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Abstract

Many different proteins bind and utilise haem to perform important biological func-
tions; the aim of this work was to gain an understanding of some of the underlying
molecular recognition processes. We considered how the protein environment deter-
mines haem binding, and what are the consequences for ligand conformation. Sets of
homologous globins and of non-homologous haem-binding proteins were chosen on the
basis of sequence and structural similarity, allowing us to compare ligand conforma-
tion and to explore the factors that modulate its structure. Comparison of bound and
un-bound haems revealed a conformational disparity between the data-sets, suggest-
ing that protein structural factors provide the dominant effect over the conformational
features of the ligand. Even in the homologous globins, the ligand side-chain conforma-
tion is variable; greater variability within the non-homologous group reflects different
local amino acid sequences of their binding pockets. Moreover, the haem skeleton can
be severely distorted, being particularly sensitive to local environment, to attached
molecules, and to ligation state.

The haem environment was analysed to understand its role in the functional and
structural variability of the ligand. Predominance of mainly-alpha structures charac-
terises haemoproteins. While the binding sites are radically different in topology, there
are preferred binding modes, with the ligand side-chains engaged in a network of hy-
drophobic and hydrogen bonding interactions. The stacking of aromatic side-chains
on the haem skeleton also appears to be essential in the formation of protein-ligand
complexes. Analysis of the haem interface revealed that specific residues prefer to line
the binding site and to form ligand contacts. An attempt to correlate properties of the
unrelated protein-ligand complexes with haem redox potential was made.

A compendium of these analyses has been developed and made accessible via the
WWW, providing a user-friendly interface for analysing protein-haem interactions. A
search tool allows on-the-fly analysis of protein-ligand relationships, which should facil-
itate both the comparison of different binding sites, and prediction and design of novel

ones.
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"Rabbit's clever," said Pooh thoughtfully.
"Yes," said Pi_q[er, "Rabbit’s clever."
"And he has Brain."
"Yes," said Piglet, "Rabbir has Brain."
There was a long silence. "I suppose,” said Pooh, "that that's why he never
understands anything."
- Winnie-the-Pooh

Failure is not an option. It is a _privi[ege reserved only for those who try.
- Unknown

It is no proof of a man's understanding to be
able to corvzfirm what he _p[eases; but to be able to
discern that what is true is true, and that what is false
is false; this is the mark and character of intelligence.

- Emanuel Swedenborg

"Truth and tears clear the way to a xfega and [asting _friemfsﬁy’."
- Mariede Svign

I prepared excitedly for my departure, as if this journey had a mysterious
significance. I had decided to change my mode of life till now,"
I told myself, "you have only seen the shadow and been well
content with it; now, I am going to lead you into the substance."
- Nikos Kazantzakis, Zorba the Greek
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Chapter 1

Introduction

1.1 Protein Interactions with Other Molecules:
Molecular Recognition

The biological functions of proteins almost invariably depend on their direct,
physical interaction with other molecules. In the crowded interior of a cell, the
ability of individual molecules to recognise, and discriminate between, closely
related partners is a key determinant of all fundamental molecular processes.
The biological importance of this fact should not be underestimated. All organ-
isms and cells survive only because they interact effectively with their environ-
ments. Both useful and dangerous molecules must be distinguished and be dealt
with. Organisms have evolved sensory organs and sophisticated mechanisms to
be aware of their environments; their cells have recruited a variety of receptors
for this purpose. Virtually every molecule in a cell was first bound by the enzyme
that produced it, or by the receptor on a cell surface that enabled its capture.
Proteins may bind very tightly and specifically to other proteins, generating large
complexes; to nucleic acids, especially when controlling their replication and ex-
pression; and/or to polysaccharides, particularly to those on the surfaces of cel-

lular membranes. Every aspect of the structure, growth and replication of an
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Chapter 1. Introduction to Molecular Recognition 20

organism depends on such molecular interactions, and their exquisite specificity.

Proteins are generally classified according to the purpose and consequences
of their binding. Developments in molecular and structural biology have trans-
formed our ability to explore the structure-function relationships of biological
macromolecules and, in particular, to obtain new insights into the molecular
recognition processes that form the basis of biological specificity.

Understanding the principles and rules of all these interactions, particularly
those that influence the binding of small molecules to complex proteins, is vital
to modern drug discovery. New therapeutics must be designed to be highly selec-
tive and discriminating at the molecular level so that diseases can be controlled
without untoward side-effects. Even more, the question of the relationship be-
tween protein structure and ligand binding is important because the biological
functions of newly-discovered proteins are often inferred from their similarity to
proteins of known structure and function.

This chapter emphasises specific interactions of proteins with other molecules
such as DNA, protein, antigen or antibody, and carbohydrate units. These inter-
actions are not fundamentally different but are characterised by diverse degrees

of specificity and complexity.

1.1.1 Protein-DNA Interactions

Over the course of the last decade, and in particular during the last few years,
there has been an explosive growth in high resolution structure determinations of
DNA-binding proteins and their complexes. Crystallography and nuclear mag-
netic resonance spectroscopy have demonstrated that the reading of DNA se-
quence is achieved mostly through van der Waals contacts and fixed hydrogen
bonding patterns made between protein, DNA and, occasionally, water molecules.
Interestingly, in many of the protein-DNA complexes, the DNA appears to endure

all manner of structural deformation, including ’bending’, ’kinking’, under- or
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Chapter 1. Introduction to Molecular Recognition 23

but also to the charge of groups on the contacting surfaces. Hydrogen bond-
ing patterns are an intrinsic component of these intermolecular contacts and,
together with salt bridges, are thought to provide the specificity of macromolec-
ular recognition (Fersht, 1984). More recently, computational studies on dimeric
proteins identified extensive and strong intramolecular contacts at the interface
between monomers, which in general were suggested to be circular and planar
with complementary hydrophobic patches (Jones & Thornton, 1995).

Overall, protein-protein interactions are complex, with many critical factors
contributing to stable association. By whatever mechanism, protein oligomers
have evolved to fulfill a wide variety of biological functions. Understanding in-
tramolecular interactions and their relationship to protein function is a prerequi-

site for drug design and for the optimisation of drug therapies.

1.1.3 Antibody-Antigen Recognition

The interaction between an antibody and its antigen provides a paradigm for the
study of molecular recognition. The way in which antibodies are organised at the
genetic level has revealed a potential for molecular diversity unmatched anywhere
else in the genome. The structural origins of antibody diversity, as well as the
relationship between antigen type and the topography of antibody combing sites,
have begun to emerge from X-ray crystallographic studies of antibody complexes.

When antibody-antigen interfaces are inspected, a degree of shape
complementarity is often seen, particularly for protein complexes
(Tulip et al., 1992). By contrast, electrostatic complementarity is not always
high (Novotny & Sharp, 1992). Here again, it has been suggested that water
molecules present at the interface may mediate antibody-antigen interactions
by increasing the packing density and contributing to charge complementarity

(Tulip et al., 1992).
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Chapter 1. Introduction to Molecular Recognition 26

ometry of protein structures and the properties of small molecules exposed to
a structured molecular environment. The various contributions that determine
the binding of ligands and molecules have been intensively explored, and some
prophesies have been attempted regarding the principles that determine their
recognition.

What can current methods and knowledge-based analysis contribute to our
understanding of biological mechanisms? Clearly, predictive tools are only as
good as the underlying knowledge-base from which they derive their rules. Un-
doubtedly, the size and composition of current structural datasets is very lim-
ited and predictive methods therefore fallible. Improvements in such approaches
should emerge as the number of determined structures grows and comparative
tools to elucidate the common features of molecular recognition systems become
more incisive.

Comparative analysis of known ligands can provide some ideas about the
prerequisites for their recognition. Such analyses can also stimulate the discovery
of novel molecules with designed bonding skeletons, using the growing knowledge
base of structurally-characterised protein-ligand complexes.

In this study, we present a composite analysis of haem binding and recognition,
which may shed some light on the nature of protein-ligand interactions. We focus
on structural aspects that provide an understanding of the relationship between
3D structure and ligand binding properties. We also address the question as to
how the rapidly-growing database of protein-ligand 3D structures can be exploited
in the development of computational procedures to estimate binding affinities and
explore the complementarity of molecular interactions.

It is clear however, that understanding intermolecular processes requires
a substantial amount of basic experimental research and that theoretical ap-
proaches are still far from unfolding either the intricate details of molecular
recognition pathways or the beautiful diversity of protein function. Exploring

biological functions and molecular relationships via structure-based tools is a
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marvellous feat, but it is a starting point, not an end. Notwithstanding the lim-
itations of current analysis tools, the work presented here is a small step along
this still-unfolding path, attempting to discover what insights may be learnt from -

detailed computational investigations of protein-haem complexes.
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Chapter 2

Haem-Binding Proteins

2.1 Introduction

An important first step in understanding molecular recognition processes is to
consider how the protein environment determines ligand binding and what are
the consequences for ligand conformation. An example of a small ligand molecule
with highly detailed structural information and a wide variety of biological roles
is the haem group. Many different proteins bind and utilize haem groups in their
biological functions (Figure 2.1). In this chapter, we describe the methods used
to identify and cluster haem-binding protein families, intending to reveal and to
study the factors altering haem conformation and aiming to unfold the nature of
haem functional versatility. Additionally, highlights of the biological function of
each family are presented in the second part of the chapter.

The conformational analysis of the derived dataset, the computational tools
that were employed, and the inferred conclusions upon the biological significance

of the haem conformation, are discussed in the following chapter.

30



44

Q ¢@

%

%

<V

5G

%

J#

uu,

$

>7 4G



<V

'CC

0Q+ 0 +

Z'C+

2+

KC

'RC
sc
22

‘+C

<V XUZX,

<V

Q >, M "H

X5

%

#

'FJ

>3

'RJ

KJ

0QJ

"+

Q3

'‘MJ

?R,

>Q



Chapter 2. Haem-Binding Proteins 33

bound to a variety of functionally diverse proteins that have widely differing

tertiary structures (Figure 2.3).

2.3 Generation of the Haem Conformational
Analysis Dataset

To explore and understand more about the factors that modulate the structure
of haem, we decided to generate three different datasets, allowing us to compare

its conformation in:

i. unbound haem structures taken from the Cambridge Structural Database

(csp) (Allen et al., 1983);

ii. haem structures bound to different members of a single homologous family

(the haemoglobin family was chosen since it is the largest); and

iii. a set of non-related haem-binding proteins.

2.3.1 Generation of the Unbound Haem Dataset

The ¢SD (Allen et al., 1983) contains records of bibliographic, 2D chemical con-
nectivities and 3D structural results from crystallographic analysis of organic
molecules, organometallics, and metal complexes. Both X-ray and neutron
diffraction studies are included for compounds containing up to about 500 atoms.
The version of the CSD used in these studies was 5.13, from August 1997.

The generation of the unbound haem groups from the CSD was carried out
in a two step process. First, all the iron porphyrins in the main database were
extracted and used to generate a smaller database, which was used in all subse-
quent analyses (this reduced the duration of searches in the next stage, because
the number of non-iron-porphyrin molecules in the search was reduced to zero).

Second, the sub-database was searched for appropriate haem molecules, that is,
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structures having at least one side-chain identical with the standard haem side-
groups. For these molecules, specific torsion angles were calculated.

The first stage was performed by the CSD -program QUEST, which generated
the sub-database by searching on a fragment defined to match the haem group
skeleton; i.e., the search extracted all molecules in the main database containing
four pyrrole rings linked through their nitrogen atoms to a central iron atom,
irrespective of their substituent groups. This reduced the original dataset from
some 17000 entries to around 157 iron-porphyrin entries.

The second stage was also carried out using QUEST. Queries were performed
by searching for particular iron-porphyrin molecules in the sub-database, with
certain flags set in order to exclude fragments containing illegitimate bond link-
ages between defined atoms; for example, a bond formed between the individual
atoms of pyrrole rings or non-haem side-chains. The latter process decreased the
dataset to 32 entries. In a following step, the main fragments were examined
visually to detect the outliers. Those molecules that differed from the ’standard’
iron-porphyrin form, lacking all of the specifically pre-defined haem dihedral an-
gles, were eliminated. At the end, we generated a dataset of only 2 haem-type
ligand groups, in which we could define and calculate specific torsion angles.

An outline of the procedures used to generate the unbound haem dataset is

presented in Figure 2.4.

2.3.2 Generation of the Globins Dataset

Using the program LiSSA (Moodie & Thornton, 1993), we searched the PDB (re-
lease July '94) (Bernstein et al., 1977) for haem-binding proteins. LiSSA employs
molecular matching techniques (Ullman’s subgraph isomorphism matching algo-
rithm (Ullman, 1976) based on chemical connectivity).

The program, specifically designed to deal with ligands recorded in PDB files,

performs searches by specifying the ligand chemical connectivity. A ligand frag-
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Chapter 2. Haem-Binding Proteins 37

ment is defined as a series of elements with specified bonding properties, which
are then listed as bonding to each other in a particular way. Additionally, an
atom definition is used, which must consist of an identifying name and an ele-
ment type, but also should contain a minimum and a maximum number of atoms
to which the atom may be bonded.

The general structure of the fragment module utilised by the program to
perform the primary function of LiSSA, the search for a defined ligand molecule

within the PDB, is shown in the textbox below:

frag fragid {
atom {

atomid 1, element type, min bonds, max bonds;

atomid n, element type, min bonds, max bonds;

}

bond {

atomid i, atomid j;

Part of the haem fragment module that was used as a template to search for

haem molecules in the PDB, is described in the following page. Only proteins

Tpolyene sied chain and by the conversion of one methyl group into a formyl group) and d,
(where carborylate groups occupy the ligand substituents) have only been found in enzymes,
although they may not always have a direct catalytic role. Between the above groups, differ-
ence in the ground state electronic configuration of the central Fe has recently been discovered

(Moore, 1996).
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frag hem {
atom {

CBB, C, 1
CAB, C, 2
C3B, C, 3,
C4B, C, 3

CBB, CAB;
CAB, C3B;
C3B, C4B;

C4A, NA;
NA, C1A;
C1A, C24;
C1A, CHA;
C2A, C3A;
C3A, CMA;
C2A, CAA;
CAA, CBA;
CBA, CGA;
CGA, O01A;
02A, CGA;
CHA, C4D;

Fragment of the haem module
used in LiSSA search
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resolved to better than 3A were considered. The dataset generated from the
LiSSA search contained 120 proteins.

In general the dataset can be ordered according to a number of different
criteria. In this study we have used "type” and structural similarity. The former
labels the structure as native or mutant. Mutant structures were included in the
final dataset only if the native proteins were not present. After this sorting, the
number of the protein structures found to bind haem was reduced to 110.

Since the haemoglobins represent the largest and most-studied haem fam-
ily, an analysis was performed just on the globin structures. Using CATH
(Michie et al., 1996, Orengo et al., 1997), which is a hierarchical classification
system of protein structures, we identified and selected a subset of the homologous
globins.

Eight structures were identified from the 110 different proteins and these com-
prised the dataset of homologous haem-protein complexes. The globin structures
were selected on the basis of sequence and structural similarities using a combi-
nation of automatic and manual methods. In particular, we chose representatives
such that within the dataset no two proteins had sequence similarity greater than
35% (i.e., we excluded very similar structures).

Table 2.1 presents the eight members of the globin dataset.

2.3.3 Generation of the Dataset of Non-Homologous Pro-

tein - Haem Complexes

The dataset of non-homologous protein-haem complexes was generated from the

PDB (release June 1996) (Bernstein et al., 1977), in a two step process similar

to that described above for the generation of the homologous globin dataset.
We first extracted all protein structures complexed with a haem group us-

ing LiSSA (Moodie & Thornton, 1993). This search gave an initial dataset of
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Globin Family

Protein structure PDB code

Haemoglobin (erythrocruorin, aquo met) leca °
(Chironomous thummi thummi) (fraction iii)

Haemoglobin (t state, partially oxygenated) 1thb(chain A) °
Human (Homo sapiens)

Haemoglobin i (homodimer)(carbon-monoxy) 3sdh(chain A) ©
Ark clam (Scapharca inaequivalvis)

Haemoglobin (carbon monoxy) 1hbg ¢
Marine bloodworm (Glycera dibranchiata)

Haemoglobin (cyanomet) lith(chain A) ©
Innkeeper worm ( Urechis caupo)
Leghaemoglobin (acetate, met) 1lh1/

Yellow lupin (Lupinus luteus I) root nodules

Myoglobin (deoxy, pH 8.4) 1mbd
Sperm whale (Physeter catodon)

Myoglobin (met)( pH 7.0) 1lmba*

Sea hare (Aplysia limacina)

40

Table 2.1: Complete list of globin entries that comprise the homologous dataset of haem-

binding protein structures.

¢ (Steigemann & Weber, 1979)
® (Waller & Liddington, 1990)
¢ (Royer Jr., 1994)

4 (Arents & Love, 1989)

¢ (Kolatkar et al., 1992)

/ (Arutyunyan, 1981)

9 (Phillips & Schoenborn, 1981)
kb (Bolognesi et al., 1989)

114 protein-haem complexes, which were then filtered to identify and remove all

homologous structures using the program SSAP (Taylor & Orengo, 1989).

The protein-haem complexes were initially clustered into related families us-

ing a cut-off of 35% sequence identity. Structures are clustered into the same

homologous family if they satisfy one of the following criteria:

1. the protein is related to another member of the family with a sequence

identity greater than 35%, and 60% of the larger structure is equivalent to
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the smaller structure of the same family; or

ii. the protein has a SSAP score greater than 80.0, and 60% of the larger

structure is equivalent to the smaller structure.

The above criteria correspond to assignments made in the CATH protein
structure classification scheme (Michie et al., 1996, Orengo et al., 1997). Simi-
larly, the selection of the 'best’ representative for each family was made according
to CATH-defined criteria; namely, the higher resolution structure is specified as
the representative of the homologous family.

Apart from reducing degeneracy, generating a non-homologous dataset en-
ables a better understanding of the evolutionary mechanisms that give rise to
different structures and fold types. Although some ligand-binding structural mo-
tifs do not share significant sequence similarity, they are structurally very similar
and retain functional equivalence; they are believed to be the result of convergent

evolution and therefore unique and independent examples of haem-binding.

2.4 Description of the Datasets

2.4.1 Unbound Haem Dataset

Initially, by searching the cSD, we failed to single out a haem molecule identical to
the naturally occurring ligand of haem-binding proteins. We retrieved a number
of iron-poprhyrin molecules with structures partially similar to the haem ligand.
There were 32 in all, a mixture of porphyrins ligated in many different ways to
various other small molecules. Selective filtering of the iron porphyrins, such
that the chosen structures had all their side-chains similar to at least one of the
haem standard side-groups, left us with only two haem structures comprising the

unbound dataset. Figures 2.5 and 2.6 illustrate the three-dimensional structures
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of the two CSD entries that constitute the unbound haem dataset of our analysis.

2.4.2 Dataset of the Globin Haem Complexes

One of the most important tertiary architectures is the ”globin fold” since it
was the first three dimensional protein structure determined. The globin fold
occurs in a large group of proteins, including haemoglobins, myoglobin and the
light-capturing assemblies in algae, the phycocyanins. It was first identified in
haemoglobin (Kendrew et al., 1958, Perutz et al., 1960, Kendrew et al., 1960).
The structure is a bundle of eight a helices, designated A - H, connected by
rather short loop regions and arranged such that the helices form a pocket for
the active site, which binds the haem group. The fold is thus built up from an
assembly of helical segments, which wrap around the core with extensive packing
interactions between adjacent helix pairs.

The three dimensional structures of globin domains from many diverse organ-
isms, including mammals, insects and plant root nodules, have been determined
independently. They show amino acid sequence identities in pairwise compar-
isons that range from 99% to 16%. The essential features of the globin structure
are preserved even when the sequence similarity is very low.

This family of structures is thus a good example of a situation where natural
selection has produced proteins in which the sequences have diverged widely,
although some relationship is usually still recognizable, but the three-dimensional
structure, the globin fold, has been essentially preserved during evolution.

In Table 2.1, are listed the globin structures that were selected as members
of the homologous globin dataset. Additionally, Table 2.2 displays a sequence
identity matrix for the homologous haemoglobin dataset, giving the identities
between the selected pairs of globin structures. These are expressed as the per-
centage of residues in the smaller protein that are identical to residues in the

larger.
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SEQUENCE matrix for Globin Family

leca 1thb 3sdh 1hbg 1lith 1lhl 1mba 1mbd
(chain A) (chain A) (chain A)

leca e 190 170 160 180 160 23.0  20.0
1thb[A] 19.0 . 170 200 120 130 140 250
3sdh[A] 17.0 17.0 13.0 150 120 220 23.0
1hbg 160 200 130 , 220 180 180  23.0
lith[A] 18.0 120 150 220 . 200 160  14.0
11h1 160 130 120 180 200 . 240 250
Imba 230 140 220 180 160 240 5 250

1mbd 20.0  25.0 23.0 23.0 14.0 240 25.0 i

Table 2.2: Sequence matriz for the globin structures of the homologous haem dataset. Scores
are pairwise sequence identities (0-100%) for all the members within the globin family. Fach
globin entry is represented using the 4-letter PDB code followed by the chain identifier, shown
in brackets, where appropriate.

2.4.3 Dataset of Non-Homologous Protein - Haem Com-

plexes

The dataset of non-homologous protein haem complexes contained 13 structures
that we consider not to be related to each other. The general properties and struc-
tural features of individual haem-binding proteins are discussed below. Table 2.3
presents the summarized data on the non-homologous haem dataset together with

the PDB codes of the representative structures.
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2.4.3.1 Biological Function of the Known Haem-binding Proteins

Haemoproteins can be grouped into a variety of classes depending on their func-
tions, as illustrated previously in Figure 2.1.

The haem group is one of the most important multifunctional pros-
thetic groups in biological systems (Figure 2.1): in haemoglobin (PDB
code leca) (Steigemann & Weber, 1979) and myoglobin (PDB code 1mbd)
(Phillips & Schoenborn, 1981, Phillips, 1978), the two major haemoproteins in
mammals, it uniquely performs oxygen transportation and storage; in cytochrome
¢ peroxidase (PDB code 2cyp) (Finzel et al., 1984), it is involved in hydro-
gen peroxide (H;O2) activation; and conversely, when bound to catalase (PDB
code 7cat) (Fita & Rossmann, 1985, Fita et al., 1986), it is involved in H;0,
decomposition (it being a potentially destructive agent in cells); in cytochrome
p450 (PDB code 1pha) (Raag et al., 1993, Hasemann et al., 1995) it catalyses the
transfer of electrons to oxygen; in bacterioferritin/cytochrome bl (PDB code
1bcf) (Frolow et al., 1994, Frolow et al., 1993) it is involved in iron (Fe) storage
and electron transportation; and lastly, it participates in the activation of the
photosynthetic reaction centre (PDB code 1prc) (Deisenhofer & Michel, 1989).

The fundamental biological roles of haem groups in the different protein

molecules are described in detail below.

A. Oxygen transportation

One of the most populated protein families is the globin family. An increas-
ing number of globin structures have been determined. In PDB release 1997
(Bernstein et al., 1977), there are 179 globin structures, which can be classified
into 11 sub-families on the basis of structural and sequence similarities according
to the CATH protein structure classification scheme (Orengo et al., 1997). For
the analysis of the globin family, the best resolution structure (leca) was chosen

as the representative.



G < (
M < Y
2
% -
(
& %
/*
)
#
#
&
#
" W
) %
% >t
E
" &
n @
+
W %
4 o ? # RR

EFG

%

X #

EO

%

>



%

#
" G
# n
%
) Q
#
M
#
# "
< )
2
Y ; # ??

E
Q > #> &
% E
? %
% E FG >
% Vv #
X
" &
REO# oo
% <
)
< # E,
& & )
2
0 #
2

9/ Q#ROO



E <> FE

R, 2

>#0600,

%

EQ

&
%
-
@
# ('
#< Q,
<
< +
$
<S
>, S
W #



<J

<M

?E# "

E?Q

%

<s " #

<QE? <

%

%

<4
*%REDO
Y
u -
W n
W #
+
%
E
M # U
: E?Q
+
Q#000

%



[+4

%

<
#
# 0,
EU#000#
)
+

ER

Q <S%<%

% 1

#

%

%



E

cB

& #

%

%

& #

EE

a#

MQO

%

































































































































































































































































































































































































































































































































































































































































































































































































































