu 220 Tyr 222 Phe 275 Phe 284
V  M I V ,  IM

P3 lie 7 Asp 12 Ala 13 Asp 77 Asp 114 lie 117 Gly 217 Thr 218 Thr 219
H V  H V  V H H H M 4H, 3V, 2M

P2 Tyr 75 Gly 76 Asp 77 Gly 217 Thr 218 Tyr 222 lie 297 lie 301
M H V H M H H 4H, IV, 2M

PI Asp 30 Asp 32 Gly 34 Ser 35 Tyr 75 Asp 77 Ser 79 Phe 111 Leu 120 H e  213 Asp 215 Gly 217
V  V  H M V M H H H V  H 5H, 3V, 2M

PI'Asp 32 Gly 34 Tyr 75 Gly 76 Asp 215 Gly 217 Thr 218
H M H V  2H, IV, IM

P2'Gly 34 H e  73 Ser 74 Tyr 75 Gly 76 Leu 120 Thr 130 Leu 189
H H M M H H 4H, 2M

P3 'Ser 74 Tyr 75 Gly 76 Leu 189 H e  297 H e  299 H e  301
M H H H H H 4H, 2M

P4'Ser 74
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Up to this point no account has been taken of the number of contacts an inhibitor 

residue forms with any given enzyme residue or indeed the water molecules of the 

enzyme. The previous tables just recorded whether a contact was formed between an 

enzymic and inhibitor residue. Table 5.11 shows the average number of inhibitor- 

enzyme van der Waals contacts per atom of each residue of the inhibitor and also the 

water molecules of the enzyme. The van der Waals contacts formed between the 

inhibitor residues and the water molecules have also been taken into account in this 

table. This quantity has been denoted by the symbol E. The greater the value of E the 

greater the number of contacts made by each atom of the P site.

The comparatively higher E values for the residues in the P l - P l ’ positions reveal that 

these residues form more contacts with the enzyme than that of residues in any other 

position. The gradual decrease of the E values for the P1-P3 and P T -P3’ residues of 

the inhibitors reveal that fewer contacts are formed between the inhibitor and enzymic 

residues the further one gets away from the P l-P l’ residues. There does however seem 

to be an exception to this observation whereby the E values for the P2 residues, in 

some instances, for inhibitors of category 1, are less than that for the adjacent P3 and 

PI residues. The inferences which can be made from a comparative analysis of the E 

values within an inhibitor have been reserved for Section 5.5.
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Table 5.11: E Values (Total)including waters

P6 P4 P3 P2 P I P1» P2» p g ,

H77 0.6 0.7 0.7 0.5 2.1 1.7 1 0.62

H142 0.8 0.7 0.6 1.2 0.8 2.3 3.1 1.9 0.4

H256 0.7 2.1 1.3 3.6 2.0 0.9 0.5

H261 0.9 0.6 0.3 0.6 1.0 1.7 2.4 0.8 0.3

CP71362 0.4 1.2 0.8 1.0 2.0 0.3

PD125967 0.5 1.2 1.1 1.6 2.2 1.4

PD13340 1.7 1.2 2.3 1.6

CP69799 (P2C) 0.4 0.7 1.6 0.9 2.5 0.5 0.5

CP69799 (P2N) 0.4 0.7 1.0 0.9 2.5 0.5 0.5

BW 624

PEPSTATIN 0.3 0.7 1.6 1.9 3.3 0.6 0.3 0.9

PD130693 0.3 0.7 1.4 2.4 3.7 0.9

H189 0.5 0.6 0.8 0.5 1.3 2.7 4.0 1.0 1.1

L363564 0.7 0.9 0.5 1.0 1.6 3.5 3.3 1.0

'L364099 0.7 0.9 0.4 1.9 1.3 2.8 3.0 0.5

PD125754 0.5 1.1 2.0 1.4 4.3 0.8

PH E ST A l 0.8 1.0 2.4 2.9 3.7 0.7 1.2

PHESTA2 0.5 0.9 0.6 2.2 0.6 4.0 0.7 0.8

PD130328 0.5 0.7 0.9 2.0 3.0 1.2

CP81282 1.7 1.2 2.3 1.6

Water Molecules are not provided in the file containing the coordinates for this inhibitor.
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5.4.6 Hydrogen Bonds between the Inhibitor and Enzyme

Tables 5.12(a) and (b) give details of the hydrogen bonds between the mainchain of 

the inhibitors and that of the enzyme and its water molecules. The ‘ Y ’ symbol denotes 

formation of a hydrogen bond, ‘NO HB’ means no hydrogen bond formation with 

either the sidechain or mainchain portions of the residues of the inhibitor and ‘NO 

MHB’ means no mainchain hydrogen bond formation. The tables show that the 

majority of the residues form hydrogen bonds with the enzyme - the exceptions being 

the residues occupying the P4’ and P5’ sites. There are also a number of inhibitors (13 

in total) for which the residue occupying the P4 position does not form hydrogen 

bonds with the enzymic residues or its water molecules. This P site is occupied mainly 

by a Pro or some N-terminal blocking group, which have limited hydrogen bonding 

capacity. Though perhaps the most interesting facet of these tables is the relatively 

larger number of hydrogen bonds which can be formed by the mainchain atoms of the 

residue occupying the PI site. The PI residues have the opportunity to form up to 

eight hydrogen bonds whereas other residues only form up to five such bonds. 

Although the PI site is occupied by non-standard amino-acid residues in the inhibitors 

the number of mainchain hydrogen bonding groups remain the same in the majority 

of the inhibitors as the only change is that the Carbonyl Oxygen of the mainchain in 

a standard amino-acid is replaced by a hydroxyl oxygen. There are however a few 

examples where the Carbonyl Oxygen is not replaced at all, as in the case of the PI 

residues in the H77, H142 and H256 inhibitors. Also for the inhibitors PD 130328 and 

CPS 1282 the carbonyl group (C=0) is replaces by 0=P-0H  and C-(OH)2 respectively. 

Tables 5.13(a) and (b) are derived from Tables 5.12(a) and (b). The table should be 

read as follows :-

If the underlined row is considered. 1 out of the 3 contributing residues of P5 forms 

a hydrogen bond with its mainchain N with the ODl Asp 12 atom of the enzyme and 

similarly 2 out of the 3 residues in category 2 form a hydrogen bond with this atom. 

The bolded text represents a conserved hydrogen bond.

From these tables it can be seen that more hydrogen bonds are conserved for P 

residues before the PI residue than after. For example if category 1 is considered there 

are 6 types of conserved hydrogen bonds before the PI residue and only 5 after. The 

corresponding figures for category 2 are 6 and 4 respectively .The greater number of 

conserved hydrogen bonds for the PI residue are also highlighted by these tables.
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Table 5.12(a); Hydrogen Bonds formed with the enzyme from residues of Category 1

H77 H142 H256 H261 CP71362 PDl 25967 PDl 3340 CP69799
(P2C)

CP69799
(P2N)

BW624

P6 NO HB NO HB
i

P5
O..OD1 ASP 12 V Y Y
N..OD1 ASP 12
N..OD1 ASP 12 iiiiiili Y
O..OD2 ASP 12 Y
N..OD2 ASP 12

P4 NO NO NO NO NO NO
N..OD1 ASP 12 HB HB Y HB HB HB HB

OB..OG1 THR 219 Y Y

P3
N..OG1 THR 219 Y Y Y Y Y Y Y

O..N THR 219 Y Y Y Y Y Y Y Y Y
O..OG1 THR 219 

O..WAT Y
Y
Y Y

Y
Y Y Y Y Y

P2
O..N GLY 76 Y NO Y Y Y Y Y Y Y
O..N ASP 77 MHB Y Y Y Y Y Y

N..OD1 ASP 77 Y -"%
O..OD2 ASP 77
N..OD2 ASP 77 

O..WAT Y Y " %
N..WAT Y Y Y Y

PI
N..OG1 THR 218 Y Y Y Y

N..O GLY 217 Y Y Y Y Y Y Y Y Y Y
O..OD1 ASP 32 Y Y Y Y Y (OH) Y (OH) Y
O..OD2 ASP 32 Y Y Y Y (OH) Y (OH) Y

O..OD1 ASP 215 Y Y Y Y Y (OH) Y (OH) Y
O..OD2 ASP 215 Y Y Y Y Y (OH) Y (OH) Y

0 . .0  GLY 217 Y
O..OG1 THR 218 Y

N..WAT Y

P I ’ NO
N..0D1 ASP 215 Y Y Y Y Y MHB Y

0..N  GLY 76 Y Y Y Y Y Y Y Y Y

P2’
N ..0 GLY 34 Y Y Y Y Y Y Y Y Y

O..WAT Y

P3’ f / '
N..O SER 74 Y Y Y iwrmm Y Y Y

OXT..O SER 74 
O..OG1 SER 74

Y



Table 5.12(b): Hydrogen Bonds formed with the enzyme from residues of Category 2

PDl 30693 PEPSTATIN H189 L363564 L364099 PD125754 PHESTAl PHESTA2 PDl 30328 CP81282

P6 NO
0..0D 1  ASP 12 Y HB
O..OD2 ASP 12 Y

P5 NRC
O..OD1 ASP 12 Y Y Y
N..0D1 ASP 12 Y Y
N..OD2 ASP 12 Y

P4 NO NO NO NO NO NO NO
N..OD1 ASP 12 HB HB HB HB HB HB Y HB

OB..OG1 THR 219
O..WAT Y Y

P3
N..OG1 THR 219 Y Y Y Y Y Y Y Y Y

O..N THR 219 Y Y Y Y Y Y Y Y Y Y
O..OG1 THR 219 Y Y Y

O..WAT Y Y Y Y Y Y Y Y Y
N..WAT Y Y Y

P2
O..N GLY 76 Y Y Y Y Y Y Y Y Y
O..N ASP 77 Y Y Y Y Y Y Y Y Y Y

N..OD1 ASP 77 Y
N..OD2 ASP 77 Y Y Y Y
O..OD2 ASP 77 Y Y

PI
N..OG1 THR 218 Y Y Y

N..O GLY 217 Y Y Y Y Y Y Y Y Y
O..OD1 ASP 32 Y Y Y (OH) Y Y Y
O..OD2 ASP 32 Y Y Y Y (OH) Y Y Y Y Y

O..OD1 ASP 215 Y Y Y (OH) Y Y Y Y Y
O..OD2 ASP 215 Y Y Y Y (OH) Y Y Y Y Y

0 . .0  GLY 217
O..OG1 THR 218

P I ’
N..OD1 ASP 215 Y Y Y Y

O..N GLY 76 Y Y Y Y Y Y Y Y Y

P2’
N..O GLY 34 Y Y Y Y Y Y Y Y Y Y
OXT..SER 74 Y

O..WAT Y Y Y Y

P3’ NO NO
N ..0 SER 74 Y HB HB

OXT..O SER 74 i M i i l i |W i § M i
O..OG1 SER 74 Y
OXT..N GLY 76 Y



Table 5.13 (a): Hydrogen Bonds pertaining to
Category 1 (Taking into account CP69799 - P2C only) Table 5.13(b): Hydrogen Bonds pertaining to 

Category 2 (Not Including L364099)

P6 2

P5 3

P4 7

P3 8

P2 8

PI 8

NO HB

PI' 8 

P2' 7

P3' 5

O..ODl ASP 12
N. .GDI ASP 12
0..002 ASP 12 1
OB..OGl THR 219 

(or 0..OGl THR 219) 2
O...WATER 2
H..OGl THR 219 6
O..N THR 219 8
0..OGl THR 219 2
O..WATER 8
N..WATER 3
O..N GLY 76 7
O..N ASP 77 5
N..ODl ASP 77 1

N..OGl THR 218 2
N..O GLY 217 8
O..ODl ASP 32 5
O..OD2 ASP 32 4
O..ODl ASP 215 5
O..OD2 ASP 215 5
O..0 GLY 217 1
O..OGl THR 218 1
N..ODl ASP 215 <
O..N GLY 76
N..O GLY 34
O..WATER
N..0 GLY 34
OXT..0 SER 74 
O..OGl SER 74

P6 3 

P5 3

P4 10 

P3 10

P2 10 

PI 10

PI' 10

P2' 10

P3'

0..001 ASP 12 
O..002 ASP 12
O..ODl ASP 12
N..001 ASP 12
N..002 ASP 12 1
N..001 ASP 12 1

N..OGl THR 219 9
O..N THR 219 10
0..OGl THR 219 3
O..WATER 9
N .WATER 3
O. N GLY 76 9
O..N ASP 77 10
N..001 ASP 77 1
N..002 ASP 77 4
O..002 ASP 77 2
N..OGl THR 218 2
N..O GLY 217 9
O..ODl ASP 32 6
O..OD2 ASP 32 9
O..ODl ASP 215 8
O..OD2 ASP 215 9
O..0 GLY 217 1
O..OGl THR 218 1
N..ODl ASP 215 4
O..N GLY 76 9
N..O GLY 34 10
OXT.. SER 74 1
O..WATER 5
N..0 SER 74 1
0..OGl SER 74 1
OXT..N GLY 76 1



A Comparative Analysis o f  Aspartyl Proteinase Inhibitors

5.4.7 Rigid Body Superpositioning

Tables 5.14(a-f) give the RMS values for the superpositions carried out for the 

inhibitors of both categories for the following segments:

• Segments comprising residues before PI (Tables 5.14(a) and (d)).

• Segments comprising residues after P I ’ (Tables 5.14(b) and (e)).

• Segments comprising residues P3-P3’ (where possible, Tables 5.14(c) and (f)).

All comparisons have been carried using the backbone nitrogen, carbonyl carbon and 

C a  carbons only. For each pair of inhibitors compared the tables give two numbers, 

the first number gives the RMS value whilst the second number gives the number of 

residues compared. The results show that the mainchain is better conserved for 

residues before the P l-P l’ position than after. Figs. 5.14(a) & (b) show various 

segments of the inhibitors superimposed upon each other.

H261UPONHI42 

AFTER PI’

H261UFONH142 

BEFORE PI

PHESTAl UPON H189 

AFTER P I’
PHESTAl UPON HIM 

BEFORE PI

Fig.5.14(a) & (b) Segments of H142 superimposed upon H261 and PHESTAl upon HI89. Black filled 
spheres represent carbon atoms, dark grey spheres represent nitrogen atoms and light grey spheres 
represent oxygen atoms. The N to C direction is from top to bottom.

1 9 5



Table 5.14(a): RMS Values for segments comprising residues 
before PI in Category 1 (xlO ̂  A)

(The Underlined Numbers denotes number of residues superposed & denotes that the RMS value has already been
given elsewhere or that a value is not applicable)

H77 H142 H256 H261 CP71362 PD125967 CP69799

H77 * * * - * * *

H142 6.1 2 * * * * *

H256 6.4 2 9.4 2 - * * * *

H261 5.7 2 8.5 2 5.7 2 * * * *

CP71362 11.1 2 11.4 2 9.4 2 9.4 2 * * -

PD125967 16.5 2 17.8 2 12.3 2 13.7 2 7.8 2 * *

CP69799 8.1 2 11.2 2 4.1 2 4.4 2 10.0 2 12.0 2 *

Table 5.14(b): RMS Values for segments comprising residues 
after P I’ in Category 1 ( x l0‘* A)

(The Underlined Numbers denotes number of residues superposed &: denotes that the RMS value has already been
given elsewhere or that a value is. not applicable)

H77 H142 H256 H261 CP71362 PD125967 CP69799

H77 * * * * * * *

H142 29 2 * * * * - *

H256 7.3 2 32.5 2 * - * *

H261 10.6 2 21.5 2 14.8 2 * * * *

CP71362 2.6 i 1 .671 3 .2 1 3 .0 1 * * *

PD125967 * * - * * *

CP69799 11.7 2 38.5 2 9.9 2 19.1 2 2.2 1 * *
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Table 5.14(c): RMS Values for segments comprising residues 
P3-P3’ in Category 1 (xlO  ̂Â)

(The Underlined Numbers denotes number of residues superposed & denotes that the RMS value has already been
given elsewhere or that a value is not applicable)

H77 H142 H256 H261 CP71362 PD125967 CP69799

H77 * * * - * * *

H142 37 6 * * * * * *

H256 25 6 41 6 * * * *

H261 28 6 35 6 31 6 - * *

CP71362 36 5 35 5 32 5 25 5 * * *

PD125967 26 4 28 4 16 4 23 4 20 4 * *

CP69799 31 6 47 6 30 6 99 6 16 5 20 4 *

.

197



Table 5.14(d): RMS Values for segments comprising residues before PI in Category 2 (xlO ̂  Â)
(The Underlined Numbers denotes number of residues superposed & denotes that the RMS value has already been

given elsewhere or that a value is not applicable)

PEPSTATIN
A

PD130693 H189 L363564 L364099 PD125754 PHESTAl PHESTA2 PD13032
8

CP81282

PEPSTATIN A * * * * * * * * * *

PD130693 7.9 2 * * * * * * * * *

H189 14.5 2 8.0 2 * * * * * * * *

L363564 7.7 2 7.6 2 11.9 2 * * * * * * *

L364099 7.4 2 4.8 2 8.2 2 7.4 2 * * * * * *

PD125754 16.3 2 17.9 2 18.2 2 19.0 2 14.5 2 * * * * *

PHESTAl 9.1 2 3.4 2 7.5 2 8.6 2 5.6 2 19.2 2 * * * *

PHESTAl 11.4 2 14.9 2 5.8 2 8.4 2 7.1 2 19.4 2 4.1 2 * * *

p m  30328 10.1 2 4.9 2 5.9 2 9.5 2 5.8 2 17.0 2 4.2 2 4.4 2 * *

CP81282 15.5 2 1.0 2 9.2 2 14.4 2 9.5 2 19.7 2 9.6 2 9.7 2 10.8 2 *

Table 5.14(e): RMS Values for segments comprising residues after PI’ in Category 2 (xl0‘* Â)
(The Underlined Numbers denotes number of residues superposed <fc **’ denotes that the RMS value has already been

given elsewhere or that a value is; not applicable)

PEPSTATIN
A

PD130693 H189 L363564 L364099 PD125754 PHESTAl PHESTA2 PD13032
8

CP81282

PEPSTATIN A * * * * * * * * * *

PD130693 * * * * * * * * * *

H189 * * * * * * * * * *

L363564 * * 2.4 1 * * * * * * *

L364099 * * 3.8 1 2.5 1 * * * * * *

PD125754 * * 1.9 1 2.1 1 2.4 1 * * * * *

PHESTAl * * 61.2 2 2.5 1 1.7 1 2.4 1 * * * *

PHESTAl * * 70.5 2 8.3 1 2.7 1 2.3 1 50.8 2 * * *

PD130328 * * * * * * * * * *

CP81282 * * * - * * * * * ♦



Table 5.14(f): RMS Values for segments comprising residues P3-P3’ in Category 2 (xlO^ Â)
(The Underlined Numbers denotes number of residues superposed)

PEPSTATIN A PD130693 H189 L363564 L364099 PD125754 PHESTAl PHESTA2 PD130328 CP81282

PEPSTATIN * * * * * * * * * *

PD130693 17 4 * * * * * * * * *

H189 18 6 10 5 * * * * * * * *

L363564 30 5 12 4 38 5 * * * * * * *

L364099 38 5 24 4 46 5 17 5 * * * * * *

PD125754 25 5 27 4 27 5 32 5 35 5 * * * * *

PHESTAl 14 6 17 4 19 6 26 5 32 5 26 5 * * * *

PHESTA2 14 6 17 4 20 6 29 5 36 5 26 5 60 6 * * *

PD130328 27 6 17 4 21 4 18 4 24 4 29 4 25 4 26 4 * *

CP81282 17 4 20 4 13 4 23 4 29 4 25 4 19 4 59 4 64 4 *
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.4.8 Accessibility
-S

Fig\5.15 shoWxthe percentage of the sidechain and mainchain buried for each 

inhibitor. It can be seen that generally the inner residues are almost completely buried 

in contrast to the outer residues.
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H77 H142 H256

I
P6 P5 P4 P3 P2 PI PI* P2* P3 P4* P5*

k
P6 P5 P4 P3 P2 PI PI P2* P3* P4 P5*

p8m4o

P6 P5 P4 P3 P2 PI PI P2* P.V P4 P5*

PEïéf& IN

P5 P4 P3 P2 PI P2 P3* P4 P5* P6 

1

P5 P4 P3 P2 PI PI* P2* P3* P4 P5*

C#§̂ %2
UK)-
9(1-

1
1

i
30-
20-
10-
0 i

P5 P4 P3 P2 PI P r  P2 P3 P5*

cM"%2

P5 P4 P3 P2 PI PI P2* P3 P4 P5*

CP69%^“(P2C)

P6 P5 P4 P3 P2 PI PI P2* P3* P4 PV

P5 P4 P3 P2 PI PI P2 P3 P4 P5

P6 P5 P4 P3 P2 PI P2 P3* P4 P5* P6*

PA#A2

P6 P5 P4 P3 P2 PI PI P2* P3’ P5*

I

P6 P5 P4 P3 P2 PI P I ’ P2* P3* P4* P5

p[Pr%$67

70-
1 '
1 50

P5 P4 P3 P2 PI p r  P2* P3 P5*

CP69WIP2N)

I
P5 P4 P3 P2 PI PI* P2* P3

P D I # 5 4

P5 P4 P3 P2 PI PI* P2* P3* P4* P5*

PDl1èl28

Fig.5.15:Percentage Change in Accessibility for the Sidechains (light shading) and mainchain 
(dark shading) of the Residues of the Inhibitors
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Fig.5.16 - (shown overleaf-see below for caption) shows the gaps between the inhibitor 

H I89 and the endothiapepsin enzyme. The N to C termini of the inhibitor runs in the 

direction left to right. The diagram reveals that the inhibitor does not fit into the 

enzyme in a very smug fashion. Large gaps are seen at the outer ends of the inhibitor 

with the N terminal having even larger gaps than the C terminal end. The gaps are 

smallest around the P I-P I’ residues of the inhibitor. Thus this figure suggest that the 

inner residues are more firmly bound than the outer ones.

Fig.5.16 - Shown Overleaf. Shows the gaps between the HI89 inhibitor and the endothiapepsin enzyme. 
The gaps are represented by the red colour. The green colour represents the surface of the inhibitor 
structure which is shown in black. [Generated by using the in-house program, SURFNET, by 
R.Laskowski].
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.4.9 A B rief Summary of the Analyses

Many analyses about the mode of binding of the inhibitors to endothiapepsin have 

been performed. All analyses were carried out on the bound inhibitors. A summary 

of the types of analyses performed are presented below.

• Examination the mainchain dihedral angles O), (|) and \|f.

• Examination of the sidechain dihedral angle, %i.

• Examination of the averaged B values of the atoms of the residues of the inhibitors.

• Examination of the van der Waals contacts formed with the enzyme and its water 

molecules.

• Examination of the hydrogen bonds formed with the enzyme and its water 

molecules.

• Rigid body superpositioning calculations.

• Percentage of mainchain and sidechain of the residues of the inhibitors buried upon 

binding to the enzyme where it is assumed that the inhibitor has the same 

conformation when bound and unbound.
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.5 Discussion
In this section the properties of the inhibitor residues have been presented to highlight 

the properties of the individual P sites. Figs. 5.l7(a)-(f) show the spread of the 

mainchain dihedral angles and Cù) for the two categories.

The plots show that the range and spread of the (|) angles of the different P sites are 

very similar, with the majority of these angles falling between 200° and 300°

(or -160° & -60°).

With regards to the \j/ angles, those P sites pertaining to Category 1 have similar 

ranges. However, those \j/ angles pertaining to Category 2 have a somewhat different 

pattern. The \|/ angles for the P4 to PI sites fall in different angular ranges which 

steadily decrease, with the \\f angles falling in the ranges between ~ 160°-180°, ~ 120°- 

160°, ~70°-120° and 50°-70° for the P4, P3, P2 and PI sites respectively. The gradual 

decrease of the \j/ values may reflect the greater strain imposed upon the inhibitor 

mainchain of the respective P sites upon binding to the enzyme. That is, the lower \|/ 

values of the P2 and PI residues suggest that the Ca-Carbonyl C bonds of their 

mainchains are in a more energetically unfavourable conformation than that of the P4 

and P3 residues. The P2’ and P3’ residues of these inhibitors are responsible for a 

wider spread of \\f angles than the residues of the other sites. This is reflected in the 

larger RMS values of the mainchain of the inhibitors after the P I ’ residue than before.

The CO angles of the P sites, like the (|) values, also have similar ranges and spreads 

with respect to each other (-180°) with the exception of the ‘pseudo m angles’ of the 

residues of the PI sites of category 2, which have values around 60°. The distortion 

of the CO angles at the P2 site when His occupies this site as observed here (see 

Section 5.3.3) and commented upon previously in the literature (Sali et al., 1989) is 

not apparent from these plots.
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P h i V a lu e s  f o r  C a te g o r y  1 
Phi 

angle 
36CV

P h i V a lu e s  f o r  C a t e g o r y  2 
Phi

Residue

Fig.5.17(a)

angle

300

240

180

120

60

Residue

Fig.5.17(b)

P s i  V a lu e s  f o r  C a te g o r y  1 
Psi 

angle 
36&r

P s i  V a lu e s  f o r  C a t e g o r y  2 
P si 

angle
361V

Fig.5.17(c)

Residue

Fig.5.17(d)

Omega V a lu e s  f o r  C a te g o r y  2 
Omega 
angle  
36CV

Residue

Fig.5.17(e)

Omega V a lu e s  f o r  C a t e g o r y  1 
Omega 
angle 
36(V

Residue

Fig.5.17(f)
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A Comparative Analysis of Aspartyl Proteinase Inhibitors

The data regarding the other properties of the inhibitor residues studied in this chapter 

shall not be manipulated any further {i.e. angles, van der Waals contacts, hydrogen 

bonding contacts, etc.) The following paragraphs are of the inferences which can be 

formed from these analyses.

With regards to the angles it is possible that their spreads at the various P sites are 

related to the size of the pocket of the enzyme {i.e. subsite) which accommodate it, 

i.e., the larger the spread of the angles the larger the size of the pocket. However, 

one has to be careful when making such inferences, for example, if the range of %/s 

is small for a given P site and the same residue is found occupying this site for most 

of the inhibitors then it is not possible to make any inferences about the size of the 

pocket. Tables 5.15(a) & (b) lists the number of different sidechains occupying each 

P site. It can be seen that for any given P site there are only a few examples of 

different sidechains which occupy it - the number of different sidechains varying from 

1-5. Of the P sites it is the P2, P2’ and P3’ sites whose angles vary.

Perhaps one of the most interesting analyses regarding the van der Waals contacts is 

that of the table of E values. The higher E values of the P I-P I’ residues suggest that 

these residues are bound more firmly than other residues. The gradual decrease

of the E values as one considers the outer residues suggests that these are held less 

firmly. As for the hydrogen bonding data the most interesting characteristic which 

arises is the greater number of hydrogen bonds formed by the residues occupying the 

PI site. The data regarding the strength of the hydrogen bonds has not been collated 

for this chapter.

It must be borne in mind that the inhibitors are of varying length and for the purposes 

for this discussion the inhibitor residues and subsites are treated as independent 

entities which have no influence on each other.

206



A Comparative Analysis of Aspartyl Proteinase Inhibitors

5.5.1 Individual Inhibitor Residues 

5.5.1(a) P l-P l’

The residues occupying these sites are similar to each other in that they are almost 

completely buried upon binding to the enzyme. They also possess lower B values and 

higher E values compared to other residues of the inhibitors. These characteristics 

reflect the ‘anchoring nature’ of the sidechains occupying these sites. Otherwise these 

two sites (i.e the PI and P I ’ sites) are quite distinct from each other in their nature. 

Firstly, the PI residues seem to have the opportunity to form a relatively higher 

number of hydrogen bonds to the enzyme than the P I ’ residues or in fact any other 

residue.

Secondly, the PI site has a tight distribution of Xi angles with all of them falling in 

the g* region whereas the P I ’ site prefers the g region. Thirdly the mainchain dihedral 

angles <|) and \|/ are such that they fall into the b region of the ‘Ramachandran plot’ 

in Fig.5.10, as shown in Figs.5.11 and Table 5.5, whereas that for the P I ’ sites fall in 

the B region. Hence the (|), \j/ angles of the PI sites fall in a more energetically 

unfavourable region.

5.5.1(b) P2 and P3

The importance of these inhibitor residues is highlighted by the relatively large 

number of conserved van der Waals and hydrogen bonding contacts. It is also 

interesting to note that, although the backbone for the inhibitors is largely conserved, 

the P2 and P3 backbone residue conformation is better conserved than that for the P2’ 

and P3’ residues (i.e after P I ’). There are however some characteristics which are 

particular to the P2 site. These are the distorted nature of some of its (O and Vj/ 

mainchain dihedral angles. The other ‘peculiarities’ include the B values and the 

buried accessible surface areas which are lower for these residues than for the adjacent 

PI and P3 residues.

5.5.1(c) P2’ and P3’

In contrast to the residues occupying the P2, P3, PI and P I ’ sites the number of 

conserved van der Waals and hydrogen bonding contacts are not as large as that for 

the P2 and P3 sites and neither are their B values. In addition to this the distribution
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of their %i, and mainchain \j/ angles are not as tight. Hence their contribution to the 

enthalpy of binding would not be expected to be as large as that for the P2 and P3 

residues. It is however important to acknowledge their contribution to the ‘binding 

energy’ in view of the fact that it does form contacts.

5.5.2 Implications for Catalytic Mechanism

Researchers have proposed catalytic mechanisms of the cleavage of the C-N bond 

between the PI and P I ’ residues of the substrates based on the X-ray structures of 

such inhibitor complexes -one of the most recent proposals being based on the 

structure of CP81282 with endothiapepsin (Veerapandian et al., 1991). For this 

purpose it is assumed that the inhibitors bind in a similar fashion to the enzyme as the 

substrates. From these analyses two main points emerge which provide us with a 

better understanding of why this bond is a good candidate for catalytic attack. These 

are:-

1) The ‘anchoring nature’ of the P l-P l’ residues (Section 5.5.1(a)) suggests that the 

atoms of these residues are positioned so that they are in close proximity with all the 

relevant groups of the enzyme which participate in the catalytic mechanism.

2) The greater ‘strain’ upon the mainchain dihedral angles of the PI residues probably 

serve to facilitate the catalytic mechanism.
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Tabk 5.15(a) Mo. <rf different sidechains occupying the P sites of Category 1 
Pkst nundxf in the third tow n^resoi^ the nooAer of differem chemieW groups 

occtipyiug a given P âte and the seômd bolded numher represents the tnunber o f differed 
sidedhmns coBtribnting to for tW  âie.

(CYC. denotes Cycîohexyl)

P6 P5 P4 P3 P2 PI PI’ P2’ P3’ P4’ P5

I PRO 
1 BOC

1 D-HIS 
2 HIS

4 PRO 
2 BOC 
1 N A P 
1 NPC

1 PH E 
1 GPH 
I NPC 
1 THR

6 HIS 
1 GLU
I s e e

3 LEU
1 PHE
2 CYC.

2 LEU 
2 VAL 
1 PHE

1 VAL
2 ILE
1 ARG
2 LYS 
1 DCI

1 TYR
2 HIS 
I G LU  
I PH E

1 LYS 1 O M E

2 1 1 1 4 2 4 3 3 3 3 3 3 3 5 4 4 4 1 0 1 0

Tahk 5.15(h) No. oi different sidechains F  Of Caĥ ûry 3 
IW  number W the thW tow reprtsem the nnWrnr ̂  g ro ^  

ocatpjdag a given P site and the second bolded nu p W .# ]i# s^  Ate number of dÉterent 
sidecWns mntriWing to à Xt ' v . 1' .

(CYC. denotes CyeîtAexÿl)

P6 PS P4 P3 P2 P I P I ’ P 2 ’ P 3 ’ P 4 ’ P S ’

I PRO 3 HIS I IVA 1 V A L 1 VAL 2 LEU I ALA 2 LEU I LEU 1 O M E
I BOC I THR I DMS 6 PHE I BM T 2 CYC 2 DCI I ILE I HIS 1 LYS
I IVA 4 PRO I LEU 4 HIS 2 PHE 1 V A L 1 ARG 1 GLU

2 BOC I G LN I FOG 3 LEU
1 M OR I FOG I GLU I ARG

I ALA I N M E
I N LE

3 1 2 2 5 1 5 5 7 5 3 3 0 0 6 3 3 3 3 3 2 1
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5.5.3 Suggestions for a more potent design of inhibitor
From the analyses presented here it is possible to formulate some ideas on a more 

efficient design of inhibitor. Three possibilities are discussed below.

(i) Firstly, Section 5.3.5 has shown that there are practically no van der Waals contacts 

between the P4’ and P5’ sites of the inhibitor and the enzyme. This suggests the 

nature of the residues at these positions is not crucial so, perhaps, smaller inhibitors 

without residues at these positions may be just as efficient.

(ii) Secondly, Section 5.3.7 has shown that the backbone is not as well conserved after 

the p r  site as before. This suggests that an inhibitor with no residues at the P2’ and 

P3’ sites could be an equally potent inhibitor.

(iii) Thirdly, it is important that the data gathered in this chapter are correlated with 

that of the K, values (inhibition constants). The K, values for six of the structures are 

known (Table 5.3). The smaller the Kj value the more potent the inhibitor. For all but 

one of these six structures, that is H256, the N^terminal residues ( from P6-P2) are 

more or less identical for equivalent P positions. The C terminal residues (P2’ 

onwards) shall not be considered for this discussion as from (i) and (ii) these residues 

were judged to contribute little to the potency of the inhibitor. Hence the difference 

in Kj values in these structures is probably attributable to the nature of the residues 

occupying the P l- P l’ sites.

The most potent inhibitor in Category 1 is H261. Comparing the P l- P l’ 

residues/residue of H261 with that of the H I42 {i.e. comparing the chemical structures 

of Lov and Lrv) it can be seen that the main difference in these two structures is the 

presence of an OH group in Lov of H261. The presence of the extra OH results in 

the Lov residue forming more contacts with the enzyme than Lrv. Interestingly an OH 

group is also present in an equivalent position in Sta which is the P l- P l’ residue for 

H I89 and L363564, the two next most potent inhibitors which are in Category 2. 

However, the Kj value for L364099 is relatively large despite the presence of the OH 

group in the P l- P l’ sites of Chs. This suggests there must be other factors involved 

in the structure of the residue occupying the P l-P l’ sites. The residues Lov (in H261) 

and Sta (in H I89 and L363564) have a branched He type sidechain in common.
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5.5.4 Other Related Work
This section would be incomplete without the mention of studies performed by 

Tomasselli et al. (1991). In their work Tomasselli et al. (1991) decided to test the 

viability of calcium free calmodulin as a substrate for HIV-1 protease. HIV-1 protease 

like endothiapepsin is also an aspartyl proteinase and is somewhat similar in structure 

to it (Navia et al, 1989). Calcium free calmodulin was found to be an excellent 

substrate for HIV-1 protease and found to be cleaved in a number of places. The 

surprising result was however that all cleavages occurred at the beginning of, or in 

helical elements, and some appeared in areas inaccessible to proteinase approach or 

binding. The helical nature came as a surprise as all X-ray structures to date of 

aspartyl proteinases complexed with peptidic inhibitors show that inhibitors bind in 

an extended conformation. It has been suggested that cleavage results in uncoiling 

which leads to more cleavage.
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CHAPTER 6 

CONCLUSION
6.0 Overview of the thesis
The role of sidechain interactions within and between proteins have been examined 

in this thesis. The overall outcome has been to reinforce the view that sidechains play 

an important and fundamental role in the functioning and stability of protein 

structures. A brief summary of the major results will now be presented.

The distribution of atom types as defined by Warme and Morgan (1978a,b) around the 

sidechains of arginine and phenylalanine respectively were analysed. From these 

analyses it was established that different atomic types have different ways of 

distributing themselves around the sidechains. A natural progression from such 

analyses is to make a comparative study of the arginine-atom and phenylalanine-atom 

interacting systems. The points emerging from such a study are given below:

• The majority of the arginine-atom and phenylalanine-atom interactions are local in 

nature, as deduced by the residue separation plots.

• With regard to the actual three-dimensional distributions it was found that the 

oxygens prefer to lie in the plane of both arginine and phenylalanine reference groups 

whilst the majority of the carbon types have random 0 distributions.

• As stated before it appears as if the hydrogen bonding interaction is a very powerful 

driving force in the arginine-atom interactions whilst the phenylalanine-atom 

interacting system seems to be influenced more by van der Waals and weak 

electrostatic interactions.

The preferred atomic environments of other sidechains are currently being evaluated 

in order to better understand protein interactions. In total there are 380 (19 x 20) such 

atom-sidechain distributions. These types of analyses will hopefully reveal other 

preferences for sidechain packing and should prove useful in a number of ways. These 

include :-

• Helping in the modelling of electron density maps
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• Prediction of tertiary structure of proteins

• Modelling of enzyme-inhibitor complexes

In fact data obtained from sidechain sidechain interactions from within and between 

proteins has already been applied to the modelling of enzyme-inhibitor complexes 

(Singh et al, \99l). Also data obtained from the analyses conducted by Thanki et a l 

(1988; 1990) regarding the distribution of water molecules around sidechains has been 

used in developing an algorithm (Pitt & Goodfellow, 1992) for predicting the likely 

positions of water molecules in proteins. However, perhaps the most interesting and 

exciting development has been the recent production of two ‘real’ antibody structures 

with novel binding sites (Gregory et al, 1993). These antibody structures were 

designed based on the results of analyses by Chakraborti (1989; 1990) and Yamashita 

et a l  (1990) - which are described in Table 1.1. Hence the practical benefits of 

analyses of these types are now beginning to show.

The prediction of the atomic distributions via energetic means using Grin and Grid, 

posed an interesting and important problem which clearly required more attention. 

This approach of using Grin and Grid enjoyed a degree of success, but it was also 

necessary to improve upon these predictions. The problem was addressed in this 

laboratory (Mitchell et al, 1993) by investigating whether other ‘energy packages’ 

such as DMA and CHARMm could deal with the prediction of atom-sidechain 

interactions with a greater degree of success. Of these three ‘energy packages’ the 

DMA model has the greatest success.

An important aspect of the conformational analysis of the aspartyl protease inhibitors 

of the protein endothiapepsin is the conservation of the inhibitor main-chain. This 

implies that it is the sidechains which confer specificity. Also, this conformational 

analysis has formed part of a wider analysis of protein-peptide complexes (Zvelebil 

& Thornton, 1993; submitted).

6.1 Ongoing and Future Work
6.1.1 Amino-Aromatic Interactions

The work regarding the sidechain-atom interactions is providing a basis for a great
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deal of work which is currently being undertaken in our laboratory. One such study 

is investigating the potential for aromatic rings to act as hydrogen bond acceptors 

within proteins (John Mitchell, personal communication). Although a study such as 

this was performed a few years ago (Singh & Thornton, 1990), a series of recent 

publications of examples where aromatic rings are observed to act as hydrogen bond 

acceptors (Rodham et al, 1992; Fong et al, 1993; Armstrong et al, 1993) and the 

emergence of an up-dated non-homologous protein dataset (Orengo et al, 1993) which 

is currently being utilised by other researchers in our laboratory has prompted the re

investigation into this area. The outcome of this investigation is awaited. One rather 

important point is that the hydrogen bonds are being perceived as formed with the 

aromatic carbons rather than with the centre of a ring of aromatic carbons as has been 

suggested before.

6.1.2 Development of a novel ‘docking’ algorithm.

Other work based on the atom-sidechain distributions currently being performed in this 

laboratory (Roman Laskowski, personal communication) is concentrating on 

developing a novel method for identifying candidates which will effectively bind to 

enzymes and inhibit its activity. The steps being adopted for this purpose are outlined 

below.

Firstly the generation of 380 atom-sidechain distributions is required. Secondly, energy 

potentials based on these atom-sidechain distributions using the method of Sippl 

(1990) are to be derived. This will produce an array of grid points, each of which has 

an assigned energy value. Once the potential energy functions are derived they are to 

be used in a predictive mode in a manner similar to that adopted by the Grin and Grid 

programmes of Goodford (1985). The final stage in the algorithm is to apply the new 

potentials in either identifying existing compounds for ligands as the CLDC algorithm 

(Lawrence & Davis, 1992) does or in the generation of new ligands as the GROW 

algorithm (Moon & Howe, 1991). The novel approach to be used by this algorithm 

is the use of empirically derived potentials for the ‘docking purpose’.

6.1.3 Further prediction of atom-sidechain distributions via energetic means 

The prediction of the atom-sidechain distributions via energetic means as described
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in Chapter 4, only considered four examples of atom-sidechain distributions. Thus 

there is scope for such studies to be extended to cover the whole range of atom- 

sidechain interactions. It would be of particular interest to note the prediction of those 

atoms in which there were judged to be an insufficient number for a definite 

conclusion to be made about their preferences in their spatial arrangements around a 

sidechain. It is suggested that the DMA model can be used for these predictions in 

light of the success it has enjoyed in predicting the four atom-sidechain distributions 

considered.

6.1.4 Further Analysis of Enzyme-inhibitor Complexes

A natural extension of the work described in Chapter 5 is the compilation of a 

database whereby the suitability of each of the 20 amino-acids to occupy a particular 

P site is assessed. There are however an insufficient number of examples of enzyme- 

inhibitor complexes from which to obtain such information. Such information however 

has been compiled for the aspartyl proteinase inhibitors of HIV-l Protease (Poomam 

et a l, 1991). For this work Poomam et a l (1991) examined the sequences of 40 

natural protein substrates of HIV-1 Protease and statistically assessed the tendency for 

each amino-acid to occupy a particular P position based on its frequency of 

observation at a particular position. From this an algorithm was developed for 

predicting potential HIV-1 Proteinase cleavage sites.

6.2 Overall Conclusions
The work described in this thesis has provided a base for a great deal of further 

interesting work. Perhaps one of the more interesting and exciting developments will 

be that of the emergence of the new ‘docking’ algorithm as described in Section 6.1.2 

which will hopefully be of use to the pharmaceutical industry. Hence we are gradually 

not only improving our understanding of the molecular interactions in proteins and 

their ligands, but also applying our knowledge to direct experimental research in drug 

design.

- F IN I -
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A PPENDIX I 
 ̂ Review of D ata Collection and  Reduction

And An O utline of W here the E xperim ental E rro rs  O ccur

In X-ray crystallography data collection is the process by which intensities of the 
diffracted X-ray beams are recorded. This information is required for the structure 
detennination of macromolecules. For this purpose an X-ray source, a crystal for 
which the data is to be collected, and instruments to record and measure the intensities 
are required. A brief overview of this process is now given.

There are two types of X-ray generating sources: conventional generators and the 
synchroD'ons. A conventional generator produces X-rays as a result of a beam of 
elections, accelerated by a high voltage, striking a metal target. A synchroton radiation 
source produces X-rays by accelerating electrons around orbits of very laige radii. The 
synchrotron source has many advantages including the fact that it can produce higher 
resolution data, its X-rays are of higher intensity and can come in a wider range of 
wavelengths. Once the X-rays are generated various instruments are used in order to 
select a naiTow wavelengtli out of the spectrum and also to define a narrow parallel 
beam of X-rays to be passed through the crystal of interest.

Crystals for this purpose should have dimensions in the range of 0.5 to 0.05 mm. 
The growing of a crystal is a difficult process whereby the right conditions of pH, 
temperature, protein concentration and the presence of other ions are required. Once 
grown the crystals are placed in glass capillary tubes which are mounted on the 
intensity data collecting instruments.

The next step involves the recording of the intensities. Tlie instruments which record 
this data can be classified into two types. The first type makes use of photographic 
methods, for which a number of special types of camera are available. One type of 
camera is the oscillation camera in which the crystal is made to rotate or oscillate 
through a small angle and the diffracted intensities are recorded on a flat film. A 
second type of camera is the Weisenberg in which a cylindrical film surrounds crystal. 
Here the film does not remain stationary during the data collection process. A simple 
translational motion is imparted to the film whilst the crystal oscillates about the film 
axis. The second type of instrument for recording intensities is known as a 
diffractometer. No use is made of film by this instrument, instead the diffracted X-rays 
are detected electronically. Both methods have their merits. Tlie photographic methods 
are preferred for macromolecules such as proteins - as diffractometers record one 
reflection at a time and for large molecules there are many reflections have to be 
recorded.
In addition to &is, there is a third and newer type of data collecting instrument:, area 
detector. An example of a type of area detector is the image plate. This works by X- 
ray photons producing an image on the plate which is then excited by a laser. The 
result is light is irradiated from the plate areas which were previously hit by X-ray 
photons. The ‘light’ is then recorded electronically. Thus the technique used to record 
intensities by the image plate is somewhat similar to both that used by the 
photographic instruments and the diffractometer.

The recorded intensities need to be measured. For the photographic methods, where 
film is used, a densitometer (also known as a film scanner) is used. The densitometer 
measures the optical density of the spots produced by the diffracted beams on the film. 
This is acheived by shining visible light on the film and measuring the ratio of the



intensity transmitted to the intensity of the incident light. The optical density (D), 
incident intensity (IJ  and transmitted intensity (I,) are related by the following 
equation:

r>=log —̂
 t

The total optical density of a spot on the film is the sum of the optical density of a 
number of squares, called pixels, covering the spot area minus the same num ber of 
terms with an optical density equal to that of the film background.The diffractometer 
and the image plates, on the other hand, measure the intensity of a diffracted beam by 
counting the number of X-ray photons arriving in a given time at an appropriately 
placed detector.

The next step is to extract the structure factors from the measured intensities. This 
process is known as data reduction. The relationship between the measured intensity 
I(hkl) and the structure factor F(hkl) is as follows:

I { h k l )  = L p A \ F { h k l )  p

where L, p and A are the Lorentz, polarization and absorption factors re.spectively. 
The Lorentz factor (L) expresses the fact that for a crystal rotating at constant angular 
velocity, the different reciprocal lattice points have different ‘times-of-reflections 
opportunity’. The expression for L depends upon the experimental arrangement. The 
polarization factor is a tenn which denotes the fraction of energy lost as the result of 
the polarization of the X-rays after reflection from the crystal. The absorption of X- 
rays (A) by matter is governed several factors, that is, the material medium itself, the 
distance the beam has to travel and also the volume of the crystal. For data collected 
using a synchroti'on source this factor does not need to be taken into account.
In the above equation it is assumed that as data collection proceeds the intensities of 
the diffracted X-rays do not change with time or at least they do not change 
significantly. Unfortunately this is rarely the case. In addition to this the intensities 
aie also affected by the formation of free radicals generated during radiation. Thus 
corrections also have to be made for these factors. One way of overcoming these 
problems is to collect the data at low temperatures. Also one must be aware that 
sometimes the photographic methods employ different films to collect various 
proportions of the total reflections. If this is the case then the data from the different 
films have to be scaled in some way.
The information regarding the structure factors is used alongside other information 
such as dimensions of the unit cell; and the wavelength, amplitude and phase of the 
scattered waves to find the positions of the atoms of the crystals. When assigning 
coordinates to the atoms of crystals, errors inevitably occur. The three main sources 
of experim ental e r ro r  are:
(i) Errors in intensities, mainly attributable to inaccuracies in measurements and 
scaling.
(ii) Errors in position, occupancy and temperature factor of heavy-atoms.
(iii) Lack of isomorphism, due to displacement of protein atoms and of solvent 
molecules close to the heavy-atom binding site.
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APPENDIX 2 
* A2.1 O utline of Q uan tum  M echanics

Quantum mechanics (1,2,3) is a mathematical theory describing the energies and motions of 
particles on the atomic scale. It emerged as a result of the failure of classical mechanics (based 
on Newton’s laws of motion) to account for the behaviour of panicles both on the atomic and 
subatomic levels. The theory was gradually developed by trying to explain the atomic model 
of Bohr and the results of a number of experiments, such as, the photoelectric effects studied 
by Einstein, the electron diffraction phenomenon studied by Davisson & Genner, etc. The 
fundamental ideas of quantum mechanics are:

(1) T he quantized n a tu re  of energy as first noticed by Max Planck who examined different 
amounts of energy radiated at varying wavelengths by a black body and concluded that 
vibrating atoms emit and absorb light in small packages - the energy of each package being:

E -h v

where E is the energy; h = Planck’s constant and D is the frequency. This is known as Planck’s 
theory. Bohr recognized that this quantum theory of Plank could be applied to explain the 
behaviour of electrons in atoms and their spectnim in excited states.

(2) W ave-like n a tu re  of particles & Particle-like n a tu re  of waves - the dual wave and 
particle nature of both matter and energy. The relationship which links the ‘particle’ and ‘wave’ 
concepts was suggested by De Broglie and is given by:

k ^ h / p

where X is the wavelength of the particle and p is-the momentum.

(3) T he princip le of indeterm inancy o r H eisenberg’s U ncertain ty  P rincip le  which states: 
It is impossible to determine simultaneously the position (q) and momentum (p) of an atomic 
pailicle. The qualitative relationship between the coiTesponding uncertainties (5p and 5q) is:

ôgôph 
4̂7t

Then Schrodinger fonnulated an equation which incoiporates all the fundamental ideas of 
quantum mechanics. Details of how this equation was arrived at will not be given here; suffice 
to say that it is expressed as:

i - h ^ V ^  + V )  i|j= jE^1j

where

V2= dz d :
d  d  d

It is an expression which takes into account the movement of the particle in the three different 
directions x, y and z.
The expression in the brackets is denoted by the symbol •• which is known as the Hamiltonian 
operator. The first term in the brackets is due to the kinetic energy of the system and V 
represents the potential energy.



E is the total energy.
’■\|/ is thé vvavefunction which is simply a kind of description of the distribution of the ‘particle’ 
in space. \|/" is known as the probability density, that is the probability of finding a particle in 
that space.
Integrating over the whole of space (where dV is a small volume element) gives:

f i ' ^d v= i

M athematically E and \|/ are the eigenvalue and the corresponding eigenfunction respectively.

This quantum mechanical equation can be applied to many atomic problems. One application 
is in the calculation of the energy levels of a hydrogen atom. The solution of the equation is 
governed by three quantum numbers, that is, n, 1 and m which are known as the principal, 
angular momentum and magnetic quantum numbers. Those quantum numbers can only take 
certain discrete values. Therefore the energies can only take certain values. The equation can 
also be adapted to more complex problems such as the examination of many-electron atoms. 
For this the Pauli exclusion principle has to be invoked. This states that: No more than two 
electrons may occupy any orbital, and if they do occupy it their spin directions must be 
opposed. Some methods, based on quantum theory, to solve many-electron-atom problems, such 
as the assignment of charge distribution, are discussed next in sections A2.2 & A2.3. Finally, 
it is important to realize that quantum mechanics is a complex subject and only the 
fundamentals have been outlined here.



A2.2 How Charges can be derived Using Ab Initio Methods

Atomic point charges can be derived from a variety of methods, that is from, theoretical 
methods, empirical fits to experimental data or from transferable models. In this section one 
of the most used theoretical methods of estimating charges - that is the ab initio wavefunctions 
of Mulliken analysis (4) is outlined.
In order to see how this analysis works, a diatomic molecule comprising atoms A and B, with 
atomic orbitals ({)̂  and ({)u is considered. The molecular orbital ({>̂ 0̂ will then be expressed as 
the combination of the atomic orbitals.

^MO ~

where
(t)̂  and (|)g are the wavefunctions of the atomic orbitals of A and B. 
and Ca and Cg are their coefficients

Squaring tlie above expression gives:

where <{)mo” is the probability density.

The first two terms on the right hand side of the above equation are known as ‘net population 
tenns’ and pertain to the elecuon densities of atoms A and B respectively and the third term 
is known as an overlap term and pertains to the electron density due to the overlap of the 
orbitals of the two atoms. Now, in Mulliken analysis the electron density of the overlap term 
is arbitrarily divided equally between the two atoms and the overall partial charge of an atom 
is obtained by summing the electronic contributions from all electrons the molecules in their 
respective orbitals which is then subtracted from the nuclear charge of the atom. Thus it can 
be written:

where
q^ = charge on atom A 

= nucleaj* charge on A 
i = molecular orbitals 
Uj = electrons in the molecular orbitals 
j = atomic orbitals on A 
k = atomic orbitals on B 
Sjk = overlap
C: & are the coefficients of wavefunctions of atoms A and B respectively.



A2.3 Description of and Use of Distributed MuUipole Methods

The development of distributed multiple methods arose out of the need for a more accurate 
description of the charge distributions of atoms, which are not in reality spherical as assumed 
by the atomic point charge models. Stone (5) developed the Distributed Multiple Analysis 
method (DMA) as an efficient and conceptually simple way of describing the electron density 
of a molecule. A brief qualitative description of this method is given below.

The starting point of any DMA calculation is to obtain the wavefunction of the molecule. In 
ah initio theory the wavefunction is expressed in terms of Gaussians centred on different atoms. 
Thus a diatomic molecule comprising two atoms A and B is represented by a number of 
Gaussian type functions centred on the two nuclei.

The next step is to square the wavefunction as this will give an expression for the electron 
density. As in Mulliken analysis squaring the wavefunction will result in two types of terms; 
one type of term relating to the electron density centred on the individual atoms and the other 
type of term relates to the election density centred between the atoms. These latter terms are 
known as overlap terms and are only significant if the two atoms involved are close to each 
other, i.e., bonded to each other. These overlap terms are produced by the overlapping of the 
various orbitals - different types of overlapping orbitals produce diffenit types of overlap 
multipoles. For instance, the overlap of two s orbitals produces a charge, whilst the overlap of 
an s and a p orbital produces a charge and dipole. A DMA, consisting of many overlap 
m ultipoles at different sites along the bond, is thus obtained for the molecule by this process.

The question now aiises of how to reduce the number of these sites. At this stage, some 
arbitrary decision has to be made and usually the atoms are chosen as the sites. This means the 
multipoles already on the atoms remain there, but overlap multipoles, which are on the bonds, 
are moved to the nearest atom. Now in moving these overlap multipoles other terms have to 
be introduced to compensate for this movement. This leaves the problem of too many terms, 
which is resolved by considering only those multiples lower than or equal to a particular rank 
( a charge has rank 0, a dipole has rank 1 and a quadrupole has rank 2). Thus some accuracy 
is lost as some terms are cut off.

The use of DM A’s is well-documented in the literature. The biggest molecule for which a 
DMA has been calculated is for the cyclic undecapeptide cyclosporin (6) molecule which has 
199 atoms. Other examples of where DM A’s have been used can be found in Chapter 4 of this 
thesis. Tlie use of D M A ’s to help in the prediction of the relative orientation of given pairs of 
‘chemical groups’ within proteins is described. It was observed that by using this method the 
predictions bore more resemblance with experiment, than using spherically symmetric point 
charges.

R eferences
1. Atkins, P.W. (1978) Physical Chemistry, Second Edition. Oxford University Press.
2. Urch, D.S. (1979). Orbitals and Symmetry. The Macmillan Press Ltd.
3. Barrett, .1. (1970). Introduction to Atomic and Molecular Structure. John Wiley and Sons
4. M ulliken, R.S. (1955). J.Chem.Phys., 23, 1833. ,
5. Stone,A.J. (1981). Chem. Phys. Lett., 83, 233.
6 . Price, S.L., Harrison, R.J. & Guest, M.F. (1989). J.Comp.Chem.. 10, 552.



A PPENDIX 3 
S um m ary  of C h ap te r 5

A vast amount of infonnation has been collected for this chapter on the mode of 
binding of inhibitors to the aspartyl proteinase endothiapepsin. The information 
collected has been processed in various different ways. These include:-
(i) Looking at the properties of the individual P sites (Section 5.5).
(ii) Looking at the propeities of the inhibitors as a whole (Section 5.4).
(iii) Using the above information to suggest more potent designs of inhibitor (Section 
5.5.3).
The deductions of each section shall not be repeated here except to say that the 
different inhibitors all seem to bind in a similar manner to the enzyme in an extended 
conformation with the confonnation of the backbone well consei*ved. The more central 
residues of the inhibitor form more contacts to the protein than the outer residues with 
residues in positions P4’ and P5’ forming a negligible number of contacts with the 
enzyme. This suggests that inhibitors without these residues could be equally potent.

This leaves the important task of cornelating the information obtained with the 
values (inhibition constants). Kj values have been defined in Chapter 5, Section 5.0.3. 
of this thesis. Unfortunately the K; values have only been measured for a limited 
number of these inhibitors (6 out o f the 19). In an attempt to make a con elation 
between the inhibitors and their K: values the following table has been constructed.

From the tab

Inhibitor Kj nt pH 3 
(iiM)

No. of hydrogen 
bonds 

(mainchain)

No. of van 
der Waals 
contacts

H142 160 -  - 9 129

H256 60 14 121

H26I <1 18 120

H189 1 22 136

L363564 40 16 118

L364099 420 13 103

Donds formed
between the inhibitor and enzyme the lower the value and hence the higher the 
potency of the inhibitor. This is a reasonable trend. The quality of the relationship 
between the two quantities has been examined by plotting a graph of the number of 
hydrogen bonds formed vs. the Kj values. The graph shows a rough correlation betwen 
the two quantities as can be deduced from the ‘best-fit-straight-line’. A similar 
correlation would also be expected from the van der Waals contact data but this is not 
the case here.

Thus to conclude, to get more conelations, and better ones, requires more Kj data. It 
is possible that clearer trends will be established once more of the Kj’s of more of the 
inhibitors are known.
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Gap Contour Plots

This small booklet contains plots of the 19 different endothiapepsin inhibitors used in the 
analysis of Chapter 5. It shows the van der Waals surface of the inhibitors as represeneted 
by the light coloured shading and the gaps between the inhibitor and the protein are shown 
by the darker shading. The inhibitors are orientated in the direction P5 to P 5 ’ from left to 
right.
The manner in which the gap contour plots for each inhibitor have been generated are 
described on page 166, Section 5.3.6 of the thesis. In the generation of these plots no account 
has been taken of the water molecules. For some of the inhibitors, that is, PDFASTC4, 
PHESTA2 and GLYCOL there are some ‘extra surfaces’ - these pertain to those of the 
sulphate ions in the protein-ligand complex.
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